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Heat capacity of minerals in the system Na,O —K,0 — CaO —
MgO — FeO —Fe, 0, — Al,0,—SiO, - TiO, —H,0—-CO,:
representation, estimation, and high temperature extrapolation

Robert G. Berman and Thomas H. Brown

Department of Geological Sciences, University of British Columbia, Vancouver, B.C., Canada V6T 2B4

Abstract. A revised equation is proposed to represent and
extrapolate the heat capacity of minerals as a function of
temperature:

Co=ko+k; TS +k, T™2+k, T~ 3 (where k,, k, <0).

This equation reproduces calorimetric data within the esti-
mated precision of the measurements, and results in residu-
als for most minerals that are randomly distributed as a
function of temperature. Regression residuals are generally
slightly greater than those calculated with the five parame-
ter equation proposed by Haas and Fisher (1976), but are
significantly lower than those calculated with the three pa-
rameter equation of Maier and Kelley (1932).

The revised equation ensures that heat capacity ap-
proaches the high temperature limit predicted by lattice vi-
brational theory (Cp=3R+0a?VT/B). For 16 minerals for
which o and B have been measured, the average Cp at
3,000 K calculated with the theoretically derived equation
ranges from 26.8+0.8 to 29.3+1.9 J/(afu-K) (afu=atoms
per formula unit), depending on the assumed temperature
dependence of a. For 91 minerals for which calorimetric
data above 400 K are available, the average Cp at 3,000 K
calculated with our equation is 28.3+2.0 J/(afu-K). This
agreement suggests that heat capacity extrapolations should
be reliable to considerably higher temperatures than those
at which calorimetric data are available, so that thermody-
namic calculations can be applied with confidence to a vari-
ety of high temperature petrologic problems.

Available calorimetric data above 250 K are fit with
the revised equation, and derived coefficients are presented

“for 99 minerals of geologic interest. The heat capacity of
other minerals can be estimated (generally within 2%) by
summation of tabulated ‘oxide component’ Cp coefficients
which were obtained by least squares regression of this data
base.

Introduction

Knowledge of the heat capacity of minerals is fundamental
to the description of their thermodynamic behavior. While
heat capacity can be determined by a variety of calorimetric
techniques, adequate representation of these data as a func-
tion of temperature is necessary to provide for interpolation
between the temperatures of the calorimetric measurements.

Offprint requests to: R.G. Berman

This interpolation facilitates accurate thermodynamic cal-
culations applicable to a variety of petrologic problems,
one important example being the evaluation of the thermo-
dynamic properties of minerals on the basis of phase equi-
librium experiments (Helgeson et al. 1978; Robinson et al.
1982; Berman et al. 1984).

Ever since Maier and Kelley (1932) proposed an empiri-
cal equation for the representation of the temperature de-
pendence of the heat capacity of minerals, the use of such
equations, formulated as power series in temperature, has
become common practice. As summarized in Table 1, the
Maier-Kelley equation contains only three terms, whereas
the equation proposed by Haas and Fisher (1976) uses two
additional parameters in order to reproduce the calorimet-
ric measurements more precisely.

As stressed repeatedly (e.g. Robie et al. 1979; Haas et al.
1981: Robinson and Haas 1983), the Haas-Fisher and
Maier-Kelley equations are suited to represent the variation
of heat capacity with temperature only within the tempera-
ture range of the data. Because calorimetric data for many
phases are available only at temperatures lower than are
needed for many petrologic applications, it is desirable to
have a function which allows for reliable extrapolation
beyond the highest temperature of calorimetric measure-
ment.

Lane and Ganguly (1980) and Holland (1981) proposed
that extrapolations of heat capacity (using the HF equation
without the ‘€72’ term) for a given mineral be controlled
by estimating high temperature heat capacity from reac-
tions (assuming that 4C,=0) involving other minerals for
which data have been measured at higher temperatures.
The drawback of this approach is that it is path-dependent,
and there is no a priori method for selecting one possible
reaction over another. In addition, errors in the heat capaci-
ty of any of the minerals in the selected reaction become

Table 1: Heat Capacity Equations

Source of Equations Terms in Cp Equations

TZ Tl TO T—O.S T—l T—Z T—3

Maier and Kelley (1932) b a c

Haas and Fisher (1976) f b a g c

Berman and Brown (1983) a g<0 h=<0 c=0

Berman and Brown ko k,=0 k, <0 k,
(this paper)




incorporated in the estimated heat capacity data points.
In this paper we propose a revised heat capacity equation
that provides a general technique for the extrapolation of
the heat capactiy of minerals to high temperature.

High temperature Cp extrapolation

Theoretical constraints

The heat capacity of solids arises from vibration of atoms
in a three dimensional lattice. Einstein (1907) and Debye
(1912) derived equations for the temperature dependence
of C,, the heat capacity at constant volume, based on the
assumption that atoms behave as harmonic oscillators at
points within a crystal lattice. Although only the Debye
equation leads to the ‘ T2’ relationship observed at low tem-
peratures for non-conducting solids, both equations predict
that C, approaches 3 R/afu (R is the gas constant, afu=
atoms/formula unit) at high temperatures. This so-called
“limit of Petit and Dulong™ (1819), which was initially
based on their measurements of the heat capacity of solid
elements, can also be derived from classical kinetic theory
(Boltzmann 1871).

The heat capacity at constant pressure, C,, is related
to Cy by

Cp=Cy+0? VTJB )

where « is the coefficient of thermal expansion, § is the
coefficient of compressibility, T is the absolute temperature,
and V is the volume. Thus, at high temperature, Cp ap-
proaches the limit given by

Cpr=3R+(VI®)T )

Although anharmonicity and electronic contributions can
lead to small departures from the 3 R limit, the main diffi-
culty in use of equation 2 stems from uncertainties in the
variation of « and § with temperature. The limited data
available (e.g. the data of Raz (1983) for quartz, and of
Sumino et al. (1983) for periclase) suggest however that «
and B vary sympathetically, and that the quantity «/f can
be considered constant above the Debye temperature. Pre-
cise thermal expansion data for the aluminosilicates (Winter
and Ghose 1979) indicate that the values of (OV/0T) are
constant up to 1,600 K, which implies that thermal expansi-
vities (x=1/V(@V/0T)p) may decrease with increasing tem-
perature. Alternately, high temperature volumetric data for
most minerals can be accurately fit by

V=V,gg 2T T +0/2(T-T) 3)
which results from the assumption that

a=a+bT @
Substitution of equation 4 into equation 2 yields
C,=3R+(a/fVa) T+ (/B Vb) T2 )

For 16 minerals for which high temperature and pres-
sure volumetric measurements are available, heat capacity
has been calculated at 3,000 K (arbitrarily chosen as an
upper temperature limit for most geologic applications)
with equations 2 (assuming constant «’s, evaluated at the
highest temperatures at which data are available) and 5.
On an atomic basis, the results are quite uniform (Table 2,
columns 1 and 2), with the average heat capacity at 3,000 K
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Table 2. Comparison between heat capacity at 3,000 K in J/(af'u‘
K)*® predicted theoretically and extrapolated with empirical equa-
tions

Mineral Predicted® Extrapolated ¢
Eq.2 Eq.5§ BB MK HF

Albite 2587  27.38 2698 3319 4254
Almandine 27.07  30.61 2719 3146 1693
Andalusite 26.55 2892 2715 347 48.55
Anorthite 2527 2532 28.55 3579 521t
Calcite 26.33  31.09 3120 4991 98.58
Corundum 27.69  29.84 27.90  30.83 3200
Diopside 26.53  28.53 27.53 3512 4745
Enstatite 2662  28.37 26.08 3047 3909
Fayalite 27.02 2849 30.54 3635 5941
Forsterite 28.52  33.60 28.87 3377 2579
Grossularite 26.11 29.15 2576  38.23 7232
Jadeite 27.28 3149 27.41 3648 4452
Kyanite 26.34  28.02 27.56 3622 5175
Lime 2734 2984 28.11 31.82 60.60
Periclase 2746  30.09 2782 3086  29.09
Sillimanite 2593  28.38 26.77 3555 6713

2 afu=atom/formula unit.

® Predicted heat capacities at 3,000 K using equations 2 and 5,
with os and £’s given by Skinner (1966) and Birch (1966), respec-
tively.

¢ Extrapolated heat capacities at 3,000 K resulting from regression
analysis of calorimetric data for each phase with the Maier-
Kelley equation (MK), the Haas-Fisher (HF), and with equa-
tion 7 (BB). Data below 300 K were not included in regression
analysis with the MK equation.

for these minerals between 26.8 +0.8 and 29.34+1.9 J/(afu-
K). The differences between the two sets of values indicate
that uncertainties in the temperature dependence of « and
B lead to uncertainties of approximately 10% in high tem-
perature heat capacity.

Calculations with Empirical Equations

Extrapolations with the Haas-Fisher (HF) and Maier-Kel-
ley (MK) equations are not in accord with these calcula-
tions, but it should be remembered that these equations
were not developed as extrapolative tools, and potential
users of the HF equation have been repeatedly cautioned
against such use of this equation. We reemphasize this
warning by tabulating high temperature Cp values for sever-
al minerals calculated with both the MK and HF equations.
Without additional constraints such as discussed by Lane
and Ganguly (1980) and Holland (1981), the HF equation
is not suited to the purpose of extrapolation (Table 2, col-
umn 5) because the use of five terms, unconstrained in sign,
often produces inflections or maxima in the C, versus T
curve outside the range of the data. The MK equation leads
to unreasonably high values for heat capacities at elevated
temperatures (Table 2, column 4) because of the increasing
contribution at high temperatures of the ‘b7” term, al-
though, for some phases with anomalously low high tem-
perature heat capacity (e.g. quartz, pyrope), the MK extra-
polations may appear to be in accord with the average theo-
retically derived high temperature heat capacities.

Heat capacity calculated from empirical equations can
be constrained to approach a high temperature limit by
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using an equation of the form

Cp=ko+ Tk, T 72 (6)

Because heat capacity will approach the value given by k,
at high temperatures, this equation is most suitable for rep-
resentation of C,.. Equations 2 and 5 indicate that empirical
equations for heat capacity should include T and possibly
T? terms, but practical considerations justify exclusion of
these terms. Our analysis of calorimetric data with equa-
tions including either T or T2 terms generally results in
high temperature heat capacity considerably higher than
the values calculated with either equations 2 or 5, because
these terms, which increasingly contribute to Cp at high
temperatures, are poorly constrained by calorimetric data
which commonly have not been obtained above 1,000 K.
In principle, the coefficients of these terms could be evalu-
ated from volumetric data (using egs. 2 or 5), but accurate
data are presently available for too few minerals for this
method to be of general utility. Moreover, regression analy-
sis of data with selected terms of equation 6 results in (0Cp/
07T) values that are positive even at temperatures as high
as 3,000 K. In practive, then, calculations with equation 6
yield reasonable approximations of the temperature depen-
dence of heat capacity, and, as discussed in the next section,
result in excellent agreement with the theoretical values de-
rived above.

In previous work (Berman and Brown 1983; 1984), it
has been found that use of the 7°, T7%5 T7! and T2
terms of equation 6 adequately reproduces heat capacity
data above 298.15 K, and also results in reasonable high
temperature extrapolations. Data below 298.15 K from
adiabatic calorimetry cannot be well represented with these
terms, however, and, although we are interested primarily
in heat capacity above 298.15 K, the more accurate adia-
batic calorimetric data provide important constraints on
heat capacity just above 298.15 K. Robie et al. (1979), for
instance, use (0C,/0T) derived from adiabatic calorimetry
measurements to constrain their fit of high temperature
data. In order to fit the low temperature data adequately,
we have found it necessary to use a term which allows
for a positive contribution to the C, at low temperatures.
We have selected the ‘k, T~ 3” term because its contribution
to Cp rapidly decreases at high temperatures, and it pre-
serves the reliability of high temperature extrapolations,

even if k; is positive. Our revised heat capacity equation
is:

Cp=ko+k, T %%+k, T"2+k; T *(ky, k,;<0) N

Cp versus T curves calculated with equation 7 contain
no inflections or maxima at high temperatures because the
parameters which dominate at high temperatures are
powers of {(1/7) and k, and k, are constrained to be nega-
tive. Equation 7 can not be used below the lowest tempera-
ture data (in this paper we fit data above approximately
250 K), because calculated heat capacities may contain min-
ima at low temperatures if k is positive.

The form of equation 7 makes it unsuitable for the rep-
resentation of the rapid increase in heat capacity observed
for phases which undergo lambda transitions. For a phase
with a lambda transition at 7', heat capacity can be com-
puted from

Co=kot+ky T +k, T 2+kys T3+ Cp, ®)
where, for T, <T=<T,, C”; is given by
C,.A=T(11+12 7)* ©)

For T> T,, heat capacity is calculated using the first four
terms of equation 8, equivalent to equation 7. Equations 8
and 9 represent measured calorimetric data adequately,
with the exception of data at temperatures within the imme-
diate vicinity (usually 10-30°) of the transition. A major
advantage of using these equations to represent the heat
capacity of phases which undergo lambda transitions, is
that the thermodynamic properties of these phases can be
calculated at elevated pressures if (0P/0T) of the transition
is known or can be estimated (see Appendix 2).

Evaluation of heat capacity data

Heat capacity coefficients of equation 8 have been deter-
mined for minerals in the system Na,O—K,0—-CaO—
MgO~Fe0Q —Fe,0;—Al,0,—S8i0,—-TiO, -H,0-CO,
by weighted linear regression of available calorimetric data.
Details of the analytical procedure are described in Appen-
dix 1. Resulting C, coefficients are given in Table 3, along
with the temperature range of the data used in the analysis
and the average absolute deviations of the derived functions
from each set of data.

Table 3: Coefficients for calculation of heat capacity (J/mol-K) with equation 8

k3 x 1077 Range(K)

Mineral Formula ky k;x1072 k,x107% AAD?* Reference
Acmite NaFeSi,Of 35246 —30.904 -0.792 —6.427 249- 307 0.17 Koetal (1977)
402-1103 0.13 Koetal. (1977)
Akermanite  Ca,MgSi,0, 339.64 —29.656 0.0 —18.333 256- 296 0.21 Weller and Kelley (1963)
432-1605 0.26 Pankratz and Kelley (1964b)
Albite (high) NaAlSi;O4 391.87 —22.696 —93.975 132.604 250- 380 0.04 Hasclton et al. (1983}
339- 997 0.35 Hemingway et al. (1981)
1360-1361 0.50 Stebbins et al. (1983)
Albite (low)  NaAlSi;O, 393.64 —24.155 —78.928 107.064 250- 370 0.11 Openshaw et al. (1976)
: : 339- 997 0.65 Hemingway et al. (1981)
472-1270  0.47 Kelley et al. (1953)
. 373-1373  0.27 White (1919)
Analcime NaAlSi,04-H,0 571.83 —71.887 0.0 149.306 290- 347 0.45 Johnson et al. (1982)

349~ 623 0.21 Johnson et al. (1982)
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Mineral Formula ko k; x107% k,x1075  k;x 10”7 Range(K) AAD? Reference
Anatase TiO, 78.10 0.0 —31.251 32,912 256- 295 0.04 Shomate (1947)
545-1304 0.26 Naylor (1946)
Andalusite AlLSiO; 24188 —13.146 —61.355 70.692 254- 377 0.13 Robie and Hemingway (1984)
397-1601 0.16 Pankratz and Kelley (1964 a)
Anorthite CaAl,Si,0, 439.37 —37.341 0.0 —31.702 292- 381 0.08 Robie et al. (1978)
349- 986 0.40 Krupka et al. (1979)
373-1673 0.30 White (1919)
Anthophyllite Mg,SigO,,(OH), 1219.31 —57.665 —347.661 440.090 250- 385 0.07 Krupka et al. (1985a)
344- 679 0.46 Krupka etal. (1985b)
Antigorite® Mg, Sis,Ogs(OH)e, 9011.99 —630.981 —1459.624  1907.022 256- 2956 0.06 King et al. (1967)
405- 847 0.12 King et al. (1967)
Aragonite CaCO, 166.62 —14.994 0.0 5.449 252- 291 0.40 Staveley and Linford (1969)
299— 572 0.37 Kobayashi (1951)
Boehmite AIO(OH) 15249 —14.433 0.0 —9.320 256- 296 0.08 Shomate and Cook (1946)
Bronzite Fe, ,sMgo 55,0,  161.45 —10.546 —29.323 37.992 250- 387 0.06 Krupka et al. (1985a)
345-1000 0.35 Krupka et al. (1985b)
Brucite Mg(OH), 136.84 —5371 —43.619 55.269 253- 299 0.32 Giauque and Archibald (1937)
350- 666 0.16 King et al. (1975)

Ca—Al CaAl,SiOg 310.70 —16.716 —74.553 94.878 253- 379 0.13 Haselton et al. (1984)
pyroxene 350- 859 0.40 Perkins (unpublished data)
Calcite CaCO, 193.24 —20.409 0.0 19.946 257- 286 0.35 Staveley and Linford (1969)

345~ 780 0.48 Jacobs et al. (1981)
Calcium CaAl,O, 227.04 —16.691 —5.608 —8.554 256~ 296 0.16 King (1955a)
aluminate 402-1800 0.33 Bonnickson (1955a)
Calcium CaAl,0, 33798 —-10.222 —121.126 151.060 256- 296 0.10 King (1955a)
dialuminate 403-1801 0.27 Bonnickson (1955a)
Calcium CaFe,0, 208.52 —8&471 0.0 —~15.559 256- 296 0.07 King (1954)
ferrite 549-1229 0.16 Bonnickson (1954)
Carnieigite NaAlSiO, 232.69 —15158 —57.552 99.999 389-1697 0.24 Kelley et al. (1953)
a=p° 970 8741 —11.472 34.895
Chrysotile®  Mg,Si,O5(OH), 539.77 —30.723 —144.626 197.376 256- 296 0.03 King et al. (1967)
Cordierite Mg,AlSisO,5 937.62 -—71.663 —110.231 142.574 256- 296 0.07 Weller and Kelley (1963)
400-1652 0.13 Pankratz and Kelley (1964b)
Corundum Al,O,4 155.02 —8284 —38.614 40.908 250- 290 0.03 Ditmars and Douglas (1971)
300-2300 0.11 Ditmars and Douglas (1971)
Cristobalite ~ SiO, 83.51 —3747 —24.554 28.007 272- 297 0.72 Anderson (1936)
a=p"® 535 1073  —29.079 90.291 360- 524 1.21 Thompson and Wennemer (1979)
373-1673 0.07 White (1919)
1007-1834 0.12 Richet et al. (1982)
Dehydrated  NaAlSi,O¢ 401.27 —42.480 0.0 21.630 257- 347 0.16 Johnson et al. (1982)
analcime 407- 702 0.08 Pankratz (1968)
Dehydrated  KAIL;Si;0,, 585.19 —42.741 —64.146 57.965 401-1203 0.12 Pankratz (1964)
muscovite? .
Diaspore AIO(OH) 143.24 —15.404 —-3.231 6.463 256~ 295 0.07 King and Weller (1961a)
340- 509 0.18 Perkins et al. (1979)
Dicalcium Ca,Fe,04 253.12 0.0 —84.588 91.229 255 296 0.13 King (1954)
ferrite 376-1703 0.55 Bonnickson (1954)
Dickite® Al,Si,05(OH), 52518 —36.434 —130.862 192,739 256~ 296  0.06 King and Weller (1961a)
Diopside CaMgSi,0¢ 30541 —16.049 —71.660 92.184 256- 295 0.18 King (1957)
254- 381 0.09 Krupka et al. (1985a)
344- 999 0.53 Krupka et al. (1985b)
373-1523 0.12 White (1919)
573-1573 0.43 Wagner (1932)
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Table 3 (continued)

Mineral Formula ko k,x1072 k,x107%  k;x 1077 Range(K) AAD? Reference
Dolomite CaMg(CO,), 368.02 —37.508 0.0 18.079 250- 300 0.04 Stout and Robie (1963)
349- 650 0.35 Krupka et al. (1985b)
Enstatite MgSiO, 139.96 —4970 —44.002 53.571 256- 295 0.20 Kelley (1943)
(clino) 373- 773 0.73  White (1919)
573-1573 0.77 Wagner (1932)
Enstatite MgSiO, 166.99 —12.043 —23.378 29.398 254- 385 0.05 Krupka et al. (1985a)
(ortho) 344- 999 0.37 Krupka et al. (1985b)
973-1273 0.98 Haselton (1979)
Epidote? Ca,FeAl,Si,0,,(OH) 643.85 —30.870 —140.917 154.457 335-1100 0.35 Kiseleva et al. (1974)
Fayalite Fe,Si0O, 24893 —19.239 0.0 —13.910 255~ 362 0.19 Robieet al. (1982a)
492-1370 0.19  Orr (1953)
Forsterite Mg,SiO, 238.64 —20.013 0.0 —11.624 253- 299 0.08 Robic et al. (1982b)
304- 380 0.89 Robieetal. (1982b)
398-1807 0.20  Orr (1953)
Gehlenite Ca,Al,SiO, 373.09 —22.768 —47.785 47.791 276- 296 0.07 Weller and Kelley (1963)
402-1801 0.10 Pankratz and Kelley (1964 b)
Geikelite MgTiO; 14620 —4.160 —39.998 40.233 256- 296 0.26 Shomate (1946)
402-1719 0.73  Naylor and Cook (1946)
Gibbsite Al(OH), 28248 —33.999 0.0 16.235 254- 379 0.05 Hemingway et al. (1977)
339- 479 0.87 Hemingway et al. (1977)
Grossularite  Ca3Al,Si,0,, 519.40 —0.631 —280.063 351.073 255- 296 0.14 Kolesnik et al. (1979)
250 343 0.36 Haselton and Westrum (1980)
350- 987 0.96 Krupka et al. (1979)
973-1273 0.89 Haselton (1979)
Halloysite® Al,Si,05(0H), 551.52 —47.251 —53.521 74.696 256— 295 0.03 King and Weller (1961a)
Hematite Fe,0, 146.86 0.0 —55.768 52.563 258- 345 0.30 Gronvold and Westrum (1959)
a=pg"° 955 1287 —15.143 57.11€ 301— 940 0.66 Gronvold and Samuelsen (1975)
374-1757 0.36 Coughlin et al. (1951)
Ilmenite FeTiO, 164.47 —9.905 —5.092 —4.875 256~ 296 0.04 Shomate (1946)
375-1237 0.29 Naylor and Cook (1946)
Jadeite NaAlSi, O 311.29 —20.051 —53.503 66.257 266— 296 0.07 Kelley et al. (1953)
393-1189 0.12 Kelley et al. (1953)
Kaliophyllite KAISiO, 186.00 0.0 —131.067 213.893 287- 296 0.14 Kelley et al. (1953)
a=p" 810 1154 —14.516 44350 409-1799 0.27 Pankratz (1968)
Kaolinite Al;Si,05(0H), 523.23 —44.267 —22.443 9.231 256- 296 0.11 King and Weller (1961a)
340- 560 0.43 Hemingway et al. (1978)
Kyanite AlLSiO4 246.63 —13.940 —64.082 75.224 252- 370 0.09 Robie and Hemingway (1984)
390-1503 0.15 Pankratz and Kelley (1964a)
Larnite (y) Ca,SiO, 255.22 —23.408 0.0 14.104 256- 286 0.56 King (1957)
602—1112 0.14 Coughlin and O’Brien (1957)
Larnite Ca,Sio, 209.68 —7.019 —79.894 129.748 266— 296 0.46 Todd (1951)
p=u® 970 1748 0.0 0.0 406-1816 0.31 Coughlin and O’Brien (1957)
of =a® 1710 11903  —46.668 47.447
Lawsonite CaAl,;Si,0,(0OH), 728.67 —82.481 0.0 85.056 259— 320 0.38 Perkins et al. (1980)
-H,0 319~ 600 0.30 Perkins et al. (1980)
Leonhardite® Ca,Al,Siz0,,-7H,0 1650.82 —84.120 —234.689 137.222 256- 296 0.13 King and Weller (1961b)
Leucite KAISi,O¢ 27114 —-9441 —78.572 95.920 256 296 0.10 Kelley et al. (1953)
o=p" 955 256  —19.904 68.994 409-1798 0.12 Pankratz (1968)
Lime CaO 5879 -—-1.339 11471 10.298 250~ 300 0.10 Gmelin (1969)
563-1176 0.73 Lander (1951)
Magnesite MgCO, 194.08 —21.210 —1.533 17.491 288- 383 0.03 Hemingway et al. (1977)
_ 500- 750 0.04 Kelley (1960)
Magnesium  MgFe,0, 196.66 0.0 —74.922 81.007 256- 296 0.32 King (1954)
ferrite 362-1827 0.38 Bonnickson (1954)
o=p® 665 931 31.165  —109.579 »
B=y° 1230 836 0.0 0.0
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Mineral Formula kg k;x1072 k,x107%  k;x 1077 Range(K) AAD?® Reference
Magnesium Mg, TiO, 22611 —13.801 -17.011 4128 256~ 296 0.04 Todd (1952)
titanate®
Magnesium MgTi, O 232,58 —7.555 —56.608 58.214 256- 296 0.02 Todd (1952)
dititanate®
Magnetite Fe,O, 207.93 0.0 —72.433 66.436 257- 347 0.53 Westrum and Gronvold (1969)
a=p" 848 1565  —39.892 124.851 329- 829 1.09 Gronvold and Sveen (1974)
351-1825 0.40 Coughlin et al. (1951)
Margarite  CaAl,Si,0,,(OH),  680.53 —49.194 —101.611 121.960 255- 345 0.05 Perkins et al. (1980)
319- 996 0.53 Perkins et al. (1980)
Merwinite Ca;MgSi,04 453.62 —32.500 0.0 —34.423 286- 296 0.05 Weller and Kelley (1963)
397-1601 0.13 Pankratz and Kelley (1964b)
Microcline KAISi;O4 381.37 —19.410 —-120.373 183.643 250- 370 0.11 Openshaw et al. (1976)
339- 997 0.60 Hemingway et al. (1981)
Mullite AlgSi, 0,5 634.81 —33.735 —-172.099 212.274 256- 296 0.07 Pankratz et al. (1963)
398-1799 0.30 Pankratz et al. (1963)
Muscovite  KALSi,O,,(OH), 65149 —38.732 —185.232 274.247 257- 377 0.15 Robie et al. (1976)
362- 967 0.40 Krupka etal (1979)
Natrolite Na,Al,Si;0,4-2H,0 933.23 —104.790 0.0 87.898 295 346 0.06 Johnson et al. (1983)
373- 673 0.17 Johnson et al. (1983)
Nepheline NaAlSiO, 205.24 —7.599 —108.383 208.182 286- 296 0.56 Kelley et al. (1953)
a=p° 467 241 -—102.784 339.448 387-1509 0.41 Kelley et al. (1953)
B=7y"® 1180 2393 0.0 0.0
Paragonite®  NaAl;Si;0,,(OH), 691.91 —53.332 -110.225 162.829 337- 719 0.42 Holland (1979; unpublished
data)
Periclase MgO 61.11  —2.962 —6.212 0.584 250- 269 0.10 Barron et al. (1959)
250- 320 0.16 Gmelin (1969)
350- 679 0.41 Krupka et al. (1979)
373-1173  0.15 Victor and Douglas (1963)
402-1798 0.25 Pankratz and Kelley (1963)
Perovskite CaTiO, 15049 —6.213 0.0 —43.010 286- 296 0.42 Shomate (1946)
484-1793 - 0.33 Naylor and Cook (1946)
Portlandite =~ Ca(OH), 14098 —7.986 0.0 —17.852 253~ 329 0.36 Hatton et al. (1959)
314- 670 0.55 Kobayashi (1950)
Potassium K,SiO, 22599 —19.866 0.0 14.896 403-1103 0.25 Beyer et al. (1980)
silicate?
Potassium K,Si,05 240.72 0.0 —147.934 228.921 283 308 0.09 Beyer et al. (1980)
disilicate 402-1258 0.23  Beyer et al. (1980)
a=p"° 510 933 0.0 0.0
p=y"® 867 2744 0.0 0.0
Prehnite Ca,AlSi,0,,(0H), 65239 —42.318 —121.193 160.044 260~ 347 0.03 Perkins et al. (1980)
319- 790 0.18 Perkins et al. (1980)
Pseudobroo-  Fe,TiOjg 26135 —15.307 0.0 —23.466 256— 296 0.09 Todd and King (1953)
kite 410-1739 0.25 Bonnickson (1955b)
Pseudowoll-  CaSiO, 15343 8876 —23.567 29.715 275~ 295 0.65 Wagner (1932)
astonite 576-1558 0.46 Wagner (1932)
373-1673 022 White (1919)
Pyrope Mg,AlLSi;0,, 535.55 —12.414 —196.256 217.002 297- 345 0.11 Haselton and Westrum (1980)
350-1000 0.31 Newton et al. (1979)
973-1273 1.05 Haselton (1979)
Pyrophyllite  Al,Si,0,,(0OH), 66593 —58.974 —49.799 66.181 254~ 304 0.02 Robie et al. (1976)
» 332- 679 0.37 Krupka et al. (1979)
Quartz SiOo, 80.01  —2.403 —35.467 49.157 250- 290 0.19 Westrum (unpublished data)
a=pg"® 848 499 —18.792 50.334 400- 820 0.32 Ghiorso et al. (1979)
373-1373  0.19 White (1919)
1001-1676 0.09 Richet et al. (1982)
Rankinite® Ca,Si,0, 339.91 —9.851 —106.610 137.359 256~ 296 0.05 King (1957)




174

Table 3 (continued)

Mineral Formula ko k; x107% k,x10"%  ky;x 1077 Range(K) AAD®Reference

Rutile TiO, 77.84 0.0 ~33.678 40.294 251- 297 0.10 Shomate (1947)
762-1746  0.39  Naylor (1946)

Sanidine KAISi;O4 39549 —24159 85454 121.491 250- 380 0.02 Haselton et al. (1983)
339- 997 0.53 Hemingway et al. (1981)

Scolecite CaAl,Si,0,4-3H,0 1112.59 —132.421 0.0 97.348 256- 346 0.07 Johnson et al. (1983)
373- 474 0.37 Johnson et al. (1983)

Siderite FeCO, 177.36 —16.694 —3.551 15.075 240~ 296 0.26 Anderson (1934)

251- 373 0.24 Robicet al. (1984)
339- 449 0.36 Robie et al. (1984)

Sillimanite Al,SiO, 23543 —11.219 ~74.363 95.747 253- 378 0.09 Robie and Hemingway (1984)
401-1496 0.41 Pankratz and Kelley (19644)
Sodium sili-  Na,SiO, 23477 —22.189 0.0 13.530 259- 294 0.33 Kelley (1939)
cate 923-1216 0.13  Richet et al. (1984)
Sodium di- Na,Si,04 250.69 0.0 —156.510 221.700 255- 294 0.35 Kelley (1939)
silicate 376- 974 0.95 Naylor (1945a)
Sodium tita- Na,TiO, 19891 —6.443 —~59.486 85.050 388-1096 0.87 Naylor (1945b)
nate?
Sodium diti-  Na,Ti,O; 272.57 —12.827 0.0 —15.763 362-1039 0.36 Naylor (1945b)
tanate
Sodium triti- Na,Ti;O, 367.20 —19.403 0.0 —13.706 374-1198 0.31 Naylor (1945b)
tanate?
Sphene CaTiSiOg 23462 —10.403 —51.183 59.146 255- 296 0.08 Kinget al. (1954)
375-1495 0.23 King et al. (1954)
Spinel MgAl, O, 23590 —17.666 —17.104 4.062 256- 296 0.13 King (1955a)
421-1805 0.34 Bonnickson (1955a)
Talc Mg;Si,0,,(0OH), 664.11 —51.872 —~21.472 —32.737 250- 290 0.62 Robie and Stout (1963)
349- 639 0.23 Krupka et al. (1985b)
Titanium TiAl, 0, 249.29 —13.501 —48.061 51.603 256- 296 0.06 King (1955b)
aluminate 411-1803 0.23 Bonnickson (1955b)
Titanomagne- Fe,TiO, 249.63 -—18.174 0.0 —5.453 255- 296 0.10 Todd and King (1953)
tite 423-1041 0.53 Bonnickson (1955b)

Tremolite  Ca,Mg,SigO,,(OH), 1141.97 —37.937 —420.313 548.553 250- 300 0.12 Robie and Stout (1963)
350- 680 0.45 Krupka et al. (1985b)

Tricalcium Ca;Al,04 321.58 —12.554 -~57.813 66.122 256- 296 0.29 King (1955a)
aluminate 373-1807 0.54 Bonnickson (1955a)
Tricalcium Ca,SiOgq 321.19 —24.502 —9.948 9.753 256- 296 0.10 Todd (1951)
silicate 573-1773  0.22  Elsner von Gronow and
Schwiete (1933)
Wollastonite CaSiOj, 149.07 -—-6903 —36.593 48.435 251— 386 0.13 Krupka et al. (1985a)

344- 999 0.50 Krupka et al. (1985b)
566-1383 0.48 Wagner (1932)
§73-1373 0.52 Elsner von Gronow and

Schwiete (1933)
484-1423 0.26 Southard (1941)
973-1433 021 White (1919)

Waustite Feg 94,0 65.18 —2.803 0.0 —1.737 276- 296 0.20 Todd and Bonnickson (1951)

339-1555 0.61 Coughlin et al. (1951)
Zoisite Ca,Al;5i;0,,(OH) 751.37 —65.857 —~19.308 5.143 257- 317 0.08 Perkins et al. (1980)

344- 729 0.25 Perkins et al. (1980)

* Average absolute percent deviation of data from adopted function
® Tabulated values: transition temperature (K), heat of transition (J/mol), /; (x10%) and I, (x10%) of equation 9 (see Appendix 2),
T,.r=298.15 K for all phases except « quartz (T, =373 K) and o larnite (7,,, =970 K)

I

¢ Fit of low temperature data and estimated heat capacity (eqn. 11) between 400 and 1,600 K

4 Fit of high temperature data and estimated heat capacity (eqn. 11) at 250 and 300 K

¢ Heat content data corrected for antigorite formula used by King et al. (1967)
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Fig. 1. Comparison of residuals resulting from our regression anal-
ysis of calorimetric data with the Maier-Kelley equation {crosses),
the Haas-Fisher equation (squares), and with equation 7 (triangles).
Residuals for each mineral calculated as average absolute percent
deviations of the fitted function from the data. Data below 300 K
were not included in the regression analysis using the MK equation

Evaluation of the quality of data representation with
equation 7 must assess both the magnitude of regression
residuals and the trend of residuals as a function of temper-
ature. For most minerals, the magnitudes of average abso-
lute deviations calculated with equation7 are slightly
greater (<0.1%) than those resulting from analysis of the
same data using the HF equation (Fig. 1). Residuals are
significantly greater (more than twice) than those calculated
with the HF equation for 6 of 85 phases (geikelite, ilmenite,
y-larnite, sodium silicate, potassium silicate, and wustite)

% Deviations (Observed~—Calculated)

-2 | S S

| 1 r 11
400 600 800 1000 1200
Temperature (K)

Fig. 2. Percent differences between heat capacity and heat content
data for low albite (references given in Table 3) and values derived
by regression analysis with the MK equation (crosses), the HF
equation (squares), and with equation 7 (triangles). Note the ran-
dom distribution of residuals produced with the latter two equa-
tions for the Cp data up to about 850 K. Above this temperature
the precision of these data rapidly decreases (Krupka et al. 1985b;
Mraw and Naas, 1979). The smaller magnitude of residuals below
300 K reflect the greater weight given to the more accurate adia-
batic calorimetry data (see Appendix 1)

{ {

for which data are available above 298.15 K (Fig. 1). How-
ever, for ony two minerals (geikelite and wustite), are the
average absolute deviations unacceptably large compared
to the estimated uncertainties of the measurements, and
these cases reflect poor agreement between low and high
temperature data sets. Even when data below 300 K are
excluded from the analysis, use of the MK equation fre-
quently leads to residuals which are substantially greater
than those calculated with the HF equation or with equa-
tion 7 (Fig. 1). ,

For the majority of minerals, residuals (measured — fit
C,) are randomly distributed as a function of temperature,
and, as shown for the data of low albite (Fig. 2), are quite
similar to those resulting from analysis with the HF equa-
tion. Residuals computed with the MK equation, however,
are systematically high at low temperatures and low at high
temperatures, invariably leading to overestimates of heat
capacities at high temperatures. Non-random distributions
of residuals are produced with equation 7 in cases where
low temperature adiabatic calorimetric data are in poor
agreement with data at higher temperatures, as discussed
above. In such cases the ability to extrapolate beyond the
data with equation 7 sacrifices the improved representation
of combined data sets obtained with the HF equation.

Although the maximum temperature of calorimetric
measurements on most minerals is in the range
1,000-1,800 K, analysis of available C; data for minerals
with equation 7 results in high temperature heat capacities
which are remarkably consistent on an atomic basis. The
average Cp at 3,000 K for 91 minerals for which calorimet-
ric data above 400 K have been obtained is 28.34+2.0J/
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Fig. 3. Comparison of the temperature dependence of the heat ca-
pacity of low albite resulting from our regression analysis of calori-
metric data with the Maier-Kelley (MK) equation, the Haas-Fisher
(HF) equation, and with equation 7 (BB). Note that only the curve
fit with equation 7 is in accord with the high temperature heat
capacities predicted theoretically with equations 2 and 5. Sources
of adiabatic calorimetry data (crosses) and drop calorimetry data
(finite difference derivatives shown as squares) are given in Table 3

(afu-K). This value is in good agreement with the range
of average values (26.8 +0.8 —29.3+1.9 J/(afu-K)) derived
theoretically with equations 2 and 5, as discussed above.
Although heat capacities calculated with the coefficients
in Table 3 are used most confidently within the range of
the data shown, the above comparison suggests that extra-
polation to considerably higher temperatures should be reli-
able.

A representative example of the differences in the varia-
tion of Cp with T produced with the different empirical
equations is shown in Fig. 3. The three different Cp equa-
tions all reproduce the calorimetric data for albite within
reasonable limits, but they diverge markedly at tempera-
tures higher than the experimental data. Only equation 7
yields a Cp versus T curve which is in accord with the
theoretically derived limit for C, at high temperature. We
reiterate, however, that the MK and HF equations were
never intended to be used for the purpose of extrapolation
without additional constraints to high temperature Cp, and
we show the above comparison solely to reinforce this
point.

Although we are rarely interested in heat capacity at
temperatures as high as 3,000 K, the large differences in
extrapolated heat capacity at this temperature (Fig. 3) em-
phasize the importance of correct limiting Cp behavior for
calculations of the C, of minerals involved in high tempera-
ture processes, most notably melting phenomena. While not
as pronounced, the differences at 3,000 K alluded to above
also reflect significant differences in heat capacity at lower
temperatures of more general geologic interest.

We illustrate this point by deriving the third law entropy
of grossular at 298.15 K from experimental data between
1,100 and 1,500 K for the equilibrium grossular=anor-
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Fig. 4. Phase equilibria data of Huckenholz et al. (1975) used to
derive the third law entropy of grossular. See text for discussion

thite + 3 wollastonite + gehlenite. Note that the heat capaci-
ty of grossular has been measured only up to 1,273 K (Ta-
ble 3). For the purpose of these calculations, volumes of
all phases were taken from Robie etal. (1967), and the
third law entropies of wollastonite, gehlenite, and anorthite
were taken from the data of Krupka et al. (1984a), Wald-
baum (1973), and Robie et al. (1978), respectively. Both
of the curves shown in Fig. 4 can be calculated using he.
capacities for all phases fit with either the MK or our equa-
tion, but the resulting entropy of grossular varies by ap-
proximately 4.5 J/mole depending on which C, equation
is used. Comparison is not made with the HF equation
because additional constraints are needed to force smooth
extrapolations with this equation. The range of entropy
values permitted by the reversals (corresponding to the min-
imum (A) and maximum (B) P—T slopes of the equilibri-
um) are 230.7-251.1 J/mole using the MK equation, and
235.3—-255.5 J/mole using our equation. Calorimetric data
yield third law entropies at 298.15 K ranging from 254.72 J/
mole (Westrum et al. 1979) to 260.12 J/mole (Haselton and
Westrum 1980), and give support to the results obtained
with our revised Cp equation.

We empbhasize that these differences in the derived third
law entropy of grossular result largely from the extrapola-
tion of its heat capacity above the temperatures (1,273 K)
of the calorimetric data. Similar differences are obtained
when the calculations are repeated using Cp’s of other
phases in this equilibrium which are represented with equa-
tion 7. As these calculations indicate, derivation of standard
state entropies (or the entropy effects of disordering phe-
nomena) from phase equilibria data are highly dependent
on the nature of C, extrapolations.

Heat capacity estimation

Several methods have been proposed for estimation of the
heat capacity of minerals for which calorimetric data have
not be measured. The simplest approach for silicates, for



Table 4. Coefficients for heat capacity (J/mol-K) estimation, calcu-

lated from weighted linear regression of data on Table 3

ko k,x1072 k,x107% k,x 1077

Na,O 95.148 00 —51.0405 83.3648
K,O 105140  —5.7735 0.0 0.0

Ca0 60.395  —23629 0.0 —9.3493
MgO 58196  —1.6114 —14.0458  11.2673
FeO 77.036  —5.8471 0.0 0.5558
Fe,0, 168211  —9.7572 0.0  —17.3034
TiO, 85.059  —2.2072 —22.5138  22.4979
Si0, 87.781  —5.0259 —25.2856  36.3707
AlL,O, 155390  —8.5229 —46.9130  64.0084
H,O (structural) 106330  —12.4322 0.0 9.0628
H,0 (zeolitic) 87.617  —7.5814 0.0 0.5291
cO, 119.626  —15.0627 0.0 17.3869

example, involves summation of the heat capacities of single
oxide minerals in the proportions in which they occur in
the mineral. This method generally yields heat capacities
estimated to be accurate within 5% (Helgeson et al. 1978).
Helgeson et al. (1978) proposed an alternative method for
heat capacity estimation (within 2%) in which they consider
that 4 Cp,=0 for exchange reactions involving structurally
similar compounds. As pointed out by Robinson and Haas
(1983), this technique is path-dependent, and very different
C,p values can result from use of different exchange reac-
tions. These authors in turn estimate heat capacity (within
2%) from regression of C, data with the model
Cp(A)=) n;ct (10)
1
syhere n; and ¢ are the number of moles and the regressed
- Cp function (using the HF equation), respectively, of the
i-th component of phase A. Robinson and Haas give heat
capacity functions for 23 ‘components’ which account for
various coordination states of cations in common minerals.
Because Cp in minerals arises largely from vibration of
atoras within the crystalline lattice, one might expect heat
capacity to depend on cation coordination. Although pro-
vision for different cation coordinations has important ef-
fects on entropy prediction, we have found that providing
for different coordination states results in insignificant (e.g.
< 2% for the aluminosilicates) improvements to the overall
representation of high temperature heat capacity data (with
the exception of hydrous phases discussed below) when
compared to the model:

Cpd)=Y n;ct (11)

where n, and c¥ are the number of moles and the regressed
C, function (using equation 7), respectively, of the i-th ox-
ide component of phase A. The main advantage of this
model over that proposed by Robinson and Haas (1983)
is that knowledge of cation coordinations in mineral struc-
tures is unnecessary for heat capacity estimation.

Table 4 presents the coefficients which allow estimation
of the heat capacity of minerals with equation 11. These
coefficients were determined by weighted linear regression
(see Appendix 1 for details) of all calorimetric data above
250 K for the minerals listed in Table 3, with the exception
of those phases which undergo lambda transitions. In addi-
tion, unpublished calorimetric data above 298 K were in-
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Fig. 5. Regression residuals of estimated heat capacities using equa-
tion 11. Residuals are calculated as average absolute percent devia-
tions of the estimated heat capacities from the low temperature
adiabatic calorimetric (crosses) and high temperature (diamonds)
data listed in Table 3. Calorimetric data in the temperature range
of any lambda transitions were omitted from the calculations

cluded for ferrosilite, ilmenite, and almandine (L. Anovitz)
and for grunerite (B.S. Hemingway). For most minerals,
average residuals of this fit are less than 2% (Fig. 5), and
are similar in magnitude to residuals obtained with the
model of Robinson and Haas (1983).

Most of the phases which show the largest residuals
are hydrous minerals. Attempts were made to improve the
results by accounting for the differences in the nature of
the hydrogen bonding in these phases. Separation of the
Cp contribution of H,O into *structural’ and ‘zeolitic’ com-
ponents led to significant improvements, and thus we have
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Table 5: Comparison between heat capacities estimated with equation 11 and calorimetric data not used to derive Table 4 coefficients

Mineral Composition Range (K) AAD® Reference

Amosite Fel ,oFed ;Mg s,Mng 5Si7.92A15.08022.04(0H) | 96 257- 852 0.83 Bennington et al. (1978)
Andradite Ca, g Mng o4Feg o1Fet 77ALy 20515 66 Ti0.01012 335-1100 185 Kiseleva et al. (1972)
Chlorite Mg, ssMng o, Fed s7Fep.21AlL.40515.990,6(0H)g 51— 500 0.78 Hemingway et al. (1984)
Clinochlore Nag ;Mg -Fed | JFed 0.Cro 16A13.02515 51016.01(OH) 7 50 400- 800 1.60 Henderson et al. (1983)
Clinozoisite Ca, §,5T0.0sNag 0; MEZo.03F €8 05FCd 35Al5 64Tlg 015130 ,2(0H)09335-1100  1.35 Kiscleva et al. (1974)
Crocidolite Na, (Ca, Fe3 sFe3 (;Mgg 45l 0351797022 ,(OH); oy 259- 902 1.74 Bennington et al. (1978)
Grunerite FeZ \Mgg ¢Mn, 45Ca0.025130,,(0OH), 30--1000 1.49 Hemingway (unpublished)
Hedenbergite  Cag g5Fed 5, Fed oMo 0eMng ;451,05 253-1147  1.48 Bennington et al. (1984)
Monticellite  Cag gsMgo 53Mng 0,F€5 055100803 08 300-1000  0.77 Sharp et al. (1983)
Osumilite Ko 93Nag 06Cag.02Bag.01 M8, 85F€8 38 Tig.01A1625110.1030 40— 998 0.68 Hemingway et al. (1984)
Pyrope Mg, | sFed 4sFeg 01 Mng.03Ca0.43Al, 55CT0.06512.99T10.02012 335-1000  1.00 Kiseleva et al. (1972)
Staurolite Alg goMgg 22Fed ;Fed 57Mng 61Tl 04814.02023.45(0H) s 255- 889  1.97 Hemingway and Robie (1984a)

*Average absolute deviation (%) of estimated heat capacities from data

retained both H,0 components for estimation of the heat
capacity of hydrous minerals. Further separation of the
*structural’ H,O component into a ‘brucite’ and ‘pyro-
phyllite’ coordination-type did not result in significantly
lower residuals.

With the exception of data for diaspore, portlandite,
and boehmite, the model accounts satisfactorily for the data
for minerals containing structural H,0, and marked incon-
sistencies between low and high temperature data for the
latter two phases suggests that the large residuals may, to
a certain extent, reflect inaccurate calorimetric data. The
same argument may apply to the high temperature data
for sodium disilicate (Naylor 1945a) and the sodium-titan-
ates (Naylor 1945b) because recent data of Richet et al.
(1984) for sodium silicate are systematically lower by about
2% than the data for this phase reported by Naylor (1945a).
Although calorimetric data above 298 K for zeolites are
reproduced adequately, estimated values between
250-300 K for analcite, natrolite, and leonhardite (Table 3,
Fig. 5), and for phillipsite and clinoptilolite (Hemingway
and Robie 1984b) show large discrepancies. Significant dif-
ferences observed in the heat capacity and entropy contri-
bution of zeolitic water between different zeolites (Johnson
et al. 1983; Hemingway and Robie 1984b) suggests that
additional zeolitic H,0O components will be necessary in
order to predict accurately low temperature heat capacities
for zeolites.

An important test of this model is to compare estimated
heat capacities of minerals with experimental data that were
not used to determine the coefficients of Table 4. Calorimet-
ric data for the phases shown in Table 5 were not used
in the regression analysis because of the presence in these
phases of MnO, SrO, ZnO, and Cr,0;, components that
were not considered in the present study. Heat capacities
for these samples are calculated by summation of the C,
coefficients of the oxide components (Table 4) in the pro-
portions given by the mineral formulas in Table 5 (note
that Na=Na,0/2, K=K,0/2, Fe*=Fe,0,/2, Al=Al,0,4/
2, OH=H,0/2). For the purposes of these calculations,
the Cp contributions of MnO, SrO, ZnO and Cr,0; were
calculated from data tabulated by Kelley (1960). As indi-
cated in Table 5, our C, estimates for these phases are in
good agreement with the experimental data, and support
our contention that the proposed estimation technique
yields high temperature C, of minerals reliable to within
2%. ' - : :

In addition to yielding estimated heat capacities of min-
erals, the coefficients given in Table 4 can be used to correct
high temperature Cp data for the effects of sample impuri-
ties, although this technique will be more powerful when
the predictive model is extended to other components pres-
ent in naturally occurring minerals. Because estimated heat
capacities are reliable within 2%, correction of calorimetric
data for a sample which deviates from end-member stoichi-
ometry by 10% should introduce errors no greater than
0.2%. This procedure offers an alternative to correction
techniques based on measured heat capacities of other min-
erals (e.g. Westrum et al. 1979).

Conclusions

The revised heat capacity equation proposed in this paper
reproduces calorimetric data for minerals more closely than
the MK equation, and nearly as well as the HF equation.
When compared to the estimated precision of the calorimet-
ric data, the differences with the latter equation are insigni-
ficant for most minerals. The most important advantage
of the revised Cp equation is that it allows for reliable extra-
polation to high temperatures.

The revised heat capacity equation should improve ther-
modynamic calculations involving minerals at temperatures
higher than those of available calorimetric data. Two exam-
ples may serve to illustrate this point: (a) Use of equation 7
allows for the derivation of standard state thermochemical
properties of minerals in the system Na,0-K,0-CaO—
MgO — FeO — Fe, 0, — Al,0,—Si0,—TiO,—H,0-CO,
that are consistent with available phase equilibrium, calori-
metric, and volumetric data (Berman et al. 1984). (b) Be-
cause extrapolations of the Cp of minerals with different
functions increasingly diverge as temperatures increase
above available data (see Fig. 3), use of equation 7 has very
important effects on the calculation of high temperature
processes such as mineral-melt equilibria (Ghiorso et al.
1983; Berman and Brown 1984), although more work is
necessary to constrain the Cp of the melt phase (Stebbins
et al. 1984; Richet and Bottinga 1982).

C, coefficients of ‘oxide components’ given in Table 4
allow for the estimation of the heat capacity of minerals
within approximately 2%. These predictions provide the
means for extending thermodynamic analysis to a greater
number of minerals than previously possible. In addition,
use of the heat capacities of the oxide components provides



a convenient method for correction of calorimetric data
above 298 K for the effects of sample impurities.

Appendix 1: Procedures for analysis of calorimetric data

We present in Table 3 Cp cocfficients for minerals in the sys-
tem Na,0-K,0—-CaO—-MgO—FeO-Fe,0;—Al,0;—Si0,—
TiO, —~H,0—CO,. Selection among alternate data sets for a given
mineral was based primarily on precision of data, and on the prox-
imity of sample compositions to end-member stoichiometry, with
preference given to synthetic minerals. Where multiple data sets
were available, and provided that the above conditions were sat-
isfied, we favored those sects which gave best agreement in the
temperature range of overlap of different data sets.

The temperature dependence of the heat capacity of minerals
is determined primarily by three experimental methods. Direct
measurements of Cp are available at low temperatures from adia-
batic calorimetry which yields results generally precise to 0.1%
and accurate to 0.1 —0.3% (Kelley et al. 1946; Robie et al. 1982b).
At higher temperatures, up to 1,000 K, C, can be measured directly
by differential scanning calorimetry (DSC). Results are commonly
reported to be precise to 0.3-1.0% and accurate to within 1.0%
(O'Neill 1966; Krupka et al. 1979; Perkins et al. 1980), although
the work of Mraw and Naas (1979) indicates uncertainties up to
2% at temperatures above about 800 K. Alternately, high tempera-
turé heat capacities can be derived by drop calorimetry which mea-
sures the enthalpy differences between high temperatures and the
reference temperature. Because Cp,=(0H/0T)p, Cp can be derived
by fitting the drop calorimetric data to the integrated form of
equation 7

Hy—Hy, =ko(T=T)+2k,(T*5 = T*%) —k,(T"' = T")

~0.5ky(T"2=T?) (A1)

where T, is the reference temperature of the experiments. The pre-
cision of drop calorimetric data is 0.1-0.2%, and absolute uncer-
tainties in heat contents are estimated at 0.2-0.4% (Kelley et al.
1946; Victor and Douglas 1963 ; Ko et al. 1977; Richet et al. 1982).

Several authors (e.g. Maier and Kelley 1932; Richet et al. 1982)
use an alternate form of the integrated Cp equation for analysis
of heat content data. Applied to our equation, their model leads
to

Hp—Hy =k T+2k, T®%—k, T'~0.5k, T"2+k, (A2)

which is equivalent to equation A1 only if
ky=(—ko T,—2k, T®5+k, T, ' +0.5k, T, ?

Use of equation A2 results in lower residuals than equation A1
because of the extra degree of freedom gained by not forcing T,
to be equal to the reference temperature of the experiments, or
conversely, by not ensuring that

Hy—Hy =0

when T=T,. Thermodynamic calculations require that equation.
A3 be satisfied, and thus C, coefficients derived by using equation
A2 will lead to (Hy— H; ) values which are displaced by a constant
equal to

(ky+ko T,+2k, TOS—k, T, 1 —0.5k; T 2).

Because of this inconsistency, we recommend that equation A2
not be used.

Data from the three sources discussed above are fit simulta-
neously (equations 7 and A1) using a linear regression package
(BMDP statistical software, program P3R, University of California
at Los Angeles), which allows k, and k, of equations 7 and A1
to be constrained to be negative. In cases where either coefficient
is zero in Table 3, lower residuals could have been obtained by
permitting the coefficient to be positive. All data are weighted
by either 1/(p(Hy— Hy))? or 1/(p(Cp))?, where p is the precision
of measurement. The values used for p are 0.1% for adiabatic
calorimetric data, 0.2% for drop calorimetric data, 1.0% for DSC

(A3)
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data. In addition to weighting the fit towards the more precise
data, this procedure provides a means for balancing the weight
given to (1) different types of data, because C, and heat content
values commonly differ by an order of magnitude, and (2) high
and low temperature data which also show a large variation in
absolute magnitude (particularly heat content data). Because we
are interested primarily in heat capacity above 298.15 K, we incor-
porate adiabatic calorimetric data only above approximately
250 K, even where data are available at lower temperatures. Use
of these data ensures that the high temperature C, function joins
smoothly with the more accurate adiabatic calorimetric data which
provide important constaints on the slope of the Cp function at
temperatures above 298.15 K.

For cases in which preliminary analysis indicates poor agree-
ment between low and high temperature data sets, three alternate
strategies are used to improve overall data representation: 1)
weighting factors are adjusted to give more weight to the higher
temperature data, 2) C, data at the lowest temperatures (near
250 K) are removed, or 3) relative enthalpy data just above 298 K
are given less weight so as to yield better data representation of
Cp data at high temperatures.

Coefficients for heat capacity estimation with equation 11 are
derived by analysis of all calorimetric data for the minerals listed
in Table 3, with the exception of those phases which undergo
lambda transitions. In addition, we included unpublished data
above 298.15 K for almandine, ferrosilite, and ilmenite (L. Ano-
vitz) and for grunerite (B.S. Hemingway). Weighting factors, calcu-
lated as described above, were modified by 1) normalizing all min-
eral formulae to an equal oxygen basis, and 2) counter-balancing
the large amount of data for phases composed of CaO, MgO,
AlLO,, and SiO, by increasing weighting factors by a factor of
2 for minerals containing Na,0, K,0, FeO, Fe,0,, TiO,, CO,,
or zeolitic H,O. )

Appendix 2: Calculation of the thermodynamic properties
of phases which undergo lambda transitions

At any pressure, P, the temperature of a polymorphic transition,
T%, can be represented by

Ti=T, " +@T/dP)g (P-1)

where T% %" is the transition temperature at 1 bar. T is defined
as the difference in transition temperatures between 1 bar and pres-
sure, P, so that Ty= T} ** — T*. The contribution to the CP arising
from the lambda transition, Cp,is assumed to be constant at all
pressures, and is computed from

Cp,=t'(l; +1,1)? (A9

where =T+ T,. If we similarly define a reference temperature,
t,=T,—T,, equation A1 can be integrated to give the change

in enthalpy and entropy due to the lambda transition:

T
AH,={ CPAT=H;—H, =x,(T—t)+x,(T*=12)/2

X (T2 = )3 x, (T4 — 144 (AS)
4S,= ] (CP/T)AT =S7 S, =%, (In(T)~In(t)
(T =)+ 3, (T? =122 4%, (T* =33 (A6)

where

x, =BT+2L L, TR +B TP

x,=P+41L 1, T+35T}

x3=61112+31§Td '

xq=12

Note that if T is greater than the transition temperature, T%, the
integration is performed between ¢, and T%. The change in Gibbs

free energy contributed by the increase in heat capacity associated
with the lambda transition is calculated from
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AG,=4AH,—T- 485,
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