
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 93, NO. B1, PAGES 383-391, JANUARY 10, 1988 

Elasticity of Enstatite and Its Relationship to Crystal Structure 

THOMAS S. DUFFY 1 AND MICHAEL T. VAUGHAN 

Department of Geological Sciences, University of Illinois at Chicago 

The nine adiabatic single-crystal elastic moduli of a natural orthopyroxene of enstatite composition 
(Mg0.94Fe00•SiO3) have been measured at ambient conditions by Brillouin spectroscopy. The single-crystal 
elastic stiffnesses in gigapascals (GPa) are c• = 229.3 ___ 1.1' c22 = 167.0 ___ 1.1; c33 = 193.9 ___ 1.5' c44 
= 79.7 +_ 0.7; c55 = 76.1 ___ 0.6; c66 = 77.1 ___ 0.9; c•2 = 73.6 ___ 1.7' c•3 = 49.8 ___ 1.6; and c:3 = 46.6 
___ 1.6. The average Hashin-Shtrikman bulk and shear moduli are 102.2 and 73.9 GPa, respectively. The results 
of this study are generally consistent with those obtained for other Mg-rich pyroxenes. Some of the individual 
moduli along the enstatite-ferrosilite join can be related to specific chemical and structural features. The most 
variable modulus is c33 , and it appears to be a complicated function of both chemistry and structure. Its magni- 
tude relative to c• is most easily explained by the presence or absence of more than one tetrahedral chain. For 
orthopyroxenes of intermediate composition c• is higher than expected, probably due to a combination of the 
effects of site ordering and impurities in the M1 site. The third longitudinal modulus, c::, is observed to 
increase linearly as a function of enstatite composition from En0 to End00. An alternative interpretation for c• 
and c22 is that between En•00and En50, c• is constant and c:2 decreases linearly with increasing iron content, 
while between En50 and En0, c• decreases linearly and c:: is constant. The shear and off-diagonal moduli 
vary nonsystematically but tend to vary in similar ways. With the exception of c•:, the averaged moduli also 
show nonsystematic variations. Cation site ordering appears to strongly affect c44. The modulus c• is also 
nonsystematic but for reasons which are not obvious. Our results are consistent with the interpretation that the 
bulk modulus does not vary with composition whereas the shear modulus does so in a linear fashion. 

1. INTRODUCTION 

1.1 Importance of Elasticity Data 

Detailed knowledge of the internal structure of the Earth has 
remained an elusive goal for the Earth sciences. One approach to 
the problem is to determine the constraints that may be placed on 
the physical properties of the Earth's interior by comparing 
observed properties with those obtained by laboratory measure- 
ments of relevant materials. For instance, the passage of seismic 
waves through the Earth reveals information about the elastic 
properties of the materials composing the Earth's interior. Many 
authors [e.g., Weidner, 1985; Bass and Anderson, 1984] have 
attempted to compare the laboratory-derived elastic properties of 
proposed mineral assemblages with observed seismic velocities. 
The success of such modeling depends on an accurate knowledge 
of the elastic behavior of the proposed minerals. For many impor- 
tant minerals, however, such knowledge is lacking or incomplete. 
This study represents an attempt to characterize better the elasticity 
of one important mineral group, orthopyroxenes, by measuring the 
single-crystal elastic constants of a sample of enstatite composition 
at ambient conditions by Brillouin spectroscopy. 

2. EXPERIMENTAL DETAILS AND RESULTS 

2.1 Sample 

The sample used in this study was taken from a cleavage flake 
chipped off a larger sample provided by a commercial gem dealer. 
Its origin is thought to be Tanzania. The cleavage flake was 
approximately 5 x 3 x 0.5 mm and possessed two excellent 
cleavages of the form {210•. Optical microscopy revealed that the 
flake contained a number of small irregularly shaped inclusions of 
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unknown composition. Microprobe analysis (Table 1) showed that 
the flake was an enstatite of composition Mg0.94Fe0.06SiO3. 

In addition to natural growth faces, {001 } surfaces were ground 
flat using a thin section grinder. The grinding process caused the 
crystal to cleave into a large number of fragments. From these was 
chosen a high-quality specimen with dimensions of about 0.75 mm 
x 0.25 mm x 0.075 mm and displaying {001}, {010}, {100}, 
and {210} planes. Although the flake was not free of inclusions, 
they were avoided in the Brillouin measurements. The crystal was 
mounted and oriented on a Buerger precession camera using stan- 
dard techniques. It was then transferred to a four-circle single- 
crystal diffractometer, and an orientation matrix was computed 
[Busing and Levy, 1967] using a number of high-angle reflections. 
The cell constants determined from the X-ray work are listed in 
Table 2. Two orientations were used in making Brillouin meas- 
urements. Acoustic velocities in 34 directions were measured with 

the c axis parallel to the spindle axis. The crystal was remounted 
with b parallel to the spindle, and 16 additional directions were 
measured. 

2.2 Brillouin Measurements 

The apparatus for detecting Brillouin frequency shifts has been 
described many times [e.g., Vaughan, 1979; Weidner and Carle- 
ton, 1977; Stoicheft, 1977; Weidner et al., 1975; Benedek and 
Fritsch, 1966]. and will not be discussed here. Brillouin spectra 
were obtained with a variety of optical polarizations giving 80 dis- 
tinct spectra in 48 different crystallographic directions. Acoustic 
velocities for each of these spectra were calculated by a 
FORTRAN program (VELOC4), described by Vaughan and 
Weidner [ 1978], Vaughan, [ 1979], and Vaughan and Bass [ 1983], 
and listed by Vaughan, [ 1987]. Finally, these velocities were used 
to calculate the single-crystal elastic moduli using another 
FORTRAN program (ORTHO8). The algorithms used to deter- 
mine the elastic moduli are based on the linearized inversion 

scheme of Der and Landisman [ 1972] and are described by Weid- 
ner and Carleton [1977]. and listed by M. T. Vaughan and D. J. 
Weidner (Calculation of single-crystal elastic constants from Bril- 
louin scattering data, part II, Elastic moduli; submitted to Corn- 
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puters and Geosciences, 1987). The moduli are presented in Table 
3, and the calculated velocities corresponding to each experimen- 
tally determined velocity are presented in Table 4 and illustrated in 
Figure 1. The rms error in velocity is 35 m/s; the maximum error is 
117 m/s. The off-diagonal elements of the trade-off coefficient 
matrix are close to zero (the maximum value was 0.006 for C66 
versus c•2). This is a good indication of the low interdependence 
of the individual elastic constants. Finally, the isotropic averages 
of the elastic moduli for both the Voigt-Reuss and the Hashin- 
Shtrikman averaging schemes are given in Table 5. 

In Figure 1, the experimental and theoretical velocities are 
shown as a function of crystallographic direction in the (001), 
(100), and (010) planes. The experimental velocities (symbols) are 
labeled as in Table 4; the theoretical velocities (solid lines) are 
derived from the calculated moduli by Christoffel's equation. 
Theoretical velocities are compared to measured velocities in 
Table 4. The standard deviations of the moduli (Table 3) are cal- 
culated from the rms deviation taking the relative significance of 
each velocity in determining the moduli into account. 

3. DISCUSSION 

3.1 Pyroxene Structure 

Pyroxenes consist of SiO4 tetrahedra and MO6 polyhedra in 
alternating layers parallel to (100). The tetrahedra share comers to 
form chains parallel to [001] with the base of each tetrahedron 
approximately in the (100) plane. The polyhedra share edges to 
form bands also parallel to the c axis. There are two distinct poly- 
hedral sites, M1 and M2. The M1 sites are nearly regular octahe- 
dral sites, while the M2 sites are distorted with coordination rang- 
ing from six to eight depending on the size of the M2 cation. 

When the M2 cation is small as in enstatite, both sites are octa- 

hedrally coordinated. The bands of octahedra are separated by 
voids, and the M2 octahedra are elongated along the b axis. Tetra- 
hedral and octahedral layers are linked by edge sharing between 
the tetrahedra and the M2 octahedra. The tetrahedral chains kink 

and the M2 octahedra distort to accommodate the linkage. In addi- 
tion, the M1 and M2 octahedra share edges. Many of these fea- 
tures are evident in Figure 2, which shows the structure of 
orthoenstatite viewed down a. A complete discussion of pyroxene 
topology can be found in the works by Cameron and Papike [1980, 
1981]. 

Pyroxenes of enstatite composition are found in four major 
polymorphs: high clinoenstatite (space group C2/c), low clinoen- 
statite (P2i/c), orthoenstatite (Pbca), and protoenstatite (Pbcn) 
(see Carlson [1985] and Smyth [1974] for exceptions). Variation 
among the structure types is primarily the result of differences in 
stacking of octahedral layers, with differences in the tetrahedral 
chains also begin important. Octahedral stacking is defined as 

TABLE 1. Chemical Composition 

Oxide Weight Percent 

SiO2 
MgO 
FeO 

A1203 
CaO 
MnO 

TiO2 
Cr203 

Total 

57.47 + 0.32 

36.33 + 0.23 

3.86 + 0.09 

0.32 + 0.01 
0.22 + 0.01 

0.18 q- 0.01 

bd. 
bd. 

98.38 __ O.4O 

bd. indicates below detection. 

TABLE 2. Unit Cell Parameters 

Value 

a 1.8204(1) nm 
b 0.8814(1) nm 
c 0.5176(1) nm 
Volume 0.8304(2) nm 3 
X-ray density 3272(2) kg/m 3 

Numbers in parentheses indicate estimated standard deviations in the last 
significant figure. 

positive or negative depending on whether the apices of the upper 
triangular faces of each octahedron point in the + c direction or 
-c direction. In orthoenstatite the stacking sequence is 
+ + + +...; whereas stacking in protoenstatite is 
+ - + -...; and the monoclinic pyroxenes stack + + +... The 
stacking of polyhedral units along a for the orthoenstatite structure 
is shown in Figure 3. 

Low clinoenstatite and orthoenstatite also differ from other 

pyroxenes in that they possess two symmetrically distinct tetrahe- 
dral chains. The chains differ from each other in kinking angle, 
distortion, and size of tetrahedra. The kinking angle in pyroxene 
tetrahedral chains is defined as the angle between the 03-03-03 
oxygens. An ideal, fully extended chain has an 03-03-03 angle of 
180 ø, whereas a fully kinked chain has an 03-03-03 angle of 
120 ø. In orthopyroxenes, the tetrahedra of the more kinked chain 
are larger and share no edges with the M2 octahedra. 

The substitution of Fe 2+ for Mg 2+ affects the pyroxene 
structure in several ways. The size of both octahedra increase with 
iron content, and the M2 site becomes more distorted, while the 
M1 site remains regular [Virgo and Hafner, 1969]. Iron substitu- 
tion also tends to straighten the tetrahedral chains. In orthopyrox- 
enes, c•/tion site ordering is strong with Mg preferring the M1 site 
and Fe 2+ preferring the M2 site [Ghose, 1965]. However, the 
extent of ordering is dependent on thermal history [Evans et al., 
1967] and is therefore generally unknown. Virgo and Hafner 
[1969] have shown from Mossbauer spectroscopy that heating of 
samples can induce disorder. They conclude that crystals from 
volcanic rocks are likely to retain metastable disorder as a result of 
rapid cooling, while those from granulite facies metamorphic 
rocks should exhibit a high degree of order. 

3.2 Structural and Chemical Control of Elasticity 

With this study, the single-crystal elasticity data base for ortho- 
pyroxenes expands to six compositions: End00 [Weidner et al., 
1978], En94 (this study), En84 [Kumazawa, 1969], En80 [Frisillo 
and Barsch, 1972, Webb and Jackson, 1985], En0 [Bass and 
Weidner, 1984], and a bronzite of unknown composition [Ryzhova 

TABLE 3. Single-Crystal Elastic Constants of Enstatite 

Stiffnesses, GPa Compliances, GPa -• 

c• = 229.3 + 1.1 s• = 0.00520 
C22 = 167.0 + 1.1 $22 = 0.00723 
c33 = 193.9 + 1.5 s33 - 0.00566 
c44 = 79.7 + 0.7 s44 = 0.01253 
c55 = 76.1 + 0.6 s55 = 0.01314 
c66 -- 77.1 q- 0.8 s66 = 0.01297 
c•2 = 73.6 + 1.7 s•2 = -0.00206 
c•3 = 49.8 q- 1.6 s•3 = -0.00084 
c23 = 46.6 + 1.6 S23 -- 0.00121 

The uncertainties listed are one standard deviation in the last unit(s) based 
on an rms deviation of 35 m/s. 
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et al., 1966]. Several other pyroxenes have also been character- 
ized including jadeite [Kandelin and Weidner, 1987a], hedenber- 
gite [Kandelin and Weidner, 1987b], protoenstatite [Vaughan and 
Bass, 1983], germanate orthopyroxene [Kandelin et al., 1983], 
diopside [Levien et al., 1979], and several additional monoclinic 
pyroxenes [Aleksandrov et al., 1963; Aleksandrov and Ryzhova, 
1961 ]. A number of papers [Bass and Weidner, 1984; Vaughan 
and Bass, 1983; Weidner and Vaughan, 1982; Weidner et al., 
1982] have attempted to relate structural and chemical variations 
among pyroxenes to their single-crystal elastic properties. This is 
accomplished by envisioning the structure as composed of a num- 
ber of elastic units, usually coordination polyhedra. Elastic moduli 
then depend qualitatively on the stiffness of the polyhedra, their 
linkages, and their ability to accommodate stress by other means 
(i.e. rotation). 

Table 6 and Figure 4 show the variation of individual elastic 
stiffnesses as a function of composition for five orthopyroxenes. 
Figure 4 shows that the individual moduli do not vary systemati- 
cally between end-members. Most moduli achieve maxima or 
minima at intermediate compositions. This is in contrast to the 
way the elastic properties of solid solutions are thought to behave. 
Although the variation of moduli within solid solutions is poorly 
understood [Jackson et al., 1978], it is generally assumed that the 
elastic properties of intermediate compositions are linearly related 
in some way to the end-member properties. The weighting factors 
are usually taken to be either mole fractions of end members [lsaak 
and Graham, 1976; Babuska et al., 1978] or molar volumes 
[Takahashi and Liu, 1970]. 

Empirical evidence from a number of systems supports the gen- 
eral applicability of linear mixing models, particularly for bulk 
properties [Jackson et al., 1978]. For individual moduli in ortho- 
pyroxenes, the evidence clearly does not support such models. 

However, it may be possible to explain some of these nonsyste- 
matic variations by reference to the structural-mechanical model 
described above. 

3.2.1 Modulus cid. The modulus c• is thought to depend 
strongly on composition [Weidner and Vaughan, 1982]. Referring 
to Figure 3, a stress applied along a is normal to layering and 
should depend on the weakest layer. High-pressure structural 
studies of pyroxenes have shown that the tetrahedra are less 
compressable than the octahedra. In addition, the tetrahedra have 
little rotational freedom in response to a stress in this direction. 
Therefore it is expected that c•] should depend most on the stiffest 
element in the octahedral layer. Structural studies indicate that this 
is M1, in keeping with the idea that shorter bonds are stronger 
bonds. The modulus c]• should then directly reflect the composi- 
tion of the M1 site. Such a conclusion is reinforced by the linear 
relationship observed between average M1-O bond distance 
(<M1-O>) and c• for pyroxenes of different structures and com- 
positions [Bass and Weidner, 1984]. The small variability of c•] 
for all pyroxenes is taken as evidence that structural controls are 
more important than chemical variations in defining pyroxene 
elasticity [Weidner and Vaughan, 1982]. The small variability of 
c• for orthopyroxenes in the compositional range En80-En•00 is 
believed to be consistent with a model of ordered substitution of 
Fe 2+ into the M2 site [Bass and Weidner, 1984]. 

3.2.2 Effect of ordering. If one assumes complete ordering of 
iron and magnesium in the octahedral sites and if one assumes that 
c]] and c22 are controlled by M1 and M2, then an alternative 
interpretation is that between En]00 and En50, iron should go into 
the M2 site; therefore M1 and hence c• should remain constant. 
However, c22 should decrease with increasing iron content 
because it is dependent on M2, and Fe-containing octahedra are 
more compressable than Mg-containing octahedra. At En50, M2 is 
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TABLE 4. Acoustic Velocities Determined for Enstatite 

Direction Compressional Shear V Shear H 

No. X Y Z Obser. Calc. Diff. Obser. Calc. Diff. Obser. Calc. Diff. 

1 -0.999 0.034 0.010 8372 4815 4821 -6 4881 4853 29 
2 -0.998 0.018 -0.060 8447 8369 79 4892 4854 37 -- 4823 -- 
3 0.997 -0.078 -0.010 8357 8372 -15 • 4822 4843 
4 0.986 0.169 -0.006 8401 8369 32 4783 4824 -41 4803 • 
5 -0.947 -0.321 0.004 8373 8356 18 4845 4833 12 4679 -- 
6 0.916 -0.401 0.003 8316 8337 -21 4865 4840 25 • 4593 • 
7 -0.872 -0.490 0.001 -- 8301 -- 4861 4849 12 • 4492 • 
8 -0.862 0.507 0.015 8338 8292 46 4866 4851 15 • 4473 • 
9 0.853 -0.522 -0.015 8282 4825 4853 -27 • 4456 -- 

10 0.805 -0.593 -0.016 8218 8231 -13 • 4862 -- 4385 
11 0.729 -0.684 -0.016 8130 8131 -1 4909 4876 34 4317 • 
12 0.720 0.694 0.003 8112 8117 -5 4873 4877 -4 4319 4313 7 
13 -0.678 -0.735 -0.005 8013 8055 -42 4906 4883 23 • 4302 • 
14 0.616 -0.788 -0.016 7972 7954 18 -- 4893 -- 4310 • 
15 0.542 -0.840 -0.017 7816 7828 -11 • 4903 4318 4352 -34 
16 -0.532 -0.846 -0.007 • 7811 • 4906 4904 3 -- 4359 
17 0.496 -0.868 -0.017 • 7746 • 4891 4908 -17 • 4391 • 
18 -0.465 0.885 0.017 7714 7693 21 -- 4911 • • 4422 • 
19 -0.379 -0.925 -0.010 7532 7543 -11 • 4920 • 4552 4523 29 
20 -0.375 -0.927 -0.010 7562 7537 25 • 4920 -- • 4528 • 
21 -0.307 -0.952 -0.011 7416 7425 -9 w 4925 • • 4614 • 
22 -0.214 0.977 0.016 -- 7291 • 4958 4931 27 4725 • 
23 0.172 0.985 0.013 7264 7242 22 • 4933 • 4768 -- 
24 0.126 0.992 0.013 7169 7198 -29 4934 • -- 4807 • 

25 -0.017 -1.000 -0.014 7165 7146 19 4973 4935 37 4907 4853 54 
26 0.014 0.964 0.265 7250 7274 -23 4828 4804 24 • 4854 • 
27 0.026 0.935 -0.354 7330 7360 -30 -- 4720 • • 4852 -- 
28 0.006 0.879 -0.476 7450 7484 -34 4572 4612 -40 • 4847 • 
29 0.026 0.814 0.580 7690 7588 101 4593 4539 54 • 4844 • 
30 0.012 0.785 -0.620 7616 7624 -8 4520 4522 -2 • 4842 -- 
31 -0.049 -0.529 0.847 7768 7755 13 4638 4605 34 • 4833 • 
32 -0.069 -0.415 0.907 7763 7753 11 4677 4702 -25 • 4831 • 
33 -0.046 -0.259 0.965 7721 7727 -6 4800 4837 -37 -- 4822 • 
34 -0.048 -0.011 0.999 7725 7699 26 4936 • 4837 4822 15 

35 0.234 0.028 0.972 7720 7717 3 4908 4930 -22 • 4851 • 
36 0.506 0.008 0.863 • 7809 4861 4915 -54 • 4929 -- 
37 0.595 0.008 0.804 7863 7865 -2 • 4907 • -- 4947 • 
38 0.661 0.007 0.750 7903 7918 -15 • 4900 -- • 4954 • 
39 -0.689 0.019 0.724 7951 7944 7 4886 4897 -11 • 4955 • 
40 0.726 0.006 0.688 7932 7980 -49 4850 4893 -44 4893 4953 -59 
41 0.760 -0.007 -0.650 8087 8017 70 4945 4948 -3 • 4889 -- 
42 -0.804 0.008 0.595 7953 8070 -117 4884 • 4929 4938 -9 
43 0.832 0.004 0.554 • 8107 • 4797 4880 -83 • 4928 • 
44 0.875 -0.026 0.484 8197 8167 31 4899 4909 -10 -- 4873 • 
45 -0.893 -0.050 0.448 8128 8195 -67 4867 • 4903 4900 3 
46 -0.978 0.004 0.210 8294 8332 -38 4855 4858 -3 • 4841 • 
47 0.969 -0.014 0.248 8323 8316 6 4838 4848 -10 • 4859 -- 
48 0.993 -0.025 0.119 8383 8359 24 4869 4827 41 • 4855 • 

The rms error = 35 m/s. Reference number refers to the acoustic direction and corresponds to the data point numbers in Figure 1. Directions are the 
direction cosines of the wave normal of the particular acoustic wave, relative to the IRE orthonormal crystallographic coordinates (X parallel to a*, Y parallel 
to b*, and Z parallel to c). The three sets of three columns each are the velocities of the compressional and two shear modes, in meters per second. The 
displacement of the vertical shear mode is approximately (0,0,1) for directions 1-24, (1,0,0) for directions 25-34,and (0,1,0) for directions 35-48. 

filled with iron and any additional iron must enter M1; therefore 
c22 should now remain constant, while c• should now decrease 
with increasing iron content. This is shown in Figure 5. 

3.2.3 Modulus c33. The modulus c33 is the most variable of the 
longitudinal moduli. According to our model, it should depend on 
the chains of tetrahedra running along c [Weidner and Vaughan, 
1982]. The stiffness of the tetrahedral chains is believed to depend 
on their rotational freedom as measured by the kinking angle. The 
inconsistency of some of the experimental data with this interpre- 
tation led to the modification that there is some angle of kinking 
below which the tetrahedral chains become passive and the octa- 

hedral bands support the strain [Vaughan and Bass, 1983]. The 
notion of some compositional influence over c33 is supported by 
the nearly linear decrease of c33 with composition found by Bass 
and Weldnet [1984]. 

The most anomalous elastic constant measured in this study is 
also c33: it decreases 12% between End00 and En94 and increases 
6% between En94 and Ens4. While the overall trend for c33 is to 
decrease with increasing iron content, it undergoes a sharp linear 
increase with iron in the range En94-En80. The results of this 
study suggest that c33 cannot be related to composition in any 
simple systematic way. 
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Fig. 2. Projection of orthoenstatite onto the (100) plane. The octahe- 
dra form wide bands, and the tetrahedra form chains along [001 ]. The 
larger, distorted M2 octahedra share edges with tetrahedra; the M1 
octahedra share comers with tetrahedra. Also shown are the voids in 

the octahedral layer. 

3.2.4 Comparison of c• with C33. For all orthopyroxenes c• 
is greater than C33 while for such other pyroxenes as protoensta- 
tite, diopside, and jadeite, c• is less than c33. It is interesting to 
note that all pyroxenes in the latter group have one symmetrically 
distinct tetrahedral chain, while orthopyroxenes have two. This' 
rule holds for structures exhibiting a wide range of kinking angles. 
For example, kinking angles in diopside and ferrosilite differ by 
only a few degrees, yet C33 for diopside is greater by about 33%. 
The explanation for this lies in the fact that one of the tetrahedral 
chains in orthopyroxenes is more kinked than the other. This chain 
is weaker, and when stress is applied along the c direction, it can 
be expected to be passive. The strain must then be distributed 
among a smaller number of structural units, and consequently, the 
modulus is lowered in value. 

3.2.5 Modulus c22. The response to stress along b is controlled 
by c22. For protoenstatite, where Li + is ordered on the M2 site, 
c22 is very low suggesting significant M2 compositional control 
[Vaughan and Bass, 1983]. Bass and Weidner [1984] concluded 
that for compositions greater than En80, the decrease of c22 is 
substantially greater than a linear trend would indicate. They 
claimed that this observation supported the idea of strong ordering 
of Fe 2+ on the M2 site. 

With the new data acquired in this study, it appears that c22 
displays a greater than linear increase with increasing iron content 
only for compositions above En94. Between En94 and Eno, there 
is little difference between the slopes of c• and c22. The curves 
do differ in that c• appears to vary more smoothly than c22. This 

C 

Fig. 3. Orthoenstatite structure viewed down [010]. Tetrahedra and 
octahedra are arranged in alternating layers along [100]. 

is consistent with the view that variations in site ordering result in 
localized changes in c22, but the overall trend for this modulus is 
very similar to c• 2. 

For all pyroxenes studied to date, c22 is the lowest of the longi- 
tudinal moduli. This has been attributed in part to the relative ease 
of rotation in this direction and the overall weakness of the M2 site 

[Weidner and Vaughan, 1982]. It has also been proposed that 
voids in the b-c plane lower the value of c22 [Vaughan and Bass, 
1983]. However, the data do not support this last idea. When large 
cations occupy the M2 site, the voids in the structure are filled in 
[Cameron and Papike, 1980, 1981 ]. If the voids were significant, 
c22 for diopside would be much greater than c22 for orthoensta- 
tite. In fact, c22 for diopside is slightly less than c22 for orthoen- 
statite. Furthermore, the voids apparently do not have much affect 
on shear in the b-c plane since c44 is the largest of the shear mod- 
uli. Thus existing evidence does not support the role of structural 
voids in contributing to c22. A possibility that has not been con- 
sidered, however, is that the distortion of the M2 polyhedra can 
help explain the low value of the modulus. Structural studies indi- 
cate that M2 is only slightly less stiff than M 1 [Bass and Weidner, 

TABLE 5. Calculated and Measured Isotropic Elastic Moduli and Acoustic Velocities 

Reuss HS- VRH Average HS + Voigt 

Bulk modulus, GPa 101.2 102.0 102.3 102.4 103.3 
Shear modulus, GPa 73.2 73.8 73.9 74.0 74.6 

Compressional velocity, m/s 7795 7826 7834 7839 7872 
Bulk sound velocity, m/s 5561 5583 5592 5594 5619 
Shear velocity, m/s 4730 4749 4752 4756 4775 

Hashin-Shtrikman (HS) bounds based on Watt[1979, 1987]. 
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TABLE 6. Comparison of Pyroxene Elastic Properties 

En100 En94 En84 En80 Eno PEN DI 

Cl 1 224.7 229.3 229.9 228.6 198 219 223 
C22 177.9 167.0 165.4 160.5 136 160 171 
c33 213.6 193.9 205.7 210.4 175 242 235 
c44 77.6 79.7 83.1 81.8 59 87 74 
c55 75.9 76.1 76.4 75.5 58 45 67 
C66 81.6 77.1 79.5 77.6 49 66 66 
C12 72.4 73.6 70.1 71.0 84 87 77 
C13 54.1 49.8 57.3 54.8 72 39 81 
C23 52.7 46.6 49.6 46.0 55 42 57 

<Cl 1 > 205.4 196.7 200.3 199.8 170 207 210 
<c44> 78.4 77.6 79.7 78.3 69 66 69 
<c12> 59.7 56.7 59.0 57.3 70 59 72 

K(VRH) 107.8 102.3 105.0 103.5 101 116 106 
G(VRH) 75.7 73.9 75.0 75.5 52 63 67 
03-03-03, deg 158.9, 139.0 159.6,139.5 160.6, 140.1 161.0, 140.3 169.1,143.8 167.3 166.4 

PEN is Mg-rich Li-Sc protopyroxene; DI is diopside. References for elasticity data are given in text; 03-03-03 kinking angle from Cameron and 
Papike [ 1981 ]. Intermediate orthopyroxene values are interpolated. 

1984], but because they are elongated along b, the M2 octahedra 
may be much more compressable in that direction. 

3.2.6 Shear moduli. Due to the complexity of the pyroxene 
structure, structural and chemical controls of the shear moduli are 
more difficult to isolate. Nevertheless, some trends in the data are 
apparent. The shear moduli c55 and C66 have been found to be 

MOLE FRACTION MgSiO3 
Fig. 4. Individual moduli in orthopyroxenes. Variation of individual 
elastic stiffnesses plotted as a function of composition along the ensta- 
tite-ferrosilite join. Error bars correspond to one standard deviation in 
the moduli and are within the circles if not shown. The data points are 
En100 [Weidner et al., 1978]; En94 (this work); En84 [Kumazawa, 
1969]; En8o [Frisillo and Barsch, 1972]; and En0 [Bass and Weidner, 
[1984]. 

related to octahedral stacking along a [Vaughan and Bass, 1983]. 
The small variability of all three shear moduli for Mg-rich compo- 
sitions is taken as further evidence for strong control by site order- 
ing [Bass and Weidner, 1984]. Figure 4 shows that the shear 
moduli behave in a broadly similar way in the compositional range 
En94-En80: all vary nonsystematically, achieving local maxima at 
En84. If these variations are the result of order-disorder phenom- 
ena, then it is significant that the influence of site ordering is the 
same on each shear modulus. It should also be noted that there is 

no systematic behavior for the shear moduli above En94. Overall, 
c5s shows the least compositional variation and is consistent with 
the interpretation of structural control. The modulus c44 shows 
primarily compositional control. For almost all pyroxenes, c44 is 
the largest of the shear moduli. This can be related to the inability 

- of the polyhedral elements to take up the applied stress by rotating 
out of the b-c plane. The fact that c44 is generally not much greater 

- than the other shear moduli could indicate that this is not a major 
control of elasticity. Finally, c66 appears to be sensitive to both 
structure and composition. 

3.2.7 Off-diagonal moduli. The off-diagonal moduli (cl2, cl3, 

I o o o 
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MOLE FRACTION MgSiO 3 
Fig. 5. Hypothetical relation between longitudinal elastic moduli and 
composition for orthopyroxenes based on a structural mechanical model. 
Assumptions are that the intermediate composition minerals are fully 
ordered with respect to magnesium and iron in M2 and M1, respectively. 
Modified from Vaughan [1986]. 
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and C23) are even more difficult to interpret because of the greater 
complexity of the forces that govern them and the larger error bars 
in the data. Normally, the off-diagonal moduli of the pyroxenes 
are the least variable. Table 6 indicates that c•2 and c23 vary little 
with either structure or composition. On the other hand, C l3 shows 
little compositional variation but can show a great deal of struc- 
tural variation. This modulus then is probably related to the stack- 
ing of the octahedral layers. It should also be noted that between 
En94 and En80, c•3 and c23 behave similarly to the shear moduli, 
with local maxima at En84. The opposite behavior is observed for 
Cl2, which achieves a minimum at En84. Thus it is possible that 
the nonsystematic behavior of all these moduli may have the same 
underlying cause. 

The off-diagonal moduli are unique in that they increase with 
iron content. This has been attributed to fundamental differences 

between transition-metal and alkaline-Earth cations [Weidner et 
al., 1982]. The relative magnitudes of the moduli can be explained 
with reference to our model. In general, the off-diagonal moduli 
represent the resistance to expansion in a direction normal to 
applied stress (Table 2). c23 and C13 are low relative to c•2 
because the structure can expand relatively easily along the c 

1.0 0.9 0.8 
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0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 

MOLE FRACTION MgSiO 3 
Fig. 7. Aggregate Moduli of Orthopyroxenes. Bulk (K) and shear (•) 
moduli (VRH averages) of orthopyroxenes of figure 6. Error bars 
indicate the Voigt and Reuss bounds of the moduli but do not indicate 
the uncertainties in those bounds. 

direction by straightening of the tetrahedral chains. Conversely, 80% Mg. However, our results suggest that <c•2> is best described 
there is no easy way for the structure to expand normal to c. by a linear increase with decreasing enstatite content. The off-di- 

3.2.8 Averaged moduli. Figure 6 shows a plot of the averaged agonal moduli tend to vary little from one pyroxene to the next, as 
moduli <Cll>, <C44>, and <c•2> as functions of composition, discussed above. With this study, nonsystematic variations in 
(where <c•> is the average of c•, C22, and c33; <C44> is the <Cll> become apparent for the first time, largely as a result of the 
average of c44, c55, and c66; and <c•2> is the average of c•2, c•3, low value of c33. This is in sharp contrast to the olivine system 
and c23). The low variability of <c•2> and <c44> at low Fe concen- where the behavior of all three averaged moduli is approximately 
trations has been attributed to site ordering [Bass and Weidner, linear [Yeganeh-Haeri and Vaughan, 1984]. 
1984]. The results of this study concur with the notion that vada- The Voigt-Reuss-Hill (VRH) averages for the bulk and shear 
tion in <c44> is strongly damped at concentrations of greater than moduli derived from the single-crystal data are shown in Figure 7. 

O- 

O_ 

O_ 

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 

MOLE FRACTION •½SiO 3 
Fig. 6. Average moduli vs. composition for orthopyroxenes. Data 
points are the same as in Figure 4. 

The bulk modulus Ks measured in this work is consistent with the 
interpretation that Ks depends only on crystal structure and is 
independent of composition [Bass and Weidner, 1984; Anderson, 
1976; Jackson et al., 1978]. Our bulk modulus is 5% lower than 

_ that measured for pure orthoenstatite by Weidner et al. [1978]. 
The difference is largely due to our lower values of C22 and c33 
and to differences in <c•2>. The value of <c•2> measured by Weid- 

- ner et al. is uncertain. The results of this study, together with the 
results from the bronzites, suggest that their value may be overes- 

_ timated, although certainly within reported uncertainties. Thus we 
feel that our result is a better estimate of the bulk modulus for 

enstatite composition orthopyroxenes. 
- Previously measured shear moduli for compositions greater than 

0.8 mole fraction enstatite have been found to be nearly constant. 
This has been explained as a consequence of site preferences [Bass 
and Weidner, 1984]. The value obtained in this study, however, is 
most consistent with a linear increase with decreasing enstatite 

- content. This discrepancy could merely be a reflection of differ- 
ences between samples. For example, if the bronzites of Kuma- 
zawa [ 1969] and Frisillo and Barsch [ 1972] are highly ordered and 

_ 

our sample is disordered, then the observed behavior is exactly as 
expected. Better crystallographic characterization of samples 

- could help settle this issue. 
The nonlinear variations in moduli evideiat in Figures 4, 6, and 7 

might be attributable to differences in the various experimental 
_ 

techniques. However, the elastic constants measured here are 
generally more consistent with the ultrasonic data of Kumazawa 
[1969] than with the Brillouin data of Weidner et al. [1978]. Fur- 
thermore, ultrasonics and Brillouin scattering have been shown to 
give similar results [Vaughan et al., 1981' Weidner et al., 1978]. 
Thus it does not seem likely that experimental differences can 
explain the resulting complex variation. The role of impurities has 
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been discussed above and can be considered to be minor because 

the quantity of impurities is small. The best explanation for the 
nonsystematic behavior is that it represents the sum of sample-to- 
sample variations in such factors as cation site ordering. The 
unusual behavior between En94 and End00 probably cannot be 
explained by small differences in chemistry, however. These dis- 
crepancies may reflect intrinsic differences between the elastic 
behavior of natural and synthetic samples. On the other hand, the 
differences may be due to the limitations of the data set of Weidner 
et al. [1978]. Among the problems with their data is that they 
made no explicit corrections for the effect of refraction at crystal 
faces, nor did they account for the variation of refractive index in 
the incident and scattered directions. However, these errors are 

likely to be small because of the low refractive index and birefrin- 
gence of orthoenstatite. Furthermore, they measured fewer veloci- 
ties which were not as well distributed as the velocities measured 

in this study. A useful step in resolving some of the problems dis- 
cussed above would be to remeasure the elastic constants of pure 
orthoenstatite. 

4. CONCLUSIONS 

Brillouin scattering has been used to measure the single-crystal 
elastic constants of an orthopyroxene of enstatite composition at 
20øC and 1 bar. The new data have been compared with extant 
single-crystal pyroxene elasticity data, and previously identified 
nonsystematic behavior is confirmed. Some of this behavior can 
be qualitatively related to crystal structure and composition on the 
basis of a structural-mechanical model. 

The longitudinal moduli tend to be more variable than the oth- 
ers. The moduli c• and ½22 are primarily related to the composi- 
tion of the octahedral sites. The modulus c• for intermediate 
composition orthopyroxenes is found to deviate from the observed 
linear relationship with <M 1-O>. This is attributed to the effects of 
both site ordering and impurities. The modulus ½22 shows near 
linear variation over greater than 90% of the compositional range 
of orthopyroxenes. The modulus c33 displays a very pronounced 
minimum at En94 which could not be explained by any structural 
or chemical features. We do note, however, that the magnitude of 
½33 relative to c• is well correlated with the number of distinct 
tetrahedral chains. 

The shear and off-diagonal moduli, although nonsystematic, 
tend to vary in similar ways, as most moduli achieve local minima 
or maxima at En84. This is believed to be a reflection of small- 
scale sample-to-sample variabilities. For low Fe concentrations, 
the behavior of the shear moduli is best explained by ordered 
cation substitution. The low variability of the off-diagonal moduli, 
however, is probably a basic feature of the pyroxene structure. 

Among the averaged moduli, nonsystematic variation in <c•> is 
apparent for the first time with this study. It is caused by the 
unusual behavior of c33. The averaged shear modulus, <C44> , 
reflects order-disorder phenomena as discussed above; and <c•2> is 
consistent with a linear rate of decrease between end-members. 

The shear modulus, m, measured here appears to vary linearly 
with composition. The bulk modulus is essentially constant for all 
orthopyroxenes. Our value for the bulk modulus is 5% lower than 
that measured by Weidner et al. [1978]. We believe that ours is a 
better value because the individual constants are more tightly con- 
strained. In many cases our data define a different trend than that 
suggested by the data for the Mg-rich end-member. It may be pos- 
sible to resolve these discrepancies by remeasuring the elastic 
constants of pure orthoenstatite. In addition, it may be possible to 
answer questions about some individual moduli (c• and c33, for 

example) and about the effects of site ordering by better crystallo- 
graphic characterization of the sample used in this study and by 
additional measurements on well characterized samples in a wider 
compositional range, especially En0 to En80. 
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