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Abstract

Crystal structures and compressibilities of the end-member garnets pyrope (synthetic
Mg;AlLSi,04, at 1 bar and 16, 31,43, and 56 kbar) and grossular (natural Ca;Al,Si;O,, at | bar
and 19, 35, and 61 kbar) have been determined from three-dimensional, single-crystal X-ray
data. Both garnets have cubic unit-cell dimensions within experimental error: for pyrope a =
11.456(1)A at 1 bar and 11.332(5)A at 50 kbar; for grossular ¢ = 11.846(1)A at | bar and
11.720(5)A at 50 kbar. Bulk moduli of pyrope and grossular are both approximately 1350(50)
kbar, which agrees with previous static compression data but is significantly lower than elastic
constant data,

The large, eight-coordinated polyhedra compress more than the aluminum octahedra,
which compress more than the silicon tetrahedra. Polyhedral bulk moduli are 1150(129),
1300(100), 2200(500), and 3000(1000) kbar, respectively, for VII'Ca?*, VIIIMg2?+ VIA]®+ and
'VSi**. The observed compression of the silicon tetrahedron is significantly greater than
previously reported experimental or theoretical values. In the eight-coordinated site, linear
compression of four longer M-O bonds is approximately twice that of four shorter bonds.

Thus, this polyhedron becomes more regular at high pressure.

Introduction

Garnets are assumed to be important mantle sili-
cate minerals, on the basis of their common occur-
rence in garnet peridotites and eclogites and their
experimentally determined high-pressure stability
fields. Consequently, the variations of the structure
and physical properties of garnet with pressure are
important in formulating and constraining models of
the earth’s interior. The principal objectives of this
study were:

(1) to determine the compressibilities and crystal
structures of pyrope and grossular as a function of
pressure,

(2) to compare these results with known high-tem-
perature variations of garnet structure (Meagher,
1975), and

(3) to compare these results with predictions of
structural changes at high pressure by Hazen and
Prewitt (1977).

The crystal structures and thermal expansion of
pyrope and grossular at several temperatures to
750°C were reported by Meagher (1975), who cited
previous studies of garnet structure. Recent investiga-
tions of garnet compressibility include elastic con-
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stant data on pyrope-almandine by Anderson et al.
(1968), static compression on a garnet of unreported
composition by Vaidya et al. (1973), shock-wave data
on almandine to 650 kbar by Graham and Ahrens
(1973), and elastic-constant measurements on pyrope
to 10 kbar by Bonczar et al. (1977). Details of the
garnet crystal structure at high pressure have been
predicted by Huggins (1974), but no previous high-
pressure structural determinations have been pub-
lished.

Experimental

Specimen description

Single crystals of pure synthetic pyrope
(Mg;ALSI;0,,) were kindly provided by Professor
E. P. Meagher from material originally synthesized
by Dr. F. R. Boyd, Geophysical Laboratory. Condi-
tions of synthesis were 1300°C and 36 kbar in the
presence of water. The room-pressure unit-cell edge,
a =11.456 £ 0.001A, agrees with previous studies of
this material (Gibbs and Smith, 1965; Meagher,
1975).

Colorless euhedral crystals of a natural end-mem-
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ber grossular (Ca;Al,SisO,,, with 0.5 weight percent
FeO) were kindly supplied by Professor Clifford
Frondel (Harvard Mineralogical Museum No.
95454). The unit-cell edge of this specimen from
Georgetown, California, is @ = 11.846 + 0.001A,
which agrees with the cell edge determined by Pabst
(Yoder, 1950) for this material. This value is also iden-
tical with that reported by Meagher (1975) for the
unit cell of natural grossular from Asbestos, Quebec.

High-pressure techniques

Garnet single crystals, approximately 100 um in
maximum dimension and no greater than 50 um
thick, were mounted in a diamond-anvil high-pres-
sure cell (Merrill and Bassett, 1974) using Inconel
750X (International Nickel Company, Inc.) gaskets,
and water + glycerin as the hydrostatic pressure me-
dium. Ruby crystals 10 um in size were included in
the mount, and pressures were calibrated to +1 kbar
using the pressure shift of the R, ruby fluorescence
line (Piermarini et al., 1975). At each pressure, the
pressure and unit-cell dimensions were measured, X-
ray intensity data were collected, and the pressure
and unit-cell dimensions were remeasured. In all in-
stances the pressures and unit-cell dimensions mea-
sured before data collection agreed within experimen-
tal error with the values determined after data
collection. Thus, no relaxation of the pressure cell
was observed to 60 kbar.,

Details of procedures for crystal mounting, crystal
centering on the four-circle diffractometer, unit-cell
determination, and data collection are described else-
where (Hazen, 1976a; Finger and King, 1978).

Data collection and refinement

Intensity measurements were made on an auto-
mated four-circle Picker diffractometer with Nb-fil-
tered, MoK« radiation, using the constant precision
intensity technique described by Finger et al. (1973)
and the fixed-¢ mode of data collection at high pres-
sure (Finger and King, 1978). All reflections in one
octant of reciprocal space from 0.1 to 0.9 sin /X were
collected at room pressure, and all accessible reflec-
tions in one hemisphere of reciprocal space from 0.1
to 0.7 sin 8/X were collected at high pressure. The
number of independent observed reflections (/ > 20),
R values, and unit-cell parameters are listed in Table 1

The observed intensities were corrected for absorp-
tion (u;, = 11.8 and 26.5 cm~! for pyrope and grossu-
lar, respectively), and refinement was accomplished

using program RFINE (Finger and Prince, 1975).}
Neutral scattering factors of Cromer and Mann
(1968) and coefficients for anomalous scattering of
Cromer and Liberman (1970) were used for all
atoms.

The garnet structure has four atoms in the asym-
metric unit; the three metal atoms are in special posi-
tions with all atomic coordinates constrained (V'""'R**
at 1/8,0, 1/4; Al at 0,0, 0; Si at 3/8, 0, 1/4), whereas
the oxygen is in the general position. Room-pressure
intensity data were refined using a model with an-
isotropic temperature factors and constraints de-
scribed by Gibbs and Smith (1965). High-pressure
refinements were not significantly improved using an-
isotropic temperature factors f[as determined by
Hamilton’s (1965) significance test], and isotropic
temperature factors were thus used in those refine-
ments.

The number of reflections in the high-pressure ex-
periments is greatly reduced from a 1 bar data set
because of the limited region of reciprocal space that
is accessible, and because of the unfavorable peak-to-
background ratios. For high-symmetry materials,
atoms in special positions have nonspace-group ab-
sence conditions that reduce the number of data for
which these atoms have nonzero contributions. In
garnet the silicon and eight-coordinated atoms have
identical special-absence conditions; therefore, re-
finement of the thermal parameters for these posi-
tions is based on the same small set of observations.
In the refinement of the high-pressure data the result-
ing correlation coefficient between the temperature
factors for these atoms is approximately —0.96, and
independent refinement is impossible. It was neces-
sary, therefore, to constrain the ratio of these factors
to the value observed at room pressure. Refined oxy-
gen atomic coordinates and isotropic temperature
factors are given in Table 2. Room-pressure an-
isotropic temperature coefficients are in agreement
with those of Meagher (1975) and are not republished
here.

Results

Garnet bulk moduli

Least-squares fit of unit-cell volume (A®) vs. pres-
sure (kbar) to a quadratic equation yields

! Tabulated observed and calculated structure factors are avail-
able from the authors on request. (N.B.: the published structure
factors of Meagher (1975), Table 4, are apparently calculated for
the content of a primitive cell and should be multiplied by a factor
of two for the body-centered cell; i.e., F, of (400) should read 400.6
instead of 200.3)
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Table 1. Garnet refinement conditions and unit-cell parameters

No. of
independent
observed Weighted
P (kbar) a (A) reflections R (%)* R (%)**
Pyrope
1 bar 11.456(1)+ 212 39 3.0
16(1) 11.412(4) 40 4.9 1.7
31(1) 11.377(4) 43 4.4 1.4
43(1) 11.352(5) 39 4.0 1.6
56(1) 11.318(5) 34 4.5 1.2
Grossular
1 bar 11.846(1) 318 3.6 1.5
19(1) 11.795(4) 90 349 1.6
35(1) 11.760(4) 87 4.8 2.6
61(1) 11.698(4) 42 11.3 6.8
*® = Il|r,] - |F |l/z]F,].
**Weighted R = [Iw(|F,| - |FCI)2/EwF02]l/2.

1Parenthesized figures represent esd's of least units cited.

Voyrope = 1503.5(1) — 1.13(2)P + 0.004(1)P?,
and
Verossmar = 1662.3(1) — 1.20(4)P + 0.005(1)P>.

The room-pressure bulk moduli are 1330(30) and
1390(50) kbar, respectively, for pyrope and grossular.
These values are in agreement with the 1375 kbar
bulk modulus determined by Vaidya et al. (1973),
using static compression to 45 kbar on a garnet of
unspecified composition. These values are signifi-
cantly smaller, however, than the 1650 to 1770 kbar
bulk moduli of silicate garnets recorded by several
investigators using elastic constant data (Verma,
1960; Anderson er al., 1968; Bonczar et al., 1977).

The magnitude of this discrepancy is illustrated in
Figure 1, which is a plot of V/V, vs. pressure for the
pyrope and grossular of this study, as well as the
natural pyrope (with 36 atom percent Fe in the eight-
coordinated site) studied by Bonczar et al. (1977). It
is not clear why bulk moduli determined by elastic-
constant measurements should be consistently higher
than those determined at static pressure for these
garnets.

The silicon tetrahedron

Selected interatomic distances and angles are pre-
sented in Tables 3 and 4. The format used is identical
with that of Meagher (1975) for ease of comparison.
Polyhedral volumes and distortion indices (Robinson
et al, 1971} are listed in Table 5. Silicon-oxygen
interatomic distances, as well as silicon tetrahedral
volumes, show small but statistically significant de-
creases with increasing pressure. In both garnets the
distances decrease by four standard errors
(£0.012A) at 60 kbar, on the basis of linear regression
analysis of distance vs. pressure data. Mean linear
compressibilities of Si-O bonds are approximately
110 £ 40 X 10°¢ kbar~* for both pyrope and grossu-
lar, and polyhedral bulk moduli for the silicon tetra-
hedra are 3000 + 1000 kbar. It should be noted that
these values represent changes in bond distance of
approximately 0.5 percent at 50 kbar, and compres-
sibilities and bulk moduli are therefore subject to
large errors.

The observed compression of tetrahedral Si-O
bonds, and consequent tetrahedral compressibility,
are larger than previously reported experimental or

Table 2. Garnet positional parameters and isotropic temperature factors at several pressures

P (kbar) Oxygen X Oxygen Y Oxygen 2 Bgy Ba1 BMg,Ca Bg
Pyrope
1 bar 0.0328(2)* 0.0502(2) 0.6534(2) 0.32(3) 0.31(3) 0.70(5) 0.35(3)
16(1) 0.0329(4) 0.0495(4) 0.6532(4) 0.32(4) 0.44(10) 0.73(9) 0.24(18)
31(1) 0.0327(3) 0.0503(3) 0.6522(3) 0.3(1) 0.5(1) 0.69(8) 0.2(2)
43(1) 0.0331(4) 0.0503(3) 0.6532(4) 0.3(1) 0.2(1) 0.78(8) 0.5(2)
56(1) 0.0313(3) 0.0506(4) 0.6535(4) 0.3(1) 0.0(1) 0.6(1) 0.9(2)
Grossular
1 bar 0.0380(1) 0.0450(1) 0.6518(1) 0.29(4) 0.25(1) 0.33(2) 0.35(2)
19(1) 0.0372(3) 0.0458(3) 0.6516(3) 0.3(1) 0.45(4) 0.6(1) 0.5(1)
35(1) 0.0379(3) 0.0458(4) 0.6518(3) 053162 0.5(1) 0.7(2) 0.5(1)
61(1) 0.0359(18) 0.0414(17) 0.6496(24) 0.4(1) 0.5(4) 0.9(2) 0.4(4)

*Parenthesized figures represent esd's of least units cited.
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Fig. 1. V/V, vs. pressure for pyrope and grossular. Elastic
constant data of Bonczar et al. (1977) on a natural pyrope are
presented for comparison.

theoretical values. Huggins (1974) predicted a value
of 14,000 kbar for the bulk modulus of silicon tetra-
hedra in andradite. Hazen (1976b) observed no Si-O
compression within experimental error in forsterite,
and Hazen and Prewitt (1977) suggested a silicon
tetrahedral bulk modulus of 8000 kbar, on the basis

of their empirical compression equation. On the
other hand, the 3000 £+ 1000 kbar tetrahedral bulk
moduli of garnets are close to the 2500 + 1500 kbar
values recently measured for silicon tetrahedra in the
spinel forms of Ni,SiO, and Fe,SiO, (Finger and
Hazen, 1977a). Studies now in progress on high-
pressure crystal structures of clinopyroxenes, layer
silicates, and quartz will provide additional data on
the behavior of silicon-oxygen bonds under pressure.

The aluminum octahedron

Aluminum-oxygen bonds show significant short-
ening between room pressure and 60 kbar. In
both garnets the mean Al-O linear compressibilities
are approximately 190 = 30 X 107° kbar~?, and oc-
tahedral bulk moduli are 2200 + 500 kbar. Thus, Al-
O bonds shorten by approximately 1.0 percent at 50
kbar. These values are similar to the Al-O linear
compressibility of 150 X 10-¢ kbar* and the octahe-
dral bulk modulus of 2300 kbar observed for ruby
corundum (Finger and Hazen, 1977b), but are con-
siderably different from the linear compressibility of
100 X 10-¢ kbar ! and the bulk modulus of 4000 kbar
predicted by Hazen and Prewitt (1977).

As noted by Meagher (1975), the aluminum oc-
tahedral site is nearly regular, with distortion indices
only slightly greater than their ideal values (see Table
5). Octahedral distortions do not change appreciably
with pressure, and therefore the site remains regular
at high pressure.

Table 3. Selected interatomic distances (A)

Pyrope 1 bar 16 kbar 31 kbar 43 kbar 56 kbar Grossular 1 har 19 kbar 35 kbar 61 kbar
$i-0 [4]1% 1.634(2)t 1.626(4) 1.633(3) 1.619(4) 1.626(3) $i-0 [41  1.643(1) 1.646(4) 1.635(4) 1.64(2)
0(1)-0(2) [2] 2.495(4) 2.481(9) 2.502(7) 2.476(9) 2.465(8) | 0(1)-0(2) [2] 2.560(3) 2.560(8) 2.548(9) 2.54(5)
0(1)-0(3) 4] 2.751(4) 2.738(7) 2.745(6) 2.724(7)  2.746(6) | 0(1)-0(3) [4] 2.743(3) 2.750(6) 2.728(6)]1 2.67(4)
Mean 0-0 2.665 2,610 2.624 2,600 2.606 Mean 0-0 2.652 2.655 2.638 2.61
A1-0 (6] 1.887(2)  1.875(5) 1.862(4) 1.869(5) 1.863(5) | Al-0O [6] 1.929(1) 1.919(4) 1.918(4) 1.86(3)
0(1)-0(4) [6&] 2.618(4) 2.607(7) 2.582(6)  2.595(7) 2.567(6) | 0(1)-0(4) [&] 2.694(3) 2.693(6) 2.685(7)  2.60(4)
o(1)-0(5) [&] 2.717(4) 2.696(9) 2.683(8) 2.690(9) 2.702(8) | 0(1)-0(5) [&] 2.761(3)  2.735(6) 2.739(6)  2.67(4)
Mean 0-0 2.668 2.652 2.633 2.643 2.620 Mean 0-0 2.728 217200 2.712 2.64
Mg(1)-0(4) [4] 2.197(2) 2.188(5) 2.188(4) 2.180(5)  2.156(4) | Ca(l)-0(4) [4] 2.317(2)  2.302(4) 2.301¢4)  2.27(2)
Mg(2)-0(4) [4] 2.343(2) 2.341(4) 2.323(4)  2.320(4)  2.307(4) | cCa(2)-0(4) [4] 2.490(2) 2.468(4) 2.462(4)  2.49(2)
Mean Mg-0 2.270 2.270 2.256 2.250 2.234 Mean Ca-0 2.404 2.384 2.381 2.38
0(1)-0(2) [2] 2.495(4) 2.481(9) 2.502(7)  2.476(9) 2.465(8) | 0(1)-0(2) [2] 2.560(3) 2.560(8) 2.548(9) 2.54(5)
0(1)-0(4) [4] 2.618(4)  2.607(7) 2.582(6) 2.595(7) 2.567(6) | 0(1)-0(4) [4] 2.761(3) 2.735(6) 2.739(6) 2.67(4)
0(4)-0(6) [4] 2.709(4) 2.712(10) 2.702(9) 2.688(9)  2.649(9) | 0(4)-0(6) [4] 2.967(3) 2.934(7) 2.931(8) 2.91(5)
0(1)-0(7) [4] 3.307(2) 3.296(4) 3.293(3) 3.279(4) 3.262(4) | 0(1)-0(7) [4] 3.448(1) 3.431(3) 3.421(3) 3.42(2)
0(4)-0(7) [2] 2.782(4)  2.780(9) 2.757(7) 2.751(8)  2.746(6) | 0(4)-0(7) [2] 2.868(3) 2.854(8) 2.836(9) 2.75(4)
0(7)-0(8) [Z] 3.825(4) 3.822(8) 3.791(7) 3.753(5) 3.759(5) | 0(7)-0(8) [2] 4.120(3) 4.076(7) 4.075(8)  4.08(4)
Mean 0-0 2.930 2.923 2.912 2.889 2.881 Mean 0-0 3.099 3.076 3.071 3.04
Mean 0-0 cube 2.655 2.650 2.638 2.616 2.608 Mean 0-0 cube 2.813 2.792 2.787 2.74

*Bracketed figures represent bond multiplicities.
tParenthesized figures represent esd's of least units cited.
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Table 4. Selected interatomic angles (degrees)

Pyrope 1 bar 16 kbar 31 kbar 43 kbar 56 kbar Crossular 1 bar 19 kbar 35 kbar 61 kbar
0(1)-Si-0(2) [2]* 99.5(1)+ 99.5(2) 100.0(3) 99.8(3) 98.6(3) | 0(1)-Si-0(2) [2] 102.4(1)  102.1(3)  102.4(3) 101.8(9)
0(1)-Si-0(3) [&] 114.7(1) 114.7(2) 114.4(2) 114.5(2) 115.2(2) 0(1)~-8i-0(3) [4] 113.1(1) 113.3(2) 113.1(2) 113.7(9)
0(1)-A1-0(4) [@] 87.9(1) 88.1(2) 87.8(2) 88.0(2) 87.1(2) | 0(1)-Al-0(4) [4a] 88.6(1) 89.1(1) 88.8(2) 88.5(8)
0(1)-A1-0(5) [A] 92.1(1) 91.3(2) 92.2(2) 92.0(2) 92.9(2) 0(1)-A1-0(5) [&] 91.4(1) 90.9(1) 91.2(2) 91.5(8)
0(1)-Mg-0(2) [Z2}] 69.2(1) 69.1(2) 69.8(2) 69.2(2) 69.8(2) | 0(1)-Ca-0(2) [2] 67.1(1) 67.6(2) 67.2(2) 68(1)
0(1)-Mg-0(4) [4] 70.4(1) 70.2(2) 69.8(2) 70.4(2) 70.1(2) | 0(l)-Ca-0(4) [4] 70.0(1) 69.9(2) 70.1(2) 68(1)
0(4)-Mg~0(6) [4] 73.2(1) 73.5(2) 73.5(2) 73.3(2) 73.7(2) | 0(4)-Ca-0(6) [4] 70.3(1) 70.7(2) 70.3(2) 71(1L)
0(4)-Mg-0(7) [2] 72.9(1) 72.9(2) 72.8(2) 72.7(2) 72.7(2) 0(4)-Ca-0(7) [2] 76.1(1) 75.8(1) 75.9(1) 77(1)
0(1)-Mg-0(7) [4] 93.5(1) 93.3(1) 93.7(1) 93.5(1) 93.9(1) | 0(1)~Ca-0(7) [4] 91.6(1) 91.9(1) 91.8(1) 92(1)
0(7)-Mg~0(8) [z 109.5(1) 109.4(2) 109.4(2) 109.6(2) 108.6(2) | 0(7)-ca-0(8) (2] 111.7(1)  111.3(2) 111.7(2) 110(1)

*Bracketed figures represent multiplicities of bonds.
tParenthesized figures represent esd's of least units cited.

The eight-coordinated site

In both garnets the large eight-coordinated site is
the most compressible polyhedron. In pyrope, mag-
nesium-oxygen bonds compress at an average rate of
270 £ 20 X 10-% kbar~?, and the bulk modulus of the
polyhedron is 1300 + 100 kbar. In grossular, cal-
cium-oxygen mean linear compression is 290 + 25 X
10-¢ kbar~', and the bulk modulus is 1150 + 125
kbar. In both pyrope and grossular, therefore, the
mean M-O distance in the eight-coordinated site
compresses by 1.5 percent at 50 kbar. As in the silicon
tetrahedron and aluminum octahedron, this site dis-
plays greater compressibility than that predicted by
the empirical equation of Hazen and Prewitt (1977),
which suggests values of 220 and 230 X 10-¢ kbar-!,
respectively, for mean linear Mg-O and Ca-O com-
pression.

Four shorter M(1)-O(4) and four longer M(2)-

O(4) bonds are found in each eight-coordinated site.
In both garnets studied the longer bonds compress
significantly more than the shorter bonds, tending to
make this polyhedron more regular at higher pres-
sure.

Comparison of structural changes as a function of tem-
perature, pressure, and composition

Hazen and Prewitt (1977) have noted that an ‘“in-
verse relationship™ exists between structural changes
with temperature and pressure in several silicate min-
eral groups, including olivines and alkali feldspars. In
these minerals, changes of crystal structure on cool-
ing from high temperature are similar to changes on
compression. Pyrope displays the inverse relationship
to a first approximation. With both cooling and com-
pression, the silicon tetrahedron is the most rigid
structural element, showing little change in size or

Table 5. Garnet polyhedral volumes (A?) and distortion indices

Pyrope Grossular

Polyhedron 1 bar 16 kbar 31 kbar 43 kbar 56 kbar 1 bar 19 kbar 35 kbar 61 kbar
Si tetrahedron

Volume 2.19 2.15 2.19 2.13 2,15 2.25 2.26 2,22 2.24

Quadratic elongation 1.015 1.015 1.014 1.014 1.018 1.008 1.008 1.008 1.010

Angle variance 61.7 62.4 55.7 58.6 74.1 31.3 33.8 30.9 41.8
Al octahedron

Volume 8.93 8.76 8.58 8.69 8.59 9.56 9.42 9.40 8.62

Quadratic elongation 1.001 1.001 1.001 1.001 1.003 1.001 1.000 1.000 1.000

Angle variance 4.96 4.04 5.23 4.57 9.34 2,17 0.85 1.45 2.38
Eight-coordinated site

Volume 20.12 19.96 19.71 19.59 19.16 23.9 23.3 23.2 23.4
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shape; the aluminum octahedron changes size signifi-
cantly more than the tetrahedron, but the octahedron
remains regular; the eight-coordinated magnesium
site shows the greatest variation with changes in tem-
perature or pressure, and Mg-polyhedral expansion
and compression coefficients are 50 percent larger
than those of the aluminum octahedron.

Pyrope deviates from the inverse relationship in
several important structural details. Unit-cell volume
changes from 23°C to 750°C, and from 1 bar to 30
kbar, are both observed to be approximately 2 per-
cent. The inverse relationship would suggest that the
magnitudes of structural changes at 750°C would be
comparable to those at 30 kbar. The silicon tetrahe-
dron of pyrope, however, shows no change in size or
shape between room temperature and 750°C, but
does display a small compression at 30 kbar. Further-
more, in the eight-coordinated site the four longer
bonds compress more than the four shorter Mg-O
bonds, but the longer bonds expand less than the
shorter bonds with increased temperature. It appears,
therefore, that the inverse relationship applies to the
general features of pyrope expansion and compres-
sion, but that the details of the response of garnet to
temperature compared with pressure are different.

The inverse relationship is not expected to apply to
minerals in which the ratio of mean polyhedral ex-
pansion (&) to mean polyhedral compression () is
very different for two polyhedra in the same mineral.
Relative changes of polyhedral volumes on cooling
vs. compression must be different, by definition, ifa/
B are different. In pyrope, a/B for the aluminum
octahedron and that for the magnesium eight-coordi-
nated site are both approximately 0.045 kbar/°C (ob-
served); therefore, the inverse relationship holds. In
grossular, however, both predicted and observed val-
ues of a/B for the aluminum octahedron are twice as
large as for the calcium polyhedron. The aluminum
octahedron in grossular, consequently, changes more
with respect to the calcium site during cooling than
during compression.

Hazen (1977) noted that temperature, pressure,
and composition may be structurally analogous vart-
ables; in some structures, changes in temperature,
pressure, or composition cause similar changes in
atomic arrangements. In garnets of the form R}*
Al,Si;0,,, however, this analogy is valid only in the
sense that changes in all three variables are accom-
panied by changes in the relative sizes of the three
polyhedra. As demonstrated by Meagher (1975) for
temperature and composition, and by this study for
pressure, the garnet structure responds differently to
changes in temperature, pressure, and composition.
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Conclusions

The present investigation represents the most accu-
rate high-pressure study of the crystal structure of a
silicate to date. The average errors in bond distances
are reduced from +0.015A (Hazen and Burnham,
1975; Hazen, 1976b) to +0.004A, and as a result
detailed analysis of changes in polyhedral sizes and
shapes with changes in pressure are possible. Two
general conclusions regarding the response of garnet
to pressure are:

(1) larger polyhedra with cations of lower charge
are more compressible than smaller polyhedra with
cations of higher charge; and,

(2) distorted polyhedra tend to become more regu-

lar at high pressure.
Both conclusions agree with observations made on
gillespite (Hazen and Burnham, 1975) and olivine
(Hazen, 1976b), and they are being further tested by
experiments in progress on clinopyroxenes, silicate
spinels, and oxides.

One of the objectives of this investigation was to
test the empirical compression model of Hazen and
Prewitt (1977). Although the relative values of poly-
hedral compressibilities were correctly predicted (i.e.,
Bsi < Ba: < Bume < Bea), the absolute values of the
predicted compressibilities were significantly lower
than observed. It is concluded, therefore, that the
Hazen and Prewitt compression equation, which is
based primarily on R2?TO-type simple oxide
compressibilities, must be modified as additional
high-pressure structural refinements become avail-
able. Until such modifications are made, the empiri-
cal equation should be used primarily as a qualitative
rather than a quantitative tool for predicting the vari-
ation of mineral structures with pressure.
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