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High-pressure crystal structure and compressibility of coesite
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Abstract

Unit-cell and crystal-structure parameters have been measured on a coesite single crystal at
six pressures. Unit-cell parameters of coesite change from a : 7.1356(3), b : 12.3692(8), c :
7 .1736Q)AandP:120.34(02)"at la tmtoa:6.9897(4) ,b:12.233(2) ,c :7. l l l2(4)Aand
B: l20.7aQI o at 51.9 kbar. Both silicate tetrahedra compress significantly but do not distort
over the 52 kbar pressure range. All unconstrained Si-O-Si angles and Si...Si distances de
crease over the pressure range, with smaller angles and distances decreasing more than larger
ones. Values for the bulk modulus [Kr : 0.96(3) Mbar] and its pressure derivative [Ki :
8.4(1.9) have been calculated by fitting the P-V data to a Birch-Murnaghan equation of
state. The compressibility of the coesite structure is highly anisotropic with the stiflest direc-
tion parallel to the chains of tetrahedra, which run ll to c, and the most flexible direction J- to
these chains in the a-c plane. The criss-crossing of silicate tetrahedral chains in the a-b
planes, at di.fferent levels along c, gives D an intermediate compressibility.

The increasing temperature factor of O(l), the central anion in the 180' Si-O-Si angle,
suggests that this angle becomes unstable at high pressures. Because substitution of Ge for Si
has a similar effect on the structure as does increased pressure, GeO, may not exist in the
coesite structure because the l80o Ge-O-Ge angle destabilizes the structure.

Introduction

The high-pressure crystal structure of SiO, (coes-
ite) has been studied to help us better understand the
structural elements which give rise to its single-crys-
tal elastic moduli and to permit a comparison be-
tween coesite and SiO, (quartz), the low-pressure
polymorph. We felt that investigations of these two
silica polymorphs, because of their simple chemistry,
would increase our understanding of the changes that
silicate tetrahedra undergo at high pressure, and we
would thus better understand the behavior of all sili-
cates under pressure. We also hoped to gain some in-
sight into why GeO, apparently is not stable in the
coesite structure.

Experimental techniques

The coesite crystals were synthesized at 65 kbar
and I100'C [this temperature was reported incor-
rectly as I l0'C in Gibbs et al. (1977)1. Observations
made under the optical microscope and with pre-

I Present address: Exxon Production Research Company, P.O.
Box 2189, Houston, Texas, 77001.
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cession and Weissenberg X-ray photographs showed
the crystals to be untwinned. Crystal #l was an elon-
gated hexagonal plate with dimensions 90 x 60 pm
and thickness of 30 pm. Intensity data were collected
on this crystal at ambient conditions 

"o6 
1vs high

pressures. Refinements of the high-pressure data
gave reasonable R values, but very large errors on
positional parameters; in addition, structural param-
eters did not show regular changes as a function of
pressure. The combination of the small size of the
crystal, coupled with the increased background
caused by the diamond cell, resulted in very low
peak-to-background ratios (42Vo of intensities were
<2or). Athird high-pressure data set, collected with a
higher-intensity X-ray fsam, gave a refinement with
smaller errors on the positional parameters, but the
refinement still was not satisfactory. Therefore, we
have included the unit-cell data collected on crystal
#l in this report, but not the structural refinements.
We next selected a larger crystal (160 x 80 x 60 pm;,
and collected data until this crystal was broken in the
diamond cell during an unsuccessful remounting at-
tempt. The largest lsmaining fragment (120 x 80 x
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60 pm) was used for the two highest-pressure runs
(with a noticeable decrease in the quality of the re-
finements). The diamond-anvil data-collection tech-
niques used for this study were similar to those de-
scr ibed by Levien et al .  (1980) with minor
modifications. The Merrill-Bassett (Merrill and Bas-
sett, 1974) cell was used for the highest pressures,
whereas a cell with larger diamond faces (l mm cu-
let) and flat Be discs, fike those described by Hazen
and Finger (1977), was used to collect the other high-
pressure data. All data were collected with Mo(a ra-
diation; a hemisphere of integrated intensities in re-
ciprocal space (2o <20 < 60o) was collected on the
crystal at room pressure, whereas an entire sphere of
intensities 2" < 20 < 90o (except for reflections af-
fected by diffraction peaks from polycrystalline Be)
was collected at each high pressure. Averaging of
symmetrically-equivalent reflections gave between
336 and 426 rcflections at the high pressures and 783
at I atm. From zero to three reflections were rejected
from the high-pressure data sets due to obvious over-
lap with diamond reflections. With the exceptions of
five reflections in the isotropic and three in the ani-
sotropic refinements at I atm, all observed reflections
(greater than2or) were accepted with the final refine-
ments. An extinction parameter significantly de-
creased the R values of all six refinements at the
0.005 significance level (Hamilton, 1974); however,
not enough data were collected at the high pressures
to warrant the increase in the number of parameters
(from 25 to 58) to refine anisotropic temperature fac-
tors. The final weighted R values of the isotropic re-
finements ranged from 0.030 to 0.048 (Table l). Ob-
served and calculated structure factors are listed in
TabIe 22; positional parameters and isotropic temper-
ature factors are given in Table 3; anisotropic tem-
perature factors for the l-atm refinement are re-
ported in Table 4; interatomic distances and angles
for the two silicate tetrahedra are given in Table 5;
inter-tetrahedral distances and angles are reported in
Table 6; unit-cell parameters are listed in Table 7;
and the coeffcients and angles that describe the de-
formation ellipsoid of the unit cell are reported in
Table 8.

Results
Although some of the positional parameters from

the previous refinement of the crystal structure of

2To receive a copy of Table 2, order document AM-81-150
from the Busincss Ofrce, Mineralogical Society of Arnerica, 2000
Florida Avenuc, N.W., Washington, D.C. 20009. Please remit
$1.00 in advance for the microfiche.

Table I. Int€nsity information for coesite at six pressures

total  l faf tet
lldata av. * tlr2cr** wR

1 t
E x t -  X  I O

I  a t m  i s o
I atm aniso
2 1 . 8  k b a r
3 1 . 5  k b a r
3 8 . 7  k b a r
4 6 . 0  k b a r
5 1 . 9  k b a r

*Nmber of data after symetrlcaLly equildlent reflections ueve

aueraged.
**Nmber af dqta accepted in the xefinerent. ALL uere gredtet

than 2or.
t Refihed seeonduy ertinctian po"meter'.

t fParent lesized f i rures represent esd's of Lea;t  Mits ci ted.

coesite (Gibbs et al., 1977) are significantly different
from those determined here, the Si-O bond distances
are essentially identical. All the equivalent isotropic
temperature factors in Gibbs et al. arc larger than
those determined in our study. This may be due to
the fact that no crystal X-ray absorption correction
was applied to their data before an extinction param-
eter was refined (Baldwin, personal communication).
Both corrections were made in our refinement. In
both refinements the weighted R values are consid-
erably larger than the unweighted values, suggesting
that in both cases the strong reflections (which have
smaller relative sigmas) show more scatter than the
data set as a whole. We see no evidence in the refine-
ments at high pressures for a phase change to a struc-
ture fike that reported by Kirfe et al. (1979).

The unit cell for monoclinic coesite is nearly
pseudohexagonal at room pressure with a and c ap-
proximately equal and B : 120.34o; however,
changes in the cell with increased pressure cause it to
appear less hexagonal. The a direction compresses
more than twice as much as the c direction, with a
changing 0.1459A in 52 kbar and c changing only
0.06244. In addition, the B angle increases to
120.74".

The strain ellipsoids (Ohashi and Burnham,1973),
which describe the deformation of the unit cell, have
been calculated for the pressure range studied, and
the principal axes and their orientations for crystal
#2 are reported in Table 8. For coesite, the directions
of minimum and maximum compression both lie in
the a-c plane, with the minimum compression direc-
tion fl to c, arld the maximum compression direction
90o away (ll to a*). The sym-metry axis, D, is parallel
to the intermediate axis. The orientation of this ellip-
soid does not change with pressure. The sti-ffness
along c increases very little with increased pressure,
whereas the stiflness along b, the intermediate direc-

838 183 742
838 783 742

1016 336 260
993 342 266

1008 346 264
1037 426 303

993 391 274

0 . 0 4 8  0 . 0 2 8  O . t  Z ( t i t l
0 . 0 3 0  0  0 1 7  0 , 4 2 ( 2 )
0 . 0 3 9  0 . 0 4 1  0 . 3 1 ( 4 )
0 . 0 3 9  0 . 0 4 5  0 . 3 6 ( 4 )
0 . 0 3 9  0 . 0 4 5  o . 3 2 ( 4 )
0 . 0 4 0  0 . 0 s 3  0 . 1 9 ( 2 )
0 . 0 4 0  0 . 0 5 5  0 . 2 0 ( 3 )



326 LEVIEN AND PREWITT: HIGH.PRESSURE STRUCTURE OF COESITE

Table 3. Positional and thcrmal parameters of coesite at pressure

1 a tn  1so 1 atm anLso 2L.8x J I .  f 38 .7 4 5  . 0 5 I . .  9

si  (1)

s l  (2)

o(1)  +

o (2)  +t

0  (3 )

0  ( 4 )

a
d

B

a
z
B

B

a
B

a
z
B

a

B

a

B

0 .140 :317 ;  
* *

0.  10833 (3)
o .  07  227  (8 )
0 . 4 1 ( 2 )

0 .  s0682  (7  )
o . r s 7 9 9 ( 4 )
o  .  s4o77  (7 )
0 .  4 0  ( 2 )

0 .  71  (3 )

0 .  1163  (1 )
0 . 6 8  ( 3 )

o.2660(2)
0 .  1234  (  1 )
0 . 9 4 0 L ( 2 )
0 . 7  9 ( 2 )

0 .3114  (2 )
0 .  1038  (1 )
0.3282 (2)
0 .  8 1  ( 2 )

0 .077  2 (2 )

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

0.  14035 (s )
0 .  1  0833 (2 )
0 . 0 7 2 3 0 ( s )
0 . 4 2 ( r )

0 .  50674 (s )
0.r57 96(2)
o  .5407 2(4)
0 .42  ( r - )

o . 7 r ( 2 )

0 .11634 (9 )
0 . 7 0 ( 2 )

0 .2561 ( r . )
o. L2324 (7 )
0 .9401 (1 )
0 . 7 9 ( 1 )

0 .31r -4  (1 )
0 .  r .0378(7)
0 . 3 2 8 0  ( 1 )
0 . 8 s  ( 2 )

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

0 .  138s  (1 )
0 .1089 (3 )
0 .  07  14  (1 )
0 .42 (2 )

0 .  s078  (1 )
0 .  1s78  (2 )
0 . s 4 2 6 ( L )
o  . 4 L ( 2 )

0 . 9 0 ( 6 )

0 .  1124 (8)
o .  54  (5 )

0.2605(4)
0 . 1 2 s 9 ( 6 )
0.9346(4)
0 .  55  (3 )

0 .  3144  (4 )
0 .  1020  (  6 )
0.3266(4)
o . 7  6 ( 4 )

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

0.  1-378 (1)

0 .  1093  (3 )
0 .  0711  (  1 )
0 . 4 4 ( 2 )

0.  5081 (1)
0 .L57  6 (2 )
o .5434(r)
o  . 4 3  ( 2 )

0 . 9 1  ( 5 )

0.  1r .07 (8)
o . 6 e ( s )

0 . 2 s 7  6 ( 4 )
0 .  r 2 7 2 ( 6 )
0.9320(4)
0 . 5 7  ( 3 )

0 .3 r .57  (4 )
0 .  1020 (  6 )
o.3263 (4)
0 . 7  6 ( 4 )

o . 0 2 3 4 ( 4 )
o . 2 1 2 5 ( 6 )
0 .4728(4)
0 .  8 2  ( 4 )

0 .  1374 (1 )
0 .109s  (3 )
0 .0707 (1  )
o .  4 0  ( 2 )

0 .  s08s  (  1 )
0 .L57 2(2)
0 .  s439 (1 )
0 .  38  (2 )

0 . 9 0 ( 5 )

0 .  109s  (8 )
0 .  s5  (s )

0 . 2 5 s 8  ( 4 )
0 . L 2 7 9 ( 5 )
0 .  9302 (4 )
o .  62  (3 )

0 .3167 (4 )
o. 1005 (5)
0 .3257 (4 )
o . 7 3 ( 4 )

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

0. 1370 (1)
0. r.098 (3 )
o . o 7  0 4  ( 2 )
0 .  3 8  ( 2 )

0 . 5 0 8 s ( 2 )
0 .  1576 (  3 )
0 .  s44r (2)
0 .  3 s  ( 2 )

1 . 0 3 ( 7 )

0 .  1091 (8 )
o .  64  (6 )

0 . 2 s 4 3 ( 4 )
0 .12  91  (s )
o.9284(4)
0 .  s7  (4 )

0 .3L79 (4 )
o .  1005 (6 )
0 . 3 2 5 r ( 4 )
0 . 7  4  ( 4 )

0 .0264(5)
o  .2129 (6 )
0 .47 t9  (5 )
0 . 8 0  ( s )

0 .1369  (2 )

8:3181{ii
o  . 4 r ( 2 )

0 .  s087 (2 )
0 .  1574 (3 )
o . s 4 4 6 ( 2 )
0 .  3 8  ( 2 )

0 . e 4 ( 7 )

0 .  108s  (9 )
0 .  5s  (5 )

0 .2540 (s )
0 .  1298 (5 )
0.9282(s)
o  . 5 2 ( 4 )

0 . 3 1 8 7  ( 5 )
0 . 1 0 0 s ( 6 )
0 .  32sr .  (s )
0 . 7 4 ( 5 )

0 .  02  75  (5 )
o . 2 1 2 6 ( 7 )
0 . 4 7 L 4 ( 5 )
0 . 8 0 ( s )

o(s)

i.Pressu.z,es ate nepotted in kbar wzLess otheztyLse indicated.^^Patenthesi.zed 
figtu,es ?epresent esdts of l-east wtits eited.

a.The positionaL panoneters fon 0(L) are (0, 0, O).
arThe x otd a positionaL paraneters for O(2) qre 0.s and 0.25, respectioeLy.

tion, becomes almost as great as that along c by the
46.0-51.9 kbar range.

The two symmetrically-distinct silicate tetrahedra
in coesite respond differently to increased pressure.
In the Si(l) tetrahedron, two Si-O bonds [the longest,
Si(lFO(s), and one intermediate in length, Si(l)-
O(3)l stay approximately the same, whereas the
shortest and the other intermediate bond, Si(lfO(l)
and Si(l)-O(4), compress signifisanfly (Table 5).
From a standard deviation of the mean Si-O dis-
tance, calculated by propagation of errors, the aver-
age bond length can be said to shorten significantly.
Other evidence that supports this claim is that a sig-
nificant decrease in tetrahedral volume occurs, from
2.138 to 2.11043, (Table 5) with estimated errors on
these values no larger than 0.003A3. The quadratic
elongation (Robinson et al., l97l) of the Si(l) tet-
rahedron does not change over the pressure lang€;
and therefore the volume change cannot be ac-
counted for by polyhedral distortion and must be a
result of the compression of Si-O bonds. Of the inter-
nal tetrahedral angles, the largest change is observed
in the O(l)-Si(l)-O(4) angle, changing from

109.32(5)" to 107.4(3)0. Coincident with this change
is the largest change in tetrahedral O-O distances
[between O(l) and O(4)], from 2.616(l) at I atm to
2.560Q)A at 51.9 kbar. These are also the two oxy-
gens that form the compressible Si-O bonds in the
Si(l) tetrahedron.

The Si(2) tetrahedron also changes anisotropically
so that all four S(2)-O bonds compress, but with
only the longest two, Si(2)-O(3) and Si(2)-O(5),
changing significantly (Table 5). When the standard
deviation of the mean S(2)-O distance is calculated

Table 4. Anisotropic temperature factors for coesite at I atm

'23- 1 3-L2'22- 1 1

s i ( 1 )  30 .  ( 1 ) * *  6 .5 (3 )
s r (2 )  32 .9 (e )  7 .4 (3 )
o (1 )  s0 .  ( 3 )  6 .4 (7 )
o (2 )  66 .  ( 3 )  r 2 .L (1 )
o (3 )  s0 .  ( 2 )  16 .0 ( s )
o (4 )  60 .  ( 2 )  1s .2 (6 )
o ( s )  53 .  ( 2 )  7 .1 (5 )

28 .  ( 1 )  - 2 .8 (2 )
24 .  ( L )  - 1 .1  ( 2 )
s6 .  ( 3 )  - 6 .  ( 1 )
35 .  ( 3 )  0 .
ss .  ( 2 )  - 4 .8 (8 )
3L . (2>  -6 .3 (7 )
68 . (2 '  - 0 . 1 (7 )

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

'A lL  
B ' "  ee  q luen x  104.**Pmnthesizeh 

figwes repreeent esd's of Leret unite aited .
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Table 5. Tetrahedral distances and angles ofcoesite at ptessure

I  atm iso I  atm anlso 2L.g* 38.7 46.O 5 1 .  9

Intra-t etrahedral
si ( r_ )-0( 1)
s i (1 ) -0 (3 )
sr(1)-o(4)
s i (1)-0(  5)
<si ( 1 )-o>

Int ra-t etrahedral
0  (1  ) -s i  (1  ) -0 (  3  )
0 ( 1 ) - s i ( 1 ) - 0 ( 4 )
0 ( 1 ) - s i ( r ) - 0 ( 5 )
0(  3 ) -s i  (  1  ) -0 (  4 )
0 ( 3 ) - s i ( 1 ) - 0 ( 5 )
o ( 4 ) - s i ( 1 ) - o ( 5 )

Int ra-tet rahedral
0 (  1  ) -o (  3 )
o(  1  ) -0 (  4 )
o(  r  ) -o (  5 )
o(  3 ) -o (  4 )
0(  3 ) -0 (  5  )
0 (  4  ) -0 (  5 )
<0-0>

Quad. Elong.
Te t ra .  vo1 .  (A3 )

Intra- tet  rahedral
s i ( 2 ) - 0 ( 4 )
s i  (  2 ) - 0 (  2 )
s i (  2 ) - 0 (  3 )
s i (2 ) -o (s )
<si  (  2  ) -0>

In t ra-tetrahedral
0 (  4  ) -s i  (  2 ) -0 (  2 )
0(  4 ) -s i  (  2  ) -0 (  3 )
0 ( 4 ) - s i ( 2 ) - 0 ( s )
0(  2 ) -s i  (  2  ) -0 (  3 )
0(2) -s i_ (2) -0 (s )
0 ( 3 ) - s 1 ( 2 ) - 0 ( 5 )

Intra-t.etrahedral
0 (  4 ) -0 (  2 )
0(4) -o (  3 )
0(  4 ) -0 (  5  )
o (  2  ) -o (  3 )
0 ( 2 ) - 0 ( 5 )
o( 3)-o( s)
<0-0>

Quad. Elong
T e t r a .  V o 1 . ( A J )

d is tances  (A)
1 . 5 9 4 5 ( 4 ) * *
1 . 6 1 1  ( 1 )
1 . 6 1 2  ( 1 )
r . 6 1 9  ( 1 )
1 . 6 0 9 2 (  6 )

angles (deg)
1 1 0 . s 2 ( 6 )
1 0 9 . 3 2 ( s )
1 0 9 . 8 9 ( s )
1 r 0 . 3 2 (  7 )
1 0 7 . 8 9 ( 7 )
1 0 8 . 8 7 ( 7 )

d is tances  (A)
2 .634( r )
2 . 6 1 6 ( r )
2 . 6 3 0 ( 1  )
2 .646(2)
2.6Lr(2)
2 .628(2)
z . o z o

1 .0003
2 . 1 3 8

distances (A)
1 . 6 0 4  ( 1 )
1 . 6 1 0 9 (  7  )
1 . 6 1 4  ( 1 )
r . 6 1 9  ( 1 )
1 .  611  8 (  6 )

angles (deg)
1 0 9 . 3 s ( 6 )
1 0 8 . 8 s (  7 )
1 0 9 . 3 8 (  7  )
ro9.7 4(6)
1 1 0 . 2 1 (  8 )
1 0 9 . 3 0 ( 7 )

distances (A)
2.623(r)
2 .6 ] -7  (2 )
2 . 6 3 0 ( 2 )
2 . 6 3 7  ( 1 . )
2 .649(2)
2 . 6 3 7  ( 2 )
2 .632

1. 0001
2 . I 4 9

1 .  5946 (  3 )
1 . 6 1 1 8 ( 9 )
1 . 6 1 1 3 (  9 )
1 . 6 1 9 7 ( 8 )
1 .  6094 (  4 )

1 1  0 . 4 6  (  4 )
109 .  34 (  3 )
r 0 9 . 8 s ( 3 )
1 1 0 . 3 2 (  5 )
107 .94(  s  )
r 0 8 . 9 1 ( 5 )

2 . 6 3 3 9 ( 8 )
2 . 6 r s 4 ( 8 )
2 . 6 3 0 6 ( 8 )
2 . 6 4 s  ( 1 )
2 . 6 1 3  ( r )
2 . 6 2 9  ( r )
2 ,628

1.  0002
2.t38

1.  603s(  9  )
1 .  6 1 0 6 (  s )
1 . 6 1 4 4 ( 8 )
1 . 6 1 9 0 ( 9 )
1 . 6 1 1 9 ( 4 )

109.  43(  4  )
1 0 8 . 8 3 (  s )
1 0 e . 3 4 ( 4 )
109.  69(  4 )
1 1  0 . 1 8 (  5  )
1 0 9 . 3 6 ( 4 )

2.6236(8)
2 . 6 1 7  ( 1 )
2 . 6 2 9  ( r )
2 .6367 (8 )
2 . 6 4 8  ( r )
2 . 6 3 8  ( 1 )
2 .632

1. 0001
2.L49

1.  s83(  3 )
1 . 6 1 2 (  3 )
1 .  60s(  4 )
L.623(7 )
1 . 6 0 6 (  2 )

r .10 .4(  2 )
1 0 8 . 5 (  3 )
rro.2(2)
1 1 0 . 6 ( 1 )
r08 .  0 (  3 )
Loe.2(z )

2 .624(5)
2 . 5 8 7  ( 5 )
2 .629(8)
2 .645(3)
2. 617 ( s>
2.632(7)
2 . 6 2 2

1. 0004
2. t24

r . 6 0 6 (  s )
1 . 6 1 1 ( 4 )
1 .  610(  3 )
1 . 6 0 9 ( 8 )
1 . 6 0 9 ( 3 )

1 0 9 . 0 (  3 )
108.  6 (  3 )
109.  7 (  3 )
109.  3 (  2 )
1 1 0 . 5 (  3 )
1 0 e . 6 (  3 )

2.6]-9(4)
2 . 6 1 2 ( 5 )
2 .629(LO)
2 .628(3)
2.646(Lr)
2 .  630(  9 )
2 . 6 2 7

1. 0001
2. t37

1.  s81(  3 )
1.6i l .  (  3)
1 . 6 0 3 ( s )
r.623(6)
1 .  604(  2 )

1 r 0 . 2 (  2 )
1  08 .  3 (  3 )
1 r 0 . 3 (  2 )
1 1 0 . 9 (  r )
r 0 8 . 0 (  3  )
l -09 .1(  3 )

2 .  619(  5  )
2 . 5 8 1 ( 8 )
2.629(7 )
2 . 6 4 6 (  4 )
2 . 6 L 6 ( s )
2 .628(9)
2 ,620

1. 0005
2.]-r8

1 . 6 0 1 (  6 )
1 .  61  0(  4 )
1 .  611 (  3 )
1 . 6 0 6 (  7 )
1 .  607 (  3 )

1 0 9 . 0 (  3  )
1 0 8 . 8 (  3 )
1 0 9 . 6 (  3 )
1 0 9 . 2 (  3 )
110.  6 (  3 )
10e.  5 (  3  )

2 .6L5(6)
2 . 6 1 2 ( 8 )
2 .  620(  10)
2.626(4)
2.645(rr)
2 . 6 2 7  ( 9 )
2 .624

1. 0001
2.t29

1.  s78(  3 )
1 .  610(  3 )
1 . 6 0 3 ( 4 )
1 .  631(  7  )
r . 6 0 5 ( 2 )

1 1 0 . 2 (  2 )
1 0 7 . 7 (  3 )
1 1 0 . 5 (  2 )
1 1 1 .  0 (  1  )
1 0 7 . 7 (  3 )
109.  7  (  3 )

2 . 6 1 s (  s )
2. s6s(7 )
2 .637 (8 )
2 .648(4)
2 .6L7 (5 )
2 .644(8)
2 . 6 2 2

1. 0007
2,r22

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

108.  9 (  3 )
1 0 8 . 8 (  3 )
1 0 9 . 8 (  3 )
1 0 e . 1 (  3 )
1 1  0 . 8 (  3 )
109.  4 (  3 )

2 .6 ] -7  (4 )
2 .674(6)
2 .622(10)
2 .623(3)
2 .  640(  11  )
2 .619(9)
2 . 6 2 2

1. 0001
2. r25

1 . 5 7 8 (  3 )
1 . 6 1 3 (  3 )
1 . 6 0 0 (  6 )
r.625(7 >
1 .  604(  3 )

1 1 0 . 3 (  2 )
1 0 7 .  5 (  3 )
1 1 0 . 3 (  2 )
r 1 1 . 0 ( 1 )
1 0 7  . 8 (  3 )
109.  9 (  3 )

2.6]-9(s)
2 .  s 6 3 ( 8 )
2.628(8)
2 . 6 4 7  ( 4 )
2 .6 ] -7  (5 )
2 .64o(e)
2 .619

1. 0007
2. rL5

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

109.  0 (  3 )
1  08 .  6 (  3 )
1 0 9 . 9 (  3 )
108.  9  (  3 )
1 1 0 . 8 ( 3 )
1 0 e . 6 ( 3 )

2.616(6)
2 .6r -0 (  8 )
2.624(9)
2.620(4)
2.643(rr)
2 . 6 2 r ( 8 )
2 . 6 2 2

1. 0002
2. r25

r .  s78 (  3 )
1 .  611  (  3 )
1.  s99(  s)
r . 6 2 2 ( 7  )
1.  603(  2)

1 1 0 . 4 (  2 )
r 0 7 . 4 (  3 )
110.1  (  2 )
1 1 0 . 9  (  r )
1 0 8 . 0 ( 3 )
110.0(  3 )

2 .6L9(5)
2 .560(7)
2.623(8)
2 .645(4)
2 . 6 L 6 ( s )
2 .  6 3 9 (  8 )
2 .6L7

1. 0007
2.]-II

1 . 6 0 r ( 6 )
1 . 6 0 8 ( 4 )
1 .  6 0 4 (  4 )
1 . 6 0 6 ( 8 )
1 .  60s(  3 )

109.0(  3 )
1 0 8 . 5 ( 3 )
ro9 .  8 (  3 )
r 0 9 . 2 ( 3 )
1 1 0 . 7 (  4 )
109.  4 (  3 )

2 . 6 1 4 ( 5 >
2 . 6 0 2 ( 6 )
2.625(10)
2 . 6 1 9 ( 4 )
2 .  645(  11  )
2 . 6 2 L ( e )
2.621

1. 0002
2. tz r

x Pz,essures are z.eported in kbay wtLess
x xParenthesized 

figures represent esdt s
otheruise indieated,
of Least tmits cited.

by propagation of the errors on the individual bonds,
the mean S(2)-O bond length also decreases. Again
there is a change in the polyhedral volume (2.149 +
2.l2ly'f) and no change in quadratic elongation. The
volume decrease must therefore be caused by Si(2)-
O bond sfueftsning.

The coesite structure is composed of four-mem-
bered rings of silicate tetrahedra linked to form
chains ll to c and in the a-b plane. Thus, there are
five symmetrically-distinct Si-O-Si angles (Table 6,
Fig. l). The smaller angles on this figure seem to be
decreasing at a faster rate than the larger ones. The
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Table 6. Inter-tetrahedral distances and angles of coesite at pressure

1 atm iso 1 atm anlso 2r .8 * 3 1 . 5 4 6 . 0 5 1 .  9

In te r - te t rahedra l  ang les  (deg)
s l ( 1 ) - O ( 1 ) - s i ( 1 )  ( A ) * *  1 8 0 .
s i ( 2 ) - o ( 2 ) - s i ( 2 )  ( B )
s i ( 2 ) - 0 ( 3 ) - s i ( 1 )  ( c )
s l ( 1 ) - 0 ( 4 ) - s 1 ( 2 )  ( D )
s i ( 1 ) - 0 ( s ) - s i ( 2 )  ( E )

In t .e r - te t rahedra l  d is tanses  (A)

0(3 ) -0 (3 )
o (3 ) -o (3 )
o (4)  -o (4)
0 (5 ) -0 (s )
0 (s)  -o (5)

L 4 2 . 7  ( 7 )  t
1 4 4 .  s 2 ( 9 )
r49 .64(9)
1 3 7 . 3 6 ( 9 )

3 . 1 8 9 0 ( 9 )
3 .  1036  (6 )
3 . O 7  2 0 ( 6 )
3 . 0 1 s 9 ( 6 )
1 .0522 (9 )

J . J / ) ( J , l

3 . 2 e 7  G )
3 . 3 9 8  ( 3 )
3 .  1 s 8  ( 2 )
3 .314(2)

1 8 0 .
r 4 2 . 7 2 ( 8 )
r44  .4s  (6 )
149.  68  (  6 )
r37  .29  (6 )

3 . 1 8 9 2  ( 6 )
3 .L029 (4)
3  . o 7  2 2  ( 4 )
3 . 0 1 6 4 ( 4 )
3 . 0 s 2 3  ( s )

3 . 2 0 9  ( 1 )
3  . 3 7  5  ( 2 )
3 . 2 9 0 ( 2 )
3 . 3 9 7  ( 2 )
3  .  1s8  (2 )
3 .3 r r (2 )

180.
r39 .4(7)
r 4 3 . 2 ( 2 )
r49  .3  (4 )
r3s . 6 (2)

3 . 1 6 6 ( 6 )
3 . 0 9 6  ( 5 )
3  .057 (2 )
2  .992 (4 )
3 . 0 2 2 ( 2 )

3  .  116 (12)
3 . 2 6 4  ( 7 )
3 . 2 L 9 ( r 4 )
3 .  3 1 7  ( s )
3 . 0 6 4 ( 5 )
3 . L 9 6 ( 7 )

1 8 0 .
1 3 8 .  1  ( 7  )
L 4 2 . 4 ( 2 )
1 4 9 .  6  ( 5 )
1 3 4 . e Q )

3 . 1 6 2 ( 6 )
3 .  091 (10)
3 .  0s1  (3 )
2 .98L(4)
3 .  008 (2 )

3 .087 G-2)
3  . 2 1 0  ( 1 1 )
3 .  188 (14)
3 .287 (s)
3 . 0 2 s  ( s )
J  .749 (7  )

180.
1 3 7 .  s  ( 6 )
1 4 1 . 8 ( 2 )
148.  8  (  s )
L34.5  (2 )

3  .  1s7  (6 )
3 . O 9 2 ( 7 )
3 . O 4 3 ( 2 )
2 .978(4)
3  .  000 (2 )

3.049(L2)
3 . 1 8 0 ( 9 )
3  .  170 (13)
3 . 2 5 e  ( s )
3  .  008 (s )
3  .  l l s  (7 )

180.
]-36.7 (7)
r4L .3(2)
148.  8  (s )
L33.6(2)

3 .  l ss  (6 )
3 . 086 (10)
3 .  o4o (3 )
2 .964(4)
2 .994(2)

3 .o34( r2)
3 .  147 (11)
3 .L43( t2 )
3 . 2 3 0 ( 6 )
2 .987 (6 )
3 . 0 8 5 ( 7 )

180 .
L36  . 4  ( 7  )
r 4L .4 (2 )
1 4 8 . 8  ( s )
132 .  9 (3)

3 .  1 5 6  ( 6 )
3 . 0 8 2  ( 8 )
3.  03s (2)
2.960(5)
2.986(2)

3 .  020 (13)
3  .  136 (9 )
3 . 1 2 3 ( 1 3 )
3 . 2 r 4 ( 6 )
2  . 9 7  o  ( 6 )
3 .  063 (8 )

s i (1 ) -s l (1 )  (A)* *
s i ( 1 ) - s l ( 2 )  ( c )

(D )
(E )

s  i  (1 )  -s l  (2 )
s l  (1 )  -s i  (  2 )
s i ( 2 ) - s i ( 2 )  ( B )

Inter- tetrahedral  d istances (E)
0 ( 2 ) - 0 ( 4 )  ( 1 ) + t  3 . 2 0 s ( 2 )

( 2 )
( 3 )
(4 )
t ) ,
( 6 )

.xPz,essures are nepoz.ted. in kbaz, unless otheruise indi,cated..**Lettev' 
codes refbz. to z,eLated distatces and cngles on this tabLe md on Fig. S.

.tParenthesized figuz,es z,epresent esdts of Least units eited..
rrNumber codes are used in the &iseussion qnd on Fiqs. S cnd 4.

S(l)-O(l)-Si(l) angle is symmetrically constrained
to be 180" and shows the lack ef ffinking of the
chains that run through the a-b planes. The Si(2)-
O(2)-S(2) interbond angle shows the largest change,
142.6(l)" + 136.4(7)" and describes the kinking of
the chains that run ll to c. The other three Si-O-Si
angles describe distortions within the four-membered
rings of tetrahedra. The Si-Si distances (which are
related to the Si-O-Si angles) all decrease signifi-
cantly, again with the smallest distances generally
showing the largest changes (Fig. 2). The Si(l)-Si(l)
distance can only change from Si(l)-O(l) bond
shortening.

The isotropic temperature factors of three of the
oxygens change with pressure. That of O(2) decreases
slightly and that of O(3) decreases more than twenty
percent. The value for O(l) is reasonable at I atm,
and we therefore agree with Gibbs et al. (1977) that
O(l) is on a special position, making the Si(l)-O(lF
Si(l) angle 180o, and not an average value as sug-
gested by Liebau (1961). However, the isotropic tem-
perature factor for O(1) increases thirty percent in
the pressure range from 0 to 52 kbar, suggesting that
the high-pressure structure might be more stable if
this angle were less than 1800. The angular deviation
from l80o could not, howevero be as large as the 20o
suggested by Liebau, because a much larger increase

in the temperature factor would be required to in-
dicate such a change.

Elasticity

The bulk modulus, K'' and pressure derivative of
the bulk modulus, Knhave been calculated by fitting
the P-V data (Table 7) to a Birch-Murnaghan equa-
tion of state. An unweighted fit gives values of K7.:
0.96(3) Mbar and K!" : 8.4(1.9); the values for a
weighted fit are essentially the same, K, : 0.96(3)
Mbar and Kr:8.4(1.6). The agreement of these val-
ues with those of other investigators is fair, with pub-
lished values of K ranging from 0.89 to l.l4 Mbar.
Bassett and Barnett (1970) collected P-Zdata using
a tetrahedral press and solid pressure-transmitting
medium. By fitting their data to a Birch-Murnaghan
equation, they calculated Kr: l.l4 Mbar (using K',
: 8, which agrees with that of this study). This K,
value may be higher than tle others because it was
determined under non-hydrostatic conditions. Two
ultrasonic studies of polycrystalline coesite by Aki-
moto (1972) and Liebermann (personal communica-
tion) yield values for K" of 0.93 and 1.05 Mbar, re-
spectively. Finally, K" : 1.09 Mbar has been
calculated from the best model of single-crystal elas-
tic moduli determined by Weidner and Carleton
(1977), and K" : 0.89 Mbar for their alternate model.
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We have the most confdence in the K values deter-
mined by Weidner and Carleton because they used
1fos single-crystal techniques based on Brillouin scat-
tering spectra. However, because we have performed
a careful X-ray diffraction experiment and observed
slight imperfections in the crystal used in their study,

and because large improvements have been made in
these methods of determining elastic moduli since
this first crystal was studied, we believe these data
may be subject to slightly larger than normal errors.
The directions of the principat axes of the strain el-
lipsoid, which describe the unit-cell deformation, cal-

s i ( t ) -s i (2 )  s i (2 ) -s i (2 )
+ - +

s i ( t ) -s i (2 )
f

s i0 ) -s i (2 ) si ( t )  -  s i i l )

o
-cl
J

lrJ
E.
l
a
a
UJ
E.
(L

+

+

+-

294 2.98 302 3.O6 3. lo 3.14 3.t8 3.2?

si ' . .s i  (A)
Fig. 2. The five Si...Si distances as a function ofpressure. The smaller Si..'Si distances change more than the larger ones. The Si(l)-

Si(l) distance decreases although the S(l)-O(l)-Si(l) angle does not. Letter codes refer to related distances and angles on this figure,
Figs. I and 5, and Table 6.
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Table 7. Unit-c€ll parameters of coesite at pressure

a (E) b (&) e (& t B (dee) I/ (83)

in the structure. The non-bonded O-O distances
have been numbered I to 6 for ease of discussion.
Distance #l [O(2)-O(4)] changes 5.9 percent and is
very nearly parallel to b (Fig. 3). There are two
IO(3)-O(3) pairs that show large changes: #2 de-
creases 7.1 percent and #3, 5.0 percent. Number 2
runs nearly parallel to a* and measures the distance
between the chains that run ll to c (Fig. 4). Change
#3 is not only within a silicate chain, but within one
ofthe groups offour tetrahedra (Fig. 3). The octago-
nal area around which the four tetrahedra are linked
(in the chains that run through the a-b planes) be-
comes more elongated as pressure increases. Distance
#4, [O(4)-O(4)], which decreases 5.4 percent, causes
changes similar to those of #3, but in tle chains
which run parallel to c (Fig. 4). The direction of the
change is in the a-c plane rotated approximately
l50o from c and 30o from a. The fifth change tO(5)-
O(5)l is within a chain and decreases 6.0 percent in
the direction ll to c (Fig. 4). Change #6 [O(5)-O(5)] is
the largest, 7.6 percent, and also indicates the de-
crease in the distance between chains (Fig. a) in the
a-c plane. Changes #2 and #6 show the largest of
the O-O decreases, and both measure the distance
across the channels between the silicate chains that
run parallel to c. It is not surprising that the a-c
plane shows very anisotropic elastic behavior with
the strongest direction running parallel to the silicate
chains (ll to c) and the most flexible direction, per-
pendicular to the chains (ll to a*). Why, then, is this
anisotropy not observed in the a-b plane, where
there are very sinilar chains that should be more
rigid because of their constrained l80o linkages? This
pronounced elastic anisotropy is not shown in the a-
b plane because the chains run across the unit cell in
one direction at the z : 0 level [(0,0,0) --+ (1,1,0)],

1  a t m  Z . t l S O ( : ) *
21 .81s ; * *  t .oegz iG\
2 2 . 4 $ ) t  7 . 0 6 6  ( r )
3 1 . 5 ( 5 )  7 . 0 4 0 7 ( s )
3 2 . 4 ( s ) r  7 . 0 3 6  ( r )
3 8 . 7 ( 5 )  +  7 . 0 2 1 3 ( 2 )
4 0 . 3 ( 1 , ) ' ,  7 . 0 1 5  ( 1 )
46 .0(5)  7 .0042(5)
s l . 9 ( 5 )  6 , 9 8 9 7 ( 4 )

L 2 , 3 6 9 2 ( 8 )  7 . 1 1 3 6 ( 3 )
1 2 . 3 0 6  ( 1 )  7 . 1 4 6 2 ( 3 )
12 .307 (4 )  7 .1 ,4s  ( r )
12 .z1e (2 )  7 .1 ,342(4)
L 2 . 2 7 6  ( s )  7 . 1 3 2  ( L )
1 2 . 2 6 0  ( 7 )  7 . 1 2 5 2 ( 3 )
L 2 . 2 5 8  ( s )  7 . L 2 2 9 ( 8 )
1 2 . 2 4 6  ( 2 )  7 . 1 7 7 7  ( 4 )
1 2 . 2 3 3  ( 2 )  7  . [ r 2 ( 4 )

r2o ,34(02)  546,46(s )
1 2 0 . 5 3 ( 0 2 )  5 3 5 . 4 7 ( 7 )
1 2 0 . s 4 ( 0 8 )  5 3 5 . 1  ( 2 )
1 2 0 . 6 1 ( 0 4 )  5 3 0 . 8  ( 1 )
1 2 0 . 5 3 ( 0 7 )  s 3 0 . 0  ( 2 )
r20 .65(02)  527.se(6)
t20 ,69(07)  526.6  (2 )
r20 .70(04)  524,93(9)
r20 .74(o3)  522.59(9)

,*Paxenthesized figures represent esd.ts of least units cited.'"  
Prassu?es ape reported in kbar pLess ol  herut 'se inl ieaLea.

lMerewed on Crystal #1.

culated from Weidner and Carleton's best model of
single-crystal elastic moduli, agree within 5o of those
calculated from the unit-cell data we determined
(Table 8); however, the magnitudes of the changes
are different. Our data show the directional compres-
sibilities in the following order x ) ! ) z, whereas the
order shown by Weidner and Carlton's data is x ) z
> y. Their alternate model agrees with ours in neither
direction nor magnitude. We therefore also favor
their preferred model; however, we can conclude
only that the true value of Kis between 0.89 and 1.09
Mbar, and that both sets of P-V data suggest that Ig
is unusually large (-8) for coesite.

The volumes of the silicate tetrahedra that make
up the coesite structure account for only 6.3 percent
of the unit-cell volume at I atm. The change in the
volumes of the tetrahedra with pressure accounts for
only 1.8 percent of the compression of the unit cell.
Therefore, most of the volume change within the
structure does not occur within tetrahedral volumes,
but between them. There are six O-O pairs that show
large decreases in their distances (Table 6); some of
these changes are interpreted as closing of channels

Table 8. Principal compression coefficients for coesite at pressure

Pressure
range

?rinclpal l inear
compression
coef f i c len ts  X  10-q
per kbar

VoIume
conpres sion
coef f i c len ts
x 10-4
per kbar

Or len ta t lons*  (deg)

" l - 2
J" 2e -

1

^ -  ^ t l *
r  a t m - z t . d

2 1 . 8 - 3 1 . 5
5 L . ) - 5 6 ,  I

3 8  . 7 - 4 6 . O
+o  .  u - ) I .  y

- 1 . 7 5 ( 3 ) r
- r .7  3  (7 )
- 1 . 8  ( 1 )
- 1 . 4  ( 1 )
- 1 . 5  ( 1 )

-2 .34(5)
- 2 . 3  ( 2 )
- 2 . 7  ( 2 )
- r .6  (2 )
- 1 . 8  ( 4 )

-5 .1s  (3 )
- s . o  ( 1 )
- 4 . 5  ( 1 )
- 3 . 9  ( 1 )
- 4 . 2  ( 2 )

-9  . 2s (6 )
-e .  o  (2 )
- 8 . 4  ( 3 )
- 6 .  e  ( 3 )
- 7  . 5  ( 4 )

- 0 .  3  ( 3 )
0 .  ( 1 )
0 .  ( 1 )
2 .  ( 2 )
0 .  ( 2 )

8 9 . 7  ( 3 )
90 .  (1 )
90 .  (1 )
9 2 .  ( 2 )
e o .  ( 2 )

b
b
b
b
b

. 
*o\n 

P?nqipaL anis is constrained. to be ll to A. The angles fot, the othey a.res ate measured. ftom e
touand a- in (010).

**Pz,essuz,es ate tepoz,ted. in kbat, tmless othem,ti.se ind.icated.
tPaz,enthesized f'Lgzttes represent esd,s of Least tttlts cited.
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Fig. 3. Projection of crystal structure of coesite parallel to (001) afler Zoltai and Buerger, 1959'

0(5)

6

r n / F l
r. UlJl

6l

6

2l

.., 0(

n lE\ \

ao(l) o(
Fig. 4. Projection ofcrystal structure ofcoesite parallel to (010) after 7-oltai and Buergcr, 1959.
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and in the other direction at the z : 0.5 level
[(1,0,0.5) + (0,1,0.5)] (Fig. 3). Because the D axis is
longer than the a axis, silicate chains in the a-D plane
run at a smaller angle to D than to a. At higher pres-
sures (by the 46 to 52 kbar range), the elastic ani-
sotropy in this plane increases, and the stifness along
b becomes almost as great as that along c. Therefore,
the elastic properties of the structure are controlled
by rows of silicate chains that are di.fficult to com-
press along their lengths, but fairly easy to push to-
gether. The cross-hatched pattern of chains in the a-
b plane, which does not have as pronounced a grain,
gives b an intermediate compressibility.

Discussion

The structures of the two silica polymorphs, quartz
(Levien et al., 1980) and coesite, were studied at high
pressures to investigate differences in compression of
chemically simple and similar minerals. Prior to the
experiments, we realized that the bulk moduli of
these two minerals were very different. We hypothe-
sized that the tetrahedron in quartz would remain es-
sentially unchanged at high pressure, and that
quartz's anomalously large compression would be to-
tally accommodated by its linkages (bond-angle
changes). We believed the tetrahedra in coesite were
more likely to be deformed with pressure because tle
linkages were stiffer. The experiments have negated
this hypothesis. First, the changes in average Si-O
distances between the two structures are not signifi-
cantly different. Second, Levien et a/. show that in
quaftz there are large changes in the internal tetrahe-
dral angles (O-Si-O) that distort the tetrahedron,
whereas essentially no distortion takes place in either
ofthe coesite tetrahedra. The largest change in a tet-
rahedral linkage (Si-O-Si) takes place in quartz
(8.6o over 56 kbar); however, large anguliar ch4nges
take place in coesite as well, with the S(2)-O(2)-
Si(2) and S(lFO(5)-Si(2) angles changing 6.3o and
4.4", respectively, over a similar pressure range.
Therefore, although 1fos linkages in quartz may be
weaker, the tetrahedron in that structure was de-
formed more by pressure than were those in coesite.

In the SiO, system there are three polymorphs as
pressure is increased, quartz, coesite, and stishovite,
whereas the GeO, system has only two (with qtrartz
and stishovite structures). Levien e/ a/. (1980) show
that in quartz the detailed structural changes that
take place with pressure cause it to become 6s1s like
the room-pressure GeO, quartz structure. Our study
of the changes that take place in coesite at pressure
suggests crystal chemical reasons why GeO, (coesite)

is not stable. The temperature factor of O(l) in-
creases with pressure, which suggests that the l80o
S(l)-O(l)-Si(l) angle is not stable with increased P.
Since substitution of Ge for Si has a similar effect on
the structure as increased pressure, this substitution
may greatly destabilize the l80o angle and thus the
structure. In addition, the GeO, (coesite) structure
would require a combination of large and small Ge-
O-Ge angles that would tend not to be stable.

Hill and Gibbs (1979) report two relationships
shown by Si-O-Si angles with d(Si-O) and d(Si...Si)
of the silica polymorphs. Levien et a/. (1980) show
that the first relationship sec(Si-O-Si) c d(Si-O)
does not hold with increased pressure for quartz, and
the coesite data also do not follow this relationship.
The regression line of the second relationship (Fig. 5)
log sin KSi-O-Si)/21 o< log d(Si...Si) is in much bet-
ter agreement with the qtJartz data at pressure. Most
of the coesite data also seem to follow a trend near
that of the regression line. Of the six sets of angles
(five from coesite, one from quartz) plotted on Figure
5, the four angles less than l45o follow approxi-
mately the same trend, whereas the two angles larger
than l45o follow different trends. O'Keeffe and Hyde

o.o

-o.ol

0.46 047 0 48 039 0.50

FI
ol
.r-l$l
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-Jl
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l o 9  d  ( S i " ' S i )
Fig. 5. Plot of log sin I(Si-O-SD/2] as a function of log

d(Si...Si) for the five angles (open circles) in coesite and the one
(closed circles) ia quartz. The four Si-O-Si angles less thaa l45o
approximate follow the trend shown by all the silica polymorphs
at ambient conditions (Hill and Gibbs, 1979). The two angles
larger than l45o follow di-fferent trends. Letter codes refer to
related distances and angles on this figu1s, Figs. I and 2, and
Table 6.
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(1978) examined the assumption that Si-O-Si angles
are controlled by Si...Si contacts and calculated that
these contacts exist in Si-O-Si angles less than 145o.
The results of our work show that where Si...Si inter-
actions exist, the Si-O-Si angles decrease nearly the
same amount per change in Si..'Si distance. If addi-
tional data on other structures show this trend to
hold for structures in general, this relationship may
become a powerful tool in the interpretation of struc-
tural changes with T and P.

Conclusions

l. Both crystallographically-distinct silicate tetra-
hedra in coesite compress signifisxnllt with increased
pressure, but they do not distort.

2. The largest angular changes are generally seen
in the smallest Si-O-Si angles (Fig. l). These
changes are coupled with decreasing Si"'Si dis-
tances, with smaller distances decreasing more than
larger ones.

3. There is some scatter in determinations of the
bulk modulus for coesite; values we determined are
K': 0.96(3) Mbar and Ki = 8.4(1.9). Reliable values
of K from several other studies fall between 0.89 and
1.09 Mbar.

4. The compressibility of the coesite structure is
highly anisotropic in the a-c plane because of the
aligned silicate chains that run parallel to c. The
chains are relatively stiff along their lenglhs, but the
structure is relatively flexible in the a* direction, per-
pendicular to the chains. This large anisotropy is not
observed in the a-b plane, although this plane con-
tains similar silicate chains, because the chains cross
each other at different levels along z, causing b to be
intermediate in compressibility.

5. Prior to investigating the high-pressure struc-
tures of quartz and coesite, we believed that the sit-
cate tetrahedra in quartz were likely to remain rigid,
while flexible linkages changed; whereas the tetra-
hedra in coesite were more likely to distort because
the tetrahedral linkages would be stiffer. In fact, de-
spite its more flexible linkages, the quartz tetrahe-
dron distorts more than do those in coesite.

6. If substitution of Ge for Si has the same effect
on the structure as high pressure, the l80o Ge-O-Ge
angle required in the coesite structure may be un-
stable, thus precluding GeO, (coesite).

7. When log sin KSi-O-Si)/21 is plotted vs. log d
(Si...Si), the trend seen for Si-O-Si angles less than
l45o seems similar to those shown by all the room-
temperature-pressure polymorphs of SiOr, as de-
scribed by Hill and Gibbs (1979). The trends for the

Si-O-Si angles greater than l45o are di-fferent. Be-
cause Si...Si interactions are expected to occur in an-
gles of l45o or less (O'Keeffe and Hyde, 1978), non-
bonded Si...Si interactions may be important to
structural changes that take place with increased
temperature or pressure.
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