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ABSTRACT

High-pressure Brillouin scattering experiments were conducted on three natural, single-
crystal garnets with near end-member compositions. pyrope (Mg,Al,Si;O,,), grossular
(CaAlLSIL,0,,), and andradite (CafFe*+,Si,0,,). Acoustic velocities of the samples were
measured from the samples at pressuresto 10 GPain a diamond-anvil cell with a methanol-
ethanol-water pressure medium. Elastic stiffness constants (C;) and their pressure depen-
dencies (9C,/oP) were calculated, as were aggregate elastic moduli (Ks and G) and their
respective pressure derivatives. The Cauchy relations changed with pressure for both gros-
sular and andradite, suggesting that assuming these are constant is not valid for extrapo-
lation to high pressures for these and possibly other mineras. The variation in oKs/dP and
dG/oP was sensitive to composition and required a complex mixing model for extrapolation
of end-member elasticity values from garnets of intermediate compositions.

INTRODUCTION

The elastic properties of the Earth’s deep interior are
increasingly well-resolved by seismology, providing in-
vestigators with a foundation on which to base compo-
sitional models of the interior. Such models are depen-
dent, however, upon a detailed understanding of the
pressure-temperature dependence of the elastic properties
of candidate minerals and rocks.

Garnet is considered an important constituent in the
Earth’s upper mantle, but its modal amount is debated. In
the pyrolite model (Ringwood 1975), the mantle is chem-
ically homogeneous between upper and lower mantle,
whereas piclogite models (Bass and Anderson 1984; An-
derson and Bass 1986) require some chemical stratifica
tion with the lower mantle more iron and silica rich than
the upper mantle. Both of these models feature garnet as
an important mineral with transition zone abundances
ranging from 20% for pyrolite to 50% for piclogite (An-
derson and Bass 1986; Ita and Stixrude 1992). Garnet,
{X}.[Y],(2),0,,, accommodates various chemical substi-
tutions, suggesting that mantle species could be chemi-
cally diverse. Because chemical substitution at octahedral
and triangular dodecahedral sites changes relative bond
lengths and angles, the affected polyhedra may have al-
tered elastic properties as well. This study used Brillouin
spectroscopy at pressure to obtain elastic stiffness con-
stants of single crystals of three natural granets (pyrope,
grossular, and andradite) and inferred compositional de-
pendence of elastic properties and their pressure
derivatives.
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Acoustic velocities can be directly measured with sev-
eral different methods. Brillouin scattering is an optical
method involving the inelastic scattering of light by in-
teraction with acoustic phonons in a fluid or solid, which
was first applied to mantle minerals at ambient conditions
by Weidner (1975) and to minerals at high pressures in
the diamond-anvil cell by Shimizu et al. (1982). The ther-
mally generated phonons scatter monochromatic light of
wavelength, \,, and frequency, v, a an angle, «, in such
a way that the Bragg condition, \, = 2nA sin(a/2), is
satisfied, where A is the phonon wavelength. Frequency
of the phonon, v, can be described by the Bragg equation
aswdl: vy = 2v,(v/c)n sin(a/2), where n is the refractive
index and c the velocity of light in a vacuum. The fre-
quency of the scattered light is Doppler shifted, resulting
in the Brillouin doublet, given by v, + v, = v, = 2v,(v/IC)n
Sin(e/2). Shimizu and Sasaki (1992) demonstrated the
feasibility of collecting a full set of sound velocity data
from cubic crystals within a single plane. Zha et a.
(1996) successfully determined a complete set of elastic
stiffness constants with velocity data collected from asin-
gle-crystal forsterite [111] platelet. The feasibility of us-
ing a platelet (i.e., measurement in a single plane of a
crystal) to recover Brillouin scattering data is crucia for
high-pressure experiments because of the limited optical
access of the diamond-anvil cell. Zha et a. (1996) also
did Monte Carlo simulations to determine the reliability
of C, data collected from single plane velocity data
(again, the orthorhombic forsterite) and found that lon-
gitudinal and shear moduli were within =5% of the start-
ing values in more than 95% of the simulations, although
off-diagonal moduli (C,,, C,;, and C,;) had a somewhat
larger error, up to =10% of starting values. Ultimately,
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TaBLE 1. Garnet compositions TaBLE 2. Crystallographic data
Pyrope* Grossular Andradite Pyrope Grossular Andradite
) Cation ) Cation ) Cation Lattice parameter, A 11.466 11.849 12.048
Oxide total Oxide total Oxide total Unit—cell volume, A? 1507.425 1663.59 1748.80
Density, g/m3 3.582 3.60 3.84
sio, 3.020 sio, 2.99 sio, 3.04 enstty, g'm _
TiO, 0.001 TiO, 0.02 TiO, 0.00 Note: All of the garnets are cubic (/a3d).
ALO, 2.014 ALO, 1.97 ALO, 0.12
FeO 0.099 FeO 0.01 Fe,O, 1.83
MnO 0.001 MnO 0.01 MnO 0.04
MgO 2.781 MgO 0.04 MgO 0.00 . . .
o 0058 o 295 o b of the sample surface can introduce error in the velocity
Total 7.973 Total 7.99 Total 7.99 measurement.

Notes: Water content was determined by IR spectroscopy: pyrope and
andradite were essentially anhydrous at 0.0002 wt% (Rossman et al.
1989) and 0.001 wt% (Lu, R., personal communication, 1997), respective-
ly. Grossular contained 0.18 wt% water (sample 771 from Rossman and
Aines 1991).

* Dora Maira Massif Western Alps.

the simulations showed that aggregate compressional and
shear velocities were within 1% of calculated values from
the known set of elastic stiffness constants, despite the
somewhat large scatter in the off-diagonal C; values.

Experimental procedures

The optical system for the high-pressure Brillouin scat-
tering experiments is described elsewhere (Zha et al.
1996). The principal components are a six-pass Sander-
cock-type interferometer (Mock et a. 1987) and a single-
frequency, argon-ion laser with integral etalon for the ex-
citation source. A 514.5 nm wavelength beam was used
here.

High crystal quality and careful preparation of parallel
crystal surfaces are crucial for Brillouin scattering exper-
iments to prevent scatter due to surface imperfections
from overwhelming the weak signal. All crystals in this
study were compositionally homogeneous on the basis of
both optical and electron microprobe analysis (EMPA).
Neither the pyrope nor the grossular crystals exhibited
any detectable birefringence; the andradite showed a first-
order cream color hirefringence under crossed polars in
a 700 wm thick sample. Elemental analyses were obtained
with EMPA on a JEOL 8000 instrument; the composi-
tions are reported in Table 1. Crystallographic data are in
Table 2. All three of the crystals were broken from nat-
ural samples that had previously been examined by infra-
red spectroscopy (Rossman et al. 1989; Rossman and
Aines 1991; Lu 1997, personal communication).

Equant single crystals, approximately 1000 pm x 900
pm x 900 pm, were oriented with X-ray precession pho-
tography and subsequently polished into platelets with a
0.3 wm finish on both sides by abrading parallel [110]
faces to a thickness, t, of 13 um for the pyrope and par-
alel [100] facesto t ~ 15 um for the grossular and an-
dradite crystals. The polished crystals were broken into
several smaller pieces; final samples were approximately
square with edges <75 pm. The use of a piston-cylinder
polishing jig minimized errors in paralelism to within
0.1° (Zhaet a. 1996). Thisisimportant because curvature

A modified version of the Merrill-Bassett diamond-an-
vil cell (Mao and Bell 1980) was used (Fig. 1). The large
conical opening on either side of the symmetrical cell
alows light to be collected at forward-scattering angles
=90° and back-scattering angles =45°, the angle referring
to that between incident and scattered beam. Forward
scattering geometries are =90°. Such a wide conical hole
significantly weakens the tungsten carbide seat. There-
fore, two of the experiments used seats with narrower
optical access cones (approximately 65°). This reduction
necessitated changing the scattering geometry of the ex-
periment, resulting in a smaller Brillouin shift. The ad-
vantage, however, was the ability to achieve hydrostatic
conditions at higher pressures without sacrificing the abil-
ity to rotate the sample through several crystallographic
positions relative to the axis of the incident beam.

A stainless steel gasket was pre-compressed between
the anvils to a thickness of 50 um. Drilling generated a
200 pm diameter sample chamber. The single-crystal
samples were repeatedly cleaned, first with acetone, then
several times with ethanol to remove any debris that
might absorb the laser light, potentially react with the
pressure medium, or heat the sample.

The sample was loaded in the center of the gasket hole,
flat against the piston diamond culet, as determined by
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Ficure 1. The diamond-anvil cell showing the 90° minimum
forward scattering angle limitation.



376

Andradite Brillouin Scattering Spectrum at 8.16 GPa
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FIGURE 2. An example of a raw Brillouin scattering spec-
trum. The large pesaks in the center and at the extremes of the X
axis are the Rayleigh-scattered light. The channel numbers cor-
respond to different frequencies of the scattering peaks.

optical interference. This method effectively controlled
alignment error between sample and diamond to <0.3°,
which limits the contribution to errors in sound velocity
measurement to =0.9% (Zha et a. 1996).

A few small grains of ruby were positioned about the
garnet for pressure calibration (e.g., Mao et al. 1986). The
Brillouin scattering system was equipped with a micro-
scope-optical fiber-spectrograph apparatus for in situ
monitoring of pressure with the ruby fluorescence system.
Pressure was monitored before, during, and after al ex-
periments. The pressure transmitting medium, a 16:3:1
mixture of methanol-ethanol-water, freezes above 10 GPa
(Piermarini et al. 1973); therefore, experiments were lim-
ited to 10 GPa to ensure hydrostatic conditions. Crystal-
lographic orientation of the sample with respect to the

TaBLE 3. Pyrope acoustic velocities
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cell was determined using a precession camera with the
X-ray beam parallel to the load axis of the diamonds.
Knowledge of the orthogonal crystallographic axes
helped to ascertain directions of phonon propagation,
which were varied by rotating the cell in a chi circle of
an x-y-z stage.

Symmetrical, forward-scattering geometry with a thin
crystal platelet allowed measurement of acoustic velocity
without knowing the index of refraction. This advantage
outweighs the stronger relative Brillouin signal that can
be achieved with a backscattering geometry. All three
elastic constants (C,,, C,,, and C,,) could be determined
from velocity measurements in only two crystallographic
orientations within the [100] or [110] planes of the plate-
let.

The interferometer mirror spacing was 3.8 mm for all
experiments. For pyrope, the scattering angle was 90°.
For grossular and andradite, the scattering angle was
changed to 120° to test the feasibility of accommodating
the limitations imposed by diamond-anvil cell seats with
narrower conical windows (67°). Figure 2 shows an ex-
ample of a Brillouin scattering spectrum at pressure.

RESULTS AND DISCUSSION

Cubic structures require only three independent stiff-
ness constants to describe completely their elastic behav-
ior, C,,, C,,, and C,,. Even cubic crystals are not neces-
sarily acoustically isotropic. Acoustic velocities with
directional cosinesy,, V,, Y, are oriented with respect to
crystallographic axes and related to the elastic constants
by the Christoffel equation:

det|l’; — pV3,| = 0
where T, is the Kelvin-Christoffel stiffness, a quadratic

XTAL v, obs v, calc Ratio v, obs v, calc Ratio
direction Ny Ny N, (km/s) (km/s) calc/obs (km/s) (km/s) calc/Obs
3.38 GPa*

100 —0.0000 0.0000 1.0000 9.26 9.27 1.00 5.10 5.09 1.00

0.1228 —0.1228 0.9848 9.22 9.27 1.00 5.11 5.10 1.00

0.2418 —0.2418 0.9397 9.24 9.26 1.00 5.09 5.10 1.00

0.3536 —0.3536 0.8660 9.24 9.24 1.00 5.14 5.11 0.99

0.4545 —0.4545 0.7660 9.27 9.23 1.00 5.13 5.12 1.00

0.5417 —0.5417 0.6428 9.30 9.23 0.99 5.14 5.13 1.00

0.6124 —0.6124 0.5000 9.29 9.23 0.99 5.13 5.13 1.00

0.6645 10.6645 0.3420 9.30 9.23 0.99 5.13 511 1.00

0.6964 —0.6964 0.1736 9.18 9.23 1.01 5.04 5.10 1.01

110 0.7071 —0.7071 —0.0000 9.13 9.24 1.01 5.06 5.09 1.01
6.53 GPat

100 —0.0000 0.0000 1.0000 9.39 9.41 1.00 5.22 5.23 1.00

110 0.7071 —0.7071 —0.0000 9.42 9.39 1.00 5.27 5.23 0.99
8.75 GPat

100 —0.0000 0.0000 1.0000 9.53 9.52 1.00 5.24 5.25 1.00

110 0.7071 —-0.7071 —0.0000 9.53 9.52 1.00 5.24 5.24 1.00

Notes: Pyrope velocity was measured in several different crystallographic directions with incident beam normal to the [110] face of the crystal. The
root mean square (RMS) misfit of the observed to calculated velocities is shown for each pressure. N,, N,, and N, are the directional cosines of the

orthogonally propagating acoustic waves.
* v, RMS misfit = 0.059; v, RMS misfit = 0.026.
t v, RMS misfit = 0.027; v, RMS misfit = 0.032.
t v, RMS misfit = 0.04; v, RMS misfit = 0.039.
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function of the directiona cosines; §,, = 1if i = k and
8, = 0if i # k. For acubic crystal, the I'; values (Every
1980) are:

Iy = yiCu + y3C. + y3C,,
I = yiCu + y3Cy + y3C,,
Iy = yiCy + y3C,, + y3C,
I, =VYY.(Cy, + Cu)
[y = Y,Ys(Cp + Cu)
Iy, =VY.Y:(Cp + Cu)

The Christoffel equation has three roots, which corre-
spond to the orthogonally related longitudinal and trans-
verse acoustic waves. In the laboratory, measured
velocities can be inverted to a set of best-fit elastic moduli
by iterative least-squares adjustment, then measured, and
calculated velocities can be compared. Cubic crystals
have specia directions in which purely longitudina or
transverse phonons may be measured: pvp? = C,, and pvs?
= C,, inthe[100] crystalographic direction. In the [110]
direction, 2pvp? = (C,, + C,, + 2C,)) and 2pvs?= (C,;, —
C.,). In other crystallographic directions, it is not possible
to measure independently the acoustic phonons. There-
fore, the acoustic velocities were measured in the special
directions. Pyrope velocities (Table 3) were initially mea-
sured over ten different crystallographic directions at 3.38
GPa (Fig. 3) to characterize the degree of acoustic an-
isotropy. At subsequent pressures, velocity was measured
six times in the [100] direction with [110] normal to the
incident laser beam and six times in the [110] direction,
the special crystallographic directions that result in values
for all three elastic constants.

For the grossular and andradite experiments, the veloc-
ities were initially measured in ten different directions at
the lowest pressures (Fig. 3) to characterize the amount
of seismic anisotropy; subseguent measurements were
taken six times each in the [100] and [110] directions at
each pressure (Tables 4 and 5). The root mean square
(RMYS) deviations between observed and calculated ve-
locities from a best fit set of elastic stiffness constants
(C,) ranged from 0.0001 to 0.09 km/s.

C, were calculated by inverting the velocity data with
a non-linear, least squares method. This method deter-
mined a best fit set of elastic stiffness constants by min-
imizing errors between observed velocities and a set of
calculated velocities from a trial set of elastic constants
by solution of the Christoffel equation. The experimental
precision of the observed velocity measurements was as-
sumed to be 1%, analysis of potential contributionsto this
margin of error can be found in Zha et al. (1996). The
C, vaues and uncertainties (1o) are given in Table 6. The
behavior of the elastic stiffness constants with increasing
pressure is shown in Figure 4. Pyrope values at ambient
conditions were taken from O'Neill et a. (1991), the
grossular and andradite values from Bass (1986, 1989).

377
10 T
g<§§§§§§§§§§
%) Pyrope Acoustic Anisotropy
£
2 87
2
3
S
g 7 |-
el
a
g 6
£ L
5 o) o ) @ o [0} o) o o
4 1 S U B .
40 60 80 100
[100] [110]
Crystallographic Orientation (degrees chi)
11 T T T T
mcg ] o il o i [
@ 9of
£ [ . .
< F Grossular Acoustic Anisotropy
2 gl
5 L
9 L
g r
o 7o
? L
3 L
3 6 F
< 5 ® ° ° ° ® ®
5 F
4 L L s | ' ! ! | ) L L 1 ' 1 L | L I
0 20 40 60 80 100
{110] {100} [110}
Crystallographic Orientation (degrees chi)
"
10’ it
? 0 e o o o e o
’ll? F
€ 9p
i r Andradite Acoustic Anisotropy
i
& [
< [
L 7F
“;" L
@ [
3 ¥
< 8
L [« ] @ ) ®
5 R 2
4:“.\...1‘..1...1.“
0 20 40 60 80 100

[100) [100]

{110
Crystallographic Orientation (degrees chi)

Ficure 3. Acoustic velocity measured in severa different
crystalographic directions. All samples are at 3.5 GPa. Error
bars represent 1% of the measured values. All three composi-
tions were isotropic.

The samples from the af orementioned Brillouin scattering
studies at ambient conditions have compositions very
close (the pyrope was identical), including water content,
to the samples used here.
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TaBLE 4. Grossular acoustic velocities
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XTAL v, obs v, calc Ratio v, obs v, calc Ratio
direction Ny N, N, (km/s) (km/s) calc/obs (km/s) (km/s) calc/Obs
1.6 GPa*

[100] —0.0000 1.0000 —0.0000 9.49 9.42 0.99 5.54 5.61 1.01
[110] —0.000 0.7660 0.6428 9.46 9.47 1.00 5.52 5.53 1.00
3.5 GPat
[100] —0.0000 1.0000 —0.0000 9.74 9.68 0.99 5.59 5.51 0.99
[110] —0.000 0.7660 0.6428 9.67 9.59 0.99 5.52 5.51 1.00
6.95 GPat
[100] —0.0000 1.0000 —0.0000 9.85 9.79 0.99 5.63 5.62 1.01
[110] —0.000 0.7660 0.6428 9.81 9.83 1.00 5.54 5.54 1.00
7.7 GPa§

[100] —0.0000 1.0000 —0.0000 9.81 9.86 0.99 5.70 5.59 1.01
[110] —0.000 0.7660 0.6428 9.94 9.92 1.00 5.50 5.48 1.00
10 GPa|
[100] —0.0000 1.0000 —0.0000 9.49 9.42 0.99 5.54 5.61 1.01
[110] —0.000 0.7660 0.6428 9.46 9.47 1.00 5.52 5.53 1.00

Notes: All velocities were measured with incident beam normal to the [100] surface of the crystal. Each velocity measurement is the mean of six
measurements in a given orientation. N, N,, and N, are the directional cosines of the propagating acoustic waves. Root mean square (RMS) errors

between observed calculated velocities are as shown.
* v, RMS misfit = 0.09; v, RMS misfit = 0.06.
t v, RMS misfit = 0.05; v, RMS misfit = 0.08.
t v, RMS misfit = 0.08; v, RMS misfit = 0.03.
§ v, RMS misfit = 0.08; v, RMS misfit = 0.07.
| v, RMS misfit = 0.04; v, RMS misfit = 0.13.

Calculation of the aggregate elastic moduli, Ks and G,
from the elastic stiffness constants at each pressure (Table
7; Fig. 5) reveal the pressure derivatives oKs/oP and oG/
oP (Table 7). The adiabatic bulk modulus is given by K
= (C,, + 2C,,)/3 for a cubic crystal. The shear modulus
for an aggregate is approximated from the single crystal
elastic stiffness constants by various schemes (Watt et al.
1976).

The garnet effective shear moduli were calculated with
Voigt-Reuss-Hill (VRH) averaging (Table 7). One Hash-
in-Shtrikman calculation (H-S) was made for each com-
position to be certain that the VRH average did not fall

TaBLE 5. Andradite acoustic velocity

outside the H-S bounds, as reported once before. The H-
S results were virtualy identical to the VRH average.

Comparison with previous work

The elastic stiffness constants and aggregate elastic
moduli calculated from the observed acoustic velocities
extrapolate backward in good agreement (<1%) to the
ambient values of O’'Neill et al. (1991) and Bass (1986,
1989) within the experimental uncertainties. The C,, val-
ue for andradite was an exception with the measured val-
ue exceeding the Bass value by 3.7%. This dlight dis-
agreement is of minimal concern because of the close

XTAL v, obs v, calc Ratio v, obs v, calc Ratio
direction Ny N, N, (km/s) (km/s) calc/obs (km/s) (km/s) calc/Obs
2.8 GPa*
—0.0000 1.0000 —0.0000 9.05 9.05 1.00 5.09 5.14 1.01
[110196] —0.000 0.7660 0.6428 8.99 9.02 1.00 5.22 5.16 0.99
4.7 GPat
[100] —0.0000 1.0000 —0.0000 9.44 9.44 1.0 5.24 5.28 1.01
[110] —0.000 0.7660 0.6428 9.42 9.42 1.0 5.33 5.28 0.99
6.4 GPat
[100] —0.0000 1.0000 —0.0000 9.56 9.56 1.0 5.38 5.39 1.00
[110] —0.000 0.7660 0.6428 9.52 9.52 1.0 5.41 5.39 0.99
8.2 GPa§
[100] —0.0000 1.0000 —0.0000 9.74 9.74 1.0 5.51 5.52 1.0
[110] —0.000 0.7660 0.6428 9.72 9.72 1.0 5.52 5.51 1.0
9.6 GPa|
[100] —0.0000 1.0000 —0.0000 9.88 9.84 0.99 5.68 5.66 1.0
[110] —0.000 0.7660 0.6428 9.79 9.84 1.01 5.64 5.66 1.0

Notes: All velocities were measured with incident beam normal to the [100] surface of the crystal. Each velocity measurement is from a least squares
fit of six measurements in a given orientation. N,, N, and N, are the directional cosines of the propagating acoustic waves. The root mean square

(RMS) errors are shown.
* v, RMS misfit = 0.0001; v, RMS misfit = 0.07.
T v, RMS misfit = 0.004; v, RMS misfit = 0.02.
f v, RMS misfit = 0.0001; v, RMS misfit = 0.02.
§ v, RMS misfit = 0.0001; v, RMS misfit = 0.06.
| v, RMS misfit = 0.004; v, RMS misfit = 0.06.
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TaBLE 6. Elastic stiffness constants
Pressure
(GPa) cll C1z c44
Pyrope
0.0001* 297.6(5) 109.8(6) 92.7(7)
3.38 313.8(3) 119.8(3) 94.8(1)
6.53 328.7(7) 122.8(15.0) 101.5(2)
8.75 339.7(4) 133.6(3) 103.1(2)
Grossular
0.00011 321.7 91.4 104.6
1.6 322.25(3) 100.68(3) 114.34(2)
35 343.96(5) 108.66(11) 111.56(1)
6.95 358.18(4) 129.00(5) 118.02(2)
7.7 364.41(3) 139.20(4) 117.20(2)
10.0 384.57(4) 145.56(5) 125.84(2)
Andradite
0.0001% 289(2) 92(2) 85(1)
2.8 320.6(6) 105.47(15) 103.77(2)
4.7 351.82(7) 105.57(12) 106.95(2)
6.53 364.29(7) 104.27(3) 116.01(2)
8.2 382.66(6) 118.78(12) 122.26(2)
9.56 400.00(6) 114.68(12) 125.0(2)

Notes: Parenthetical uncertainties represent 1 standard deviation.
* O'Neill et al. 1991.

T Bass 1989.

+ Bass 1986.

agreement between the aggregate elastic moduli of the
different experiments. The agreement with ambient val-
ues confirms the reliablility of elastic stiffness constants
obtained from velocity data for only two crystallographic
orientations from a platelet within a diamond-anvil cell.
To date, only a few other high-pressure elasticity stud-
ies exist in which the complete set of elastic constants
were determined from single-crystal samples. Webb
(1989) applied ultrasonic interferometry to 3 GPa on a
single-crystal garnet with composition Py, ¢,AlM, .Gl e
Acoustic velocity data were collected from a
Py, Alm,, ,Gr...Sp. Single-crystal sample by impulsive
stimulated scattering (Chai et a. 1997). Webb (1989) and
Chai et a. (1997) compared their results with a combi-
nation of values extrapolated from static compression ex-
periments and the ambient pressure Brillouin scattering
data of O'Neill et a. (1991) and Bass (1989). In fact,
many garnet elasticity studies have involved the extrap-
olation of data from complex composition garnets to end-
member values. This approach makes direct comparison
of experimental data difficult, because selection of the
composition-elasticity model may introduce systematic
errors that prevent accurate comparisons. Cha et al.
(1997) used the Isaak and Graham (1976) and Babuska
et a. (1978) mixing models wherein the C; of any solid
solution are related linearly to the mole fraction of the
end-members. This mixing model gives end-member ex-
trapolations of bulk and shear moduli to be systematically
lower than those predicted by weighted superposition of
the Bass (1989) and O'Neill et a. (1991) end-member
values (with which the present study is in agreement).
Extrapolations of the elastic moduli of mixed composi-
tions to end-member compositions should be avoided, be-
cause if each component of a complex garnet composition
has a different K’, there will certainly be disagreement
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TaBLE 7. Adiabatic and isothermal bulk moduli.

Ks K G*
GPa GPa IKloP GPa dGloP
pyrope 172.73 171.32 3.22 92t 1.4
grossular 166.82 165.68 5.46 108.9% 11
andradite 159.38 158.31 5.85 908 4.3

Notes: The conversion from adiabatic to isothermal bulk modulus is giv-
en by: K, = K; (1 + yaT), where v is the thermodynamic Griineisen
parameter and « is the thermal expansion. Values for these parameters
were taken from Anderson and Isaak (1995).

* G is from Voight-Reuss-Hill averaging.

T O'Neill et al. (1991).

I Bass (1989).

§ Bass (1986).

between end-member measurements and extrapolations
from mixed composition samples. The discrepancy be-
tween the Chai et al. (1997) extrapolations and the Bass
(1989) and O’ Neill et a. (1991) end-member garnet elas-
tic moduli may also be due to other factors. (1) The ferric
iron content of the Chai et a. sample was not reported;
its stoichiometry was based upon formula recalculation
from electron microprobe analysis, a technique that is in-
sensitive to element oxidation states. Given that an an-
dradite component would reduce both bulk and shear
modulus, this could be an important factor. (2) Bass
(1986) demonstrated that a linear mixing model is not a
good approximation for the ugrandite garnets; the models
predict too low a bulk modulus for andradite.

Implications for static compression experiments

After converting the adiabatic bulk moduli from the
elastic stiffness constants to isothermal values (Table 7),
the pressure derivative K; can be used to constrain bulk
modulus values from static compression experiments. Py-
rope has been the subject of nearly a dozen static com-
pression experiments, several ultrasonic measurements,
and a few Brillouin scattering experiments (Tables 8 and
9). The range of values for K; is broad, but many values
converge when the K; is fixed at 3.22, bringing the static
compression data of Levien et a. (1979), Sato et a.
(1978), and Leger et a. (1990) into excellent agreement
within respective experimental uncertainties (Fig. 6).
Grossular static compression experiments are fewer and
the K; of 5.46 places the work of Weaver et al. (1976)
and Olijnyk et al. (1991) in excellent agreement with each
other. Andradite has only been the subject of one static
compression experiment (Hazen and Finger 1989), and
our results are in agreement within the experimental
uncertainties.

Severa garnet elasticity studies sought to develop com-
position-elasticity systematics (e.g., Soga et a. 1967,
Isaak and Graham 1976; Babuska et al. 1978; Leitner et
al. 1981). Although no systematic relations have emerged
to predict the behavior of all end-member pyralspites and
ugrandites (or all majorites!), the following trends are ap-
parent. (1) Unit-cell volume and bulk modulus are line-
arly related (Hazen et a. 1994). (2) Substitution of Fe*
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FIGurRe 5. Aggregate elastic moduli for al three garnets.
Ambient values are from O’'Nelll et a. (1991) for pyrope and
from Bass (1986, 1989) for andradite and grossular.

for M@2* in the { X}V site will increase both K and G.
(3) Substitution of Caz+ for Mg+ in the { X}V site will
decrease K and increase G. (4) Substitution of Fe3+ for
AR+ in the [Y]¥' site will result in a decrease of both K
and G. (5) Substitution of Fe*+ for Al3+ in the [Y]' site
results in an increase of 9G/oP. (6) The assumption that
aKsloP = 4 is inappropriate for garnets, as evidenced by
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TaBLE 8. Garnet acoustic velocity studies
v, V.
Reference Method Composition km/s  km/s C, C., Cu

Verma (1960) ultrasonic interferometry (Mgo.1.F€06:MNy 0. Cay04),ALSILO,, 8.48 4.73  300.8 112 94.4
Soga (1967) ultrasonic interferometry (M@y.,:F€4+6Ca.03):Al,Si;0,, 8.53 4.76 302.7 117.3 92.7
Wang and Simmons (1974) ultrasonic interferometry (Feo.4sMNg 54):ALSIZ O, 8.48 4.72 308.5 112.3 94.8
Goto et al. (1976) ultrasonic interferometry (Mgo.ssF€0.3:MNg 601Gl o6 8.80 4.96 298.84 109.64 94.6
Isaak and Graham (1976) ultrasonic interferometry (Feq4sMny 54),ALLSi; 0, 8.50 4.72 306.42 117.72 94.35
Bonczar et al. (1977) ultrasonic interferometry (Mgq.6:F€035Cag 0,):A1,S1,0,, 8.86 4.96 292.75 109.55 91.60
Leitner et al. (1980) Brillouin scattering Mg,Al,Si,0,, 9.08 5.02 295 117 90
Bass (1986) Brillouin scattering Ca, 4sMJo 0: (F€1 6,Al005)Si;0,, 8,51 4.85 289 92 85

Ca,Cr,Si,0,, 8.6 489 304 91 84
Webb (1989) ultrasonic interferometry (Mgo.6,F€035Ca0 05)5A1,Si,0,, 8.84 497 3014 110.0 94.3
Bass (1989) Brillouin Scattering (Cay.66sMNg 002)3(Alg 665F €0 008)-Sis01,  9.45 5.39 3217 91.2 104.6

(Mg 645F€0.65C.002)5Al,Si501, 859 4.76 3095 1135 95.2
O'Neill et al. (1991) Brillouin Scattering (Mp.60F€0.0sC0.02)5Al,Si;0,, 9.09 5.07 297.6 109.8 92.7
Chopelas et al. (1996) *sideband fluorescence Mg;Al,Si,0,, 9.16 5.06 - - -
Chai et al. (1997) *ISS PYe1 Al -Gl 15 6SPos 8.86 4.96 299.1  106.7 93.7
Chen et al. (1997) GHz ultrasonic interferometry Py,,Alm, 9.05 5.09

Py,,Alm., 8.50

Notes: All of the experiments shown here are on pyralspite/ugrandite (low-pressure) garnets. Exact compositions have been listed where known.

* Denotes a high pressure experiment.

the high-pressure behavior of the three compositions in
the present study.

One consequence may partially resolve the discrepancy
between reports of the bulk modulus for a
(Na,MQ)Si,Si,0,, majorite by Pacalo et al. (1993) from a
Brillouin scattering experiment and by Hazen et al.
(1994) from a static compression experiment. The Bril-
louin scattering data indicated a bulk modulus of 173.5
GPa; however, the static compression data indicated a
bulk modulus of 191.5 + 2 GPa with an assumed K" of
4. From the data in the present study, the accommodation
of Ca in the distorted dodecahedral (X) site appeared to
have a correspondingly large K’, nearly 6. This K’ value
would decrease the static compression K, value. Other
possibilities for the discrepancy were noted by Hazen et

TABLE 9. Garnet static compression studies

a. (1994), such as a possibly incorrect identification of
the refractive index for the Na majorite in the Brillouin
scattering experiment or a change in compression mech-
anism with pressure. Although the present study did not
involve any majorite samples, inclusion of the Na major-
ite in this discussion is appropriate because of its similar
elastic behavior to grossular and its unusual crystal chem-
istry: accommodation of Na in the X site (the largest
cation thought to fit in this site had been Ca) and the
accommodation of Si in the octahedral site. This cubic
majorite had an extremely large G equaling 114.7 GPa,
the highest value measured for a garnet. Asin grossular,
C.. > C,, a ambient conditions. The present study indi-
cates that the relationship between these two values
changes with pressure for grossular, becoming equal at

Study Composition K; (GPa) K0P

Takahashi and Liu (1970)* Mg,ALSi,0,, 190 + 6 5.45 assumed from Soga (1967)
Fe,AlLSi,0,, 168 = 5 5.45 assumed from Soga (1967)
PygsAlm,, 177 = 6 5.45 assumed from Soga (1967)
Py,,Alm., 173 + 6 5.45 assumed from Soga (1967)

Duba and Olinger (1972)1 (Mg, s,Fe, ,5Cag15)(ALTI),Si, 04, 175.0 = 2.0 5.45 assumed from Soga (1967)

Weaver et al. (1976)* Ca,AlLSi, 0y, 174 = 4 constrained to 4.5

Sato et al. (1978)% Mg,ALSi,O,, 171+ 1 1.8 0.7
Fe,AlLLSi,0,, 175 + 7 15+ 1.6

Levien et al. (1979)*§ Mg,ALSi,0,, 175 + 1 45+ 05

Sawamoto (1987)|| MgSiO, 177 45

Hazen and Finger (1989)*§ Ca,Fe,Si,0,, 159 = 2 4 assumed
Mg,ALLSi,0,, 179 = 3 4 assumed

Leger et al. (1990)* Mn,ALSi,O,, 171.8 74 +1
Mg,ALSi,O,, 175 £ 0.3 33x1
Ca,Cr,Si,0,, 162 47 + 0.7

Olijnyk et al. (1991)* Ca,AlSi,0,, 167.8 = 25 6.2+ 4

Notes: DAC = diamond-anvil cell, XRD = X-ray diffraction. Measurement error is tabulated where available. K, and dK/dP are interdependent through

the equation of state (Bell et al. 1987).
*DAC, XRD.
T Piston cylinder, in-situ powder XRD.
1 Cubic anvil, XRD.
§ Single xtal.
|| Multi-anvil press, XRD.
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FIGUrRe 6. A comparison of bulk modulus values for pyrope
from static compression experiments where K’ is fixed to the
value of 3.22 from this study.

around 3 GPa then C,, becomes increasingly larger than
C.. with pressure. Andradite showed the opposite behav-
ior with C,, initially larger than C,, by amarginal amount.
The relationship gradually became inverted at ~4 GPa,
with C,, becoming increasingly larger than C,,. The be-
havior of the Na mgorite C,, and C,, under pressure
would be useful in establishing a relationship between
octahedral cation occupancy and elasticity because Na
rich mgjorite has close to complete ordering of Mg and
Si in octahedral sites. Although most elasticity-composi-
tion studies have focused upon the X site (Soga 1967;
Isaak 1976; Babuska 1978; Leitner 1981), the octahedral
site may have a more profound impact on the bulk mod-
ulus, as proposed by Hazen et al. (1994). The size of the
dodecahedral cation is certainly important because the oc-
tahedra share six edges with dodecahedra, and it likely
plays arole in determination of individual elastic stiffness
constants. If octahedral cation size and valence are the
primary factors governing K, the dodecahedral cation size
may be an influential factor in K.

The G’ reported for andradite, 4.3, was unusually large
and not typical for a silicate. The data exhibited more
scatter than the pyrope or grossular data, but the linear
fit was quite close with R = 0.994. The C,, measurements
exhibited the largest differences between Voigt and Reuss
values, averaging 0.35 GPa compared with the V-R dif-
ferences averaging 0.5 GPafor grossular. It would be par-
ticularly useful to extend the range of pressures over
which the velocities were measured to look for further
changes in the behavior of this mode. These data are con-
sistent with the Zha et a. (1996) observation of slightly
larger errors in C,, measurements than with C,;, and C,,
measurements when recovering sound velocity data from
a single plane of a crystal platelet.
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CONCLUSIONS

This work has demonstrated the feasibility of measur-
ing acoustic velocities multiple times in specia crystal-
lographic directions so that diamond-anvil cells with re-
stricted optical access may be used even in
higher-pressure experiments. Sound velocities, elastic
stiffness constants, and aggregate elastic moduli of py-
rope, grossular, and andradite all increased linearly with
pressure and acoustic isotropy was maintained throughout
the range of pressures studied. The pressure dependency
of the elastic moduli (K¢ and G) was composition sensi-
tive. C,, and C,, increased at different rates with pressure,
so determination of the Cauchy relation at ambient was
not indicative of the high-pressure relations for these
garnets.
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