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High-pressure crystal chemistry of beryl (BerAlrSi.Otr)
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Ansrnlcr

Compressibilities and high-pressure crystal structures of beryl and euclase have beon
determined by X-ray methods at several pressures. Beryl (hexagonal, space group P6/mcc)
has nearly isotropic compressibility; linear compressibilities perpendicular and parallel to
the c ax is  ate B ' :1.72 + 0.04 x l0-a kbar- 'and B, :2.10 + 0.09 x 10-a kbar- ' .  The
corresponding bulk modulus is 1.70 + 0.05 Mbar if the pressure derivative of the bulk
modulus K'is assumed to be 4. Euclase (monoclinic, space group P2r/a)has anisotropic
compression, with maximum compressibrlity of 2.44 + 0.05 x l0-a kbar-l parallel to the
unique monoclinic b axis, and minimum compressibility of 1.50 + 0.03 x 10-a kbar-'
approximately parallel to [01]. The intermediate axis of compression has a magnitude of
1.96 + 0.05 x lO-a kbar-'in the a-c plane. The bulk modulus of euclase is 1.59 t 0.03
Mbar if K' is assumed to be 4.

The bulk moduli ofBe, Al, and Si cation coordination polyhedra in beryl are all consistent
with 1.7 Mbar, which is the crystal bulk modulus. Beryl compression occurs primarily by
shortening of cation-anion bond distances. In euclase, the 2.3-Mbar polyhedral bulk moduli
are significantly greater than the observed 1.6-Mbar crystal modulus. Compression in
euclase, particularly along the b crystallographic axis, results from a combination of poly-
hedral compression and changes in interpolyhedral angles.

INrnooucrroN calculations for the oxides of Be, Al, and Si by modified
Among the more fundamental goals of mineralogy and electron-gas methods.

petrologyisthepredictionofphysicalpropertiesandphase The crystal structure of beryl [BerAlrSiuO,r: hexagonal
equilibria from a knowledge of structure and bonding. The P6/ mcc, Z : 2l has been reported by Gibbs et al. ( I 968)
study of minerals must proceed on a broad front of ex- and Morosin (1972). It is characterized by six-member
periment and theory if microscopic structural character- rings of Si tetrahedra, crossJinked by Be tetrahedra and
istics are to be related to macroscopic mineral behavior. Al octahedra (Fig. la). The tetrahedral rings lie in the
One promising approach is the characteization and ra- (0001)planeandaresuperimposedtoformchannelsalong
tionalization of properties-structural, thermochemical, the c axis. Though often classified as a ring-silicate, beryl
elastic, and vibrational-for a group of closely related canalsobedescribed(Zoltai, 1960)asathree-dimensional
minerals. The system BeO-AlrOr-SiOr-HrO provides an framework of Be and Si tetrahedra (Fig. lb).
ideal suite of large, well-formed, stoichiometric, and or- The structure of euclase [BeAlSiO.(OH): monoclinic
dered crystalline phases in a variety of structure types. All P2r/a, Z: 4l was described by Mrose and Appleman
atoms are of low atomic number and are thus amenable (1962). Euclase has a-axis chains of three-member rings
to the procedures of computational quantum chemistry. formed by interconnected Be and Si tetrahedra (Fig. 2a),
Only three types of cation coordination polyhedra-Be crossJinked by Al octahedra (Fig. 2b). Although techni-
and Si tetrahedra and Al octahedra-provide the struc- cally an orthosilicate with isolated Si tetrahedra, euclase
tural building blocks for most of the phases, thus facili- can be interpreted equally well in terms of chains of Be
tating tests of the "polyhedral approach" for modeling and Si tetrahedra.
mineral properties (Hazen, 1985). Recent studies, com- The principal objectives of this high-pressure research
pleted as part of this integrated effort, include vibrational on beryl and euclase are (l) to determine pressure-volume
spectroscopy (Hoering and Hofmeister, 1985), elastic equation-of-state parameters and compression anisotro-
moduli (Au and Hazen, 1985; Yeganeh-Haeri and Weid- pies by measuring the pressure variation of unit-cell di-
ner, 1986), thermochemistry (Barton, 1986), and com- mensions, (2) to calculate polyhedral bulk moduli from
parative crystal chemistry (Hazen and Au, 1986). Also in high-pressure structure data in order to test the effects of
progress are modeling of Be polyhedral clusters by ab structure on these moduli, (3) to identifu geometrical
initio molecular orbital procedures and lattice dynamic changes in the beryl and euclase structures that result in
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Table l. Unit-cell parameters of beryl and euclase at several
pressures

Table 2. Beryl refinement conditions and refined atomrc
parameters

BERYL

P ( k b a r )  r a n g e

1  b a r 19 kbar 36 kbar 57 kbar

a (  A ) v ( E 3 )
N@ber of obs ( I>2o) 299

R ( z ) t  3 . 1
w e i s h r e d  R ( Z ) +  2 . 6

E x t i n i c i o n ,  . *  ( * r o 5 )  e . ; ( z ) *

c (  A ) c / a
100
3 , 5
2  - 8
r . 4 ( 7 )

701
3 . 8
3 . 0
5  ( 1 )

9 4
4 . r

1 . 4 ( 8 )
0 , 0 0 1
0 . 0 0 1

1 5
1 B
30
3 3
36
4 0
4 3
\ 7
5 7

45-55
2 5
2 5
2 5
2 5
2 5
2 5
2 5
2 5

1 4

9 . 2 1 4 ( 1 ) *  9 . 1 9 4 ( 1 )
9 . 2 0 8 ( 3 )  9 . 1 8 8 ( 3 )
9 . 1 8 3 ( 3 )  9 . 1 5 9 ( 3 )
9 . 1 7 9 ( 2 )  9 . 1 5 7 ( 3 )
9 . 1 5 3 ( 1 0 )  9 . 1 3 r  ( 5 )
9 . 1 5 5 ( 3 )  9 . 1 1 8 ( 2 )
9 . 1 5 3 ( 3 )  9 . 1 1 9 ( 1 )
9 . r 3 8 ( r o )  r . r  r 3 f i  )
9 . 1 3 5 ( 6 )  9 . 1 0 3 ( 2 )
9 . r 3 4 ( 4 )  9 . 0 9 6 ( 2 )
9 . 1 2 7 ( 3 )  9 . 0 6 4 ( r 5 )

6 7 6 . 0 ( 1 )  0 . 9 9 ? 8
6 7  4  . 7  ( 3 )  0 . 9 9 7 8
6 6 9 . 1 ( 3 )  a , 9 9 ' , t 4
6 6 8 . 2 ( 3 )  0 . 9 9 ? 6
6 6 3 . 5 ( 1 1 )  0 . 9 9 6 5
6 6 1 . 6 ( 3 )  0 . 9 9 6 0
6 6 1 . 6 ( 3 )  0 . 9 9 6 0
6 5 9 . 2 ( 5 )  0 . 9 9 7 3
6 5 7 , 9 ( 7 )  0 . 9 9 6 4
6 5 7 . 0 ( 3 )  0 . 9 9 5 8
6 5 2 . 4 ( 1 5 )  0 . 9 9 3 1

1  . 0 0 1  6
1  . 0 0 0 0
0 . 9 9 1 8
0 . 9 9 0  4
0 . 9 8 3 5
0 . 9 8 0 6
0 . 9 8 0 6
o . 9 7 7 1
o . 9 7 5 2
0 . 9 2 3 8
0 . 9 6 7 0

ParaDeter

v
z
B

v

B

v

B

v

B

v
z
B

0 . 5
0
0 . 2 5
0  . s 1  ( 7 )

7 / 3
2 / 3
o  . 2 5

0 . 5
0
0 2 5
0 . 3 ( 2 )

7 / 3
2 / 3
o  . 2 5

0 . 5
0
0  . 2 5
0 . 4 (  3 )

7 / 3
2 / 3
o . 2 5
1 . 1 ( 1 )

0 . 5
0
o  . 2 5
0 . 8 ( 4 )

7 1 3
2 / 3
0 . 2 5
1 . 0 ( 1 )o . s r ( 3 )  0 . 9 ( 1 )

EUCLASE

P ( k b a r )  a ( A ) b (  a ) c (  A ) v ( E 3 )

0 . 3 8 7 6 ( 1 )  0 - 3 8 8 2 ( 3 )  0 , 3 8 8 3 ( 3 )  0 . 3 8 9 3 ( 4 )
0 . 1 1 5 9 ( 1 )  0 . 1 l s 5 ( 3 )  0 . 1 1 6 1 ( 3 )  0 . 1 1 6 6 ( 4 )

0 0 0 0
0 . 4 4 ( 3 )  0 . 6 8 ( 8 )  0 . 8 7 ( 8 )  0 . 9 5 ( 1 0 )

0 . 3 1 0 3 ( 3 )  0 . 3 1 2 2 ( 6 )  0 . 3 1 1 1 ( 6 )  0 . 3 1 0 7 ( 8 )
0 . 2 3 6 9  ( 3 )  O . 2 3 7 6 ( 7 )  0  . 2 3 7 7 ( 6 )  0 .  2 3 6 6  ( 8 )

0 0 0 0
0 . 8 2 ( 5 )  0 . 5 8 ( 1 3 )  1 . 0 6 ( 1 4 )  0 . 3 0 ( 1 7 )

0 . 4 9 8 5 ( 2 )  0 . 4 9 8 7 ( 4 )  0 . 4 9 8 4 ( 5 )  O . 4 9 9 2 ( 6 )
o . 7 4 s 6 ( 2 )  0 . 1 4 5 9 ( 4 )  0 . 1 4 5 0 ( 4 )  0 . 7 4 5 2 ( s )
0 . 1 4 s 3 ( 1 )  0 . 1 4 4 9 ( 5 )  0 . L 4 4 7 ( 5 \  0 . 1 4 7 0 ( 6 )
0 . 6 8 ( 3 )  0 . 7 8 ( 1 0 )  0 . 9 8 ( 1 0 )  0 . 7 2 ( 7 2 )

0 . 0 0 1  4 . 7 8 0 0 ( 3 )  1 4 . 3 2 2 ( 1  )
2 1  \ . 7 5 9 ( 1 )  t \ . 2 5 5 ( 6 )
2 2  4 . 7 6 1 ( 1 )  1 4 . 2 5 4 ( 4 )
4 2  4 . 7 4 6 ( 1 )  1 4 . 1 8 9 ( | )
r l 9  4 . 7 3 9 (  1  )  1  4 . 1  5 8  ( 3  )
6 2  4 . 7 3 0 ( 1 )  r 4 . 1 3 6 ( 9 )

4 , 6 3 3 5 ( 2 )  1 o o . 3 1 o ( 5 )  3 1 2 . 3 0 ( 3 )
4 . 6 1 2 ( r )  1 o 0 . 2 4 ( 1  t  J 0 7 . 8 9 ( 1 0 )
4 . 6 1 0 ( 1 )  r 0 0 . / 7 ( 1 )  J 0 7 . 8 5 ( 1 5 )
4 . 5 9 9 ( 1 )  r o o . r 8 ( 2 )  3 0 4 . 8 2 ( 2 6 )
4 . 5 8 9 ( 1 )  r 0 0 . 1 5 ( 1 )  3 0 3 . 1 1 ( 1 r )
4 . 5 8 0 ( 1  )  1 0 0 . 1 6 ( 2 )  3 A 1 . \ A ( 2 2 )

1 . 0 0 0 0
0 . 9 8 5 9
0 . 9 8 5 9
0 . 9 7 6 0
0 . 9 7 a 7
0 . 9 6 5 1

*  P a r e n t h e s i z e d  f i g u r e s  r e p r e s e n l  e s d ' s .
+ Measured unit-cel1 parafreLers nay depend systemabical ly on the
r a n g e  o f  2 e  u s e d  i n  l h e i r  d e t e r m i n a l i o n  ( S w a n s o n  e t  a 1 . ,  1 9 8 5 ) .
O n l y  2 5 .  d a t a  w e r e  u s e d  i n  e q u a t i o n - o f - s t a t e  d e i e r m i n a t i o n s ,

compression, and (4) to relate structural changes in beryl
at high pressure to the elastic moduli determined by Yoon
and Newnham (1973).

ExpnnrvrnxrAr METHoDS

Specimen description

Crystals of synthetic beryl (variety emerald) were provided by
Richard M. Mandle (Vacuum Ventures, Inc.). This material con-
forms to the ideal beryl composition, with the exception of 0.37
wt9o Cr, corresponding to 1.3olo occupancy ofCr at the AI octa-
hedral site. The synthetic material was dehydrated at 800'C for
4 h, yielding a sample with less than 0.3 molecules of HrO per
formula unit.

Crystals ofnatural euclase from Minas Gerais, Brazil (National
Museum of Natural History, Smithsonian Institution, specimen
no. #121350), were provided by John White. Chemical analysis
of this colorless, gem-quality material by Barton (1986) showed
no impurities. Crystal fragments of dimensions approximately
100 x 100 x 40 pm were used for X-ray diffraction studies at
room and high pressure.

Data collection at room pressure

Room-temperature lattice parameters for both minerals were
refined from diffractometer angles oftwenty reflections, each of
which was measured in eight equivalent positions, by the method
of King and Finger (1979). Unit-cell parameters refined without
symmetry constraints (i.e., as triclinic) are consistent vdth hex-
agonal and monoclinic symmetry, respectively, for beryl and
euclase (Table l).

Intensities ofall reflections in a hemisphere with (sin d)/I <
0.7 were measured by an automated, four-circle diffractometer
with graphite monochromatized. MoKa radiation. Omega step
scans with 0.025'step increments and 4-s counting time per step
were used. Digitized data were converted to graphical form, and
integrated peak intensities were determined by the method of

*  P a r e n t h e s i z e d  f i g u r e s  r e p r e s e n t  e s d ' s

+  !  =  r t l r o l - l F c l l / : F o

w e i s h t e d  R  =  [ t w ( l I L - l F . l  ) 2 / : " F ^ z l ! / 2

Lehmann and I-arsen (1974) with an option for manual inter-
vention. Refinement conditions and refined structural parameters
for beryl and euclase appear in Tables 2 and 3, respectively.
Refined anisotropic temperature parameters and the magnitudes
and orientation of thermal vibration ellipsoids for both minerals
at room conditions appear in Tables 4 and 5.1

Data collection at high pressure

Flat, platelike crystals approximately 40 ;rm thick were mount-
ed in a diamond-anvil pressure cell for X-ray ditrraction, with
an alcohol mixture of 4:1 methanol: ethanol as the hydrostatic
pressure medium and 5-10-pm chips of ruby as the internal
pressure calibrant. Pressure-cell design, loading, operation, and
calibration were as described by Hazen and Finger (1 982). Special
care was taken to avoid X-ray shielding by the gasket parts of
the diamond cell. Large gasket holes of400 pm were used, and
the 100 pm crystals were well centered in the diamond cell
throughout the experiments.

Lattice constants of the two Be aluminosilicates were deter-
mined at several pressures. From 12 to 20 reflections were mea-
sured by the method of Hamilton (1974), as modified by King
and Finger (1979), in order to correct for errors in crystal cen-
tering on the diffractometer as well as diffractometer alignment.
Each set ofangular data was refined without constraint, and the
resultant "triclinic" cell was examined for conformity with ex-
pected hexagonal and monoclinic symmetries of beryl and eu-
clase, respectively. These symmetry conditions were met within
two standard deviations at all pressures studied. High-pressure
unit-cell parameters are recorded in Table l.

' To obtain copies ofTables 4, 5, and 6a to 6h, order Document
AM-86-310 from the Business Offce, Mineralogical Society of
America, 1625 I Street, N.W., Suite 414, Washington, D.C. 20006.
Please remit $5.00 in advance for the microfiche.
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Silicon
tetrahedra

Beryll ium
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@tahedra

Table 3. Euclase refinement conditions and refined atomic
parameters

21 kbar 42 kbar 62 kbar

N u m b e r  o f  O b s .  ( I > 2 o )  7 4 5  2 O 4  1 9 1  I 9 7
R  ( z ) +  4 . 7  4 . 2  4 . 8  4 . 0
w e i g h E e d  R  ( z ) +  2 . 6  3 . 3  3 . 8  3 . 2
E x t i n c E i o n  r *  ( x 1 0 5 )  1 . 7 ( 3 ) *  1 . 2 ( 8 )  6 . 4 ( 8 )  3 . 2 ( 5 )

AEom Parameter

0 r7152( I3 )  0 -L184(4)
0  1 0 0 2 7 ( s )  0 . 1 0 0 2 ( 4 )
0  5 3 6 3 9 ( 1 4 )  0 . s 3 s 9 ( 4 )
0 . 3 9 ( 1 )  0 . s 8 ( 5 )

o .24a77( r4)  0 .2417(4)
0 . 4 4 4 7 o ( 5 )  o . 4 4 4 r ( 4 )
0 . 9 s 7 0 8 ( 1 s )  0 . 9 s 1 6 ( 4 )
0 . 4 5 ( r )  0 . 7 0 ( 5 )

0 . 1 7 4 1 ( 6 )  0 . 1 7 0 7 ( 1 9 )
o .3006(2)  o .2985(20)
0 . 4 5 7 1 ( 7 )  0 . 4 5 7 3 ( 1 9 )
0 . 6 0 ( s )  1 . 0 ( 2 )

0 .  3 8 1 8 ( 3 )  0 . 3 8 3 1 ( 9 )
0 , 0 3 2 4 ( 1 )  0 . 0 3 2 4 ( 8 )
0 .7630(3)  0 .7592(9)
o . s 2 ( 3 )  0 . 6 9 ( 1 0 )

0  3 8 0 0 ( 3 )  0 . 3 7 9 0 ( 1 0 )
0 . 3 7 7 0 ( 1 )  0 . 3 7 1 2 ( 8 )
0 . 6 s 2 1 ( 3 )  0 . 6 4 8 9 ( 9 )
0 . 5 0 ( 3 )  0 . 6 7 ( 9 )

0 . 3 4 3 1 ( 3 )  0 . 3 4 4 s ( 9 )
0 . 1 9 9 8 ( r )  0 . 1 9 6 6 ( 9 )
o . 5 2 4 8 ( 6 )  0 . 5 2 9 1 ( 9 )
0 . 5 3 ( 3 )  0 . 6 5 ( 1 0 )

0 . 1 7 8 4 ( 5 )  0 . r 7 9 3 ( 3 )
0 . 1 0 0 7 ( 5 )  0 . r 0 o 2 ( 4 )
0 . 5 3 6 4 ( s )  0 . 5 3 5 9 ( 4 )
0 . 1 4 ( 6 )  0 . 6 4 ( s )

0 . 2 4 8 1 ( 5 )  0 . 2 4 8 1 ( 4 )
0 . 4 4 3 3 ( 6 )  0 . 4 4 2 8 ( 4 )
0 . 9 s 7 3 ( 5 )  0 . 9 s 8 2 ( 4 )
o .  8 0  ( 6 )  0 . 6 8  ( 5 )

0 .7697(21)  0 .1719(16)
0 . 3 0 3 8 ( 2 4 )  0 . 3 0 2 9 ( 1 8 )
o .4s5o(22)  0 .4524(79)
0 . 9 ( 2 )  0 . 9 ( 2 )

0 . 3 8 1 8 ( 1 0 )  0 . 3 8 4 0 ( 8 )
0 . 0 3 2 3 ( 1 0 )  0 . 0 3 2 0 ( 8 )
0 , 7 6 1 r ( 1 1 )  0 . 7 6 0 9 ( 9 )
0 . 0 r ( 1 2 )  0 . 9 4 ( 1 0 )

0 . 3 7 . s 4 ( 1 1 )  0 . 3 7 s 8 ( E )
0 . 3 7 8 3 ( 1 0 )  0 . 3 7 8 0 ( 8 )
0 . 6 4 8 7 ( 1 1 )  0 . 6 4 8 4 ( 9 )
0 . 1 6 ( 1 2 )  0 . 7 5 ( 9 )

0 . 3 4 3 9 ( 1 0 )  0 . 3 4 6 3 ( 8 )
0 . 1 9 8 4 ( 1 1 )  0 . 1 9 9 0 ( 9 )
0 . s 3 0 3 ( 1 0 )  0 . s 3 r 3 ( 9 )
0 . 6 7 ( 1 1 )  0 . 6 5 ( 9 )

0 . 1 0 0 6 ( 3 )
0 .05  31  (1 )
0 . 2 1 r 3  (  3 )
0 . s o ( 3 )

0 . 1 s 9 6  ( 4 )
0 . 3 3 2 0 ( 1 )
0 .1206 (4 )
0 . 7 1 ( 3 )

0 . 0 6 3 ( 9 )
0 . 3 0 2 ( 3 )
0 . 0 1 i  (  9 )
2 . 4  (  r O

* ParenEheslzed f igures represent esd's

+  R = t l l r l -  F  l / t F- - o

w e l g h t e d  R  =  t : w ( l F o l  -  l r . l ) 2 / r " r o 2 1 1 7 2

Intensity data for three-dimensional structure refinements were
collected on all reflections accessible within the region (sin 0)/I =

0.7. Omega increments of 0.02' and long counting times of 8
to l0 s per increment were used to optimize the number of
observed reflections and the precision ofthe intensities. Observed
and calculated structure factors at four pressures for both beryl
and euclase are recorded in Tables 6a to 6h (see footnote 1). The
fixed-@ mode of data collection @inger and King, 1978) was used
to maximize reflection accessibility and minimize attenuation by
the diamond cell, and corrections were made for I-orentz and
polarization effects, crystal absorption and X-ray absorption by
the diamond and Be components of the pressure cell (Hazen and
Finger, 1982). Conditions of high-pressure refinements, refined
isotropic extinction coefrcients (Zachariasen, I 967), atomic po-
sitional parameters, and isotropic thermal parameters are re-
corded in Tables 2 and 3.

Rrsur,rs
Room-pressure refinements

Refined atomic coordinates of beryl are in close agree-
mentwith those ofcibbs et al. (1968) and Morosin (1972).

Fig. 1. The crystal structure of beryl (after Gibbs et a1., I 968).
(A) The c-axis projection shows the six-member tetrahedral rings
of Si, which are crossJinked by Be tetrahedra and Al octahedra.
(B) The arrangement of Si and Be tetrahedra results in a contin-
uous three-dimensional framework.

The four Si-O bonds in the Si tetrahedron (point sym-
metry m) range from 1.595 to 1.619 A, with an average
value of 1.608 A fiable 7). The Si tetrahedron is nearly
regular, with O-Si-O angles deviating by no more than
1.5" from the ideal 109.5'tetrahedral angle. All six Al-O
bonds in the Al octahedron (point symmetry 32) are sym-
metrically equivalent, with length 1.908 A; however, this
polyhedron is significantly elongated parallel to c, with
O-AI-O angles ranging from 76.5 to 96.8".

The beryl Be tetrahedron (point symmetry 222) is one
of the most distorted cation polyhedra in any Be mineral
(Table 8), with a quadratic elongation of 1.09 and an angle
variance of 327 (Hazen and Finger, 1982). All Be-O bonds
are symmetrically equivalent (1.657 A;, but O-Be-O an-
gles range from 9l to 131'compared to the ideal 109.5"
value. The resulting tetrahedron is both flattened and
elongated in the (001) plane. These distortions may be
explained, in part, by the shortened shared edges between
Be and Al polyhedra (Gibbs et al., 1968).

Anisotropic temperature factors of beryl atoms are in
qualitative agreement with those reported by Morosin
(1972), though absolute values of isotropic and aniso-
tropic thermal parameters are somewhat larger than in
previous studies. Extinction (Table 2), which is a large

0 . 1 0 1 0 ( 8 )  0 . 1 0 3 1 ( 1 0 )  0 . 1 0 4 2 ( 8 )
0 . 0 5 4 2 ( 9 )  0 . 0 s 4 3 ( 1 1 )  0 . 0 5 6 3 ( 8 )
0 . 2 0 9 6 ( 8 )  0 . 2 1 0 1 ( ] 0 )  o . 2 o 1 4 ( 8 )
0 . 6 7 ( 9 )  0 . 7 9 ( 1 1 )  0 . 7 0 ( 9 )

0 . 1 5 8 6 ( 9 )  0 . 1 5 6 2 ( 1 1 )  0 . 1 s s 8 ( 8 )
0 . 3 2 9 7 ( 8 )  0 . 3 2 9 5 ( 1 0 )  0 . 3 2 s 6 ( 7 )
0 . 1 1 s 6 ( 9 )  0 . 1 1 7 s ( 1 r )  0 . 1 1 4 4 ( 9 )
0 . 8 1 ( 1 0 )  0 . 9 1 ( 1 2 )  O . t 4 ( 9 \

Not Ref ined
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ffi siti"on tetrahedra

lilll,r-il Beryl I iu m tetrahedra

FIfi,I ntu.inum octahedra

Fig.2. The crystal structure of euclase. (A) The double tetrahedral strip parallel to a (after Mrose and Appleman, 1962). (B) The
a-axis projection shows cross-linkages ofBe and Si tetrahedral chains by Al octahedra.

efect in most Be minerals and which is inversely corre-
lated with thermal parameters, may contribute to these
differences. The Ol oxygen, which links adjacent tetra-
hedra in the six-member ring, displays the largest thermal
anisotropy. Its motion is described by a flattened spheroid
with major axes perpendicular to the Si-O-Si direction.

Refined positional parameters of euclase are identical
within estimated errors to those reported by Mrose and
Appleman ( I 962). Euclase Be and Si tetrahedra (both with
point symmetry l) are nearly regular (Table 8), with mean
Si4 and Be-O distances of 1.633 and 1.643 A, respec-
tively (Table 9). The Al octahedron (point symmetry 1)
is less regular, with Al-O distances from 1.85 to 1.99 A
(mean 1.903 A), and O-AI-O angles from 79.8 to 99.3".

Table 7. Beryl selected bond distances and angles

Bond/Ang1e 1  bar 1 8  k b a r  1 6  k b a r  s 7  k b a r

The shortest octahedral O-O distance corresponds to the
shared edge between Al octahedra.

A three-dimensional difference Fourier synthesis showed
no significant features except for a maximum near the 05
(hydroxyl) position, which was refined as H. This position
is consistent with that found by Hanisch and Zemann
(1966) from infrared pleochroism. The H atom lies near
the Al-Os-Be plane, with an O-H distance of 0.76 A.

The anions with the greatest thermal vibration anisot-
ropies are planar three-coordinated 02, 03, and 05, which
have maximum vibration amplitude perpendicular to the
planes of cation-anion bonding.

Linear compressibilities and bulk moduli

Unit-cell parameters at several pressures (Table l) were
used to calculate linear compressibilities and pressure-
volume equation-of-state parameters. Unit-cell edges and
the B angle ofeuclase were described with the expression

a: 40 - dP + d2P2,

where ao is the value of the cell parameter at room pres-
sure, and d, and d, are fitted parameters. The d, param-
eters are not significant for any of the parameters in beryl
and euclase.

Beryl compressibility (Table l0) is nearly isotropic, with
the c axis approximately 20o/o more compressible than a,
and a corresponding small decrease in c/awith increasing
pressure (Table l). Monoclinic euclase (Table l0), on the
other hand, is characterized by significant compression
anisotropy, which is best represented by a strain ellipsoid
(Hazen and Finger, 1982). One axis of the ellipsoid is
constrained by symmetry to coincide with the b axis, but
the other two principal axes need lie only in the a-c plane.
The compression strain ellipsoid for euclase was deter-
mined with program srRArN (Ohashi, 1982). Maximum
compression (2.44 + 0.05 x l0-o kbar-') is parallel to the
b axis, whereas the axis of minimum compressibility
(1.50 + 0.03 x l0-a kbar-') is approximately 35'from a,
near [01]. Note that this minimum compression axis is

Be-02 [4 ]+
02-Be-O2 12)
02-Be-02 [21
O2-Be-02 I2l

A1-02 [6 ]
02-l.r-02 16l
02-A1-02 [3 ]
02-A1-02 [3 ]

si-01
s  i -01
s i -02  l2 l

Mean S i -0

01-s1-01
01-s i -02  [2 ]
01-s i -02  [2 ]
02-s i-02

01-si
0t--si

s i -01-s i

02-Be
02-A1
02-s i

Be-02-A1
Be-02-Si
41-02-Si

1 . 6 5 7 ( 1 ) *
9 1 . 0 ( r )

r09 .0  (1 )
131.  2  (  1 )

r . 9 0 8 ( 1 )
e 6 . 8 ( 1 )
9 0 . 6 ( 1 )
7 6 . 5 ( r )

1 - .s95(2)
r  597<2)
1 . 6 1 9 ( 1 )
1 . 6 0 8

1 0 8 . 4 ( 2 )
1 0 8 . 4 ( 1 )
110.  3 (1)
1 1 1 . 1  ( 1 )

r .  s 9 5 ( 2 )
r .s97  (2 )

1-68 .4  (2 )

1 . 6 s 7 ( 1 )
1 . 9 0 8 ( 1 )
1 . 6 1 9 ( 1 )

9 6 . 3 ( 1 )
7 2 7 . 0 ( r )
136 .  7  (1 )

7 . 6 2 6  ( . 4 )

9 0 . 2 ( 3 )
1 0 9 . 7 ( 3 )
1 3 1 . 4 ( 3 )

1 . 8 8 2 ( s )
9 1 . 4 ( 2 )
9 0 . 6 ( 3 )
7 5 . 5 ( 3 )

1 . 5 8 3  (  7 )
1 . 5 9 6 ( 6 )
1 . 6 1 3 ( s )
1 , 6 0 1

1 0 7 . 7 ( 5 )
1 0 8 . 1  ( 2 )
1 1 0 . 4  (  2 )
1 1 2 . 0  ( 4  )

1  5 8 3 ( 7 )
1 . 5 9 6 ( 6 )

1 6 1  . 7

r . 6 2 6 ( 4 )
1 . 8 8 2 ( 5 )
1 . 6 1 3 ( 5 )

9 7  - 2 ( 2 )
1 2 7 . 0 ( 3 )
r 3 5 . 7  (  3 )

1 . 6 s 4 ( 3 )  t - . 6 4 4 ( 3 )
9 0 . 9 ( 3 )  9 1  3 ( 2 )

1 0 8 . 9 ( 3 )  r 0 8 . s ( 3 )
1 3 r . 3 ( 2 )  1 3 1 . 3 ( 3 )

r . 9 0 0 ( 4 )  r . 9 o o ( 4 )
9 6 . 6  ( 2 )  9 6  . 7  ( 2 )
9 0 . 7 ( 2 )  9 0 . 9 ( 2 )
7 6 . 7  ( 2 )  1  6  . 4  ( 2 )

1 . s 8 9 ( s )  1 . s 8 4 ( s )
1 .s9s(5)  r ,592(4)
1 . 6 0 8 ( 4 )  1 . 6 0 0 ( 4 )
1 . 6 0 0  1 .  5 9 4

1 0 9 . 0 ( 4 )  r 0 8 . 4 ( 4 )
1 0 8 . 4 ( 2 )  1 0 8 . 2 ( 2 )
1 0 9 . 8 ( 2 )  1 1 0 . 4 ( 2 )
1 1 1 . 3 ( 3 )  1 1 r . 1 ( 3 )

1 . 5 8 9  ( 5 )  1 . 5 8 4  ( 5 )
1 . s 9 s ( 5 )  L . 5 9 2 ( 4 )

1 6 9 . 0 ( 4 )  1 6 8 . 4 ( 4 )

r  654(3)  1 .644(3)
1 . 9 0 0 ( 4 )  1 . 9 0 0 ( 4 )
1 . 6 0 8 ( 4 )  1 . 6 0 0 ( 4 )

9 6 . 2 ( 2 )  9 6 . r ( 2 )
1 2 6 . 8 < 2 )  1 2 1 . 4 ( 2 )
L31 .O(2)  136.4(2)

*  Parenthes ized f igures  represent  esd 's .

+  BrackeEed f igures  represent  bond and ang le  nu l t ip l i c i t ies .
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thus subparallel to the tetrahedral chain, which is com-
posed of rigid Be-Be-Si three-member rings. The axis of
intermediate compression (1.96 + 0.05 x l0-a kbar-r)
lies in the a-c plane at right angles to the major and minor
ellipsoid axes. Axial compression ratios for euclase are
1 .00 :1 .24 :1 .63 .

Pressure-volume equation-of-state parameters, bulk
modulus K for both minerals and the pressure derivative
of the bulk modulus K' for euclase were calculated by
least-squares fit of unit-cell volume data to a Birch-Mur-
naghan equation. The pressure derivative K' of beryl was
constrained to be 3.9, based on the elasticity measure-
ments of Yoon and Newnham (1973). The bulk modulus
calculated from the present X-ray studies is 1.70 + 0.05
Mbar, in reasonable agreement with the 1.80-Mbar mod-
ulus determined by Yoon and Newnham. Conversely, if
the bulk modulus is constrained to Yoon and Newnham's
value of 1.8 Mbar, then K' based on the present data is
- 2 + 6 .

The bulk modulus of euclase is 1.59 t 0.03 Mbar if
the pressure derivative of the bulk modulus K'is assumed
to be 4. A second-order equation, alternatively, gives 1.5 +
0.2 Mbar and 9 + 5 for the euclase bulk modulus and its
pressure derivative, respectively.

Swanson et al. (1985) demonstrated that unit-cell pa-
rameters measured on a single-crystal diffractometer may
vary systematically with the range of d; cell parameters
determined from low-angle reflections, including those of
beryl in the present study, are as much as 0.10/o smaller
than those determined from high-angle data. Thus, it is
essential to use unit-cell parameters from one range ofd
when employing X-ray data for equation-of-state studies.
All of the pressure-volume data used in the beryl and
euclase equation-of-state results noted above were mea-
sured from reflections with 20 = 25'.If, however, the beryl
data are supplemented by a room-pressure unit cell de-
termined with 45 to 55'reflections and a 54-kbar unit cell
determined by I 4' reflections (Table I ), the resultant beryl
bulk modulus is 1.47 + 0.05 Mbar, a value that is more
than four standard deviations below the l.7-Mbar mod-
ulus derived from 25" reflections only. Unit-cell param-
eters of crystals at room pressure are usually determined
from higher-angle X-ray data than unit cells at high pres-
sure. Bulk moduli calculated from such "rnixed" diffrac-
tion data may thus be systematically low, compared to
bulk moduli determined by ultrasonic or Brillouin scat-
tering techniques. Care should be taken in future high-
pressure and high-temperature studies to obtain unit-cell
constants from the same range of 20 at all conditions.

High-pressure crystal structure of beryl

Beryl is composed of three symmetrically and chemi-
cally distinct polyhedra-tetrahedra of Si and Be and an
octahedron of Al-all of which undergo significant
compression from I bar to 47 kbar. Polyhedral bulk mod-
uli, calculated from changes in volumes of enclosure de-
fined by oxygen positions surrounding each cation (Table
8), are 1.4 + 0.4,2.3 + 0.6, and 1.4 + 0.5 Mbar for Be,

Table 8. Polyhedral volumes (43) and distortion parameters
for beryl and euclase at several pressures

BERYL

A t o m I bar 19 t<lar 35 t<lar q7  kbar

V o l

Qr*
lvt

Vo1
QE
AV

voL
QE
AV

s i

A 1

2 . 1 2 7  ( \ )  2 . 1  0 0  (  9  )
I  . 0 0 1  (  2 )  1  . 0 0 0 ( 4  )

' t . 7  r . 4

2 . 0 4 1  ( 3 )  2 . 0 3 0 ( 7 )
1 . 0 9 3 ( 1 )  1 . 0 9 4 ( 3 )

327 330

8 . 9 5 3 ( 8 )  8 . 8 6 7 ( 2 0 )
1 . O 2 2 ( 1 )  1 . 0 2 1 ( 2 )

7 \  7 2

2 . 0 7 2 ( 9 )
1  , 0 0 1  ( 4  )

1 . 9 9 5 ( 8 )
1 . 0 9 3 ( 4 )

324

I  .83r1(  25  )
1 . 0 2 1  ( 3 )

7 \

2 . 1 0 5 ( 1 2 )
1 . 0 0 1  ( 5 )

3 . 2

1 . 9 2 1  ( 8 )
1 . 0 9 7 ( 4 )

3 \ 2

8 .559(2 \ )
1 . 0 2 5 ( 3 )

87

EUCLASE

Atom I  b a r 21 kbar q1 kbar 62 kbar

V o l

QE
AV

VoI

QE
AV

V o l

QE
AV

s i 2 . 2 3 ( 1 )  2 . 1 5 ( 2 )
1 . 0 0 1 ( 1 )  1 . 0 0 2 ( 2 )
ll 6

9 .  o q 5 ( 8 )  9 .  o q  ( {  )
1  , 0 1  r  ( 2 )  1  . 0 1 2 ( 9 )

3 8  3 7

? , 2 5 8 ( \ )  2 . 2 8 ( 3 )
1 . 0 0 5 ( 3 )  1 . 0 1  ( 2 )

1 6  2 1

2 . 1 6 ( 2 )  2 . 1 5 ( 2 )
1  . 0 0 1  ( 5 )  r  . 0 0 2 ( 5 )
5 0

8 . 9 q ( 4 )  8 . 8 9 ( 4 )
1 . 0 1 2 ( r 1 )  1 . 0 1 2 ( 1 1 )

39 39

2 . 2 3 ( 3 )  2 . 2 0 ( 3 )
1 , o o ( 2 )  1 . o o ( 2 )

1 2  1 l

n
+QE = Quadra t r i c  e tongat ion  =  i l (1 rU^)2 /n l

n
t  n v  =  A n g t e  v a r i a n c e  =  t t ( e i  -  e o > z t ( n  -  l ) )

Si, and Al, respectively. Polyhedral distortions, as char-
acterized by quadratic elongation and bond angle variance
(Table 8; Robinson et al., l97l) do not vary significantly
with changing pressure.

Crystal compression in silicates can be described as a
combination of polyhedral compression and changes in
interpolyhedral angles (Hazen and Finger, 1985). Cation-
oxygen<ation angles in beryl are constant. The 02 oxygen
is in planar three-coordination, and it remains in the Be-
Al-Si plane throughout the pressure range of this study.
The Ol oxygen links Si tetrahedra in the six-member
rings, which have hexagonal symmetry, thus restricting
Si-O-Si bending. Note, however, that if the beryl structure
distorts to a trigonal, orthorhombic, or lower-symmetry
form at higher pressure, then unrestricted Si-O-Si bend-
ing may become an important compression mechanism.

The unit-cell anisotropy of beryl, in which the c axis is
200/o more compressible than a, probably reflects the rel-
ative compressibility ofthe three different polyhedral units.
Si tetrahedra are the least-compressible elements, so that
the (001) plane ofthe rigid SiuO,, rings is less compressible
than the c axis, which can be shortened by compression
of Be and Al octahedra alone. Note. however, that the
bulk moduli of all three polyhedra are within one esti-
mated standard deviation of the l.7-Mbar crystal mod-
ulus, so the slight compression anisotropy cannot be
ascribed unequivocally to any one structural unit.
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Table 9. Euclase selected bond distances and angles

Bond/Angle 1 bar 62 kbat Bond/Angle 1 bar 42 kbat 62 kbar21 kba! 42 kbar 2l  tJ> ar

S i l i c o n  r e t r a h e d r o n O1 (cont inued)

1  6 0 5 ( 8 )  A f - 0 1 - A 1  1 0 0  2 ( 1 )

1 . 6 3 8 ( 5 )  A 1 - 0 1  s i  1 2 5 . 4 ( l )
1 . 6 0 7 ( 1 2 )  A 1 - 0 1 - s i  1 2 8 . 0 ( 1 )
1 . 6 0 8 ( 6 )  O 2  ( 3 - c o o r d i n a t e d )
l - 6 1 l

s1-01
s i  0 2
si-01
si-04
Mean Si-o

0t-si-02
0r-si-03
01-si-04
02-si-03
02-si-04
03-si-04

r l I  3 (1 )
r07  7( r )
r11  0( r )
r 0 6 . 9  ( r )
r 0 8 . 6  ( 1 )
1 1 r . 2  ( r )

r . 6 0 9  ( 1 0 )
1 . 6 3 9 ( 6 )
1 . 5 9 6 ( 1 6 )
r  6 2 0 ( 9 )
| 616

r r r  6 ( 4 )
1 0 7 . 1  (  s )
1 1 1 . 0  (  7 )
1 0 8  0 ( 7 )
r 0 7  7 ( 3 )
r 1 1 . s ( s )

r 1 2 . 0 ( 3 )
706 7 (4)
r r 2  2 ( s )
1 0 7  5 ( 5 )
t07 8(2'
1 1 0 . 5  (  4  )

e 9  s ( 3 )
1 2 s , 1 ( 3 )
7 2 8 . 3 ( 7  )

7-646(22)
1 . 9 0 9 ( 8 )
I  6 3 4  ( s )

r 2 4  0 ( 6 )
1 1 6 . r ( 5 )
L L 9  . 1  ( 4 )

1 ,  s 8 9  ( r 2 )
1 .  6 4 5  (  r 0 )
r , 6 1  5  ( 2 8 )

r 2 2  I ( r r )
r2r 6(6)
1 1 2  0 ( 9 )

r 623(1\
I  8 6 7  ( 4 )
r 942(12)

1 3 1  0 ( 5 )
7 2 t . r ( s )

9 6 . 9 ( 4 )

1  8 5 5 ( 1 2 )
| 628(12)

1 3 0 . 2  ( 1 1 )

1 . 6 3 9 ( 6 )
1 . 8 8 0 (  9 )
1 . s 9 9 ( 2 6 )

r 2 4 , s ( 1 )
1 1 5  3 ( 6 )
1 1 9  9 ( 5 )

1  s 9 6 ( 1 6 )
r , 6 4 4  ( 1 1 )
r  7 r 4 ( 3 s )

r22 7(1)
1 1 8  1 ( 1 4 )
1 1 4  4 ( 1 0 )

1 . 6 2 0 ( 9 )
1  8 7 1 ( 5 )
L  9 4 0 (  1 4 )

1 . 6 3 8 ( 5 )
r . 8 7 6 ( 7 )
1 . 5 9 9  (  1 9 )

7 2 4  - 2 ( 5 \
r 1 5 . 1 ( 5 )
1 2 O . 4 ( 4 )

r . 6 0 7 ( r 2 )
1 . 6 4 3 ( 9 '
r .693(26)

r 2 2  - 4 ( 5 )
1 1  8 . 1  (  1 0 )
1 1 4 . 1 ( 7 )

1 . 6 0 8 ( 6 )
1 . 8 6 t  ( 4 )
1 . 9 s 6  ( r 0 )

rr2 2(3)
1 0 6 . 6  ( 4 )
r 1 1 . : l ( 6 )
t o l  , 5  ( 6 )
1 0 8  0 ( 3 )
r r r  3 ( 4 )

1 . 8 4 3 ( 5 )
1 , 9 9 1 ( 9 )
1 . 9 0 9  ( 8 )
r . 8 6 7  ( 4 )
L 942(12)
1  8 6 6 ( 1 2 )
1 . 9 0 3

L , 6 4 6  ( 2 2 )
r  6 4 5 ( 1 0 )
r , 6 7 5 ( 1 0 )
t , 6 2 8 ( r 2 )
|  644

1 0 4 . 8  ( 6 )
1 1 r . 3 ( 1 2 )
1 0 4 . 3 ( 1  l )
1 r 6 . 6  ( 1 4 )
1 0 8 . 1 (  7 )
r r 1 . 1  (  1 0 )

r . 6 0 8  ( 8 )
1 . 8 4 3 ( 5 )
1 . 9 9 1 ( 9 )

L . 6 2 3 ( 2 )  1  6 0 8 ( 8 )
1 . 6 4 0 ( 2 )  1 . 6 3 4 ( s )
1  6 3 7 ( 2 )  1 . s 8 9 ( r 2 )
7 . 6 3 2 ( 2 )  r , 6 2 3 ( 1 )
I  6 3 3  1  6 1 4

1 0 0 . 1 ( 4 )  1 0 0 . 4 ( 3 )
7 2 s  7 ( 3 )  1 2 5 , 2 ( 2 )
7 2 7  4 ( 8 \  1 2 7 , 4 ( 6 )

0 2 - S i  I . 6 4 0 ( 2 )
0 2 - A 1  I  9 1 0 ( 2 )
o 2 _ B e  1  6 3 3 ( 3 )

si-O2-At 124 r(1)
s i _ 0 2 _ B e  1 1 5 . 1 ( 1 )
A 1 - 0 2 - B e  1 2 0 . 3 ( t )

o 3  ( 3 - c o o r d i n a i e d )
Aluminum Octahedron

A1-01 |  852(2)
4 1 - 0 1  1  9 8 5 ( 2 )
A7-02 r 910(2)
A1-04 1 873(2)
4 1 - 0 4  r . 9 3 4 ( 2 )
A r - 0 s  1 . 8 6 6 ( 2 )
uean A1-0 1.903

Beryl l ium Tetrahedron

B e - 0 2  I . 6 3 3 ( 3 )
B e - 0 3  1 . 6 5 8 ( 3 )
B e - 0 3  1 . 6 6 7 ( 3 )
Be-05 r.612(4)
Uean Be-o 7 643

0 2 _ B e _ 0 3  1 0 4 . 8 ( 2 )
0 2 - B e - 0 3  1 1 3 . 4 ( 2 )
0 2 - B e - 0 5  1 0 5  4 ( 2 )
0 3 - B e - 0 3  1 1 4  1 ( 2 )
0 3 - B e - 0 5  I 0 7 . 8 ( 2 )
03_Be_05 lrr-2(2)

0 1  ( 3 - c o o r d i n a t e d )

01-si
01-A1
0t-Al

r  8 3 3 ( 5 )  0 3 - s i  r  $ 7 e )
r . 9 8 0 ( 8 )  0 3 - B e  1 . 6 5 8 ( 3 )
1 . 8 j 6 ( 7 )  0 3 - B e  r  6 6 1 ( 3 )
r . 8 6 1 ( 4 )
1 . 9 5 6 ( . 0 r  S i - o j - B e  t / l . q ( t )
, . a a s i i o ,  s i - 0 J - B e  I o . o , t )
w  B e - o 3 - B e  t t 4  5 ( r )

8 4 4  ( 6 )
9 8 3 ( 1 2 )
880 (9)
8 7 1 ( s )
9 4 0 ( 1 5 )

1 . 8 5 8  ( 1 4  )
1  8 9 6

L , s 9 9 ( 2 6 )
I  6 4 4 ( 1 1 )
1 , 7 1 4  (  3 5 )
r . 5 8 5  ( 1 3 )
1  6 3 4

r 0 3 . 8 ( 7 )
1 1 3  6 ( r 3 )
r 0 8 . 0  ( 1 6 )
r r 2 , 2  ( L 6 )
r 0 9 . 5  (  7 )
1 0 9 . 5 ( 1 3 )

1 . 6 0 9  ( r 0 )
1 . 8 4 4 ( 6 )
1 . 9 8 1 ( 1 1 )

1 . 5 9 9 ( 1 9 )
1 . 6 4 3 ( 9 )
r , 6 9 3 ( 2 6 )
1 . 5  7 9  ( 1 1 )
1 . 6 2 9

r 0 3 . s ( 1 2 )
r 1 2 . s ( 9 )
r 0 8  6 ( 1 2 )
r 1 2 . 3 ( 1 2 )
1 0 9 . 6  ( 6 )
1 1 0  2  ( 1 0 )

1  8 5 8 ( 1 4 )
1 .  s 8 s  ( 1 3 )

1 2 8 . 1 ( 1 4 )

1 . 8 4 9  ( 1 0 )
1 . 5 7 9 ( 1 1 )

7 2 7  3 ( r 0 )

0 4  ( 3 - c o o r d i n a ; e d )

o4-si  : '6^2?:(?)
n / , - ^ l  t  6 t  t t  )

i l _ ; i  1 .e3412 l

s i -04-A1 l :1 ' : t1 l

o i_oa_o i  e6 .7r  r )

o5  (3 -coord ina ted)

05-41 1 .866(2)
Os-Be I .612(4)
o5-H o  16(4 \

1 3 1 . 4 ( 6 )  1 3 0 . 1  ( 4 )
1 2 6 . 5 ( 6 )  1 2 6 - 1 ( 4 )
9 6  9 ( s )  e 6  6 ( 4 )

r - 6 2 3 ( 2 '
1 . 8 s 2  ( 2 )
r  9 8 5 ( 2 )

r . 6 0 5 ( 8 )  A r - o 5 - B e  |  ] j : 1 f "

i:33313i f:-3;-H iilil1

*  P a l e n L h e s i z e d  f i g u r e s  r e p r e s e n t  e s d ' s

High-pressure crystal structure of euclase

The three cation polyhedra that are found in beryl also
form the euclase structure. All three polyhedral bulk mod-
uli in euclase are approximately 2.3 + 0.7 Mbar. The
relatively large percentage errors on these and other poly-
hedral bulk moduli in Be silicates are a consequence of
the difficulties inherent in detecting subtle shifts of low-Z
cation and oxygen positions as a function ofpressure. Note
that polyhedral distortion indices (Table 8) do not vary
significantly with pressure. The 2.3-Mbar polyhedral
moduli correspond to a linear compressibility of about
1.5 x l0-o kbar-r. This value is identical to that of the

Table 10. Axial compressibilities of beryl and euclase

minimum compression axis of euclase in the a-c plane
and indicates that structural changes in this direction are
controlled by changes in polyhedral volumes. The signif-
icantly greater compressibility of euclase perpendicular to
this direction is a consequence of cation-oxygen<ation
bond bending.

The effects of changing interpolyhedral angles may be
analyzed by first considering separately the chains oftet-
rahedra and octahedra parallel to a, and then examining
the cross-linkages of these chains. There are four sym-
metrically distinct T-O-T angles in the tetrahedral strip,
three involving 03 and one involving 02. All of these
angles are unchanged between I bar and 62 kbar, so the
tetrahedral strip is a relatively rigid structural unit. Two
different Al4-Al angles occur in the Al octahedral strips,
and these angles are also unchanged with pressure. How-
ever, cation-oxygen<ation angles that link tetrahedral
and octahedral strips all undergo some decrease with in-
creasing pressure, particularly the Al-O4-Si angle, which
changes from 132 to 130', and the Al-O5-Be angle, which
decreases from l3l to 127'. These significant changes in
interpolyhedral angles result in the observed anisotropic
compression of the euclase unit cell.

DrscussroN

Cornparison of beryl and euclase with Be
orthosilicates at high pressure

Hazen and Au (1986) have described high-pressure
structure data for phenakite (BerSiOo) and bertrandite

BERYL

a  =  9 . 0 2 8 1 0 . 0 0 1  -  0 . 0 0 1 5 8 1 0 , 0 0 0 0 3 P

c  =  9 . 1 8 8 i 0 . 0 0 3  -  0 . 0 0 1 9 3 1 0 . 0 0 0 0 7 P

( 8 1  =  t . z 2 a o . o l x t o - u k b a r - l  )

( 8 /  =  2 . 1 0 1 0 . 0 9 x 1 0  
' k b a r  ' )

EUCLASE

q  =  r r  7 7 9 7 1 0 , 0 0 0 ?  -  o . o o o 8 2 r o . o o o o 3 l  ( 8 "  =  1  . 7 2 1 0 . 0 6 x 1 0 - \ k b a r  
I  )

b  =  1 { . 3 3 2 1 0 . 0 0 1  -  0 . O 0 3 5 O r O . O 0 O O ? !  ( B U  =  2 . 4 4 i O . O 5 x t O - q k b a r - 1 )

( B c  =  t . 9 t t O , O 6 x t O  " k b a r  ' )c  =  r l , 6 3 3 4 r 0 . 0 0 0 6  -  0 . 0 0 0 8 8 1 0 . 0 0 0 0 3 P

B  =  1 0 0 . 3 2 1 0 . 0 2  -  0 . 0 0 3 2 J 0 . 0 0 0 6 P

A x e s  a , 9 ,  a n d  c  a r e  u n i t - c e ] l  e d g e  t e n g t h s  i n  A  a n d  B  i s  t h e  u n i l - c e t t

a n g f e  o f  e u c f a s e  i n  d e g r e e s ,  w h e r e a s  g ' s  w i l h  s u b s c r i p t s  r e p r e s e n t  f i n e a r

c o n p r e s s l b r f i i i e s .  P r e s s u r e  i s  i n  k b a r .
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[BeoSirOr(OH)], which may be represented by continuous,
three-dimensional frameworks of Be and Si tetrahedra.
Polyhedral bulk moduli in these two orthosilicates are
similar to those recorded here for beryl and euclase. All
four symmetrically distinct Be tetrahedra in phenakite and
bertrandite have bulk moduli of approximately 2 Mbar,
which is the same value observed in bromellite (BeO).
The 2.3 + 0.7 Mbar Be tetrahedral modulus in euclase is
consistent with this value, although the 1.4 + 0.4 Mbar
modulus ofberyl's very distorted Be tetrahedron is slightly
lower than other observed values.

Si tetrahedral bulk moduli in beryl and euclase are both
greater than 2 Mbar, consistent with tl;re 2.7 + 0.4 and
1.8 + 0.5 Mbar values for phenakite and bertrandite,
respectively. With the exception of the distorted Be tet-
rahedron in beryl, all Be, Al, and Si polyhedra in these
minerals from the system BeO-AlrO3-SiOr-HrO have bulk
moduli consistent with 2 Mbar or greater. These poly-
hedra are significantly less compressible than monovalent
or divalent cations in six or gtreater coordination (Hazen
and Finger, 1982).

It is evident from the several Be silicates that compres-
sion anisotropies are closely related to polyhedral link-
ages. The most rigid structural element in these minerals
is the three-member Be-Be-Si ring, which occurs in phen-
akite, bertrandite, and euclase. These rings do not bend
with increasing pressure, and their compressibility is thus
that of the constituent polyhedra-approximately 2Mbar
(corresponding to a linear compressibility of about 1.6 x
l0-a kbar-'). These three-member rings control compres-
sion along the phenakite c axis and the euclase a axis.
Four-member rings of two Be and two Si tetrahedra occur
in phenakite, bertrandite, and beryl; they are also rela-
tively rigid, limiting compression in the (001) planes of
hexagonal phenakite and beryl. Six-member tetrahedral
rings with hexagonal symmetry, as in phenakite and beryl,
also do not deform, acting as rigid structural units. Sig-
nificant compression occurs in Be silicates only when an-
gles between adjacent cornerJinked polyhedra are free to
bend. This situation occurs in both bertrandite and eu-
clase, which are the most compressible of the Be minerals
studied.

High-temperature versus high-pressure behavior of beryl

Morosin (1972) determined thermal expansion coeffi-
cients for beryl from -200 to 800"C. The c axis undergoes
moderate expansion of about 2 x 10-6 "C-t, whereas the
a axis shows only slight expansion over this range and
actually contracts with increasing temperature below about
200"C. At first sight, this extreme anisotropy in beryl ther-
mal expansion might seem inconsistent with the relatively
isotropic compression behavior. However, the expansion
anisotropy is not surprising considering the very different
thermal expansion behavior of Be and Si tetrahedra, as
opposed to the very similar compression behavior. In all
silicate structures determined at high temperatures, the Si
tetrahedral volume is unchanged with increasing temper-
ature. Furthefinore, rigid groups ofSi tetrahedra such as

the six-member ring in beryl often display thermal con-
traction as a result ofincreased bridging-oxygen vibration
amplitudes while Si-O distances remain constant (Hazen
and Finger, 1982). Be tetrahedra, on the other hand, are
expected to undergo a moderate linear expansion ofabout
lO-s 'C-', on the basis of the observed relationship be-
tween bond thermal expansion and Pauling bond strength
(Hazen and Finger, 1982). In the (001) plane in beryl,
thermal expansion is constrained by the "shrinking" Si
tetrahedral rings, but modest expansion is possible parallel
to c because of the expansion of Be tetrahedra. Work now
in progress on Be silicate structures at high temperatwe
should clarifu the relative magnitudes of polyhedral ther-
mal expansion in these minerals.

Elasticity of beryl and euclase

Yoon andNewnham (1973) reported single-crystal elas-
tic stiffnesses of beryl. They observed small compression
anisotropies, similar to those determined in this study,
with B, > 8,,. Newnham and Yoon (1973) presented a
simple mechanical model to rationalize observed com-
pressional stiffnesses in beryl and other silicates on the
basis of structural geometry. They observed that the least-
compressible directions generally conform to directions
of linked Si tetrahedra. Axes of tetrahedral chains in am-
phiboles and pyroxenes and planes of tetrahedral sheets
and rings in layer silicates and beryl are thus expected to
be the least-compressible directions in these minerals.

Be tetrahedra and Al octahedra are, on average, only
slightly more compressible than Si tetrahedra in the Be
aluminosilicates studied, and one must consider the com-
plete Be-Al-Si polyhedral framework, therefore, when ap-
plying a structural model such as that of Newnham and
Yoon. The c-axis compression of beryl, for example, is
only 200/o geater than that of the a axis, in spite of the
planar configuration ofrigid Si tetrahedra. The three-di-
mensional polyhedral framework (Fig. l) gives the struc-
ture rigidity along both a and c. In euclase the Si tetrahedra
are not linked to each other, and no axis of minimum
compression can be inferred by consideration ofSi tetra-
hedra alone. Recognition ofthe Be-Si tetrahedral chains
(Fig. 2a) and cross-linking octahedral chains (Fig. 2b) as
rigid structural elements is the key to understanding the
anisotropic compression of euclase.

Although the mechanical model ofNewnham andYoon
was applied only to compressional moduli, a similar ap-
proach may be used to rationalize shear moduli on the
basis of structure (e.g., Vaughan and Weidner, 1978; kv-
ien et al., 1980; Weidner and Vaughan, 1982; Bass and
Weidner, 1984). Three-member rings of tetrahedra, such
as the Be-Be-Si rings common to many Be silicates, be-
have as rigid structural units that are difrcult to deform.
When these rings form continuous strips or layers, as in
phenakite or euclase, then unusually large shear moduli
occur in the associated planes. The Coo elastic stiftress
coefficient of phenakite (corresponding to pure shear in
the a-c plane of the hexagonal mineral) is approximately
I Mbar, compared with the 0.6-Mbar stiffnesses typical
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of shear moduli in beryl. A similar large shear stiffness
should be associated with the a-b plane ofeuclase because
of the rigid tetrahedral chains lying in this plane. (The
elastic moduli of euclase have not been determined.)

Shearing in Be silicates should be particularly easy in
planes with interpolyhedral angles that are free to bend.
Observed changes in angles between tetrahedral and oc-
tahedral strips of euclase at high pressure suggest that
shear stiffnesses associated with the b-c plane will be un-
usually small. Let Cru Crr, and C,, represent euclase elas-
tic moduli of pure compression in the a, b, and c* direc-
tions, respectively. It follows from compressibility
observations of the present study that Crr) C*) C*
On the basis of the structural arrangement of rigid Be-
Be-Si tetrahedral rings and flexible interpolyhedral angles,
we predict that C66 > Cr, ) Coo (the pure shear stiffnesses
associated with the a-b, a-c*, and b-c* planes, respec-
tively). Hence, euclase should have shear as well as com-
pressional anisotropies.

Sulrrrrlnv

Polyhedral properties, including size, shape, compress-
ibility, thermal expansivity, and elastic character, are sim-
ilar for a given type of polyhedron in different structures.
Thus the Be tetrahedral bulk modulus is approximately
2 Mbar in bromellite, phenakite, chrysoberyl, bertrandite,
and euclase. Only in beryl, with a severely distorted Be
tetrahedron, is a smaller Be polyhedral bulk modulus ob-
served.

Studies ofBe silicates have also shown that groups of
polyhedra, such as the three-member Be-Be-Si tetrahe-
dral ring, may behave similarly from structure to struc-
ture. Compression anisotropies and shear moduli of sev-
eral Be minerals seem to be controlled by the distribution
of these rings. These arguments thus provide a practical
and intuitive method to relate mineral structures and
physical properties. Further experiments now in progress
on the structures and properties of minerals in the system
BeO-AlrOr-SiOr-H2O, combined with ab initio molecular
orbital calculations on characteristic Be-Al-Si po$edral
clusters, will help to define the potential and limitations
of the polyhedral approach.
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