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Polyhedral rationalizrtron of variation among the single-crystalelastic
moduli for the upper-mantlesilicates garnet, olivine, and orthopyroxene
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AssrRAcr
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 elasticproperties,with compositional changeswithin a crystal structure being responsiblefor second-ordervariations in the observedelasticproperties.Comparison of the elastic compliancesof garnet, olivine, and orthopyroxene (of approximate
upper-mantle compositions) and their respectivepressuredependences,together with examination of the structure of these minerals, results in a qualitative understandingof 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 ofthis relationship between structure and
elastic compliance may provide an explanation for the anomalouspressuredependenceof
10.78,lg : -1.61
the elasticmoduli of orthopyroxeneat pressuresbelow 3 GPa (K:
GPa-') and indicates that the pressuredependenceof the elastic moduli of orthopyroxene
will be much lower at pressures> 3 GPa. This illustrates the inherent difficulties in extrapolating elasticity data beyond the pressureand temperature regimes of the measurements.

INrnoouctloN
It has been demonstrated,particularly for olivine and
orthopyroxene (Weidner and Vaughan, 1982 Vaughan
and Bass,1983;Basset al., 1984),that the relative magnitudes of the stiffnessor compliance moduli tend to be
controlled primarily by grossfeaturesof the crystal structure, with cation composition playing a subsidiary role
(seeTables I and 2). The Na-containing clinopyroxenes
are an important exception-the interplay betweencomposition and structureresultsin a wide variation ofelastic
moduli, especially in responseto Al-Fe substitution in
the Ml site (seeTable 3).
The advent of high-pressure and high-temperature
crystal-structurerefinementshas provided a firmer basis
for the polyhedral view of crystal structures, along with
detailed information concerning apparent polyhedral
compressibilitiesand expansivities (e.g.,Hazen and Finger,1978,1980,l98l; Levienand Prewitt, l98l). These
factors, along with the inherent difficulty of ab initio and
atomistic approachesto the elasticity of these complex
crystal structures,have led to both qualitative and quantitative (Weidner and Vaughan, 1982;Vaughan and Bass,
1983) discussionof crystal elasticity in terms of polyhedral models. Cation- and Si-centeredpolyhedra of known
relative rigidities and compressibilitiesare thus regarded
as the basic building blocks for the structure and are linked
* Present address:BayerischesGeoinstitut, Universitiit Bayreuth, Postfach l0 12 51,8580 Bayreuth, West Germany.
0003-004x/90/0708-o73 I $02.00

(e.g.,by corner, edge,and face sharing)to form structural
elements(suchas chains, columns, and layers)whosemechanical properties provide at least a qualitative explanation of many of the major featuresof crystal elasticity.
The elasticity of a crystal may be describedin terms of
either the compliancesor the stiffnessesof the structural
elements(e.g.,Nye, 1957).The elasticstiffnessmoduli c',
arise naturally in the context of wave propagation becauseof their close relationship to the wave-velocity eigenvalues.The c,,determine the stressesrequired to producea simple one-componentstrain e,.It is more appealing
in the present discussion to emphasizethe elastic compliances s,,, which yield the strains arising from the application of a simple one-component stress.
The following discussion attempts to identify the important structural elementsin garnet, olivine, and orthopyroxene and to assesstheir 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 conclusionsconcerning the relative magnitudesof the compressionaland
shear moduli have previously been drawn by Weidner
and his collaborators. However, the argumentsconcerning the ofldiagonal moduli and the anomalous pressure
dependenceof the orthopyroxene compressionalmoduli
representa significant extension ofthis earlier work'
In their discussionsof the elastic properties of polyhedral models for crystal structures,Vaughan and Weidner (1978), Bass (1982), Weidner and Vaughan (1982),
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Tler-e 1. The zero-pressureelasticcompliancesof a numberof olivines(in units of 10 3 GPa ')
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-2.6
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6.9
22.1
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- 1.5
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21.4
15.7
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- 1.5
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7

3.7
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5.3
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Note.'Referencesare 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) Grahamet 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 betweenthe crystal compliancesand the compliancesof the major structural elements making up the crystal:
l. When the compliance of a structure is measuredparallel to a set of structural elements, the least compliant
element will determine the overall compliance in that
direction.
2. When compliance is measuredas 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 increasedby the introduction of polyhedral linkageswith rotational degreesof freedom.
Thesesimple rules for the determination of the relative
compliances of structural elements shall be employed in
the following discussion of the compliances of the mineralsgamet [(Mgou.Feo,uCa.02)3Al2Si3O,r],
olivine (Fono,),
and orthopyroxene (En'o),recently measuredas functions
of pressureto 3 GPa (Webb, 1989; Webb, unpublished
data).
Znno-pnossuRE coMPLTANCES

first. These compressionalcompliancesfor the garnet, olivine, and orthopyroxene of the present study are listed
in Table 4 in order of increasingcompliance, 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 table, the compressivestressesare supported by sturdy columns or well-braced chains of relatively incompressible
polyhedra, whereas the lower entries have compressive
stressesoriented normal to unusually compliant layers.
A number of the compliances in the center of the table
are comparable,and the relatively small differencesamong
them are beyond the resolution of this qualitative analysis. On the other hand, the low values of s,r for olivine
and garnet and the high value of s, for orthopyroxene
deservespecialconsideralion.
There are three major structural elementsin the olivine
structure. The first of theseis the column (Fig. l) parallel
to [00] of alternate SiOotetrahedra and triangular clusters of edge-sharingoctahedra(2M1, lM2). Each tetrahedron sharesits basal-planeedgeswith the three octahedra ofthe cluster below (or above) and its apical corner

Compressionalcompliances
Uniaxial stresseso, (i : l, 2, 3) and the associated
strains e, determined by the compressional compliances
Jii are the most readily envisagedand will be discussed TABLE
compliances
of a numberof clino3. The zero-pressure
pyroxenes
(in unitsof 10 3 GPa-l)
Jadeite
1

TABLE
2, Thezero-pressure
compliances
of a numberof orthopyroxenes
(inunitsof 10 3 GPa 1)
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7.2
5.4
12.O
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5.2
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5.2
12.2
13.3
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-2.05
-0.91
- 1.09

Ell"o
5.4
7.2
5.2
12.1
13.1
12.8
-2.19
- 1.01
- 1.01

Fs

7.3
10.4
7.0
17.O
'17.2
20.4
-3.78
-1.82
-1.70

Note.'Referencesare indicatedby numbers in the column headings:(1)
Weidneret al. (1978),(2) Kumazawa(1969),(3)Frisilloand Barsch(1972),
(4) Webb (unpublisheddata), (5) Bass and Weidner (1984).
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16.14
10.86
-1.38
-0.71
-1.00
0.34
-o.52
-1.52
-1.60

Diopside
2
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7.'14
5.58
13.65
16.95
15.31
-2.10
-1.40
-1.09
-0.33
0.49
-3.10
-1.44

Hedenbergite
3
5.41
7.28
5.23
18.75
16.67
17.19
-1.54
-1.16
- 1.99
-0.23
-0.39
- 1.53
3.13

Note: Referencesare indicatedby numbers in the column headings:(1)
Kandelinand Weidner(1988a),(2) Levien and Prewitt (1981),(3) Kandelin
and Weidner (1988b).
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TABLE4, The compressional compliances with their first and
second pressure derivatives and the principal structural elements of the garnet, olivine, and orthopyroxene structures
s,,
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0.006
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Fig. l. A schematicview of the polyhedrallinkagesin the
olivine structure,viewedapproximatelydown [010] (afterHazen.1976\.
with the three octahedra ofthe cluster above (or below).
Most of the compliance of this unit would be expectedto
come from the triangular cluster of octahedrarather than
from the capping tetrahedron. However, the very symmetrical arrangementof short shared octahedral-octahedral and octahedral-tetrahedral edges (they define an
empty tetrahedron) must confer unusually low complianceon the clusterofoctahedra(Basset al., 1984),hence
the low value of s,,.
The second structural element of significance in the
olivine structure consists of relatively straight chains of
Ml octahedrathat run parallelto [001]. Thesechainscan
be seenclearly in the (100) polyhedral layers ofFigure 2.
These chains are well braced by the linking tetrahedra in
the layers above and below (Fig. l) and also by the M2
octahedra in the same layer (Fig. 2). These braced octahedral chains parallel to [001] serveto link the previously
mentioned [ 100] columns, thus forming (0 I 0) layersthree
polyhedra thick. Thesetriple layersarejoined along [010]
by the sharing of a layer of M2 octahedra.The long and
hencecompliant unsharededgesof the M2 octahedraare
favorably oriented for compression or extension parallel
these(010) layersof
to [010] (i.e., d. As a consequence,
M2 octahedraconstitute a third important structural element with considerablecompliance parallel to [0 10]. Hazen and Finger (1980) have shown that the MOu octahedra in the olivine structure are compressed with
increasing pressure,whereasthe SiOo tetrahedra remain
relatively incompressible.The Ml and M2 octahedraare
most compressiblein the [0 10] direction.
The load-bearingelement associatedwith the next lowest compliance-J, for garnet-is a kinked chain of alternate corner-sharing SiOotetrahedra and AlOu octahedra running parallel to the crystallographic axes, braced

Principal
structuralelement
Columnsof rigid triangularclusters of three edge-sharingoG
tahedra(2M1, 1M2) caPped
by isolated SiOotetrahedra
sharing basal-Planeedges
and aoical corners with the
clusters of octahedra.
Chains of alternate corner-sharing SiO4tetrahedra and AlOu
octahedra braced bY edge'
sharingdistorted MOsdodecahedra.
Relativelystraight chains of M1
octahedra well braced by
edge sharing with SiO4tetrahedra and M2 octahedra.
Serrated chains of M1 octahedra braced by edge-sharing
M2 octahedra and capped by
pairs of opposed kinked and
puckered A and B chains of
tetrahedra (l-beams).
Alternate layers of octahedra
(M1 and M2 edge-sharing
and hence relativelydensely
packed within the layer) and
tetrahedra.
Layer of tetrahedra may have
finite complianceowing to the
presenceof the degree of
freedom of movement inherent in the puckeringof the
chains.
Alternate layers of M2 octahedra (corner-sharedand thus
not densely Packed within the
layer) and of tetrahedra and
Ml octahedra (the latter edge
share with the tetrahedra).
Long bonds of the distorted M2
octahedra connected to the
bridging O atoms (03) ol the
tetrahedra in the kinked and
puckered chains capping the
l-beams.

Note.'Units tor s,,,ds,,/dP,and ffstldP2 are 10-3GPa-r, 10-3GPa-'z,and
10-3GPa-e,respectively.
- Olivine.
'* Garnet.
t Orthopyroxene.

by edgesharingwith MO' dodecahedra(seeFig. 3). These
chains are linked to form a three-dimensionalframework
that is braced againstfurther kinking by the edgesharing
of both tetrahedra and octahedra with the MO' dodecahedra. The edge sharing of the dodecahedrawith each
other and with the tetrahedra and octahedra making up
the axial chainsrestricts the relative rotation ofpolyhedra
within the chains. The lessercompressibility of SiOotetrahedra and AlOu octahedrarelative to MgOu octahedra,
along with the dodecahedralbracing, explains why s,' for
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Fig.2. A schematicview of the olivine structurevieweddown
[100](afterHazen,1976).

garnet is lessthan s,,for braced chains of MO. octahedra
(e.9.,s' for olivine and orthopyroxene).
The structure of orthopyroxene consists of alternate
(100) layers of SiOotetrahedraand MOu octahedra(Cameron and Papike,l98l) (seeFig. 4). In eachlayer oftetrahedra, adjacent tetrahedrasharecornersto form distorted
chainsrunning parallel to [001]. There are two symmetrically distinct kinked chains of SiOo tetrahedra in the
orthopyroxenestructure,labeledA and B, with the B chain
being the more distorted (Figs. 4 and 5). The layers of
octahedra consist of small, regular Ml octahedra and
larger, more distorted M2 octahedra.The Ml octahedra
share edgesto form serrated chains running parallel to
M2 octahe[001]. The chainsare bracedby edge-sharing
dra. The M2 octahedraare situated on the outer edgesof
the chains of Ml octahedra.The tetrahedral basal planes
are constrainedto approximate parallelism with the (100)
plane by their corner linkagesto the Ml and M2 octahedra.
The principal element of the orthopyroxene structure
is the braced, serratedchain of Ml 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) becauseof 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 octahedraand the
corner sharing of the tetrahedra with the Ml octahedra
(seeFig. 4). The SiOotetrahedra are the least compliant
polyhedra in the structure (Levien and Prewitt, l98l; Hazenand Finger, 198l), with the M2 octahedra being the
most compliant. However, in this structure, relative rotation ofpolyhedra is also expectedto contribute significantly to the overall compliance (Vaughan and Bass,
1983;Bassand Weidner,1984).
The deformation of eachchain of corner-connectedSiOo
tetrahedra is conveniently representedby two angles,dK
and d", defined in Figure 5. The bridging tetrahedraledges
O3-O3 are oriented perpendicular to [00] and make an
angle d* with [001]. Chain deformation associatedwith

o __{
Fig. 3. The crystalstructureof garnetvieweddown [001]
(afterNovakandGibbs,l97l).

variation of d* will henceforth be termed kinking. Piigid
body rotation of the tetrahedra about the bridging 0303 edgeis describedin terms of the angle d" betweenthe
basalplane O3-O3-O2 and (100). Such distortion of the
chain will be termed puckering. For the A and B chains
in Johnstown bronzite (Miyamoto et al., 1975), theseparameters adopt the values d* : 8.3", 0p : 3.7" and dK :
19.2, 0p : 6.4, respectively.Calculationspresentedin
Table 5 for a chain of regular tetrahedra illustrate the
sensitivity of the chain geometry to variation of d* and
0P.

The more deformed B chain kinks more with increasing pressurethan the A chain (Ralph and Ghose, 1980).
This kinking is accompaniedby compressionof the long
edgesof the distorted M2 octahedra(seeTable 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 Ml octahedra and to the M2 octahedra.
The A chain, similarly linked to the chains of Ml octahedra and to the M2 octahedra by corner sharing, is also
linked by edgesharing with the M2 octahedra;the tetrahedra of the B chain therefore have slightly more rotational freedom than those ofthe A chain.
The large compressional compliance of the orthopyroxene structure parallel to [010] is related to the nature
of the lateral linkagesbetweenthe I-beams,which are the
principal structural elements running parallel to [001].
The I-beams are linked mainly by corner sharingbetween
Ml and M2 octahedra associatedwith a given I-beam
and tetrahedra belonging to the kinked and puckered
chains of adjacent I-beams. The substantial compliance
of the longestM2-O3 bonds and the rotational degreesof
freedom associatedwith kinking and puckering of the
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Fig. 5. The linkagesofthe A and B chainsoftetrahedrain
Apical,nonJohnstownbronziteto the Ml and M2 octahedra.
bridgingand bridgingO atomsare denotedOl, 02, and 03
(Miyamotoet al., 1975).

the table and the long bonds and rotational degreesof
freedom at the bottom.
Off-diagonal compliances

Table 6 lists the oFdiagonal compliances of garnet,
olivine, and orthopyroxene in order of increasing compliance. The relative magnitudes of these ofldiagonal
moduli can be discussedin terms of the magnitudes of
the respectivecompressionalcompliances.For example,
the application of a uniaxial compressivestresso, to the
olivine structure results in a small strain e' (st' is small)
that is concentratedin the clusters ofedge-sharing octahedra in the stiff [00] columns. The increasein energy
of the octahedra due to this shortening parallel to [00]
is partially compensatedby extensional strains c2and €3,
and hence sr2 and Jr3 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 dcrossthe compliant layers of M2 octahedraparallel to [010] than along
l-c--{
|
|
the [001] braced chains ofoclahedra, and therefore that
ls'rl> lJ'rl.
Fig. 4. The structure of orthopyroxene (after Miyamoto et
Similarly, a uniaxial compressive stress d2 results in
al., 1975) illustrating the senated [001] chains of M1 octahedra
thinning
of the compliant layer of M2 octahedra. This
braced by edge-sharingM2 octahedra and capped by pairs of
is accompaniedby extensionalstrains 6rand
deformation
opposedkinked and puckered chains of tetrahedra (top), the altemate layers of edge-sharingoctahedraand tetrahedra forming r, in the M2 octahedra.The fact that s, ' < s33guarantees
that e, < e. and hencethat lsr'l : ls'rl < lsrrl. In the
[100] I-beams (middle), and the long bonds of the distorted M2
octahedraconnectedto the bridging cornersofthe puckeredand same way, the deformation experiencedby the chain of
kinked [001] chains of tetrahedracapping the I-beams (bottom). Ml octahedra becauseof the application of a uniaxial
The M2 octahedra are indicated by their M-O bonds (broken stress03 is compensatedby the thickening of the layers
lines) except in the lower right corner ofthe view down [I00].
of linking M2 octahedra, with the rigid [00] columns
accommodatinglittle strain, and thus lsr, | >> ls', | .
tetrahedral chains account qualitatively for the high value
These three predictions of the relative magnitudes of
of sr, (Weidner and Vaughan, 1982; Dufi! and Vaughan,
the off-diagonal moduli form a consistenttrend with
l 988).
(l)
lsrrl> ls,rl > ls'rl,
The intermediate compressionalcompliancesof Table
4 are associatedwith principal structural elementsinter- which is in accord w'ith the observed magnitudes of the
mediate in character between the sturdy columns and well- oFdiagonal moduli for olivine (seeTables I and 6).
braced chains of incompressible polyhedra at the top of
The relative magnitudes of the compressionalcompli-
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TABLe5. The sensitivityof key distancesto the kinkingand puckeringof a pyroxene-likechain of regulartetrahedraof unit side
Numericalvaluesf (deg-')
Distance.

b'

01-o1
(M1edge)

Angle
x
0K
eP
0R
0P
0K
0P
0"

0P

o2-o3
(M2edge)

0K

0P

dx:8'3
0,:3.7"

Derivative'*
d ln [ldx

0
1.o7 x
-0.25 x
-0.11 x
-9.25 x
0
-0.25 x

0
co(d,
-tan
-tan
-tan

+ dP)
dK
dp
0K

0
-tan d(
3 sin 2(d, + dp)
5-3 cos 2(d, + dp)
-sin 2rK + \,€ cos 0" cos 20^
2 + cos 20" - \/3 cos dpsin 2dK
(r,4/2)sln 2d* sin d"
2 + cos 2d* - \,€ cos 0" sin 20x

1o-"
10 ?
10 '?
10 '?
10 '?

1 . 2 9x 1 0 z

d*: 19'15"
0e:6'4
0
0.96 x
-0.61 x
-0.20 x
_9.61 x
0
-0.61 x

10-'?
10 '?
10-'
10+
10'?

1 . 3 1x 1 0 ' ?

_1.38 x 10-,

_2.00 x 10-,

0 . 0 1x 1 0 ' ?

9.96 x 10+

* a', b'and c' are, respectively,the maximum dimensionsof the repeat unit (two tetrahedra)of the chain parallelto the
[100], [010] and [001] axes
of Figure 5.
*. d, : tan ' t/2,0.: tan 1(112\/Al,
tvafues of the logarithmic derivative A h glAx for (0K,dp)combinations corresponding to those ol the A (8.3, 3.7) and B (19.15, 6.4) chains ot
Johnstown bronzite.

ancesof the orthopyroxene structure can sinilarly be employed in the discussion of the off-diagonal moduli. A
compressivestress02will result in shortening of the long
compliant bonds of the M2 octahedraand associatedincreasedkinking of the chains of tetrahedra.However, increasedkinking of a chain of incompressible tetrahedra
contributes equally to e, and e. (seeb' and c' in Table 5)
and would therefore result in Jzr ) 0, which is in conflict
with the observations.
In an alternative scenario,the high compliance.r, might
be related to the other rotational degreeof freedom that
is associatedwith puckering of the chains of tetrahedra
(i.e., relative rotation about edgesjoining bridging oxygen
atoms). The sensitivities of a', b', and c' to variation of
0" (Table 5) indicate that a compressivestrain e, achieved
by increasedpuckering is accompaniedby an extensional
strain e,, with e, : 0. If puckering were to play a major
role in the deformation, it would therefore be expected
that ls,rl >> lJrrl, as observed.Similarly, a strain cr resulting from the application of a compressive stress dr
may be accommodatedby reduction of the puckering of
the chains oftetrahedra, with significantextensionalstrain
er,but e, - 0, and thus ls,rl >> ls,.l. Thus, given the
initial constraint of negativeJ* and the structural behavior implied by this observation, the off-diagonal compliancesform a consistenttrend, with

more regular (Ralph and Ghose, 1980) via further kinking ofthe chainsoftetrahedra.

Shear-modecompliances
Resistanceto shear (low compliance) within a particular plane implies bracing of the structure, that is, the
presenceof incompressible, inextensible structural elements inclined at approximately 45" with respectto the
crystallographic axes that define the plane in question.
Table 7 lists the shear-modecompliancesof garnet, olivine, and orthopyroxene in order of increasing compliance. It is evident that the majority of the shear compliances are comparable, only s44(garnet) and Joo(olivine)
being substantially less and greater, respectively, than
avefage.
In olivine, the highly symmetrical arrangement of
shared edges associatedwith the capping of triangular
clusters of octahedra by tetrahedra evidently results in
moderate resistanceto shear in planes containing [100],
i.e., moderatevaluesof s' and s66.The significantlyhigher
value of soosuggeststhat the SiOo tetrahedra have some
degreeof freedom to rotate about [00], thereby deforming the edge-sharingoctahedra in the layer above or below (Basset al., 1984).
The modulus soofor garnet is the least of the shearmode compliances. The garnet structure (see Fig. 3) is
well braced against shear by the space-filling and edge(2)
ls'rl > ls,rl - lsrrl,
sharing dodecahedra, which act effectively as bracing
in accord with the observed moduli tabulated in Tables components.
2 and 6.
It is the interplay between the long M2-O3 bonds and
Trrn nNoNrl.Lous ELASTrcrry oF oRTHopyRoxENE
the geometry ofthe kinked and puckeredchains oftetrahedra that results in the anomalous compliances of the Pressuredependenceof the compressionalcompliances
Comparison of the pressuredependencesof the comorthopyroxene structure. With increasingpressure,however, the distorted M2 octahedra are known to become pressional compliances of garnet, olivine, and orthopy-
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compliances
of garnet,olivine,and
TABLE
6. The off-diagonal
compliances
of garnet,olivine,and Tlau 7. The shear-mode
orthopyroxenewith their first and secondpressure
orthopyroxenewith their first and secondpressure
derivatives
derivatives
c,
1 0-3 GPa-1
Sr"'
sr"t
Sr""
J23
Srat
Sra*
Sr.*'

-o.74
-0.91
-1.01
- 1.01
-1.40
-1.79
-2.'19

as'tlaP
10-sGPa,
-0.155
-0.087
-0.175
-0.002
0.011
0.028
0.033

q
10-3GPa-1

dsr/aP
10-eGPa-'

es\laP2
10-3GPa-3

10.60

-o.172

0.015

Sru'-

12.O7
12.8'l
12.80
13.00
13.07

-0.325
-o.449
-0.398
-0.302
-0.442

0.048
0.057
0.045
0.030
0.082

snot

15.75

-0.647

0.070

trqtlAP2
10 3GPa-3

-0.001
0.020
0.095
-0.025
0.001
0.001
0.002

- Olivine.
.' Orthopyroxene.
t Garnet.

soo*
Soo'"

su"t
Su.f

* Garnet.
.- Orthopyroxene.
f Olivine.

roxene (seeTable 4), reveals that the moduli J22,and to
a lesser extent s33,of orthopyroxene have anomalously
large pressurederivatives. In order to relate this anomalous behavior to the polyhedral model of orthopyroxene, it is necessaryto look first at the pressure dependences of the elastic compliances of garnet and olivine
and the changesin their structures with increasingpressure.
With increasing pressure,the compliant dodecahedra
of the garnet structure becomemore 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 Jr. As theseAO,
dodecahedra(and BOuoctahedra)compressregularly, the
rate ofchange ofthe pressurederivative (02s,,/0P2)
is negligible. Similarly, for the olivine structure, increasing
pressure causesthe slightly deformed octahedra to become 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 compressionalmoduli of olivine.
In the orthopyroxene structure, increasing pressure
causesthe longestbond of the distorted M2 octahedrato
shorten significantly in association with further kinking
of the kinked chains of tetrahedra (Ralph and Ghose,
1980).The modulus sr, however,is determinedby the
compliancesofthe alternate layers ofoctahedra and tetrahedra in the direction normal to the layer. Pressureinduced kinking operatesin the plane ofthe layer and is
therefore unlikely to have a significant influence on sr,
for which a normal pressurederivative is expected.
The analysispresentedin Table 5 showsthat the length
of the long O2-O3 edge of the M2 octahedron is particularly sensitiveto variation of the kink-angle- decreasing
by -1.4 and, -2o/o per degree for the A and B chains,
respectively.The parametersb' and c' are affectedequally
by kinking, but different sensitivities of -0.25 and
-0.610/oper degreeapply for the A and B chains, respectively. In order that the two chains remain in register
along [00 I ] it is therefore required that the kink angle for
the less-kinked A chain increaseat twice the rate of d*
for the B chain (contrary to the observations of Ralph

and Ghose, 1980) or that there be significant pressureinduced changesin the relative sizesofthe A and B tetrahedra.
If both kinking and puckering are allowed in the orthopyroxene structure, the D lattice parameter is reduced
by both kinking and puckering, the c lattice parameter is
reduced by kinking, and the a lattice parameter is increasedby puckering. The long O2-O3 edge of the M2centered octahedron is the dimension most sensitive to
kinking of the chains, whereasit is insensitive to puckenng.
The initial compressionof the orthopyroxene structure
may be accommodatedby the kinking and puckering of
the chains of tetrahedra with the shortening of the long
M2 bonds in responseto the kinking. This combination
of kinking and puckering is controlled by the resistance
to deformation of the appropriate Ml octahedral edge
linking the apical corners ofthe tetrahedra.
It is proposed that this unusually large rearrangement
of the three-dimensional network of polyhedra with increasingpressurecausesthe structure to lose very rapidly
its compliancein the [010] and [001] directions(theseare
the directions most affectedby the kinking of the chains).
Thus s, and sj3 have large pressurederivatives owing to
the loss of compliancein the [010] and [001] directions
accompanying the kinking of the chains and the shortening of the dominantly corner-sharedlateral linkagesbetween the I-beams.The compressionof 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 pressurederivatives of
the moduli J22and sr3 would be expected to return to
values comparable with those observed for s,, in orthopyroxene and for the compressional moduli of olivine.
More definitive interpretation of the anomalous orthopyroxene (and possibly for other pyroxenes)must await
further high-pressurerefinementsof the structure.
CoNcr.usroNs
A qualitative understanding of the relationship between crystal structure and elastic compliance has been
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developed for the minerals garnet, olivine, and orthopyroxene, based upon the simple rules of polyhedral modeling 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 possibleerrors associatedwith the
extrapolation of elasticity data beyond the temperature
and pressureregimesof the measurements.
In the case of orthopyroxene, this simple polyhedral
approach to the modeling of the crystal structure reveals
a plausible pressure-sensitivityof the polyhedral linkages
that determine the detailed structure of the crystal. The
anomalously high first- and second-pressurederivatives
of the elastic compliancesof orthopyroxene (with respect
to garnet and olivine) result from the extreme changesin
the structure of orthopyroxene with increasingpressure.
In view of this changingcrystal structure,the elasticcompliances observed for orthopyroxene over the 0-3 GPa
pressurerangecannot be extrapolatedbeyond this limited
pressurerange.The similarity betweenthe orthopyroxene
and clinopyroxene structures-chains of non-compliant
SiOotetrahedra and deformed MOu octahedra-indicate
that the pressurederivative of certain elastic moduli of
clinopyroxene (at low pressures)would also be anomalously high, with the pressurederivatives becoming more
regular at pressuresapproachingthat ofthe upper mantle.
A further indication of the similarity of the pressuredependencesof the elastic moduli of orthopyroxenes and
clinopyroxenes is illustrated by the zero-pressurecompliancesof a number of clinopyroxenes(seeTable 3). The
relative magnitudes of the compliancesof these clinopyroxenes behave in a manner similar to those of orthopyroxene.
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