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abStraCt

The 13 single-crystal adiabatic elastic moduli (Cij) of a C2/c jadeite sample close to the ideal compo-
sition (NaAlSi2O6) and a natural P2/n diopside-rich omphacite sample have been measured at ambient 
condition by Brillouin spectroscopy. The obtained Cij values for the jadeite sample are: C11 = 265.4(9) 
GPa, C22 = 247(1) GPa, C33 = 274(1) GPa, C44 = 85.8(7) GPa, C55 = 69.3(5) GPa, C66 = 93.0(7) GPa, 
C12 = 84(1) GPa, C13 = 66(1) GPa, C23 = 87(2) GPa, C15 = 5.4(7) GPa, C25 = 17(1) GPa, C35 = 28.7(6) 
GPa, C46 = 14.6(6) GPa. Voigt-Reuss-Hill averaging of the Cij values yields aggregate bulk modulus 
KS = 138(3) GPa and shear modulus G = 84(2) GPa for jadeite. Systematic analysis combing previ-
ous single-crystal elasticity measurements within the diopside-jadeite solid solution indicates that the 
linear trends are valid for most Cij values. The vp and vs of omphacite decrease with diopside content, 
though the velocity changes are small as diopside component exceeds 70%. We also found that both 
the isotropic vp and vs, as well as the seismic anisotropy of eclogite, changed strongly with the bulk-
chemical composition. The relationship between the anisotropic velocities of eclogite and the chemical 
composition can be a useful tool to trace the origin of the eclogitic materials in the Earth’s mantle.
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introduCtion

Clinopyroxene (Cpx) is one of the major mineral phases in 
the Earth’s upper mantle (Ringwood 1975; Anderson and Bass 
1984). The chemical composition of the upper mantle Cpx is 
close to Fe-bearing diopside (Di, CaMgSi2O6), with significant 
jadeite (Jd, NaAlSi2O6) component (e.g., Nestola et al. 2016). The 
crust of the subducted slabs and the delaminated lithosphere from 
continental roots form eclogite at depth >70–100 km (Irifune 
et al. 1986; Kay and Kay 1993). Cpx constitutes up to 70% of 
natural eclogite. The Cpx in eclogite is essentially Fe-bearing 
omphacite, which is the solid solution between Di and Jd. The 
coupled substitution of (Ca, Mg) for (Na, Al) in the Di-Jd solid 
solution stiffens the crystal structure, which has been confirmed 
by both the high-pressure single-crystal X-ray diffraction ex-
periments and the sound velocity measurements (Kandelin and 
Weidner 1988; Nestola et al. 2006; Sang et al. 2011; Pandolfo et 
al. 2012; Zhang et al. 2016). The bulk (KS) and shear (G) moduli 
of the end-member Jd are ~25% and ~18% higher, respectively, 
than the end-member Di (Kandelin and Weidner 1988; Sang et 
al. 2011). In the Di-Jd solid solution, the chemical composition 
strongly influences the elastic properties and therefore, should 
be considered for modeling the seismic properties of pyrolite 
and eclogite.

The general chemical formula of Cpx is (M2M1)Si2O6. The 
M2 site is usually occupied by cations with larger ionic radii, 

such as Ca2+ and Na+. The M1 site is slightly smaller, thus 
preferred by smaller cations, such as Mg2+ and Al3+. At low-
temperature conditions, the cations in the M1 and M2 sites are 
usually ordered, and the omphacite crystals show a lower P2/n 
symmetry, compared with the higher C2/c symmetry of the Di 
and Jd end-members. As temperature increases, the ordering of 
the cations degrades in both the M1 and M2 sites, and eventually, 
the ordered P2/n structure will convert to a completely disordered 
C2/c structure at temperatures higher than ~725 °C (Fleet et al. 
1978; Carpenter 1980).

Previous high-pressure equation of state studies in the Di-Jd 
solid solution (e.g., Nestola et al. 2006; Pandolfo et al. 2012; 
Zhang et al. 2016) provided constraints to the composition-
dependent isothermal bulk modulus (KT). However, determina-
tion of the seismic velocities and elastic anisotropy requires direct 
single-crystal sound velocity measurements. The single-crystal 
elastic properties of Cpx with close to upper mantle chemical 
compositions have been studied previously (Levien et al. 1979; 
Bhagat et al. 1992; Collins and Brown 1998; Isaak and Ohno 
2003; Norris 2008; Sang et al. 2011; Walker 2012; Skelton and 
Walker 2015). Levien et al. (1979) first measured the single-crys-
tal elasticity of the Di end-member using Brillouin spectroscopy, 
and the results were improved in a more recent study by Sang 
et al. (2011). Isaak and Ohno (2003) measured a Cr-bearing Di 
using resonant ultrasound spectroscopy, which agrees well with 
Sang et al. (2011), suggesting that the incorporation of small 
amounts of Cr has no resolvable effect on the elastic properties. 
A Cpx with more realistic and complicated upper mantle com-
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position was measured by Collins and Brown (1998) using the 
stimulated light scattering technique. They found some irregular 
trends that deviate from linear mixing models for C55, C66, and 
C35. Omphacite has only once been measured at ambient condi-
tion by Bhagat et al. (1992). The sample used by Bhagat et al. 
(1992) is Jd-rich, whereas no single-crystal elasticity measure-
ments are available for the Di-rich omphacites. Walker (2012) 
and Skelton and Walker (2015) theoretically determined the Cij 
values of Di, Jd, and Di50Jd50 at 0 K using density functional 
theory calculations. They found that the linear mixing model 
did not work for C11, C12, C13, and C23. However, it remains 
unknown whether their conclusion still holds at temperatures 
higher than 0 K.

To improve our understanding of the single-crystal elastic 
properties of omphacite in the Di-Jd solid solution, we have 
measured the elastic properties of a C2/c Jd and a P2/n Di-rich 
omphacite at ambient condition. The accuracy and precision of 
the single-crystal Brillouin spectroscopy measurements are much 
better compared to several decades ago (Zhang et al. 2011; Bass 
and Zhang 2015). Employing the new results obtained in this 
study, we reanalyzed the elastic properties of the Di-Jd solid 
solution and explored the compositional effects on the seismic 
properties of eclogite over a wide compositional range.

exPeriMental MetHodS

The compositions of the natural Jd and omphacite samples were measured 
by electron probe microanalysis (EPMA), using the JEOL 8200 Electron Micro-
probe facility hosted by the Institute of Meteoritics at University of New Mexico 
(UNM). Approximately 1 mm size crystals were polished and used for EPMA 
analysis, operating at 15 kV accelerating voltage and 20 nA beam current. The 
element standards were albite for Na, forsterite for Mg, almandine for Al and Fe, 
diopside for Si and Ca. Oxygen was calculated by stoichiometry from the cations. 
The detailed analysis results are summarized in Table 1. Normalizing the chemi-
cal analysis in terms of Di and Jd yields simplified compositions of Di3.2Jd96.8 for 
the Jd sample and Di70.5Jd29.5 for the omphacite sample. The crystals were then 
double-side polished into pellets with ~15 mm thickness. They were scratch-free 
and inclusion-free under optical examination.

The unit-cell parameters and crystallographic orientations for all samples were 
determined by single-crystal X-ray diffraction at GeoSoilEnviroCARS experimental 
station 13-BM-D, Advanced Photon Source, Argonne National Laboratory. The 
X-ray was monochromated to 37.0 keV and focused to 3–4 × 7–8 mm. A station-
ary Perkin-Elmer image plate was used as the detector. Diffraction images were 
collected at 1 °/step for the ±16° opening and the exposure time was 5 s/°. The 
obtained unit-cell parameters are: a = 9.439(5), b = 8.583(4), c = 5.228(1) Å, b 
= 107.50(2)°, and V0 = 404.0(3) Å3 [density r = 3.302(5) g/cm3] for Di3.2Jd96.8; a 
= 9.632(3), b = 8.843(3), c = 5.245(1) Å, b = 106.31(2)°, and V0 = 428.8(2) Å3 
[density r = 3.339(2) g/cm3] for Di70.5Jd29.5. The space groups are also confirmed 
to be C2/c and P2/n for the Jd and omphacite sample, respectively.

For each sample, we used three different orientations for the single-crystal 
Brillouin spectroscopy measurements. The face normals of the measured samples 
are: (–0.692, 0.714, –0.106), (0.116, 0.993, –0.021), and (–0.043, 0.130, –0.999) 
for Di3.2Jd96.8; (–0.044, 0.979, 0.197), (0.242, 0.299, –0.923), and (0.697, 0.717, 
–0.016) for Di70.5Jd29.5. The accuracy of the measured plane normals is 0.5° or better.

The Brillouin spectroscopy experiments were performed in the high-pressure 

laser spectroscopy laboratory at UNM. We used a 300 mW 532 nm single-mode 
diode-pumped solid-state laser as the light source. The measurements were carried 
out using a 50° symmetric forward scattering geometry. The scattering angle was 
calibrated to be 50.37(5)° using a standard silica glass Corning 7980 (Zhang et al. 
2011, 2015). For each crystal, shear velocities (vs) and compressional velocities 
(vp) were measured at 13 different c angles (0, 30, 60, 90, 120, 150, 180, 195, 
225, 255, 285, 315, 345) along the 360° azimuth to avoid any geometrical errors. 
All Brillouin spectra are with excellent signal-to-noise ratios. A typical Brillouin 
spectrum is shown in Figure 1.

reSultS and diSCuSSion

A least-square inversion of the Christoffel equation was used 
to calculate the best-fit values for the 13 independent Cij values at 
ambient condition (Weidner and Carleton 1977). The measured 
velocities associated with the velocity model predicted by the 
Cij model of Jd are shown in Figure 2. The ambient KS and G 
were calculated using the Voigt-Reuss-Hill (VRH) averaging 
scheme (Hill 1963). The KS and G are 138(3)  and 84(2) GPa for 
Di3.2Jd96.8, and 123(3) and 73(2) GPa for Di70.5Jd29.5, respectively.

Table 2 shows a complete list of the Cij values obtained in 
this study alongside with both the results of the end-member 
Jd measured by Kandelin and Weidner (1988), and those of 
the Jd-rich omphacite determined by Bhagat et al. (1992). The 
Cij values of the Di3.2Jd96.8 sample measured in this study are in 
general agreement, yet with much smaller uncertainties, com-
pared with Kandelin and Weidner (1988). The small amount of 
the Di component in our Jd sample may explain the smaller C12 
and KS determined in this study. As expected, most Cij values of 
the Di70.5Jd29.5 sample measured in this study are smaller than 
the values of the Di34.1Jd65.9 omphacite measured by Bhagat et 
al. (1992).

Figure 3 shows the elastic moduli change as a function of 
chemical composition in the Di-Jd solid solution (Kandelin and 
Weidner 1988; Bhagat et al. 1992; Collins and Brown 1998; Isaak 
and Ohno 2003; Sang et al. 2011). We have utilized the follow-
ing empirical polynomial function to describe the compositional 
dependence of the elastic moduli:

E = a0 + a1 × c + a2 × c2  (1)

TABLE 1.  The chemical composition of the Cpx samples used in this 
study

Elements Di70.5Jd29.5 (wt%) Di3.2Jd96.8 (wt%)

Na2O 4.13 14.65
MgO 11.77 0.42
Al2O3 7.59 24.42
SiO2 54.73 59.62
CaO 17.59 0.81
FeO 3.59 0.69
 Total 99.42 100.62

Figure 1. A typical the Brillouin spectrum showing one vs and one 
vp from the sample.
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where E represents the elastic properties, including the Cij 
values, KS, and G; c is the proportion of the Di component in 
the Di-Jd solid solution; a0, a1, and a2 are the fitting parameters 
shown in Table 3. The red-shaded regions in Figure 3 represent 
the 95% confidence intervals. Similar to the negative correla-
tion between the Di content and the KT determined by previous 
X-ray diffraction experiments, the directly measured KS and 
G linearly decrease with the Di content as well. Actually, all 
single-crystal elastic moduli show close-to-linear relationships 
with the Jd and Di content, except C13 and C23. The C13 and C23 
of omphacite are slightly higher and lower, respectively, than 
the predicted values from linear mixing models. The omphacite 
sample we measured is Cr-free. In Figure 3, most of the elastic 
moduli measured by Isaak and Ohno (2003) are actually within 
the shaded 95% confidence intervals. This confirms that a small 
amount of Cr does not have a noticeable influence on the elastic 
properties of Di as reported by Sang et al. (2011). It is also worth 
noting that the C33, C55, and C35 values of the sample measured 
by Collins and Brown (1998) lie outside the trends determined 
from other measurements, which may be explained by the high 
Tschermak’s content (12 mol%) of the sample measured by 
Collins and Brown (1998).

Skelton and Walker (2015) theoretically calculated the elastic 
properties of Di50Jd50 omphacite and compared with Walker 
(2012) to investigate the elasticity change within the Di-Jd solid 
solution at 0 K. They found out that the C11, C12, C13, and C23 of 
omphacite were off from the linear mixing trend of Di and Jd. 
In this study, the C13 and C23 of omphacite are indeed slightly 

higher and lower than the values predicted by the linear mixing 
model. However, the C11 and C12 actually agree well (Fig. 3). 
The difference between this study and Skelton and Walker (2015) 
may result from the temperature difference. Our measurements 
were carried out at room temperature, whereas their calculation 
was performed at 0 K. Skelton and Walker (2015) suggested 
that the differential cation ordering between the M1 site and 
M2 site in omphacite caused the nonlinear mixing. In particular, 
the cations in the M2 site are more disordered than M1 at low 
temperatures. Elevating the temperature would disorder the 
cations within the crystal structure and result in a close to linear 
mixing trend. This might explain the absence of the nonlinear 
mixing trend in C11 and C12 observed in this study. The differences 
between the measured values and the predicted linear mixing 
values of C13 and C23 are also smaller than what was calculated 
by Skelton and Walker (2015). Further computational investiga-
tions at room-temperature condition can help us quantitatively 
understand the differences between this experimental study and 
previous theoretical investigations, as well as critically evaluate 
our explanations above.

geoPHySiCal iMPliCationS

Based on the measured single-crystal elastic properties, we 
calculated the aggregate vs and vp within the Di-Jd solid solu-
tion (Fig. 4a). Both the vp and vs display a nonlinear decrease 
with the Di content. The composition induced velocity change 
is negligible as the Di component exceeds 70%.

The Jd component of omphacite in natural eclogite varies 
from ~10 to ~65% (e.g., Coleman et al. 1965; Smyth et al. 1991; 
Bhagat et al. 1992). Based on the compositional dependence of 
the omphacite velocities obtained in this study, and the exist-
ing sound velocity measurements of garnets (Sinogeikin and 
Bass 2002; Gwanmesia et al. 2014; Arimoto et al. 2015), we 

Figure 2. Measured acoustic velocities of Jd as a function of 
laboratory c angles within the sample plane. Dashed lines are the 
acoustic velocities calculated from the best-fit single-crystal elasticity 
model; diamonds are the experimentally determined velocities. Errors 
are within the size of the symbols.

TABLE 2.  Single-crystal elastic properties of different Cpx samples 
at ambient condition

 Jd Omphacite
r (g/cm3) 3.302(5) 3.33 3.339(2) 3.327(2)
composition Di3.2Jd96.8 Jd Di70.5Jd29.5 Di34.1Jd65.9

 This study Kandelin and This study Bhagat et al. (1992)
  Weidner (1988)

C11 (GPa) 265.4(9) 274(4) 231.7(8) 257(1)
C22 (GPa) 247(1) 253(4) 202(1) 216.2(8)
C33 (GPa) 274(1) 282(3) 255.2(9) 260.2(7)
C44 (GPa) 85.8(7) 88(2) 78.4(5) 80.2(6)
C55 (GPa) 69.3(5) 65(4) 68.9(5) 70.6(4)
C66 (GPa) 93.0(7) 94(2) 73.6(4) 85.8(5)
C12 (GPa) 85(1) 94(2) 85(1) 86(1)
C13 (GPa) 66(1) 71(8) 77(1) 76(1)
C23 (GPa) 87(2) 82(4) 58(2) 71(1)
C15 (GPa) 5.4(7) 4(3) 7.8(5) 7.1(6)
C25 (GPa) 17(1) 14(4) 6(1) 13(1)
C35 (GPa) 28.7(6) 28(3) 39.5(5) 33.7(8)
C46 (GPa) 14.6(6) 13(1) 6.3(4) 10.2(3)
KS

R (GPa) 135.9(7) 141(2) 119.7(6) 128.0(5)
GR (GPa) 82.7(3) 83(2) 72.0(3) 77.7(2)
KS

V (GPa) 140.1(7) 145(2) 125.3(6) 133.5(5)
GV (GPa) 86.3(3) 87(1) 75.5(3) 80.6(2)
KS (GPa) 138(3) 143(2) 122(3) 130.8(5)
G (GPa) 84(2) 85(2) 74(2) 79.2(2)
Vp (km/s) 8.71(4) 8.77(5) 8.13(4) 8.43(4)
Vs (Km/s) 5.06(3) 5.05(5) 4.70(3) 4.88(3)
RMS error (m/s) 42.2 \ 38.8 49

Note: The superscripts R and V refer to the Reuss and Voigt bounds of the homo-
geneous isotropic aggregate under VRH averaging scheme.
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calculated the vp and vs of three different eclogites at ambient 
condition assuming the Voigt averaging scheme (Table 4, Cole-
man et al. 1965; Voigt 1889). The vp and vs of eclogite increase 
with the Jd component in omphacite. In particular, the vp and vs 
differences between the eclogite 1 and 3 are as large as 3%. The 
bulk-chemical composition of eclogite depends on its parent 
rock. If the parent rock of eclogite has a strong continental and/or 
sediment component, the omphacite in eclogite will be enriched 
in Na and Al, and thus high in Jd content (Irifune et al. 1994). 

The relationship between the absolute velocities of eclogite and 
the chemical composition can be a useful tool to trace the origin 
of the eclogitic materials in the mantle.

Due to the elastically isotropic nature of the garnet, omphacite 
is the major anisotropy contributor in eclogite. Thus, to study 
the anisotropic seismic properties of eclogite, it is important to 
investigate the composition-dependent elastic anisotropy in the 
Di-Jd solid solution.

In this study, universal anisotropy index (AU), azimuthal vp 
anisotropy (Avp), and radial vs anisotropy (Dvs) are calculated in 
the Di-Jd solid solution.

AU is used as a measure of the overall elastic anisotropy for 
materials with arbitrary symmetry (Ranganathan and Ostoja-
Starzewski 2008):

A G
G

K
K

U
V V

  5 6
R

S

S
R

  (2)

where the superscripts R and V refer to the Reuss and Voigt 
bounds of the homogeneous isotropic aggregate under VRH 
averaging scheme.

Avp represents the maximum velocity difference of all vp 
propagating along different directions:

A
v v

v
vp 

p,max p,min

p

  (3)

Figure 3. Cij values, KS, and G as a function of chemical composition in the Di-Jd solid solution. The light red shaded regions represent the 
95% confidence intervals. (Color online.)

TABLE 3.  Polynomial fitting results for the compositional dependence 
of elastic moduli of the Di–Jd solid solution; a0, a1, and a2 
are defined in Equation 1

Elastic moduli a0 a1 a2

C11 (GPa) 267(4) –39(4) 0
C22 (GPa) 243(4) –64(4) 0
C33 (GPa) 273(6) –33(7) 0
C44 (GPa) 84(1) –5(2) 0
C55 (GPa) 71(2) –2(2) 0
C66 (GPa) 89(4) –12(4) 0
C12 (GPa) 89(2) –10(3) 0
C13 (GPa) 64(3) 56(12) –50(10)
C23 (GPa) 87(4) –53(16) 26(13)
C15 (GPa) 5.3(7) 4.2(9) 0
C25 (GPa) 17(1) –11(2) 0
C35 (GPa) 30(3) 12(4) 0
C46 (GPa) 12.8(9) –6(1) 0
KS (GPa) 139.7(8) –26(1) 0
G (GPa) 83.1(9) –12(1) 0



HAO ET AL.: THE ELASTICITY OF THE JADEITE-DIOPSIDE SOLID SOLUTION1020

American Mineralogist, vol. 104, 2019

Dvs, which describes the maximum velocity difference between 
the two orthogonally polarized shear waves propagating along 
the same direction, is defined as:

D
v v

v
vs

S S max

S




1 2
.  (4)

Figures 4b, 4c, and 4d show variations of the anisotropy indices 
as a function of chemical composition in the Di-Jd solid solu-
tion. The calculated anisotropy indices, especially the AU and 
Avp, of the Cpx sample measured by Collins and Brown (1998), 
lie outside the trends determined from all the other studies. 
This again may be explained by its high Tschermak’s content 

(12mol%). The Di end-member has the highest AU, Avp, and Avs 
within the Di-Jd solid solution. The Avp decreases linearly as the 
Jd component increases. The Avp of the Di end-member is 60% 
higher than that of the Jd end-member. The trends in Dvs and 
AU are not as clear. Jd-rich omphacite seems to have similar Dvs 
and AU as Jd. Nevertheless, the enrichment of Jd component in 
omphacite is likely to decrease the overall elastic anisotropy of 
Cpx. The single-crystal elasticity data presented in this study can 
serve as the basis for future anisotropy modeling based on the 
lattice preferred orientation of the omphacite crystals in natural 
eclogite within a wide range of chemical compositions (Zhang 
et al. 2006; Zhang and Green 2007).
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