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Quartz: Heat capacities from 340 to 1000 K and revised values for
the thermodynamic properties

Bnucr S. HnrvrrNcwlv
U.S. Geological Survey, Reston, Virginia, U.S.A.

Ansrn-lcr

New heat-capacity data for quartz have been measured over the temperature interval
of 340 to 1000 K by differential scanning calorimetry. The data were combined with recent
heat-content and heat-capacity data to provide a significantly revised set of thermody-
namic properties for a-quartz and to resolve the problem of disparate heat-content and
heat-capacity dala for a- and !-quartz. The results of this study show that the values of
heat capacity and/or heat content and ofthe properties derived from these values that are
listed in all recent tabulations of the thermodynamic properties of a-quarlz are significantly
low between about 600 and 800 K. The revised thermodynamic properties for a-quartz
will most strongly affect calculations involving mineral reactions at moderate temperatures
and higher pressures, such as those describing the evolution of materials in subducted
plates, particularly where the data for a-quartz must be extrapolated to temperatures above
844 K for calculations involving higher pressures.

INrnonucrroN

The hlgh-temperature thermodynamic properties of
quartz have been extensively studied; however, results
from both recent and older experimental studies differ
significantly. Early compilations of the thermodynamic
properties of quartz (e.g., Sosman,1921) were based pri-
marily upon the heat-content results reported by White
(1919) and Wietzel (1921). Moser (1936) reported di-
rectly measured heat capacities that suggested that the
earlier results of White (1919) and Wietzel (1921) were
significantly high. Subsequent measurements by Sinelni-
kov (1953), O'Neill and Fyans (1971), and Ghiorso et al.
(1979) tended to support the results reported by Moser
(1936). More recent tabulations of the thermodynamic
propertids of quartz (e.g., Kelley, 1960; JANAF tables,
Stull and Prophet, l97l; Barin and Knacke, 1973; Robie
et al., 1979: Haas et al., 1981; and Hemingway et al.,
1982) have given greater weight to the more recent ex-
perimental data. Richet et al. (1982) have reported heat-
content rpsults for the temperature interval 1000 to 1800
K. These modern experimental values strongly support a
higher h$at content as suggested in the results of White
(1919) ahd Wietzel (1921). Consequently, both modern

Because the results reported by Richet et al. (1982) and
Ghiorso etal. (1979) should have roughly equivalent pre-

cision and accuracy, and because both data sets were col-
lected utilizing modern experimental equipment, it is im-
portant to identifi the source of the discrepancy so that
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the thermodynamic properties of quartz may be unam-
biguously defined.

The disparate data are in the temperature interval of
400 to 1000 K, within the range of the laboratory differ-
ential scanning calorimeter (osc). osc data were collected
over this interval to aid in the evaluation of the published
data sets.

CODATA (Committee on Data for Science and Tech-
nology, International Council of Scientific Unions) has
organized a Task Group on Geothermodynamic Data
whose task shall be the evaluation and recornmendation
of key values and formats for tabulations of the ther-
modynamic properties of geologic materials. The sub-
committee on the Thermodynamic Properties of Min-
erals has selected as key values the thermodynamic
properties ofquartz. This report provides a review ofthe
experimental high-temperature heat-capacity and heat-
content data and preliminary recommendations of the
thermodynamic properties of quartz at I bar and at higher
temperatures. CODATA committees (CODATA, 1976)
have provided recommended values at 298.15 K for the
entropy 141.46 + 0.20 J/(mol'K)1, heat content(Hrr",, -

Ho: 6.916 t 0.020 kJ/mol), and enthalpy of formation
from the elements (-910.7 t 1.0 kJ/mol) of quartz that
are based, in part, upon unpublished low-temperature
heat-capacity data of E. F. Westrum, Jr. (e.9., Stull and
Prophet, l97l), and confirmed by Gurevich and Khlyus-
tov (1979). The CODATA recommended values are ac-
cepted and used as reference values in this report.

AppAnA.rus AND MATERTALS

The calorimeter and measurement procedures have been de-
scribed elsewhere (Hemingway et al., l98l).
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Reference

Enthalpy-
(4to - H*")

kJ/mol

45.551
45.861
44.727
44.968
45.250
45.680
44.705
45.579
45.520

45.702
45.689
45.689*
45.355
44.967
45.352
45.848
45.4651

. The enthalpy for intervals not reported in the original studies are cal-
culated from the data given in this report.

** The authors used the tabulation from Kelley (1960).
t See discussion in text.

The quartz sample was a 27.918-mg portion of Standard Ref-
erence Material 1654, a-quartz (U.S. National Bureau of Stan-
dards, NBS). The source of the quartz was listed by NBS as
Brazil. The sample was provided as a powder with a size range
from 100- to 400+ mesh. The osc sample was compacted and
enclosed in a loosely crimped gold pan.

ExppnrlrnNTAr RESULTS

The heat capacities determined in this study are listed
in Table 2. The observed heat capacities for a- and
!-qvrtz have been fit with an equation of the form sug-
gested by Haas and Fisher (1976). The data for a-quartz
were constrained to fit the heat capacity ofquarlz at298.15
K given by Westrum (pers. comm.; also see Gurevich and
Khlyustov, I 979). The data for B-qu artz were constrained
to fit the smoothed values reported by Richet et al. (1982).
The equations are listed in Table 3.

The usual polynomial form of the equations provides
an excellent fit to the observed heat capacities except in
the region ofthe d-P transition, from about 810 to 850
K. However, because the contribution of the heat capac-
ity to the entropy varies as Cr/T and because the heat
content is a fairly large value in comparison to the true
heat capacity in this region, values of the entropy and
heat content derived from integration of heat-capacity
equations (Table 3) combined with an enthalpy of tran-
sition at 844 K of 625 J/mol will only differ significantly
from the best values in a rather restricted temperature
interval (about 840 to 850 K). Because the transition tem-
perature is not well known (a point that will be discussed
below) and because the change in the transition temper-
ature is about I K for each 36 bars, the use ofequations
with functional forms designed to exactly fit ),-shaped heat-
capacity curves is not, in general, warranted.
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Series 1
340.3 48.78

49.48
50.24
50.93
51.68
52.41
53.06
53.76
54.44
55.10
55.72
56.30
56.86
57.56
58.28
58.88
59.54
60.18
60.93
61.76
62.26

Series 5 Series 11
587.7 64.74 816.1 77 .32

TABLE 1. Relative enthalpies calculated at 1000 K from exper-
imental and tabulated data for quartz

TneLe 2. Experimental DSC heat capacities lor quartz

J/(mol.K)
T
K

7 a T

K J/(mol.K) K J/(mol.K)

ExDerimental
White (1919)
Wietzel  (1921)
Roth and Bertram (1929)
Moser (1 936)
Sinelnikov (1953)
Holm et al. (1967)
Ghiorso et al. (1979)
Richet et al. (1982)
This study

Tabulations
Mosesman and Pitzer (1941)
Kelley (1960)
Barin and Knacke (1973)
Stull and Prophet (1971, JANAF)
Robie et al. (1979)
Haas et al. (1981) and Hemingway et al. (1982)
Pankratz (1982)
Ghiorso et al. (as corrected)

350.1
359.9
369.6
379.4
389.2
399.0
408.8
418.6
428.4
438.3
448.3
458.3
468.2
478.2
488.1
498.1
508.0
518.0
527.9
537.9
546.9 62.93

Series 2

528.5 61.83

597.6 65.19
607.6 65.45
617.s 66.00
627.5 66.28
637.4 66.74
647.4 67.14
657.4 67.54
667.3 68.19
677.3 68.60
687.2 69.12
696.2 69.61

Series 6

587.7
597.6
607.6
617.5
627.5
637.4
647.4
657.4
667.3
677.3
687.2

64.93
b5.J /
oc.co
66.08
66.43
66.84
67.06
67.60
68.22
68.82
69.32

696.2 69.55

Series 7

687.2
697.2
707.1

Series 8

821j 77 .41
826.1 78.73
831.0 80.46
836.0 82.62
838.5 85.98
840.9 88.33
841.9 90.52
842.9 92.93
843.9 99.91
844.9 186.3
845.9 282.0
846.9 116.7
847.9 76.61
848.9 71.61
850.9 70.50
8s5.5 69.36
860.1 68.48
865.1 68.56
873.7 68.44

Series 12

892.7 69.25

Series 13

Series 14

796.7 73.97
806.7 74.81
816.6 76.87
826.6 79.31

Series 15

913.5 68.29
932.8 68.31
941.5 68.64

Series 16

913.5 68.41
923.1 68.67
932.8 68.23
941.5 69.02

Series 17

864.7 68.96
874.4 68.08
884.0 68.96

538.4
548.4
558.3
568.3
578.2
588.1
597.1

Series 3

537.9
547.8
557.8
567.8
577 7
587.7
cvb.b

Series 4

797 7
807 7
817.6
827.6
837.5
845.4

62.00
62.17
62.68
63.46
63.94
64.44
64.88

62 03
62.50
62.94
63.51
63.96
64.52
65.08

74.36
75 .14
77 .14
79.51
85.1 4

236.0

Series I

69.64 865.2 68.40
69.79 874.9 68.62
69.95

717.1
727.0
737.0
745.7

746.9
756.9
766.9
776.8
786.8

796.7
806.7
816.6
826.6

Series 10

70.27
70.83
71.43
71.57

71.58
71.81
72.64
72.63
73.40

73.98
74.82
76.90
79.32

989.6 69.25

Richet et al. (1982) have suggested that a polynomial
ofthe form suggested by Haas and Fisher (1976) and used
here will not adequately fit the data for d-quartz above
700 K. This perception arose as a consequence of the
weighting scheme used by Richet et al. (1982), in which
the data of Moser (1936) were preferentially selected. This
problem will be discussed later in this paper.

The data of Ghiorso et al. (1979) were not used directly
in calculating the thermodynamic properties of quartz for
two reasons. First, the experimental data were not given.
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Tnale 3. Thermodynamic properties for quartz from 298.15 to 1800 K

Notej The table is presented in a preliminary format for comment and discussion. The first line
of references is reserved for the properties at 298.15 K. References on following lines are for
the properties at higher temperatures. Reference 101 is Stull and Prophet (1971), 102 is CO-
DATA, and 103 is this study. The molar volume of quarlz and melting point tor Si are from Robie
et al. (1979).

Q U A R T Z F o r m u l a  w e i g h t  6 0 . 0 8 5
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s i 0 Z :  A l p h a  q u a r t z  2 9 8 . 1 5

i s  m e t a s t a b l e  a b o v e

t o  8 4 4  K .  B e t a  q u a r t z

1 1 4 0  K .  l ' l e l t i n g  p o i n t

8 4 4  t o  1 7 0 0  | ( .  B e t a  q u a r t z

e s t i m a t e d  t o  b e  1 7 0 0  K .

T e r p .  H e a t  E n t r o p y  E n t h a l p y
c a p a c i t y  f u n c t i o n

G i b b s  e n e r g y  F o r n a t i o n  f r o n  e l e m e n t s
f  u n c t  i  o n  G i  b b s

E n t h a l P y  f r e e  e n e r g Y
- ( c i - H i e s ) / rc ;  s i  ( H i - H i e 8 ) / r

2 9 8 . 1 5  4 4 . 5 9
: 0  . 0 9

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

4 1 . 4 6 0  - 9 1 0 . 7 0 0  - 8 5 5 . 2 8 8
:  I  . 0 0 0

4 1 . 4 6 1  - 9 I 0 . 7 0 8  - 8 5 5 . 9 5 0
4 2 . 0 2 4  - 9 1 0 . 8 5 7  - 8 4 6 . 8 1 0
4 3 . 3 2 8  - 9 I 0 . 8 6 8  - 8 3 7 . 6 5 8
4 5 . 0 8 3  - 9 1 0 . 7 4 6  - 8 2 8 . 5 1 2
4 7 . 1 1 6  - 9 1 0 . 5 5 9  - 8 1 9 . 3 8 3

4 1 . 4 6 0
j o . 2 0 o
4 i , 7 3 6
4 8  . 9 9  7
5 5  . 8 5  3
62.326
6 8 . 4 5 4

7 4 . 2 7 4
7  9  . 4 2 0
8 5 . 1 2 4
9 0 . 2 1 r
9 5 . 1 0 6
9 9 . 8 2 7

1 0 3 . 8 5 3

0 . 0 0 0

0 . 2 1 6
6 , 9 7 4

1 2  , 5 2 5
1 1  . 2 4 3
2 1 . 3 3 8

2 4 , 9 5 1
2 8 . 1 8 5
3 1 . I 1 5
3 3 . 7 9 8
3 6  . 2 1  5
3 8 . 5 8 0
4 0 . 4 8 9

- 8 1 0 . 2 7 9
- 8 0 1 . 2 0 6
-  7  9 2  . 1 6 8
- 7 8 3 . 1 7 0
- 7  7  4  . 2 ! 4
- 7 6 5 . 3 0 1
- 7 5 7 . 4 9 7
- 7  5 1  . 4 9 7
- 7 5 6 . 4 4 1
- 1  4 7  , 6 4 5
- 7 3 8 . 8 7 4
- 7  3 0  . 1 2 3

5 s 0
6 0 0
6 5 0
7 0 0
7 5 0
8 0 0
8 4 4

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

4 9 . 3 2 3  - 9 1 0 . 2 6 1
5 1 . 6 3 5  - 9 0 9 . 8 1 7
5 4 . 0 0 8  - 9 0 9 . 4 1 0
5 6 . 4 1  4  - 9 0 8 . 8 6 0
5 8 . 8 3 1  - 9 0 8 . 2 3 3
6 t . 2 4 1  - 9 0 1  . 5 2 7
6 3 . 3 6 3  - 9 0 6 . 8 4 0

8 5 0
9 0 0
9 5 0

1 0  0 0

I  1 0 0
1 2 0 0
1  3 0 0
1 4  0 0
1 5  0 0
1 5  0 0
r 7 0 0

4 1 . 4 2 1
4 2 . 9 2 1
4 4  . 2 8 5
4 5 . 5 2 0

4 1  . 6 9 3
4 9 . 5 5 9
q 1  I  Q 1

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

6 8 . 4 3  1 0 5 . 0 7 9
6 8 . 6 2  1 0 8 . 9 9 5
6 8 . 8 5  1 1 2 . 7 1 1
6 9 . L ?  1 1 6 . 2 5 0

6 9  . 7  4  L 2 2  . 8 6 6
7 0 . 4 3  1 2 8 . 9 6 3
7 t . 1 7  1 3 4 . 6 3 0
7  L . 9 6  1  3 9 . 9 3 3
7 2 . 1 1  1 4 4 . 9 2 5
7 3 . 6 0  1 4 9 . 6 4 8
7  4 . 4 5  I  5 4 . 1  3 5

4 1 . 2 3 0 6 3 . 3 6 3  - 9 0 6 , 2 1 5
6 3 . 6 5 7  - 9 0 6 . 1 6 4
6 6 . 0 6 8  - 9 0 5 . 7 4 6
6 8 . 4 2 6  - 9 0 5 . 3 4 3
7 0 . 7 3 0  - 9 0 4 . 9 4 9

1 5 . 1 1 3  - 9 0 4 . I 8 3  - 7 1 2 . 6 7 7
7 9 . 4 0 5  - 9 0 3 . 4 2 6  - 5 9 5 . 3 0 1
8 3 . 4 3 7  - 9 0 2 . 6 6 3  - 6 7 7 . 9 8 1
8 7 . 2 8 5  - 9 0 1 . 8 8 4  - 6 6 0 . 7 3 3
9 0 . 9 6 3  - 9 0 1 . 0 7 8  - 6 4 3 . 5 3 7
9 4 . 4 8 5  - 9 0 0 . 2 3 8  - 6 2 6 . 3 9 6

9 7 . 8 6 3  - 9 4 9 . 8 6 5  - 6 0 8 . 8 s 3

1 7 0 0
I  8 0 0

8 1 . 3 7
8 1 . 3 7

R e f e r e n c e s 1 0 1
I 0 3

H i s e  -  H 6  6 . e 1 6 : 0 . 0 2 0  k J

T r a n s i t i o n s  i n  p h a s e

A l  p h a  -  b e t a  8 4 4  K
E n t h a l  p y  0 . 6 2 5  k J

[ e l t i n g  p o i n t  1 7 0 0  X
E n t h a l p y  9 . 3 9 5  k , J

l i l o l a r  v o l u m e 2 . 2 6 8 8 : 0 . 0 0 0 r  J / b a r

T r a n s i t i o n s  i n  r e f e r e n c e  s t a t e  e l e m e n t s

S i l i c o n

E q u a t i o n s

c :  =  8 1 . 1 4 4 7  +  0 . 0 I 8 2 8 3 4 T  +  5 . 4 0 5 8 x 1 0 - 6 T 2  -  O g A . A S g t - 0 ' 5  -  t g o g g o t - 2
t  ( V u t  i a  

" a n g e r  
2 9 8 . 1 5  t o  I 0 O O K ;  A v c r a g e  a b s o l u t e  p e r c e n t  d e v i a t i o n :  0 . 3 0 )

c :  =  5 7 . 9 5 8 8  +  9 . 3 3 0 1 9 x I 0 - 3 T  +  1 8 3 4 7 I 3 T - 2t  ( V " l i o  r a n g e : 8 4 4  t o  l T O O  K ;  A v e r a g e  a b s o l u t e  p e r c e n t  d e v i a t i o n : 0 . 3 6 )

r { . P .  1 6 8 5  K

Second, a review of the heat capacities calculated from
the equation given by Ghiorso et al. (1979) shows two
nearly linear sections, 400 to 450 K and 450 to 750 K.
Such linear segments are typical ofunderfitting and over-
fitting ofheat-capacity data. Ifthe experimental heat ca-
pacities were underfit from about 450 to 750 K, as seems
probable, then the equation would tend to overfit the
experimental results from 750 to about 800 K. Even
though the curvature of the equation may locally deviate

from the curyature of the experimental heat capacities,
integration of the equation over the interval represented
by the data should provide a reasonably accurate value
for the relative enthalpy because of the least-squares pro-
cedure employed by Ghiorso et al. (1979).

Smoothed values of the thermodynamic properties for
quartz are listed in Table 3. The enthalpy of fusion and
the heat capacity of the melt are taken from Richet et al.
(1982). The heat capacities reported here are in excellent
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Fig. l. Cr/T vs. Va"ltilizing Pippard's (1957) relationship
as described by Equation 4. The values of Va, are taken from
Hughes and Lawson (1962). The filled squares (I) are based on
the heat capacities reported in this study. The slope of the line
through these data is 0.029 K,/bar. The remaining data are Q,
Hosieni et af. (1985); r, Richet et al. (1982); x, Ghiorso et al.
(1979); a, O'Neill and Fyans (1971); O, Sinelnikov (1953); and
tr, Moser (1936).

agreement with the heat-capacity equations given by
Ghiorso et al. (1979). The enthalpy calculated for quartz
at 1000 K from the heat capacities reported in this study
also is in excellent agreement with the value determined
independently by Richet et al. (1982). These apparently
contradictory results will be discussed in a later section.

Snr,ncrroN oF HEAT cApAcrrrEs FoR c{uARTZ

Pippard (1957) has suggested a cylindrical approxi-
mation to the form of the entropy (S) and volume (I/)
surfaces in the region ofthe critical temperature that can
be used to test the heat-capacity data reported here as
well as the older results. The entropy at the critical tem-
perature will be a smoothly varying function of pressure
ifthe heat capacity tends to rise to infinity at the critical
temperature, and the surface will have a regular fold along
the transition line (Pippard, 1957). The cylindrical sur-
face is defined over a short range of pressure (P) in the
region of a critical temperature by Equation l,

where a is the slope (dP/dT) of the critical-temperature
line. A similar argument was provided for the volume
(Pippard, 1957). Following Hughes and Lawson (1962),
in the region ofthe critical temperature, the heat capacity
is given by Equation 2,

C,/T: (dP/dT)^Va, + h(P), (2)

where i is a constant for data obtained at constant pres-
sure, dp is the isobaric coemcient of thermal expansion,
and C, is the specific heat and where a plot of Cr/T vs.
Za" should be a straight line with the slope (dP/dT)^.

Pippard's theory (1957) was tested on the a-B transi-
tion in quartz by Hughes and Lawson (1962) and later
applied by Garland (1964), Klement and Cohen (1968),
and Hosieni et al. (1985). In each study the data of Moser
(1936) were examined and found to be less accurate than
data for the volumetric or elastic properties of quartz
(data from, e.g., Mayer and kcomte, 1960, and Acker-
man and Sorrell, 1974), on the basis of a comparison of
the slope (dP/dT)^ calculated for the phase transition in
these studies with the slope established by Yoder (1950)
of 0.0287 Wbar.

Heat capacities from several experimental and evalu-
ated data sets for d.-qvartz have been examined using
Pippard's theory and following the procedures of Hughes
and Lawson (1962). The results are shown in Figure 1.
Slopes calculated from these data sets range from 0.0092
K./bar (Hosieni et al., 1985) to 0.039 K.rbar (Moser, 1936).
The heat-capacity results presented in this study yield a
slope of 0.029 lUbar, in good agreement with the results
of Yoder (1950) and with calculated values given by
Hughes and Lawson (1962) of 0.028 K./bar, by Garland
(196a) of 0.026Wbar, and by Klement and Cohen (1968)
of 0.026 K/bar.

Because the calculated value of dP/dZstrongly depends
on the data closest to the critical temperature, slight errors
in the practical temperature scales between laboratories
as well as systematic errors in heat capacity will produce
significant differences in results calculated from the Pip-
pard theory. In this case, shifting the temperature of the
heat capacities for the a-B transition from this study by
- 1.5 K with respect to those given (Hughes and Lawson,
1962) for the volumetric properties (effectively increasing
the width of the transition region) would produce agree-
ment between the recalculated slope and that reported by
Hosieni et al. (1985); similarly, a shift of + 1.5 K would
yield agreement with the slope calculated from the data
ofRichet et al. (1982).

Application of the Pippard theory to \-transitions is,
in general, restricted to the temperature interval below
(or above) the critical temperature unless the heat-capac-
ity curve is symmetrical (Pippard, 1957). The reason for
this limitation follows from the shape of the entropy sur-
face above the critical-temperature line. The entropy curve
as a function oftemperature reaches a point ofinflexion
at the critical temperature, and, for symmetrical tr-tran-
sitions, the curve continues without a discontinuity. For
asymmetrical tr-transitions, of which the a-B transition

150

S: S^(P) * flP - aT), (l)
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in quartz is an example, the entropy curve has a discon-
tinuity, and the cylindrical approximation is no longer
valid across the transition line. Consequently, use of
properties of the B-phase to define the a-phase (e.g., Ho-
sieni et al., 1985) is incorrect (also see the discussion by
Bachheimer, 1980). Evidence of the asymmetrical shape
of the a-B transition in the heat capacity of quartz and
evidence of an incommensurate phase between the a and
B phases have been presented by Dolino and Bachheimer
(198 3) using psc and by Hatta et al. ( I 985) and Matsuura
et al. (1985) using ac-calorimetry, in the thermal expan-
sion and elastic constants by Bachheimer (1980), and in
the X-ray diffraction data of Gouhara and Kato (1984).
Results similar to those shown by Dolino and Bachhei-
mer (1983) were found in this study.

The excellent agreement between the value of (dP/dT)^
calculated from the heat capacities and the value reported
by Yoder (1950) may be fortuitous. However, the added
agreement between the enthalpy calculated at 1000 K from
the heat capacities reported in this study and the enthalpy
independently determined by Richet et al. (1982), as well
as the excellent agreement between these heat-capacity
data and the heat-capacity equation reported by Ghiorso
et al. (1919), strongly supports the selection of the new
heat-capacity measurements in preference to those in ear-
lier studies.

DrscussroN

Comparison of recent studies

The heat-capacity results reported in this study are in
excellent agreement, within the limits discussed below,
with two recent but discordant experimental data sets for
quartz, Ghiorso et al. (1979) and Richet et al. (1982).
This result suggests that one of these two discordant data
sets contains a systematic error that can be identified by
comparison with the new heat-capacity data set. Richet
et al. (1982) measured the heat content of B-qtnrtz at
1000 K and obtained a value that is supported by inte-
gration ofthe heat capacities reported in this study. The
individual heat capacities reported in this study are in
good agreement with the heat-capacity equation provided
by Ghiorso et al. (1979). These observations suggest that
the systematic error is in the work presented by Ghiorso
et al. (1979).

Ghiorso et al. (1979) reported a value for the relative
enthalpy of quartz of 32950 J/mol for the temperature
interval of 400 to 900 K. Integration of their heat-capac-
ity equation yields a value of 33 176 J/mol for the same
temperature interval, but only if one assumes a constant
heat capacity of 70 J/(mol. K) through the anomalous heat-
capacity region. Clearly, Ghiorso et al. (1979) did not
account for the full value of the anomalous heat capaci-
ties associated with the phase transition in quartz in their
calculation, as these values rise to greater than 250 J/mol
in the region of the anomaly. Using the heat capacities
from this study, the enthalpy error can be estimated to
be about 760 J/mol, which, when added to the enthalpy

reported by Ghiorso et al. (1979), yields an enthalpy for

F-qtartzin excellent agreement with the data set reported
by Richet et al. (1982) and resolves the discrepancy in
these data sets. J. Stebbins (pers. comm.) has noted that
the value ofthe correction is equal to the integral ofthe
baseline heat capacity from 842 to 851 K and probably
represents the source ofthe computational error.

Evaluation of the results of Moser (1936)

The heat-capacity values reported by Moser (1936) are
in good agreement with the heat capacities reported here
for the temperature interval of 300 to 500 K. At temper-
atures above 500 K, Moser's (1936) results deviate
strongly from those reported in this study, reaching a dif-
ference of - l.9olo at 700 K. Moser (1936) also reported
heat capacities for Ag and Ni in the same report. Hultgren
et al. (1973) have critically reviewed heat-capacity and
heat-content data for Ag and Ni and have concluded that
the data for those phases reported by Moser (1936) were
significantly low (- 1.5 to -2oh) at 700 K (also see KIe-
ment and Cohen, 1968).

Most modern compilations of the thermodynamic data
for a-quartz are strongly influenced by the heat-capacity
data reported by Moser (1936) (e.g., Kelley, 1960; JAN-
AF, Stull and Prophet, 1971; Barin and Knacke, 1973;
Helgeson et al., 1978; Robie et al., 1979; Haas et al.,
1981; Hemingway et al.,|982;Pankratz,1982; Richet et
al., 1982; and Hosieni et al., 1985). The enthalpies of
ot-quartz at 800 K listed in each of the references cited
above agree to better than 0.lol0, with the single exception
of the results reported by Hosieni et al. (1985). However,
these values are about 0.60/o (0.9o/o in the case of Hosieni
et al., 1985) lower than the value found in this study or
the value that may be deduced from the data of Ghiorso
et aI. (1979). The systematically low values of Moser
(1936) depressed the calculated heat-capacity curves.

Richet et al. (1982) were unable to fit their selected data
set for ot-qlJartz using the form of polynomial equation
suggested by Haas and Fisher (1976). The systematic de-
viation of the heat capacities of Moser (1936) that helped
constrain the polynomial equations derived by Richet et
al. (1982) followed by the onset ofhigher heat capacities
associated with the phase transition resulted in a change
in curvature that could not be adequately fit by the stan-
dard form of the polynomial. The fault lies in the system-
atically low data that produce an abnormal flattening of
the heat-capacity curve between 600 and 750 K, not in
the form ofthe equation.

Temperature and enthalpy of fransition

The transition temperature chosen in this study is the
extrapolated onset temperature given by the U.S. Nation-
al Bureau of Standards (McAdie et al., 1972). The value
of 844 K is established from an evaluation ofthe results
reported by an international group of 34 investigators
who all worked on portions of the same sample. The
estimated uncertainty of this value is +5 K. The range
of values is about + 10 K. This work represents the best
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efforts ofthese investigators and thus provides an excel-
lent estimate of the order of magnitude of systematic errors
for historic temperature measurements. The values of 846
K (Keith and Tuttle, 1952),847 K (Moser, 1936), and
848 K (Kelley, 1960) are within the uncertainty interval,
but are rejected in favor of the value determined by in-
ternational consent.

More recently, ASTM (ASTM 8967-83, 1985) has
published standard practices for the calibration of tem-
perature for differential scanning calorimeters and differ-
ential thermal analyzers. Results reported in that paper
for an interlaboratory comparison of the transition tem-
perature (melting point) of Pb based on a two-point cal-
ibration and using four types of instruments located in
14 laboratories showed an average deviation of 0.52 K
and a confidence interval of about 1.5 K. These results
should be applicable to the intercomparison of heat-ca-
pacity data from modern osc and thermal-analysis sys-
tems. As an example, let us examine the 4-K difference
in the a-B transition temperature for quartz as given here
and by Ghiorso et al. (1979), both osc studies. Ghiorso
et al. (1979) have reported a transition temperature of
about 848 K for quartz samples from six different source
materials. Their temperatures are based on a two-point
calibration using KrSOo and Pb as temperature standards
and using the extrapolated onset calculation method (as
used in this study). Their fixed points were 858.2 and
600.62 K, respectively, for KrSOo and Pb. The values
chosen by Ghiorso et al. (1979) represent equilibrium
temperatures rather than extrapolated onset tempera-
tures. For simplicity, we can assume that errors in the
temperature assigned to Pb are insignificant because of
the proximity of the transition temperatures for quartz
and KrSOo. The extrapolated onset temperature for KrSOo
used in this study is 855 K or some 3 K lower than the
value used by Ghiorso etal. (1979). The equilibrium tem-
perature for the transition in KrSOo is I K higher than
the extrapolated onset temperature (McAdie etal.,1972).
Therefore, we can expect the transition temperatures re-
ported by Ghiorso et al. (1979) to be about 4 K higher
than similar values reported from this study. These dif-
ferences are the consequence ofthe use ofdifferent prac-
tical temperature scales in each laboratory and are not a
consequence of differences in sample chemistry.

The study by McAdie et al. (197 2) has shown that even
though individual investigators can attain a high degree
of precision [e.g., +0.2 K for the extrapolated onset tem-
perature reported in this study and similar results re-
ported by Ghiorso et al. (1979) for several samples of
quartz from different locationsl, the standard deviation
of mean values for transition temperatures is, in general,
5 to 8 K with a spread of20 to 50 K depending upon the
material studied. Therefore, temperature, as well as heat
capacity and heat content, must be appraised when ther-
modynamic properties are simultaneously evaluated.

Although most modern tabulations of the thermody-
namic properties of quartz are in good agreement at 800

K, large deviations exist at 1000 K. These diflerences are
directly attributable to the process by which the enthalpy
of the a-B transition is determined. The evaluations by
Stull and Prophet (JANAF, l97l), Robie et al. (1979),
and Haas et al. (1981) involved evaluation of the tran-
sition enthalpies separately and selection of a best esti-
mate for the enthalpy of transition with respect to the
equations selected for a- and P-qrurtz. Richet et al. (1982),
Pankratz (1982), and Kelley (1960) evaluated data sets
that combined the results from several studies within the
region ofrapidly increasing heat capacities and obtained
values that are significantly larger (by 350 J/mol or more)
than those found by Stull and Prophet (1971), Robie et
al. (1979), or Haas et al. (1981). The use of the combined
data set ignores the potential errors in relative tempera-
ture scales and, in general, leads to a broadening of the
anomalous heat-capacity region and the calculation ofan
enthalpy that is too large.

Hosieni et al. (1985) used the Pippard theory (1957)
and the properties of l-quartz to calculate heat capacities
for a-quarlz and to calculate the enthalpy of the phase
transition. Pippard (1957) clearly indicated that, for tran-
sitions with the form shown by the a-B transition in
quartz, the properties of the high-temperature form can-
not be used to estimate the properties of the low-temper-
ature form. Therefore, it is not surprising that the value
estimated by Hosieni et al. (1985) is significantly larger
than the average value calculated from experimental heat-
capacity and heat-content data.

CoNcr,usroNs

Resolution of the disparate heat-content and heat-ca-
pacity data for a- and f.quartz has been possible. Recent
experimental data (heat-content, Richet et al., 1982; and
heat-capacity, Ghiorso et al., 1979, and this study) com-
bined with an evaluation of older experimental and tab-
ulated data strongly suggest that the results reported by
Moser (1936) are systematically in error by about - 1.80/o
at 700 K. As a consequence of the reliance on this data
by most authors of recent tabulations of the thermody-
namic properties of quartz, the properties of a-quartz list-
ed in all recent tabulations are incorrect for temperatures
above 500 to 600 K. Furthermore, diferences in pro-
cessing heat-content and heat-capacity data in the region
of the phase transition have led to a wide scatter in the
properties reported for quartz at 1000 K in comparison
to good agreement in those same tables for temperatures
below the transition.

The major consequence of the revision of the ther-
modynamic properties of a-quartz will be seen in calcu-
lations of mineral reactions involving moderate temper-
atures and higher pressures such as one would expect for
reactions occurring in subducted plates and regional
metamorphism. This is particularly true where the prop-
erties of ot-quartz must be extrapolated to temperatures
above the l-bar a-p quartz transition temperature for
calculations involving higher pressures.
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