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Abstract. High-pressure crystal structure refinements and
axial compressibilities have been determined by x-ray meth-
ods for the olivine isomorph chrysoberyl, Al,BeO,. Unlike
silicate olivines, which are more than twice as compressible
along b than along g, chrysoberyl (space group Pbnm) has
nearly isotropic compressibility with f,=1.12+0.04, §,
=1.46+0.05, and B.=1.31+0.03 (all x 10~ * kbar~!). The
resultant bulk modulus is 2.42+0.05 Mbar, with K’ as-
sumed to be 4. The axial compression ratios of chrysoberyl
are 1.00:1.30:1.17, compared to axial compression ratios
1.00:2.02:1.60 for forsterite. These differences in compres-
sion anisotropy arise from differences in relative bond com-
pressibilities. In chrysoberyl the average aluminum-oxygen
and beryllium-oxygen bond compressibilities are similar,
yielding nearly isotropic compression, but in silicate olivines
octahedral cation-oxygen bonds are significantly more com-
pressible than Si—O bonds, so that compression parallel
to a is much more restricted than that parallel to b. The
inherent anisotropy of the olivine structure is not, by itself,
sufficient to cause anisotropic compression. It appears that
in the case of olivine the distribution of cations of different
valences, in conjunction with the structure type, leads to
anisotropies in physical properties.

Key words: Chrysoberyl, compressibility, high-pressure
structure, equation-of-state, elasticity.

Introduction

Olivine is one of the most elastically anisotropic of all man-
tle silicates, with compressional velocities along the a crys-
tallographic axis more than 30 percent greater than along
b (Kumazawa and Anderson 1969; Graham and Barsch
1969; Sumino et al. 1977; Shimizu et al. 1982; Suzuki et al.
1983). These unusually large anisotropies may complicate
interpretation of seismic data from olivine-rich regions, par-
ticularly if crystals adopt a preferred orientation. Converse-
ly, identification of large seismic anisotropies within the
earth may provide an indicator of the distribution of olivine,
as well as of the mineral’s predominant crystallographic
orientation.

All silicate olivines (R3*SiO,: R=Mg, Fe, Mn, Ca, Ni)
appear to display similar compressional anisotropies, with
C11>» C33>C,,. It might be concluded, therefore, that these
differences are an inherent trait of the orthorhombic olivine-
type structure; however, the olivine isomorph chrysoberyl
(Al,BeO,) displays more nearly isotropic elastic moduli
(Wang et al. 1975). The anisotropy observed for silicate oliv-

ines, therefore, is not solely dependent upon the topological
arrangement of atoms.

High-pressure crystallography is a method sufficiently
sensitive to document the structural changes that result in
anisotropic compression. Previous studies of the olivines
forsterite (Hazen and Finger 1980; Kudoh and Takeuchi
1985), fayalite (Hazen 1977; Kudoh and Takeda 1986), and
monticellite (Sharp et al. 1986), for example, suggest that
differences between compressibilities of silicon-oxygen
bonds versus M1 octahedral magnesium- or iron-oxygen
bonds lead to the observed macroscopic compressional an-
isotropies. The primary objective of the present study is
to determine high-pressure crystal structures of chrysoberyl
in order to compare the high-pressure structural behavior
of this mineral with that of the silicate olivines.

Experimental

Specimen Description

Crystals of natural chrysoberyl from Colatina, Espirito San-
to, Brazil (National Museum of Natural History, Smithso-
nian Institution # R15231) were selected from the same
material employed by Barton (1986) in his thermochemical
studies of minerals in the BeO— Al,O;—SiO,—H,0 sys-
tem. This specimen contains 3.1 weight percent Fe,O,,
which substitutes for Al,O; and corresponds to about 2.5
mole percent Fe,BeO,. Crystal fragments of dimensions
approximately 100 x 100 x 40 pm were selected for x-ray dif-
fraction study at room and high pressure.

Data Collection at Room Pressure

Chrysoberyl unit cell parameters at room pressure (Table
1) were refined from diffractometer angles of twenty reflec-
tions, each of which was centered in eight equivalent crystal

Table 1. Unit-cell parameters of chrysoberyl at several pressures

Pressure  a (A) b(A) c(A) V(@AY  V/Vo
0.001 4428 (1)* 9.415(3) 5481 (2) 2285(1) 1.0000
14.0° 4421 (1) 9399(3) 5471{(1) 2273(1) 09949
315 4413(2) 9.373(4) 5458(1) 2258(1) 09880
40.0 4407(1) 9.366(3) 5453(1) 225.1(1) 09851
54.0 4400(1) 9.343(3) 5442(1) 223.7(1) 09789
62.5 4398(1) 9.329(3) 5436(1) 223.0(1) 09760

? Parenthesized figures represent esd’s
® Pressure esd’s are +1 kbar
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Table 2. Chrysoberyl refinement conditions and refined parameters

1 bar 14 kbar 31.5 kbar 40 kbar 54 kbar 62.5 kbar
Number of Obs. (I>20) 223 135 133 118 124 207
R® (%) 33 49 3.7 4.5 5.3 3.8
Weighted R®
(%) 2.4 33 2.7 2.6 3.6 33
Extinction,*
r* (x 10%) 15.5(8)* 33(3) 32(3) 29 (2) 28 (3) 28 (2)
Atom Parameter
All X 0 0 0 0 0 0
y 0 0 0 0 0 0
z 0 0 0 0 0 0
B 0.55(3) 0.97 (6) 0.78 (5) 0.86 (6) 0.75(7) 0.86 (5)
Al2 X 0.9942 (4) 0.9939 (6) 0.9947 (7) 0.9953(7) 0.9940 (8) 0.9937 (3)
y 0.2729 (1) 0.2733 (3) 0.2732 (2) 0.2729 (3) 0.2720 (3) 0.2731 (2)
z 0.25 0.25 0.25 0.25 0.25 0.25
B 0.37(3) 0.73(7) 0.72 (5) 0.59 (6) 0.57(7) 0.66 (5)
Be X 0.4328 (13) 0.4295 (24) 0.4291 (18) 0.4309 (23) 0.4332 (26) 0.4333 (16)
y 0.0930 (6) 0.0888 (16) 0.0935 (13) 0.0902 (18) 0.0895 (20) 0.0902 (12)
z 0.25 0.25 0.25 0.25 0.25 0.25
B 0.8 (1) 0.6 (2 0.3(2) 0.8(2) 0.7 (3) 0.55(14)
01 X 0.7899 (8) 0.7904 (13) 0.7855 (11) 0.7918 (14) 0.7924 (17) 0.7896 (10)
y 0.0905 (3) 0.0894 (7) 0.0883 (7) 0.0914 (9) 0.0934 (10) 0.0886 (6)
z 0.25 0.25 0.25 0.25 0.25 0.25
B 0.58 (6) 0.88 (12) 0.80 (10) 0.94 (14) 1.18 (15) 0.69 (9)
02 X 0.2419 (7) 0.2421 (14) 0.2408 (11) 0.2425 (13) 0.2461 (17) 0.2454 (9)
y 0.4330 (3) 0.4353 (7) 0.4346 (6) 0.4337 (8) 04321 (11) 0.4328 (6)
z 0.25 0.25 0.25 0.25 0.25 0.25
B 0.64 (6) 1.16 (13) 0.86 (11) 0.90 (16) 1.72 (18) 0.98 (10)
03 X 0.2569 (4) 0.2524 (8) 0.2552 (8) 0.2545 (8) 0.2538 (9) 0.2534 (6)
y 0.1628 (2) 0.1617 (6) 0.1622 (6) 0.1611 (8) 0.1629 (8) 0.1623 (5)
z 0.0154 (3) 0.0162 (6) 0.0145 (6) 0.0138 (6) 0.0147 (7) 0.0154 (4)
B 0.49 (4) 1.08 (11) 1.24 (9) 0.98 (13) 0.51(11) 1.00 (3)

2 Parenthesized figures represent esd’s
® R=Z[(F,—F)*/ZwF]'"?
¢ Zachariasan [1967]

orientations (King and Finger 1979). The reflections selected
for these measurements ranged from 25° to 40° 26. Intensi-
ties of all reflections in a hemisphere with (sin 8)/2 0.7 were
measured by an automated, four-circle diffractometer with
graphite-monochromatized Mo K« radiation (1=0.7093 A).
Omega step scans with 0.025° step increments and 4 second
counting time per step were used. Digitized data were con-
verted to graphical form and integrated peak intensities
were determined by the method of Lehmann and Larsen
(1974) with an option for manual intervention. Refinement
conditions and refined structural parameters appear in Ta-
ble 2, whereas refined anisotropic temperature parameters
and the magnitudes and orientations of thermal vibration
ellipsoids for chrysoberyl at room conditions are given in
Table 3.

Data Collection at High Pressure

Flat, plate-like crystals approximately 100 x 100 x 40 pm
were mounted in a diamond-anvil pressure cell for x-ray
diffraction, with an alcohol mixture of 4:1 methanol:ethan-
ol as the hydrostatic pressure medium and 5 to 10 pm chips
of ruby as an internal pressure calibrant. Pressure-cell de-
sign, loading, operation, and calibration were as described

Weighted R=[Zw(|Fy|—|F)*/ZwF3]'?

by Hazen and Finger (1982). Special care was taken to avoid
x-ray shielding by the gasket portions of the diamond cell.
A large gasket hole approximately 400 pm in diameter was
employed, and the crystal was observed to remain centered
in the hole throughout the experiments.

Unit-cell parameters of chrysoberyl were determined at
five high pressures (Table 1). From 12 to 16 reflections were
measured in eight equivalent positions by the method of
Hamilton (1974), as modified by King and Finger (1979),
in order to correct for errors in crystal centering and dif-
fractometer alignment. The 26 range of these reflections was
25° to 40° 26, the same as the room-pressure determination,
in order to avoid any systematic errors in comparison of
room-pressure and high-pressure data (Swanson et al. 1985).
Each set of angular data was first refined without constraint,
and the resultant “triclinic” cell was examined for confor-
mity with the expected orthorhombic olivine symmetry.
Unit-cell angles were 90° within two standard deviations
(4 0.04°) at all pressures studied. This result is evidence for
hydrostaticity at all pressures as well as the absence of any
distortional phase transition. Final lattice constants (Table
1) were obtained with the program of Ralph and Finger
(1982) with the cell geometry constrained to be orthorhom-
bic.
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Table 3. Chrysoberyl anisotropic thermal parameters and magnitudes and orientations of vibration ellipsoids

Atom Parameter B x 10* Axis Displacement Angle (°) with respect to:
rms (A)
a b ¢
All Bis 70 (6)° r 0.077 (6) 50 (17) 101 (23) 42 (22)
B2z 16 (1) ry 0.084 (4) 64 (30) 135 (36) 124 (30)
Bas 43 @ T3 0.089 (5) 52 (20) 47 (33) 112 (27)
B1z 2 0
Bis 6 (1)
Bas 0 @
Al B 47  (6) ry 0.067 (6) 54 (79) 144 (79) 90
B2 10 (1) Ty 0.069 (4) 90 90 0
Bas 31 4 rs 0.069 (6) 36 (79) 54 (79) 90
Bia 1 3
Be® B 99 46 ry 009 (1) 90 90 0
B2z 26 (5) r; 0.10 (2 162 (67) 72 (67) 90
Bas 55 (16) ry 0.11 (1) 72 (67) 18 (67) 90
Biz 3 (109
o1® B 93 (19) ry 0.069 (9) 94 (18) 4 (18) 90
B2z 1 Q3 rs 0.090 (10) 90 90 0
Bas 53 (12) rs 0.096 (10) 4 (18) 86 (18) 90
Biz 1
02° Bia 92 (200) ry 0.077 (9) 62 (18) 28 (18) 90
B2 15 (26) r, 0.091 (10) 90 90 0
Bas 55 (12) rs 0.100 (10) 28 (18) 118 (18) 90
Biz -8 (6
03 B1s 56 (13) ry 0.062 (9) 51 (26) 100 (12) 41 (28)
B2z 18 (2 ) 0.078 (8) 133 (25) 70 (17) 50 (28)
Baa 32 (10 T3 0.093 (5) 68 (13) 23 (15) 96 (12)
Bi2 6 @
Bis 9
Baa 0 A

* Parenthesized figures represent esd’s
® B13=B,3=0. Atom is isotopic within esd’s

Intensity data for three-dimensional structure refine-
ments were collected at 14, 31.5, 40, 54, and 62.5 (all
+1) kbar. All accessible reflections with (sin 6)/4 <0.7 were
measured. X-ray scattering intensities from chrysoberyl are
extremely weak because the mineral contains only light
atoms; intensities are further attenuated because of the
small crystal encased in a pressure cell. Omega increments
of 0.02° and counting times of 8 to 16 s per step were used
to maximize the number and precision of observed reflec-
tions. The fixed-¢ mode of data collection (Finger and King
1978) was used to optimize reflection accessibility and mini-
mize attenuation by the diamond cell. Corrections were
made for Lorentz and polarization effects, crystal absorp-
tion, and x-ray absorption by the diamond and beryllium
components of the pressure cell (Hazen and Finger 1982).
Conditions of high-pressure refinements as well as refined
isotropic extinction coefficients (Zachariasen 1967), atomic
positional parameters and isotropic thermal parameters are
recorded in Table 2.

Results

Room-pressure Refinement

The olivine-type structure consists of a hexagonal close-
packed arrangement of oxygens in which one half of the
octahedral sites and one eighth of the tetrahedral interstices

Fig. 1. The olivine-type structure in (100) projection (after Farrell
et al. 1963). The structure may be visualized in terms of strips of
M1 octahedral chains parallel to ¢ with side-branching M2 octa-
hedra. The unshaded octahedral strips are at x=0, whereas the
shaded strip is at x=0.5. Tetrahedra cross-link the strips

are occupied (Fig. 1). There are two symmetrically distinct
octahedral sites, designated M1 and M2, as well as one
tetrahedral cation site. In silicate olivines the tetrahedral
and octahedral cations are Si** and R?*, whereas in chry-
soberyl they are Be?* and AI**, respectively. Bragg and
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Table 4. Chrysoberyl selected distances (A) and angles (°)

Bond/Angle 1 bar 14 kbar 31.5 kbar 40 kbar 54 kbar 62.5 kbar
Alt —-01 [2]® 1.863 (2)° 1.853 (4) 1.855 (4) 1.853 (4) 1.856 (6) 1.840 (3)
Alt —02 [2] 1.893 (2) 1.881 (4) 1.883 (4) 1.880 (4) 1.871 (6) 1.869 (3)
All—-03 [2] 1911 (2) 1.888 (5) 1.894 (5) 1.882 (6) 1.890 (6) 1.882 (4)
Mean All-0O 1.889 1.874 1.877 1.872 1.872 1.864
O1—-Al1-02 [2] 85.5 (1) 85.0 (2) 85.5 (2) 85.3 (2) 85.4 (3) 85.1 (3)
O1—-All-02 [2] 94.5 (1) 95.0 (2) 94.5 (2) 94.7 (2) 94.6 (3) 94.9 (2)
O1—Al1-03 [2] 84.2 (1) 84.0 (2) 852 (2) 84.0 (2) 83.2 (3) 84.4 (2)
01—-Al1-03 [2] 95.9 (1) 96.0 (2) 94.9 (2) 96.0 (2) 96.8 (3) 95.6 (2)
02—All-03 [2] 82.9 (1) 82.4 (2) 82.5 (2) 829 (3) 83.7 (3) 83.3 (2)
02—-Al1-03 [2] 97.2 (1) 97.6 (2) 97.5 (2) 97.1 (3) 96.4 (3) 96.7 (2)
Al2—-01 1.940 (3) 1.948 (7) 1.964 (6) 1.923 (8) 1.889 (9) 1.942 (6)
Al2—02 1.864 (3) 1.877 (7) 1.862 (6) 1.859 (7) 1.863 (10) 1.856 (5)
Al2—-03 [2] 1.894 (2) 1.906 (4) 1.889 (4) 1.891 (4) 1.887 (5) 1.887 (3)
Al2—03 [2] 2.020 (2) 2.010 (4) 2.014 (4) 2.016 (5) 1.996 (5) 2.000 (3)
Mean AI2—0O 1.939 1.942 1.939 1.933 1.920 1.929
01-AI2-03 [2] 79.3 (1) 78.5 (2) 79.2 (2) 78.7 (3) 79.5 (3) 78.8 (2)
01-A12—-03 [2] 91.4 (1) 91.5 (2) 91.1 (2) 91.6 (3) 913 (3) 914 (2)
02—-ARR-03 [2] 939 (1) 93.9 (2) 93.8 (2) 93.7 (3) 94.0 (3) 94.3 (2)
02—-AI2—-03 [2] 94.3 (1) 95.2 (2) 95.0 (2) 95.1 (2) 94.3 (3) 94.4 (2)
03—-AI2-03 [2] 89.7 (1) 90.0 (1) 89.8 (1) 90.1 (2) 89.8 (2) 89.9 (1)
03—-AI2—-03 79.1 (1) 79.0 (3) 79.3 (2) 79.4 (3) 79.8 (3) 79.2 (2)
03—-AI2-03 100.3 (1) 99.6 (3) 99.7 (2) 99.0 (3) 99.5 (3) 99.7 (3)
Be—01 1.581 (7) 1.596 (11) 1.574 (9) 1.591 (11) 1.581 (13) 1.566 (8)
Be—02 1.694 (6) 1.630 (15) 1.668 (13) 1.654 (17) 1.669 (20) 1.665 (11)
Be—03 [2] 1.641 (4) 1.649 (8) 1.630 (6) 1.644 (9) 1.653 (10} 1.644 (7)
Mean Be—O 1.639 1.631 1.625 1.633 1.639 1.630
O1—Be—-02 116.3 (4) 117.9 (8) 114.9 (6) 117.5 (9) 119.5 (10) 119.0 4)
0O1—Be—03 [2] 118.7 (2) 118.3 (5) 1189 (4) 118.0 (6) 1179 (6) 117.6 (6)
02—Be—-03 [2] 98.0 (3) 98.5 (6) 98.1 (4) 98.0 (6) 98.0 (6) 97.7 (4)
03—Be—03 103.2 (3) 101.7 (7) 104.2 (6) 103.1 (8) 101.5 (8) 101.7 (5)
0O1—Be 1.581 (7) 1.596 (11) 1.574 (9) 1.591 (11) 1.581 (13) 1.566 (8)
O1—-All [2] 1.863 (2) 1.881 (4) 1.855 (4) 1853 4) 1.856 (6) 1.840 (3)
O1—-Al2 1.940 (3) 1.948 (7) 1.964 (6) 1.923 (8) 1.889 (9) 1.942 (6)
Be—O1—All [2] 1204 (2) 119.9 (4) 121.6 (3) 119.5 (4) 118.8 (5) 120.5 (3)
Be—0O1—Al2 117.0 (3) 117.7 (6) 116.3 (5) 118.2 (7) 119.3 (8) 117.0 (5)
All-01—All 947 (1) 951 (3) 94.7 (3) 94.7 (3) 942 (4) 952 (2)
All-01—-AI2 [2] 99.9 (1) 99.9 (2) 98.8 (2) 100.2 (3) 100.6 (3) 99.6 (2)
02—Be 1.694 (6) 1.630 (15) 1.668 (13) 1.654 (17) 1.669 (20) 1.665 (11)
02—All [2] 1.893 (2) 1.881 (4) 1.883 4 1.880 (4) 1.871 (6) 1.869 (3)
02—AlR2 1.864 (3) 1.877 (7) 1.862 (6) -1.859 (7) 1.863 (10) 1.856 (5)
Be—02—All 2] 88.8 (2) 89.8 (4) 89.0 (3) 89.2 (4) 89.1 (5) 89.3 (3)
Be—02—-Al2 116.8 (3) 116.5 (5) 117.6 (4) 116.6 (5) 115.3 (6) 1153 4)
All-02—-All 92.8 (1) 93.3 (3) 92.9 (2) 93.0 (3) 93.3 (4) 93.3 (2)
All-02—-Al12 [2] 128.7 (1) 128.1 (2) 128.2 (2) 128.5 (2) 128.9 (3) 128.8 (2)
03—Be 1.641 (4) 1.649 (8) 1.630 (6) 1.644 (9) 1.653 (10) 1.644 (7)
03—-All 1911 (2) 1.888 (5) 1.894 (5) 1.882 (6) 1.890 (6) 1.882 (4)
03—AI2 1.894 (2) 1.906 (4) 1.889 (4) 1.891 (4) 1.887 (5) 1.887 (3)
03—-AlI2 2.020 (2) 2.010 4) 2.014 (5) 2.016 (5) 1.996 (5) 2.000 (3)
Be—03—All 89.8 (1) 89.0 (5) 89.8 (4) 89.4 (6) 88.9 (6) 89.4 (4)
Be—03—Al2 88.9 (2) 89.6 (4) 88.2 (3) 88.7 (4) 89.3 (@) 89.5 (3)
Be—-03—Al2 117.8 (2) 1174 (4) 117.8 (3) 117.5 (4) 1172 (5) 117.0 (3)
All —03—Al2 955 (1) 96.5 (2) 95.8 (2) 96.0 (2) 957 (2) 96.1 (1)
All-03—Al2 123.6 (1) 123.6 (2) 1239 (2) 124.5 (2) 1240 (3) 123.7 (2)
AIRR—-03—Al2 130.1 (1) 129.6 (3) 1299 (3) 129.3 (4) 1302 4) 129.9 (3)
? Bracketed figures represent bond or angle multiplicities
b Parenthesized figures represent esd’s

I
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Table 5. Chrysoberyl polyhedral volume and distortion

Atom/Parameter 1 bar 14 kbar 31.5 kbar 40 kbar 54 kbar 62.5 kbar

All Vol (33) 8.84 (1)* 8.63 (2) 8.69 (2 8.60 (3) 8.62 (4) 8.50 (2)
QE® 1.010 (1) 1.012 (1) 1.010 (1) 1.011 (1) 1.011 (1) 1.010 (1)
AV?® 38 43 36 39 39 36

Al2 Vol{A?) 9.52 (1) 9.57 (3) 9.52 (3) 943 (3) 926 (4) 937 (3)
QE 1.014 (2) 1.015 4) 1.014 (3) 1.015 (4) 1.013 (5) 1.015 (3)
AV 48 52 48 48 44 49

Be Vol (A% 2.19 (1) 215 (2 213 (2 216 (2) 2.18 (2) 214 (1)
QE 1.023 1.023 1.022 1.023 1.024 1.025
AV 104 105 98 104 113 117

® Parenthesized figures represent esd’s

® Quadratic elongation <A)= Y [(i;/|,)*/n], where I, is the center-to-vertex distance of a regular polyhedron of the same volume, n

i=1

is the coordination number, and /; is an observed cation-anion distance

° Angle Variance o®= Y, [(6,—0,)*/n], where 0, is the ideal bond angle for a regular polyhedron, n is the coordination number, and

i=1
#; is an anion-cation-anion angle

Brown (1926) first determined the chrysoberyl structure,
which is orthorhombic with space group Pbmn (in the non-
standard setting of silicate olivine; > ¢ >a) and Z =4. Sub-
sequent refinements by Farrell et al. (1963) and J.W. Downs
(unpublished data 1985) have confirmed the earlier determi-
nation.

The present room-pressure structure refinement is in
agreement with previous studies. Selected bond distances
and angles are listed in Table 4, and cation polyhedral vol-
umes and distortion indices appear in Table 5. The berylli-
um tetrahedron (point symmetry m) is moderately distorted,
with three adjacent shared oxygen-oxygen edges of approxi-
mately 2.5 A, and three unshared edges of approximately
2.8 A. The O — Be — O angles of this tetrahedron range from
98° to 119° compared to the ideal value of 109.5°; the shor-
test O—Be—O angles correspond to shared O—O e(ffes.
The Be — O distances display a range from 1.58 to 1.69 A.

The All octahedron (point symmetry 1) is close to regu-
lar, with A1—O bond distance ranging from 1.86 to 1.91 A
and O — Al—O angle deviating by 7° or less from the ideal
90° value. The Al2 octahedron (point symmetry m) is some-
what more distorted with cation-anion distances from 1.86
to 2.02 A and angles from 79° to 100°. Oxygen-oxygen dis-
tances in the two aluminium octahedra that share polyhe-
dral edges are shorter than unshared O — O distances.

The three symmetrically distinct oxygen anions are all
four coordinated to one tetrahedral and three octahedral
cations, in a distorted tetrahedral arrangement. Cation-an-
ion-cation angles deviate by as much as 20° from the ideal
tetrahedral 109.5° value.

Thermal vibration ellipsoids of cations in chrysoberyl
(Table 3) are nearly isotropic, thus reflecting the near regular
coordination of these atoms. The three oxygen anions dis-
play more anisotropic vibration ellipsoids, with minimum
vibration amplitudes approximately along the direction of
the short Be —O bonds.

Axial Compressibilities and Bulk Moduli

Axial compressibilities and equation-of-state parameters for
chrysoberyl have been calculated from unit-cell parameters

o

Volume (A3)

2281 —
226+ -
2241 -

443 —

442 ~
441 —
4.40- -
1 } | | | f J
T T
9.40- T
9.36[ ]
} } ]
5.48~ -
— L -
5.46 - -
5.441 =

| .
10 20 30 40 50 60
Pressure (kbar)

Fig. 2. Unit-cell dimensions and volume are plotted versus pressure

a (A)

b (A)
T

[4 (;\)

o

at several pressures (Table 1 and Fig. 2). Pressure-variation
of the three unit-cell edges were described with the expres-
sion:

a:ao—dl P+d2 P2,

where g, is the value of the cell parameter at room pressure,
and d, and d, are fitted parameters. The d, parameters
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for a and ¢ axes are positive, whereas that for the b axis
is negative; the magnitudes of these coefficients are less than
two estimated standard deviations, however, so no signifi-
cant curvature can be ascribed to axial compression. The
resultant expressions for average axial compression between
room pressure and 62.5 kbar are:

a=4.4278+0.0007 - 0.000497 + 0.000017 P
(B,=1.12+0.04 x 10~* kbar~ 1)

b=9.4177+0.0014 —0.00138 + 0.00005 P
(B,=1.46+0.05 x 10~* kbar~!)

¢ =5.4808 +0.0008 —0.000716 + 0.000018 P
(B.=1.31+0.03x 10~* kbar ~})

Note that g, b, and ¢ are unit-cell edge lengths in A, whereas
B’s with subscripts represent axial compressibilities (Hazen
and Finger 1982). Calculated axial compression ratios are
thus f,:,:,=1.00:1.30:1.17, which agree within error with
the values 1.00:1.20:1.13 observed by Wang et al. (1975).

The bulk modulus, K, of chrysoberyl was calculated by
least-squares fit of pressure-volume data to a Birch-Mur-
naghan equation-of-state:

[ o

If the pressure derivative of the bulk modulus, K’, is as-
sumed to be 4, then K =2.42+0.05 Mbar, in close agree-
ment with the 2.40 Mbar value of Wang et al. (1975). Alter-
natively, if the 2.40 Mbar bulk modulus of Wang et al. is
assumed, then the calculated value of K’ from the present
pressure-volume data is 3.9+ 1.6.

~
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Crystal Structures at High Pressure

Examination of bond distances and angles of chrysoberyl
as a function of pressure (Table 4) reveals that the principal
changes in structure are shortening of interatomic distances.
Bond angles both in cation and anion coordination polyhe-
dra do not appear to vary significantly, but cation-anion
distances shorten significantly (Table 4). “Polyhedral bulk
modulus,” K, is a particularly revealing parameter in de-
scribing silicate compression. It is defined as:

K,=—V,dP/3V,,

where V, is the polyhedral volume, defined by the positions
of coordinating oxygens, and P is the hydrostatic pressure.
Note that the local stress environment of a given polyhe-
dron may not be equal to the external hydrostatic pressure;
polyhedral bulk modulus, therefore, is not strictly analogous
to crystal bulk modulus. The largest changes occur in the
All octahedron, which has an average bond compressibility
of approximately 1.8 x 10™* kbar ™!, and a corresponding
polyhedral bulk modulus® of 1.8 +0.4 Mbar. The Al2 octa-
hedron and the Be tetrahedron are both less compressible
than All, with average A12— O and Be — O bond compressi-
bilities of 1.1 x 10™* kbar~! and corresponding polyhedral
bulk moduli of approximately 3+ 1 Mbar.

Discussion
Comparison with Silicate Olivines at High Pressure

Why do silicate olivines compress anisotropically, while
chrysoberyl compresses more nearly isotropically? An im-
portant difference between high-pressure structures of the

Fig. 3A, B. The olivine-type structure in (010) projections. (A) Cat-
ion polyhedra near y=0 (and y=0.50) include strips of M1 octa-
hedra parallel to ¢, cross-linked by tetrahedra with cations at
y=10.09 (and y=0.50+0.09). The M1 octahedra are the most
compressible polyhedra in chrysoberyl and in forsterite. (B). Cation
polyhedra near y= +0.25; the M2 octahedra form a checkerboard
pattern

two minerals is the relative compressibility of octahedral
versus tetrahedral cation-oxygen bonds. In silicate olivines
the octahedral M1 —O bonds are several times more com-
pressible than tetrahedral Si—O bonds. Rigid silicon tetra-
hedra restrict compression of olivine parallel to the a axis
because tetrahedra alternate with M1 octahedra in a layer-
like pattern (Fig. 3a). Compression of olivine parallel to
a is thus approximately the average of M1—0 and Si—O
bond compressibilities. The compressibility parallel to b,
on the other hand, is nearly equal to that of the relatively
compressible M1 —O bonds; the staggered distribution of
tetrahedra in the (100) plane (Fig. 1) does not restrict com-
pression significantly. Thus the axial compression ratio,
B./B,, may be approximated by the simple expression:

Ba/ By = (Brs + Br)/2 w1 -

In forsterite, with By, =3.5x10"*kbar™! and fs~0.6
x 10~ % kbar~! (Hazen and Finger 1980), the estimated
compression anisotropy is:




P/ By =(3.5+0.6)/2(3.5)=0.59,

which compares reasonably well with the observed value
of 0.50.

Chrysoberyl, in contrast to silicate olivines, is nearly
isotropic because M1—0 and T —O bond compressibilitics
are similar. Octahedral All —O bonds in chrysoberyl com-
press approximately 1.8 x 10™* kbar ™, whereas tetrahedral
Be—0O bonds compress about 1.1 x 10~ * kbar ™!, The esti-
mated anisotropy is thus:

B./By~(1.8+1.1)/2(1.8)=0.81,

compared to the observed value of 0.77.

Two factors thus contribute to the anisotropy of olivine-
type compounds. The structure, itself, is inherently an-
isotropic, because of the distribution of cation coordination
octahedra and tetrahedra (Figs. ! and 3). However, structur-
al anisotropy is only a necessary condition — not a sufficient
one — for compression anisotropy. The octahedral and tetra-
hedral units must also have significantly different cation-
oxygen compressibilities in order for the inherent structural
anisotropy (i.e,, the planar distribution of polyhedra illus-
trated in Figures 1 and 3) to be manifest in crystal proper-
ties.

The magnitude of olivine anisotropy thus appears to
be a function of the difference in compressibility between
the octahedral and tetrahedral cation polyhedra. In forster-
ite the M1 magnesium octahedron is almost an order of
magnitude more compressible than the silicon tetrahedron;
the resulting elastic anisotropy is large. In chrysoberyl, on
the other hand, the average compressibility of Al—O and
Be—O bonds are more nearly equal, so the compression
is much less anisotropic.

Anomalies in Velocity-Density Systematics

More than a decade ago chrysoberyl was recognized as
an “anomaly in velocity-density systematics” (Wang et al.
1975). Chrysoberyl did not fit “normal” velocity-density
plots that display increasing bulk sound velocity with den-
sity for isomorphous mineral series (see e.g., Liebermann
1982). An important conclusion of high-pressure crystal
structure determinations, including the present study of
chrysoberyl, is that cation valence, independent of atomic
number, can be a key factor in mineral bulk modulus: Poly-
hedral bulk modulus is proportional to cation formal charge
(Hazen and Finger 1979). Isomorphous minerals that are
related by mixed-valence substitutions, therefore, are not
expected to conform to simple velocity-density systematics.
The bulk modulus of chrysoberyl, for example, is controlled
primarily by trivalent aluminum octahedral compression
and is thus significantly greater than the bulk moduli of
silicate olivines, which have divalent cations in octahedral
coordination.

Another striking example of the effects of mixed-valence
substitution is provided by the scheelite-type compounds,
which have equal numbers of 8-coordinated A4 cations and
tetrahedrally-coordinated B cations in an ABQO, structure
(Hazen et al. 1985). Observed valence combinations range
from NalO, (+1 and +7) to ZrGeO, (+4 and +4), with
many common examples of 2—-6 and 3-5 valence combina-
tions as well. The bulk moduli of these compounds are
governed by the compressibilities of the large, 8-coordinated
A sites. The bulk modulus of zirconium germanate, for ex-
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ample, is several times that of sodium tungstate because
of the great differences in compressibility of Na* and Zr**
coordination polyhedra. Any attempt to derive a velocity-
density relationship for all scheelite-type compounds, with-
out including a factor for A cation valence, will fail.

In addition to olivine, several important rock-forming
mantle silicates display mixed-valence substitution; these
minerals are also expected to have “anomalous” velocity-
density systematics. Mantle pyroxenes (R?*SiOj3) are often
aluminous, thus implying substitutions of the form 2A13* =
R2* +Si** or AI** +Na' =2R?*, Mantle garnets, with
idealized formula AY"BY CYO,,, are subject to complex
mixed valence substitutions. The large 4 site, though usually
occupied by divalent Ca, Mg or Fe, may incorporate either
monovalent alkalis or trivalent rare earth elements. The
octahedrally coordinated B site is occupied by trivalent Al
or Fe in most crustal garnets, but in high-pressure forms
both Si** and divalent cations may be incorporated. It is
possible, therefore, to accommodate pyroxene stoichiometry
in a garnet of the form RY"™(RSi)V'SiYO,,, where R repre-
sents divalent cations. Perovskite-type 4BO; compounds,
which are receiving considerable attention as the probable
dominant mineral species of the earth’s lower mantle, are
subject to the same types of mixed-valence substitutions
that are observed in olivines, pyroxenes and garnets. The
magnesium silicate perovskite (Mg"Si¥’Oj5 ; n> 8), for exam-
ple, could have substitutions of +1, +2 and +3 cations
in the large n-coordinated site and + 3, +4, and + 5 cations
in the octahedral site. Given the significant effects of mixed-
valence substitution on mineral compression, great care
must be taken when applying velocity-density systematics
to these chemically complex phases.
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