
REVIEWS in

MINERALOGY

Volume 5

ORTHO-
SILICATES

PAUL H. RIBBE, Editor

C O N T E N T S

CLASSIFICATION of SILICATES

SILICATE GARNETS

ZIRCON

The ACTINIDE ORTHOSILICATES

TITANITE

CHLORITOID

STAUROLITE

ALUMINUM SILICATE POLYMORPHS (and MULLITE)

TOPAZ

The HUMITE SERIES and Mn-ANALOGS

OLIVINES and SILICATE SPINELS

F. Liebau
E. P. Meagher

J. A. Speer

J. A. Speer

P. H. Ribbe

P. H. Ribbe
P. H. Ribbe

P. H. Ribbe
P. H. Ribbe
P. H. Ribbe

G. E. Brown, Jr.

ALOGICAL SOCIETY OF AMERICA



Chapter 11

OLIVINES and SILICATE SPINELS G. E. Brown, Jr.

INTRODUCTION

The mineral name olivine is often used to designate members of

the solid solution series bound by the end-members forsterite (Fo:

Mg2SiO.) and fayalite (Fa: Fe.SiO,). Naturally occurring members of

this series commonly contain minor amounts of other divalent cations,

particularly Ca, Mn, and Ni, substituted for Mg and Fe. These minerals

crystallize with orthorhombic space group symmetry Pbrm and have a
3

relatively dense (3.2 - 4.4 gm/cm ) packing of four formula units per

unit cell, which is roughly 5 x 10 x 6 A in dimensions. The olivines,

together with the pyroxenes and garnets, are the most important sili-

cate phases in the earth's upper mantle; the transformation of magne-

sium-rich olivine (̂  Fo -Fa ) to spinel and (3-spinel phases at depths

near 400 km is one of the key phase transformations thought to be respon-

sible for the increase in seismic wave velocities at this depth which

marks the top of the mantle's transition zone. In the earth's crust,

the magnesium-rich members are important constituents of mafic and

ultraraafic igneous rocks and are also found in thermally metamorphosed,

dolomitic limestones. The iron-rich members are found as minor phases

in alkaline, felsic igneous rocks and in metamorphosed, iron-rich sedi-

ments.

Crystal chemical characterization of the olivines was begun over

fifty years ago when Bragg and Brown (1926) determined the structure of

a natural crystal of composition Fo Fa and Bowen and Schairer (1935)

determined the equilibrium phase relations for the system MgO-FeO-SiO-

at low pressures. The structures of the olivine group minerals are com-

prised of isolated [SiO,] tetrahedra cross-linked by chains of edge-

sharing, distorted octahedra occupied by divalent cations. Because of

the limited number of non-equivalent cation sites in the olivine struc-

ture (two octahedral and one tetrahedral site), the compositions of

naturally occurring olivines are relatively simple compared with other

silicates such as the garnets, amphiboles, and micas. Because of this

structural and chemical simplicity, the many studies of physical pro-

perties and structures of natural and synthetic olivines and their
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response to variations in composition, temperature, and pressure have

resulted in significant gains in our understanding of the crystal

chemistry of silicates in general.

The purpose of this chapter is to organize and critically review

current knowledge of the crystal chemistry of the olivines. Silicate

spinels have also been included because of their polymorphous relation-

ship with olivine. As with other major mineral groups, a substantial

volume of literature exists which treats various aspects of the crystal

chemistry and mineralogy of these phases. This review will be selective,

focusing on (1) the effects of composition, temperature, and pressure

variations on physical properties and crystal structure; (2) the par-

titioning of cations among olivines and coexisting phases (melts and

solids) and between the non-equivalent octahedral sites in olivine; and

(3) the role of olivine, spinel, and 6—spinel in the earth's mantle.

Brief coverage will be given to compositional variations and paragenesis

of naturally occurring olivines and the silicate spinels.

THE OLIVINE AND SPINEL STRUCTURE TYPES

The olivine structure type is commonly described as a somewhat dis-

torted hexagonal closest-packed array of anions in which one-eighth of

the tetrahedral and one-half of the octahedral interstices are occupied

by cations; the spinel structure type is the cubic closest-packed ana-

logue of olivine. These structure types have been designated variously as

A^BX,, A^BO,, or M^ZX,, where A (or M) refers to octahedrally coordinated

cations, B (or Z) refers to tetrahedrally coordinated cations, and X (or 0)
VI VI

refers to anions which are coordinated by three A (or M ) cations and

one B (or Z ) cation. The designation AB?X, is also used by some work-

ers (see e.g. Hill et al., 1979), with Si occupying the A site and diva-

lent cations such as Mg, Fe, and Ni occupying the B sites. In order to

avoid confusion in this chapter, we will consistently use the A. B X,

formula to represent both olivine and normal spinel structure types. The

prefixes a and y are used to distinguish the olivine (a) and spinel (y)

polymorphs of an A_BX, compound.

One of the simplest means of discussing and comparing the various

compounds that adopt the olivine and normal spinel structure types is in
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terms of ideal closest-packed structures and departures therefrom. In

the olivine structure type the arrangement of A and B cations in octa-

hedral and tetrahedral interstices reduces the space group symmetry of

the ideal hexagonal closest-packed (hep) array of anions from P6,./mco

(hexagonal) to Pbnm (orthorhombic). A polyhedral drawing of the ideal

olivine structure type viewed down a is shown in Figure 1A. The desig-

nations Ml and M2 refer to the crystallographically nonequivalent octa-

hedra M(l)0, and M(2)0,. The heavily stippled triangles are isolated

[SiO, ]. tetrahedra, one with its apex pointing up and one down.

The major structural feature of olivine is the chain of edge-

sharing octahedra that is parallel to z. The serrated or zig-zag nature

of this chain and its relationship to similar chains of edge-sharing

octahedra in the humite minerals are clearly shown in Figure 1 of the

chapter on the humite minerals (this volume). The importance of these

chains in olivine is consistent with the two observed cleavages {100}

and {010} and the dominance of {TifeO} crystal faces. Chains of occupied

octahedra in the yz layer shown are separated from like chains above

and below by the displacement a/2 and are related to each other by a

b glide plane. These chains are cross-linked to each other by [SiO,]

tetrahedra.

The M(l) octahedron shares six of its 12 edges with other polyhedra

(two with other M(l) octahedra, two with M(2) octahedra, and two with

tetrahedra), whereas the M(2) octahedron shares only three edges (two

with M(l) octahedra and one with a tetrahedron). Pauling's third rule

predicts that the shared polyhedral edges in olivine will be shorter

than unshared edges such that cation-cation distances across shared

edges are maximized and repulsions are reduced. This rule is indeed

obeyed in the actual olivine structure which is shown in Figure IB.

The resulting polyhedral distortions are significant; the point group

or site symmetries of the M(l) and M(2) octahedra are reduced from 0-,

in the ideal structure to Cr and C , respectively, in the actual struc-X s
ture, and that of the [SiÔ ] tetrahedron is reduced from T, to C .

However, for the purpose of spectral analysis, the point symmetries

of the M(l) and M(2) octahedra in olivine are regarded as approxi-

mately D,, and C- , respectively.
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Figure 1. Polyhedral drawings of the idealized (A) and actual (B)
structures of forsterite projected on (100), illustrating the dis-
tortion from ideal hexagonal closest-packing of anions resulting
from cation-cation repulsions across shared edges of the M(l) and
M(2) octahedra and tetrahedron. From Brown (1970).
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The cause of these distortions has conventionally been attributed

to cation-cation repulsions across shared edges following Pauling's

reasoning (see e.g. Birle et al. , 1968; Kamb, 1968; Brown, 1970; Fleet,

1974; Sung and Burns, 1978). However, over the past ten years additional

factors have been suggested as causes of the distortions in olivine in-

cluding cation size effects (Brown, 1970), geometric misfit between oc-

tahedra and tetrahedra (Baur, 1972; Vincent et al. , 1976), and covalent

bonding effects (McLarnan et al. , 1979). At the present time, it seems

prudent to consider all of the above effects in rationalizing the sig-

nificant distortions of polyhedra in olivine.

A quantitative comparison of the ideal and actual olivine struc-

tures can be made using atomic coordinates and interatomic distances as

shown in Tables 1 and 2. Although atomic shifts and bond length dif-

ferences between ideal and actual forsterite structures are relatively

small, large differences are found when comparing angles (see Table A5

in Appendix). These differences, as functions of composition and tem-

perature, will be discussed later.

In the silicate spinel stmatuve the arrangement of A and B cations

in octahedral and tetrahedral interstices, respectively, of the cubic

closest-packed (ccp) array of anions is consistent with cubic space group

symmetry Fd3m (Bragg, 1915). The tetrahedral cations occupy equipoint

8a (x = y = z = 0.0; point symmetry T,), the octahedral cations occupy

equipoint 16d (x = y = z = 1/8; point symmetry D.,), and anions occupy

equipoint 32e (x, x, x; point symmetry C- ). Because of the fixed po-

sitions that both cations occupy, cation-cation separations are functions

only of the unit cell parameter a. Only the oxygen position is variable,

with the x coordinate usually designated by the symbol u. When u (or ar)

= 0.375 (unit cell origin located at equipoint 8a), the anions are ar-

ranged in a perfect ccp arrangement.1 This value of u is rarely observed

in spinels, the vast majority of oxide spinels having u values in the

range 0.375 to 0.395 (Hill et al. , 1979).

As in the olivine structure type, there are no shared polyhedral

faces in the silicate spinel structure. However, there are major

1When the unit cell origin is chosen on the center of symmetry, which is
displaced from Wyckoff position a by 0.125, 0.125, 0.125, the value of
u for a perfect ccp arrangement of anions becomes 0.25.
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Table 1. Comparison of ideal and actual atomic positions
of the six nonequivalent atoms in forsterite (Brown, 1970)

Ideal 0.0

Actual 0.0

|A| o.o

y_

o.o
0.0

0.0

0.0

0.0

0.0

M(2)

Ideal 0.0 0.25 0.25

Actual 0.9896 0.2776 0.25

|A| 0.0104 0.0276 0.00

Ideal 0.375 0.0833 0.25

Actual 0.4226 0.0945 0.25

|A| 0.0476 0.0112 0.00

x y s

0(1)

Ideal 0.75 0.0833 0.25

Actual 0.7667 0.0918 0.25

|i| 0.0167 0.0085 0.00

0(2)

Ideal 0.25 0.4167 0.25

Actual 0.2202 0.4477 0.25

]A 0.0298 0.0310 0.00

0(3)

Ideal 0.25 0.1667 0.00

Actual 0.2781 0.1633 0.0337

U] 0.0281 0.0034 0.0337

Table 2. Comparison of selected interatomic distances (in A) for the ideal
hep olivine structure type and the idealized and actual forsterite
structures (after Brown, 1970).

Si04

Si-0

O-O(s)1

0-0 (u)2

M(l)06

M(l)-0

O-O(s.o)3

0-0(s,t)'4

O-O(u)2

M(2)06

M(2)-0

O-O(s.o)3

0-0(3,1)"

O-O(u)2

hep*

1.690

2.760

2.760

1.952

2.760

2.760

2.760

1.952

2.760

2.760

2.760

Ideal Forsterite**

1.823

2.977

2.977

2.105

2.977

2.977

2.977

2.105

2.977

2.977

2.977

Actual Forsterite

1.637

2.569

2.757

2.101

2.854

2.557

3.169

2.135

2.854

2.593

3.079

* Calculated using the cell parameters a = 4/3~/3(<M-0>) = 4.508 X;
b = 2^"(<M-0>) = 9.563 A; a = 2/2(<M-0>) = 5.521 A where <M-0> is the
average M-0 distance. The only assumption made was that oxygen anions of
1.38 A radius are in tangential contact.

** Calculated using the cell parameters a = 4.861, b = 10.312, a = 5.954 1
which were derived from the above equations.

1 (s) indicates shared edge. (u) indicates unshared edge. (s,o) indicates
edge shared between octahedra. "* (s,t) indicates edge shared between octa-
hedron and tetrahedron.
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Figure 2. Stereo pair drawing of Che spinel structure.
The cubic unit cell is outlined (From Zoltai, 1965).

differences in the type of edge- and corner-sharing between olivine and

spinel. Whereas the [SiO,] tetrahedron in the olivine structure shares

three edges with octahedra, the [SiO,] tetrahedron in spinel shares no

edges. As will be discussed later in this chapter, this key difference

between olivine and spinel is important in rationalizing the higher

pressure stability of silicate spinels relative to their olivine poly-

morphs. The octahedron in spinel shares six of its edges with other

octahedra. The arrangement of edge- and corner-sharing octahedra and

corner-sharing octahedra and corner-sharing tetrahedra in the spinel

structure is illustrated in the stereo pair drawing in Figure 2.

In spinels with u > 0.375, the tetrahedron is larger and the oc-

tahedron is smaller than in the undistorted structure with u = 0.375.

When u = 0.3875, octahedral and tetrahedral bond lengths are identical

(Hill et al. , 1979). Thus spinels with a large u parameter can accomo-

date relatively large tetrahedral cations. In addition, the length of

shared octahedral edges is shorter than unshared edges when u is greater

than 0.375. When u falls below 0.375, the tetrahedral site favors rela-

tively small cations and the shared edges between octahedra are longer

than unshared edges. Additional details about the spinel structure

type, including a procedure for calculating u for any given spinel

composition, are contained in the excellent paper by Hill et al. (1979).

The structures of only a few silicate spinels have been determined

to date because of the difficulty of preparing single crystals large

enough for x-ray structure analysis. Fe-SiO,, Co-SiO,, and Ni-SiO,

spinel structures have been determined by modern methods and were found

to have the following u parameters: Fe2SiO,: 0.3658 (Yagi et al.,

1974), 0.3659 (Finger et al. , 1979) ; Co2Si04: 0.3666 (Morimoto et al. ,
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1974); Ni2Si04: 0.3687 (Yagi et al. , 1974); 0.3689 (Finger et al. , 1979).

Hill et al. (1979) have estimated a u parameter of 0.3666 for Mg SiO,

spinel. In these experimental studies, small amounts of Si, ranging

from 0.5 percent (Ni-SiO, spinel) to 3.4 percent (Co.SiO, spinel) of

the total Si, were found to occupy the octahedral site.

COMPOSITIONAL RANGE OF OLIVINES AND SILICATE SPINELS

Over the past half century, many compounds with the olivine and

spinel structure types have been synthesized and characterized. Com-

prehensive listings of these compounds can be found in Muller and Roy

(1974) (olivine and spinel structure types), Ganguli (1977) (olivine

structure type), and Hill et al. (1979) (spinel structure type). Table

3 is a listing of compounds known to adopt the olivine structure type,

including the extent of solid solution between end-member compositions

where known. Only a few silicate spinels have been synthesized, in-

cluding AlLiSiO,, Co2SiO,, Fe2SiO,, MgjSiO^, and Ni^iO^; the reader

is referred to the extensive listing of oxide and sulfide spinel struc-

tures in Hill et al. (1979).

Examination of Table 3 shows that the octahedral A (or M) cations

in the olivine structure type can range from monovalent to trivalent

with radii values ranging from 0.53 A (Al +) to 1.02 A (Na ) (Shannon

(1976) radii). Tetrahedral B (or T) cations can range from divalent to
3+ 4+

pentavalent with sizes ranging from 0.11 A (B ) to 0.55 A (Sn ). Al-

though natural olivines contain only oxygen as the anion, so far as is

presently known, olivine isostructures with F, S, and Se as X anion have

been synthesized. There are several notable compounds including Cr~SiO,,

Cu2SiO,, Zn2SiO,, and CaNiSiO, which have not yet been synthesized in

the olivine structure type, although limited solid solution with several

olivine end-number compositions does occur. Even though some explana-

tions have been offered for these non-existent olivine isostructures

(see e.g. Ganguli, 1977), we do not yet understand why these compounds

prefer other structure types.

An efficient way of graphically displaying the range of chemical

substitutions for the olivine and spinel structure types and their

interrelationship is the plot shown in Figure 3. The radius of the

octahedral cation A is plotted vs the radius of the tetrahedral cation
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Figure.3. Structure-field map for the most important A2BX^ structures, con-
structed using Shannon and Prewitt (1969) radii. (From Muller and Roy, 1974).

B for the most important A-BX. oxide structures. This structure-field

map can be thought of as a type of "stability" diagram, illustrating

"stability fields" in which a particular A?BX, structure type pre-

dominates. Several general differences are readily observable between

the olivine (+ symbols) and spinel (T symbols) structure types from this

diagram. The olivine structure field falls to the left of the spinel

field, indicating that the olivine structure type, with oxygen anions,

can accommodate only relatively small cations (less than 0.5 A radius)

in the tetrahedral site. On the other hand, the olivine structure can

accommodate larger octahedral cations than the spinel structure. Sili-

cate spinels plot on the extreme left side of the spinel structure field

shown, whereas olivines of geologic interest plot in a narrow vertical band

in the olivine structure field that intersects the abcissa at 0.40 A.

In preparing this plot, Muller and Roy (1974) chose a radius value of
IV 4+

0.40 A for Si rather than the value of 0.26 A recommended by Shannon

and Prewitt (1969) and Shannon (1976). These data indicate that the

olivine structure type can accommodate a larger size range of octahedral

cations than silicate spinels can.

The sharing of edges between tetrahedron and octahedra in the oli-
VI IV

vine structure type limits the size of A, and particularly, B cations

that the structure can accommodate. In contrast the lack of tetrahedral

edge sharing in the spinel structure type results in a relatively large
IV

size range of cation substitutions in the B site of that structure.
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MnMn

MnMg

MgMg MgFe

FeMn

FeFe

Figure U . Tetrahedral com-
position diagram for the

system illustrating
octahedral cation substitu-
tions among the most common
members of the olivine group
of minerals and the extent
of experimentally determined
crystalline solutions (indi-
cated by hachured lines) be-
tween end members.
(From Brown, 1970).

SOLID SOLUTION

The reader is referred to papers by Kamb (1968), Baur (1972), Tokonarai

et at. (1972), Sung and Burns (1978), and McLarnan et al. (1979) for

further discussion of the structural differences between olivine and

spinel and the structural features and bonding forces that cause the

olivine form of Mg^iO^ (a-Mĝ iCL) to be stabilized relative to the

spinel (y-Mg2Si04) and (3-spinel (B-Mg2SiO,) forms at low pressure.

LOW PRESSURE PHASE RELATIONS

The phase relations of various binary, pseudobinary, ternary, and

quaternary systems in the MgO-FeO-MnO-CaO-SiO, system have been exten-

sively studied since the early 1900's because of their bearing on the

origin of mafic and ultramafic rocks and because of their importance

in steel-making technology. As indicated'by the hachures in Figure 4,

continuous solid solution (or crystalline solution) exists along the

Mg2Si04-Fe2Si04 (Bowen and Schairer, 1935), Fe2Si04-Mn Si04 (White,

1943; Riboud and Muan, 1962), Mg2Si04-Mn2Si04 (Kallenberg, 1914;

Glasser and Osborn, 1960), and MgCaSi04~FeCaSi04 (Schairer and Osborn,

1950) joins at one atmosphere pressure. The question marks along the

MgCaSi04~MnCaSi04 and FeCaSi04~MnCaSi04 joins indicate a lack of ex-

perimental data; however, on the basis of crystal chemical reasoning,
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complete crystalline solution along these joins is also likely at 1 atm.

Because the Ca^SiO, end member in this system does not crystallize with

the olivine structure under normal conditions (see later discussion of

Ca,,Si04 polymorphism), only limited crystalline solution occurs between

Ca-SiO^ and other members of this ternary system. Along the Mn.SiO,-

Ca2SiO, join, up to 72 mol % Ca.SiO, can replace Mn SiO, (Tokody, 1928;

Glasser, 1961). Up to 63% Ca.SiO, can substitute for Fe.SiO, along the

Fe2SiO -Ca-Si04 join (Bowen et al., 1933a). The Mg2SiO,-Ca2Si04 join is

characterized by a solvus between Mg^SiO, and MgCaSiO, (Ferguson and

Merwin, 1919; Ricker and Osborn, 1954; Biggar and O'Hara, 1969; Yang,

1973; Warner and Luth, 1973), with no appreciable crystalline solution

between MgCaSiO, and Ca2SiO, (Roy, 1956). The most recent solvus deter-

mination along the Mg.SiO,-MgCaSiO, join (Warner and Luth, 1973) indi-

cates that up to 22.8 mol % Mg,,SiO, substitutes in MgCaSiO, and up to

21.1 mol % MgCaSiO, substitutes in Mg-SiO, at 1450°C and 1 atm pressure.

The lack of natural olivines much beyond the MgCa-FeCa-MnCa plane shown
VI

in Figure 4 is due to the significant size difference between Ca
VL VI

(radius = 1.00 A) and the other divalent cations: Mg (0.72 A), Fe
VL

(0.78 A), Mn (0.83 A). Apparently because of the edge sharing between

octahedra and tetrahedra in the olivine structure type, the structure

cannot stably accommodate more than one Ca cation per formula unit. In

later discussion, we will see that Ca can stably occupy the M(2) site

in olivine; with more than one Ca per formula unit, Ca is forced into

the M(l) site which shares more edges than the M(2) octahedron. The

dimensional mismatch between a Ca-filled M(l) site and a Si-filled

tetrahedral site must be an important factor in explaining the insta-

bility of olivines with compositions beyond the 50 mol % Ca plane in

Figure 4.

The extents of crystalline solution between Mg2SiO,, Fe2SiO,,

Mn2SiO., and Ca-SiO, components and other less common olivine components

such as Ni.SiO,, Co2SiO, , Zn,,SiO, , Cr2SiO,, and Cu,,SiO, are noted in

Table 3 together with references to experimental studies.

The relationship of olivines with other mineral phases has been

examined in numerous phase equilibrium studies of multicomponent systems

in which Mg2SiO,, Fe2SiO,, or (Mg.FeKSiO, are phases, some of which are

listed here: forsterite-diopside-silica: Bowen (1914), Atlas (1952),
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Table 3. Compounds with the Olivlne Structure Type (After Brown, 1970 and
Ganguli, 1977)

Siliaat* Olivi** fnd M»nt»r>
HgjSlOj

c.2sio4

»2sio4

F.2S104

C02S104

KI2S104
CaH»S104

Ca)faS104

Ca/«S10t

CaCoSiOj

111X10.
L1TS104

UUlS104

ULnSl04 (Ln - Ho-Lu)

NaTS104

NaLnS104 (Ln - Ho-Lu)

Silioot* Olivin*
(Mg.!to)2S104

(Ng.Fa)2S104

(Hg.Ht)2Si04

(Hg,Co)2S104

(Mg,2»)2S104

(Mg,Cr)2S104

(Mg,Cu)2Si04

(Kg.Ca)2S104

(Hg.Ca)2Si04

(Fe.lta)2Si04

(P«.Co)2S104

<Pe.Ca)2Sl04

(Hn.Co)2Sl04

(fta.Ca)2S104

Me2(Si,Ge>04

»l2(Si,Ge)04

[1]*

[2]

[3]

[4]

[5]

[6]

[ 7 ]

[8]

(91

[10]

[11]

[12]

[12]

[12]

[12]

[12]

Solid Solution!1

(Co 100Z Hn)

(Co 100Z Pe)

(Co 100Z Ml)

(< 55Z Co)

(< 24Z Zn)

< < 5Z Cr)

(< 2. 51 Cu)

< < 17. 5Z Ca?

(J.'-50Z Ca)

(Co 100Z Ma)

(Co 100Z Co)

(< 63Z Ca)

(CO 100Z Co)

(< 72Z Ca)

(Co 100Z Ge)

(- 42Z Ca)

(131

[14]

115]

[16]

[17]

[181

[19]

[20]

[20]

[21]

(22]

[ 2 3 ]

[24]

[ 2 5 ]

[ 2 6 ]

[26 )

(M«,»1)2(S1,C«)C4 (< 461 Ce)[26]

Ca2(Sl,o)o4 (CO 100Z Ce) (27)

Cenwnat* Olivinf

Ng2Ge04 [28]

Ca2Ge04 [28]

No2Ca04 [28]

Cd2Ga04 [29]

[30)

[31]

[31]

[31]

[33]

[34]

[341

[34|

(34]

Olioine Solid Solution!1

(Mg.Co)2Ge04 (< 241 Co) [35]

(Mg.Sl)2Ca04 (< 14.5Z HI) [35]

(Mg.Cu)2Ga04 (< 7.51 Cu) [36]

(Mg.Zn) GaO << 30J Zn) [26]

Ban/llat* Olivinti

HnMgC«04

LtLnCeO (Ln - Dy-Lu)

NaLnGeO (Ln - Eu-Lu)

PhoBp'nate Oli.vi.ne8

NaMnPO

NaCdPO.

[ 3 7 ]

(38)

[39]

[J7]

[37]

[40]

[40]

[41]

[ 4 2 J

[43]

Al2»a04

Cr2B«04

AlCr>a04

AlFcBa04

CrFeBaO&

AlCaBa04

(Al.Cr)2»«04 (Co 1001 Cr)

(Al,Fa)2BaO4 (< SOZ Fa)

(Cr,Fa)2Ba04 (< SOZ Fa)

enatfi Olivinaa
LiHnAa04

LiCoAaO,

LlKHa04

UCdtaO.
NaCaAa04

NaHnA«04

NaCdAaO

[44]

[45]

[46]

[47]

[481

[491

[451

[48|

(48)

(501

[50]

[50]

[50]

[50]

[50]

[50]

Thioiilioate and Thiogermanate Olivi

Mg2SlS4 [51]

Hn2SiS4 [52]

Pe2SiS4 [53]

Ca2SiS4 [51]

Mg2G«S4 [54)

Mn.CeS (52)
2 4

Fe2C«S4 [55]

C.2C«S4 [54]

Miscellaneous Olivine leOBtruotures

Mg2SlSe4 [54]

Hn2SlSe4 [54]

Ca2SlSe4 [51]

Hg2SnSe4 [54]

Ca2SnSe4 l54]

AlWgBO^ [-56J

FeNlB04 [SI]

Ag2S«0^ (581

Na2aeP4 and LlN.BeF^ [59]

"Reference number (aee liat on right). For each compound, an early and several nore
recent referencea (particularly structural atudlea) are given where possible. Additional
references may be found In Huller and Roy (1974).
The extent of aolld aolutlon la Indicated In parentheses to the right of each compound.
These numbera represent vole percent of the cation apeclfied. For example, up to but not
•or* than 5 mole percent Cr2+ can replace Mg24" In Mg2S104. Other aolld solutlona not
Included In the table Include the following! Hg2S10^ - CaFeSlO^ (1001) (Wyllle. 1960);
CiilgSlO^ - CaFeSlO^ (100Z) (Schalrer and Oshorn, 1950); CaHgSlO^ - CaHlS104 (< 25 X
CahlSlO,,) {Relnen, 1968); L1YS104 - NaYS104 << flOZ NaYS106) (Paquea-Ledent, 1976);
CaMgCe04 - CaCoCeO^ (lOOZ) and CaHgCeO^ - CaNlCeO^ (< 50X CaNlCeO^) (Relnen, 1968);
NaCaAaO^ - NaCdAsO^ (100X) (Paquea-Ledent and Tarte, 1974); LlFePO^ - LlZnPO^ (< 33Z
LlZnPO^) (Kabalov et at., 1973). Other aolld solution* nay be poaalbla but are unknown
co the author.
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Table 3, continued

[11 Bragg and Broira (1926.); S»7th and Hazen. (1973); Karen (1976).
[2] O'Daniel and T.cheischwlli (1944); Smith ft al. (1965); Craya (1971); Ghoah ft al. (1979).
[3] O'Daniel «nd T«ch«lichwlll (1944); Francis tod Rlbbc (1980).
(4) Hanke (1963); S.yth (1975); Haz«n (1977).
[5! Gallitelli and Calm (1954); Brown (1970); Morlaoto at al. (1974).
[6) Taylor (1930)1 Brown (1970); Lager and Neagher (1978).
[71 Brown and West (1927); Onken (1964); Onken (1965); Lager and Meagher (1978).
[81 O'Daniel and Tachelachvl.il (1944); Caron et al. (1965); Brown (1970); Lager and Meagher (1971).
(91 Sahama and Hyconen (1957); Uyderko and Mazanek (1968); Brown (1970).
[10] Cola (1954); Newnhan at al. (1966).
[11] Paquea-Ledent (1976); Ito (1977).
[121 Paques-Ledent (1976).
[13] Wallenberg (1914); Glaaaer and Oaborn (I960); Brown (1970); Francis and Etlbbe (1980).
[14] Bragg and Brown (1926a); Bowea and Schalrer (1935); Hanke and Zemann (1963); Hanke (1965);

Blrle it al.(1968); Brown (1970); Finger (1970); Finger and Virgo (1971); Brown and Prewttt
(1973); Wenk and Raymond (1973); Smyth and Karen (1973); Basao «t al. (1979).

[15] Rlngvood (1956); Ha'taui and Syono (1968); Rajamanl et al. (1975).
[16] Hataul and Syono (1968); Ghoae and Wan (1974).
[17] Sarver and Hummel (1962).
[18] Scheeti and White (1972).
[19] Sctnlti-Dunont et al. (1966).
[20] Rlcker and Osborn (1954); Warner and Luth (1973).
[21] White (1943); Brown (1970).
[22] Masse et al. (1966).
[23] Bowen et al. (1933) and references Cor (9).
[24] Blggari and Kuan (1967).
[25] Glasser (1961) and references for [10].
[26] Levin et al. (1964).
( 2 7 ) Eyael and Hahn (19.70).
[28J Durif-Vsrambon (1959).
[29] Strunz and Jacob (1960).
[30] Hahn (1961).
[31] Ringwood and Reid (1970).
[33] Lyutln et al. (1974).
[34] Paques-Ledent (1976); Blasse and Bril (1967).
[35] Navrotsky (1973).
[36] Hassaneln and Arzam (1968).
[37] Thlelo (1941); Newnhan and Redman (1965).
[38] Geller and Durand (1960); Newnham and Redman (1965); Thlelo (1941).
[39] Destenay (1950); Newnham and Redman (1965); Finger and Rapp (1970); Thlelo (1941).
[40] Thlelo (1941).
[41] Thlelo (1941); Paques-Ledent and Tarte (1974).
[42] Moore (1972).
[43] Ivanov et al. (1974).
[44] Bragg and Brown (1926b); Farrell et al. (1963).
[45] Weir and van Valkenburg (1960).
[46] Gjeaalng et al. (1942).
[47] Kjesslng et al. (1942); Newnham et al. (1964).
[48] Newnham et al. (1964).
[49] Gjeaalng et al. (1942); Hahn (1961).
[50] Paques-Ledent and Tarte (1974).
[51] Weiss and Rocktaachel (1960); Rocktaachel et al. (1964)
(52] Hagenmuller et al. (1964); Hardy et al, (1965).
[53] Vincent et al. (1976).
[54] Kocktaschel et al. (1964).
[55] Vincent and Perrault (1971); Vincent at al. (1976).
[56] CUringbull (1952); Fang and Newnham (1965); Capponl et al. (1973).
[57] Capponf it al. (1973),
[58) Flatorlua and Boeyens (1970).
[59] O'Danlcl and Tschelschwlll (1944); Hanke (1965); Hahn (1961).

Two entries are given for solid solution between Mg2S104 and MgCaSlO^ because a aolvua
exists between these two end members. The same Is true for the solid solution between

i, and Nl2Ge04.
Question marks beside these two compounds indicate that they may not be true ollvine
isostructures. Although Blasse (1963) reported that LLMgVO^ has the ollvlne structure
type, more recent evidence (Paques-Ledent. 1974) Indicates that neither this compound
nor LlMnV04, LiCdVO;, , SaCdV04 and NaCaVOi, have the ollvine structure type, although
they have atructural similarities with ollvine. Other compounds with similar structures
Include [Mg3 IPjOg and [Coj ]P2aS (Berthet et al. , 1972); NaSmCeO4 (Kharakh et al. , 1971).
There is also some question about the Isos tructursl relationship of L1YS104, LlYCeO^ ,
Na¥S104 and NaYGe04 with ollvine (see Mskslmov at al., 1969, and Koryaklna et al., 1972;
oe.reua Blasse and Brll. 1967, Chenavas et al.. 1969, and Paques-Ledent, 1976). Additional
dlscuaalon may be found In Paques-Ledent and Tarte (1974). The interesting compound
P<2'fF<23'*sl208 (Acts Geol. Slnlca, 1976, 160-175; see also Mln. Abstr. 77-2645, p. 256)
shows soma structural similarities to olivlne.
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Schairer and Hytonen (1957), Kushiro and Schairer (1963), Kushiro (1969);

forsterite-anorthite-silica: Andersen (1915); forsterite-anorthite-

diopside: Osborn and Tait (1952); fayalite-nepheline-albite-silica:

Bowen and Schairer (1938); nepheline-diopside-silica: Schairer and Yoder

(1960); fayalite-albite: Bowen and Schairer (1936); forsterite-diopside-

iron oxide: Presnall (1966); forsterite-diopside-enstatite (to 20 kbar):

Kushiro (1964); forsterite-anorthite-albite-silica-H20 (to 15 kbar):

Kushiro (1974); MgO-FeO-Si02: Bowen and Schairer (1935), Nafziger and

Muan (1967); MgO-FeO-Fe20 -Si02: .Muan and Osborn (1956); MgO-CaO-Si02:

Ferguson and Merwin (1919), Ricker and Osborn (1954); MgO-FeO-CaO-Si02:

Schairer and Osborn (1950), Wyllie (1960); FeO-CaO-Si02: Bowen et al.

(1933b), Allen and Snow (1955); FeO-CaO-Al203-Si02: Schairer (1942);

MgO-CaO-Si02-H20: Franz and Wyllie (1966); MgO-Si02-H20: Bowen and

Tuttle (1949), Pistorius (1963); MgO-CaO-Si02-H20 (to 10 kbar): Warner

(1973); MgO-Al203-Si02-H20: Yoder (1952), Roy and Roy (1955); FeO-Al̂ -

Si02: Schairer and Yagi (1952); Mg2SiO,-Si02 (to 25 kbar): Chen and

Presnall (1975); MgO-K20-Si02: Roedder (1951); MgO-FeO-Fe^-CaA^Si^g-

Si02: Roeder and Osborn (1966); Mg2SiO,-Fe2Si04-CaMgSi20,-CaFeSi20 -

KAlSi-.Og-SiO,,: Hoover and Irvine (1978): FeO-Fe,0,-SiO.: Muan (1955);
J O Z £. J L

Fe-0-Si02: Lindlsey et al. (1968); Fe-MgO-Si02-02: Williams (1971);

MgO-MnO-Si02: Glasser and Osborn (1960); MnO-CaO-Si02: Glasser (1961);

MgO-Si02-H20-C02: Johannes (1969); Mg2SiO,-H20: Hodges (1973); and

Mg2SiO -C02: Newton and Sharp (1975). In addition to these studies,

the melting of Fe,,SiO, to 40 kbar has been determined by Lindsley (1967),

Akimoto et al. (1967) , and Hsu (1967) and the melting curve of Mg SiO^ to

50 kbar has been determined by Davis and England (1964). The effect of

various components on liquidus boundaries involving olivine has been sum-

marized by Kushiro (1975). This listing of references to experimental

studies involving olivines is by no means complete. Instead, it is

meant to serve as a starting point for readers interested in phase

equilibrium studies of systems including olivine.

At high pressures, olivines in the Mg^iO.-FejSiO^-Mn^iO^-Ca^iO^

system break down to other phases (e.g. MgCaSiO, breaks down to Mg^iO^

+ Ca,MgSi-00 (merwinite): Kushiro and Yoder, 1964; Yoder, 1968) or undergo
j £ a

polymorphic transformations (members of the Mg^iO^-Fe^iO^ crystalline

solution transform to y~spinel and/or B-spinel phases: Ringwood, 1958;
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Figure 5. Diagram showing
the commonly accepted nomen-
clature of the natural olivines.
(From Mossman and Pawson, 1976).

Dachille and Roy, 1960; Ringwood and Major, 1966). An excellent review

of the high pressure phase relations of the olivines is given by Akimoto

et al. (1976).

NOMENCLATURE AND COMPOSITIONAL VARIATIONS OF THE NATURAL OLIVINES

The quaternary system Mg_SiO,-Fe.?SiO,-Mn,,SiO,-Ca7SiO, includes almost

all naturally occurring silicate olivines, when allowance is made for

small quantities (usually <1 wt %) of Ni, Co, Zn, and Cr found in some

olivines. The preferred nomenclature for olivines in this system is shown

in Figure 5. The end member Ca2SiO, (larnite or g-Ca.SiO.) does not nor-

mally crystallize with the olivine structure and for practical purposes

should be considered only as a chemical component in olivines. It is

common practice to specify an olivine's composition in terms of the four

end-member components: Fo (forsterite), Fa (fayalite), Te (tephroite),

and La (larnite) (see e.g. Smith, 1966). It is simpler to use this sys-

tem of nomenclature for Mg-Fe qlivines rather than the terms forsterite,

chrysolite, hyalosiderite, hortonolite, ferrohortonolite, and fayalite

for members of this crystalline solution series. Students should take

care to distinguish between chrysolite olivine and chrysotile, a fibrous

polymorph of serpentine.



Major Element Chemistry

For sterite-fayalite series. Members of this crystalline solution

series comprise the most abundant naturally occurring olivines, with

compositions ranging from essentially pure forsterite (Fo. Fa. : Adams

and Graham, 1926) to essentially pure fayalite (Fag Te La : Smith,

1966). Prior to Bowen and Schairer's (1935) classic study of this series

in which they demonstrated continuous crystalline solution, some workers

(see e.g. Magnusson, 1918) suspected an immiscibility gap in natural

olivines. However, classic studies by Tomkeieff (1939) of olivines from

a variety of rock types and by Wager and Deer (1939) of olivines from

the Skaergaard intrusive demonstrated that natural olivines are contin-

uously zoned and sometimes show evidence of the reaction relationship

(see Bowen and Schairer, 1935). In addition to the analyses of selected

members of this series published in Deer et al. (1962), the reader is

referred to the more modern analyses reported in Smith (1966), Moore and

Evans (1967), and Nwe (1976) as examples of major element variations in

natural olivines. Although electron microprobe analysis is the pre-

ferred method for analyzing olivines, numerous nomographs relating major

element composition to optical properties (see e.g. Laskowski and Scot-

ford, 1980), cell parameters or d-spacing (see e.g. Louisnathan and

Smith, 1968; Fisher and Medaris, 1969; Schwab and Kustner, 1977), com-

binations of optical properties and d-spacing (see e.g. Mossman and

Pawson, 1976), or vibrational spectra (see e.g. Burns and Muggins, 1972)

have been published. However, the user of these indirect methods must

exercise caution to detect the presence of zoning and to recognize the

effect of minor element content on physical properties.

Tephroite-fayalite-forsterite series. As noted earlier, continuous

crystalline solution exists between Mn-SiO. and Fe^SiO, and between

Mn2SiO, and Mg^SiO,• Therefore, olivines of composition intermediate

to these three end members are to be expected. Representative analyses

of members of this series can be found in Deer et al. (1962), Burns and

Huggins (1972), and Mossman and Pawson (1976). Figures 6 and 7 are de-

terminative charts relating composition to certain vibrational frequen-

cies and to x-ray and optical parameters. These plots should be used

with caution because of the possibilities of compositional zoning within

individual olivine crystals and of the presence of significant quantities
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and the B refractive index. Compositions are in mol %. (From Mossman and
Pawson, 1976).
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the 590 cm"1 (band 5) bands to composition in the Fo - Fa - Te series.
Compositions are in mol %. (FromJurns and Huggins, 1972).
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of elements such as Ca and Zn which are not accounted for in the nomo-

grams. Based on published analyses of Mg-Fe-Mn olivines, picroknebelites

(see Fig. 5) are relatively rare.

Early wet chemical analyses of Mg-Fe-Mn olivines sometimes detected
2+

Zn, and a variety of these olivines containing high Fe and Zn was named

roepperite (see Palache, 1937). These early analyses should be viewed

with some caution because of the possibility that zincite [(Zn,Mn)0] or

willemite [ZnjSiO,] inclusions were present in these olivines. However,

modern microprobe analyses of some picrotephroites show significant quan-

tities of Zn in olivine. For example, Brown (1970) reported 9.66 wt %

ZnO in a picrotephroite from Franklin, New Jersey (see Table Al). This

specimen contained willemite lamellae, so care had to be taken to avoid

these areas with the probe beam. [C. A. Francis, Ph.D. dissertation,

Virginia Polytechnic Institute and State University (1980) has discussed

Zn in the forsterite-tephroite solid solution series.]

Although limited crystalline solution occurs between Mn-SiO, and

Ca-SiO, and between Fe-SiO, and Ca-SiO,, natural Fe-Mn olivines rarely

contain more than few weight percent CaO. Glaueochroite (CaMnSiO,) (see

Palache, 1937) and kirschsteinite (CaFeSiO,) (see Bahama and Hytonen,

1957) are rare minerals.

Monticellite. Because of the lack of significant crystalline solu-

tion between CaMgSiO, and Ca,SiO, and only limited crystalline solution

between CaMgSiO, and Mg^SiO,, natural monticellites tend to have compo-

sitions close to the ideal. Even though experimental studies have shown

that complete crystalline solution exists between CaMgSiO, and CaFeSiO,,

and is predicted to occur between CaMgSiO, and CaMnSiO,, minerals of

intermediate composition in the CaMgSiO.-CaFeSiO.-CaMnSiO, series are

rare, presumably due to the low level of Mn in most natural systems.

Warner and Luth (1973) suggest that the maximum amount of MgCaSiO, that

may be dissolved in forsteritic olivine is less than 5 mol % under con-

ditions likely to exist in natural systems. Representative analyses of

natural monticellites are given by Deer et al. (1962).

Minor Element Chemistry

Ca.1ci.vm. The calcium content of Mg-Fe olivines rarely exceeds 1.0

wt % and is typically <0.5 wt % based on the survey of minor element
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Simkin and Smith, 1970).

distribution in olivines from various terrestrial rock types by Simkin

and Smith (1970). This study showed no clear correlation between Ca and

Mg content but did indicate a significant correlation between Ca content

of the olivine and crystallization environment of the host rock (Fig. 8),

with plutonic olivines containing less Ca than olivines from hypabyssal

and extrusive environments. Careful analysis of available data led

Simkin and Smith to rule out crystallization temperature as the factor

controlling Ca content, even though the Ca content of forsterite co-

existing with monticellite has been shown to be temperature dependent

(Ricker and Osborn, 1954; Warner and Luth, 1973). Simkin and Smith also

pointed out that although solid state diffusion can result in less calcic

olivines in slow-cooling plutonic rocks or in the interiors of lava lakes,

a correlation of Ca content with cooling or diffusion rate is unclear be-

cause of exceptions to this observation. The clearest correlation is

with pressure of crystallization, suggesting that the Ca content of

olivines might serve as a useful geobarometer. This correlation is

now supported by the experimental studies of Finnerty (1977) and Finnerty

and Boyd (1978) who showed that the solubility of Ca in forsterite
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coexisting with orthopyroxene and clinopyroxene decreases with increasing

pressure. Clearly, these observations are related in part to the large

size of the Ca cation (r = 1.0 A) relative to Mg, Fe, and Mn.

Other factors besides pressure must still be considered in petro-

genetic interpretations of Ca content of olivines. Smith (1974) in a

review of lunar olivine chemistry pointed out that metamorphism of

olivine, as in a thick ejecta blanket, may cause significant migration

of Ca from the olivines, based on available diffusion rate data (see e.g.

Buening and Buseck, 1973). Thus low Ca content in an olivine may indi-

cate either plutonic origin or metamorphism, or both. Furthermore, the

effects of metastable crystallization, the interaction of olivine with

other Ca-bearing minerals, and the bulk chemistry of the host rock must

be considered before any unique petrogenetic conclusions are drawn .

The classic studies by Wager and Mitchell (1951) and Wager and Mitchell

(1953) on Ca and other trace element distributions between olivine and

magma in the Skaergaard intrusion and Hawaiian basalts, respectively,

are recommended as sources of data.

Surprisingly, the calcio-olivine Ca.SiO, does exist naturally,

although it is quite rare. Bridge (1966) reported the occurrence of

this olivine coexisting with larnite and bredigite in the contact zone

between a syenite-monzanite intrusion and a. dolomite limestone in Texas.

Manganese. Although Mn may be considered a major element in oli-

vines from certain parageneses, this element is most often present in

Mg-Fe olivines in amounts less than 2.0 wt %. Sitnkin and Smith (1970)

found a positive correlation between Mn and Fe content in olivines from

a variety of terrestrial, igneous rock types but no correlation of Mn

content with crystallization environment (Fig. 9), suggesting that Mn

in olivines is strongly related to major element fractionation. This

observation is also borne out by the minor element study by Dodd (1973)

of chondritic olivines from the Sharps meteorite. There is some corre-

lation between Mn content of olivines and bulk chemistry of host rock,

with unusually Mn-rich olivines occurring in undersaturated rocks.

Nickel. The nickel content of most olivines, <0.5 wt %, correlates

positively with Mg content but shows no unique correlation with crystal-

lization environment (Fig. 10). The former correlation is not surprising
2+in view of the similar sizes of Mg and Ni . Olivines from undersaturated
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rocks are usually poor in Ni, suggesting a correlation between bulk rock

chemistry and Ni content of olivines.

The most Ni-rich natural olivine yet reported is the mineral 1/ieben-

bergite, (N̂  52M80 33Feo !2CaO 05^SiO 99°4' which occurs with other Ni-

rich minerals near Barberton, South Africa (deWaal and Calk, 1973).

Chromium. The chromium content of terrestrial olivines is usually

below the detectability limit of the electron microprobe (O.On wt %).

However, forsteritic olivines (FoQ.-Foq-) included in diamonds show con-

centrations of up to 0.15 wt % Cr20_ (Meyer and Boyd, 1972; Sobolev, 1972;

Meyer and Svisero, 1973; Prinz et al. , 1973). Because Cr can exist in two
2+ 3+

oxidation states, the question is whether Cr or Cr , or both, enter the

olivine structure. On the basis of crystal-chemical reasoning and a survey
2+

of the available data, Burns (1975) concluded that Cr substitutes for Mg

in these olivines. An even higher level of Cr is found in lunar olivines,

sometimes exceeding 0.4 wt % (Bell, 1970; Haggerty et al., 1970; Smith,

1971, 1974), and tends to correlate positively with Mg content (see Smith,

1974). All present evidence (see especially Haggerty et al. , 1970) indi-

cates that Cr in lunar olivines is also divalent, a suggestion in accord

with the low oxygen fugacities during magmatic crystallization on the

moon. One report of trivalent Cr comes from Dodd's (1973) study of oli-

vine chondrules from the Sharps meteorite, where he found a weak corre-

lation between Cr and Al in olivines and suggested the coupled substitu-

tion Cr3+ + A13+ = (Mg,Fe)2+ + Si4+. Cr20 ranged from 0.02 to 0.2 wt %

in these meteoritic olivines (Fo n--Fo7_). The electron spin resonance

study of a synthetic forsterite doped with "iX).2 wt % Cr,0, (Rager, 1977)
3+

showed that Cr can occupy the octahedral sites of olivine, although in

small amounts. Clearly, the oxygen fugacity in the crystallizing magma,

as well as the Cr content of the host melt, are important factors in

determining how much Cr enters the olivine structure.

Aluminum. Simkin and Smith (1970) found no Al in terrestrial oli-

vines at the 0.01 wt % level. However, lunar olivines are reported to

contain up to about 0.6 wt % Al.O., (Smith, 1974) and chondritic olivines

were found to contain up to 0.07 wt % Al 0 (Dodd, 1973). Olivines syn-

thesized by Kushiro et al. (1971) (10 kbar, 1290°C) and by Akella and

Boyd (1972) (30 kbar, 1350°C) were found to contain 0.07 and 0.43 wt %

Al-O,, respectively. Although these data on natural and synthetic

*Sobolev, N.V. (1972) Petrology of xenoliths In kiraberlltic pipes and Indications of their
abyssal origins. Proc. 24th Int'l Geol. Congress, Sect. 2, 297-302.
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3+
olivines tend to support the possibility of small amounts of Al in

lunar olivines, Smith (1974) cautions that ricroprobe samples that were

polished with alumina might be contaminated. If these analyses are cor-

rect, some type of coupled substitution is necessary to maintain local

charge balance in the olivine structure. Because of the lack of signi-

ficant levels of Cr in lunar olivines, the coupled substitution in-

volving Al and Cr mentioned in the last section is unlikely. In-

stead, a substitution such as (a;)VIA!3+ + (2x)IVAl3+ = (2-x) (Mg,Fe)2+
4+

+ (1-x)(Si ) might take place.

Fewia iron. Fe is usually undetectable or at very low levels

in natural olivines as indicated by a number of Fe Mossbauer studies

(see e.g. Virgo and Hafner, 1972; Duba et al., 1973; Shinno et al.,

1974; Rao et al., 1979) and optical absorption studies (see e.g. Hazen

et al. , 1977). However, at detection levels below that of Mossbauer

spectroscopy (<0.01 wt % Fe), electron spin resonance spectra of natural

(Shcherbakova et al. , 1968) and synthetic (Chatelain and Weeks, 1973;

Zeira and Hafner, 1974; Weeks et al. , 1974) olivines have shown detec-

table Fe occupying octahedral sites. The total iron content of these

synthetic forsterites was ̂ 0.01 mol %.

In older wet chemical analyses of olivines reporting Fe-0,., the
3+

possibility of small, Fe -bearing opaque inclusions must be considered.

The analyses of olivines reported in Deer et al. (1962) show Fe 0- con-
3+

tents as high as 1.69 wt %. It is doubtful that this much Fe can

substitute into the olivine structure. At present, there is no chemical
3+ 4+

or structural evidence that Fe substitutes for Si (see Table 3).

Alkalis. Na~0 and K~0 are sometimes reported in modern microprobe

analyses (see e.g. Dostal and Capedri, 1975) and older wet chemical

analyses (see e.g. Deer et al. , 1962) of natural olivines, with amounts

ranging from below detectability to about 0.05 wt %. Although the pos-

sibility of Na substitution in the olivine structure cannot be ruled out,

strong crystal-chemical arguments can be made against K substitutions.

Reports of K in olivines are probably due to impurities.

Watev. H~0 is normally not considered in analyses of nominally

anhydrous silicates such as olivine. However, attention has been drawn

to the possibility that structural "water" in the form of OH ions may
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be present (Martin and Donnay, 1972; Wilkins and Sabine, 1973; see also

Deer et al. , 1962). Wilkins and Sabine (1973) report new analyses of 19

nominally anhydrous specimens, including natural olivine, and found

0.008 wt 7, H,0 in the olivine. There is no present evidence that olivine

analogues of the hydrogarnets exist naturally or can be made synthetically.

Uranium and the lanthanides. These elements may be present at ppm

or ppb levels in olivines. The reader is referred to the study by Dostal

and Capedri (1975) for a survey of uranium concentrations and partition

coefficients in olivines. Masuda (1968) made a study of lanthanide con-

centrations in the olivines present in a pallasitic meteorite and reported

values ranging from 37.3 ppb (for La) to 0.67 ppb (for Er).

Titanium. Ti in lunar and chondritic olivines is below the 0.1 wt %

level (Smith, 1974; Dodd, 1973).

Defeats. Structural defects are considered in this section on minor

element chemistry because their concentration is at the trace level and

their effect is similar to that of a minor element in that they may par-

ticipate in coupled, charge-balanced substitutions. The defect chemistry

of olivines has been considered theoretically by Pluschkell and Engel

(1968), Smyth and Stocker (1975), and Stocker and Smyth (1978) and has

been examined experimentally by Sockel (1974) among others. Silicon

tetrahedral vacancies and oxygen interstitials are unlikely defects;

however, Mg and Fe octahedral vacancies are likely, as are oxygen

vacancies. Stocker and Smyth (1978) argue that these vacancies are

strongly dependent on enstatite activity and oxygen partial pressure

for olivines in the earth's upper mantle and that olivine's defect

chemistry in this region may have significant effects on the transport

properties of olivine. Similarly, defects may play a significant role

in the partitioning of trace elements between olivine and melt (Buseck

and Veblen, 1978).

Inclusions in Olivine

Because of the skeletal manner in which some olivine crystals grow

from silicate melts, trapping of primary melt inclusions between crystal

dendrites is possible. An excellent review of inclusions in lunar and

Hawaiian olivines is given by Roedder (1976) who points out that these

olivines "contain a full complement of volatile materials and generally
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are unaffected by later minor deuteric alteration or oxidation of the

host olivine." Typical primary inclusions include spinel, globules of

C0_ gas, and immiscible sulfide melt, whereas common daughter phases

which nucleate and grow in olivine include "vapor" bubbles, immiscible

sulfide melt, pyroxenes, plagioclase, and ilmenite.

Roedder reviews the types of data that studies of such inclusions

can provide including (1) melt composition at the time of olivine crys-

tallization; (2) the amount and nature of immiscible sulfide melt; (3)

equilibrium temperatures and sequence in melting; (4) relative cooling

rates of different lava flows and absolute cooling rates; (5) possible

distinctions between phenocrysts and xenocrysts; (6) the presence of a

vapor phase at the time of olivine crystal growth; and (7) minimum pres-

sures at the time of olivine growth. An examination of olivine inclu-

sions can be valuable in deciphering the petrogenetic history of the

olivine and its host rock. Other inclusions in olivine will be con-

sidered in a later discussion of olivine alteration.

GEOLOGIC OCCURRENCE OF OLIVINES

Olivines occur predominantly in igneous rocks but are also found

in limited metamorphic parageneses. Mg-Fe olivines occur in significant

amounts in at least four classes of igneous rocks including (1) ultra-

mafic intrusions; (2) stratiform mafic intrusions; (3) gabbros, basalts,

and dolerites; and (4) felsic rocks. In ultramafic intrusions, for-

steritic olivines (Fo_ -Fooc) may comprise more than 90 percent of the
y j 03

rock (dunite) or more commonly are present in amounts between 50 and 90

percent (peridotites). In stratiform, mafic intrusions, such as the

Stillwater complex in Montana, the Mg-rich olivines may occur either as

constituents of the layered peridotites and gabbros, with compositions

between Fog,- and FOOQ> or as irregular masses cross-cutting the layering.

In the latter case, the olivines usually fall in the composition range

Fo -Fo0_ and are probably of secondary hydrothermal origin. In gabbros,
yu oj

basalts, and dolerites, the olivines range in composition between Fo80

and Fo and are usually the first'phases to crystallize. A discussion

of olivines from stratiform mafic intrusions can be found in Deer and

Wager's (1939) classic paper on olivines from the Skaergaard intrusion.

Basaltic olivines have been intensively studied over the past 15

years with modern analytical techniques. The papers by Moore and Evans
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(1967) on olivines in Hawaiian basalts and by Hermes and Schilling (1976)

on olivines from Icelandic tholeiites are especially recommended because

of their emphasis on the role of olivine in these basaltic rocks. The

abundant lunar literature contains much discussion of lunar basaltic

olivines and an excellent summary of compositional variations and occur-

rence of olivines in the three major lunar rock types is presented by

Smith (1974).

In felsic rocks, including granites, syenites, rhyolites, trachytes,

and doleritic pegmatoids, relatively Fe-rich olivine occurs.

Metamorphic olivines are considerably more restricted in their para-

genesis relative to olivines of igneous origin. Forsterite is a common

product of the thermal and regional metamorphism of slightly siliceous

dolomitic limestones, appearing at temperatures slightly higher than

diopside forms. Fayalitic olivine, which is less common than forsteritic

olivines in metamorphic rocks, forms during the metamorphism of Fe-rich

sediments where it can coexist with quartz, hedenbergite, grunerite, and

almandite.

Members of the tephroite-fayalite series occur in iron-manganese

ore deposits and skarns and in metamorphosed manganese-rich sediments.

The rare olivine glaucochroite occurs with tephroite in very restricted

parageneses, such as at Franklin, New Jersey.

Monticellite is most commonly found as a constituent of relatively

high grade siliceous, magnesian marbles. Its appearance in these rocks

marks the lower limit of the sanidinite facies of thermal metamorphism

and probably of the granulite facies of regional metamorphism. Much more

rarely, it occurs in mafic to ultramafic igneous rocks associated with

phlogopite, Mg-Fe olivine, melilite, and augite (C. P. Thornton, written

communication, 1965). Kirschsteinite occurs in rare igneous rocks such

as the melilite-nephelinites of Nyiragongo, E. Congo, and may have formed

in subsolidus reactions involving alkali-bearing melilites and iron ore

(Sahama, 1961).

Olivine is a common mineral in certain classes of meteorites. It

is the dominant mineral in the bronzite and hypersthene chondrites and

is present in most of the carbonaceous chondrites. For further discus-

sion of olivines in meteorites, see Mason (1972). A more detailed dis-

cussion of olivine occurrence and paragenesis can be found in Deer e't ctl.

(1962).
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ALTERATION AND OXIDATION OF OLIVINES

Among the common silicate minerals, olivines are especially suscep-

tible to weathering, hydrothermal alteration, and low grade metamorphism

involving hydration, oxidation, silication, and carbonation reactions.

The most common alteration products are serpentine, chlorite, atnphibole,

carbonates, iron oxides, talc, "bowlingite," and "iddingsite" (Deer et al. ,

1962).

Serpentinisation of olivines in mafic and ultramafic rocks is a

widespread process that has received considerable attention and has

spawned controversy over whether constant volume or constant composition

is maintained. In a study of serpentinization of olivine cumulates of

the Stillwater complex, Page (1976) found that olivine + plagioclase

altered to assemblages of lizardite + chrysotile + magnetite + thomp-

sonite + carbonate at relatively low temperatures (V1000C or less) with

large volume expansion (+37 percent) and without much change in bulk

composition, except for the addition of water. The serpentinization of

Fo_- has been studied experimentally by Moody (1976) who found that liz-

ardite replaces olivine before chrysotile which can be explained by the

close topotactic relationship between olivine and lizardite. Moody's

experimental assemblage closely approximates the observed phase assem-

blage in serpentinized dunites.

Other common alteration products of olivines are the aoronas or

kelyphitia vims that mantle olivine in metamorphosed basic igneous rocks.

The coronas usually consist of orthopyroxene + amphibole + spinel +

plagioclase or of orthopyroxene + garnet + plagioclase as the dominant

phases. England (1974) has suggested that such coronas may form by near

isochemical reactions between olivine and plagioclase with the addition

of only small amounts of HJO and 0. In the metamorphosed dolerite body

he studied, the coronas developed during upper greenschist to lower am-

phibolite facies regional metamorphism under almost dry conditions.

The alteration of olivines in basaltic rocks has been studied by

Haggerty and Baker (1967) and Baker and Haggerty (1967). They found

that "high temperature oxidation of basaltic olivines results in either

exsolution of hematite associated with a more forsteritic olivine, or

formation of a symplectic intergrowth of magnetite and orthopyroxene"
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and that "processes of oxidation are the prime causes of high temperature

deuteric alteration of olivines." These observations have been confirmed

and other complexities revealed in later experimental studies of olivine

oxidation by Champness and Gay (1968) and Champness (1970). In the

latter study, Champness found that oriented hematite- and magnetite-like

precipitates plus amorphous silica precipitate in Mg-Fe olivines held at

500 to 800°C. Oxidation at 1000°C produces larger, more equant grains

of the Fe-oxides and a more ordered silica phase. These observations

have been given a thermodynamic basis by Nitsan (1974) who calculated a

T-fg- phase diagram for olivines of various fayalite content at 1 atm

total pressure. Other recent studies of olivine oxidation have been made

by Goode (1974), Kohlstedt and Vander Sande (1975), and Putnis (1979).

Goode found that olivines in the composition range Fo__-Fo,, from Pre-

cambrian cumulates are altered to granular orthopyroxene-vermicular

magnetite aggregates. Olivines in the range Fo_,-Fo7, altered to inter-

growths of fibrous to granular orthopyroxene and vermicular to granular

picotite, a chromian hercynite spinel. Goode also found that olivines

in the range FoQO-Fo were unaltered. These observations show that
oy 03

oxidation of olivines is dependent on composition, a conclusion con-

sistent with Nitsan's calculations. Electron petrographic study of

naturally oxidized olivines from Iherzolite xenoliths by Kohlstedt and

Vander Sande showed that a-tridymite, enstatite, magnetite, and/or hema-

tite nucleated on dislocations in olivines in an oriented fashion. A

similar study of olivines from layered peridotites by Putnis showed that

clinopyroxenes and magnetite apparently nucleated homogeneously, and not

on dislocation as found by Kohlstedt and Vander Sande.

Oxidation of olivines at low temperatures results in the formation

of chloritic materials whereas cooling of olivines under non-oxidizing

conditions at intermediate temperatures produces chlorite and inter-*

stratified layer silicates including a smectite (possibly a "bowlingite,"

which is best described as an interstratified layer silicate) (Baker and

Haggerty, 1967). These workers found that alteration under oxidizing

conditions at temperatures below about 140°C produces "iddingsite," which

is an oriented mixture of goethite and layer silicates. "Iddingsite" is

also formed during the weathering of olivine. Further discussion of the

three types of iddingsite can be found in Baker and Haggerty (1967). An
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excellent descriptive petrographic study of olivlne alteration in basaltic

lavas from the Isle of Mull, which preceded the work described above, was

published by Fawcett (1965). Changes in the surface of olivine during

weathering and dissolution are discussed by Luce and Parks (1973) and

Grandstaff (1978).

PHYSICAL PROPERTIES OF OLIVINES

Color

Natural olivines may range in color from almost colorless to green

to black depending on the Fe-Mn content. As usual, color is a poor diag-

nostic physical property for differentiating among olivines of various

compositions. The greenish-yellow to green colors of Mg-Fe olivines are
2+

caused by the presence of Fe , which has six (^-electrons that can under-

go crystal field transitions. The optical absorption spectra of Fa-, and

Fa-,, olivines shown in Figures 11 and 12 have low absorption in the green

and yellowish-orange portions of the visible spectrum, respectively, and

therefore, these colors dominate. The crystal-field transitions respon-

sible for the spectrum of Fa_, (Fig. 12) are illustrated schematically in

Figure 13. This figure from Burns (1970a) should be modified slightly by

making the lowest t level for the M(l) site doubly degenerate, rather

than by the reverse situation as pictured. In deriving this energy dia-

gram, Burns assumed D,-, and C~ point symmetry, respectively, for the

M(l) and M(2) sites of olivine. Synthetic Ni olivine has an emerald

green color as do intermediate members of the Ni-Mg olivine crystalline

solution series. Synthetic Co- and Co-Mg olivines have a ruby red color.

Pure monticellite is colorless, as is pure forsterite.

Forsteritic olivines show essentially no pleochroism in the visible

because of the small differences in absorption along the three mutually

perpendicular optical directions in the 4000-7000 A wavelength range

(see Fig. 11). Fayalitic olivines display weak yellow (a = y) to orange-

yellow (6) pleochorism.

Optical Properties

Refractive indices vary smoothly with Mg-Fe content in the Fo-Fa

series as shown in Figure 14 (Deer et al., 1962; Laskowski and Scotford,

1980). Optical properties of the end-member olivines taken from Deer
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Figure 11. Polarized absorption spectrum of Faj2 -ron Jan
Mayan. Dotted line is the a spectrum, dashed line is the
3 spectrum, and solid line is the y spectrum. The visible
spectrum is from 4000 to 7000 A. Optic orientation is a -
b, B • c, f • a. The various d-d transitions responsible
for the spectra are shown in Figure 13. (From Burns, 1970a).
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line is 8 spectrum, and solid line is T spectrum. Optic
orientation is a - b. & - a, v - a. The various d-d tran-
sitions responsible for the spectra are shown in Figure
13. (From Burn., 1970a).



et al. (1966) are. summarized below. For all compounds a

= x; O.A.P. (001); dispersion r > v.

2V

Forsterite

1.635

1.651

1.670

82°

Fayalite

1.827

1.869

1.879

134°

Tephroite

1.770

1.807

1.817

110°

Knebelite

1.815

1.853

1.867

136°

Monticellite

1.639-1.654

1.646-1.664

1.653-1.674

118°-98°

The following regression equations which relate mole percent fayalite to

refractive index for olivines belonging to the forsterite-fayalite crys-

talline solution series were derived by Laskowski and Scotford (1980) who
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Figure 13. Energy level diagram for Fe2+ in the M(l) and M(2) sites of the olivlnt
structure (7395). The lowest of the t2g levels of the M(l) site should be doubly
degenerate and the next highest level should be singly degenerate rather than as
shown. (From Burns, 1970a).
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Figure 14. Variation of refractive Indices, 2V, and density with mol J
flyalite for the Mg-Fe olivine series. (From Deer et al., 1966).
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claim that they are accurate to +2% Fa (correlation coefficients are

greater than 0.999):

mole % Fa = (nQ - 1.6325)70.0020

mole % Fa = (n. - 1.6490)/0.0022
p

mole % Fa = (n - 1.6651)/O.0022

where n , nfi, and n are the indices of refraction for sodium D light.

Similar equations with refractive indices as dependent variable were

also derived by Laskowski and Scotford and are as follows:

1.6361 + 0.0011 X^_ + 0.00001 X±£"a "Fa Fa
ng = 1.6473 + 0.00159 X̂  + 0.000006 X2

n = 1.6694 + 0.00116 X̂  + 0.00001 x|

They claim that these equations, together with the dispersion staining

method they employed (see Grabar and Principe, 1963), permit optical de-

termination of olivine compositions on unaltered grains in thin section.

Obviously, significant Ca and Mn substitution will affect the utility of

this method.

The optical properties of olivines from the forsterite-fayalite-

tephroite series have been studied by Henriques (1957) and Mossman and

Pawson (1976). Both studies considered the effect of Ca on optical

properties. The more recent study combines the compositional dependence

of the n0 refractive index and the dn __. spacing of olivine in a compo-
te l jU

sitional nomograph (see Fig. 6) which they claim is accurate to +2 mol

% Fo. Hurlbut (1961) also correlated nD and d ,„ with composition for
p 1 j(J

the forsterite-tephroite series.

Theoretical aspects of the optical properties of the forsterite-

fayalite crystalline solution series are discussed by Hauser and Wenk

(1976).

The relationship between density and composition for the forsterite-

fayalite series has been studied by Bloss (1952) (see also Bloss, 1971,

p. 349) and by Fisher and Medaris (1969). Bloss' regression equation,

based on measurements of natural samples, is:

X^ = -207.754 + 47.6852 p + 5.25529 p2
r a

*BlosB, F.D. (1971) Crystallography and Crystal Chemistry, an Introduction. New York;
Hole, Rlnehart and Winston, 545 pp.
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and the Fisher-Medaris equation for synthetic olivines is:

p = 4.4048 - 1.1353 Xr - 0.0435 X2 .
r .'I r 3

In these equations X̂  is the mole percent fayalite and p is density.

Both studies found that the relationship between density and composition

is consistent with ideal behavior of the forsterite-fayalite series.

The variation of density with composition for the Mg-Fe olivines is shown

in Figure 14.

Unit Cell Parameters

Numerous studies have been made over the past 30 years of the varia-

tion of cell parameters along different compositional joins for the oli-

vine group of minerals. The most notable of these include studies by

Henriques (1957) [Mg2Si04-Fe2Si04-MnSiO ]; Bradley et, al. (1966) [Mg2Si04~

LiMgPCK]; Fisher (1967), Louisnathan and Smith (1968), Matsui and Syono

(1968), Fisher and Medaris (1969), Schwab and Kustner (1977), and Riekel

and Weiss (1978) [Mg2Si04-Fe2Si04]; Wyderko and Mazanek (1968) [Fe2Si04~

Ca2Si04l; Matsui and Syono (1968) [Mg Si04-Co2Si04 and Mg2Si04~Ni SiOj;

Nishizawa and Matsui (1972) [Mg^iCL-Mn SiOj; Syono et al. (1971)

[Mg2Si04-Zn2Si04 at pressures ranging from 70 to 90 kbar at 1200°C];

and Warner and Luth (1973) [Mg2Si04-MgCaSi04J.

A number of studies have also correlated d.. -„ with composition for

the forsterite-fayalite series (Yoder and Bahama, 1957; Fisher and

Medaris, 1969; Schwab and Kustner, 1977). The regression equation of

Schwab and Kustner relating mole fraction fayalite (X̂  ) to d „ (in A)

is:

X = 7.522 - 14.9071 (3.0199 - d130)

For the forsterite-fayalite series, the variation of b with compo-

sition is linear, whereas the variations of a, a, and unit cell volume,

V, and d1 show slightly positive deviations from linearity (Schwab

and Kustner, 1977; Fisher and Medaris, 1969). The report of distinct

breaks in slope in plots of a, b, a, and V versus composition for this

series reported by Riekel and Weiss (1978) must be viewed with skepti-

cism because of significant differences between their cell parameters

and the general concensus values reported by all other workers for this

series, particularly the high precision data of Schwab and Kustner (1977),
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The variation of a, b, a, and V with composition (in mole percent)

for the crystalline solution series (Mg.Mn) SiO^, (Mg,Fe)2SiO,, (Mg,Zn)2

SiO, , (Mg,Co)2SiO, , and (Mg.Nî SiÔ  are shown in Figure 15. Significant

curvature is seen in all plots but the one for the (Mg,Fe),,SiO series,

indicating that Vegard's law is violated in these crystalline solutions.

The non-ideal mixing indicated by these data is related to the ordering

of octahedral cations in the M(l) and M(2) sites in these olivines. This

subject will be discussed in detail in a later section.

As might be expected, an excellent correlation exists between unit

cell volume and the size of cations (expressed in A ) occupying the oc-

tahedral sites of olivine. Figure 16 illustrates this correlation for

silicate olivines covering the entire composition range shown by natural

samples. In preparing this plot, Brown (1970) used the cell parameters

of Smith et al. (1965) for Ca SiO . These values have since been re-

vised by Czaya (1971), although the figure has not been redrafted to

include this revision. The corrected volume for pure calcio-olivine

is 385.3 A . Brown's regression equation which relates unit cell volume

to cations radius cubed (using Shannon and Prewitt (1969) values) is:

V = 188.32 r:[ + 220.17
M

and has a correlation coefficient <0.99. This correlation does not

include the unit cell volume of Ca~SiO, and is therefore not affected

by the cell parameter error mentioned above for calcio-olivine.

Cell parameters of the end member olivines at 24°C and 1 atm pres-

sure are listed in Table 4.

STRUCTURE AND BONDING IN OLIVINES

Structural Response to Compositional Changes

Since the first crude refinement of the structure of forsterite

(Belov et al. , 1951), there have been at least 55 modern structural re-

finements of olivines of different compositions at ambient P,T condi-

tions (see Table 5). These data permit a number of conclusions to be

drawn about the effects of composition on the olivine structure. A com-

plete listing of structural data for the 11 olivines studied by Brown

(1970) is contained in the Appendix in Tables A4 and A5.
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Figure 16. Variation of unit cell volume (A ) with cation radius cubed. Radii values
were taken from Shannon and Prewitt (1969). (From Brown, 1970).

Table 4. Cell Parameters of End-Member Ollvlnes at 24°C and 1 Atm. Pressure*

Oil vine

Mg SiO,

Fe2S104
Mn SiO

Ca SIO

N12S104
Co SiO

(Mg 5 Fe

(Mg 5 Mn

(Mg.48N1.
(Mg 5 Zn

(Mg 5 Ca

(Fe 5JMn

<Fe!49Ca!
(Mn 5 Ca

5 >2S104

5^2 4

52)2S1°4

5 >2S1°4

5 )2S104

47M*.02)2S1°4

,51>2S104

5 >2St°4

4

4

4

5

4

4

4

4
4

4

4

4

4

4

a (A)

.7540(2)

.8211(5)

.904 (1)

.078 (2)

.7274(5)

.7811(7)

.7929(2)

.818 (1)

.7366(4)

.775 (1)

.8209(5)

.844 (1)

.892 (5)

.944 (4)

10.

10.

10.

11.

10.

10.

10.

10,

10.

10

11.
10.

11.
11,

b (A)

1971(8)

4779(7)

601 (3)

225 (3)

U8 (3)

2998(9)

3412(3)

447 (2)

1716(13)

250 (3)

0911(9)

577 (4)

180 (2)

190 (10)

5

6

6

6

t

0 (A)

.9806(6)

.0889(5)

.259 (1)

.760 (2)

.9105(8)

6.0004(4)

6

6

.0380(2)

.130 (1)

5.9374(4)

5

6

6

6

6

.994 (2)

.3726(6)

.146 (2)

.469 (4)

.529 (5)

V 1

289.

307,

325

385,

282,

295,

299

308

286

293

340

314

353

361

:P)
92(6)

58(8)

.4 (2)

3

7 (1)

49(5)

,27(3)

.5 (1)

06(4)

.3 (3)

,74(4)

.9 (2)

.8 (4)

.2 (5)

Reference

Schwab and Kustner (1977)

Schwab and Kustner (1977)

Niahlzawa and Matsul (1972)

Czaya (1971)

Brown (1970)

Brown (1970)

Schwab and Kustner (1977)

Nlshlzawa and Matsul (1972)

Rajamanl et al. (1975)

Syono et al. (1971)

Warner and Luth (1973)

Brown (1970)

Brown (1970)

Caron et al. (1965)

"Numbera In parentheses are estimated standard errors (1 6) and refer to the last decimal place.
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Figure 17. Variation of mean M-0 distance vlch mean octahedral cation radius, r , and
unit cell volume, V. Abbreviations £or mineral names and values of r and V are given
in Table Al. (From Broun, 1970).

218

317

215

214
/\? 213

| 2,2

^ 211

210

2 09

208

207

206

» Observed
o Disordered
• Ordered

224

223

?22

221

220

2.19

218

217

216

2.19

2.14

2.13

2.12

2 1 1

210

209

t Observed
O Disordered
. Ordered

70 71 72 73 74 75 76 77 78 79 80 70 71 72 .73 74 75 76 77 78 79 80

'ma

Figure 18. Variation of mean M(l)-0 (A) and M(2)-O (B) distances with calculated radius
of M(l) and M(2) cations for non-calcium ollvines. Data for this plot are contained in
Tables Al, A3, and A4 in appendix. (From Broun, 1970).
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No.' OLIVINE2

Table 5. Data for Refined Olivine Structures at 24°C and 1 Atm. Preaaure.

R-FACTOR3 <M - 0^ <Si - 0>* M ( l ) OCCUPANCY5 M(2) OCCUPANCY5 *D6 REFERENCE

FORSTERITE - FAYALITE SERIES

Us)
2(s)
3 ( t , m )
4 ( t , p )
5 ( t , p )
6 ( t , p )
7 ( t , p )
8( t ,p )
9 ( t , p )
10( t ,p)
l l ( t , p >
1 2 ( t , p )
13(t)
14( t ,p )
15( t , e )
16(t ,e)
1 7 ( t , e )
18( t ,p)
1 9 ( t , m >
20(t ,e)
21( t ,e)
2 2 ( t , e )
23( t ,O

24(1,e)
25 t l , e )
2 6 ( t , m )
27(1,e)
28(1,e)
29(1,e)
30(t ,p)
31(1,i)
32 ( t , i )

33(t,e)
34( t ,m)
35(t ,e)

36(t)
37(»)

Fo10Q
F°100
Fo99

F°93.5
F°92.5
F°91.5
Fo91

Fo91

Fogl

Fo9j

F°90.5
F°90.5
Fo90

Fo90

F°90 . n
Fo9o(QFM)'°
Fo90(QFI)11

F°89.5
F089
F°88
Fo88(QFM)10

Fo88(QFI)n

F°82.5Fa17.2La.3

Fo82
Fo73

Fo71

F°69.5
F°69.5
F°67.2
Fo54Fa45Tei
F°49 . 7
F°49Fa49Telul

F°49
F°38

Fa 100
F«100

0.048
0.048
0.023
0.026
0.018
0.019
0.022
0.025

0.022
0.025
0.018
0.071
0.066
0.022
0.022
0.022
0.021
0.022
0.022
0.022
0.022
0.038

0.023
0.048
0.029
0.025
0.022
0.022
0.08
0.026
0.068

2.
2.
2.
2.
2.
2.
2.
2.
.

2.
2.
2.
2.
2.

2.
2.

2.
2.
2.
2.
2.
2.
2.
2.
2.

114
114(4)'
1127(7)
120(1)
119(2)
119(2)
119(2)
119(2)

116(2)
119(2)
120(2)
124 '
118(3)
_7
.7
_7
117(2)
1189(7)
_7
.7
.7
.7

126(1)
128(2)
130(2)
133(2)
1322(6)
1293(7)
140(3)
144(1)
143(3)

1.635
1.630
1.6354(8)
1.639(2)
1.637(2)
.636(2)
.635(2)
.636(2)

.633(2)

.635(2)

.637(2)

.631

.637(2)
.7
.7
_7

1.634(2)
1.6372(8)

_7
.7
_7
_7

.639(2)

.634(2)

.637(2)

.638(2)

.6362(6)

.6353(7)

.634(4)

.636(1)

.636(3)

1.0 Mg
1.0 Mg
.988
.930
.925
.915
.907
.910
a in. 7 1U

.904

.903

.900

.90

.888

.883

.903

.895

.895

.861

.854

.862

.807

.814

.729

.708

.675

.626

.666
_7
.475
.50

Mg t .
Mg * .
Mg + .
Mg + .
Mg + .
Mg + .

Mg + .
Mg + .
Mg + .

_7

Mg + .
Mg + .
Mg + .
Mg + .
Mg + .
Mg + .
Mg + .
Mg + .
Mg + .
Mg + .

Mg + .
Mg + .
Mg + .
Mg + .
Mg + .
Mg + .

Mg -f .
Mg + .

012 Fe
070 Fe
075 Fe
085 Fe
093 Fe
090 Fe
090 Fe
096 Fe
097 Fe
100 Fe

10 Fe
112 Fe
117 Fe
097 Fe
105 Fe
105 Fe
139 Fe
146 Fe
138 Fe
192 Fe

186 Fe
271 Fe
292 Fe
325 Fe
374 Fe
334 Fe

525 Fe
50 Fe

1.0 Mg
1.0 Mg
.982 Mg +
.937 MG *
.926 Mg +
.915 Mg +
.907 Mg +
.914 Mg +
Qin Mo +*yi<J ng T

.914 Mg +

.905 Mg +

.912 Mg +
.7

.90 Mg +

.896 Mg +

.901 Mg +

.881 Mg +

.892 Mg +

.892 Mg +

.867 Mg *

.874 Mg +

.866 Mg +

.846 Mg +
+ .004

.826 Mg +

.734 Mg +

.712 Mg +

.705 Mg +

.648 Mg +

.678 Mg +
_7
.520 Mg +
.48 Mg + .

.018

.063

.074

.085

.093

.086

.090

.086

.095

.088

.10

.104

.099

.119

.108

.108

.133

.126

.134

.147
Ca
.164
.258
.288
.295
.352
.322

.480
48 Fe

Fe
Fe
Fe
Fe
Fe
Fe
Fc
Fe
Fe
Fe

Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe

Fe
Fe
Fe
Fe
Fe
Fe

Fe

-
0.7(2)
1.13(3)
1.01(3)
1.13(3)
1.13(3)
1.13(3)
t i -if 111 . 1 J V J J
1.13(3)
1.13(3)
1.13(3)
_7

1.0(1)
1.09(1)
1.20(2)
0.80(2)
0.97(5)
0.97(2)
.06(1)
.20(2)
.03(1)

.37(4)

.15(3)

.06(5)

.02(4)

.19(3)

.13(1)

.10(1)
_7
1.20
1.0

Smyth and Hazen (1973)
Hazen (1976)
Wenk and Raymond (1973)
Basso et al. (1979)
Basso et al. (1979)
Basso et al. (1979)
Basso et al. (1979)
Basso et^ a_l. (1979)

Basso eT a~f. (1979)
Basso et al. (1979)
Basso et al. (1979)
Hanke TT965)
Birle et al. (1968)8
Will and Nover. (1979)
Will and Nover (1979)
Will and Nover (1979)
Basso et al. (1979)
Wenk and Raymond (1973)
Will and Nover (1979)
Will and Nover (1979)
Will and Nover (1979)

Finger and Virgo (1971)
Brown and Prewitt (1973)
Finger (1970)
Brown and Prewitt (1973)
Brown and Prewitt (1973)
Wenk and Raymond (1973)
Wenk and Raymond (1973)
Birle et al. (1968)
Chose et al. (1976)
Birle et al. (1968)8

.02(Mn,Ca)
0.026
0.031
0.045

0.075
0.047

2.
2.
2.

2.
2.

146(3)
151
168(2)

172
168(4)

1.634(3)
1.629
1.638(1)

1.633
1.628(4)

.477

.361

.04

Mg + .
Mg + .
Mg + .
.04 Mn

523 Fe
639 Fe
92 Fe +

.503 Mg +

.389 Mg *

.04 Mg + .

.490

.611
92 Fe

Fe
Fe
+

1.13(4)
1.13(3)
1.0

Finger (1970)
Smyth and Hazen (1973)
Birle et al. (1968)8

.04 Mn
1.0 Fe
1.0 Fe

1.0 Fe
1.0 Fe

0.0
0.0

Hanke (1965)
Smyth (1975)



FORSTEKITE - FAIALITE - TEPRROITE SERIES

38(s,1000°C) Fo53Te47
39( t ) Fo,,Te49
40(t)
41( t ,m)

FogTegi
Fo2 ;Fa5 1 5T«46

0.059
0.029
0.038
0.032

.7

2 .162(2 )
2.206(2)
2.188(2)

_7
_7
_7

1.636(2)

.724 Mg + .276 Hn

.921 Mg + .079 Mn

.172 Mg + .828 Mn

.05 Mg + .66 Fe +

.339

.110
1.0
.37

Mg t .661 Mn
Mg t .890 Mn

Mn
Fe + .63 Mn +

0.20
0.011
0.00
0.26

Chose and Weidner (1974)
Franc ii and Ribbe (1981)
Franc ii and Ribbe (1981)
Brown (1970)

.29 Mn
42( t ,o )

H ICKEL -

43(s)
44(s)
45(s)
4 6 ( > )
4 7 ( s )
48(s)

Ca - RICH

4 9 ( t , m )
5 0 ( t , m )
51(t ,n)
5 2 ( t , m )

Fo t Fa, ATeAe ft 0.039 2.186(2) 1.632(2)
1 / . i. V .-» . . VJ ...

2"11.412

.35 Mg
.43Mn

+ 0.4 Fe *
+ .18 Zn13

.08

•

Fe + .87 Mn +
05 Zn

_
Brown (1970)

COBALT OHVIHES

Ni2Si04

Ni2Si04

"M.03M«
Co2Si04
Co2Si04
Coi . lMg.

OLIVIHES

MgCaSi04

Mg.93F=.
Mg 1 09 ̂ n .
Mg inMn.

.97si°4

9Si04

07Ca1-0Si04
93ca.98si°4
87Zn.05

0.052
0.037
0.029
0.052
0.046
0.044

0.037
0.030
0.050
0.024

2.089(2)
2.089(4)
2.101(2)
2.130(2)
2.134(4)
2.124(3)

2 . 2 5 0 ( 2 )
2.248(4)
2.288(2)
2.288(4)

1.640(2)
1.639(5)
1.638(2)
1.636(2)
1.627(4)
1.636(3)

1.641(2)
1.637(4)
1.635(2)
1.640(6)

1.0 Ni
l .ONi
.767 Ni
1.0 Co
1.0 Co
.730CO

1.0 Mg
.93 Mg
.09 Mg
.10 Mg

Ca.98Si04

53(s)
54 (s)
55(s)

Fe.87c»l
Ca2Si04

Ca2Si04

.13si°4 0.106
0.054
0.07

2.289(3)
2.391(5)
2.369

1.629(3)
1.646(3)
1.645

i e s i 9 . ( s )

.85 Fe
1.0 Ca
1.0 Ca

+ .233 Mg

t .270 Mg

+ .07 Fe
+ .91 Mn
+ .85 Mn *
052 Zn
» .15 Ca

1.0
1.0
.263
1.0
1.0
.370

1.0
1.0
.02
.02

.02
1.0
1.0

, f t ,

Ni
Ni

Ni t .737 Mg
Co
Co

Co * .630 Mg

Ca
Ca
Mn + .98 Ca
Mn « .98 Ca

Fe * .98 Ca
Ca
Ca

0.0
0.0
9.22
0.0
0.0
4.60

0.0
0.0
0.0
0.0

0.004
0.0
0.0

Brown (1970)
Lager and Meagher (1978)
Rajamani et al. (1975)
Brown (1970)
Morimoto et_ al. (1974)
Chose and Wan (1974)

Onken (1965)8

Lager and Meagher (1978)
Brown (1970)
Lager and Meagher (1978)

Brown (1970)
Smith et al. (1965)8

Ciaya TT971)

( , E ) indicates metamorphic , ( ,p ) i n d i c a t e s plutonic, ( , i ) indicates hypabysaal, (.e) indicates extrusive volcanic.

^Composition is given in terms of Fo content for Fo-Fa olivines. When other components are present in significant amounts, they are listed.
3R-factor is defined as R - (I |Fo |-JFa | ) /Z | Fo [ and can be thought of as a reliability index. Generally, the lower the R-factor , the more
reliable the s tructure ref inement .

^<M-0> and <Si-0 > indicate mean M-0 and Si-0 bond" lengths in Angstroms.

^Occupancy values were determined in most cases by direct refinement of occupancy parameters using explicit chemical constraints
(see Finger, 1969).

^n, a dis t r ibut ion coefficient , is defined as KD " [Mg(M2)Fe(Ml ) ] / [Mg(Ml )Fe(M2)]

^Not reported.

^These values come from Brown's (1970) re-refinement of data from the source cited.

^ N u m b e r in parentheses indicate* estimated standard error 'in the least significant digit quoted.

10Indicates that the olivine was heat treated at 750° at the p(02) fixed by the quartr (Q)-fayalite(F)-ouignetic (M) buffer P(02) • 10~16b«r

^Indicates that the olivine was heat treated at 750° at the p(02> fixed by the quarts (Q)-fayalite(F)-iron(I) buf fe r P(02> • lO'^^bar .

2ft|l 4 indicates that 11.4 mole percent Zn2SiO^ is present as a component in this olivine.

l^The site occupancies in this case with four species distributed over four sites are not uniquely detcminable. Mg wai assumed
fixed in M f l ) . (Mn+Fe) was created as one species and refined against Zn.



(1) The mean octahedral cation-oxygen distance, <M-0>, increases

regularly as the size of the octahedral cation increases. Figure 17

demonstrates the near linear dependence of <M-0> on octahedral cation

radius for the olivines studied by Brown (1970). The increase in <M-0>

with increasing r also manifests itself in an increase in unit cell

volume. Similarly, <M(1)-0> and <M(2)-0> increase almost linearly as

the size of the M(l) and M(2) cations increase, as is shown in Figure

18 for the non-calcium olivines studied by Brown (1970). Also shown in

this figure are the effects of octahedral cation order and disorder on

the <M(1)-0> and <M(2)-0> distances. In certain cases where the dif-

ference in size of the two major octahedral cations is relatively large

(e.g. Mg and Fe) and more than 10 percent of each is present, mean M-0

distance plotted against octahedral cation radius is sensitive to site

occupancy.

(2) No correlation can be made between individual or mean Si-0

distance and octahedral cation size. The value of <Si-0> for Ni-olivine,

which has the smallest octahedral cation, is 1.640 A, whereas <Si-0> re-

ported for Ca-SiO,, which has the largest cation, is only 1.645 A. This

difference is probably well within the 2a limit.

(3) <Si-0> is amazingly constant. For the 45 olivines listed in

Table 5 with reported Si-0 distances, the grand mean Si-0 distance is

1.636 A, with a standard deviation of +0.004 A. This deviation is roughly

twice the la least-squares precision level reported for most of these dis-

tances. This finding is somewhat surprising in view of the range of

cation properties exhibited by octahedral cations in silicate olivines.
2+

For example, the relatively electronegative Ni cation (x = 1«9) has

about the same effect on individual Si-0 distances as does the least

electronegative cation considered (Ca: x = 1-0).

(4) Shared polyhedral edges, 0---0, are shorter than unshared

edges in all olivines refined to date. Table A4 in the Appendix lists

individual 0---0 lengths for the three unique polyhedra in the 11 oli-

vines studied by Brown (1970). Individual distances in this table and

the angles listed in Table A5 are referenced to Figures 19 and 20, which

show the two possible types of shared polyhedral edges in the olivine

structure.
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0(2)
MUL _V

M(2),

0(3)

Figure 19 (left). Perspective view of a portion of the olivine structure illustrating
oxygen ligation to M(l), M(2) and Si with atoms labelled to conform to the designations
in Table A4 and A3 in the Appendix.

Figure 20 (right). Portions of the distorted cube shown in the center of Figure 19. These
are "flattened" to illustrate angular distortions from ideal hep geometry due to
cation - cation repulsion across shared edges [of. Fig. 6b in the chapter on humites
(Ribbe, this volume) and see Fig. 21).

(5) Mean 0-0 distances for .each structure studied by Brown (1970)

and listed in Tables Al through A5 correlate linearly with <M-0>, <M(1)-0>,

and <M(2)-0>.

(6) No clear correlation exists between individual angles and cation

size, although in some cases the Ca and non-Ca olivines comprise two dis-

tinct populations in plots of individual angle versus cation radius.

(7) Comparison of bond angles from the refined structures detailed

in Table A5 with the angles expected in the ideal hexagonal closest-packed

structure (also listed in Table A5) shows that deviations from the ideal

values (referred to here as "bond angle strain") are greatest for angles

such as 0(3)-M(2)B-0(3) (see Fig. 20), which are opposite shared octa-

hedral-tetrahedral edges, are less for angles such as 0(2)-M(1) -0(1),u
which are opposite shared octahedral-octahedral edges, and are least for

angles not involved in shared edges. For example, the "bond angle strain"

at M(1)B and M(2)_ is two to four times larger when an 0-0 edge is shared

with a Si-tetrahedron than when shared with another octahedron. In all

cases, strain at oxygens is positive, whereas strain at cations is nega-

tive, in agreement with the commonly held notion that cation-cation
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r£ MnMgSi04
o>

0(3) 0(2)

Figure 21. Planar projections o£ Che unique M-O-M-0 and M-0-S1-0 faces of the distorted
cube of nearest neighbor cations and oxygens in a zinc picrotephroite and knebelite,
showing "bond angle strain" values (in degrees) and bond distances (in A).
(From Brown, 1970).

interactions are generally greater than anion-anion interactions. Figure

21 shows indiviudal "bond angle strain values" for two of the olivine

structures studied by Brown (1970).

(8) Bond angle strains (as defined above) vary with cation size as

shown in Figure 22. This figure plots "strain" at the M(l)(A) and M(2)(B)

octahedral cations versus octahedral cation radius. The smallest strains

are found in structures with the smallest octahedral cations. Three popu-

lations are apparent -in this figure, corresponding to the disordered, non-

Ca olivines; the ordered, non-Ca olivines; and the Ca olivines studied by

Brown (1970).

The structural data for Ca.SiO, in Tables A4 and A5 should be replaced by

the data of Czaya (1971) in future correlations. The Czaya structure

exhibits a considerably less distorted tetrahedron than does the Smith

et al. (1965) structure or Brown's (1970) re-refinement of Smith's data.

However, the use of the older Ca^SiO, data does not affect any of the

conclusions reached above.

Ootahedral distortions. Over the past ten years, various attempts

have been made to quantify the distortion of polyhedra, such as the
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Figure 22. Variation of "bond
angle strain" for (A) the M(l) and
(B) the M(2) octahedra in eleven
divines with mean octahedral
cation radius. Meaning of symbols
explained in Table Al in the
appendix. (From Brown, 1970).
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octahedra in olivines, because a knowledge of such distortions is impor-

tant in rationalizing intracrystalline cation partitioning as well as

the partitioning behavior of cations such as Cu and Cr between melts

and crystals. In olivines, the reduction from 0, to approximate D., site

symmetry in the M(l) octahedron can be thought of as arising from a

lengthening of the M(l)-0(3) bonds relative to the approximately equal

M(l)-0(l) and M(2)-0(2) bonds. The M(l)-0(3) bond length is, therefore,

a crude measure of M(l) octahedral distortion and increases from Ni oli-

vine to Fe olivine smoothly. A comparison of relative distortions of

the M(2) octahedron is more difficult if we consider only M(2)-0 dis-

tances and the C, local symmetry approximation. A true measure of

distortion should involve both distance and angle factors.
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220

r.
•

l2

,.,„..,• = V (•.-90

200

ISO
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a
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BO

100
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B «tca
• K.

*
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Mean M(l)-0 distance (A) in olivines
210 2.15 220 2.25 2.30 2.J5 2.40 £45

Mean M(2)-0 distance (A) in olivines

Figure 23. Ploc of octahedral angle variance [0Q(oct) * E (0. - 90*) /ll; where the sum
is over Che 12 unique 0-M-O angles] versus mean n(l)-0 and M(Z)-0 distances in the olivines
studied by Brown (1970). The symbols are explained in Table Al. (From Robinson at al., 1971).

One such measure of distortion is the angle variance introduced by

Robinson et al. (1971). They analyzed octahedral distortions in the

olivine structures studied by Brown (1970) using this parameter and found

that octahedral distortions correlate in an approximately linear fashion

with mean M(l)-0 and M(2)-0 distances, i.e., with increasing cation size

(Fig. 23). They also found that the M(l) octahedron in these olivines

is more distorted (has a larger angle variance value) than the M(2) oc-

tahedron (see Fig. 23), a finding opposite to that reached by Brown (1970)

who used a much cruder distortion index. Other measures of octahedral

distortion for the olivines have been proposed by Dollase (1974), Fleet

(1974), Vincent et al. (1976), and Gaite (1980) and give essentially the

same result. The effects of differences in distortion between the M(l)
2+

and M(2) sites in olivines on crystal field stabilization energy of Fe

have been considered by Walsh et al. (1974).

Computer simulation of the olivine structure. Useful insights about

the qlivine structure have been provided by computer simulation of the

structure using the distance least-squares (DLS) method. This method

permits the simulation of different structures under different P,T con-

ditions not easily attained in the laboratory and has, therefore, been

used to predict high pressure phases of olivine for the most part (Baur,

1972; Dempsey and Strens, 1976). Baur (1972) concluded from an ambient
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condition DLS simulation of olivine that the shared edge shortening is

caused primarily by a dimensional misfit between octahedra and tetrahedra,

and that metal-metal repulsions of the type proposed by Pauling's third

rule are only partly responsible. McLarnan et al. (1979) also carried

out DLS calculations on the forsterite structure together with semi-

empirical molecular orbital (CNDO/2) calculations on a tetrahedral-

octahedral cluster modeled after the arrangement in forsterite. Their

conclusions, which contradict Baur's, suggest that distortions in the

olivine, structure are due to short range forces of both the covalent and

electrostatic type.

It is fair to state that we still do not really understand why ca-

tions such as Mg, Fe, Mn, Ca, and Si and the oxygen anion adopt the oli-

vine structure under certain P,T conditions. Although clear correlations

can be made between polyhedral distortions in olivine-type compounds and

the relative size differences of octahedra and tetrahedra (Vincent et al. ,

1976), it is misleading to state that steric details are "caused" by

dimensional mismatch between polyhedra. One might also be tempted to

conclude from the correlations of structural details with cation size

that the latter is a causative factor in determining steric details.

However, cation size is a poorly understood concept which embodies many

of the physical factors we are presently ignorant about. Clearly, a more

fundamental reason for the distortions in olivine-type structures must be

sought.

The structural data base for olivines at ambient P,T conditions ap-

pears to be adequate in terms of quality and compositional range for the

types of structural correlations made above. In the future, more com-

plete data sets and more accurate data on end-member, synthetic olivines

are needed to advance our understanding of the bonding forces that are

responsible for the atomic arrangement adopted by compounds of olivine

stoichiometry and for olivine's stability (or metastability) over a

relatively wide range of P,T conditions. Such studies aimed at deter-

mining the valence electron density distribution in olivines and other

compounds are just beginning in several mineralogical laboratories in

the United States.

A discussion of intracrystalline cation ordering in olivines will

follow in a later section.
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Table 6. Linear thermal expansion coefficients ("C~̂  x 10̂ ) of
mean M-0 distances and unit cell parameters in six ollvines
(After Lager and Meagher, 1978}

Olivine
Ni Olivine
Fo(lOO)
Fo(69)
Fa (100)
Monticellite
Glaucochrolte

1.54(2) •
1.93(24)
1.17(2)
1.26(13)
1.74(5)
1.54(20)

<M(2)-0>
1.31(10)
1.72(8)
1.22(7)
1.50(9)
1.33(9)
1-52(4)

a
1.18(5)
0.87(11)
0.61(1)
0.99(8)
1.01(8)
0.87(11)

t
1.09(4)
1.54(2)
0.96(7)
0.95(9)
0.99(2)
1.02(3)

o
1.11(3)
1.33(2)
0.97(10)
1.19(9)
1.13(4)
1.45(8)

6.OO - _A-L

324

320

U 312

O 308

j 304
III
" 300

I'296

292

288 -

Melting

Fa

IOOO 1500
TEMPERATURE IK)

500 IOOO 1500
TEMPERATURE (K)

2000

Figure 24. Unit cell dimensions and unit cell volume versus temperature for several
Mg - Fe ollvines. (From Kazan, 1977a).

Structural Response to Temperature Change

High temperature structural studies of olivine were begun over 40

years ago with the measurement of thermal expansion data (Kozu et al. ,

1934; Rigby et al. , 1945, 1946; Skinner, 1962; Singh and Simmons, 1976).

Within the last ten years, development of high temperature furnaces for

use with x-ray single-crystal diffractometers has permitted the study of

structural details of olivine at temperatures up to 1000°C. Olivines

studied by this method include the following: Fa-3i (Brown and Prewitt,

1973); Fo10Q (Smyth and Hazen, 1972); Fo3gFa55Te7 (Smyth and Hazen, 1973;

also see revision by Hazen, 1977a); Fa.,-- (Smyth, 1975); Fo10Q (Hazen,

1976); Ni2Si04, Câ Mĝ F̂ê Ŝ̂  (monticellite), and Ca^ggMn^^

Mg 1QZn o5Si°4 (8laucochrolte) (Lager and Meagher, 1978).
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Unit cell expansion. The a, b, and a cell parameters and unit cell

volume, F, of Fe-Mg olivines expand in smooth though non-linear fashion

with increasing temperature (Fig. 24). Mg/Fe ratio appears to have little

effect on the linear or volume thermal expansion of ferromagnesian oli-

vines (Hazen, 1977a). Thermal expansion curves for olivines of other

compositions are shown in Figure 25, and linear thermal expansion coef-

ficients of mean M-0 distances and unit cell parameters for six olivines

of various compositions are given in Table 6.

Structural expansion. All of the high-temperature structural studies

of olivines yielded consistent results which may be summarized as follows:

(1) Mean and individual Si-0 distances remain essentially constant

with increasing temperature. Thus compositional and temperature changes

have no effect on Si-0 bond length in the olivines. This finding is con-

sistent with the results of other high-temperature studies of silicates

which show no significant increases in.Si-0 distance with increasing T

(see Hazen and Prewitt, 1977).

(2) Mean M(l)-0 and M(2)-0 distances increase with increasing tem-

perature, with Mg-0 distances exhibiting the greatest thermal expansion

(see Fig. 26a) .

(3) The M(2) cation position in olivines is temperature dependent,

with greatest displacement found for non-transition metal cations (Lager

and Meagher, 1978).

(4) Octahedral distortions increase with increasing temperature,

with the M(l) octahedron remaining more distorted than the M(2) octa-

hedron (Brown and Prewitt, 1973; Smyth, 1975; Smyth and Hazen, 1973;

Lager and Meagher, 1978).

With the exception of (3) above, these conclusions are essentially

the same as those reached in the last section on the effect of composi-

tion on structure. This observation led Hazen (1977b) to conclude that

temperature and composition are structurally analogous variables.

Structural view of olivine welting. Forsterite melts congruently

at 1890°C whereas fayalite melts at 1205°C, both at 1 atm pressure. One

common way of structurally rationalizing the lower melting temperature

of fayalite is by noting that M-0 bonds are longer in fayalite (2.168 A)

*Hazen, R.M. (1977b) Temperature, pressure and composition: structurally analogous variables.
Phys. Chem. Minerals, 1, 83-94.
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Figure 26«.. Plots of mean M(l}-0 and M(2)-0 distances vermta temperature for the six
olivines listed in Table 6. (From Lager and Meagher, 1978).

than in forsterite (2.114 A), which manifests itself in larger unit cell

parameters for fayalite. A rule of thumb concerning dependence of physi-

cal properties on structure and composition is that the weakest bonds tend

to dictate physical properties such as hardness, melting point, etc. In

the olivine structure, the M-0 bonds are the weakest cation-oxygen bonds,

and they probably break before the stronger Si-0 bonds at the melting

point. If we make the gross assumption that the longer Fe-0 bonds in

fayalite are weaker than the shorter Mg-0 bonds in forsterite, and further

assume that all other factors are essentially the same (which is most

likely not the case), then the lower melting point of fayalite can be

rationalized.

A more satisfying structural rationalization of olivine melting was

recently presented by Hazen (1977 ) who extrapolated the cell parameters

and M-0 distances of ferromagnesian olivines to their melting points and

found that they all have similar cell parameters (a = 4.89, b= 10.6, a =

6.19 A), cell volume (V ̂  319 A3), <M(1)-0> (2.19 A) and <M(2)-0> (2.22 A)
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distances at their respective melting temperatures (see Fig. 24). Hazen

concluded that the solidus of f erromagnesian olivines represents an iso-

structural line above which olivine of a given composition is not stable

with respect to a more Fe-rich olivine melt (except at end-member compo-

sitions) . Hazen speculated that "perhaps due to misfit of expanding oc-

tahedra with rigid tetrahedra, the solidus structure represents a critical

structural limit for f erromagnesian olivines." It is interesting to note

that these upper distance limits for ferromagnesian olivines at their

melting point are exceeded in olivines at room temperature only when Ca

occupies the M(2) site. Both 'the <M(1)-0> and <M(2)-0> distances in

Ca^SiO, exceed these limits yet the silicon tetrahedron is of the same

dimensions in this structure as in all other silicate olivines. Fol-

lowing Hazen1 s reasoning, one might speculate that a contributing factor

to the rarity of calcio-olivine in nature is the apparent dimensional

mismatch between the rigid, small tetrahedron, and the more pliable,

"overstuffed" Ca octahedra. However, we cannot consider these specu-

lations to be anything but manifestations of more fundamental physical

reasons .

CdnSiO. polymorphism. The common olivines undergo no polymorphic

changes at low pressures before they melt. However, the calcio-olivine

Ca-SiO, undergoes a complex series of structural changes before melting

as is shown below:

, 700°C , ,1160°C 1450°C. ^
y (calcio-olivine) - *- ul~» - *̂ ct - *•»•* - *inelt

The calcio-olivine structure is given the Greek prefix y in most

literature. This practice does not follow the standard U. S. convention

of labeling the lowest temperature polymorph a, the next highest temper-

ature polymorph 8, etc. Furthermore, this system of nomenclature con-

flicts with the usage of the prefixes a and y i-n this chapter and in

the geophysical literature where y indicates the spinel phase and a in-

dicates the olivine phase. Larnite, the B-form of Ca,SiO., is metastably

formed as the a' phase is cooled below about 700°C because of the closer

structural similarity between the a1 and & forms than between the a' and
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Y forms (Smith et al. , 1965). This metastable persistence of the hydra-

table 6 form is fortunate for all of us in a very practical sense because

the B phase must be preserved in the manufacturing of cement clinker;

when the 3 phase reverts to the olivine form in this clinker, it is quite

inert and constitutes a failure.

Eysel and Hahn (1970) present a lucid review of Ca-SiO, and Ca.GeO,

polymorphism. Other pertinent literature on the polymorphism of Ca-SiO,

includes papers by Bredig (1950), Foster (1968), Forest (1971), Kazak et

al. (1975), and Ghosh et al. (1979). The last paper places emphasis on

the uses of Ca-SiO, polymorphs in the cement industry.

As pointed out in an earlier section on minor element chemistry,

calcio-olivine, larnite (B-phase), and bredigite (a1 phase) can coexist

in nature.

Structural Response to Pressure Changes

Considerably less work has been done on the effects of pressure on

the olivine structure because high pressure single-crystal x-ray or

spectroscopic experiments are typically "an order of magnitude more dif-

ficult than room or high-temperature experiments. Nonetheless, high

pressure cells developed during the past decade at various labs in the

U. S. have permitted olivine structural data to be taken for synthetic

forsterite (Hazen, 1976: 50 kbar) and synthetic fayalite (Hazen, 1977a:

31 and 42 kbar). In addition, the effects of pressure on the cell param-

eters of powdered peridot (Olinger and Duba, 1971; Schock et al. , 1972;

Olinger and Halleck, 1974) and synthetic fayalite (Yagi et al. , 1975;

also see Adams, 1931) were determined. The high-pressure cell parameters

for forsterite and fayalite are listed in Tables 7 and 8, respectively.

Table 7. Forsterite (F°1QO) unit cell parameters at different
pressures (T - 23*C). Numbers in parentheses are standard errors
referring to the laic decimal place. (From Hazen, 1976).

p
1 atm.

20

40

50

kbar

kbar

kbar

1 atm.*

a (A)
o a on

i(A) e(Al C(AJ)

4.7535(4)

4.743

4.734

4.712

4.749

(5)

(5)

(5)

(5)

10

10

10

9

10

.1943(5)

.09

.02

.97

.19

(1)

(1)

(1)

(1)

5

5
.5

5

5

.9807(4)

.954

.940

.955

.980

(6)

(6)

(6)

(6)

289

285

281

279

289

.80(5)

.0 (5)

.8 (5)

.7 (5)

.5 (5)

After high pressure experiments.
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Table 8. Fayallte (Fâ og) UIllc cell parameters at different
pressures (T • 23°C). Numbers in parentheses are standard
errors referring to last decimal place. (From Yagi et al., 1975).

f
(kbar)

0
19
33
44
53
23
42
60
71
29
47
61
73
62

Fe2SiC>4 olivine

V
(A5)

307.9(7)
303 2(15)
300.5(3)
297
296
301

9(11)
7(10)
5(23)

298.5(19)
295 7(7)
293.0(15)
301
296
294

6(15)
7(25)
7(16)

292.5(17)
293.8(16)

VI V a a
(A)

1.0000 4.817(6)
0.9848
0.9761
0.9678
0.9638
0.9793
0.9696

.806(8)

.771(1)

.772(6)

.776(5)

.803(13)

.788(10)
0.9604 4.769(4)
0.9518 4.762(8)
0.9796 4.786(8)
0.9637 4.796(14)
0.9572 4.770(9)
0.9500 4.750(9)
0.9543 4.767(8)

"/flo

1.0000
0.9977
0.9905
0.9907
0.9915
0.9971
0.9940
0.9900
0.9886
0.9936
0.9956
0.9902
0.9861
0.9896

b
(A)

10.49(1)
10.43(2)
10.37(1)
10.33(1)
10.31(1)
10.36(2)
10.32(2)
10.28(1)
10.25(2)
10.38(2)
10.29(3)
10.26(2)
10.23(2)
10.25(2)

<*

1 .0000
0.9934
0.9881
0.9847
0.9824
0.9875
0.9838
0.9798
0.9764
0.9892
0.9807
0.9772
0.9746
0.9767

c
(A)

6.091(8)
6.052(11)
6.073(2)
6.042(8)
6.026(7)
6.057(17)
6.038(14)
6.030(5)
6.005(11)
6.071(11)
6.011(18)
6.024(12)
6.020(13)
6.012(10)

C/Cg

1 .0000
0.9936
0.9970
0.9920
0.9893
0.9944
0.9913
0.9900
0.9859
0.9967
0.9869
0.9890
0.9883
0.9870

In view of the difficulty in obtaining these data, it is not surprising

that major discrepancies exist between fayalite cell parameters of Yagi

et al. (1975) (taken at 44 kbar) and those reported by Hazen (1977 a)

(taken at 42 kbar). Although data are limited, the following conclusions

have been made by Hazen (1977a) on the effects of pressure on ferromagne-

sian olivines:

(1) The [SiO,] tetrahedra in for-

sterite and fayalite are essen-

tially constant in dimensions

with increasing pressure, i.e.,

tetrahedra are very incompres-

sible.

(2) The M(l) and M(2) octahedra of

forsterite and fayalite undergo

significant compressions with

increasing pressure, as shown

in Figure 26b for forsterite.

(3) Pressure appears to have little

effect on octahedral distortions

in forsterite. However, more

accurate data are needed to

confirm this conclusion and to

2.06-

10 20 30 40 SO

PRESSURE (Kb)

Figure 26b. Variation of mean M(l)-0 and
M(2)-0 distance* in forsterite with in-
creasing pressure. (From Hazen, 1976).
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make more detailed conclusions- on the effect of pressure on the

olivine structure.

The unit cell volume compression of forsterite and fayalite can be

rationalized structurally by considering the reduction in volume of filled

and empty octahedra. In the case of forsterite a total volume reduction

of about 10 A occurs at 50 kbar pressure. Hazen1s (1976) study showed

that the M(l) and M(2) octahedra undergo volume reductions of about 0.7

and 0.5 A , respectively, at 50 kbar. There are four M(l) and four M(2)

octahedra per unit cell. Thus, about 4.8 A of the unit cell compression

of forsterite can be accounted for by contraction of filled octahedra.

The remaining 5.2 A of contraction can be accounted for by compression

of octahedral and tetrahedral voids in the olivine structure. A similar

explanation of the unit cell expansion of forsterite with heating has

been made by Hazen (1976) who found that about 30 percent of the 13 A

expansion over the range -196 to 1000°C is accounted for by M(l) and M(2)

octahedral expansion, with the remaining 70 percent due to volume expan-

sion of unoccupied octahedral and tetrahedral sites in the approximately

hexagonal closest-packed array of oxygens.

Using polyhedral compression data from high-pressure structural

studies such as those by Hazen on olivine, the bulk modulus of individual

polyhedra in a variety of structure types has been related to polyhedral

volumes (Hazen and Prewitt, 1977; Hazen and Finger, 1979). The bulk

modulus (K ) of [SiO.] tetrahedra in olivines is on the order of 2.5

Mbar or greater whereas K for [MgO,] octahedra is 1.5 Mbar (Hazen and
P o

Finger, 1979). A K value of 1.8 Mbar for [FeO,] octahedra in fayalite

was calculated using the inverse relationship between bulk modulus of a

polyhedron and polyhedral volume compressibility (B ) (K = 1/|3 : Hazen,

1976) and the 6 value for [FeO,] octahedra (0.56 Mbar" ) from Hazen and
V D

Finger (1977). As pointed out by these authors, the compressibility of

polyhedra in silicate structures is greater than the study by Hazen and

Prewitt (1977) indicates. The polyhedral bulk moduli for olivines are

larger than the macroscopic bulk moduli of forsterite (1.35 Mbar: Hazen,

1976) and fayalite (1.24 Mbar: Yagi et al. , 1975), indicating that com-

pression of vacant polyhedra makes an important contribution to the bulk

compression of olivines.
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Hazen (1977a) combined his unit cell data for forsterite and fayalite

as a function of temperature and pressure to construct the following equa-

tion of state for ferromagnesian olivines:

V = (290 + 0.17Xpa + 0.006T + 0.000006T2) [1 - P/(1350. - 0.16T]

where V is unit cell volume (in A ), X_ is mole fraction fayalite, T is

temperature in °C, and P is pressure in kbar. Using this equation, Hazen

predicted the unit cell volume of FOg-Fa..,. under P,T conditions predicted

at a depth of 100 km (approximately 1000°C and 30 kbar). The value pre-

dicted (295 A ) is almost identical to that of a pure forsterite at 600°C

and 1 atm pressure. This equation will probably undergo revision when

more accurate high-pressure cell parameters become available.

Summary of P, T, X Effects on the Olivine Structure

The structural studies of olivines of different compositions and at

different temperatures have shown that increases in octahedral cation size
2+ 2+

over the range 0.69 A (radius of Ni ) to 1.00 A (Ca ) and in temperature

over the range 20 to 1000°C have qualitatively the same effects on the

olivine structure. There is some evidence that [MgO,] octahedra in oli-

vines expand more than Mn-, Fe-, Ni-, or Ca-containing octahedra over a

given temperature interval (see Table 6); however, this seems to be a

relatively minor effect relative to octahedral thermal expansion in

general. The parallelism between the effects of temperature and compo-

sition is in part due to the fact that the dimensions of [SiÔ ] tetra-

hedra in olivines are essentially unaffected by changes in temperature

or composition. In contrast, the M(l) and M(2) octahedra expand signi-

ficantly, up to critical limits, with increasing temperature or increasing

cation size. Increases in temperature and octahedral cation size also

cause an increase in octahedral distortions as defined using the bond

angle variance parameter.

The effects of pressure on the olivine structure cannot be fully

assessed until additional, higher quality, high-pressure structural data

become available. The high-pressure studies of forsterite and fayalite

structures by Hazen showed that [SiO,] tetrahedra are essentially incom-

pressible. This finding is consistent with the results of such studies

of other silicates. [SiO,] tetrahedra have a mean linear compressibility

(JL. ,-.) of only 0.13 Mbar"1 in silicate structures, including olivine
bl— <J
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(Hazen and Finger, 1978). Olivine octahedra are quite compressible,

with [MgO,] octahedra (J3,. _ = 167 Mbar ) predicted to be less com-6 _Mg-0 1

pressible than [Fed,] (£„ . = 181 Mbar ), [MnO,] (6M n = 194 Mbar ̂ ,o re—U b Mn—U
or [CaO,] (6,, ,, = 243 Mbar"1) octahedra (B values from Hazen and Prewitt,b Ca-O
1977). Present data are insufficient to make further general conclusions

concerning the pressure effect.

The picture that emerges from the available olivine structural data

as a function of P, T, and X is one in which relatively rigid [SiO,]

tetrahedra are interconnected by pliable octahedra which share edges

with the tetrahedra. Because of this polyhedral edge-sharing, there are

limits to (1) the size of octahedral cations that can substitute in the

M(l) and M(2) sites; (2) the thermal stability of olivines before they

melt or, in the case of Ca^SiO,, undergo polymorphic transformations to

less dense phases; and (3) the pressure stability of olivines before they

undergo polymorphic transformations to denser phases or break down to

other phases. In other words, the olivine structure can tolerate limited

dimensional mismatch between [SiO,] tetrahedra and [MO,] octahedra; how-

ever, beyond certain critical values of octahedral cation size, temper-

ature, and pressure, the octahedron-tetrahedron dimensional mismatch be-

comes too great for the structure to exist stably. Because of these

studies, we now have some notions, though not any fundamental physical

reasons, why the olivine structure field on the A-BO, structure field

map (Fig. 3) is limited and why olivines of different compositions have

different melting points and different polymorphic transformation pres-

sures.

Bonding in Olivines

Our current understanding of the bonding forces in olivines, or in

any silicate mineral, is still rather primitive. Several generations of

mineralogists since Pauling's classic 1929 paper on the principles deter-

mining the structure of complex ionic crystals have thought of silicate

and other oxide minerals as assemblages of cations and anions held to-

gether by relatively short-range electrostatic forces. While this is a

very useful conceptual model, Pauling clearly did not intend for us to

consider minerals only in an ionic context as is apparent from his often

overlooked 1948 paper on the electroneutrality principle (Pauling, 1948)
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and his recent paper (Pauling, 1980) reiterating his opinion that the

Si-0 bond has roughly 50 percent covalent character.

One way of avoiding the ionic versus covalent controversy, which

still arises (see e.g. Stewart et al., 1980 versus Pauling, 1980), is to

think of bonds in minerals in terms of relative "bond strengths" as de-

fined by Pauling (1929). The Si-0 bond is assigned a strength near 1.0

and other "weaker" cation-oxygen bonds, such as Mg-0, Fe-0, and Ca-0

bonds in olivine, are assigned strengths near 0.33 valence units. This

bond strength concept has been extended during the last decade such that

account can be taken of the effect of bond length variation on bond

strength, the idea being that long Si-0 bonds have strengths less than

1.0 whereas short Si-0 bonds have strengths greater than 1.0 (see e.g.

Brown and Shannon, 1973; Ferguson, 1974). Although such empirical bond

strength-bond length relationships are quite valuable for making struc-

tural predictions, they offer little insight about the nature of bonding

forces that hold atoms together in a structure like olivine.

Among the first studies of bonding in olivines from a covalent

viewpoint were the papers by Louisnathan and Gibbs (1972a,b) which pre-

sented Extended Hiickel Molecular Orbital (EHMO) calculations of valence

MO energies and bond overlap populations for isolated [SiO,] tetrahedra

with the geometry of those present in olivines of various compositions.

The conclusion from these studies, which are rather crude by today's

standards, was that part of the bond length variations of [SiO,] tetra-

hedra in olivines can be rationalized using a purely covalent model.

One criticism of these studies is that the calculations considered only

isolated [SiO,] tetrahedra, without surrounding octahedral cations, as

a model of the olivine structure.

More recently, Gibbs, Tossell, and co-workers have used more sophis-

ticated molecular orbital theories (including SCF-NEMO, CNDO/2, and SCF-

Xa) to study details of the olivine structure, particularly the shared

tetrahedron-octahedron edge conformation in olivine (Tossell and Gibbs,

1976, 1977; Tossell, 1977; McLarnan et al. , 1979). The study by Tossell

and Gibbs (1976) was successful in predicting the correct 0-Si-O angle

(V103°) opposite the edge shared between tetrahedron and octahedron using

an SiMgOnH molecule as a model. They concluded that an important con-

tribution to the minimization of total energy of this molecule at the

above angle is covalent overlap repulsion between Si and Mg across the
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shared edge. The CNDO/2 MO study of shared-edge distortions in olivine

by McLarnan et al. (1979) made use of a cluster of Si03(OH)Mg3(OH) ~ com-

position, which consisted of an [SiO,] tetrahedron sharing edges with

three [MgO,] octahedra. This "better" model of the olivine structure

resulted in a minimum energy geometry similar to the results obtained in

the Tossell-Gibbs study. However, this calculation indicates that repul-

sive forces between Si and Mg, and Mg and Mg across shared edges are not

the determinants in causing the minimum energy geometry of the molecule.

Instead, these workers found that the equilibrium geometry with shortened

shared edges is the result of a complex misture of short-range covalent

and electrostatic forces and that repulsive Si-Mg and Mg-Mg interactions

favor long shared edges. These workers also concluded, based on a com-

bination of MO and distance-least-squares (DLS) calculations, that dimen-

sional misfit between tetrahedra and octahedra is not responsible for

shared-edge distortions in olivine-type structures. As pointed out

earlier, this conclusion is in contradiction to the suggestions of Baur

(1972) and Vincent et al. (1976) who based their opinion solely on the

results of DLS calculations. The conclusions of McLarnan et al. (1979)

are based on a more rigorous bonding model than those of Baur and Vincent

and co-workers and, therefore, should carry more weight for the present.

The important point to remember is that shared-edge distortions in oli-

vine cannot be simply interpreted using Pauling's third rule, according

to the best bonding calculation to date.

The interesting study by Tossell (1977) compared and theoretically

analyzed the x-ray emission (Kuroda and Iguchi, 1971) and x-ray photo-

electron (Nefedov et al. , 1972) spectra of olivine and quartz. The com-

parison between observed and predicted valence MO energies for an isolated

[SiÔ ] tetrahedron with T, point symmetry is shown in Table 9. The quan-

titative agreement between calculated and observed MO energies is not

perfect but is remarkably good in light of the fact that an isolated

[SiO,] tetrahedral molecule was used as a model for olivine. This re-

sult suggests that silicon XES and XPS spectra are not affected greatly

by second nearest-neighbor metal cations. However, as shown by the cal-

culations of McLarnan et al. (1979), second nearest-neighbor interactions

are very significant in modeling equilibrium geometries using MO methods.

Using observed orbital energies and the method of Kowalczyk et al. (1974),
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Table 9. Comparison of experimental and calculated MO energies
of olivine (after Tossell, 1977).

molecular

XES
for

and XPS
olivine

Calculated

values

values*

* Calculated using

4a

-20

-17

1

.2

.2

3t2

-

-14.4

orbital

5al

-6.4

-7.3

SCF-Xa-Scattered Wave

energies (in

4t2

-3.0

-3.1

method .

le,5t

-1.1

-1.2

eV)

1
2 '

d(Si-O) =

0

0

1.634 A

Tossell concluded that the Si-0 bond in olivine is weaker and more ionic

(63% ionic character) than in quartz (58% ionic character). Tossell also

concluded that Mg-0 bonds in olivine play a significant role in stabilizing

olivine relative to Si02 + MgO, with Mg-0 bonds in olivine stronger than

those in MgO (periclase).

One final result of these MO calculations worth mentioning is the

predicted charge distribution in olivine. The CNDO/2 charges for Si

(+0.86), M(l) (+1.38), M(2) (+1.31), 0(1) (-0.74), 0(2) (-0.82), and

0(3) (-0.81) calculated by McLarnan e± at. (1979) are considerably

smaller than the nominal formal charges (+4 for Si, +2 for Mg and -2

for oxygen) in agreement with Pauling's (1948) electroneutrality prin-

ciple which states that electrons distribute themselves among atomic

centers because of the partial ionic-covalent character of cation-oxygen

bonds such that the charge on an anion or cation is usually less than

+1.0. The partial covalent character of bonds in olivine and the dis-

tribution of charge indicated by the CNDO/2 calculations above are re-

flected in experimentally-determined electron density difference maps

(total electron density minus densities of spherical atoms) of forsterite

(G. Lager, pers. comm., 1978).

Although MO calculations of "olivine-like" molecules including

[FeO,] octahedra have not yet been carried out, at least one rigordus

calculation has been made for an isolated [FeO,] octahedron using the

SCF-Xa-scattered wave MO method by Tossell (1976). The results of this

study can serve as an approximate model for Fe-0 bonding in Fe-bearing

olivines for the present. Tossell found that as Fe-0 distances are re-

duced, as they are with increasing pressure, the separation between the t
2+ 28

and the e crystal field levels of Fe increase as predicted by the
O
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R law of crystal-field theory. In addition, the covalency of Fe-0

bonds and the width (in energy) of the valence electron region of the

[FeO,] cluster increase with decreasing Fe-0 distance from 2.17 to 1.95 A.

This result is consistent with the predictions of Huggins (1975, 1976)
2+

concerning the effect of pressure on the covalency of Fe -0 bonds based

on high pressure Mossbauer studies. It is interesting to note that re-

ducing Mg-0 distances in an isolated [MgO,] cluster from 2.12 to 1.92 A

has minimal effect on the electronic structure of this cluster, in con-

trast with the finding for [FeO,] clusters.

In addition to the bond strength and molecular orbital models of

bonding in olivines, a great deal has been written about the crystal-

field model for first-row transition metal cations in the distorted oc-

tahedra of olivines (Farrell and Newnham, 1965; White and Keester, 1966;

Reinen, 1968; Burns, 1970a, 1974, 1976; Runciman et al. , 1973, 1974; Wood,

1974; Walsh et al. , 1976, among others). Though this is a purely elec-

trostatic model of the interaction of d-electrons with point charge

ligands, its predictions are useful for interpreting optical absorption

spectra of transition metal-bear-ing olivines and for rationalizing the

intra- and Inter-crystalline cat-Ion partitioning, as has been demonstrated

in the literature cited above. In spite of this success, details of energy

level splitting predicted by the crystal-field model, especially at high

pressures, are not borne out by the SCF-Xa results of Tossell (1976).

A second type of purely electrostatic model which has been applied

to olivines is the "lattice" (or structure or Madelung) energy model.

In this model, all atoms are treated as positive or negative point charges,

using the full nominal valence of each, and the energy is calculated using
2

the relationship U = (-<\.e /R)(l-p/R), where ô  is the Madelung constant,

e is the electronic charge, R is the minimum cation-anion separation, and

p is a repulsive parameter derived from the compressibility, K, of the
2

phase (p = R/fgVR/oe K) + 2]; where V is the molecular volume). Success-

ful applications involving olivines include (1) prediction1 of the equi-

librium M(2) position in forsterite (Born, 1964); (2) prediction of the

relative stabilities of Mg-, Fe-, and N'i-olivines and spinels (Gaffney

and Ahrens, 1970); (3) comparison of the theoretical and experimental

(Born-Haber) structure energies for forsterite (Raymond, 1971); (4) pre-

diction of the relative stabilities of the olivine, spinel, and 3-spinel
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polymorphs of Co»SiO, (Tokonami et dl, , 1972); (5) calculation of the

thermal vibration ellipsoids at the M(l) and M(2) sites in Mg-olivine

(Ohashi and Finger, 1973); (6) rationalization of the sequence of crys-

tallization of silicates from silicate melts (Ohashi, 1976); and (7)

rationalization of the cation distributions in olivine-type structures

(Albert! and Vezzalini, 1978). The apparent success of these calcula-

tions should not be interpreted as indicating that a point charge or

ionic model for olivines is valid. As pointed out by Phillips and

Williams (1965), there are several self-compensating features of the

structure energy model, such as the use of observed interatomic dis-

tances, which are the result of all bonding forces in a crystal.

In summary, the bonding in olivines should not be thought of in

purely ionic or covalent terms even though mostly ionic descriptions

of olivines have been popular, and useful, over the past few decades.

The most rigorous bonding calculation to date on a sizeable atomic

cluster modeled after the equilibrium geometry of forsterite (McLarnan

e~b al. , 1979) indicates that this geometry is caused by a complex mix-

ture of short-range covalent and electrostatic forces. Though ionic

models like crystal field theory and the structure energy model are

useful for crystal-chemical predictions or rationalizations of stability

differences and cation partitioning, they should not be taken literally.

Similarly, the predictive success of the modified Pauling bond strength

model should not be interpreted as implying that it embodies an accurate

description of bonding in olivines. An accurate description of bonding

in olivines and in other minerals must await further detailed calcula-

tions using the most rigorous bonding models available and clusters of

atoms large enough to represent the basic structure. The study by

McLarnan et al. (1979) approaches this description. However, the method

they employed (CNDO/2) is not the most rigorous because a full db i-nitio

calculation with extended basis set on a cluster of the size required is

presently not economically feasible.

INTRACRYSTALLINE CATION PARTITIONING IN OLIVINES

In the early 1900's metallurgists first recognized that atoms such

as Cu and Au in alloys can be arranged in ordered, partially ordered, and

fully disordered arrays and that such ordering is a temperature-dependent

phenomenon. Some years later, mineralogists suggested that cations, such
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1
as Si and Al, may occupy two or more geometrically similar, but crystal-

lographically nonequivalent sites in a mineral in an ordered or disordered

fashion (e.g., Earth (1934) suggested that the Al-Si distribution in feld-

spars could be ordered or disordered).

Ghose (1962) first recognized the possibility of Mg-Fe ordering in
2+

olivine and predicted that the larger Fe cation would preferentially

occupy the larger M(2) octahedral site. Ghose's (1965) later work on

hypersthene confirmed Mg-Fe ordering in orthopyroxenes and appeared to

strengthen his prediction concerning olivine. However, the first modern

x-ray refinements of Mg-Fe olivines (Hanke, 1965; Birle et al. , 1968)

showed these cations to be disordered over the M(l) and M(2) sites.

Observations from X-ray and Speatrosaopio Studies. The ordering

of various octahedral cations in the silicate olivines has been inves-

tigated by numerous workers using a variety of technique's including x-ray

diffraction (see e.g. Finger, 1970; other references listed in Table 5);

neutron diffraction (Caron et al., 1965; Newnham et al., 1966); Mossbauer

spectroscopy (Bancroft et al., 1967; Malysheva et al., 1969; Bush et al.,

1970; Virgo and Hafner, 1972; Duncan and Johnston, 1973; Shinno, 1974;

Shinno et al., 1974); electron paramagnetic resonance spectroscopy

(Shcherbakova et al., 1968; Michoulier et al., 1969; Weeks et al., 1974;

Ziera and Hafner, 1974; Niebuhr, 1975; Rager, 1977); electronic absorp-

tion spectroscopy (Reinen, 1968; Grum-Grzhimailo et al. , 1969; Burns,

1970a,b; Runciman et al. , 1973; Wood, 1974); and vibrational spectroscopy

(Duke and Stephens, 1964; Huggins, 1973). The results of these studies

are summarized and are compared with ordering predicted on the basis of

cation size in Table 10. Figure 27 shows the variation of distribution

coefficient, 1C, with effective ionic radius for transition metal-Mg

olivines and orthopyroxenes.

Factors Affecting Octahedral Cation Distributions in Olivines.

Examination of Table 10 (see also Table 5) and Figure 27 suggests that

the ordering of cations in the M(l) and 11(2) sites of olivine is affected

by factors in addition to cation and site size differences. The most

obvious additional factor for olivines containing transition metal

cations is the crystal field stabilization energy (CFSE) these cations

gain by occupying the smaller and more distorted of the two octahedral
2+

sites. For example, in Mg-Co olivine, the larger Co cation is ordered

*Barth, T.F.W. (1934) Polymorphic phenomena and crystal structure. An. J. Set., 227, 273-286.
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Table 10. Comparison of predicted and observed octahedral cation
ordering in the olivines and pyroxenes.

M-Cations

Mg

Mg

Mg

Mg

Mg

Mg

Fe

Fe

Mn

- Ni

- Co

- Fe

- Mn

- Zn

- Ca

- Mn

- Ca

- Ca

Ar(A)*

0.03

0.025

0.06

0.11

0.02

0.28

0.05

0.22

0.17

Predicted**
M(l) M(2_)

Ni Mg

Mg

Mg

Mg

Mg

Mg

Fe

Fe

Mn

Co

Fe

Mn

Zn

Ca

Mn

Ca

Ca

Olivines***
M(l) M(2)

Ni Mg

Co

Fe

Mg

Zn

Mg

Fe

Fe

Mn

Mg

Mg

Mn

Mg

Ca

Mn

Ca

Ca

Pyrox

Ni

Mg

Mg

Mg

Mg

Mg

-

Fe

-

enes***
M(2)

Mg

Co

Fe

Mn

Zn

Ca

-

Ca

-

Calculated using Shannon's (1976) effective ionic radii.
**Predicted solely on the basis of difference in cation and site size.
***0bservations from x-ray site refinements. Pyroxene distributions from

Ghose et al. (1974). Distribution for Mg-Zn olivine from Ghose (pers.
comm., 1975).

OLIVINE

ORTHOPYROXENE

06 07 08 09

Effective ionic radii

Figure 27. Log KD vs cation radius for oli-
vines and orthopyroxenes containing Mg and the
transition metals Mn, Fe, Co, Mi, and Zn.
Data are from the following sources: Ni-Hg
olivine (Kajanani at al., 1975); Co-Mg olivine
(Ghose »t al., 1974); Fe-Mg olivine (Brown and-
Frwltt, 1973); Fe-Mn olivine (Brown, 1970);
Ni-Mg, Co-Mg, Zn-Mg, Fe-Mg, and Mn-Mg ortho-
pyroxenes (Ghose et al., 1974). The vertical
line through the point for Fe-Mg olivines ex-
presses the range In KD values. (From
Xajamani et al., 1975).
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preferentially into the smaller M(l) site. Similarly, in Mg-Fe olivines,
2+

the larger Fe shows a slight preference for the M(l) site (see Table 5).
2+

Measurement of the CFSE of Fe in the M(l) and M(2) sites of a Fo00 using
DO

optical absorption spectroscopy (Burns, 1970a) showed that the CFSE gained

by Fe at M(l) is 12.9 kcal/mole, whereas that gained in M(2) is 13.1 kcal/

mole. Other estimates of the CFSE gained by Fe in olivine suggest that

the difference in CFSE between M(l) and M(2) is on the order of 140 kcal

with Fe favoring M(l) (Huggins, as quoted in Ghose et al., 1976). Addi-

tional optical absorption measurements on well-character!zed Fe-Mg oli-

vines are needed to resolve this discrepancy. Although no CFSE measure-

ments have been made for Co in olivines, measurements have been made for
2+

Ni by Wood (1974) who found that Ni gains 27.3 kcal/gm atom in M(l) and

25.7 kcal/gm atom in M(2). Walsh et al. (1976) calculated a difference

in CFSE for the M(l) and M(2) sites in Ni-bearing olivines of 1.9 kcal,

which compares reasonably with the 1.6 kcal measured by Wood. These
2+

workers also estimated differences in "CFSE at M(l) and M(2) for Co and
2+

Fe to be about 1.0 and 0.8 kcal, respectively, indicating that crystal
2+

field effects cause strong ordering of Ni in M(l) and less ordering of

Co + and Fe2+ in the M(l) site of olivine.

Ghose et al. (1976) suggested that the greater degree of covalent

bonding predicted for the M(l) site of olivine on the basis of Mossbauer

isomer shift values is also a factor which favors cations of relatively

high electronegativity (Fe, Co, Ni, and Zn) in the M(l) site of olivines.
2+

This seems to be a reasonable explanation for Zn which gains no CFSE

in either M(l) or M(2) because of its d electronic configuration and

may be a factor in the observed preferential ordering of Fe, Co, and Ni

in M(l).

In light of the above data, the effect of certain crystal-chemical

factors on the distribution of octahedral cations in the M(l) and M(2)

sites of olivines may be summarized as follows:

2+ 2+
(1) In the absence of crystal field (Mn ) or covalency (Zn ) effects,

the smaller cation is preferred in the smaller M(l) site. This rule

is consistent with the observed distribution of cations in Mg-Mn,

Mg-Ca, and Mn-Ca olivines.
2+ 2+ 2+

(2) The transition metal cations Fe , Co , and Ni prefer the smaller

and more distorted M(l) site of olivine because of the CFSE they
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gain relative to M(2). The measured, or estimated, CFSE values

discussed above are consistent with the observed ordering of these

cations in olivine.
2+

(3) The more electronegative transition metal cations, such as Zn ,

prefer the M(l) site relative to Mg because this site allows a

greater degree of covalent bonding.

In addition to these crystal-chemical factors, variables such as

equilibration temperature and oxygen fugacity have been shown to have a

measurable effect on K̂  in Fe-Mg olivines by Shinno (1974) and Will and

Nover (1979). Their interesting findings are summarized below.

Shinno (1974) carried out Fe Mossbauer measurements on synthetic

olivines equilibrated at different temperatures in order to study the

temperature dependence of Mg-Fe distributions. He found that in a sample

equilibrated at 1150°C, Fe2+ is strongly partitioned into M(l) [Kp = 3.16];

further equilibrations at 950 and 800°C resulted in distribution coeffi-

cients of 1.85 and 1.32, respectively, indicating an increase in disorder.

This result is surprising in light of the normally expected increase in

cation disorder with increasing equilibration temperature, as is found

in the orthopyroxenes. Shinno found that redistribution of Fe and Mg

continued to temperatures as low as 600°C in his experiments.

Will and Nover (1979) buffered slightly ordered volcanic olivines
— 1 ft —01

(K, = 1.06 - 1.09) of compositions Fonn and Fo00 at 10 and 10~ bars
a yu oo

pO, and measured the Fe-Mg site distributions using x-ray site-refinement
—16

techniques. Buffering at a p09 of 10 bar caused increased ordering
2+

of Fe in M(l) in both olivines (1C = 1.2), whereas buffering at a p09
-21

of 10 bar reduced K^ to 0.80 in both samples, indicating a reversal
2+

in ordering with Fe now showing slight preference for the M(2) site.

These experimental studies suggest that natural Mg-Fe olivines

equilibrated at high temperatures (i.e. those of volcanic origin) and

at relatively high oxygen fugacities should have K_ values significantly

greater than 1.0. Olivines equilibrated at low temperatures (i.e., those

of plutonic or metamorphic origin which have cooled slowly) and at rela-

tively low oxygen fugacities should have KTJ values slightly below or
f\

near 1.0, indicating slight ordering of Fe on M(2) or disorder.

Although there are some exceptions to these generalizations found

in Table 5 for Fe-Mg olivines from various parageneses, metamorphic
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olivines tend to have low K_ values whereas volcanic olivines tend to

have higher K_ values. Lunar olivines which formed under conditions of

low oxygen fugacity have relatively high 1C values centered at 1.13.

Thus, it appears that the effect of equilibration temperature (or cooling

rate) is more important than oxygen fugacity in determining Fe-Mg dis-

tributions. The effect of Fe-Mg content on ordering is less clear than

the effects of equilibration temperature or oxygen fugacity. However,

Shinno et al. (1974) and Ghose et al. (1976) have found that in olivines
2+

with more than 20 mol % Fa, Fe tends to prefer the M(l) site with this

site preference decreasing with decreasing equilibration temperature.
2+

They also generalized that in Mg-rich olivines, Fe prefers the M(l)

site at high temperature but may prefer the M(2) site at low tempera-

ture. These suggestions are consistent with the Fe-Mg distributions

from two lunar olivines of different compositions (Fa-, and Fa.. „) which
J j lo

are believed to be from the same lunar rock (#12018). Finger and Virgo

(1971) found that the Fa,., olivine had a Kp of 1.75, whereas Brown and

Prewitt (1973) found that the Fa.,, sample had a 1C of 1.15. These lunar

olivines, which presumably experienced similar cooling histories, show

different distribution coefficients perhaps because of their difference

in composition. This must be viewed as a tentative conclusion, as are

those by Ghose ei. al. (1976). There is a clear need for further study

of Fe-Mg distributions in olivines.

Among other possible factors affecting the exchange of Fe and Mg

between the M(l) and M(2) sites of olivines is the difference in inter-

diffusion of these cations as a function of equilibration temperature,

oxygen fugacity, pressure, and composition. The studies by Buening and

Buseck (1973) and Misener (1974) of Fe-Mg interdiffusion in olivines as

a function of these variables show that diffusion increases as a func-

tion of temperature, Fe content, and pO_, but decreases as a function

of pressure (Misener, 1974). The minimum temperature at which Fe-Mg

exchange between sites takes place is at least 600°C and is probably

lower. Although the results of the above diffusion studies are not

directly applicable to exchange between sites, they do show a direct

dependence of Mg and Fe diffusion on the variables listed.

In spite of the lack of Fe-Mg ordering found in early studies of

olivines, it now appears that Fe—Mg distributions are variable as a
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function of equilibration temperature, oxygen fugacity, composition, and

(possibly) pressure. However, it is unlikely that the intracrystalline

distribution of these cations will become widely used as an indicator of

thermal histories or oxygen fugacities of the rocks containing them.

Before we compare intracrystalline cation ordering in olivines and

orthopyroxenes, the results of one additional study of cation ordering

in silicate olivine of composition LiScSiO, merits some mention. The

x-ray structure study of this phase by Steele et at. (1976) showed that

Li occupies the M(l) site and -Sc occupies the M(2) site This

finding is consistent with the ordering of monovalent cations (Li and Na)

in the M(l) sites and of cations of higher charge in the M(2) sites of

lithiophilite [LiMnPÔ ] (Geller and Durand, 1960); triphylite [Li(Fe.Mn)

PO^] (Finger and Rapp, 1969); and natrophilite [NaMnPO,] (Moore, 1972),

which are olivine isostructures. Although Alberti and Vezzalini (1978)

attempted to rationalize this ordering using Madelung energy calculations,

their results cannot be considered very meaningful because they utilized

observed structures, with ordered cation distributions, as the basis for

their calculations. Thus the calculations had a built-in bias for the

ordering predicted. At the present time, no adequate explanation exists

for the preference of monovalent cations for M(l) in certain olivines.
3+

On the basis of EPR experiments on Fe -doped synthetic Mg~SiO,,
3+

Weeks et al. (1974) suggested that what little Fe exists in natural

forsterites should occur in the M(2) site. On the other hand, the EPR

study by Ziera and Hafner (1974) found Fe disordered over the M(l) and

M(2) sites. Because Fe has a d electronic configuration, it gains no

CFSE. Therefore, crystal-field effects have nothing to with the site

distribution of Fe in this case. Consideration of size differences
2+ 3+

between Mg (0.72 A) and high-spin Fe (0.645 A) leads to the predic-
T-f-

tion that Fe should occur in the smaller M(l) site. However, this

prediction is not consistent with observation. Perhaps the same as

yet unknown factors that result in Sc ordering into the M(2) site of
T l _

LiScSiO, (Steele et al. , 1976) are operative here, too. Cr , which

can gain CFSE in distorted octahedral sites, was found to order more

strongly into M(l) than M(2) (Rager, 1977).

Comparison of Intracrystalline Cation Partitioning in Olivines and

Orthopyroxenes. As shown in Table 10 and in Figure 27, there are some
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ORTHOPVROXENE
.. ~ •_

0(1B)

Hg2*(0.72>10.72) J-*

-*- //n QQ\ .-Mn (0.83)

,. JO(1A)
Co*T(0.745)

2n2+{0.74)

Fo

<M-O>

Bond Any.
Variance

Avg . Charge
Balance

CFSE

M(l)

2.101

114.6

0.0

1.2.9

M(2)

2.135

107.8

0.0

13.1

A

0.034k

6.8

0.0

0.2 kcal

n

<M-O>

Bond Ang .
Variance

Avg . Charge
Balance

CFSE

M U J lil*l fl

2.070

29.2

-0.66

11.5

2.158 0.068

211.8 182.6

0.0 -0.66

11.7 0.2 kcal

Figure 28. Comparison of some of Che factors that affttit inter- and intra-
cryscalline cation partitioning in foraterite and enstatlte. CFSE values
from Burns (1970).

striking differences in the observed ordering of octahedral cations in

olivines and orthopyroxenes. Although Ni-Mg and Mg-Mn olivines and

orthopyroxenes show qualitatively similar ordering, Co-Mg, Fe-Mg, and

Zn-Mg olivines and orthopyroxenes exhibit opposite ordering schemes.

In order to aid in understanding these differences, some of the charac-

teristics of the M(l) and M(2) sites of olivine and orthopyroxene are

compared in Figure 28. The discussion below follows that of Brown (1970)

and Rajamani et al. (1975).

In spite of the large differences in the M(l) and M(2) sites in

orthopyroxene relative to olivine, Ni is only slightly enriched in the

M(l) site of orthopyroxene. In addition, Fe, Co, and Zn exhibit strong

ordering into the M(2) site of orthopyroxenes in contrast to the pref-

erence of these cations for the M(l) site in olivines. In the case of

Ni , if cation size, site size, or crystal-field stabilization alone,

or in combination, were mainly responsible for cation site preference,

then Ni should exhibit stronger ordering in the orthopyroxene than in

the olivine structure. Another factor, or factors, must be preventing

the ordering. A key difference between the olivine and orthopyroxene

341



structures, which is related to the above observations, is the valence

balance at the oxygens. In olivine, each oxygen is surrounded by one
4+ 2+

Si and three M cations, leading to formal valence balance in the

Pauling sense. However, in orthopyroxene the 0(2A) and 0(2B) oxygens

are underbonded (-1/3) and 0(3A) and 0(3B) are overbonded (+1/3), whereas

0(1A) and 0(1B) are charge balanced (see Fig. 28). The orthopyroxene

M(2) site has as many overbonded as it has underbonded oxygens and is,

therefore, charge balanced on the average. However, the M(l) site has

two underbonded oxygens and four charge balanced oxygens, leading to a

net underbonding of -2/3. Considering the electronegativities of Mg

(X = 1.3) versus Fe, Co, Ni, and Zn (x ̂  1.8), Mg is predicted to prefer

the site [M(l)] with the higher proportion of underbonded oxygens because

it can lose electrons more easily to them than the more electronegative

transition metal cations can. Aside then from differences in the sizes

and distortions of the M(l) and M(2) sites in orthopyroxenes, the dif-

ference in "ionicity" of these sites leads to the relative enrichments

observed. Using different reasoning than that presented above, Ghose

(1962), Burnham et al. (1971) and O'Nions and Smith (1973) also concluded

that the M(2) site of pyroxene is more "covalent" than the M(l) site.

INTERCRYSTALLINE CATION PARTITIONING BETWEEN OLIVINE AND OTHER SOLID PHASES

Olivine - Orthopyroxene

Considerable interest has been shown in the partitioning of cations

between coexisting solid phases (intercrystalline partitioning) since the

classic study by Ramberg and DeVore (1951) which examined the partitioning

of Mg and Fe between coexisting olivines and orthopyroxenes in rocks of

different origins. They found, as shown in Figure 29, that Mg is strongly

partitioned into orthopyroxene for Fe-rich bulk compositions and shows no

preference to a slight preference for olivine in the more Mg-rich bulk

compositions [(X., + XT! )/2 > 0.65]. These observations have been confirmed

by numerous studies of Mg-Fe exchange between olivines and orthopyroxenes

in natural assemblages (see Medaris, 1969,for references to this work).

More recently, these and other data have been thermodynamically analyzed

(see e.g., Saxena, 1969; Grover and Orville, 1969; Matsui and Nishizawa,

1974; Sack, 1980). In addition, the temperature dependence of the ex-

change reaction
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X^, • Mg/(Mg + Fe) Orthopyroxene

Figure 29. Distribution of Kg between coexisting olivine and orthopyroxen* in natural and
synthetic samples. (From Grover and Orville, 1969).

2FeSi03 = 2MgSiO

has been investigated in an experimental study by Medaris (1969). Unfor-

tunately, Medaris found that this reaction is not appreciably temperature-

sensitive, at least in his analysis, over the range 700 to 1300°C. Be-

cause it is not pressure-sensitive either (Ramberg and Devore, 1951),

this exchange has not yet proved to be useful in geothermometry or geo-

barometry. However, Sack (1980) has recently re-evaluated the thermo-

dynamic formulations relating exchange and ordering for this pair. He

found that in assemblages containing olivines in the composition range

F°100 to F°80 °r F°40 t0 Fa100' a newly calibrated orthopyroxene-olivine

geothermometer is potentially useful.

Matsui and Banno (1969) studied the partitioning of other element

pairs besides Mg-Fe in coexisting olivines and orthopyroxenes from Iherzo-

lites and garnet peridotites and found that Ni and Co are strongly par-

titioned into the olivine, that Zn shows a slight preference for olivine,

and that Mn is strongly partitioned into orthopyroxene. This last obser-

vation was confirmed by the experimental study of Mg-Mn partitioning
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between olivine and orthopyroxene by Nishizawa and Matsui (1972), who

applied their data to the estimation of pressure and temperature condi-

tions during the formation of peridotites.

These observations can be rationalized using the same crystal

chemical reasoning that was employed earlier in discussions of the intra-

crystalline distribution of these cations in olivines and in orthopyroxenes

(see Fig. 28). In the absence of crystal-field effects, the larger cation

is preferred in orthopyroxene, which has the larger M(2) site of the pair.
2+

The strong partitioning of Mn into orthopyroxene bears this prediction
2+

out. Mg partitions preferentially into the M(l) site of orthopyroxene,

relative to the M(l) and M(2) sites of coexisting olivine and the M(2)

site of orthopyroxene, because of the higher "ionicity" of this site as
2+ 2+discussed earlier. Ni and Co are strongly partitioned into the M(l)

site and, to a lesser extent, the M(2) site of olivine because of the gain
2+

in CFSE they receive relative to the orthopyroxene sites. Because Zn

gains no CFSE in either phase and usually prefers to form covalent bonds,

it partitions into the phase where it can covalently bond most strongly.

Olivine - Clinopyroxene

In coexisting olivine-orthopyroxene pairs from natural assemblages,
2+

Fe partitions preferentially into the olivine in Mg-rich bulk compo-

sitions. No data exist for Fe-.rich bulk compositions (Obata et al. , 1974).

Not surprisingly, this exchange is similar to that found in the olivine-

orthopyroxene pair (the major difference between orthopyroxene and clino-

pyroxene is that the M(2) site in the latter is considerably more dis-

torted than in the former). Although this exchange has not been studied

experimentally, it has been used empirically as a geothermometer by Obata

et al. (1974). Powell and Powell (1974) thermodynamically analyzed this

geothermometer and attempted a calibration using groundmass olivine and

clinopyroxene in lavas for which temperatures had been established using

the iron-titanium oxide geothermometer. However, Wood (1976) concluded

that this geothermometer is likely to be unreliable as formulated because

of the limited temperature range over which it was calibrated and the form

of the expression for temperature.

Perhaps a more reliable geothermometer, though one that is more re-

stricted in use, is the one involving partitioning of Ni between coexisting
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olivine and clinopyroxene. Hakli and Wright (1967) formulated and cali-

brated this geothermometer by measuring the Ni partitioning among olivine,

augite, and groundmass glass using samples collected from the modern

Makaopuhi lava lake in Hawaii and for which equilibration temperatures

had been measured. Using this active, natural laboratory, they found
2+

that Ni is strongly partitioned into the olivine relative to glass and

augite and less strongly partitioned into augite relative to glass. They

also found that this partitioning is temperature sensitive. This geo-

thermometer was later applied to a mafic intrusive (Hakli, 1968) and to

the prehistoric Makaopuhi lava lake in Hawaii (Evans, 1969).

One geobarometer involving olivine coexisting with clinopyroxene

and orthopyroxene merits brief discussion. The pressure dependence of

Ca solubility in forsterite coexisting with diopside and enstatite has

been studied experimentally by Finnerty (1977) and Finnerty and Boyd

(1978). They found that Ca solubility is reduced with increasing pres-

sure and decreasing temperature. They tested this olivine thermobarometer

against pressure estimates for garnet Iherzolite xenoliths from kimber-

lites made with the Al-orthopyroxene geobarometer and obtained encouraging

results. This finding that Ca solubility decreases with increasing pres-

sure confirms the suggestion by Simkin and Smith (1970) discussed earlier

in the section on minor element chemistry. However, this thermobarometer

needs further work before it can be considered reliable.

In addition to the above studies, there have been recent measurements

of partitioning of various elements between coexisting olivine and garnet,

between olivine and spinels, and between olivines and sulfides. The re-

sults of these studies are briefly summarized below.

Olivine - Garnet

2+
The partitioning of Mg and Fe between olivines and garnets has

been investigated at high temperatures and pressures by Kawasaki and

Matsui (1977) and O'Neill and Wood (1979). The earlier study found that
2+ 2+

Fe is partitioned into garnets [(Mg.Fe )-Al.Si,0 „] relative to olivine

at all Fe/Mg ratios from 0.0 to 1.0. The more detailed study by O'Neill

and Wood confirmed the findings of Kawasaki and Matsui but also found that

the partitioning of Fe into garnet increases with increasing Mg and Ca

contents. These exchange reactions are between octahedral sites in oli-

vine and the distorted dodecahedral (8-coordinated) sites in garnets.
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Optical absorption spectral measurements by Burns (1970a) on almandine-
2+

pyrope garnets indicate that the CFSE of Fe in garnet's dodecahedral

site varies from 12.4 (Aim.) to 11.7 (Aim ) kcal/mole. Because these
2+

values are lower than the CFSE of Fe in either site in forsteritic oli-

vines, the crystal-chemical reasons for the observed Fe-Mg partitioning

between olivine and almandine-pyrope garnets are not clear.

Finnerty (1977) calculated Ca-Mg and Mn-Mg exchange between garnet

and olivine based on measured exchange between other coexisting pairs in-

volving garnet and, separately, olivine. The estimated AH° and AS° values

for Ca-Mg and Mn-Mg exchange between garnet and olivine are 19.00 and 1.22

(Ca-Mg) and -3.76 and 0.49 (Mn-Mg) (all in kcal/gfw).

Olivine - Spinel

2+
The exchange of Mg and Fe between olivine and spinel of composi-

2+ 3+
tion (Mg.Fe )(Al Cr Fe )0, has been investigated in a number of studies

x y z 2+

before 1976 which are summarized by Fujii (1977). Fe partitions pref-

erentially into olivine at mole fractions of Cr less than about 0.5 and

into spinel at mole fractions of Cr above 0.5 at temperatures above
2+

1200°C. At lower temperatures (550 to 700°C), Fe is partitioned pref-
3+

erentially into spinel at all but the lowest mole fractions of Cr
2+

Thus, as suggested by Irvine (1965), Mg-Fe partitioning between olivine
3+

and spinel is a function of mole fraction Cr and temperature.

The olivine-spinel geothermometer developed by Jackson (1969) assumes
2+

ideal mixing of Fe and Mg and gives reasonable temperatures in several

studies including those of the chromitite layers in the Stillwater complex

and of some ultramafic intrusions (Loney et al. , 1971). However, Evans

and Wright (1972) found that it gave a large overestimate of the liquidus

temperatures of Hawaiian tholeiitic lavas. One of the major problems

with Jackson's geothermometer is the difficulty of obtaining accurate
2+ 34-

Fe /Fe ratios for spinels. A more recent experimental study of Fe-Mg

exchange between coexisting olivine and spinel (Engi, 1978) showed that

exchange ceases below about 800°C.
2+

The exchange of Mg and Fe between coexisting (Mg.Fe^SiO, spinel

and olivine has been experimentally investigated at pressures up to 90
2+

kbar by Nishizawa and Akimoto (1973). They found that Fe partitions

preferentially into the spinel polymorph.
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Olivine - Sulfide

Studies of Fe-Ni partitioning between olivines and Fe-Ni sulfides

include those by Clark and Naldrett (1972) and Binns and Groves (1976).
2+ 2+

Fe is strongly partitioned into olivine and Ni strongly prefers the

sulfide phase. This partitioning has a pronounced temperature depen-

dence and is, therefore, of potential use as a geothermometer.

The intercrystalline cation partitioning between olivine and other

crystalline phases is temperature-dependent in certain cases, as discussed

above and, therefore, is of potential use in geothermometry. Although

several geothermometers have been proposed over the past decade, most of

them have marked flaws, as discussed by Wood (1976)*and Wood and Fraser

(1976). These problems are due in part to a general lack of knowledge

about the effect of other minor components in the exchange reactions on

their temperature dependence, and in part to the assumption, in some

models, of ideal cation mixing. Detailed experiments would be required

to sort out these effects. It should be emphasiEed that temperatures

predicted by these various geothermometers represent the minimum temper-

atures before which cations exchange ceases and that this exchange can

proceed to temperatures of 800°C and below.

Crystal-chemical rationalization of the cation exchange behavior is

possible for the olivine-orthopyroxene and olivine-clinopyroxene pairs

using the same arguments as we did for intracrystalline cation partition-

ing in the last section. However, simple crystal-field arguments based

on Burn's (1970a) measured CFSE for Fe in olivines and garnets are not
2+

consistent with the observed enrichment of Fe in garnets. The observed

enrichment of Ni in olivine-(Fe.Ni) sulfide pairs is consistent with the

greater CFSE gained by Ni in sulfides due to ir-bond formation (Burns,

1970a).

MELT GROWTH OF OLIVINES AND OLIVINE - MELT CATION PARTITIONING

The primary purpose of this section is to complete the discussion of

cation partitioning between olivines and other phases. We will briefly

review available data on the partitioning of cations between olivine and

melt and discuss how melt structure plays an important part in

*Wood, B.J. (1976) An olivine-clinopyroxene geothermometer. Contrib. Mineral. Petrol., 56,
297-303.
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0.20.

Figure 30. Polymer speclea distribution for
Delta in the system MgO-SiOj calculated using
the Monte Carlo method. The ordlnate repre-
sents the fraction of oxygen atoms associated
with the different polymer species. The ab-
cissa is mole fraction HgO. The composition
of forsterite falls at N«go of 0.67. S120-50
and Si>50 represent large polymeric units
with between 20 and SO Si and greater than 50
SI, respectively. (From Borgianl and Granatl,
1979).

this partitioning. However, before we tackle this task, it seems appro-

priate to briefly discuss the structure of olivine and more complex com-

position melts in order to provide a bssis for understanding melt-crystal

partitioning of cations. We will also briefly consider the growth of

olivine crystals from melts and the morphological variations these crys-

tals display.

The Nature of Olivine Composition Melts

The most direct structural information on olivine composition melts

that is currently available comes from x-ray radial distribution studies

of silicate melts in the systems MgO-SiO_ and FeO-SiO_ (Waseda and Toguri,

1977, 1978). In melts at or near olivine compositions in these systems,

x-ray studies have shown that Si occurs in isolated [SiO,] tetrahedra, on

the average, and that Mg and Fe are irregularly coordinated by approxi-

mately four oxygen ligands, on the average. In addition to these experi-

mental studies, recent Monte Carlo calculations (Borgiana and Granati,

1979) were used to predict the distributions of silicate species in MgO-

S102 and FeO-Si02 melts. The calculation for the MgO-SiO, system pre-

dicted isolated [SiO,] tetrahedra as the predominant species at the oli-

vine composition (see Fig. 30). However, the calculation for FeO-SiO-

melts is not consistent with the observed melt structure for fayalite

composition melts.

The remarkable x-ray studies by Waseda and Toguri (1978) of fayalite

composition melts at various temperatures (1250 to 1400°C) and oxygen

fugacities (p02 = 10 to 10 bars) showed that little structural change
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occurs in fayalite melt as a function of these variables. Thus we may

conclude that a fayalite melt, just above the freezing temperature (1205°C)

where fayalite crystals first precipitate, consists primarily of isolated
2+

[SiO,] tetrahedra with Fe cations in irregular tetrahedral sites, on the

average. The description of MgO-SiO- melts containing 44 mol % SiO- at

1200°C is similar. The lack of significant polymerization of [SiO,]

tetrahedra is consistent with the observation that olivine melts are not

easily quenched to glass (Jeanloz et al. , 1977).

Melt Growth of Olivines

Although significant gains have been made in our understanding of

melt growth of crystals from a macroscopic-thermodynamic viewpoint over

the last 20 years (see review by Kirkpatrick, 1975), we still do not have

an adequate model of melt growth from an atomistic-structural viewpoint.

However, in the case of olivine growth from olivine composition melts,

it seems safe to conclude that portions of the melt may have an approxi-

mate olivine structural arrangement. This conclusion is based on the melt-

structure model for fayalite which was derived from x-ray data taken only

45°C above the greezing temperature. This work suggests that Mg and Fe

must increase their coordination from irregular tetrahedral to octahedral

just above or at the freezing temperature.

In basaltic melts, it is well known that forsteritic olivines are

among the first minerals to crystallize and that as crystallization pro-

ceeds and temperature drops, tetrahedral polymerization in the precipi-

tating minerals and remaining melt increases. Osborn (1954) rationalized

these changes, including the early precipitation of olivines, using simple

crystal-chemical principles. More recently, Ohashi (1976) went through a

similar exercise using the electrostatic lattice energy per tetrahedral

site as a basis for rationalizing the sequence of appearance of various

phases from basaltic melts. Although these studies do not directly ad-

dress melt growth, they give us some insights about the crystal-chemical

factors responsible for differences in thermal stability of different

structural arrangements in the crystallizing phases and melt.

Much useful information has come from experimental studies of the

melt growth of olivine, although they have added little to our structural

understanding of the melt growth process. The most notable experimental
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studies of olivine growth are those of Donaldson (1975, 1976, 1979). In

his 1976 study, Donaldson experimentally reproduced many of the olivine

crystal morphologies recognized in mafic and ultramafic rocks (see e.g.,

the classic paper by Drever and Johnston, 1957). He found that with in-

creasing cooling rate and increasing degree of' supercooling below the

liquidus, there are systematic changes in olivine morphology from granular

to skeletal. An important conclusion reached by Donaldson is that the

"skeletal olivines in picrites, olivine-rich basalts, and Archaean 'spini-

fex' rocks are not due to rapid cooling but to rapid olivine growth caused

by the high normative olivine content of the magma." Some of the growth

habits produced by Donaldson in his experiments and observed by other

workers in natural samples have been structurally rationalized by Fleet

(1975) and 'T Hart (1978a,b).

In a later study, Donaldson considered the mechanism of olivine nu-

cleation in a melt-structure context. He speculated that olivines probably

homogeneously nucleate as small volumes of melt with an approximate oli-

vine structure. In complex composition melts such as the ones studied by

Donaldson, a certain fraction of Si atoms is predicted to occupy isolated

tetrahedra by Flory-Huggins polymer theory, especially at high tempera-

tures. Conceivably, small melt volumes will attain compositions and

structures similar to the phase or phases on the liquidus. These melt

volumes could then serve as nuclei for crystal growth.

Element Partitioning Between Olivine and Melt

The exchange of cations between melts and coexisting crystals is in-

timately related to the availability of suitable sites in the melt and

crystal which can stably accommodate the cations. There are two somewhat

distorted octahedral sites in olivine into which cations may partition

from a variety of sites in the melt. However, because we do not have much

knowledge of cation sites in melts as a function of temperature, pressure,

composition, and oxygen fugacity, we cannot fully rationalize observa-

tions from studies of cation partitioning between olivine and melt pairs.

As an example of how melt struct.ure might affect the partitioning of

a cation between olivine and melt, consider the partitioning of Ni and Mg

between olivine and a simplified basaltic melt. Burns and Fyfe (1966)
2+

and Whit taker (1967) analyzed the anomalous enrichment of Ni in early-

formed olivines from basaltic rocks and concluded that solidus-liquidus
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relations in the binary Ni-SiO.-Mg-SiO, crystalline solution series are

inverted. According to the Bernal liquid structure model (see Whittaker,

1967) there are certain numbers of tetrahedral, octahedral, and larger-
2+

than-octahedral-sites predicted in a given volume of silicate melt. Ni

was predicted by Burns and Fyfe to preferentially occupy octahedral sites

because of its high octahedral site preference energy. Mg, on the other

hand, gains no CFSE in either octahedral or tetrahedral sites but is pre-

dicted to preferentially enter octahedral sites because of its favorable

size. With high concentrations of large cations such as Ca, Na, and K in

a typical basaltic melt, Whittaker speculated that larger-than-octahedral

sites as well as some of the octahedral sites would be filled by these
2+

larger cations, forcing Ni and Mg into tetrahedral sites. Thus, when

olivine with two available octahedral sites nucleates and begins to grow,
2+

Ni would gain octahedral CFSE by partitioning from the tetrahedral sites

in the melts to the available octahedral sites in olivine. This series

of speculations should not be taken too literally in light of recent

criticisms of the Bernal model for liquid structure (see Whittaker, 1978).

However, this example does illustrate how melt structure may affect melt-

mineral cation partitioning.

Measurements of partitioning of various cations between olivine and

melt have been made on natural samples (.e.g. , Hakli and Wright, 1967;

Henderson and Dale, 1969; Gunn, 1971; Mysen, 1975; Cawthorne and McCarthy,

1977) and on synthetic olivine-glass pairs (see Irving, 1978, for a re-

view) . Typical variations of distribution coefficient with temperature
2+ 2+

for Ni and Mn partitioning determined experimentally are shown in

Figures 31 and 32. Experimental data such as these have clearly estab-

lished that exchange of cations between olivine and melt is dependent on

temperature, composition, and oxygen fugacity, in those cases where vari-

able oxidation state cations are involved. Not enough data exist from

high pressure experiments to draw conclusions concerning the pressure

dependence of the partitioning of cations between olivine and melt except

in a few cases. For example, Ni partitioning into olivine is reduced

with increasing pressure (Mysen and Kushiro, 1979). In general, the

magnitude of depletion of metal cations in the melt caused by the crys-

tallization of olivine is in the order Ni > Mg > Co > Fe > Mn (Roeder,

1974; Takahashi, 1978). Not surprisingly, this sequence is in the order

of their octahedral site preference energy, with the exception of Mg.
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More recent studies not discussed in the Irving review include ex-

perimental investigations of Ni partitioning (Takahashi, 1978; Mysen and

Kushiro, 1979; Mysen, 1979; Nabelek, 1980), Ca partitioning (Watson,

1979), and Mg, Mn, Fe, and Co partitioning (Takahashi, 1978).
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2+
The partitioning of Ni between olivine and melt has been the most

extensively studied exchange reaction in part because of the controversy

concerning whether Ni behaves according to Henry's Law when partitioned

between olivine and liquid. Mysen (1979) and Nabelek (1980) review this

literature and apparently have resolved the controversy. The concensus

opinion, which has been confirmed by Nabelek's study, is that Ni parti-

tioning obeys dilute solution behavior in olivines and liquids over the

Ni concentration range found in most natural basalts (100-300 ppm).

As pointed out by Takahashi (1978) and Leeman and Scheidegger (1977),

the distribution coefficients for transition metal cations between oli-

vine and melt can be used to test for crystal-liquid equilibrium.

THE OLIVINE SPINEL TRANSITION

Olivine of approximate composition Fo is considered to be the most

abundant phase in the Earth's upper mantle. The known polymorphic trans-

formations of Foqn to the g-spinel and y~spi-nel phases at pressures near

118 and 115 kbar, respectively, and at!000°C, result in density increases

of approximately 7.7 and 10.2%, respectively. Therefore, these transfor-

mations are key elements in explaining the discontinuous increase in

seismic wave velocities at a depth near 400 km.

In this section, we will examine the olivine to spinel transformation

from a structural viewpoint and offer a structural rationalization for the

low pressure stability of the olivine structure type and the high pressure

stabilities of (3-spinel and y~spinel- The excellent review of the high

pressure crystal chemistry of orthosilicates by Akimoto et al. (1976) is

recommended, as is the chapter on high pressure transformations of A-BO,

compounds in Ringwood (1975). It is appropriate that a natural silicate

spinel of composition (Mg 7>Fe ,),SiO, from the Tenham meteorite has been

named ringwoodite in honor of Prof. Ringwood who has contributed so much

in this area of research (Binns et, al., 1969).

High Pressure Phase Relations in the System Mg,,SiO,-Fe,,SiÔ

Ringwood and Major (1966) were the first to publish the high pressure

phase diagram for the Mg.SiO.-FeSiO, system shown in Figure 33. They

discovered a new, non-isotropic phase near the Mg-rich end of this diagram

and termed this phase g-spinel after they suggested that it had a "modified"
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edges with other octahedra but none with tetrahedra. The Moore-Smith

structure has since been confirmed and refined by Morimoto et at. (1974)

for B-COjSiO, which is pictured in Figure 34.

Although no crystals of y-Mg-SiO, suitable for single-crystal x-ray

work have yet been synthesized, the u parameter of this spinel has been

estimated by interpolation using the well refined structures for y-Ni-SiO,

(Yagi et al., 1974; Ma, 1975), y-Co^iO^ (Morimoto et al., 1974), and y-

Fe2Si04 (Yagi et al., 1974; Finger et al., 1979). These values were re-

ported earlier in the section on "Olivine and Spinel Structure Type."

In addition, the u value of y-Mg-SiO, can be predicted using the regres-

sion model of Hill et al. (1979) and is found to be 0.3666. The structure

of y-Ni^SiO, has been studied at pressures up to 38 kbar by Finger et al.

(1979) who find the u parameter to be essentially constant with increasing

pressure, as is the Si-0 distance.

Structural Rationalization of the Stabilities of the ot-, B-, and y-Polymorphs

Kamb (1968) rationalized the difference in stability between the oli-

vine and y-spinel polymorphs of (Mg,Fe)2SiO, by noting that the shared

edges in olivine are shortened relative to the unshared edges, whereas

those in y-(Mg.Fe^SiO, are predicted to be lengthened in violation of

Pauling's third rule. He also noted that the types of shared edges in

olivines (both octahedron-octahedron and octahedron-tetrahedron) relative

to y-spinel (only octahedron-octahedron edges) favors the y-spinel form at

low pressures because of reduced cation-cation repulsions. However, the

shared edge shortening in olivines counterbalances this destabilizing

effect. Another manifestation of these observations recognized by Kamb

(1968) is found in the ratio of mean octahedral bond length, d , and mean
A

tetrahedral bond length, dR, in A^BO, compounds of the olivine and y-spinel

types. Kamb found that those A0BO, compounds with d./dB < 1.9 preferred
£ M- A D

the y-spinel structure type whereas those with d,/d > 1.9 preferred the

olivine structure type. This prediction is borne out by Mg?SiO, and

FejSiO, which have ratios of 1.30 and 1.33, respectively. As pressure

is increased on olivine, we now know that the [(Mg,Fe)CK ] octahedra com-

press significantly whereas the [SiO,] tetrahedron remains constant.

Thus the distance ratio is reduced and eventually falls below 1.9 at

which point the y-spinel polymorph is formed. We can restate this in

another way which follows our earlier discussion of the effect of pressure
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on the olivine structure. As pressure increases on the olivine poly-

morph, the octahedra are compressed but the tetrahedra are not. Because

of shared edges between octahedra and tetrahedra, the dimensional mismatch

will eventually reach a point with increasing pressure such that the oli-

vine arrangement is unstable relative to the y-spinel or $-spinel arrange-

ments, neither of which have shared octahedral-tetrahedral edges.

A more elaborate structural rationalization of the stability differ-

ences among the a-, B-, and y-polymorphs of M-SiO, compounds has been of-

fered by Sung and Burns (1978). However, its essential details are similar

to those presented above. Using quite a different approach based on dif-

ferences in structure energy among the a-, 3~, and y-polymorphs, Tokonami

et ail. (1972) found that the calculated internal energies suggest de-

creasing stability in the order a > (3 > y. Their estimates of entropies

of the polymorphs increase in the order y < 3 < a as do molar volumes.

Therefore, the 3-phase is predicted to have a field of stability at high

temperatures.

The effects of crystal-field stabilization on the olivine -> spinel

transformation has been examined by Syono et a~l. (1971), Mao and Bell

(1972), and most recently by Burns and Sung (1978). Syono et al. first

suggested that the excess CFSE that certain transition metal cations gain

in spinel relative to olivine leads to remarkably lower transformation

pressures to the y-spinel phase. Mao and Bell considered this effect in

Fe^SiO, and calculated a lowering of about 98 kbar caused by crystal-

field effects. In a more detailed study, Burns and Sung found that due

to crystal-field effects, the olivine to y-spinel transformation in

(Mg Fe )-SiO^ composition is lowered in pressure by about 50x kbar

They concluded that this effect is equivalent to having the olivine-

spinel boundary raised in the upper mantle by about 15 km. The 3-spinel

polymorph would presumably show this effect as well, but possibly to a

lesser extent than y-spinels.

Navrotsky et al. (1979) carried out high-temperature calorimetric

measurements on a- and y-Fe-SiO, and a-, &-, and y-COjSiO, and from these

data calculated the phase relations at high P and T. Their results agree

qualitatively with the stability relations proposed by Tokonami et al.

(1972). Their study shows that entropy effects are quite significant

in determining the relative stabilities of the three polymorphs and are
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not constant with changing composition. This indicates that structural

arguments such as those made earlier may not be adequate to rationalize

stability differences among these polymorphs. They also found that small
2+ 4+

amounts of M -Si disorder in the y-spinel or (3-spinel phase may have a

significant effect on phase boundaries.

Geophysical Consequences of the Olivine •» (Y,fi)-Spinel Transformation

Although detailed discussion of the geophysical consequences of

these transformations is beyond the scope of this review, they may be sum-

marized briefly as follows:

(1) The olivine to y- and 6-spinel transformation for the (Mg. aFen i^2Si°4

composition is probably responsible for the 400 km discontinuity in

seismic wave velocities (Ringwood, 1969).

(2) The depth at which this transformation takes place is raised in the

superadiabatic, descending lithospheric slabs relative to the sur-

rounding mantle, causing an increase in relative density and, there-

fore, acts to increase the downward pull on the slab (Ringwood, 1972;

Schubert et al. , 1975; Ringwood, 1976).

(3) This transformation, especially for Fe-rich compositions and in the

presence of mineralizers, may trigger deep focus earthquakes (Ring-

wood, 1972; Schubert et al. , 1975; Sung and Burns, 1978).

TRANSPORT PROPERTIES OF OLIVINES

The transport of cations (diffusion), charged species (conductivity),

and heat (radiative transfer or lattice thermal conductivity) has been

measured in numerous studies of olivines. A brief summary of this litera-

ture is given below.

Cation Diffusion

Several measurements of lattice diffusion of cations in olivines have

been made as functions of composition, temperature, pO,, pressure,' and

crystallographic orientation (Fe-Mg: Buening and Buseck, 1973; Misener,

1974), (Co-Mg: Morioka, 1980), (Ni-Mg: Clark and Long, 1971). The

studies by Buening and Buseck and by Misener showed that interdiffusion of

Fe and Mg in olivine (1) decreases with increasing Mg content, (2) decreases

with increasing pressure, and (3) increases with increasing pO-. In addi-

tion, they found that interdiffusion is sensitive to crystallographic
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orientation with the greatest interdiffusion parallel to [001], the

direction of the octahedral chain in olivine. The diffusion anisotropy

in olivine was theoretically analyzed by Ohashi and Finger (1974) who

explained the highest diffusion rate along a by zig-zag jumps alternating

along the M(1)-M(2)-M(1)-M(2)••• zig-zag chain rather than straight through

the M(l) chain. Misener's calculation of electrical conductivity in oli-

vines, based on his diffusion measurements, agrees with observed conduc-

tivity measurements.

Morioka measured interdiffusion coefficients for Co-Mg as a function

of temperature and crystallographic orientation and found that Co-Mg mo-

bility in olivines is low compared to the Fe-Mg interdiffusion observed

by Buening and Buseck and by Misener.

Clark and Long (1971) found Ni-Mg interdiffusion to be temperature

dependent and to be greatest parallel to the o axis. The interdiffusion

coefficient is least for Ni-Mg in forsterite and is greatest for Fe-Mg

interdiffusion, with Co-Mg interdiffusion intermediate. The order of these

relative interdiffusion coefficients can be rationalized by noting that the
2+ 2+ 2+

order of octahedral site preference energy of Ni , Co , and Fe in oli-

vines decreases in that order.

The diffusion of Mg and Fe in olivines can result in zoning. Onorato

et at. (1978) have proposed a kinetic model for zoning in olivines which

takes into account diffusion in both solid and liquid during crystalliza-

tion, as well as diffusion in the solid after crystallization is complete.

This model has been used to predict zoning profiles and cooling rates for

olivines and has been referred to by these authors as an "olivine-cooling

speedometer."

Conductivity

There has been a great deal of interest in the electrical conductivity

of olivines of mantle composition and its temperature-, pressure- and pOj-

dependence because of the need for these data in constructing geothermal

profiles of the Earth. The papers by Duba and co-workers covering the

period 1972 to 1976 (Duba, 1972; Duba and Nicholls, 1973; Duba et al. ,

1973, 1974, 1976) are recommended as an introduction to the conductivity

literature on olivines and the effect of the above variables on olivine

conductivity. The papers by Will et al. (1979) and Cemic et al. (1980)

contain a more up-to-date summary of the past literature on olivines and

present new measurements on olivine, including Ni,SiO,, as functions of
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P, T, X, and pO_. The trends in conductivity as functions of these

variables are generally too detailed to present here. However, it is

important to point out that ferric iron and defects in olivines that are

otherwise similar can cause differences in conductivity of several orders

of magnitude.

One of the most interesting studies of conductivity in olivines was

the one carried out by Mao and Bell (1972) at pressures above 100 kbar.

They found that the absorption edges of the olivine and y-spinel forms

of Fe^SiO, shifted rapidly with pressure from the near UV to the lower

energy IR region with a simultaneous eKponential increase in electrical

conductivity. They attributed this increase to a new, efficient charge

transfer process.

Radiative Heat Transfer

The red shift of absorption observed by Mao and Bell (1972) has

important implications about radiative heat transfer in the earth's man-

tle. If this phenomenon is operative in the mantle, heat transfer by

radiation would be severely blocked at depths greater than 500 km.

Radiative heat transfer in olivines at low pressure has been studied

experimentally by Shankland et at. (1979) and discussed by Kao (1976).

These two papers serve as good introductions to this type of transport

process in olivines.

Lattice Thermal Conductivity

Thermal conductivity (or thermal diffusivity) in olivines has been

studied by Holt (1975) and by Kieffer (1976). Changes in lattice thermal

conductivity accompany the olivine-*spinel transition and the spinel->post-

spinel phase changes in the mantle.

ELECTRICAL AND MECHANICAL PROPERTIES OF OLIVINES

A very extensive literature exists which discusses the mechanical

and elastic properties of olivines. An understanding of these properties

is important for the derivation and utilization of olivine equations-of-

state and for an understanding of the flow properties and deformation of

olivines under mantle conditions. The recent paper by Jeanloz (1980) is

recommended as a source of information and further references on shock

effects in olivines.
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Several interesting and unexpected results were found in a shocked

synthetic olivine (Jeanloz et al. , 1977) and in a naturally shocked oli-

vine from the Coorara chondrite (Mason et at., 1968). Jeanloz et al.

reported the discovery of glass of olivine composition in an experimentally

shocked-deformed single crystal of natural peridot (FoOQ) recovered from
9

peak pressures of about 56 x 10 pascals. This is the first report of

olivine glass; however, closer examination of naturally shocked olivine

may show that olivine glass exists in nature. The study by Mason et al.

of naturally shocked olivine from a chondrite showed garnet of approximate

composition Mg-Fe.Si-O replacing olivine. These workers suggested that

an olivine of composition Fo.,, underwent transformation to garnet because

of some shock event. The transformation of Mn.SiO, (olivine) to MnSiO,

(garnet) plus MnO has been performed experimentally (Ringwood, 1975).

This transition may be significant in the earth's mantle.

The hardness of olivine and its temperature dependence have been

studied extensively by Evans and Goetze (1979), and their paper is recom-

mended as a source of further references. Finally, a discussion of the

elastic properties of the olivine, y-spinel, and 6-spinel polymorphs of

silicate and germanate olivines can be found in the paper by Lieberman

(1975).
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TABLE Al. OLIVINE FORMULA UNITS, SPECIFIC GRAVITY, UNIT CELL DIKEHSIOHS AND CATION RADIUS (Fro* Brown, 1970)

ABBREV.

(Nil

(Co)

(Ho)

(Zn-Pl)

(JCji)

(Ho)

Otl)

(CD

M i l ) X
7

B
<V>

H!2) x
rx
1

<u>
SI x

y
•
B

< p >

0(1) x
y

<„>
0(2) x

7

B
<ll>

0(3) x
y
B

<P>

•mm

FORK ULA UNIT
SPECIFIC CALCULATED
GRAVITY DENSITY a

9 A T

b

Kta'i in 39*i"tnl

C°2S104 4.716 4.7811(7) 10.2998(9)

<Mg J9 Pe t) «n 01 Ca m )2S104 3.827 4.787(5) 10.341(10)

(r'.92 *».04 "°.04 Cl.002)2S1°4 4'343 4.816(5) 10.469(10)

(«n^5 M«a7 Zn n 7e 06 J jSlOj 3.96 4.082 4.8334(5) 10.567(3)

c V

5.9105(8) 282.7(1)

5.994(6) 291.9(5)

r

0.700

n 171;

6.0004(4) 295.49(5) O.I3S

6.044(6) 299.2(5) 0.748

6.099(6) 307.5(5) 0.770

6.1732(2) 315.25(9) 0.791

(HB ,gc> 5n>2S'°4 3 - C M 4.822(1) 11.108(3) 6.382(2) 341.8(2) 0.860

(Ca 5 7 7e 43 '2S104 3-3 0 3-487 4,892(5) 11.180(2; 6.469(4) 353.8(4) 0.901

(Ca 49 Hn 46 HS 05 Pa fl(W)2Si04 3.46 3.448 4.9131(6) 11.1466(4) 6.4885(2) 355.34(5) 0.903

C«jS104 2.912 5.091(10) 11.371(20) 6.762(10) 392.6(12) 1.000

(1) »ro«n (1970) (2) Mrle et .1. (1968) (3) OnVen (1965) (4) Smith et al_. (1965)

TAJU A2. OLIVINE POSITIONAL PARAMETERS, ISOTROPIC TEMPERATURE FACTORS, A»D R.H.S. EQUIVALENTS* (Fro. Blown,

HCP

0.0
0.0
0.0

0.0
0.25
0.25

0.375
0.0833
0.25

0.75
0.0833
0.25

0.25
0.4167
0.25

0.25
0.1667

'

d atanda

Si
0.0
0.0
0.0
0.13(2)
0.041

0.9925(1)
0.2735(1)
0.25
0.14(2)
0.042

0.4277(3)
0.0946(1)
0.25
0.02(3)
0.016

0.7689(7)
0.0931(4)
0.25
0.24 (5)
0.055

0.2192(7)
0.4452(3)
0.25
0.19(5)
0.049

0.2748(5)
0.1625(2)
0.0295(3)
0.10(4)
0.036

1°

0.0
0.0
0.0
0.34(4)
0.066

0.9896(3)
0.2776(1)
0.2S
0.36(4)
0.068

0.4226(2)
0.0945(1)
0.25
0.20(3)
0.050

0.7667(6)
0.0918(3)
0.25
0.33(5)
0.065

0.2202(6)
0.4477(3)
0.25
0.35(5)
0.067

0.2781(4)
0.1633(2)
0.0337(4)
0.40(4)
0.071

rd error* ere in brick

Co Ho

0.0 0.0
0.0 0.0
0.0 0.0
0.21(3) 0.34(3)
0.052 0.066

0.9915(1) 0.9870(2)
0.2764(1) 0.2790(1)
0.25 0.25
0.21(3) 0.45(3)
0.052 0.075

0.4282(3) 0.4282(3)
0.0949(1) 0.0960(1)
0.25 0.25
0.13(3) 0.10(3)
0.041 0.036

0.7656(6) 0.7676(7)
0.0918(4) 0.0915(4)
0.25 0.25
0.32(5) 0.29(6)
0.064 0.061

0.2162(6) 0.2144(6)
0.4484(3) 0.4505(4)
0.25 0.25
0.27(5) 0.12(6)
0.058 0.039

0.2811(4) 0.2845(5)
0.1638(2) 0.1635(2)
0,0340(4) 0.0339(5)
0.29(4) 0.29(5)
0,061 0.061

Fji

0.0
0.0
0.0
0.43(1)
0.074

0.9864(1)
0.2801(1)
0.2S
0.40(1)
0.071

0.4305(1)
.0972(1)
.25
.30(1)
.062

.7674(2)

.0920(2)

.25
0.50(2)
0.080

0.2110(3)
0.4532(1)
0.25
0.51(2)
0.080

0.2883(2)
0.1654(1)

0.53(1)
O.OBZ

ce end refer to the leet deelaal

to-H

0.0
0,0
0.0
0 . 6 6 ( 2 )
0.091

0.9873(1)
0.2796(1)
0.25
0.64(2)
0.090

0.4250(3)
0.0932(2)
0.25
0.42(2)
0.073

0.7580(7)
0.0877(4)
0.25
0.78(5)
0.099

0.2227(7)
0.4511(4)
0.25
0.71(5)
0.09S

0.7-836(5)
0.1605(3)

0.70(4)
0.094

place.

to

0.0
0.0
0.0
0.39(1)
0.070

0.9888(1)
0.2799(1)
0.25
0.41(1)
0.072

0.4277(2)
0.0952(1)
0.25
0.28(2)
0.060

0.7618(4)
0.0904(2)
0.25

0.083

0.2141(4)
0.4518(2)
0.25
0.41(3)
0.072

0.2881(3)
0.1627(1)

0.083

Ho

0.0
0.0
0.0
0.35(4)
0.067

0.9770(2)
0.2767(1)
0.25
0.45(3)
0.075

0.4101(2)
0.0811(1)
0.25
0.40(4)
0.071

0.7447(6)
0.0777(3)
0.25

0.093

0.2465(6)
0.4484(3)
0.25
0.70(7)
0.094

0.2729(4)
0.1472(2)

0.59(5)
0.086

a
0.0
0.0
0.0
0.55(3)
0.083

0.9802(4)
0.2783(1)
0.25
0.47(3)
0.077

0.4181(4)
0.0846(2)
0.25
0.25(4)
0.056

0.7508(14)
0.0822(5)
0.25

0.110

0.2248(13)
0.4516(5)
0.25
0.36(9)
0.068

0.2877(10)
0.1524(3)

0.60(7)
0.087

a
0.0
0.0
0.0
0.36(3)
0.068

0.9799(2)
0.2780(1)
0.25
0.34(3)
0.066

0.4156(3)
0.0861(2)
0.25
0.22(3)
0.053

0.7453(8)
0.0833(4)
0.25

0.079

0.7.270(9)
0.4541(4)
0.25
0.56(7)
0.084

0.2806(6)
0.1531(3)

o!°2(5)
0.081

JSL
1
J

1

2

2

1

3

1

1

4

1970)

PUCa

0.0
0.0
0.0
0.85(4)
0.104

0.9893(5)
0.2809(2)
0.25
0.80(4)
0.101

0.4287(6)
0.0973(3)
0.25
0.71(5)
0.095

0.7495(15)
0.0872(9)
0.25

0.107

0.2035(16)
0.4635(7)
0.25
0.94(12)
0.109

0.2981(9)
0.1619(4)

0.78(8)
0.099

TABLE A3. OCTAHEDRAL SITE OCCUPANCIES

OLIVINE

Nl

Fo

Co

Ho

Zn-Pl

Kn

Ho

111

Gl

«t-Ca

M(l) OCCUPANCY

Nl

0.90Mg + O.lOFe

Co

O.SOKg + O.SOFe

0.43MirM).34HR+0

0.66Fe * 0.29MH

KB

O.BSFe + 0.15C«

0.91Mn + 0.09H8

Ca

H(2) OCCUPANCY c**

18Zn+0.04Fe

+ O.D4Mg

Nl

0.90Hg

Co

0.50Hg

+ O.lOFe

+ O.SOFe

0 01

0.01

0. 87*1+0. 08F*W.05Zn 0

0.37Fe

Ca

0.02Ie

0-02.1i,

Ca

+ 0.63Mn

+ 0.9BCa

+ 0.98Ce

0

0

0

07

04

01

01

O0ccupanc;r velues f roa the ecudy of Brown (1970)
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Table A4. Olivine Bond Lengths

Si
TETHAHEDRON

(!)• 51-0(1)

(11 81-0(2)

|2J Sl-0(3)

<«1-0>

111 0{1)-0(2>

(21 O(l)-OO)

[21 0(2>-0(3>*

[11 0(3)-0{3)'

<0-0>

K(l) OCTAHEDRON

[21 Md)-O(l)

[2] X(l)-0(2)

[21 M(l)-0(3>

«(1)-0>

(21 0(l)-0(3)b

(21 0(1)-0(3'>

(2| 0(l)-0(2)b

[21 0(1>-OU'>

(21 0(2)-0{3')

[21 0(2)-0(3)*

<0-0>

M(2) OCTAHEDRON

(11 M(2)-0( l )

(11 M(2)-0(2)

(2| «(2)-0(3)

(2| M(2)-0(3")

<M(2)-0>

(21 0(1>-0(3")

12) 0{l)-0(3)b

[2| 0(2)-0<3)

(21 0(2)-0{3"')

(1) 0(3>-0(3>*

12) 0(3)-0(3")

|1J 0(3")-0(3"')

<o-o>

0(1) TETRAHEDRON

[2] 0(1)-M(1)B

[11 0(1)-M(2)B

[11 0(1)-$^

<0(1)-M>

[11 H(1)B-H(1)B

[2] M(1)B-K(2)B

[2] M(1)B-S1A

[1] K<2) -SI

iii

1.613(3)**

1.663(3)

1.641(2)

1.640(1)

2.750(4)

2.765(4)

2.556(4)

2.607(4)

2.666(2)

2.065(2)

2.062(2)

2.102(2)

2.076(1)

2.813(4)

3.075(3)

2.845(5)

2.990(1)

3.289(4)

2.556(4)

2.928(2)

2.110(4)

2.041(3)

2.178(2)

2.051(2)

2.102(1)

2.974(4)

2.813(4)

3.155(4)

2.886(3)

2.607(4)

2.974(3)

3.304(4)

2.9*0(1)

2.065(2)

2.110(4)

1.613(3)

1.963(1)

2.955(1)

3.138(1)

3.228(1)

3.227(1)

—
1.620(4)

1.656(3)

1.636(3)

1.637(2)

2.747(5)

2.762(4)

2.557(4)

2.593(6)

2.663(2)

2.088(2)

2.075(2)

2.141(2)

2.101(1)

2.853(5)

3.122(4)

2.854(4)

3.032(3)

3.353(4)

2.557(4)

2.962(2)

2.176(3)

2.057(3)

2.221(3)

2.067(3)

2.135(1)

3.027(4)

2.854(4)

3.196(4)

2.935(4)

2.593(6)

2.996(3)

3.401(6)

3.001(1)

2.088(2)

2.176(3)

1.620(4)

1.993(1)

2.997(2)

3.210(2)

3.261(3)

3.270(3)

—

1.613(3)

1.659(3)

1.637(2)

1.636(1)

2.736(4)

2.756(3)

2.570(3)

2.593(5)

2.664(1)

2.098(2)

2.092(2)

2.166(2)

2.119(1)

2.882(3)

3.143(3)

2.884(4)

3.038(1)

3.396(4)

2.570(3)

2.986(1)

2.187(4)

2.071(3)

2.224(2)

2.072(2)

2.142(1)

3.041(3)

2.882(3)

3.220(3)

2.927(3)

2.593(5)

3.006(3)

3.408(5)

3.013(1)

2.096(2)

2.187(4)

1.613(3)

1.999(1)

3.000(1)

3.218(1)

3.268(1)

3.279(1)

OH

1.625(4)

1.652(4)

1.633(3)

1.636(2)

2.730(5)

2.758(4)

2.561(4)

2.612(6)

2.663(2)

2.101(3)

2.101(3)

2.181(3)

2.128(1)

2.895(4)

3.156(4)

2.677(5)

3.064(3)

3.432(5)

2.561(4)

2.998(2)

2.205(4)

2.081(4)

2.272(3)

2.058(3)

2.158(1)

3.061(4)

2.695(4)

3.260(4)

2.927(4)

2.612(6)

3.016(4)

3.432(6)

3.030(1)

2.101(3)

2.205(4)

1.625(4)

2.008(2)

3.022(2)

3.257(2)

3.280(3)

3.276(3)

1.623(2)

1.655(2)

1.636(1)

1.636(1)

2.724(3)

2.759(2)

2.576(2)

2.606(3)

2.667(1)

2.123(1)

2.122(2)

2.230(2)

2.158(1)

2.930(3)

3.221(2)

2.902(3)

3.098(2)

3.510(3)

2.576(2)

3.040(1)

2.234(2)

2.110(2)

2.293(2)

2.069(2)

2.176(1)

3.084(2)

2.930(3)

3.304(2)

2.954(2)

2.608(3)

3.022(2)

3.491(4)

3.057(1)

2.123(1)

2.234(2)

1.623(2)

2.026(1)

3.050(3)

3.306(1)

3.299(2)

3.291(2)

f-a-r *

1.610(3)

1.656(4)

1.632(2)

1.632(1)

2.732(4)

2.746(3)

2.560(4)

2.599(4)

2.657(2)

2.148(2)

2.106(2)

2.190(2)

2.148(1)

2.953(3)

3.178(4)

2.894(4)

3.119(1)

3.452(3)

2.560(4)

3.026(1)

2.311(4)

2.144(3)

2.305(2)

2.1J9(2)

2.224(1)

3.209(4)

2.953(3)

3.354(4)

3.019(3)

2.599(4)

3.110(3)

3.574(4)

3.122(1)

2.146(2)

2.311(4)

1.610(3)

2.054(1)

3.086(1)

3.334(1)

3.329(1)

3.359(1)

1.619(2)

1.665(2)

1.629(2)

1.636(1)

2.732(3)

2.745(2)

2.582(2)

2.596(3)

2.664(1)

2.146(2)

2.130(2)

2.229(2)

2.168(1)

2.961(2)

3.221(2)

2.932(3)

3.114(1)

3.514(2)

2.562(2)

3.054(1)

2.286(2)

2.120(2)

2.307(2)

2.113(2)

2 . 208 (1)

3.160(2)

2.961(2)

3.341(3)

2.9/9(2)

2.596(3)

3.062(2)

3.550(3)

3.099(1)

2.146(2)

2.286(2)

1.619(2)

2.049(1)

3.073(1)
3.336(1)

3.325(1)

3.347(1)

£»

1.615(4)

1.656(3)

1.640(2)

1.641(1)

2.771(5)

2.736(4)

2.569(4)

2.615(5)

2.666(2)

2.194(2)

2.091(2)

2.120(2)

2.135(1)

2.966(4)

3.132(4)

2.644(5)

3.206(2)

3.336(4)

2.569(4)

3.009(2)

2.478(3)

2.309(4)

2.411(3)

2.289(2)

2.364(1)

3.593(4)

2.966(4)

3.595(4)

3.147(4)

2.615(5)

3.371(4)

3.771(5)

3.311(1)

2.194(2)

2.478(3)

1.615(4)

2.120(1)

3.193(2)

3.466(1)

3.385(3)

3.493(3)

ii

1.628(6)

1.643(5)

1.622(4)

1.629(3)

2.747(9)

2.720(8)

2.587(5)

2.571(8)

2.655(3)

2.224(5)

2.173(4)

2.235(4)

2.211(2)

3.028(8)

3.273(6)

2.952(9)

3.259(2)

3.569(7)

2.587(5)

3.111(3)

2.463(6)

2.278(6)

2.428(4)

2.299(4)

2.366(2)

3.555(6)

3.028(8)

3.597(6)

3.118(6)

2.571(8)

3.345(5)

3.698(8)

3.313(2)

2.224(5)

2.463(6)

1.628(8)

2.135(3)

3.234(2)

3.506(2)

3.412(4)

3.508(4)

ii.

1.620(4)

1.630(5)

1.645(3)

1.635(2)

2.734(6)

2.742(5)

2.575(5)

2.614(6)

2.664(2)

2 .252(3)

2.166(3)

2.216(3)

2.211(1)

3.037(5)

3.277(5)

2.966(6)

3.273(1)

3.546(5)

2.575(5)

3.113(2)

2.452(4)

2.308(4)

2.414(3)

2.303(3)

2.366(1)

3.519(5)

3.037(5)

3.610(5)

3.161(4)

2.614(6)

3.332(4)

3.675(6)

3.317(1)

2.252(3)

2.452(4)

1.620(4)

2.144(2)

3.244(1)

3.499(1)

3.435(1)

3.501(2)

ca

1.637(8)

1.665(8)

1.642(5)

1.646(3)

2.702(11)

2.776(9)

2.610(8)

2.618(10)

2.683(4)

2.343(6)

2.308(6)

2.418(5)

2.356(2)

3.200(9)

3.526(9)

3.121(12

3.449(3)

3.942(8)

2.610(8)

3.308(4)

2.520(9)

2.350(8)

2.453(6)

2.390(6)

2.426(3)

3.542(9)

3.200(9)

3.703(9)

3.261(8)

2.618(10)

3.331(7)

4.166(10)

3.405(3)

2.343(6)

2.520(9)

1.637(8)

2.211(4)

3.392(2)

3.618(2)

3.545(4)

3.537(4)
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Table A4. Ollvine Bond Lengths, cont'd

0(2) TETRAHEDRON

[2] 0(2)-H(1)B

(1) 0(2)-H(2)A

(1) 0(2)-S1B

<0<2)-M>

(1) H(1)B-M(1)B

[21 H(1)B-M(2)A

[21 M(1)B-S1B

[11 "(2)A-S1B

0(3) TETRAHEDRON

|1J 0(3)-M(1)B

11] 0(3)-M(2)B

[1] 0(3)-M(2)A

[11 0(3)-S1B

" <0(3)-H>

11] H(1>B-M(2)B

(11 (1(1)B-M(2)A

[11 K(1)B-S1B

[1] K(2)B-H(2)A

[1] H(2)B-S18

ID M(2)A-S1B

=±

2.062(2)

2.041(3)

1.663(3)

1.957(1)

2.955(1)
3.632(1)

2.681(1)

3.270(2)

2.102(2)

2.178(2)

2.051(2)

1.641(2)

1.993(1)

3.138(1)

3.585(1)

2.681(1)

3.814(1)

2.741(2)

3.257(1)

^L

2.075(2)

2.057(3)

1.656(3)
1.966(1)

2.997(2)

3.650(2)
2.703(2)

3.265(2)

2.141(2)

2.221(3)
2.067(3)

1.636(3)
2.016(1)

3.210(2)

3.585(2)

2.703(2)

3.869(2)

2.799(2)

3.284(2)

2.092(2)

2.071(3)

1.659(3)
1.978(1)

3.000(1)

3.669(1)

2.720(1)

3.302(2)

2.166(2)

2.224(2)

2.072(2)

1.637(2)

2.025(1)

3.218(1)

3.616(1)

2.720(1)

3.875(1)

2.803(1)

3.294(1)

2.101(3)
2.081(4)
1.652(4)

1.984(2)

3.022(2)

3.679(2)

2.733(2)

3.304(2)

2.181(3)

2.272(3)

2.058(3)

1.633(3)
2.036(2)

3.257(2)
3.598(2)

2.733(2)

3.901(2)

2.836(2)

3.299(2)

2.122(2)

2.110(2)
1.655(2)
2.002(1)

3.050(3)
3.707(2)

2.768(2)

3.344(2)

2.230(2)

2.293(2)

2.069(2)

1.636(1)

2.057(1)

3.306(1)

3.621(2)

2.768(2)

3.936(2)

2.870(2)

3.320(2)

2.106(2)
2.144(3)

1.656(4)

2.003(1)

3.086(1)

3.734(1)

2.750(1)

3.340(2)

2.190(2)

2.305(2)

2.139(2)

1.632(2)
2.066(1)

3.334(1)

3.655(1)

2.750(1)

3.969(1)

2.889(1)

3.381(1)

2.130(2)

2.120(2)
1.665(2)

2.011(1)

3.073(1)
3.730(1)

2.769(1)

3.359(2)

2.229(2)

2.307(2)

2.113(2)
1.629(2)

2.070(1)

3.336(1)

3.659(1)

2.769(1)
3.964(1)

2.888(1)

3.358(1)

2.091(2)

2.309(4)

1.656(3)
2.037(1)

3.193(2)

3.882(2)

2.697(2)

3.426(2)

2.120(2)

2.411(3)

2.289(3)
1.640(2)

2.115(1)

3.466(1)

3.742(2)

2.697(2)

4.045(2)

3.015(2)

3.578(2)

—
2.173(4)

2.278(6)
1.643(5)

2.067(2)

3.234(2)

3.902(2)

2.774(2)

3.461(3)

2.235(4)

2.428(4)

2.299(4)

1.622(4)

2.146(3)

3.508(1)
3.788(2)

2.774(2)

4.104(2)

3.046(3)

3.592(2)

—

2.166(3)
2.308(4)

1.630(5)
2.068(2)

3.244(1)

3.910(1)

2.779(1)
3.473(2)

2.216(3)

2.414(3)

2.303(3)

1.645(3)

2.144(1)

3.499(1)

3.783(1)

2.779(1)

4.117(1)
3.026(2)

3.594(1)

2.308(6)

2.346(8)
1.665(8)

2.157(4)

3.392(2)

3.982(3)

2.978(3)
3.624(4)

2.418(5)

2.453(6)

2.390(6)

1.642(5)
2.226(3)

3.618(2)

3.911(3)
2.978(3)

4.299(2)
3.061(4)

3.677(3)

HETAl-rlETAL DISTANCES

rI(l)B-H(l)B

B<1) -K(2>

K(l) -SI

H(2> -SI

K(2)A-M(1)B

H(2>A-«(2>

H(l> -«(2)

SI-SI

2.955(1)

3.138(1)

2.681(1)

2.741(2)
3.632(1)

3.814(1)

3.585(1)
3.586(2)

•Multiplicity

2.997(2)

3.210(2)
2.703(2)

2.799(2)

3.650(2)

3.869(2)

3.585(2)
3.634(2)

3.000(1)

3.218(1)

2.720(1)

2.803(1)

3.669(1)

3.875(1)
3.616(1)

3.646(2)

3.022(2)

3.257(2)

2.733(2)

2.836(2)

3.679(2)

3.901(2)

3.598(2)

3.681(3)

3.050(3)
3.306(1)

2.768(2)

2.870(2)

3.707(2)

3.936(2)

3.621(2)
3.727(2)

3.086(1)

3.334(1)

2.750(1»

2.889(1)

3.734(1)

3.969(1)

3.655(1)
3.732(2)

fc

3.073(1)
3.336(1)

2.769(1)

2.888(1)

3.730(1)
3.964(1)

3.659(1)
3.740(1)

shared bett

3.193(2)

3.466(1)
2.697(2)

3.015(2)

3.882(2)

4.045(2)

3.742(2)
3.767(2)

3.234(2)

3.508(1)
2.774(2)

3.046(3)

3.902(2)

4.104(2)

3.778(2)
3.832(3)

recn an octahedron and

3.244(1)

3.499(1)

2.779(1)
3.026(2)

3.910(1)

4.117(1)
3.783(1)
3.860(2)

tetrahedron

3.392(2)

3.618(2)

2.978(3)

3.061(4)

3.982(3)
4.299(2)

3.911(3)
4.116(4)
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Table A5. Olivine Bond Angles

HOP
TETRAHEDRON

1 2 ] 0 ( l ) - S i - 0 ( 3 )

<0-Si-0>

109.5

109.5

116.4(1)

109.1(1)

116.1(1)

109.2(1)

116.0(1)

109.2(1)

115.7(1)

109.2(1)

US. 7(1)

109.2(1)

115.8(1)

109.2(1)

115.4(1)

105.7(1)

109.2(1)

114.5(1)

105. 8(1)

109.2(1)

113.6(2)

104.8(3)

109.3(1)

114. 2{1) 115.8(3}

105.2(2} 105.7(4)

109.2(1} 109.2(2)

M(l) OCTAHEDRON

12] 0(l)-M(l)-0(3)b

|2] 0(1)-M(1)-0(3')

|2] 0(1>-»(1)-0(2)'

[2] 0(1)-M(1)-0(2 ' )

|2] 0(2)-M(1)-0(3)'

<0-M(1)-0>

90.0

90.0

90.0

90.0

JO.O

90.0

84.9(1)

95.1(1)

87.2(1)

92.8(1)

104.3(1)

75.7(1)

90.0(1)

84.9(1)

95.1(1)

86.5(1)

93.5(1)

105.3(1)

74.7(1)

90.0(1)

85.0(1)

95.0(1)

87.0(1)

105.8(1)

74.2(1)

90.0(1)

85.1(1)

94.9(1)

86.4(1)

106.6(1)

73.4(1)

90.0(1)

84.6(1)

95.4(1)

86.3(1)

93.7(1)

107.5(1)

72.5(1)

90.0(1)

85.8(1)

94.2(1)

85.7(1)

106.9(1)

73.1(1)

90.0(1)

85.2(1)

94.8(1)

86.5(1)

107.4(1)

72.6(1)

90.0(1)

86.9(1)

93.1(1)

83.1(1)

104.8(1)

75.2(1)

90.0(1)

85.5(2)

94.5(2)

84.3(2)

108.1(2)

71.9(2)

90.0(1)

85.6(1) 84.4(2)

94.4(1) 95.6(2)

84 .4 (1 ) 84.3(2)

108.0(1) 113.0(2)

72.0(1) 67.0(2)

90.0(1) 90.0(1)

M(2) OCTAHEDRON

[2] 0(1)-M(2)-0(3")

[2] 0(2)-«(2)-0(3)

[21 0(2)-M(2)-0(3'")

[1] 0(3>-M(2)-0(3>°

HI 0(3 )-M(2)-0(3"')

90.0

90.0

90.0

90.0

90,0

82.0(1)

96.8(1)

89.7(1)

73.5(1)

107.3(1)

80.9(1)

96.6(1)

90.7(1)

71.4U)

110.7(2)

81.6(1)

97.1(1)

89.9(1)

71.3(1)

110.6(1)

80.6(1)

96.9(1)

90.0(1)

70.2(1)

112.9(2)

80.7(1)

97.2(1)

90.0(1)

69.3(1)

115.0(1)

79.5(1)

97.8(1)

89.6(1)

68.6(1)

113.3(1)

80.3(1)

97.9(1)

89.5(1)

68.5(1)

114.3(1)

74.7(1) 76.5(2)

99.2(1) 99.6(2)

86.4(1) 85.9(1)

65.7(1) 63.9(2)

110.9(1) 115.9(2)

77.2(1)

99.7(1)

86.6(1)

65.5(1)

114.6(2}

92. 3(2}

80.1(2}

101.0(2)

87.0(2)

64.5(2)

121.3(2)

90.0 89.9(1) 89.8(1) 89.9(1) 89.8(1) 89.8(1) 89.3(1) 89.8(1) 89.7(1) 89.7(1) 89.8(1) 90.0(1)

0(1) TETRAHEDRON

(11 H(1)B-0(1)-M(1)B 90.0 91.4(1) 91.7(1) 91.3(1) 92.0(1) 91.8(1) 91.8(1) 91.4(1) 93.4(1) 93.3(3) 92.2(2) 92.8(3)

[2] H(1)B-0(1)-M(2)B 90.0 97.5(1) 97.6(1) 97.4(1) 98.3(1) 98.7(1) 96.7(1) 97.6(1) 95.6(1) 96.8(2) 96.0(1) 96.1(2)

[2] M(1)B-0(1)-S1A 125.3 122.2(1) 122.7(1) 122.9(1) 122.8(1} 122.9(1) 124.1(1) 123.4(1) 124.8(1} 123.2(2) 124.2(1) 125.0(3)

[1] M(2)B-0(1)-S1A 125.3 119.5(2) 118.2(2) 118.5(2) 116.8(2) 116.2(1) 116.8(2) 117.0(1) 115.6(2) 116.1(3) 117.1(2) 115.0(5)

<M-0(1)-H> 107.6 108.4(1) 108.4(1) 108.4(1) 108.5(1) 108.5(1) 108.4(1) 108.4(1) 108.3(1) 108.2(1) 108.3(1) 108.3(1)

0(2) TETRAHEDRON

[2] K(1)B-0(2)-M(2)A

[1] K(2)A-0(2)-S1B

[2] K(1)B-0(2)-S1B

[II K(1)B-0(2)-M(1)B

<M-0(2)-K>

131.6 124.5(1) 124.1(1)

125.3 123.7(2) 122.8(2}

91.4(1} 92.2(1)

91.5(1) 92.5(1)

107.8(1) 108.0(1)

78.9

90.0

106.2

123.6(1) 123.2(1) 122.3(1)

124.2(2) 124.1(2)

92.2(1) 92.7(1)

91.7(1) 92.0(1)

107.9(1) 108.0(1)

122.9(1) 122.7(1) 123.8(1) 122.5(2) 121.8(1) 117.6(2)

124.9(1) 122.5(2) 124.6(1} 118.6(2) 121.1(3) 122.8(1) 128.4(4)

93.4(1) 93.1(1) 92.9(1} 91.3(1) 92.2(2) 93.0(2) 95.7(3)

94.2(1) 92.3(1) 99.5(1) 96.2(2) 97.0(2}

108.1(1) 106.0(1) 108.0(1) 108.1(1) 108.2(1}

91.9(1)
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