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moduli for the upper-mantle silicates garnet, olivine, and orthopyroxene
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ABSTRACT

Examination of the variation in elastic properties of minerals of a range of structures
and compositions reveals that crystal structure plays the primary role in determining the
relative magnitude of elastic properties, with compositional changes within a crystal struc-
ture being responsible for second-order variations in the observed elastic properties. Com-
parison of the elastic compliances of garnet, olivine, and orthopyroxene (of approximate
upper-mantle compositions) and their respective pressure dependences, together with ex-
amination of the structure of these minerals, results in a qualitative understanding of the
relationship between crystal structure and elasticity for these minerals. This approach
follows that of previous studies except that attention is focused on elastic compliances
rather than on elastic stiffnesses. Appreciation of this relationship between structure and
elastic compliance may provide an explanation for the anomalous pressure dependence of
the elastic moduli of orthopyroxene at pressures below 3 GPa (Kj = 10.78, K§ = —1.61
GPa') and indicates that the pressure dependence of the elastic moduli of orthopyroxene
will be much lower at pressures >3 GPa. This illustrates the inherent difficulties in ex-
trapolating elasticity data beyond the pressure and temperature regimes of the measure-

ments.

INTRODUCTION

It has been demonstrated, particularly for olivine and
orthopyroxene (Weidner and Vaughan, 1982; Vaughan
and Bass, 1983; Bass et al., 1984), that the relative mag-
nitudes of the stiffness or compliance moduli tend to be
controlled primarily by gross features of the crystal struc-
ture, with cation composition playing a subsidiary role
(see Tables 1 and 2). The Na-containing clinopyroxenes
are an important exception—the interplay between com-
position and structure results in a wide variation of elastic
moduli, especially in response to Al-Fe substitution in
the M1 site (see Table 3).

The advent of high-pressure and high-temperature
crystal-structure refinements has provided a firmer basis
for the polyhedral view of crystal structures, along with
detailed information concerning apparent polyhedral
compressibilities and expansivities (e.g., Hazen and Fin-
ger, 1978, 1980, 1981; Levien and Prewitt, 1981). These
factors, along with the inherent difficulty of ab initio and
atomistic approaches to the elasticity of these complex
crystal structures, have led to both qualitative and quan-
titative (Weidner and Vaughan, 1982; Vaughan and Bass,
1983) discussion of crystal elasticity in terms of polyhe-
dral models. Cation- and Si-centered polyhedra of known
relative rigidities and compressibilities are thus regarded
as the basic building blocks for the structure and are linked

* Present address: Bayerisches Geoinstitut, Universitit Bay-
reuth, Postfach 10 12 51, 8580 Bayreuth, West Germany.

0003-004X/90/0708-0731502.00 731

(e.g., by corner, edge, and face sharing) to form structural
elements (such as chains, columns, and layers) whose me-
chanical properties provide at least a qualitative expla-
nation of many of the major features of crystal elasticity.

The elasticity of a crystal may be described in terms of
either the compliances or the stiffnesses of the structural
elements (e.g., Nye, 1957). The elastic stiffness moduli ¢;
arise naturally in the context of wave propagation be-
cause of their close relationship to the wave-velocity ei-
genvalues. The ¢; determine the stresses required to pro-
duce a simple one-component strain . It is more appealing
in the present discussion to emphasize the elastic com-
pliances s;, which yield the strains arising from the ap-
plication of a simple one-component stress.

The following discussion attempts to identify the im-
portant structural elements in garnet, olivine, and ortho-
pyroxene and to assess their influence on the elasticity of
these minerals. This approach follows that of Weidner
and colleagues, except that attention is focused on the
elastic compliances of the minerals rather than on the
elastic stiffnesses. Many of the principal conclusions con-
cerning the relative magnitudes of the compressional and
shear moduli have previously been drawn by Weidner
and his collaborators. However, the arguments concern-
ing the off-diagonal moduli and the anomalous pressure
dependence of the orthopyroxene compressional moduli
represent a significant extension of this earlier work.

In their discussions of the elastic properties of poly-
hedral models for crystal structures, Vaughan and Weid-
ner (1978), Bass (1982), Weidner and Vaughan (1982),
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TaBLe 1. The zero-pressure elastic compliances of a number of olivines (in units of 10-3 GPa")

Fo Fo Fog, , Fogos FOg; 6 Fa Fa Mn Co Ni

1 2 1 3 4 5 6 6 6 7
Sy 34 3.5 3.4 35 3.6 4.8 4.9 5.0 4.2 3.7
Spp 5.9 5.8 6.0 6.1 6.3 91 8.3 8.7 7.3 57
Sas 5.0 49 5.0 5.1 5.0 59 5.7 6.9 5.9 53
Suq 15.2 149 15.5 15.8 15.6 317 30.9 221 21.4 141
Sss 12.3 12.3 12.8 13.0 12.4 214 21.4 18.0 15.7 11.5
Ses 12.4 12.3 12.7 12.8 13.9 17.5 17.5 17.3 15.4 12.8
Sy2 -0.8 -0.9 -0.9 -09 -1.1 -23 -20 -1.8 -1.5 -1.2
Si3 -0.7 -0.7 -0.8 -0.7 —-0.6 -09 -1.2 -15 -1.2 -1
Spa -1.6 -15 -1.7 -1.8 —-1.8 —-2.7 —2.6 -3.0 -2.5 -20

Note: References are indicated by numbers in the column headings: (1) Kumazawa and Anderson (1969), (2) Graham and Barsch (1971), (3) Webb
(1989), (4) Yeganeh-Haeri and Vaughan (1984), (5) Graham et al. (1982), (6) Sumino (1979), (7) Bass et al. (1984).

and Weidner et al. (1982) formulated the following set of
basic rules for the relationships between the crystal com-
pliances and the compliances of the major structural ele-
ments making up the crystal:

1. When the compliance of a structure is measured par-
allel to a set of structural elements, the least compliant
element will determine the overall compliance in that
direction.

2. When compliance is measured as normal to a set of
structural elements, the compliance is determined by the
most compliant element.

3. The structural compliances defined in this manner
can be increased by the introduction of polyhedral link-
ages with rotational degrees of freedom.

These simple rules for the determination of the relative
compliances of structural elements shall be employed in
the following discussion of the compliances of the min-
erals garnet [(Mg, ¢,Fe, 6Ca, 0,),A1,51,0,,], olivine (Fog, 5),
and orthopyroxene (Eny,), recently measured as functions
of pressure to 3 GPa (Webb, 1989; Webb, unpublished
data).

ZERO-PRESSURE COMPLIANCES
Compressional compliances

Uniaxial stresses o; (i = 1, 2, 3) and the associated
strains ¢ determined by the compressional compliances
s;; are the most readily envisaged and will be discussed

TABLE 2. The zero-pressure compliances of a number of ortho-
pyroxenes (in units of 10— GPa")

En Eng, s Eng, Eng, Fs

1 2 3 4 5
Sy 53 5.2 5.2 5.4 7.3
S 6.7 7.2 7.5 7.2 104
Sag 52 54 5.2 5.2 7.0
Sus 12.8 12.0 12.2 121 17.0
Scs 13.2 131 133 13.1 17.2
Ses 12.2 127 129 12.8 20.4
Syz —1.86 —1.89 -2.05 -2.19 -3.78
Sis —0.85 -0.98 —0.91 -1.01 -1.82
Su3 -1.18 -1.21 —1.09 —-1.01 -1.70

first. These compressional compliances for the garnet, ol-
ivine, and orthopyroxene of the present study are listed
in Table 4 in order of increasing compliance, along with
information concerning the principal structural element
for each case. It is immediately evident that there is an
impressive correlation between increasing measured
compliance and increasing inferred compliance of the
principal structural element. In the upper part of the ta-
ble, the compressive stresses are supported by sturdy col-
umns or well-braced chains of relatively incompressible
polyhedra, whereas the lower entries have compressive
stresses oriented normal to unusually compliant layers.
A number of the compliances in the center of the table
are comparable, and the relatively small differences among
them are beyond the resolution of this qualitative anal-
ysis. On the other hand, the low values of s,, for olivine
and garnet and the high value of s,, for orthopyroxene
deserve special consideration.

There are three major structural elements in the olivine
structure. The first of these is the column (Fig. 1) parallel
1o [100] of alternate SiO, tetrahedra and triangular clus-
ters of edge-sharing octahedra (2M1, 1M2). Each tetra-
hedron shares its basal-plane edges with the three octa-
hedra of the cluster below (or above) and its apical corner

TaBLe 3. The zero-pressure compliances of a number of clino-
pyroxenes (in units of 10-2 GPa™")

Jadeite Diopside Hedenbergite
1 2 3
Sp 4.31 5.75 5.41
Sz 4.82 7.14 7.28
Sas 417 5.58 523
S 11.60 13.65 18.75
Sss 16.14 16.95 16.67
Ses 10.86 15.31 17.19
Sz -1.38 -2.10 —1.54
Sia -0.71 -1.40 —1.16
Sys -1.00 -1.09 -1.99
Sis 0.34 -0.33 -0.23
Sas —0.52 0.49 -0.39
Sgs —-1.52 -3.10 -1.53
Sus -1.60 -1.44 3.13

Note: References are indicated by numbers in the column headings: (1)
Weidner et al. (1978), (2) Kumazawa (1969), (3) Frisillo and Barsch (1972),
(4) Webb (unpublished data), (5) Bass and Weidner (1984).

Note: References are indicated by numbers in the column headings: (1)
Kandelin and Weidner (1988a), (2) Levien and Prewitt (1981), (3) Kandelin
and Weidner (1988b).
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Fig. 1.
olivine structure, viewed approximately down [010] (after Ha-
zen, 1976).

A schematic view of the polyhedral linkages in the

with the three octahedra of the cluster above (or below).
Most of the compliance of this unit would be expected to
come from the triangular cluster of octahedra rather than
from the capping tetrahedron. However, the very sym-
metrical arrangement of short shared octahedral-octahe-
dral and octahedral-tetrahedral edges (they define an
empty tetrahedron) must confer unusually low compli-
ance on the cluster of octahedra (Bass et al., 1984), hence
the low value of s,,.

The second structural element of significance in the
olivine structure consists of relatively straight chains of
M1 octahedra that run parallel to [001]. These chains can
be seen clearly in the (100) polyhedral layers of Figure 2.
These chains are well braced by the linking tetrahedra in
the layers above and below (Fig. 1) and also by the M2
octahedra in the same layer (Fig. 2). These braced octa-
hedral chains parallel to [001] serve to link the previously
mentioned [100] columns, thus forming (010) layers three
polyhedra thick. These triple layers are joined along [010]
by the sharing of a layer of M2 octahedra. The long and
hence compliant unshared edges of the M2 octahedra are
favorably oriented for compression or extension parallel
to [010] (i.e., ;). As a consequence, these (010) layers of
M2 octahedra constitute a third important structural ele-
ment with considerable compliance parallel to [010]. Ha-
zen and Finger (1980) have shown that the MO, octa-
hedra in the olivine structure are compressed with
increasing pressure, whereas the SiO, tetrahedra remain
relatively incompressible. The M1 and M2 octahedra are
most compressible in the [010] direction.

The load-bearing element associated with the next low-
est compliance—s,, for garnet—is a kinked chain of al-
ternate corner-sharing SiO, tetrahedra and AlO, octahe-
dra running parallel to the crystallographic axes, braced
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TaBLE 4. The compressional compliances with their first and
second pressure derivatives and the principal struc-
tural elements of the garnet, olivine, and orthopyrox-

ene structures

a%s,/
ap?

0.005

ds,/0P
—0.06

S Sy Principal structural element

- The 35

Columns of rigid triangular clus-
ters of three edge-sharing oc-
tahedra (2M1, 1M2) capped
by isolated SiO, tetrahedra
sharing basal-plane edges
and apical corners with the
clusters of octahedra.

Chains of alternate corner-shar-
ing SiO, tetrahedra and AlO,
octahedra braced by edge-
sharing distorted MO, dodeca-
hedra.

-0.08 0.006

S55" 5.1 —-0.10 0.008 Relatively straight chains of M1
octahedra well braced by
edge sharing with SiO, tetra-
hedra and M2 octahedra.

Serrated chains of M1 octahe-
dra braced by edge-sharing
M2 octahedra and capped by
pairs of opposed kinked and
puckered A and B chains of
tetrahedra (I-beams).

Alternate layers of octahedra
(M1 and M2 edge-sharing
and hence relatively densely
packed within the layer) and

tetrahedra.

Layer of tetrahedra may have
finite compliance owing to the
presence of the degree of
freedom of movement inher-
ent in the puckering of the
chains.

Alternate layers of M2 octahe-
dra (corner-shared and thus
not densely packed within the
layer) and of tetrahedra and
M1 octahedra (the latter edge
share with the tetrahedra).

sst 52  —022 0.030

s, 5.4 -0.08 -—0.023

55" 6.1 -0.13  0.006

-0.31 0.056 Long bonds of the distorted M2
octahedra connected to the
bridging O atoms (03) of the
tetrahedra in the kinked and
puckered chains capping the

|-beams.

St 7.2

Note: Units for s,, 3s,/0P, and 32s,/@P2 are 10~ GPa™', 10-3 GPa~? and
102 GPa™3, respectively.
* Qlivine.
** Garnet.
1 Orthopyroxene.

by edge sharing with MO, dodecahedra (see Fig. 3). These
chains are linked to form a three-dimensional framework
that is braced against further kinking by the edge sharing
of both tetrahedra and octahedra with the MO, dodeca-
hedra. The edge sharing of the dodecahedra with each
other and with the tetrahedra and octahedra making up
the axial chains restricts the relative rotation of polyhedra
within the chains. The lesser compressibility of SiO, tet-
rahedra and AlQ, octahedra relative to MgO, octahedra,
along with the dodecahedral bracing, explains why s,, for



Fig. 2. A schematic view of the olivine structure viewed down
[100] (after Hazen, 1976).

garnet is less than s; for braced chains of MO, octahedra
(e.g., 5,; for olivine and orthopyroxene).

The structure of orthopyroxene consists of alternate
(100) layers of SiO, tetrahedra and MO, octahedra (Cam-
eron and Papike, 1981) (see Fig. 4). In each layer of tetra-
hedra, adjacent tetrahedra share corners to form distorted
chains running parallel to [001]. There are two symmet-
rically distinct kinked chains of SiO, tetrahedra in the
orthopyroxene structure, labeled A and B, with the B chain
being the more distorted (Figs. 4 and 5). The layers of
octahedra consist of small, regular M1 octahedra and
larger, more distorted M2 octahedra. The M1 octahedra
share edges to form serrated chains running parallel to
[001]. The chains are braced by edge-sharing M2 octahe-
dra. The M2 octahedra are situated on the outer edges of
the chains of M1 octahedra. The tetrahedral basal planes
are constrained to approximate parallelism with the (100)
plane by their corner linkages to the M1 and M2 octahe-
dra.

The principal element of the orthopyroxene structure
is the braced, serrated chain of M1 octahedra parallel to
[001], which is linked above and below to two kinked
chains of tetrahedra. This element has been termed an
I-beam by Cameron and Papike (1981) because of its
appearance in (001) cross section (see Fig. 4). These
I-beams interconnect laterally via the edge and corner
sharing of the tetrahedra with the M2 octahedra and the
corner sharing of the tetrahedra with the M1 octahedra
(see Fig. 4). The SiO, tetrahedra are the least compliant
polyhedra in the structure (Levien and Prewitt, 1981; Ha-
zen and Finger, 1981), with the M2 octahedra being the
most compliant. However, in this structure, relative ro-
tation of polyhedra is also expected to contribute signif-
icantly to the overall compliance (Vaughan and Bass,
1983; Bass and Weidner, 1984).

The deformation of each chain of corner-connected SiO,
tetrahedra is conveniently represented by two angles, 6,
and 6, defined in Figure 5. The bridging tetrahedral edges
03-03 are oriented perpendicular to [100] and make an
angle 6, with [001]. Chain deformation associated with
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Fig. 3. The crystal structure of garnet viewed down [001]
(after Novak and Gibbs, 1971).

variation of 8, will henceforth be termed kinking. Rigid
body rotation of the tetrahedra about the bridging O3-
O3 edge is described in terms of the angle 6, between the
basal plane O3-03-0O2 and (100). Such distortion of the
chain will be termed puckering. For the A and B chains
in Johnstown bronzite (Miyamoto et al., 1975), these pa-
rameters adopt the values 6, = 8.3°, 6, = 3.7° and 6 =
19.2°, 6, = 6.4°, respectively. Calculations presented in
Table 5 for a chain of regular tetrahedra illustrate the
sensitivity of the chain geometry to variation of 6 and
[

The more deformed B chain kinks more with increas-
ing pressure than the A chain (Ralph and Ghose, 1980).
This kinking is accompanied by compression of the long
edges of the distorted M2 octahedra (see Table 5 and Fig.
5), which therefore become more regular with increasing
pressure. The B chain is linked by corner sharing only to
the chains of M1 octahedra and to the M2 octahedra.
The A chain, similarly linked to the chains of M1 octahe-
dra and to the M2 octahedra by corner sharing, is also
linked by edge sharing with the M2 octahedra; the tetra-
hedra of the B chain therefore have slightly more rota-
tional freedom than those of the A chain.

The large compressional compliance of the orthopy-
roxene structure parallel to [010] is related to the nature
of the lateral linkages between the I-beams, which are the
principal structural elements running parallel to [001].
The I-beams are linked mainly by corner sharing between
M1 and M2 octahedra associated with a given I-beam
and tetrahedra belonging to the kinked and puckered
chains of adjacent I-beams. The substantial compliance
of the longest M2-O3 bonds and the rotational degrees of
freedom associated with kinking and puckering of the
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Fig. 4. The structure of orthopyroxene (after Miyamoto et
al., 1975) illustrating the serrated [001] chains of M1 octahedra
braced by edge-sharing M2 octahedra and capped by pairs of
opposed kinked and puckered chains of tetrahedra (top), the al-
ternate layers of edge-sharing octahedra and tetrahedra forming
[100] I-beams (middle), and the long bonds of the distorted M2
octahedra connected to the bridging corners of the puckered and
kinked [001] chains of tetrahedra capping the I-beams (bottom).
The M2 octahedra are indicated by their M-O bonds (broken
lines) except in the lower right corner of the view down [100].

tetrahedral chains account qualitatively for the high value
of s,, (Weidner and Vaughan, 1982; Duffy and Vaughan,
1988).

The intermediate compressional compliances of Table
4 are associated with principal structural elements inter-
mediate in character between the sturdy columns and well-
braced chains of incompressible polyhedra at the top of
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A chain

A chain -

B chain -

T
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Fig. 5. The linkages of the A and B chains of tetrahedra in
Johnstown bronzite to the M1 and M2 octahedra. Apical, non-
bridging and bridging O atoms are denoted O1, O2, and O3
(Miyamoto et al., 1975).

the table and the long bonds and rotational degrees of
freedom at the bottom.

Off-diagonal compliances

Table 6 lists the off-diagonal compliances of garnet,
olivine, and orthopyroxene in order of increasing com-
pliance. The relative magnitudes of these off-diagonal
moduli can be discussed in terms of the magnitudes of
the respective compressional compliances. For example,
the application of a uniaxial compressive stress g, to the
olivine structure results in a small strain ¢, (s, is small)
that is concentrated in the clusters of edge-sharing octa-
hedra in the stiff [100] columns. The increase in energy
of the octahedra due to this shortening parallel to [100]
is partially compensated by extensional strains ¢, and e,
and hence s,, and s,; can be inferred from the relative
compressional compliances of the structural elements
parallel to [010] and [001]. Accordingly, it is expected
that more extensional strain will appear across the com-
pliant layers of M2 octahedra parallel to [010] than along
the [001] braced chains of octahedra, and therefore that
[si2] > 815l

Similarly, a uniaxial compressive stress o, results in
thinning of the compliant layer of M2 octahedra. This
deformation is accompanied by extensional strains ¢, and
¢, in the M2 octahedra. The fact that s,, < s;; guarantees
that ¢, < ¢, and hence that |s,| = [s;,] < |S,]. In the
same way, the deformation experienced by the chain of
M1 octahedra because of the application of a uniaxial
stress g, is compensated by the thickening of the layers
of linking M2 octahedra, with the rigid [100] columns
accommodating little strain, and thus |s,;| > [s,5].

These three predictions of the relative magnitudes of
the off-diagonal moduli form a consistent trend with

M

which is in accord with the observed magnitudes of the
off-diagonal moduli for olivine (see Tables 1 and 6).
The relative magnitudes of the compressional compli-

[$3] > [512] > [83],
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TaeLe 5. The sensitivity of key distances to the kinking and puckering of a pyroxene-like chain of regular tetrahedra of unit side

Numerical valuest (deg=")

Distance* Angle Derivative** 0 = 8.3° 6 = 19.15°
2 X 3 In 9/3x 0, = 3.7° 6 = 6.4°

a’ O« 0 0 0

0e cot(d, + 65) 1.07 x 102 0.96 x 102
b’ O —tan 6, -0.25 x 10? —0.61 x 102

N —tan 6, -0.11 x 102 —0.20 x 10-2
¢ Oy —tan 6, -0.25 x 102 ~0.61 x 102

6e 0 0 0
01-01 By —tan 6, —0.25 x 102 —0.61 x 102
(M1 edge)

3 sin 2(6, + 6;) .
_— ) H 1.31 x 102

be 5-3 cos 2(6, + 6,) 128 o1 x
02-03 O —sin 26, + \/3 cos 8, cos 20 -1.38 x 102 —2.00 x 102
(M2 edge) 2 + cos 26, — \/3 cos 8, sin 26,

2)sin 26, sin 6,
6 (BB, Sribe 0.01 x 10~ 0.06 x 10~

2 + cos 26, — \/3 cos 8, sin 26,

*a', b’ and ¢ are, respectively, the maximum dimensions of the repeat unit (two tetrahedra) of the chain parallel to the [100], [010] and [001] axes

of Figure 5.
8, =tan"' /2, 8, = tan'(1/2\/2).

t Values of the logarithmic derivative 8 In 2/ax for (8, 6,) combinations corresponding to those of the A (8.3, 3.7) and B (19.15, 6.4) chains of

Johnstown bronzite.

ances of the orthopyroxene structure can similarly be em-
ployed in the discussion of the off-diagonal moduli. A
compressive stress o, will result in shortening of the long
compliant bonds of the M2 octahedra and associated in-
creased kinking of the chains of tetrahedra. However, in-
creased kinking of a chain of incompressible tetrahedra
contributes equally to ¢, and ¢, (see b’ and ¢’ in Table 5)
and would therefore result in s,, > 0, which is in conflict
with the observations.

In an alternative scenario, the high compliance s,, might
be related to the other rotational degree of freedom that
is associated with puckering of the chains of tetrahedra
(i.e., relative rotation about edges joining bridging oxygen
atoms). The sensitivities of a’, b’, and ¢’ to variation of
6, (Table 5) indicate that a compressive strain ¢, achieved
by increased puckering is accompanied by an extensional
strain ¢, with ¢; = 0. If puckering were to play a major
role in the deformation, it would therefore be expected
that |s,,| > |s.]|, as observed. Similarly, a strain ¢, re-
sulting from the application of a compressive stress o,
may be accommodated by reduction of the puckering of
the chains of tetrahedra, with significant extensional strain
&, but ¢; ~ 0, and thus [s,,| > |s,;|. Thus, given the
initial constraint of negative s,; and the structural behav-
ior implied by this observation, the off-diagonal compli-
ances form a consistent trend, with

2
in accord with the observed moduli tabulated in Tables
2 and 6.

It is the interplay between the long M2-O3 bonds and
the geometry of the kinked and puckered chains of tetra-
hedra that results in the anomalous compliances of the
orthopyroxene structure. With increasing pressure, how-
ever, the distorted M2 octahedra are known to become

[$12] > |53l = 1821,

more regular (Ralph and Ghose, 1980) via further kink-
ing of the chains of tetrahedra.

Shear-mode compliances

Resistance to shear (low compliance) within a partic-
ular plane implies bracing of the structure, that is, the
presence of incompressible, inextensible structural ele-
ments inclined at approximately 45° with respect to the
crystallographic axes that define the plane in question.
Table 7 lists the shear-mode compliances of garnet, oliv-
ine, and orthopyroxene in order of increasing compli-
ance. It is evident that the majority of the shear compli-
ances are comparable, only s,, (garnet) and s,, (olivine)
being substantially less and greater, respectively, than
average.

In olivine, the highly symmetrical arrangement of
shared edges associated with the capping of triangular
clusters of octahedra by tetrahedra evidently results in
moderate resistance to shear in planes containing [100],
i.e., moderate values of 555 and s,. The significantly higher
value of s,, suggests that the SiO, tetrahedra have some
degree of freedom to rotate about [100], thereby deform-
ing the edge-sharing octahedra in the layer above or be-
low (Bass et al., 1984).

The modulus s,, for garnet is the least of the shear-
mode compliances. The garnet structure (see Fig. 3) is
well braced against shear by the space-filling and edge-
sharing dodecahedra, which act effectively as bracing
components.

THE ANOMALOUS ELASTICITY OF ORTHOPYROXENE
Pressure dependence of the compressional compliances

Comparison of the pressure dependences of the com-
pressional compliances of garnet, olivine, and orthopy-
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TasLE 6. The off-diagonal compliances of garnet, olivine, and TaBLE 7. The shear-mode compliances of garnet, olivine, and
orthopyroxene with their first and second pressure orthopyroxene with their first and second pressure
derivatives derivatives

s as,/8P &s,/0P? S 3s,/0P &s,/oP?
5 10— GPa™ 102 GPa? 102 GPa? 8 10— GPa™ 10-° GPa~? 102 GPa®
S1a" —-0.74 —0.165 —0.001 Sae” 10.60 -0.172 0.015
S -0.91 -0.087 0.020
Sy5™® —1.01 ~0.175 0.095 Syt 12.07 —-0.325 0.048
8" —1.01 —0.002 —0.025 See " 12.81 —0.449 0.057
s, —1.40 0.011 0.001 Sest 12.80 —-0.398 0.045
Sy ~1.79 0.028 0.001 Ssst 13.00 —0.302 0.030
S -2.19 0.033 0.002 Sss™" 13.07 —0.442 0.082
* Olivine. Sut 15.75 —0.647 0.070
** Orthopyroxene. 2
Garnet.
[iGameté ** Orthopyroxene.
F Olivine.

roxene (see Table 4), reveals that the moduli s,,, and to
a lesser extent s,;, of orthopyroxene have anomalously
large pressure derivatives. In order to relate this anom-
alous behavior to the polyhedral model of orthopyrox-
ene, it is necessary to look first at the pressure depen-
dences of the elastic compliances of garnet and olivine
and the changes in their structures with increasing pres-
sure.

With increasing pressure, the compliant dodecahedra
of the garnet structure become more regular and thus less
compliant (Hazen and Finger, 1978). This strengthening
of the bracing of the chains of tetrahedra and octahedra
will reduce the already low compliance s,,. As these AO,
dodecahedra (and BO, octahedra) compress regularly, the
rate of change of the pressure derivative (82s,,/dP?) is neg-
ligible. Similarly, for the olivine structure, increasing
pressure causes the slightly deformed octahedra to be-
come more regular and thus less compliant. The regular
compression of these octahedra is mirrored in the small
rate of change of the pressure derivatives of the com-
pressional moduli of olivine.

In the orthopyroxene structure, increasing pressure
causes the longest bond of the distorted M2 octahedra to
shorten significantly in association with further kinking
of the kinked chains of tetrahedra (Ralph and Ghose,
1980). The modulus s,,, however, is determined by the
compliances of the alternate layers of octahedra and tet-
rahedra in the direction normal to the layer. Pressure-
induced kinking operates in the plane of the layer and is
therefore unlikely to have a significant influence on s,,,
for which a normal pressure derivative is expected.

The analysis presented in Table 5 shows that the length
of the long 02-O3 edge of the M2 octahedron is partic-
ularly sensitive to variation of the kink-angle —decreasing
by ~1.4 and ~2% per degree for the A and B chains,
respectively. The parameters b’ and ¢’ are affected equally
by kinking, but different sensitivities of —0.25 and
—0.61% per degree apply for the A and B chains, respec-
tively. In order that the two chains remain in register
along [001] it is therefore required that the kink angle for
the less-kinked A chain increase at twice the rate of 6y
for the B chain (contrary to the observations of Ralph

and Ghose, 1980) or that there be significant pressure-
induced changes in the relative sizes of the A and B tetra-
hedra.

If both kinking and puckering are allowed in the or-
thopyroxene structure, the b lattice parameter is reduced
by both kinking and puckering, the c lattice parameter is
reduced by kinking, and the g lattice parameter is in-
creased by puckering. The long 02-O3 edge of the M2-
centered octahedron is the dimension most sensitive to
kinking of the chains, whereas it is insensitive to puck-
ering.

The initial compression of the orthopyroxene structure
may be accommodated by the kinking and puckering of
the chains of tetrahedra with the shortening of the long
M2 bonds in response to the kinking. This combination
of kinking and puckering is controlled by the resistance
to deformation of the appropriate M1 octahedral edge
linking the apical corners of the tetrahedra.

It is proposed that this unusuaily large rearrangement
of the three-dimensional network of polyhedra with in-
creasing pressure causes the structure to lose very rapidly
its compliance in the [010] and [001] directions (these are
the directions most affected by the kinking of the chains).
Thus s,, and s,; have large pressure derivatives owing to
the loss of compliance in the [010] and [001] directions
accompanying the kinking of the chains and the short-
ening of the dominantly corner-shared lateral linkages be-
tween the [-beams. The compression of the deformed M2
octahedra will rapidly reach an equilibrium with the
kinking and puckering of the chains of tetrahedra, with
further kinking becoming energetically unfavorable. As
this situation is approached, the pressure derivatives of
the moduli s,, and s,; would be expected to return to
values comparable with those observed for s,, in ortho-
pyroxene and for the compressional moduli of olivine.
More definitive interpretation of the anomalous ortho-
pyroxene (and possibly for other pyroxenes) must await
further high-pressure refinements of the structure.

CONCLUSIONS

A qualitative understanding of the relationship be-
tween crystal structure and elastic compliance has been
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developed for the minerals garnet, olivine, and orthopy-
roxene, based upon the simple rules of polyhedral mod-
eling developed by Vaughan and Weidner (1978), Bass
(1982), and Weidner and Vaughan (1982). Appreciation
of this relationship, together with knowledge of the
changes in structure in these minerals with increasing
pressure, illustrates the possible errors associated with the
extrapolation of elasticity data beyond the temperature
and pressure regimes of the measurements.

In the case of orthopyroxene, this simple polyhedral
approach to the modeling of the crystal structure reveals
a plausible pressure-sensitivity of the polyhedral linkages
that determine the detailed structure of the crystal. The
anomalously high first- and second-pressure derivatives
of the elastic compliances of orthopyroxene (with respect
to garnet and olivine) result from the extreme changes in
the structure of orthopyroxene with increasing pressure.
In view of this changing crystal structure, the elastic com-
pliances observed for orthopyroxene over the 0-3 GPa
pressure range cannot be extrapolated beyond this limited
pressure range. The similarity between the orthopyroxene
and clinopyroxene structures—chains of non-compliant
Si0, tetrahedra and deformed MO, octahedra—indicate
that the pressure derivative of certain elastic moduli of
clinopyroxene (at low pressures) would also be anoma-
lously high, with the pressure derivatives becoming more
regular at pressures approaching that of the upper mantle.
A further indication of the similarity of the pressure de-
pendences of the elastic moduli of orthopyroxenes and
clinopyroxenes is illustrated by the zero-pressure com-
pliances of a number of clinopyroxenes (see Table 3). The
relative magnitudes of the compliances of these clinopy-
roxenes behave in a manner similar to those of ortho-
pyroxene.
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