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Abotnct

The published data on the alpha-beta transition in quartz are reanalyzed using Pippard's

theory and modern computer techniques. Volume data confirm the diffrculties in reaching

equilibrium in alpha quoit" n"ut the iransition, explaining the low and irreproducible heat

capacity measurementJ in this region. The pressure dependence of the transition temperature

""4 
tn" best X-ray volume measurements are used to evaluate entropy and enthalpy changes

in the transition region. At 1000 K the entropy and enthalpy ofbeta quartz afe 116'21510'1 J

mol-1 K-1 and -865256170 J mol-l relative to the coDArA selections for alpha quartz at

298.15K. These values are in excellent agreement with the completely independent selections

of Richet et al., but not with USGS Bulletin 1452. Full equation of state data for quartz uP to

1900 K and 4fiD MPa are given graphically and by equations valid for designated portions

of the p-T plane. The SiOrlhase aiagpm has been calculated including cristobalite, coesite,

and liquid iegions. The cxistence of an intermediate incommensurate phase between alpha

and beta quartz is discussed, but not included explicitly in the calculations.

Historical

Quartz is a common and widely studied mineral. Its
lambda transition near 846 K was reported by Le Chatelier
in 1889 (Le Chatelier, 1889), making it the earliest known
example of such behavior. This interesting feature led to an
exceptionally large number of experimental studies of
quaftz.

Thus it would seem reasonable to assume that the ther-
modynamic properties of quartz are all well established,
and that the standard compilations (Stull and Prophet,
1971; Robie et al., 1978) agree. However the heat changes
on melting and in many other transformations of SiO, are
small and discrepancies of 200 J mol-l are signiflcant in
phase equilibria calculations. Thus we were very surprised
to find a 380 J mol- I discrepancy between the rlN,lr (Stull
and Prophet, 1971) and the Bulletin 1452 (Robie et al.
1978) values for beta quartz. Richet et al. (1982) fully docu-
ment the discrepancy between heat capacity, d.t.a., and
drop calorimetry values for quartz' These discrepancies are
the cause of the wide range in values for flrooo-Ilr"r cited
in the literature, some of which are shown in Table 1'

One of the main purposes of this paper is to provide
accurate and useable thermodynamic data for both alpha
and bcta quartz. A second result is the demonstration that
the alpha-beta transition in quartz can be accurately treat-
ed as a lambda transition using the Pippard theory. (Pip-
pard, 1956).

region of the alpha-beta transition. Some of these will be

examined briefly here, before considering methods of treat-
ing second order or lambda type transitions quantitatively'

Alpha quartz and beta quartz do have different crystal

structures. However, the crystal structures are related, and
in practice the transition occurs without recrystallization.
The six-fold screw axis of beta quartz is converted to a

three-fold screw axis in alpha quartz, with aligrrment of

kinks in the Si-O-Si chains. Good discussions of the mo-

tions involved, and the domains formed, can be found in

Liebau and Bohm (1982) or Grimm and Dorner (1975)'

This alignment is clearly a cooperative phenomenon

characteristic of lambda type transitions.
The distinction between first order transitions and

lambda type transitions is fairly subtle, because kinetic

considerations can spread a first order transition over a

range of temperatures, making it appear somewhat like a

lambda transition. Thus high heat capacities alone do not

signal the presence of a lambda transition' The lambda
point, at which a very high heat capacity drops over a very
narrow temperature range is diagnostic. There is no doubt
that quartz shows a lambda point near 846 K at low pres-

sures, and also along a line of increasing temperature with
increasing pressure. The lambda point even appears, with-

out the lambda shape, in differential scanning calorimetry.
Thus the accuracy and reproducibility of measurements of
the lambda point are surprisingly good, better than that for
the temperatures of many first order transitions.

The quartz transition Why then is the concept of a first order part in the

There are, however, a number of reasons for thinking alpha-beta quartz transition so persistent in the literature?

that a first order transition may be present in quartz in thi It is partly a matter of politeness. More importantly, in-
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Table 1. Values reported for the enthalpy change between alpha
quartz at 298.15 K and Beta euartz at 1000 K

H1999,  g  -H296, ,

I nofta Tvoe Refer€nce

45689.5
45689,t
41617.
45579,
45412.
41444.3
45t58.1
45154.6
450'6,2
44961 .
41826.9

negligible hysteresis, and so probably represents the forma-
tion of a stable phase. Probably this is an incommensurate
phase as originally suggested by Aslanyan and Levanyuk
(1979). As such it represents a small amount of ordering of
the twists of SiO* tetrahedra with a loss of strict periodic-
ity. The structure can also be described in terms of short
range order, or fluctuating small dauphinC domains.

The incommensurate phase will be identical to the beta
phase at some temperature near 847 K. It has a higher heat
capacity and coellicient of thermal expansion than beta
qtrartz, so by 846 K the reaction

SiO, (incommensurate) : SiOz(c, beta) (1)

should have A.EI :60+40 J mol- l ,  AS:0.02+0.05 J
mol-r K-1 and AG : +0.035+0.02 J mol-1. These quan-
tities are small compared to the overall uncertainties so
there is no point in building a separate thermodynamic
model for the incommensurate phase.

The enthalpy of beta quartz
The drop calorimetric clearly establish a value for

Hrco*'- Hz."a,n of 45500+200 J mol-l. Moser's value
(Moser, 1936) is clearly outside this range, and two recent
tabulations (Robie et al., 1978) (Ghiorso et al., 1979) give
even smaller values.

If the transition were a reversible first order transition
we could get accurate enthalpies for beta quartz from the
volume change and the pressure dependence of the alpha_
beta equilibrium. The pressure dependence has been care_

c-5 .4

too o - too
846-T,K

Fig. 1. Cell dimensions for alpha and beta quartz versus tem-
perature. Our calculated fits to the values of Ackerman and Sor-
rell (Ackermann and Sorrell, 1974, fllled circles) are shown as solid
lines. Older experimental values (Jay, 1933; Berger et al., 1966) are
included as open circles.
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cluding a first order transition at the lambda temperarure
is a convenient simple way to model lambda transitions.
For example the curves in Figure 1 can be approximated
by straight lines, with a jump from one line to the other at
846 - T : 0. Thus it is convenient to model the last 2oo/o
or so ofthe transition as first order.

Finally, the assertion that there is a superimposed first
order transition associated with a lambda transition cannot
be disproved. A first order transition could occur very close
to a lamMa point. Keeping the temperatures close at high
pressures is stretching the coincidence. The thermodynamic
analysis presented here, omitting any first order part, dem-
onstrates that the simpler assumption, that this is purely a
lambda type transition, is adequate.

This paper is concerned with thermodynamic equilibria
and with obtaining accurate values for the two most im-
portant quartz phases. Our agreement with Richet et al.
(1982) demonstrates that you can get equivalent values of
enthalpy by either including or omitting a fust order part
for the transition.

Of course, non-equilibrium forms of quartz can be pre-
pared, and in fact are usually prepared in practice. The
careful study of materials at temperatures near lambda
points is providing much important new material including
the recognition of incommensurate phases (Shirane (19g4[
Aslanyan and Levanyuk (1978, 1979, 1984)\. The recent
work of Bachheimer and his co-workers (Bachheimer.
1980; Bachheimer et al., 1982; Dolino et al., 19g3, l9g3:
1984) on quartz is an outstanding example.

However, in interpreting these papers it must be recog_
nized that the structure of the beta phase must exist in the
boundaries between dauphini domains, so that the equilib-
rium coexistence of two phases does not necessarily indi-
cate a first order transition between them.

It is possible that one or more other phases are thermo_
dynamically stable near the lambda point in quartz. In this
case the direct alpha to beta transition considered here
would be metastable.

Bachheimer, Dolino and their co-workers (Bachheimer.
1980; Bachheimer et al., 1982: Dolino et al., 19g3, 19g3,
_1984) have exhaustively studied a transition occurring 1.3
K above the lambda point. It is highly reproducible with
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fully studied. The initial slope is approximately O'265
(Cohen et al., 1974) and above 1500 MPa the line is essen-
tially straight with a slope of O.2272 K MPa-r (Mirwald

and Massone, 1980). However, careful volume measure-
ments near the transition temperature have shown that LV
for the metastable alpha to beta transition is very small,
and may be zero.

In a true lambda transition the heat capacity of the

lower temperature phase increases rapidly as the transition
temperature is approached, probably approaching infinity,

and both AII and LV ate zero. Thus the expression

dr ldP : ry :  LVILS (2)
AH

is indeterminate. The equations obtained for the indetermi-
nate expression by taking separate derivatives of the nu-
merator and denominator are easily derived and are quite

well known

dT ldP: L'dVTlLCp: -L'PlL'a (3)

but do not provide much help. The heat capacity, coef-
ficient of thermal expansion, and compressibility for alpha
quartz near the lambda point are all large and difftcult to

measure. In fact it appears that ACr, Aa and - L'f all

approach infinity. If the coefficient of thermal expansion of

alpha quartz is extremely large at temperatures just below
the lamMa point, it is not surprising that small temper-
ature fluctuations can introduce significant strain and that
reproducible measurements are diflicult.

Fortunately, the Pippard theory (Pippard, 1956) pro-

vides an accurate way to analyzn thermodynamic data in

the vicinity of a lambda point. The original equations pro-
posed by Pippard were of the form:

Yg, P): Vo * aT + f(Tlt - P) (4)

s(7, P) : So + aT + f'(Tlr - P) (5)

where r stands for the equilibrium slope, (dTldP)t We can
write the equivalent expressions

4roo.: Izo.," - (r/ro[(o) (6)

S"rpr': 56.* - (1/rs)f(0) (7)

where 0 is 4(P) - T, the amount the temperature is below
the lambda temperature at any pressure, and where l/o",u

and S0.," are the volume and entropy of the beta phase
(disordered quartz) as functions of temperature and pres-

sure.
Equations of this kind have been applied to the alpha-

beta transition in quartz (Hughes and Lawson, 1962; Kle-
ment, 1968; Klement and Cohen, 1968) with moderate suc-

cess. The Pippard relations are used by Bachheimer and
Dolino (Bachheimer et al., 1982; Dolino et al. 1983' 1983)

even while they call the transition first order. The principal
problems with this approach appear to have been with the
experimental data used. The relations are satisfied if all the
measurements are on the same sample, or if the same equi-
libration time is allowed. The Sinelnikov (Sinelnikov' 1953)

ments can be fitted as quadratics in 0 : 846 - T as:

a:4.9978 +0.30?65 x 10-6 0 (8)

c:5.4608129+0.2( /750 x 10-a 0+0'82232810-1 02

(e)

Both cell dimensions are decreasing slightly with increasing

temperature, but the temperature dependence is small

enough that an extrapolation to 0:20f., down to 6y'l6K'

appears to be justified.- 
bn the other hand the unit cell dimensions for alpha

quartzvary drastically with temperature when 0 is small' A

simple power series using integral exponents is obviously

unsatisflctory. Much good work on alpha quartz and simi-

lar materials has considered the leading power urs a vari-

able. For example the term tCT(1 - T18471-o'oettr - t,

has been used for the heat capacity (Richet et al', 1982)' In

this situation one can consider a logJog plot and equations

like

log (a - a) : -2.362348 + O.49759 log 0 (10)

Such plots are roughly linear with slopes between 0'4 and

0.7, however, adding higher powers in log 0 even up to a

quartic still does not give an accurate representation of the

measured values.
A better alternative is using a power series with a leading

term in g1-n where the power 1 - a lies between zero and

one. There are suffrcient theories for lambda transitions

from Bragg-Williams (Bragg and Williams, 1934) through a

series of developments (Ross and Ter Haar, 1959; Landau

and Lifshitz, 1958) up to renormalization group theory

standard least squares programs. In this way we obtained

the equations:

(aa - o")t : 0.0226806 x l0-3 0 - 0.867408 x lo-1 02

+0.259547 x 10-e 03 -0.242458 x 10-10 04 (11)

("p - ,)t: 0.0105995 x 10-3 0 - 0'573545 x lo-7 02

+ 0.373483 x 10-e e3 -0.449171x lo-12 04 (12)
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Table 2. The Function f(0) representing the differenoe in volume
of alpha quartz from a fully disordered beta quartz at the same

temperature

Figure 1 shows how these calculated cell dimensions com_
pare to measurements between 700 and 900 K. The scatter
in the cn values looks bad, but the largest deviations from
the plotted smooth curve are about 0.0025A, corresponding
to an error in c or in the volume of O.M6%r.

We should note parenthetically that it is also possible to
represent afl - an with a leading term in 0+o.87s : Q+r-ar
suggested by more recent estimates (Kandanofi 1967;Levy
et al., 1982) for Landau's critical exponents. However, this
is more difficult mathematically and gives a fit which is
considerably poorer if the same number of terms are used.

The least square values of the unit cell dimensions were
used to calculate the molar volumes of alpha quartz. The
values of f(0) were then calculated at one degree intervals
from the equation:

0  =  T l  -  T
f ( 9 )

f ( 0 )

f ( 0 )

K O
c# rc t - l  o

.1  1748

t
,059155 .08t456 .10197

5 1 0 1 1 2 0
.11105 .183t3 .22219 .25398

25 l0 40 50
.28118 .10510 .14597 ,tao54

E0 100 t50
.46102 .50446 .59937

60
.41022

f ( 9 )

giving the values shown in Table 2. The volume increase

The values in Table 2 arc calcriated from a2c sin 120
using expressions for a and c including terms in 02. Thus
f(0) logically includes terms from 0u2 through 06, however,
a reasonable fit to the values in Table 2 is given by

(A): [0.00351508 0 - 0.158514 x l0-4 02 E

+ 0.733660 x l0_7 03 _ 0.116609 x t'_e e4ltt2 (14)

Judging from Figure I any errors in the extrapolation of a
and c for beta quartz or in the alpha quartz values should
be less than 0.0054 and the values of {e; snoUO be within
+0.022 cm3 mol even out to 0 : 150 K.

Once the function f(0) is known we can calculate entropy
values for alpha quartz from

Vf(T,0.1)  -  V,(T,0.1) :  f (0) (13)

S n : S p - ( U r o ) f @ ) (15)

- .587077 x 10ro(T - 1000)4 (16)

which fits the experimental data for beta quartz and ex-
trapolates reasonably to 700 and 1900 K.

We have taken the entropy values for alpha quartz cal_
culated from the So and f(0) values and used them to calcu_
late C* values over intervals of 1 to 10 K. This gives the
smooth heat capacity curve for alpha quartz shown in
Figure 2. The errors in C. for beta quartz and in f(0) could
lead to errors as large as 3 J mol-1 K-r in these values.
However, the discrepancjes from the experimental values
plotted (Moser, 1936; Sinelnikov, 1953) are clearly over 10
J mol-r k-r near 830 to 840 K. Table 3 gives our AS and
AII values for intervals of 25 K or less and comparable
values using the Moser data (Moser, 1936) and two compi_
lations which give mathematical expressions for C* which
can be integrated over the same regions.

Our values for A^EI and AS in Table 3 can be combined
with well known heat capacity values below 750 and above
846 K to give .Elrooo, - H zga.n: 45444.3 +70 mol- 1 with
most of the uncertainty due to possible errors in the heat
capacity in the 750 to 846 K range. We also obtain an
entropy of beta qvaftz at 1000 K of 116.215+0.1 J mol-1

where ro is the initial slope of the 2 point vs. pressure,
0.265 +0.005 K MPa- 1 (Cohen et al., 1974). Calculating S,
for temperatures down to 150 K below the lamUda poini
requires an extrapolation of heat capacity values for beta
q.vartz. This extrapolation should be reasonably reliable
since this heat capacity contains essentially no contribution
from changing the amount of disorder. It was done with
the equation

cp : 69.0388 + 0.930215 x 10-2(T _ 1000) _ 0.819168

x l0-s(T - 1000)2 + 0.547378 x lO-7(T - 1000)3

Y

o
E

D

ao too

800 820
T,K

Fig. 2. Heat capacity, C", for alpha quartz near the lambda
temp€rature. The solid line represents our calculated values. The
experimental points of Moser (Moser, 193,6) and Sinel'nikov
(Sinel'nikov, 1953) are shown as open and filled circles respec-
tively.
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Table 3. Entropy and enthalpy changes for alpha quartz near the
lambda Point

trapolate both of these curves to considerably highor tem-

p€ratures. The V^vs. T plot shows som€ curvature between

il+O anC 1073 K, but we have assumed that it is linear,
Tmp, Interval

2.6642 2230 174t 1 569.0 2441.5++

2.454 1994 1925 1844'0 1925.5

2 , 1 6 9  1 8 6 6  l E 4 6  1 8 1 8 . 0  1 8 5 0 . 7

2 . t 6 0  l S o o  l S o o  1 - 1 9 1 . 7  1 8 0 2 . 0

9.847 7890 7314 
'7022.7 8021.5

v:vo$ +NP/Ko)(-1 lN) (17)

For the region below 1200 MPa we are using the cubic

T : 846+ 0.265 P - 0.11303229 x lO 4 P2

- 2.4632558 x lo-e P3 (18)

to relate T and P at the lambda point.
Figure 3 shows Vp,o.r and V^ versus temperature up to

1073 K. For a full equation of state it is necessary to ex-

to extrapolate to 17fi) K. In extrapolating lzo.t we have

assumed that I/ goes through a minimum, and that we get

positive alpha values of up to 1.3 x 10-6 as T approaches

1600 K. The fourth degree polynomial

vot : 23.7013 - 0.105873 x 10-s(T - 100) + 0'854633

x 10-E(T - 10m)2 - 0'18E60 x 10-1o(T - 1000)3

+o.t44o73 r t0-tr(T - 1000)4 (20)

extrapolates reasonably well even to 2000 K and 23'773

cm3 mol-l and fits the Ackermann and Sorrell (1974)

values reasonably well below 1373 K, where the X-ray

measurements are not complicated by cristobalite forma-

tion. The combined extrapolations give a maximum near

Ko : 10fi)00 MPa and 1650 K, which is reasonable behav-

ioi for a material with Ks increasing with increasing T in

the region accessible experimentally.
fnJatpha quartz-beta quartz--coesite triple point is near

1643 K and 3400 MPa, making this a convenient temper-

ature and pressure at which to compare thermodynamic

values from different equations of state for beta quartz'

Table 4 compares our current values at this temperature

and pressure with those from our earlier Murnaghan-

Hildebrand equation of State. We do not know of any

other treatment of b"ta quartz given in suffrcient detail for

inclusion in this table but we can compare our values for

LV and AS for beta quartz going to coesite at 3440 MPa

and 1653 K with values from Table 3 in Mirwald and

Massone (Mirwald and Massone, 1980)' Figures 4 and 5

show the contour lines for 7 and S for beta quartz' To a

first approximation they are vertical and horizontal lines

respectively, because the a values are small, and the slopes

are llclK arlrd uVTlC".

vt:24.54953 - 0.00105 r

23.8

23.6

800 900
T,K

Fig. 3. Volumes of beta quartz at 0.1
point plotted versus temp€rature.

th is rork

A S  A H

I  l t e r a + u r e  A H  v a l u e s

* t t t (1e)

tooo iloo

MPa and at the lambda

825-846 K
800-625 K
775-800 K
750-77'  K

TOTAL

* -  exp Cp of l , loser '  1936

i *  -  R o b l e  e t  a l . ,  1 9 7 8
+  -  R l c h e +  e f  a l . ,  1 9 E o  c o n p t l a + t o n  d e p e n d e n f  o n  n e r  d r o p  c a l q m € i r l c

-t  -  ?i f ! l# l : '  us6d ls 826 to 847K +o al lor for the us€ of Tl  = slz '

A  c q r e c t i o n  o f  6 5 5  J  m o l - I ,  + r o a i e d  a s  a  f l r s t  o r d e r  t r a n s l i l o n  h a s

be€n added as In +he publ lshed paper.

K-l referenced to the coDArA (cooilr.l' 1976) value of

values of Richet et al. (1982) we can calculate ll,ooo

Equation of state for beta quartz

Figures I and 3 show that beta quartz at low pressures

and temperatures from 846 to 1fi)0 K has a negative coef-

ficient of thermal expansion. We expect that, as in the cor-

responding case of liquid H2O below 277 K, there will be

positive values at higher pressures. In any case we cannot

ixpect the simple behavior of a vs. P and K vs' T of the

Murnaghan-Hildebrand equation of state (Howald et al''

1985). We must find experimental values for the bulk mod-

ulus as a function of temPerature.
Fortunately bulk modulus values for beta quartz are

available at least from 863 to 1073 K (Kammer et al',

1948). If we accept the values V":23.7O on3 mol-r,

Ko : 73O46 MPa (Kammer et al., 1948), and N estimated

as 6 for 1073 K we can calculate V :23.42 crn3 mol-l at

the lamMa point, 1073 K, 897 MPa, from the Murnaghan

logarithmic equation of state (Anderson, 1966; Murna-
ghan, 1944; Howald et al., 1983)

oe
D
E
o
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Table 4. Comparison of thermodynamic values for beta quartz
and coesite at high pressures and temperatures

AQ*

T P

K MPa

Qqariz r€f bela
quarfz @eslte

1613 1400

165t t440

H

ti

T

l

f
l *

t
t t
* i

t
I t
T*
t
t t

-'t40206 -746483
-739240 -74625A

151.10540 141.69553
153.45105 148.0n36
22.96%7 20.91757
21.69702 20.48606
-7ta5t9 -744944
-717518 -746712

r51.0828t  148.12198
153.93282 14a.4988

22.%209 20.9145A
21.67548 20.4At25

-6n7
-9018

-5,80987
-5.t9t69
-2 .05210
- 1 . 2 1 A

-640'
-9134
-6900

-2.96085
-5 .43459
-4 .2
-2 .04751
-1.1922t
- f .  I

Y

i l ' I O O O

Fig. 6. Calculated
(dT/dP)x at 800 K.

2000

B MPo
and experimental

l l , ; i? :n : , l l  H  (J  nor - r ) ,  s  (J  mor - rK- r )  o r  v  rc#  mor - r i
t )  H d a l d  e i  a t  .  ,  l 9 B 5
f t )  M l r t e l d  o n d  i l a s s o n e ,  l g O O

Equation of state for alpha quertz
As 7 approaches ?j for alpha quartz the bulk modulus

We presume Klement's contour line starting at 355.C
(628 K) is for 23.0 cm3 mol-l. It agrees with our line for
23.0 cm3 mol- 1 within + 15 K for thl entire length shown.

Both volume and entropy have terms in go.s ihat cannot
be represented accurately by integral power series in T and
P as 0 approaches zero. Therefore, we have chosen a band
50 to 60 K wide below the equilibrium line in which the
thermodynamic properties of alpha quartz are to be calcu_

Y- tooo
F

tooo 2000 3@O
p, Mpo

Fig. 4. Contour lines for the volume of quartz.

Fig. 5. Contour lines for the entropy (J mol- r K- r) of quartz

lated from the Pippard equations in the form

%too": V*.-$lr)f(O) (2r)
S.,or": S0.," - (l/r)f(O) (22)

where r:(dT/dP)l, ro:0.265, g:Tt- T and f(0) is
given in Table 2. We have chosen to write (l/ro) and (r/ro)
to allow for some curvature in the equilibrium line. In this
case (dTldP) drops to 0.227231for p > 1200 Mpa, and the
r/ro term lets us associate this with a decrease in the AZ of
transition rather than an increase in AS with increasing ?
and P.

Our equation of state for beta quartz should extrapolate
reliably to 55 and 60 K below the lambda point, and the
f(0) values in Table 2 allow us to calculate values for tbe
volume and entropy of alpha qvaftz at these temperatures
and a series of pressures. Fitting power series terms for the
volume is fairly simple when one has reliable volume
values on three edges of the region to be fitted. For alpha
quartz Vo is well known at low pressures, Ko : 37200 Mpa

G
o

i  .o2
et

4000

values of aVT/C":
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- . - -o  
2000 4000

P, MPO

Fig. 7. Calculated and experimental (Boehler' 1982) values at
1000 K for @T FP)^: uVTlCp.

at298.15 K (Weaver et al.,1979) (Soga, 1968) (McSkimmin

et al., 1965) and the values at 0: 55 and 60 give volumes

and dVldT along the upper edge of the region to be fitted'

A good least-squares fit requires some estimated volumes

5 are a third attempt in a series of successively better ap-

proximations.
There are two major tests of the accuracy of our final

equation of state for alpha quarfz beyond the reasonable-

ness of the contour lines in Figures 4 and 5. There must be

a reasonable fit about 60 K below ?i for S and Z calcula-

tions from the power series and from the Pippard equa-

tions. Table 5 shows this comparison at 3400 MPa and

1583 K. Figures 6 and 7 compare our calculations for

(dTldP\": uVTlCp with the experimental values (Boehler'

1982) as read from the published graphs.

Thermodynamic values for coesite

One principal use of reliable equations of state for alpha

and beta quartz is in the interpretation of the pressure

dependence of equilibria involving quartz' The quartz-

colsite equilibrium has been widely studied. It provides a

very stringent test of the equations of state since A'EI and

AS are small, and even small errors can change the slope,

LVILS, drastically. The volume and bulk modulus of

coesite are reliably known (Weaver et al., 1979; Levin and

Prewitt, 1981).
Accurately fitting the measured equilibrium line required

adjusting the Cp equation for coesite along with a whole

series of successive small adjustments in its entropy and

x (T - 1000)2 - 0.747870

x 10-e(T - 1000)3 + 0.195243

x 10-1o(T - 1000)4 * .48 x 106(1/72 - 106)

is plotted in Figure 8 to demonstrate that it is not unrea-

sonably large or small anywhere in the temperature region

under tontideration. Our final values at 298 K for coesite

are Srn,  :4O.4672+O.2 J mol-1K-r  and Hzge:  AI I ; :
-g}72l3.g+200 J mol-1.

mol-l (Holm et all., 1967\. Recent independent measure-

ments (Navrotsky, private communication) give 1339 J

mol-l. It is worth noting that a Zffi I mol-l shift in the

enthalpy causes a substantial change in the slope and ap-

pearan@ of the equilibrium lines in Figure 9'

These values give good agreement between calculated

and measured equilibria up to 1400 K' Above 1400 K the

calculations for both alpha quartz and beta quartz going to

coesite give AS values too negative and slope-values too

small to fit the reported values (Boyd and England, 1960;

Mirwald and Massone, 1980). Since there must be a sub-

stantial increase in the entropy of quartz as it nears and

reaches the lambda point at these pressures, just as at 0'1

MPa, the only reasonable way to accomodate higher slope

values is to allow for higher entropy values for coesite at

high temperatures. This could be due to either a first or

seiond oider transition, but for simplicity of calculation in

enthalpy. Our flnal C" curve

cp : 9.0 E(T/800) - r.23583 + 0.625

x tO-2(T - 1000) - 0.409460 x 10-s

500 looo
T 'K

Fig. 8. Heat capacity values for coesite

cristobalite (dashed line).

c
(J

F

tJ o.02

(23\

t500

(solid line) and

4 0 L
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Table 5. Comparison of polynomial fit and Pippard calculations
for the thermodynamic properties of alpha quartz 6O degrees

below the lambda point

P T M a + e r t a t H S V

/ d b b6fa quarfz
A

-879156
-1 281

99.91288 23.72101
- l ,548 - .41022

al pha quartzr -881 057
al pha quarfz** -881052

befa quartz -8001 I  9
L -2021

98.364W 23.t1079
98.36416 23.11228

tt2.4389 25,18649
- l  .548 - .55175

2000 1265

3400 r 581

alpha quartzl  -n2142
alpha quartzrt  -80?556

beta quartz -144'174

L -2515

af pha quartz* -74i2\g
af pha quar+z** -747811

150.8909 22 .53474
130.8152 22.77600

148.67549 22.9rc11
-1548 -.t5175

147.12549 22.60442
146.85953 22,54784

2000 4000

P, MPo

Fig. 9. Calculated phase diagram for SiOr. The best experi-
mental values for quartz--coesite equilibria (Boehler, l9g2; Bohlen
and Boetcher, 1982; Mirwald and Massone, 1980) are shown as
filled circles, with the values of Boyd and England (Boyd and
England, 1960) distinguished as open circles since the pressure
calibration is less certain.

the absence of any direct evidence we have chosen a first
order transition at 1420 K with AS : 2.5451 *0.2 J mol-1
K-r. This assumed transition in coesite is shown in Figure
9, with the continuation of the quartz to low coesite calcu-
lations included as dotted lines.

Figures 6 and, 7 include some calculated and experi-
mental (Boehler, 1980) values for aVTlC" in the coesite
region roughly confirming the equation of state.

Thermodynamic values of cristobalite
Our first thermodynamic treatment of cristobalite (Elie-

zer et al.,1978) was based upon the JANAF values (Stull and
Prophet, 1971) except for an increase of 0.ll J mol-1 K-1
in the entropy of cristobalite to bring the quartz-
cristobalite equilibrium point to 1175 K. One major im-
petus for this work was concern that the Bulletin 1452
(Robie et al., 1978) values might be correct, implying that
the older reNer enthalpy could be in error by about 380 J
mol-r. We now have good heat capacity values for quaru,
and there is reasonable agreement on the enthalpy changes
in cristobalite as demonstrated in Table 6. Thus all
measurements of the enthalpy differences between quartz
and cristobalite can be reliably converted to A.E[r* be-
tween alpha quartz and low cristobalite. The A.EI'* values
arc 26364290 (Kracek et al., 1953), 2356+80 (Holm et al.,

r)  Values calculafed from the b€ta quarfz €quai lon of s+a+e and the
P l p p a r d  e q u a t l o n s

r * )  V a l u e s  c a l c u l € t 6 d  f r @  + h €  € l p h a  q u a r l z  e q u a t l o n  o f  s t a f e

1967) and 1389 + 250 fNavrotsky et al., 1980). This is much
poorer agreement than shown by the quartz to glass
measurements of these same workers, so the dilliculty prob-
ably lies in the cristobalite samples.

We reached the decision that the entropy values of cris-
tobalite are btter known than its enthalpy, and that it is
.EIin, which should be adjusted to fit what is known of the
quartz to cristobalite equilibrium. We have accepted the
Richet value (Richet et al., 1982) of Sies : 43.363 J mol- 1
K- 1 for low cristobalite, but their value of ll08 K for the
quartz to cristobalite equilibrium is too low. Alkali silicates
dissolve SiO, and should catalyze the transformations, and
in their presen@ beta quartz is stable at lt4l K, and
changes to tridymite around 1150 K. The equilibrium
transformation to cristobalite must come at u riilt trigh.t
temperature. Holmquist (Holmquist, 1961) has observed
the formation of cristobalite from quartz at 1163 K leaving
only a 22 K interval for the equifibrium. Picking 1160 K
for the equilibrium gives llles : -906871 for high cris-
tobalite a;ad HZ,B: -X)7915 for low cristobalite. Thus

Table 6. Therrnodynamic propertics of cristobalitc

szggltt

Pnu
1\
.i600n6oo-Hzss
!r oooHt ooo-Hzgg
H t 0 0 O - H I O O O  q u a r t z
HZ}B-H298 quar+z

4t,t6t 41.363
-9079r6 -907864

83.954 84.J00
14062 1A232
118.216 118,167
44985 44859
1456 2116
2785 2At6

i h  l s
work x ** ** i  t  t f

43.40 43.40 42.615
-908146 -908546 -908146
52t 543 535
E4.60 85 .789 83 .178 8 l . t J8
1797t 18008 18037 176t5
r  r E , 6 r  I  1 7 . 8 0  |  1 7 . 3 6  1 1 7 . 6 9
44735 44769 44890 44768
2122 1925
2354 2154 2154

*  - R l c h € t  e +  a l . ,  1 9 8 2
* *  - R o b l e  e i  a l . ,  1 9 7 8
***-Sl-ul  I  and Prophet,  l97t
I  -Mos€sman and Pl+zer,  l94l
I t  - E l  l e z e r  € t  a l . ,  1 9 7 8
t t t - S . 1 .  u n l f s ,  J r c l - l  a n d  J n o l - l  K - l  a r €  u s e d  + h r o u q h o u J
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AII2es is 2785+200 J mol-r for the alpha quartz to cris-
tobalite transformation in good agreement with Kracek
(1953), but larger than the other two values (Holm et al.,
1967; Navrotsky et al., 1980).

Our heat capacity equation for high cristobalite

Cp : 9.0 E(r/800) - (r.49773 + 0.327610 x l0-3(T - 1000)

+ 0.20152$0 x 10-s(T - 1000)2

+ 0.601119 x l0-6(T - 1000)3

- 0.127126 x 10-11(T - 1000)4

+ 0.48 x 1060lT2 - 10-6) (24)

was obtained by a least squares fitting of drop calorimetric
data (White, 1919; Mosesman and yrtzqr, l94l; Richet et
al.,l9S2) from 541.65 K to 1834 K. Including the Einstein
term and a fixed llT2 term in the equation keeps the high
power terms small enough to allow reliable extrapolation
of this equation for the entire region from 400 K to 2000 K.

The different treatments for cristobalite summarized in
Table 6 all give Sooo - S2es values between 40.3 and 41.2 I
mol-1 K-1; however, the entropy value is still the biggest
uncertainty in fixing the enthalpy of cristobalite from its
equilibrium with quartz. Therefore, it was worthwhile to
treat the order disorder transition in cristobalitejust as we
treated the alpha-beta quartz transition. The slope for the
cristobalite transition in a T-P plot is 0.51 K MPa-l,
(Cohen and Klement, t9791 and we have

Sro*,+so : Sricn,+so - (1/ro[21;r6,aso - /to*'+so) Q5)

with ro : 0.51. Our polynomial for the volume of high
cristobalite for low pressure is

v :27.4380 + 0.605751 x 10-5(T - 1000) - 0.860163

x 10-8(7 - 1000)2 + 0.156970 x 10-10(? - 1000)3

- 0.884294 * tO- t+(T - 1000)4 (26)

Interpolating graphically gives a volume oflow cristobalite
at 450 K of 26.04 cm3 (Johnson and Andrews, 1956, cited
in Skinner, 1966; Leadbetter and Wright, 1976). The LV
term is then 27.181 - 26.M : l.l4l cm3 mol- I for
AS : 2.237 J mol- t K- 1. Mosesman and Pitzer (1941) give
the entropy of low cristobalite at 450 K as 63.443 J mol- I

K-r. Using better low temperature heat capacities corrects
this to 64.194. Thus Snro for high cristobalite is
64.t94 + 2.237 : 66.431. Adding the results from inte-
grating our equation for the heat capacity of high cristoba-
lite gives the entropies of 83.954 and 118.216 J mol-1 K-1
at 600 K and 1000 K respectively, as shown in Table 6.

We have used a Murnaghan-Hildebrand equation of
state for cristobalite (Howald, et al., 1985) with Ke.tsee :

14237 IsdPa and N : 6.

Values for liquid SiO2

The careful experimental work and literature analysis of
Richet et al. (Richet et al., 1982) on liquid and glass SiO2
provide important new data on the heat capacity of liquid
SiO2. Thus we have adopted a new equation

LAMBDA TRANSITION FOR QUARTZ

Cp:71.0083+0.0184709

.(r - 1000) -o.5327r4 x 10-s(T - 1000)2

for liquid SiO2. The heat of fusion of cristobalite is fixed as

8621 + 150 J mol- 1 at 1996 K by the measurements of Aff

for quartz to glass transitions (Kracek, 1953; Nawotsky et

al., 1980), the heat capacity of SiO2 Glass) (Richet et al.,

1982), and our equations for the heat capacities ofcristoba-
lite and liquid. This compares to the choice of 892011000
J mol-l (Richet et al., 1982). Our value for Srooo for liquid

SiO2 is 172.9484 J mol-r K-1, in good agreement with

172.915 (Richet et al., 1982).
Figure 9 was calculated on the assumption that the bulk

modulus for SiO, (l) is similar to that of high cristobalite,
although the measured values for the glass (Birch' 1937);
lde, 1937; Wackerly, 1962\ are substantially higher. Pre-

sumably both the volume and the bulk modulus will

change at the glass to liquid lambda transition.
We have taken molar volumes for SiO2 0) from Bacon et

al. (1960). As shown earlier (Richet et al., 1982) the large

value of a for SiO, (l), 1.03 x 10-a (Bacon et al., 1960)

requires a reasonably small value for K1, near that of cris-

tobalite or smaller, or the calculated value of Cv for the

liquid is unreasonablY small.

Discussion

In view of the chemical significance of quartz it is impor-

tant to have accurate well documented values for its ther-

modynamic properties. Thus we need a variety of indepen-

dent compilations of values for q\afta, and the 380 J dis-

crepancy between the rANAF (Stull and Prophet, 1971) and

Bulletin 1482 (Robie et al., 1978) values is serious. It is
gratifying that independent reanalyses based on drop calor-

im.tty 1Ri"h.t et al., 1982) and on phase equilibria (this

work) give overlapping ranges for Hrooo-Hru" for quartz,

45579+150 and 45452+70 J mol-1' The rlN^nr value of

45354+ 150 is conflrmed and refined, while the three lowest

values in Table I must be discarded because they rely too

heavily upon non-equilibrium C, and DTA data.
There is now similar good agreement on the entropy of

beta quartz at 1000 K: 116'215+0.1 (this work), 116'02

+ o.tj (Stull and Prophet, 1971) and 116.25910.1 J mol-1

K-l (Richet et al., 1982). Similarly good agreement for

cristobalite at 298 and 1000 K is shown in Table 6 between

our values and those ofRichet (Richet et al.' 1982).
The heat of formation of coesite is now established at

HZse: -go72l4t2D J mol-l. The value of AIItnt for

alpha quartz going to coesite is thus 3486+200 J mol-r'

Earlier published values include 2343 (Weaver et al', 1979)

5063+630 (Holm et al, 1967) and two estimates by Mir-

wald and Massone (Mirwald and Massone, 1980) 2930 and

5067 J mol-1.
It has been pointed out (Weaver et al., 1979) that the

5063 value is too large for consistency with measurements

on the quartz-coesite equilibrium. However, it is necessary

to have reliable equations of state for both quartz and

coesite to make this argument quantitative.
There are no obvious problems with a Murnaghan-
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Table 7. Polynomial equations ofstate for alpha and beta quartz

791

al pha quartz

24.3402% 1.218095 E-4
-1.2142$E-4 -5.t11956E-7
1.170823 E-1 r ,474543E-10
- 7 . 9 9 7 6 0 E - t 1  - 5 . t 8 0 1 5 8 - t l
5.0f1544E-f4 1.203374E-16
-5.78775E-t8 -2.2tt$E-20
4,129322E-22 1.618714E-24

befa quarlz

23.701 6 - .105812AE-5
-.15207128-4 .m42034 E-7
,244t776 E-A 0.806657E-1 I
- .1 t6290E-1 r .3979281E-14
.2140221E-15 -.80183 E-t8

1 . 8 1 5 4 5 0  E - 7  1 . 0 1 8 4 1 8  E - 9
-1,5515 E-9 -1. ' t324aE-12
1.316992E-12 t .886086E-t5
-8,22533E-16 -1,14072E-18
2,74tOt9E-19 3.rA6605E-22
-4.7 1042E-23 -5.49837E-26
3.24195JE-27 t.23641rE-t0

. 4 5 4 6 3 3  E - 8  - . 1 8 8 6 0 1 E - t 0
-.5t9449E-10 .974922 E-1t
.1857175E-13 -.490705E-t6
-,568804E-17 .917195 E-20
.5%339 E-21 -.701148E-24

v  =  co , t ) [ r  +  r  co , J ) (T - rooo r l - t  r t - t ]
I J

Hildebrand equation of state for cristobalite. As shown
here and by Klement (1968) however, the temperature de-
pendence of the volume for both alpha and beta quartz is
unusual. The process of successive refinement to get good
values of volume as functions of T and p for alpha and
beta quartz was slow and diffrcult. At one time we hoped to
be able to treat the two forms independently, and then
check against the known temperatures and pressures for
the lambda point. It was however, necessary to take ?j as a
function of pressure from the experimental data to get vol-
umes for alpha quartz at simultaneously high temperatures
and pressures. We have found the final equations of state
to be very useful, and present them in full graphical detail
in Figures 4 and 5 in the hope that they will be similarly
valuable in the analysis of other equilibria. The full sets of
25 to 35 power series coellicients used to calculate the
contour lines are given in Table 7. However, to make use of
equations this complex it is helpful to have a full computer
program. This can be provided as FoRTRAN code on llsr
tape if the chemistry department at Montana State Univer-
sity is provided with a blank nine track magnetic tape or
with the purchase price of the tape.
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