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Structure and elastic properties of quartz at pressure
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Abstract

Unit cells and crystal structures were determined on a single crystal of quartz at seven pres-

sures from I atm to 61.4 kbar. Unit-cell parameters are a:4'916(l) and c : 5.a054(4)A at I

atm, and a: 4.7O22(3) and c : 5.2561Q)A at 61.4 kbar. Structural changes observed over

this pressure range include a decrease in the Si-O-Si angle ftom 143.73(7)" to 134.2(l)"' a

decrease in the average Si-O bond distance from 1.6092(7) to 1.605(l)A, and an increase in

distortion ofthe silicate tetrahedron. Several O-O distances show very large changes (ll7a)

that can be related to the unit-cell-edge compression. As pressure is increased, the geometry

of the SiO, (quartz) structure approaches that of the low-pressure GeO, (quartz) structure.

The structural changes that take place with increased temperature are not the inverses of

those that occur with increased pressure; changes in the Si-O-Si angle and the tetrahedral tilt

angle control thermal expansion, whereas smaller changes in the Si-O-Si angle and tetrahe-

dral distortion control isothermal compression.

By constraining the zero-pressure bulk modulus to be equal to that calculated from acous-

tic data [K, : 0.371(2) Mbar], the pressure derivative of the bulk modulus at Tnro pressure

tKi : 6.2(l)l has been calculated by fitting the P-V data to a Birch-Murnaghan equation of

state. The anomalously low value of Poisson's ratio in quartz can be explai-ned by the low ra-

tio of the off-diagonal shear moduli to the pure-shear moduli. This small ratio reflects the eas-

ily expandin! or contracting spirals of tetrahedra that behave like coiled springs.

Introduction

The literature on the crystal structure and com-
pressibility of quartz leaves many questions about its

changes with pressure. As high-pressure structural

reflnements have not been as precise as those per-

formed under ambient conditions, these studies re-
port large changes (e.g., the Si-O-Si interbond

angle); however, subtle ones have not been pre-

viously resolvable. Recent experimental develop-

ments in our laboratory offer the potential of provid-

ing improved resolution in high-pressure structural

data.
The crystal structure of quartz at room temper-

ature and pressure has been refined many times
(Young and Post, 1962; Smith and Alexander, 1963;

Zachariasen and Plettinger, 1965; Le Page and Don-

nay, 1976; Jorgensen, 1978; d'Amour et al., 1979),
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with the Young and Post and the Smith and Alexan-

der papers reporting the first quality refinements of

positional parameters and thermal ellipsoids. Zach-

ariasen and Plettinger improved upon these studies

by applying a secondary-extinction correction to

their refinement. The Le Page and Donnay refine-

ment again improved the R value; however, no cor-

rections for crystal X-ray absorption or extinction

were made. Both Jorgensen and d'Amour et al. col-

lected intensity data for room-pressure structural re-

finements with crystals already loaded in high-pres-

sure cells; these refinements are of lower precision

than the others.
Static-compressibility studies on quartz w€re first

carried out by Adams and Williamson (1923) and

Bridgman (1925; 1928), and then greatly improved

by Bridgman (1948a,b; 1949) and others (McWhan,

196'l;Yaidya et al.,1973; Olinger and Halleck,1976;

Jorgensen, 1978; d'Amout et al., 1979). McWhan

measured the compression of qtaftz in a modified

Bridgman-anvil apparatus with Guinier geometry

0003-004x/80/09 I 0-0920$02.00 920
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X-ray cameras, using NaCl as both a pressure-trans-

mitting medium and a calibration standard. The ex-

periments were carried out to 150 kbar and no evi-

dence of a phase transition was seen, despite the fact

that the sample had been subjected to pressures

higher than required to transform quartz to coesite

and stishovite at high temperature. The Yaidya et al.

compressibility data were collected in a piston-cylin-

der apparatus with indium, a low shear-strength

metal, as the pressure-transmitting medium. Dis-

placement of a piston was measured to determine the

volume change; therefore, the data at low pressures,

where voids are being closed, are not as accurate as

the higher-pressure data. The Olinger and Halleck

study was performed in a modified Bridgman-anvil

apparatus, using a 4: I methanol:ethanol mixture as

the hydrostatic pressure-transmitting fluid. Jorgensen

collected hydrostatic high-pressure neutron-diffrac-

tion data on a powdered sample, determining

changes in both unit cell and crystal structure. The

d'Amour et al. work, the only previous compres-

sional study of quartz using single-crystal X-ray tech-

niques, also gave unit-cell parameters and structural

data.

Experimental techniques

A clear crystal of natural quartz was broken, and a
platy fragment (70 trrm x 50 pm x 30 pm) used for

this study, with c approximately normal to the plane

of the plate. Although precession and Weissenberg

X-ray photographs showed the crystal to be of high
quality, intensity data were collected on the crystal

before it was loaded into the diamond cell. The re-

finement of these data were used both for com-
parison purposes and to check for Dauphin6 twin-

ning, which cannot be distinguished easily with film

techniques because it is only recognizable as in-

creased or decreased intensity ofa certain class of re-

flections (Young and Post, 1962). We refined the

structure both with the entire set of structure factors

and with the structure factors not affected by Dau-
phin6 twinning (hhl and hkD). Having found essen-

tially identical refinements for these two sets of data,
we decided not to make a correction for Dauphine

twinning of the sample. Room-pressure and 3l-kbar

data were collected with AgrKa radiation, which has

two potential advantages over MoKa radiation for

diamond-cell work: its shorter wavelength makes

more of the reciprocal lattice accessible, and its lin-

ear-absorption coefficients are smaller than those for
MoKa. However, the lower intensity of the incident

AgKa radiation and the poorer counting efficiency of

the scintillation detector more than offset the above

advantages and make AgKa less desirable. The re-

finement of the 3l-kbar structure, collected with

AgKc radiation, resulted in R values three times

those of the MoKa data sets and has therefore been

omitted from this report.

The quartz crystal was mounted in a Merrill-Bas-

sett design single-crystal diamond-anvil cell (Merrill

and Bassett, 1974). The diamonds (l/8 carat each)

had 0.65 mm faces (culet), and the gasketing material

[250 pm thick Inconel X750 (spring)] had a 300 pm

hole. The crystal was attached to one diamond face

with the alcohol-insoluble fraction of petroleum jelly,

and a 4: I methanol: ethanol mixture was used as the

pressure-transmitting medium (Finger and King,

1978; Piermaini et al., 1973). A small ruby crystal

(10 pm; 0.5 wt.Vo Cr) (Piermaini et al., 1975) in the

cell was used for pressure calibration, which was per-

formed both before and after X-ray data were col-

lected. The pressure-calibration system, based on the

shift of the fluorescence spectrum of ruby, is similar

to that described by Barnett et al. (1973) but modi-

fied by King (1979). The diamond cell was then

mounted on a specially designed goniometer head

(Hazen and Finger, 1977; Firyer and King, 1978),

which was in turn mounted on a four-circle X-ray

diffractometer. Both before and after intensity data

were collected at each pressure, unit-cell parameters

were determined, using King and Finger's (1979)

method of avoiding systematic errors resulting from

an uncentered crystal.

With the exception of the room-pressure determi-

nation, an entire sphere of integrated intensities in

reciprocal space (2o < 20 < 90") was collected with

crystal-monochromatized MoKa radiation; a hemi-

sphere of intensities (2" < 20 < 45') (AgKc) was col-

lected on the crystal at room pressure. Intensities

were measured using a quasi-constant-precision

counting scheme with reflections less than2o, consid-

ered unobserved; oo's were calculated by adding to

the constant-precision value an additional factor that

reflects the fluctuation of the incident beam (Baldwin

and Prewitt, in preparation). Structure factors were

corrected for X-ray absorption of the diamond cell

(Finger and King, 1978) and crystal X-ray absorp-

tion. Several reflections with exceptionally high or

asymmetrical background counts were rejected from

each ofthe high-pressure data sets because of overlap

with diamond reflections. None of the reflections

with 20 values near or on the 2d values of beryllium

metal were collected. Symmetrically equivalent re-

flections were averaged, yielding between 198 and
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Table l. Intensity information for quartz at six pressures

Tota l
#  da ta

# after
# r2o  t wR Ext. xl  o-4*** 6 f

'I 
atm

2 0 . 7 ( 5 ) r  I  
k b a r

3 7 . 6 ( 5 )  k b a r
4 8 . 6 ( 5 )  k b a r
5 5 . 8 ( 5 )  k b a r
6 1 . 4 ( 5 )  k b a r

663
390
438
440
432
426

210
'I 

AA

215
217
214
215

194
1 7 0'I 
90

1 9 6
200
t 9 l

0 . 0 1  9
0.029
0.  031
0.  032
0.  028
0.  031

0 . 0 i 6
0.029
0.  032
0.  034
0.026
0.  034

0.  r r  (  r
0 . 3 2 ( 4
0 . 3 4 ( 4
0 .  3 7  ( 4
0 . 3 4 ( 3
o .  2 3  ( 3

-1  6 .  37
- t  9 . 5 4
-21  .58
-22 .46
-23 .05
-23 .47

*Number of data af tet s7rctricaTTg equivalent ref Tections were averaged -
**Number of data accepted in the refinerent. A77 were greater than 2o.-

!**Ref ined secondar7 ext inct ion parameter s.
',The 

tetrahedral t iLt pararetet from Grim and Dorner (1975).

"Parenthesized fiqures represent esd's of Teast units cited.

218 independent reflections at each pressure. Ani-
sotropic refinements of the structure were executed
using the least-squares program RFINE4 witlt^ a l/d
weighting scheme (Finger and Prince, 1975). In the
high-pressure data sets, all observed reflections were

accepted; two reflections were rejected from the
room-pressure refinement. The final weighted R val-
ues range from 0.019 to 0.032 (Table l). Observed
and calculated structure factors are listed in Table 2';
positional parameters and temperature factors are re-
ported in Table 3; interatomic distances and angles
are given in Table 4; and unit-cell parameters are
listed in Table 5.

Room-pressure structural study

The refined positional parameters, bond distances
and angles of our room-pressure study (Tables 3 and
4) are in better agreement with the Zachaiasen and
Plettinger (1965) refinement than with the more re-
cent refinement of Le Page and Donnay (1976). Le
Page and Donnay suggest that the large discrepancy
between their x and y oxygen parameters and those
of Zachariasen and Plettinger may be due to the lim-
ited sindltr range of the latter study. Data for our
room-pressure refinement were collected to a maxi-
mum sin0ll of 0.684-' and fall closer to the 0.64A-'
Zachaiasen and Plettinger value than to that of Le
Page and Donnay (0.99A-'). Le Page and Donnay
based their decision not to make a secondary ex-
tinction correction on a calculation derived from
Zachaiasen (1963). To determine the effect of ex-
tinction on a reflection. its transmission factor is re-

2To receive a copy of Table 2, order Document AM-8Glzt0
from the Business Office, Mineralogical Society of America, 2000
Florida Avenue, N.W., Washington, D.C. 20009. Please remit
$1.00 in advance for the microfiche.

quired. Transmission factors are commonly deter-

mined during the crystal  X-ray absorpt ion

correction, but no such correction was made by Le

Page and Donnay because of the crystal's odd shape.

Therefore, their calculation to determine the neces-

sity of an extinction term must have been made as-

suming equal transmission factors for all reflections.

This incorrect assumption may have biased their cal-

culation, and therefore improperly suggested that no

extinction term was necessary. In addition, this

model tests only type I extinction, and Zachariasen
(1967) showed that the qvaftz crystal he studied in

1965 suffers from type II extinction as well. The re-

finement of a secondary-extinction parameter for our

data brought even the largest 4b" (l0l) (which was

rejected in the two prior studies) into excellent agree-

ment with its,(*," (Tables I and2), and decreased the

R values of all six of our refinements at the 0.005 sig-

nificance level (Hamilton, 1974). The temperature

factors in our I atm reflnement are larger than in the

other I atm refinements or our high-pressure refine-

ments (performed with MoKa radiation and over a

larger sindltr range). The thermal ellipsoid for Si is

nearly spherical, as shown by the approximately

equal RMS amplitudes [0.085(l), 0.085(l), 0.095(l)]

and the very large (-105') errors on the angles that

describe the thermal ellipsoid's orientation relative to

the crystallographic axes.

Grimm and Dorner (1975) suggest that the c-B

transition in quartz can be described as a simultane-

ous tilting of the tetrahedra around the twofold axes

perpendicular to c. They derive the following equa-

tion to quantify the tilt angle, 6, in the quartz struc-

ture,

tano:* :T
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Table 3. Positional and thermal parameters ofquartz at pressure

92f

I atm 20.7* J / . O 48.6 5 5 . 8 6 t  . 4

x ( 0 )
y ( 0 )
z ( 0 )

x ( s i  ) 0 . 4 6 3 0 ( 2 )

0 . 4 i l r  ( 6 )
0 . 2 7 e 5 ( 4 )
0 . 1 0 e 5 ( 2 )

0  . 4 4  ( 2 )
0 . 8 6  ( 3  )

o .  458r  (2  )

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

0 . 4 7  ( ? )
0 . 8 8 ( 3 )

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

- 0 . 0 5 ( r  )

r . 5 5 ( r o )
r  . 2 3  ( s  )
o . 6 e ( 3 )
0 . 7 s ( r 0 )

-0 .  4o  (6  )
-0 .  32  (4  )

0 .455 r  (2  )

0 .4061  (6  )
0 . 2 e 1 2 ( 5 )
o . r o r 2 ( 3 )

o . 5 r  ( 2  )
0 . 8 4 ( 3 )

0 . 8 7 ( 4 )
o . 7 o ( 5 )
o . 3 e ( 2 )

- 0 . 0 3 ( r  )

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

-0.42 (6)
-0 .3 r  (4  )

0 . 4 5 3 7  ( 2 )

0 . 4 0 4 7 ( 5 )
0 . 2 e 2 6  ( 4 )
o.  oees (2 )

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

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

- 0 . 0 2 ( r  )

r . s 3 ( 8 )
r . r 7 ( 7 )
0 . 6 2 ( 3 )
o . 7 e ( 8 )

-0 .  32  (4  )
- 0 . 3 0 ( 3 )

0.4526(2)

0 .4034 (6 )
o.2952(5)
0 .0e87 (3 )

o . 4 e ( 2 )
0 . 7 e  ( 3  )

0 . 8 4 ( 4 )
0 . 6 e ( 5 )
o . 3 e ( 2 )

- 0 . 0 2 ( r  )

r . 4 8 ( r o )
r . 2 r  ( e )
0 . 6 4 ( 3 )
0 . 8 0 ( r 0 )

-0.27 (6)
-0 .26  (4  )

B (s i  )
B ( 0 )

s r  r  ( S i  ) '
B z z ( s i  )
B a : ( S i  )
B r 3 ( s i  )

B r  r  ( o )
Bzz (0 )
B a : ( o )
B r z ( 0 )
B r s ( 0 )
Bzs (0 )

0 .4697 ( t  ) * *

0 . 4 r 3 5 ( 3 )
o.266e (2)
0 . 1 ' t 9 t  ( 2 )

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

0 . 9 3  ( 2  )
o . i 8 ( 2 )
0 . 4 e  ( 2 )

- 0 . 0 0 r  ( 7 )

' r . eo (6 )
r . 4 4 ( 5 )
0 . 8 3 ( 3 )
r . 0 6 ( 5 )

- 0 . 2 s ( 3 )
- 0 . 3 5 ( 3 )

o . 7 o ( 4 )
0 . 5 7  ( 5  )
0 . 3 5  ( 2  )
o . 0 2 ( r  )

1 . 4 8 ( e )
1 . 0 8 ( 8 )
0 . 7 6  ( 3  )
0 . 7 5  ( B  )

- 0 . 3 4 ( 6 )
-0 .2e  (4 )

xPressures repotted in kbar unless otberwjse stated.
* *Paten thes ized f igu tes  rep tesent  esd 's  o f  - leas t  un i ts  c j ted .
JAfL  an iso t rop ic  tZnpera ture  fac to rs ,  B 's ,  a re  g iven x  J02.

812 and 823 fo r  S i  a re  cons t ra ined xo  be  1 /2  822 and 2  $13,  respec t ive lg .

Table 4. Selected interatomic distances and angles of quartz at pressure

I atm 20.7* 7 t , o 4 8 .  6 5 5 . 8

r . 6 0 r  ( 3 )
r . 6 r o ( 2 )
r  . 605  ( r  )

Intra-tetzahedtaT

si -0 ( [1**
s i -0 (A)
.S i - 0>  (A )

d is tances

r . 6 0 5 ( r  )
r . 6 1 4 ( r  )
1 . 6 0 e 2 ( 7 )

dlstances

3.  0s853 (8  )

distances

2.  64s  ( r  )
2 . 6 3 1  ( 2 )
2 . 6 1 7 1  ( 7  )
2 .612(2)

distances

3.  33r  (2 )
3.4 i l  ( t  )

angTe

r 4 3 . 7 3 ( 7 )

angles

i l 0 . s2 (6 )
r08 .8 r  (2 )
r 0 8 . e 3 ( e )
r0e .24 (B )

. l . 000 ]9

2 . 1 3 8

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

3 . 0 r 9 3 ( 3 )

2.  645 (3  )
2 .  634 (3  )
2 . 6 0 3 ( r  )
2 . 6 r 8 ( 3 )

3 . 1 5 1  ( 3 )
7  , A n ' l z \

l 3 e . e ( 2 )

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

I  .00035
2 .129

r  . 6 0 r  ( 2  )
r . 6 o e ( 2 )
r . 6 0 5 ( r  )

2  . e 7  4 3  ( 3 )

2 . 6 5 5  ( 3  )
z . o z 3 \ J  l

z . J 6 O  \ Z  l

2.618(4)

2 .982(3)
3 .  i l 4 ( 3 )

r 3 5 . 8 ( 2 )

i l r . 6 ( r  )
r  0 7 . 3 r  ( 5  )
1 0 9 . 7  ( 2 )
I  0 e . 4  ( 2  )

I  .  00094
2 . 1 1 9

I  .600 (2  )
r .6 ' i l  ( r  )
1 . 6 0 5 ( r  )

z . v o o o \ J i

r . 6 0 3 ( 2 )
1  . 6 0 7  ( 2 )
r  .60s (r  )

2 Ac,7r , ( ) \

2  . 6 6 4  ( 3 )
2 . 6 r  e  ( 3  )
2  C R  ( 2 \

2  . 6 1 9  ( 4 )

2 . e 2 5 ( 3 )
3 . 0 6 4  ( 2  )

r 3 4 . 2 ( r  )

1 1 2  . 2  ( 1  )
r 0 6 . s 7 ( 5 )
1 0 e . 5 ( 2 )
r 0 e . r  ( 2 )

I  .00 ]  39
2 . i l 8

Inter-tetrahedtaJ

si -s i  (A)

Intrait\etrahedraJ

u-v  \1 , /
0-0  (A)
0-0  (A)
o-o (A)

Intet-tetrahedraJ

0-0  (A)
0-0  (A)

Intet- tetxahedral

si -0-si (deg )

Q u a d .  E l o n q .
s i 044 -  \ / o l -  (A r )

2 . e 8 e e ( 3 )

2 . 6 5 0  ( 4  )
2 . 6 3 r  ( 3  )
2  c a 2 ( 2 \
2  . 6 1 4  ( 4 )

3 . 0 3 8 ( 3 )
3 . 1 6 5 ( 3 )

1 3 7  . 2 ( 2 )

i l r . 3 ( r )
r 0 7 . 6 7 ( 5 )
r 0 e . 5 ( 2 )
r 0 9 . s ( 2 )

I .  00067
2 . 1 2 2

i l r . 8 0  )
1 0 7  . 2 2 ( 4 )
r o e . 6 ( r  )
1 0 e . 2 ( r  )

' l . 0 0 1 1 2

2 . 1 2 0

2 . 6 5 e  ( 3  )
2 . 6 2 5 ( 3 )
2 . s 8 4 ( 1 )
2 . 6 1 4 ( 3 )

2 .  e 5 3  ( 3  )
1  i o r ( 2 \

1 3 5 . 1 ( t )

XAJJ, ptessutes ate retrDrted in kbar unless othetwise noted.
**Parent.hesized 

f igures represent esdts of feast uni ts ci ted.
lThis angle is one of Xwo sgwetr icalJg equivaTent angTes within the tetrahed\on.
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Table 5. Unit-cell parameters of quartz at pressur€ crystal is too close to the gasket-hole edge, either the

incident or diffracted beam can be shielded, causing

systematic decreases in the intensities of some reflec-

trons.

The compressions of the five shortest non-tetrahe-

dral Si-O distances do not suggest structural move-

ment toward a six-coordinated Si site. The change in

the Si...Si distance (Table 4) is nearly linear over the

pressure range studied, 3.0585(l)A at one atm and

2.9575Q)A at 61.4 kbar. Several pairs of O-O dis-

tances decrease more than 0.344, or about eleven

percent (Fig. 2). At 61.4 kbar these distances,

3.064(2)A and 2.925(3)A. are rapidly approaching

2.7 A, ttre average O-O distance in many silicates at

ambient conditions. The common occurrence of this

value suggests that there may be a large increase in

repulsive energy when oxygens are forced closer than

2.74.
The O-O distances within the silicate tetrahedron

diverge from the value for a regular tetrahedron as

pressure is increased (Table 4). The difference be-

tween. the longest and shortest distances is 0.033A at

one atm and 0.084A aI6l.4 kbar. This increased tet-

rahedral distortion is also reflected in the O-Si-O in-

ternal tetrahedral angles, which are plotted in Figure

3 along with a dashed line at 109.47", the internal

angle of a regular tetrahedron. The difference be-

tween the largest and smallest of the four symmetri-

cally distinct angles is l.7o at one atm and becomes

5.2" at 61.4 kbar. This increased distortion is consis-

tent with the tetrahedral distortion observed in Jor-

gensen's (1978) study, but was not observed in the

d'Amour et al. (1919) work. If distortion of the tet-

rahedron is measured by quadratic elongation (Rob-

inson et al., l97l) (Table 4), the percent increase gets

< s i  - o >  A

Fig. l. The change caused by pressure on the average Si-O

bond length ofquartz.

u  ( A )
"  

( A ) v  ( A " )

I  a tm
2 0 . 7 ( 5 )  k b a r
3 l .  ( 1 )  k b a r
3 7 . 6 ( 5 )  k b a r
4 8 . 6 ( 5 )  k b a r
5 5 . 8 ( 5 )  k b a r
6 . l . 4 ( 5 )  k b a r

4 . 9 1 6  ( t  ) "
4 . 8 3 6 2 ( 5 )
4 . 7 8 5  ( 3 )
4 . 7 7 3 6 ( 7  )
4 . 7 3 e  ( 1  )
r  7 2 2 2 ( c \
4 . 7 0 2 2 ( 3 )

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

' r 1 3 . 1 3 ( 3 )

108 .24 (2 )
1  0 s . 2 6  ( 8  )
r 0 4 . 6 r  ( 2 )
r 0 2 . 6 6 ( 3 )
r o r . 7 2 ( 3 )
l o o . 6 5 ( 3 )

p A r a n f h a c i z q d  f i n t t r e <  r a n r a < a n f  a c , 1 ' <  o r  t e a s t  u n i t s

c i ted .

where c and a are unit-cell parameters and x and z

are oxygen coordinates. The values for this angle are

essentially equivalent for all three room-pressure

data sets (Table l).

High-pressure structural studies

The changes in the crystal structure observed in

our experiments are consistent with the two previous

studies (Jorgensen, 1978; d'Amoar et al., 1979), but,

in addition, our increased precision has allowed us to

observe changes not seen in the other two experi-

ments (Table 4). Because we have determined indi-

vidual Si-O bond distances at pressure to a precision

of -r0.002A, we observe a small change in the aver-

age Si-O bond length from 1.6092Q)A at one atm to

1.605(l)A at 61.4 kbar (Fig. l). Both unique Si-O

bonds compress at about the same rate (Table 4). We

would not have expected Jorgensen's refinements to

show this change, as his data are collected only to 28

kbar and his Si-O bond-distance errors are approxi-

mately 0.0054 these errors may partially reflect the

effects of Dauphin6 twinning on his samples. The

d'Amour et al. data were collected to high enough

pressures (68 kbar) to determine the Si-O bond com-

pression; however, their errors on the Si-O distances

were -r0.02A. The diamond cell used by d'Amour et

a/. contained a sphere of Be (4 cm in diameter) with

holes drilled in it so that the crystal could be viewed

while under pressure. The spherical shape was used

so that a correction for X-ray absorption of the cell

would not be necessary; however, the holes in the Be

caused large enough deviations from a spherical

shape that an absorption correction should have been

made (Schulz and d'Amour, personal comrnunica-

tion). This problem, combined with the fact that their

data were only collected out to 50" 20, were respon-

sible for the larger errors. In addition, their crystal/

gasket-hole size ratio is small when compared to

those normally used in our experiments. When a
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Fig. 2. The effect of pressure on the cavities in the quartz

structur€. The Si-O-Si angle compresses from 143.'13" at I atm to

134.2" at 61.4 kbar. The shonening of two long O-O interatomic

distances shown in this figure appears to be partially responsible

for the differenc-e in compressibilities along the a and c

crystallographic directions.

larger at higher pressures (Fig. 4), r'.e., more dis-
tortion takes place between 50 and 60 kbar than be-
tween I atm and l0 kbar. Because a regular tetrahe-
dron occupies the greatest volume for any
tetrahedron of that averag€ size, as it distorts its vol-
ume must decrease. Our experiments were not pre-
cise enough to show the change in volume due to dis-
tortion (Table 4), but we would predict that at higher
pressure this volume change would become signifi-
cant. The structural element responsible for the
anomalously high compressibility of quartz is the Si-
O-Si interbond angle, which decreases non-linearly
by ten degrees over the pressure range from I atm to
6l kbar (Figs. 2 and 5). At higher pressures the Si-
O-Si angle is responsible for less volume compres-
sion; however, the atomic rearrangement that causes

rooo I  ooo4 |  oooS I  ool2 l .0016

QUADRATIC ELONGATION

Fig. 4. Increase in tetrahedral distortion with pressure as

indicated by quadratic elongation. The curvature of the data

indicates that the amount ofdistortion per kbar is greater at higher

prssures than at Iower pressures

the tetrahedron to distort gradually accounts for

more compresslon.

Finally, there is no significant change in the equiv-

alent isotropic temperature factor or orientation of

the thermal ellipsoid of Si with pressure; there may

be a small decrease in the size of the thermal ellip-

soid of O (Table 3). The temperature factor for Si

does become more anisotropic as pressure is in-

creased (in our lowest-pressure run), which is consis-

tent with the increased distortion of the tetrahedron.

Unit-cell and elasticity data

Pressure-volume data for quartz (McWhan, 1967;

Vaidya et al., 1973; Olinger and Halleck,1976; Jor-

o
E

U
E
f
o
@
U
G,
o

O - S i - O  A N G L E ( d r g )

Fig. 3. The pressure dependence of the four unique internal
tetrahedral angles (O-Si-O).

- r52 
t34 136 t38 r40 t42 t44

S i -O -S i  ANGLE (dca )

Fig. 5. The pressure dependence of the flexible Si-O-Si angle.

The curvature of the data indicates a tapering otr of the change in

this angle as pressure is increased.
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Fig. 6. Unit-cell volume normalized to the ambient unit-cell

volume for six compressibility studies of quartz.

gensen, 1978; d'Amour et a1.,1979), plotted in Figure
6, show good agreement with the Birch-Murnaghan
curve calculated from the ultrasonically determined
values of the bulk modulus, K., and the pressure de-
rivative of the buft modulus, K', (McSkimin et al.,
1965). Isothermal (Kr and K;) values have been cal-
culated by fitting the P-V data to a Birch-Murna-
ghan equation of state for each data set, with all pres-

sures converted to Decker (1971) equation of state
values to facilitate comparison (Table 6). Values of
K-. and K'' calculated for the McWhan and Vaidya et
a/. studies may differ from the others because both
used solid pressure-transmitting media, NaCl and in-
dium metal, respectively. However, calculations of
KrandK', and graphs of V/Vo vs. P do not give a
sufficiently accurate picture of the internal con-
sistency of the data.

In Figure 7 the c/a cell-parameter ratio is plotted
vs. P, with all symbols approximately the same size,
so errors in data are not represented. For the c/a ra-

Table 6. Elasticity data for quartz

l nves t i  ga tor Techn i  que q (Mbar)* \

Lev ien  qL  qL .  S ing le -c rys ta l
d 'Amour  q l l  qL .  S ing le -c rys ta l
Jorgensen Neutron-powder
0 l i n g e r a n d  H a l l e c k  B r i d g m a n - a n v i l
V a i d y a  e t  a ] .  P i s t o n - c y l i n d e r
McUhan Br idgman-anv i  l
M c s k i m i n  e t  a l .  U l t r a s o n i c

*Afl values fot KT and K? determineal from pressote-vofume

Uata were cafcufated f ton a feast-squates f i t  of  the P-V

data to a Birch-Murnaghan equaXion of 6Xate.
- 7 / 1  - a / 1  - 2 / 1

e  =  3 / 2  K r ( g '  -  t t  
- ' - )  

l l  -  3 / 4 ( 4  -  K r ' ) ( u - ' -  -  1 ) 1 ,

**Patenthesized f igures teptesent esd's of feast uni ts ci ted.

tio to increase with pressure, the c direction must be

elastically stiffer than c. Using the single-crystal elas-

tic moduli and the pressure derivatives of these mod-

uli from McSkimin et al. (1965), the c/a ratio can be

calculated for high pressures. To make these calcu-

lations, lattice parameters are expressed as poly-

nomial expansions, which give notoriously bad lat-

tice-parameter extrapolations to higher pressures.

For quartz, such a calculation predicts that with in-

creased pressure the c/a ratio reaches a maximum

and then decreases at less than 100 kbar. Therefore,

on Figure 7 we have used Thurston's (1967) extrapo-

lation formula, which is essentially linear over this
pressure rrng€, although it does show a small amount

of similar curvature to our data and those of

d'Arnour et al. (1979). The Thurston (solid line)

curve diverges from the data at pressure.s as low as 60

kbar. This discrepancy reflects the need for either

second derivatives with respect to pressure of single-

crystal elastic modut, or better extrapolation for-

mulae. The dashed-dotted curve on Figure 7 has

been drawn through the data from this study

(crosses) and those of Jorgensen (1978) (closed cir-

cles), and the dashed curve has been drawn through

the d'Amour et al. data (open circles) and shows a
parallel but systematically offset trend. The excellent

agreement at low pressures of our data and the curve
predicted by the elastic moduli gives us additional

confidence that our experiments were hydrostatic,

and that parameters such as bond distances and an-

t . t os  t . t l

c/a
Fig. 7. The c/a rnit-cell parameter ratio as a function of

pressure for five compressibility studies of quartz. The solid line

has been determined from Thurston's (1967) extrapolation

fonnula for the McSkimn et al. (1965) elastic moduli. The dashed

cuwe is drawn through the d'Amour et al. (1979) data, and the

dashed-dotted curve is drawn through the data from this study

and that ofJorgensen (1978).
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gles are consistent with the ultrasonic data. The | 63
systematic differences between the high-pressure
d'Amour et al. unit-cnll parameter ratios and ours
may have been caused by their crystal being poorly | 62
centered (d'Amour, personal communication). The
Olinger and Halleck (1976) data (triangles), although 3

cell volumes, but only approximate unit-cell edges.

+  + +  ?
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Discussion

Comparison of SiO, and GeO,

As pressure is increased, the geometry of the Si-
quartz structure becomes more like the room-pres-
sure Ge-quartz structure. The Si-O-Si angle goes
from 143.73o at one atm to 134.2" at 6l kbar, ap-
proaching the room-pressure Ge-O-Ge angle of
130' (Smith and Isaacs, 1964). The tetrahedral tilt
angle, 6, changes from -16.37" to -23.47", as com-
pared to the room-pressure Ge-quartz 6 of -26.55'.

Finally, the O-Si-O angles within the tetrahedron
become more like those of the Ge structure under
ambient conditions. By 6l kbar the difference be-
tween the largest and smallest O-Si-O angles has in-
creased from 1.7" to 5.2", approaching the 6.8" dif-
ference in the one-atm Ge analogue. Therefore,
rather than two different structural elements (Si-O-
Si angle bending and tetrahedral distortion) con-
tlslling the compression of the two crystals, as sug-
gested by Jorgensen (1978), we actually see a contin-
uum. For the quartz structure, substituting Ge for Si
appears to have the same effect on the geometry of
the structure as increasing the pressure has. Because
we see Si-O bond shortening, we would predict some
compression of the Ge-O bonds; this was not ob-
served in the Jorgensen study.

Systematic changes in stereochemistry of quartz

Hill and Gibbs (1979) describe an apparent struc-
tural interdependence between the Si-O-Si angles
and both d(Si-O) and d(Si...Si) in silica polymorphs
as well as in silicates. The flrst relation5hiF, -sec(Si-

O-Si) c d(Si-O), suggests that as the Si-O-Si angle
decreases the Si-O distance will increase. If true at
high pressures, it would predict that Si-O distances
might actually increase. In Figure 8 we have plotted
the regression line for the room-pressure data (Hill
and Gibbs) and the six points (crosses) determined in

t 5 t 4  t 3  1 2  |  t o
- sec  L  s i  -o -s i

Fig. 8. Si-O bond length as a function of-sec(Si-O-Si) for the
silica minerals. The line represents the trend shown in Hill and
Gibbs (1979) for the polymorphs measured under ambient
conditions; the crosses represent the data for quartz from this
study at six pressures, including room pressure. This relationship

does not persist at high pressure.

this study this correlation does not persist with in-
creased pressure because a coupled decrease in the
Si-O-Si angle and the Si-O distance is observed.

The second relationship in Hill and Gibbs, log
sin[(Si-O-Si)/2ln log d(Si...Si), suggests that longer
Si...Si separations are associated with wider Si-O-Si
angles. In Figure 9 the Hill and Gibbs regression line
for this relationship is drawn with our high-pressure
data (crosses). This relationship seems to hold better
than the first when applied to data other than those
obtained under ambient conditions..More structural
data are needed on the silica polymorphs to test the
validity of this relationship and the importance of
non-bonded Si...Si interactions on structural changes
under general P-T conditions.

The structural changes that take place during ther-
mal expansion and isothermal compression are not
simple inverses. Although the quartz structure is of-
ten thought of as compressing and expanding solely
through changes in the Si-O-Si angle, as if it be-
haved like a simple spring, this is not the casc. Fig-

ures l0 and I I compare structural changes at elevated
temperatures and pressures by plotting unit-cell vol-
ume, at P or T divided by the ambient unit-cell vol-
ume, against the Si-O-Si angle and the tetrahedral
tilt angle, 6, respectively. For these calculations unit-
cell data at elevated temperatures were taken from

Ackermann and Sorrell (1974), and high-temper-
ature structural dzta were taken from Young (1962).

ln Figure l0 there is a break in the slope of the lines

r 5 9
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1980). We have investigated how atomic rearrange-

ments reflect single-crystal elastic propefties. The

structural reason for the changing c/a cell'parameter

ratio (Fig. 7) can be seen in Figure 2, on which we

have drawn approximate crystallographic axes. One

of the rapidly changing O-O distances is nearly par-

allel to a; the other is approximately 45o between a

and c. Hence there is more compression of these dis-

tances in the a direction than in the c direction, ex-

plaining the stiffer elastic nature of c.

The errors on the bulk modulus, K', and the pres-

sure derivative of the bulk modulus, Ki, listed in

Table 6, are based on the assumption that the scatter

ofthe data from the curve being fit accurately repre-

sents the errors on the pressure and volume of each

point; this is often not the case (Bass et al., 1979).

When the errors associated with each point of our

quartz data are included in the analysis, K' and Ki

are very poorly constrained. Therefore, Bass et al.

have fixed the value of K' equivalent to the Reuss

bound, calculated from the acoustically determined

single-crystal elastic moduli (McSkimin et al., 1965)

and corrected for the difference between isothermal

and adiabatic experiments. Using a weighted fit of

our data, holding K': 0.371(2) Mbar, they calculate

Ki : 6.2(l), in excellent agreement with McSkimin

et al.'s acoustic value of 6.3(3).

Using any two bulk elastic moduli, the elastic

character of an isotropic material (an ideal poly-

crystal) can be described. A common pair of such

moduli are Young's modulus, E, and Poisson's ratio'

133 137 l4 l 145 r49 t53

S i - O - S i  A N G L E  ( d e g )

Fig. 10. The Si-O-Si angle of quartz as a function of unit-cell

volume at temperatur€ or pressure normalized to room-pressure-

temperature volume. The break in slope at the room-temperature-

pressure point suggests that different structural changes cause the

volume change for increased temperature or pressure.
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Fig. 9. Plot of log d(Si ... Si) vs. log sin[Si-O-SD/2] for the silica

polymorphs. The line represents the trend shown in Hill and

Gibbs (1979) for the silica minerals measured under ambient

conditions. The crosses represent the data for quartz from this

study, measured at six pressures including room pressure. This

relationship may hold for general P-Zconditions.

connecting the high-temperature and high-pressure
points, suggesting that in these two regimes at least
partially different structural changes must be respon-

sible for the change of volume. In Figure I I a hyper-
bolic curve shows that 6 increases rapidly as the c-B
transition is approached, but decreases in magnitude
more slowly as unit-cell volume is decreased. Al-

though the high-temperature work is not definitive,
we conclude that the silicate tetrahedron does not

show inverse effects. As temperature is increased,
there may be a small increase in distortion (Young);

when pressure is increased, tetrahedral distortion in-
creases considerably. [t thus appears that the volume

increase with temperature is accomplished through
changes in the Si-O-Si angle and 6, whereas com-
pression seems to be accomplished by the Si-O-Si
angle and increasingly by tetrahedral distortion.

Systematic changes in elasticity of quartz

Several methods have recently been used to inves-

tigate the bulk and single-crystal elastic properties of
qvartz from structural considerations. lb initio calcu-
lations, made by modeling qtartz from smaller mole-
cules, have determined a bulk modulus for quartz

close to the experimental values (O'Keeffe et al.,

o
> ^



o, which describe the lengthening and necking of a
rod under tensile stress. Poisson's ratio can be written
in terms of K, the bulk modulus, and p, the shear
modulus: o : (3K - 2p,)/2(3K + p). The Voigt
bound of K can be expressed as l/9la + 2bl where,
for the case of quartz, a : 2c,, + ca3 and b : 2cr, I
c,, (cu's are single-crystal elastic moduli); p can be
written as l/llla - b + 3cl where a and b are as
above, and c : 2c* * cuu. Therefore o: [a + 4b -

2cl/l4a + 6b + 2cl. The value of o for quartz is 0.056,
yet for most minerals o = 0.25. To understand why o
commonly equals 0.25, we assumed o : 0.25 and
solved this equation. The result is that b equals c.
Therefore, for most minerals the sum of the pure-
shear elastic moduli (c) is approximately equal to the
sum of the off-diagonal shear moduli (b). In quaftz
the ratio of b/c is 0.2 instead of 1.0 (McSkimin et al.,
1965).

Single-crystal elastic moduli each describe the
structural deformation that takes place when a given
stress is applied to a crystal. The pure-shear elastic
moduli (c* and cuu) indicate the amount of shear
stress required to produce a unit shear strain in the
a-c plane (c*) and thLe a,-a2 plane (cuu). One of the
off-diagonal elastic moduli, c,r, describes the stress
induced in the c direction due to a strain parallel to a;
the other, c,r, describes the similar coupling between
a, arrd the direction perpendicular to a, and c. When
a coil spring is shortened parallel to its axis, very
little stress is induced in a direction perpendicular to
the axis. Exactly such a change can be easily accom-

Fig. ll. Th€ tetrahedral tilt parameter for quartz,6, as a
function of unit-cell volume at temperature or pressure

normalized to the room-temperature-pressure volume. The
hyperbolic shape of this curve suggests that tetrahedral tilting is

important to the change in unit-cell volume as the c-F transition

is approached but has less effect as unit-cell volume decreases.

929

Fig. 12. Spirals of silicate tetrahedra parallel to c. These easily

expanding and contracting spirals behave like coiled springs and

are, therefore, responsible for the low value of Poisson's ratio in

quartz.

modated by the quartz structure which is comprised

of tetrahedra repeated along threefold screw axes

parallel to c (Fig. l2). When a length change occurs

parallel to c, the small value of cr3 suggests that there

is a small concomitant change in a. In addition, if a

length change occurs parallel to ab L small change in

the direction perpendicular to at and c results. This

behavior dominates the elastic behavior of a poly-

crysta[. We therefore believe the small value for Pois-

son's ratio is caused by the easily expanding and con-

tracting spirals of tetrahedra which behave like

coiled springs. Thus for this relatively simple struc-

ture the shear moduli can be rationalized from struc-

tural considerations. Although this work provides

only a beginning, we hope that additional detailed

studies of crystal structures at high pressures, and the

relationships of structural changes to the single-crys-

tal elastic properties of the same materials, will even-

tually lead to general empirical relationships that

may help us to predict elastic properties of minerals

as they exist within the Earth.
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