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PREFACE

The research reported in the following pages was carried out in
recognition of the need for a well documented, comprehensive, and
critical compilation of thermodynamic data for minerals which can be
used with confidence to characterize chemical equilibrium in geologic
systems. The credibility of such a compilation is largely a function of
the extent to which the authors demonstrate that the thermodynamic
data adopted for a given mineral are consistent with those derived from
experimental data for all other minerals, and that none contravenes
reliable geologic observations. We make no pretense at having achieved
these goals with the present contribution, which represents little more
than a beginning step in this direction. Nevertheless, we consider it an
important step and hope that it will serve as a comprehensive founda-
tion for future refinement of the values adopted for the thermodynamic
properties of minerals. At the same time we trust that the near-coincident
appearance of the present communication and the revision of U.S. Geo-
logical Survey Bulletin 1259 (Robie and Waldbaum, 1968) by Robie,
Hemingway, and Fisher (1978), which is based almost entirely on calori-
metric data, will in no way polarize the geologic community. The two
publications serve different needs and both should enhance the geologist’s
ability to understand and meet the many challenges inherent in applying
thermodynamic analysis to the interpretation of phase relations in natural
systems.

Most compilations of thermodynamic data contain few if any illus-
trations to facilitate assessment of the reliability of the values given for
the thermodynamic properties of the species considered. Furthermore, as
a rule they contain little or no comparative discussion or documentation
of the basis for choosing the values adopted and the extent to which
they agree or disagree with other values reported in the literature. Per-
haps more importantly, attention is rarely devoted in such compilations
to the chemical or geologic consequences of choosing one value over
another. We consider these serious shortcomings which we have en-
deavored to overcome in the present communication.

The calculations summarized below were carried out with the firm
conviction that there are no ‘“correct” thermodynamic properties of
minerals, just as there are no “correct” physical, compositional, and
crystallochemical states of minerals. That this is indeed true can be
easily verified by little more than a cursory appraisal of the spectrum of
calorimetric enthalpies of formation that have been reported in recent
years for different natural and synthetic samples of the same mineral.

The discussion in the following pages combines many elements of
a textbook with advanced concepts and numerical results of recent re-
search. We make no apology for this but instead submit that the present
state of understanding in the application of thermodynamics to the
interpretation of geologic systems requires careful documentation of the
equations used in the calculations and continued reappraisal of the
factors contributing to the thermodynamic behavior of minerals.

H. C. Helgeson

Berkeley, California
January 15, 1978
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SUMMARY AND CRITIQUE OF THE
THERMODYNAMIC PROPERTIES OF
ROCK-FORMING MINERALS

ABSTRACT. Critical analysis of experimental high-pressure/temperature solubility
data and univariant /divariant phase relations reported in the literature with equations
representing the thermodynamic properties of ionic aqueous species, SiOyqq, H:O, CO,,
0., and the temperature dependence of the standard molal heat capacities of minerals
affords an internally consistent set of thermodynamic data for the bulk of the abundant
rock-forming silicates, carbonates, and oxides in the crust and uppcr mantle. Stand-
ard molal Gibbs free cnergies and enthalpies of formation were obtained in this man-
ner for ~ 70 minerals in the system Na,O-K;0-CaO-MgO-FeO-Fec.0,~Al,O;S510~
CO,-H,0. The calculations were carried out using standard molal entropies, heat
capacities, and volumes derived from calorimetric, crystallographic, and density data
or cstimated from corvelation algorithms and Clapeyron slope constraints. Where
necessary and appropriate, provision was included for configurational entropy contri-
butions and enthalpy changes arising from the temperature dependence of substitu-
tional and displacive order/disorder in minerals. In most cases, simultancous con-
sideration of multiple equilibria reduced relative uncertainties in the standard molal
enthalpies and Gibbs free encrgies of formation generated from the high pressure/
temperature data by more than an order of magnitude from those inherent in corres-
ponding values derived from calorimetric measurements. Apparent inconsistencies
among cxperimental data and phase relations in nature were resolved by taking ac-
count of geologic observations, the thermodynamic consequences of metastable equi-
libria, and compositional variation in minerals at both high and low temperatures
and pressures. Experimental solution compositions and/or reversal temperatures for
more than 130 reactions at various pressures are depicted in phase diagrams, where
they can be compared with calculated equilibrium constants and univariant/divariant
curves generated from the thermodynamic data sumimarized in the tables and discussed
in the text. These data, together with the equations of state employed in the calcula-
tions, permit comprehensive prediction of the thermodynamic consequences of equi-
librium and mass transfer among minerals and aqueous solutions in geochemical
processes at high pressures and temperatures.



2 Conventions and Notation

CONVENTIONS AND NOTATION

The standard state for minerals and liquids adopted in the present
study is one of unit activity of the pure solid or liquid at any pressure
and temperature, but that for gases calls for unit fugacity of the hypo-
thetical gas at 1 bar and any temperature. It follows that the activities
of components corresponding to stoichiometric minerals and pure liquids
are unity, and the fugacities of gases are equal to their activities at all
pressures and temperatures. The standard state for aqueous species cor-
responds to unit activity of the species in a hypothetical one molal
solution referenced to infinite dilution at any pressure and temperature.
The activity coefficients of aqueous species thus approach one as the
activity of the solvent (relative to the liquid standard state) approaches
unity. In contrast, the fugacity coeflicients of the components of gas
mixtures approach the fugacity coefficients of the pure gases (which are
not necessarily unity) as the mole fractions of the gases approach one at
any pressure and temperature.

Standard molal Gibbs free energies and enthalpies are reported
below in thermochemical calories (cal) or kilocalories (kcal) mole—?,
which can be converted to joules (j) or kilojoules (kj) mole—* by multi-
plying by 4.184 j cal~® or kj kcal—*. Standard molal entropies and heat
capacities are given in cal mole—! (°K)~* and standard molal volumes
in cm® mole—'. The latter values can be converted to cal mole—* bar—!
by multiplying by 0.0239 cal cm—32 bar—1. These various units were
adopted in preference to SI units to facilitate calculation of equilibrium
constants using the thermodynamic properties of minerals given below
and those for gases, liquids, and aqueous species reported in other pub-
lications. The thermodynamic properties reported in many of these are
also expressed in cal or kcal mole—1.

The terms K-feldspar, albite, dolomite, and epidote are used in the
following pages to refer to KAIlSi;O,, NaAlSi,Os, CaMg(COy,),, and
Ca,FeAl,Si;O,(OH) in their stable states of order/disorder at any pres-
sure and temperature. Similarly, except when cited in conjunction with
their monoclinic analogs, enstatite and ferrosilite refer to the stable poly-
morphs of MgSiO, and FeSiO, at any pressure and temperature. In
contrast, zoisite is used to denote only the orthorhombic form of
Ca,AlS1,0,,(OH).

Glossary of Symbols

A, — Pre-exponential factor for the rth reaction
(eq 102).

A — Designation of the A lattice site in dolo-
mite,

A, — Chemical affinity of the rth reaction.

a, a; — Standard molal heat capacity coefficient for

the Maier-Kelley power function or (in the
case of a;) the activity of the ith species.
ag — Constant defined by eq (112).
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ag — Activity of CaMg(5iQO,),.
a;, a;, a; — Activity of the subscripted species or (in

Co

Cop

Cep,

ACey, AC,
ACp 45
AC®p 4

ACG,,

Vi
6
inm'cv,r

AE*,
h
fa

G

GO
G-G°
AG®

the case of a;) the first coeflicient in the
Maier-Kelley power function for the stand-
ard molal heat capacity of the ith mineral.
Subscript designating KFe++,(AlS1,0,,)
(OH),.

Subscript designating the aqueous state.
Standard molal lieat capacity coeflicient in
the Maier-Kelley power function or (in the
case of b) the b cell parameter.

Constant defined by eq (113).

Matrix and column vector notation in eq

(33).

- Subscript designating the crystalline state.

Index designating different structural
classes of minerals.

Standard molal heat capacity coefhicient in
the Maier-Kelley power function or (in the
case of c) the ¢ cell parameter.

Designation of (§V°./dT)p.

Standard molal heat capacity at constant
pressure.

Standard molal heat capacity at 1 bar.
Standard molal heat capacity of reaction.
Standard molal heat capacity of substitu-
tional disorder.

Standard molal heat capacity of displacive
disorder.

Standard molal heat capacity of transition
or total standard molal heat capacity of
substitutional and displacive disorder.
Activity coefficient of the Ith aqueous
species.

Finite difference derivative.

Inexact differential of the heat associated
with the rth irreversible reaction.
Activation energy for the rth reaction.
Fugacity of the [th species.

Fraction of lattice sites corresponding to
point defects in a crystal.

Gibbs free energy.

Standard molal Gibbs free energy.

Ideal molal Gibbs free energy of mixing.
Apparent standard molal Gibbs free energy
of formation from the elements defined by

eq (14).
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4 Conventions and Notation

AG®, — Standard molal Gibbs free energy of for-
mation from the elements at 298.15°K and
1 bar.

AG*, — Intracrystalline standard molal Gibbs free

energy of formation from the elements at
298.15°K and 1 bar.

AG®°, — Standard molal Gibbs free energy of re-
action.

AG°,; AG® — Standard molal Gibbs {ree energy of sub-
stitutional disorder.

AG®, — Standard molal Gibbs free energy of dis-
placive disorder.

AG®, -— Standard Gibbs free energy of formation
of a single vacancy in a crystal.

H° — Standard molal enthalpy.

AH° — Apparent standard molal enthalpy of for-
mation from the elements defined by eq
(15).

AH®°, AH®,, — Standard molal enthalpy of substitutional
disorder.

AH® — Standard molal enthalpy of displacive dis-
order.

AH®, — Standard molal enthalpy of formation from
the elements at 298.15°K and 1 bar.

AH*, — Intracrystalline standard molal enthalpy

of formation from the elements at 298.15°K
and 1 bar.

AH®, — Standard molal enthalpy of reaction.

AH?°, — Standard molal enthalpy of transition or
total standard molal enthalpy of substitu-
tional and displacive disorder.

AH*, — Enthalpy of activation for the rth reaction.

H,O — Designation of “structural” H,O in min-
erals.

H,O,, — Designation of “zeolitic” H,O in minerals.

I — “True” ionic strength of an aqueous elec-
trolyte solution.

] — Index designating minerals, species or ther-
modynamic components of solid solutions.

7 — Index designating minerals or the atoms

on the lattice sites of solid solutions.

K — Equilibrium constant.

k — Boltzmann’s constant (8.2995 X 10—2* cal
(°K)=).

k — Designation of the Clapeyron slope of a

univariant curve.
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k — Proportionality constant in eqs (55) and
(73).

k; — Standard state proportionality constant in
eqs (46) and (48).

k, — Rate constant for the rth reaction.

[ — Index designating species in a reaction or
the thermodynamic components of a solid
solution.

(), (liguid) — Subscripts designating the liquid state.

Ae — Activity coeflicient of NaAlSi,O, » H,O.

Aas — Activity coefficient of NaAlSi;Oq.

Ag — Activity coefficient of NaAlSi,O,.

A — Activity coeflicient of the Ith thermody-
namic component of a solid solution.

A, — Activity coefficient of NaAlSiO,.

M, M(1), M(2), M(3), M(4) — Octahedral site designations for minerals.

M, M, MM, M, — Molecular weight of Al,O,; CaO, CaMg
(5104),, MgO, and SiO.,, respectively.

m, — Molality of the Ith aqueous species.

i — Chemical potential of the ith component
or species.

M — Standard molal intracrystalline chemical
potential of the ith species.

n — Number of moles of the spinel component

of an aluminous diopside solid solution
(gram formula wt)—* for a unit framework
of 6 oxygen atoms.

— Reaction coefficient for the Ith species in
the rth reaction, which is negative for re-
actants and positive for products.

M, — Number of moles of the jth species on the
sth energetically equivalent sites in a min-
eral.

Ng i — Stoichiometric number of energetically
equivalent sth sites in one mole of the
ith component of a solid solution.

VaLt Vsit — Number of moles of tetrahedral Al and Si
atoms (gram formula unit)—* of a mineral.

Vi — Number of moles of the ith oxide or
hydroxide formula unit (gram formula
unit)—* of the Yth mineral.

Vii — Number of moles of the jth oxide or
hydroxide formula unit (gram formula
unit)~! of the ith mineral.

Yo — Number of moles of oxygen other than in
OH~ (gram formula unit)—* of a mineral.
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AS°, AS°,
Aso(b Asods
AS®,

AS*,
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Conventions and Notation

Stoichiometric number of sth energetically
equivalent sites occupied by the jth species
in one mole of the ith component of a solid
solution.

Progress variable for the rth reaction.
Pressure in bars or kilobars.

Variable pressure integration limit corres-
ponding to P, for T > T,p_ and P, for T
< Typ,.

Partial pressure of the Ith species.
Reference pressure (1 bar).

Transition pressure.

Subscript designating KFe+++,(AlSi;0,,)
O,H_ .

Reaction quotient defined by eq (100).

Gas constant (1.9872 cal mole—* (°K)—1).
Index designating reactions.

Rate of the rth reaction.

Standard molal entropy.

Substitutional ordering parameter defined
by eq (127), or index designating energeti-
cally distinct lattice sites in minerals.
Designation of the number of aqueous
species appearing in a reaction.

Ordering parameter defined by eq (212E).
Designation of the Gibbs free energy func-
tion defined by eq (31).

Ideal molal entropy of mixing.

Standard molal entropy parameter for the
ith species in eqs (62) and (75).

Sum of the standard molal entropies of the
oxides in one mole (gram formula unit) of
the ith mineral.

Standard molal entropy of reaction.
Standard molal entropy of substitutional
disorder.

Standard molal entropy of formation from
the elements at 298.15°K and 1 bar.
Entropy of activation for the rth reaction.
Standard molal entropy of transition.
Temperature in °C or °K, or in the case
of eqs (203) and (204), a subscript desig-
nating tetrahedral sites.

Time.

Subscript designating transition, total, or
(in the case of eqs 220 and 221) tetrahedral.
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Glossary of symbols 7

Tetrahedral site designations.
Temperature at which a phase becomes
completely disordered.

Temperature above which no substitu-
tional order is apparent.

Temperature above which albite exhibits
only monoclinic symmetry.

Reference temperature (298.15°K).
Transition temperature.

Subscript designating vacant sites in a
crystal.

Standard molal volume of a-quartz.
Standard molal volume of reaction.
Standard molal volume of B-quartz.
Standard molal volume parameter for the
ith mineral in eqs (62) and (75).

Sum of the standard molal volumes of the
oxides in one mole (gram formula unit) of
the ith mineral.

Standard molal volume of transition.
Weight percent Al,O; in aluminous diop-
side.

Number of moles of Fet++ on the M(I)
sites in one gram formula unit of stoichio-
metric epidote.

Mole fraction.

Mole fraction of NaAlSi,O4 « H,O.

Mole fraction of NaAlSi,O,.

Mole fraction of Mg,Al,(AlSi;O,s) « H,0.
Mole fraction of the Ith component or
species.

Mole fraction of magnesium on the M(I)
sites in a mineral.

Mole fraction of NaAlSiO,.

Mole fraction of silicon on the tetrahedral
sites of a mineral.

Fugacity coeflicient of the Ith species.
Substitutional ordering parameter defined
by eq (149).

Mineral designations.

General representation of a zeolitic min-
eral containing fiy,o . moles of “zeolitic”
H,O0.

Substitutional ordering parameter defined
by eq (148) for albite and eq (159) for
K-feldspar.
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Summary of Mineral Names and Formulas

To facilitate cross referencing among the text, figures, and tables
presented in the pages that follow, an index number has been assigned
to each of the minerals considered in the present communication. These
numbers coincide with those in the data file of the computer program
discussed under CONCLUDING REMARKS.

Index

Number Name Formula

1501 Acanthite Ag,S

1548 Aegerine NaFe(SiOy),

1044 Akermanite Ca,MgSi, 0,

1092 Alabandite MnS

1531 Albite NaAlSi,O,

1560 Albite, High NaAlSi, O,

1025 Albite, Low NaAlSi, O,

1527 Almandine Fe,Al,Si,0,,

1083 Alunite KAL(OH),(50,),
1017 Amesite, 7A Mg,Al(A1SiO;)(OH),
1511 Amesite, 14A Mg,Al,(Al,S1,0,,)(OH),
1125 Amorphous Silica Si0, - nH,0

1022 Analcime NaAlSi, O, - H,O0
1021 Analcime, Dehydrated NaAlSi, O,

1001 Andalusite ALSIO4

1530 Andradite Ca,Fe,S1,0,,

1081 Anglesite PbSO,

1078 Anhydrite CaSoO,

1015 Annite KFe,(AlSi,0,,)(OH),
1030 Anorthite CaAl,Si, 04

1518 Anthophyllite Mg.Si;0,.(OH),
1542 Antigorite Mg,S1,,055:(OH)g,
1072 Aragonite CaCO,

1053 Artinite Mg,(OH),CO, « 3H,0
1060 Azurite Cu;(OH),(COy),
1080 Barite BaSO,

1116 Boehmite AlO(OH)

1503 Bornite Cu,FeS,

1117 Brucite Mg(OH),

1554 Bunsenite NiO

1040 Ca-Al Pyroxene CaAl(AlSiOy)

1073 Calcite CaCO,

1009 Celadonite KMgAIlSi,0,,(OH),
1082 Celestite SrSO,

1068 Cerussite PbCO,

1133 Chabazite Ca(AlLS1,0,,) « 6H,0
1128 Chalcedony Si0,



Index
Number

1504
1502
1018
1058
1007
1091
1512
1513
1515
1557
1102
1065
1066
1108
1086
1556
1126
1127
1550
1043
1112
1514
1016
1115
1006
1039
1075
1070
1071
1520
1537
1545
1559
1536
1049
1521
1549
1055
1508
1041
1113
1522
1079
1042

Summary of mineral names and formulas

Name

Chalcocite
Chalcopyrite
Chamosite, 7A
Chloritoid
Chrysotile
Cinnabar
Clinochlore, 7A
Clinochlore, 14A
Clinozoisite
Coesite

Copper, Native
Cordierite
Cordierite, Hydrous
Corundum
Covellite
Cristobalite
Cristobalite, Alpha
Cristobalite, Beta
Cronstedtite, 7A
Cummingtonite
Cuprite
Daphnite, 7A
Daphnite, 14A
Diaspore

Dickite

Diopside
Dolomite
Dolomite, Disordered
Dolomite, Ordered
Edenite

Enstatite
Epidote, Ordered
Epidote
Lpistilbite
Fayalite
Ferroedenite
Ferrogedrite
Ferropargasite
Ferrosilite
Ferrotremolite
Ferrous Oxide
Fluoredenite
Fluorite
Fluortremolite

TFormula

Cu,S

CuFeS,
Fe,Al(AlSiO;)(OH),
FeAl,Si0,(OH),
Mg,Si,0,(OH),

HgS

Mg, Al(AlSi,0,,)(OH)g
Mg, AI(AlSi;O,0)(OH),
Ca,Al,S5i1;,0,,(OH)
Si0,

Cu

Mg, AlL(AlSi;O44)

Mg, Al(AlSi;O,) « H,O
a-AlLO,

CuS

SiO,

Si0O,

Si0,
Fe,Fe(FeSiO,)(OH),
Mg.8i;0,,(OH),

Cu,O

Te; Al(AlSi;O,,)(OH),
Fe, Al(AlLSi;O,0)(OH),
AlO(OH)
ALSI,O,(OH),
CaMg(5i0,),
CaMg(CO,),
CaMg(CO,),
CaMg(CO,),
NaCa,Mg;(AlSi,O,,)(OH),
MgSiO,
Ca,FeAl,Si,0,,(OH)
Ca,FeAl,Si,0,,(OH)
Ca(Al,Si;Oy) ¢ 5H,O
Fe,S10,
NaCa,Fe;(AlSi; O,,)(OH),
Fe;AlL(ALSiO,,)(OH),
NaCa,Fe,Al(AL;Si;0,,)(OH),
TFeSiO,
Ca,Fe,Si;O,,(OH),
FeO
NaCa,Mg;(AlSi;O,,)F,
CaF,

Ca,Mg;S1;0,,F,
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Index
Number

1061
1048
1087
1047
1114
1063
1100
1103
1010
1529
1019
1106
1005
1523
1054
1544
1535
1050
1062
1067
1507
1004
1028
1002
1546
1132
1516
1024
1110
1524
1547
1074
1506
1059
1119
1551
1045
1090
1027
1011
1046
1012
1533
1031

Conventions and Notation

Name

Fluorphlogopite
Forsterite
Galena
Gellenite
Gibbsite
Glaucophane
Gold, Native
Graphite
Greenalite
Grossular
Grunerite
Halite
Halloysite
Hastingsite
Hedenbergite
Hematite
Heulandite
Huntite
Hydromagnesite
Jadeite

Kalsilite
Kaolinite
K-feldspar
Kyanite

Larnite
Laumontite
Lawsonite
Leonhardite
Lime
Magnesiohastingsite
Magnesioriebeckite
Magnesite
Magnetite
Malachite
Manganosite
Margarite
Merwinite
Metacinnabar
Microcline, Maximum
Minnesotaite
Monticellite
Muscovite
Natrolite
Nepheline

Formula

KMg,(AlS1,0,,)F,
Mg,SiO,

PbS

Ca,ALSi0,

Al(OH),
Na,Mg;Al,Si;0,,(OH),
Au

C

Fe,$i,O;(OH),
Ca,ALSi;0,,
Fe,S1,0,,(OH),

NaCl

AlLSi,O,(OH),
NaCa,Tle,Fe(Al,51,0,,)(OH),
CaFe(Si0,),

Fe,O,

Ca(AlLS1,04) « 6H,0
CaMg,(CO,),

Mg, (OH),(CO,), « 4H,0
NaAl(Si0y),

KAISiO,

ALSi,O,(OH),
KAISi,Of

AlSiO,

B—Ca,Si0,
Ca(ALS1,0,,) « 4H,0
CaAl,Si,O,(OH), « H,O
Ca,(Al,Si;0,,) » TH,O

CaO
NaCa,Mg,Fe(Al,5i;0,,)(OH),
Na,Mg,Fe,Si;0,,(OH),
MgCO;,

e, O,

Cu,(OH),CO,

MnO
CaAl,(AlLSi,0,,)(OH),
Ca,Mg(S5i0,),

HgS

KAISi,O4
Fe,;51,0,,(OH),
CaMgSiO,

KAI(AISi; O,,)(OH),

Na,(ALSi,O,,) « 2H,0
NaAlSiO,
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Name

Nesquehonite
Nickel
Paragonite
Pargasite
PD-oxyannite
Periclase
Phillipsite, Calcium
Phillipsite, Potassium
Phillipsite, Sodium
Phlogopite
Potassium Oxide
Prehnite
Pyrite
Pyrophyllite
Pyrrhotite
Quartz
Quicksilver
Richterite
Riebeckite
Rhodochrosite
Sanidine, High
Sepiolite
Siderite
Sillimanite
Silver, Native
Smithsonite
Sodium Oxide
Spessartine
Splialerite
Spinel
Staurolite
Stilbite
Strontianite
Sylvite

Talc

Tenorite
Tremolite
Wairakite
Witherite
Wollastonite
Wurtzite
Zoisite

TFormula

MgCO, » 3H,0

Ni
NaAl,(AlSi;0,,)(OH),
NaCa,Mg,Al(Al,Si,0,,)(OH),
KFe,(AlSi;O,,)H
MgO

Ca(ALSi;O,,) ¢ 5H,0
K,(Al,8i,0,,) « 5H,0
Na,(Al,S1;,0,,) « 5H,O
KMg,(AlSi;0,,)(OH),
Ca,Al(AlSi;O,,)(OH),
FeS,

AlS1,0,,(0OH),

FeS

Si0,

Hg
Na,CaMg;Si;0,,(OH),
Na,Fe Fe,Si;0,,(0OH),
MnCO,

KAISi;Oq
Mg,Sis0,;(OH),(OH,), « (OH,),
FeCO,

AlS10;

Ag

ZnCO,

Na,O

Mn,ALSi,O,,

ZnS

MgAlO,
Fe,Al,Si,0,,(OH)
NaCa,(Al;S1,,0,,) « 14H,0
S5rCO,

KCl

Mg,5i,0,,(0OH),

CuO
Ca,Mg,S5i,0,,(0OH),
Ca(Al,S81,0,,) » 2H,0
BaCoO,

CaSiO,

ZnS

Ca,Al,Si,0,,(OH)
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INTRODUCTION

In the years following the appearance of Robie and Waldbaum’s
(1968) and Naumov, Ryzenko, and Khodakovskii’s (1971) compilations
of thermodynamic data for minerals, numerous attempts have been made
to resolve inconsistencies among reported values of the standard molal
enthalpies and Gibbs free energies of formation of various oxides and
silicates (for example, Helgeson, 1969; Anderson, 1970; Zen, 1969a and
b, 1971, 1972, 1973, 1977; Fisher and Zen, 1971; Zen and Chernosky,
1976; Parks, 1972; Thompson, 1978a and b, 1974a and b; Bird and
Anderson, 1973; Ulbrich and Merino, 1974; Chatterjee, 1977; Chatterjee
and johannes, 1974; Haas and Fisher, 1976; Hemingway and Robie,
1977; Robie, Hemingway, and Fisher, 1978). Unfortunately, most of these
are restricted to one or another mineral or system, some are based on
invalid assumptions, others fail to take adequate account of thermo-
dynamic constraints on phase relations, and none is compatible with both
geologic observations and recent experimental data. These deficiencies
can be avoided by simultaneous consideration of multiple reactions in
experimental as well as natural systems with equations incorporating
rigorous and explicit provision for the thermodynamic behavior of min-
erals and aqueous species. The object of the present communication is
to derive with the aid of such equations a comprehensive and reliable
set of internally consistent thermodynamic data for all the abundant
minerals in the Earth’s crust which will, (1) reproduce accurately geologic
phase relations and the many experimental observations of high pressure/
temperature phase equilibria that have accumulated over the past twenty
years, and (2) afford realistic prediction of the chemical consequences of
reversible reactions among minerals and aqueous solutions in multi-
component systems at both high and low temperatures and pressures.

Although many calorimetric investigations of minerals have been
carried out over the past several decades (for example, Kracek, Neuvonen,
and Burley, 1951; Neuvonen, 1952; Kelley and others, 1953; Kelley, 1960,
1962; Barany and Kelley, 1961; Barany, 1962, 1963, 1964; King and
Weller, 1961a and b; Pankratz, 1964a and b; Hlabse and Kleppa, 1968;
Holm and Kleppa, 1966, 1968; Navrotsky, 1971; Waldbaum, ms; Wald-
baum and Robie, 1971; Robie and Hemingway, 1973; Shearer, ms;
Charlu, Newton, and Kleppa, 1975; Newton, Charlu, and Kleppa, 1977;
Hemingway and Robie, 1977a), few have resulted in sufficiently accurate
standard molal enthalpies of formation to afford reliable prediction of
equilibrium constants at high pressures and temperatures. Uncertainties
in enthalpies of formation at 25°C and 1 bar derived from high tem-
perature molten salt calorimetry are of the order of 500 cal mole~?, and
those resulting from measurements of low-temperature heats of solution
in hydrofluoric acid solutions commonly exceed a kcal mole~*. Uncer-
tainties of this order of magnitude may lead to errors of more than 100°C
in computed equilibrium temperatures. In contrast, relative uncertain-
ties in standard molal enthalpies and Gibbs free energies of formation
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of minerals derived from compositional data and experimental observa-
tions of equilibrium temperatures and pressures for a series of inde-
pendent equilibria involving minerals and a fluid phase are commonly
of the order of 50 cal mole—* or less, which permits close approximation
of the thermodynamics of reactions among minerals and aqueous solu-
tions at high pressures and temperatures.

Many outstanding studies of reversible reactions among minerals,
Nat, K+, §i0,,. O, €O, and/or H,O have been reported in the
literature (for example, Hemley, 1959; Hemley, Meyer, and Richter,
1961; Hemley and others, 1971, 1977a and b; Greenwood, 1962, 1967a;
Orville, 1963, 1972; Eugster and Skippen, 1967; Skippen, 1971, 1974;
Chatterjee and Johannes, 1974) which are now sufficient in number and
cover a wide enough spectrum of equilibrium states to permit reliable
calculation of the standard molal enthalpies and Gibbs free energies of
formation of the bulk of the rock-forming minerals in the crust and
upper mantle. Calculations of this kind were carried out by combining
data reported in these and similar studies with equations of state for aque-
ous species (Helgeson and Kirkham, 1974a, 1976, and in press; Walther
and Helgeson, 1977; Delany and Helgeson, 1978) and fugacity coefficients
for gases (Holloway and Reese, 1974; Holloway, 1977) to evaluate simul-
taneously equilibrium constants for sets of independent reversible re-
actions. Calculation of the standard molal Gibbs free energies of the
reactions at 25°C and 1 bar were carried out using independently derived
volumes and calorimetric and/or estimated entropies and heat capacities
of the minerals. The standard molal Gibbs free energies of formation
of the minerals were then computed from the standard molal Gibbs free
energies of the reactions at 25°C and 1 bar by simultaneous solution of
the set of equations. Experimental uncertainties were optimized by carry-
ing out comparative calculations and taking account of Clapeyron slope
constraints, which were used to determine the extent to which third law
entropies should be adjusted to take account of configurational contri-
butions.

The reliability of standard molal Gibbs free energies of formation
of minerals computed from high pressure/temperature phase equilibrium
data can be assessed by comparing the results of the calculations with
geologic observations and/or calorimetric measurements, which often
afford corroboration in spite of (but more commonly because of) the
relatively large uncertainties inherent in these data. Contradictions in
values of the thermodynamic properties of a given mineral generated
from different experimental data may be resolved by comparing the
geologic consequences of the discrepancies witl: phase relations in natural
systems. Such comparisons are particularly instructive if the pressure,
temperature, and the system considered differ from those in the experi-
mental studies from which the data were obtained. Activity diagrams
facilitate correlation of predicted and observed equilibrium states with
the compositions of fluid inclusions and interstitial waters in geologic
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systems. Correlations of this kind commonly reveal inconsistencies arising
from metastability and differences in crystallinity and order/disorder in
minerals formed under different conditions in different geologic environ-
ments. Because the latter factors affect considerably the extent to which
thermodynamic calculations represent geologic reality, the effects of
various physical and crystallochemical properties of minerals on their
thermodynamic behavior in geologic systems are reviewed briefly below.

THERMODYNAMIC CONSEQUENCES OF THE PHYSICAL AND
CRYSTALLOCHEMICAL PROPERTIES OF MINERALS

The crystallochemical properties of anisotropic minerals are vector
quantities which may differentially affect the extent to which the minerals
react in geochemical processes.! Furthermore, a mineral with a given
name and composition occurring under the same pressure/temperature
conditions in one or another laboratory experiment or different parts
of the Earth may have significantly different thermodynamic properties
(see below). These differences are manifested in part by differences in
the thermodynamic beliavior of natural minerals and their synthetic
analogs.

In addition to their dependence on pressure, temperature, and com-
position, the thermodynamic properties of a mineral are sensitive to
perturbations in energetic, configurational, and crystallochemical contri-
butions to its stability arising from the cooling rate and strain history
of the mineral in different environments. Perturbations of this kind are
responsible for differences in crystallinity, substitutional and displacive
order/disorder, and the number and kinds of defects and dislocations
in the mineral, all of wlhich contribute to metastable equilibrium states
both in nature and in laboratory experiments. Metastable states also
occur as a consequence of incomplete reaction resulting from kinetic
constraints. It thus follows that experimental observations of the be-
havior of minerals cannot be related precisely to the behavior of minerals
in geochemical processes without correlating the measurements with the
physical and crystallochemical properties of the minerals. Unfortunately,
few experimental investigations reported in the literature are compre-
hensive enough to permit such correlation. Until recently, the thermo-
dynamic consequences of order/disorder in minerals received little atten-
tion in experimental investigations of phase equilibria, and the crystallo-
graphic properties of the minerals used in calorimetric studies were
rarely determined. Even compositional data reported in many early
investigations are inadequate to permit unambiguous interpretation of
the experimental results.

Despite the fact that thermodynamic calculations of mineral stabili-
ties using data derived from experimental studies afford little more than

11In this respect, the thermodynamic properties of anisotropic crystals are some-
what analogous to the electrostatic properties of polar molecules. Although in both
cases overall electrical neutrality and conservation of mass are maintained, the magni-
tudes of the properties are directional.
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approximations of geologic reality, comparison of predicted and observed
compatibilities and compositions indicates that many of these are close
approximations. Furthermore, experimental results obtained using a
variety of starting materials, equipment, and techniques in different
laboratory studies of a given equilibrium mineral assemblage are com-
monly compatible with one another. It thus seems reasonable to conclude
that in many reactions, physical and crystallochemical factors have a
secondary effect on the thermodynamic behavior of minerals. In others,
such as solid/solid phase transitions, they are clearly of primary impor-
tance.

Solid state phase transitions—Phase transitions in minerals range
from those manifested by abrupt and obvious changes in morphology
(such as clinoenstatite/enstatite) to those caused by gradual and nearly
imperceptible changes in bond angles or substitutional order/disorder
among atoms on energetically distinct lattice sites. Although chemical
equilibrium at constant pressure and temperature requires the Gibbs
free energy of transformation to be zero for all phase transitions, the
partial derivatives of the Gibbs free energies of minerals may exhibit
either abrupt or gradual changes with increasing pressure and/or tem-
perature, depending on the nature of the transition taking place.

Despite a multitude of experimental studies, the nature of many
phase transitions exhibited by oxides and silicates remains ambiguous.
Some of these are thought to be first-order transitions, which are charac-
terized by discontinuities in the temperature dependence of the entropy,
enthalpy, volume, heat capacity, expansibility, and compressibility of the
compound. Others are almost certainly lambda transitions? with no dis-
continuity in the temperature dependence of these properties. A lambda
transition can be thought of as a continuum of infinitesimal changes in
the internal structure and/or distribution of atoms in a mineral in
response to changes in pressure and/or temperature. The heat capacity,
expansibility, and compressibility of a mineral undergoing a lambda
transition change dramatically and (in contrast to their first-order
counterparts) their dependence on temperature before and after the
transition is strikingly different. Typical perturbations of the heat capaci-
ties of minerals by structural changes accompanying first-order and
lambda transitions are depicted schematically in figure 1. The heat
capacity curve in figure 1B is similar to that of B-brass, which exhibits
a lambda transition caused by increasing long-range disorder with in-
creasing temperature.

The nature of a phase transition caunot always be deduced unam-
biguously from the behavior of the heat capacity of a mineral with
increasing temperature. In some cases measurements of the heat capaci-
ties of minerals as a function of temperature must be carried out in
conjunction with aunealing experiments to detect lambda transitions.

2 All transitions other than first-order are referred to as lambda transitions to

avoid theoretical implications inherent in the designations, sccond-order, third-order,
ct cetera (Denbigh, 1971).
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Fig. 1. Schematic illustration of the isobaric temperature dependence of the stan-
dard molal heat capacities of minerals undergoing first-order (diagram A) and lambda
(diagram B) transitions at 1 bar.

For example, this is almost certainly true of displacive disorder in albite
(see below). In other instances, changes in the partial derivatives of the
enthalpies and Gibbs free energies of minerals undergoing lambda transi-
tions may occur rapidly over a short temperature range, which also
makes them difficult to document experimentally. Some minerals (such
as chalcopyrite) apparently undergo both kinds of transitions super-
imposed on one another. Discontinuities in such cases are nearly impossi-
ble to detect without a differential scanning calorimeter or a continuous
X-ray read-out as a function of temperature.

In general, first-order transitions in silicates at 1 bar are charac
terized by enthalpies, entropies, heat capacities, and volumes of transi-
tion of the order of 500 cal mole—?, 0.5 cal mole—* (°K)—1, 0.5 cal
mole—* (°K)~1, and 0.5 cm?® mole—?, respectively, or less. Comparable
or even larger changes may occur in lambda transitions, but over a range
of temperature which may be as small as a few degrees, or (as in the
case of the alkali feldspars) extend over a thousand degrees. In the latter
cases the term transition temperature is a misnomer designating the
lambda point, which refers to the temperature at which the heat capacity
curve reaches its peak (fig. 1B).

An example of a lambda transition exhibited by a mineral is shown
in figure 2, where the standard molal heat capacity of nesquehonite is
plotted as a function of temperature at 1 bar. It can be seen that the
curve representing the heat capacity of nesquehonite exhibits a classic
lambda configuration which has been documented by careful heat capa-
city measurements at closely spaced temperature intervals. Despite wide-
spread application of the differential scanning calorimeter in recent
years, changes in the heat capacities of most other minerals have not
been investigated as thoroughly. In fact, even in the case of a mineral
as common as quartz, ambiguities remain.

The thermodynamic properties of o and B-quartz are plotted in
figure 3, where it is apparent that the data points corresponding to the
open and solid circles are spaced too far apart to be definitive with
respect to the nature of the entire transition. However, the large differ-
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Fig. 2. Standard molal heat capacity of nesquehonite as a function of temperature
at 1 bar. The curve was gencrated from eq (19) and the heat capacity coefficients
for nesquchonite given in table 9.

ence in the slope of the heat capacity cutve below 700° and that above
900°K, together with the heat capacity measurements obtained with a
differential scanning calorimeter by O’Neill and Fyans (ms) strongly
suggest that a-quartz goes through a lambda transition between ~700°
and ~848°K. However, the possibility still exists (which has been de-
bated extensively) that the lambda transition in this temperature interval
is superimposed on a first order transition in the vicinity of 848°K. Al-
though the curve representing the standard molal volume of quartz as a
function of temperature in figure 3 suggests the presence of a discon-
tinuity of ~848°K, the corresponding enthalpy and entropy curves are
ambiguous in this regard.

In general, calculation of the Clapeyron slopes of univariant curves
representing first-order solid/solid trausitions requires highly accurate
heat capacity and density data for the two polymorphs. Because the
Clapeyron slopes of most sucli curves are essentially independent of
pressure and temperature at pressures below ~10 kb, if we let k =
dP/dT for a given first-order transition of this kind and write the
Clapeyron equation as

1P AS°
k=] = 20
(rr | AGe—0 AVO (1)
it follows that
d(AS®) = k d(AV®) (2)

where k stands for the Clapeyron slope constant and AS°, AV®, and AG®
refer to the standard molal entropy, volume, and Gibbs free energy of
transition. Combining eq (2) with
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on _ [ 9(AS®) d(AS°)
d = (=== 4 A
(AS®) < = )PdT+< = >T dp 3)
and
o (2aVe) AVe)
d(AV®) < T >1> dT + < o )T dp (4)
together with
d(AS®) _ _ [ 9AVe) 5
< opP >T < oT )P )
and
ace, = (L) (6)
leads to '
AC®, = 2KT <M> + KT <M> 7
T P oP T

which describes the interdependence of the standard molal heat capacity,
expansibility, and compressibility of transition if k is essentially inde-
pendent of pressure and temperature. Note that eq (7) can be re-
arranged and (after completing the square) expressed as

ACOP<B(AV°)> +T<6(AVO)>2 % <a<AV°>>
K — = opP T aT P T r

- T < 3(AV®) ) , ( 3(AV®)

) ),

@®

Consideration of high-pressure/temperature phase equilibrium data
indicates that the kyanite/andalusite transition temperature at 1 bar
is ~ 466°K, and that the corresponding temperature for the andalusite/
sillimanite transition is ~ 1043°K (see below). Evaluation of eq (1) for
these two transitions with the aid of entropy, heat capacity, volume, and
expansibility data taken from Stull and Prophet (1971), Robie and
Waldbaum (1968), and Skinner (1966) yields k = 12.8 and k = — 5.1
bar (°K)—1, respectively. In the case of the kyanite/andalusite transition,
the calculations yield a relatively large standard molal entropy and
volume of transition at 466°K and 1 bar (2.28 cal mole—!* °K-1! and
7.47 cm?® mole—1, respectively) so the calculated value of k is relatively
insensitive to small errors in the heat capacities and expansibilities used
in the calculations. However, the opposite is true in the case of the
andalusite/sillimanite transition, for which the calculated standard molal
entropy and volume of transition are 0.28 cal mole—! (°K)~* and —2.28
cm? mole—?, respectively, at 1013°K and 1 bar. In the latter case the
standard molal entropy of trausition is smaller than the aggregate un-
certainty in the entropy and heat capacity data used in the calculations.
Accordingly, the calculated value of k for the andalusite/sillimanite
transition is far less reliable that that computed for the kyanite/anda-
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Fig. 3. Standard molal entropy, volume, heat capacity, and relative standard molal
enthalpy of o and g-quartz as a function of temperature at 1 bar. Interval ab in
diagram C corresponds to the appavent standard molal heat capacity of transition
(sce text).
lusite transition. In fact, the value of k and the standard molal entropy
and volume of transitions computed above for the kyanite/andalusite
transition are almost identical to those generated from high pressure/
temperature phase equilibrium data assuming constant volumes of the
polymorphs, but those for the andalusite/sillimanite transition are not
(see below). The discrepancies in the latter case arise primarily from an
error of only ~ 0.2 cal mole—* (°K)~* in the value of AS° computed
above for the andalusite/sillimanite transition at 1043°K and 1 bar.

Because the standard molal entropies of most first-order solid/solid
phase transitions are small, the angle at which the standard molal Gibbs
tfree energy curves for the polymorphs intersect at the transition tem-
perature is small. Consequently, large errors may result in calculated
transition temperatures il highly accurate entropy and volume data are
not available for the two polymorphs. In certain cases, such as the anda-
lusite/sillimanite transition, the heat capacities of the two polymorphs
must be known as a function of temperature to at least five significant
figures to preclude unacceptable errors in calculated transition tempera-
tures. Otherwise, the calculated temperatures may differ from the actual
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temperatures of transition by more than several hundred degrees, and
the computed entropy and enthalpy of transition may have the wrong
sign.

In general, heat capacity, compressibility, and expansibility data
for minerals are not sufficiently comprehensive, accurate, or precise to
permit reliable calculation of k from eqs (1) or (8). The standard molal
entropies and volumes of most first order transitions are not only small,
but they may be sensitive functions of temperature and pressure. Never-
theless, experimentally determined univariant curves representing first-
order transitions or isopleths of order/disorder for lambda transitions can
be reproduced by assuming AS® and AV® to be constant at all pressures
and temperatures corresponding to those along the univariant curves.
Density data can then be used to calculate standard molal entropies of
transition from the experimental values of k. Alternately, if calorimetric
data are available at one bar, standard molal volumes of transition can
be computed from experimental Clapeyron slopes. Note that the assump-
tion of constant AS® along univariant curves requires the standard molal
enthalpy of transition at a given pressure and temperature (AH®p 1) to
be proportional to the transition temperature (T} at all pressures, which
can be expressed as

AH®p ¢ = ASOP,,Tt Tip 9)

where AS°p_r_stands for the standard molal entropy of transition at the
reference pressure of 1 bar (P,). Although eq (9) is almost certainly not
strictly true for solid/solid phase transitions, errors in AH°p . arising
from the assumption that the univariant transition curve is both isen-
tropic and isochoric are probably negligible compared to other uncer-
tainties involved in thermodynamic calculations of phase equilibria at
high pressures and temperatures. Nevertheless, even if AS® and AV®
of transition were actually independent of pressure and temperature, it
does not follow that this assumption necessarily permits accurate values
of k to be computed directly from volumetric and calorimetric data.
If AS° and AV?® of transition are constant, it follows from eqs (1) and (3)
through (6) that

AC®, = KT <_‘9(§TL>> =T <—‘9-(AM¥>T ., (10)
S S
and
HAV®
K=  AC% ﬂ _ (12)

..

The extent to which either eqs (8) or (12) represents a close approxi-
mation of reality is difficult to assess because the standard molal heat
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capacities of first-order transitions are small and of the same order of
magnitude as the uncertainties in the calorimetric data from which they
are derived. For example, interpolation of heat capacity and expansi-
bility data taken from Stull and Prophet (1971) and Skinner (1966) sug-
gests AC°p = 0.09 cal mole—* (°K)~* and (9(AV®)/dT)p = 4.2 X 10—+
cm?® mole—* (°K)~* for the kyanite/andalusite transitiont at 1 bar. These
values lead to k = 19.2 bar (°K)~* from eq (12). This Clapeyron slope
is too large to satisfy high-pressure/temperature data, which require k
=~ 12.6 bar (°K)—* (see below). However, the calorimetric AC®;, of transi-
tion is subject to large enough uncertainties that it may well be in error
by the small amount required to make the computed value of k con-
sistent with the high-pressure/temperature data.

In general, power function coeflicients taken {from the literature for
equations describing the heat capacity of a given polymorph as a func-
tion of temperature at 1 bar cannot be used with confidence for tem-
peratures outside the range of the calorimetric measurements. Reliable
extrapolations to higher temperatures can be made with such coefficients
only if the calorimetric measurements from which they were derived
extend well above the “knee” in the curve representing the heat capacity
of the mineral as a function of temperature (see below). It should also
be emphasized that few of these coefficients are valid for temperatures
in the range where a lambda transition takes place. Nevertheless, re-
gardless of whether a given phase undergoes a first-order or lambda
transition, if the standard molal enthalpy relative to that at 298.15°K
is known as a function of temperature both above and below the tem-
perature (or temperatures) of transition, accurate values of the standard
molal entropies and heat capacities of the polymorphs can be computed
at higher and lower temperatures. For example, in the case of the super-
imposed lambda and first order transition represented schematically in
figure 4, the standard molal heat capacity at point b can be computed
from the value at point a by taking account of the apparent standard
molal heat capacity of tramsition. The apparent standard molal heat
capacity of transition corresponds to the difference in the heat capaci-
ties obtained by extrapolation of the heat capacity curves for the high
and low-temperature polymorphs to the transition temperature or lambda
point. Apparent standard molal enthalpies, entropies, and volumes of
transition are defined similarly. By taking account of these apparent
changes, values of the thermodynamic properties of high-temperature
polymorphs can be computed for temperatures above that corresponding
to point & in figure 4 if the standard molal thermodynamic properties
of the low-temperature phase at 25°C and 1 bar are known and heat
capacity power function coefficients for the two polymorphs are available
for temperatures above and below the interval represented by ab in
figure 4. For temperatures in the interval ab, the calculations generate
errors in the standard molal enthalpy of the phase equal to the area
between the dashed and solid curves, which is relatively slight for lambda
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transitions only if the mineral disorders over a narrow temperature
range. In the case of first-order transitions, the apparent and actual
properties of transition are coincident, and the error reduces to zero.
Lambda phase transitions which are ‘“‘smeared out” over a wide
temperature interval pose a more difficult problem in thermodynamic
calculations than those that occur over a narrow temperature range.
Smeared transitions are exhibited by dolomite, albite, epidote, mono-
clinic potassium feldspar, and other abundant minerals in the Earth’s
crust (see below). Accurate calculation of the thermodynamic properties
of these minerals requires explicit provision for changes in the thermo-
dynamic consequences of substitutional order/disorder with increasing
temperature. In contrast to the structural disorder contributing to the
thermodynamic behavior ol a-quartz between ~700° and 848°K, lambda
transitions in many complex silicates are caused by changes in site occu-
pancy with increasing temperature. Although continuous, these changes
in substitutional order/disorder are nonlinear functions of temperature
which have not been characterized adequately for most minerals.
Substitutional order/disorder—Although differential site occupancy
in minerals is a function of temperature, pressure, and composition, the
effect of intracrystalline exchange on the thermodynamic behavior of
minerals depends on the extent to which order/disorder is coupled to
changes in composition. If more than one kind of atom occurs in either
tetrahedral or octahedral coordination in a silicate, substitutional dis-
order may occur on one or hoth types of sites, and it may or may not
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involve the same atoms responsible for compositional variation in the
mineral. For example, as a consequence of the comparable temperature
dependence of the Z ordering parameters for albite and K-feldspar (see
below), compositional variation resulting from exchiange of Nat and
K+ among alkali feldspars may occur with little or no accompanying
changes in order among Al and Si on the T, and T, tetrahedral sites.
In contrast, substitution of Na for Ca in the plagioclase lattice is coupled
through aluminum avoidance and charge balance requirements to dis-
ordered substitution of Si for Al on the tetrahedral sites. Changes in
order/disorder thus invariably accompany compositional variation in
plagioclase solid solutions but not in alkali feldspars. In other cases, such
as the orthopyroxenes, substitutional order/disorder affects the thermo-
dynamic behavior of minerals only as a consequence of compositional
variation.

The distribution of atoms among energetically nonequivalent
sites in minerals is thermodynamically analogous to the association of
species to form complexes in an aqueous electrolyte solution. Equi-
librium among complexes and dissociated species in an aqueous solu-
tion can be described in terms of dissociation constants, which vary with
temperature and pressure. The dissociation constants determine (to-
gether with activity coefficients) the extent to which various complexes
form in a solution of a given composition. Of all the possible configura-
tions that could be taken by the ions in an aqueous electrolyte solution,
the distribution of species actually present is the one that contributes
to the lowest Gibbs free energy of the system at a given temperature and
pressure. Similarly, the distribution of atoms among energetically non-
equivalent sites in a stable mineral corresponds to the configuration
contributing to the lowest Gibbs free energy ol the mineral. However,
in contrast to their aqueous counterparts, complexes in crystals are
subject to site constraints. Nevertheless, the equilibrium distribution of
atoms among different sites in a crystal can be described in terms of
distribution constants, which are analogous to dissociation constants for
aqueous species. Site occupancy determines the magnitude of long-range
ordering parameters, which are related to distribution constants by the
law of mass action for intracrystalline exchange reactions.

The thermodynamic consequences of substitutional order/disorder
in a mineral of a given composition depend on the complexity and
geometry of its crystal structure, the bond angles and energies of attrac-
tion among the atoms on the lattice sites, and other crystallochemical
and configurational constraints contributing to energetic differences in
otherwise comparable lattice positions. Many investigations of inter-
change energies and changes in the thermodynamic properties of min-
erals caused by substitutional order/disorder have been carried out in
recent years (for example, Mueller, 1962; Matsui and Banno, 1965;
Thompson, J. B., 1967, 1969, 1970; Grover and Orville, 1969; Blander,
1970, 1972; Chelischev and Borutskaya, 1972; Saxena, 1969, 1973; Saxena
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and Ghose, 1971; Wood and Banno, 1973; Thompson, Waldbaum, and
Hovis, 1974; Hovis, 1974; Kerrick and Darken, 1975; Powell, 1977), but
most of these are not definitive with respect to the temperature depen-
dence of the thermodynamic properties of minerals that exhibit substitu-
tional order/disorder. Hovis’ (1974) and Thompson, Waldbaum, and
Hovis” (1974) recent studies are outstanding exceptions. For example,
Hovis’ calorimetric measurements of the heats of solution of eleven
monoclinic K-feldspars of difterent order (determined from their unit
cell dimensions) in 20.1 percent hydrofluoric acid at 49.7°C indicate a
difference in the standard molal enthalpy of formation of perfectly
ordered and completely disordered K-feldspars of 2650 cal mole—*. The
standard molal volumes of the feldspars exhibited a corresponding dif-
ference of 0.268 ¢cm?® mole—!, and Hovis estimated the difference in the
standard molal third law entropy of completely ordered and disordered
feldspar to be 3.7 # 0.3 cal mole—? (°K)—1. Variation of the long-range
ordering parameter in monoclinic potassium feldspar with temperature
and pressure may thus account for more than 2 kcal mole—?! in the
standard molal Gibbs free energy of the mineral. Although the standard
molal enthalpies of both sodium and potassium feldspar apparently
exhibit a linear dependence on tlie longrange ordering parameter (see
below), the ordering parameter itself is a nonlinear function of tempera-
ture. In contrast, the Bragg-Williams theory of order/disorder (Bragg
and Williams, 1934, 1935) requires a nonlinear relation between the
standard molal enthalpy of disorder and the ordering parameter. Never-
theless, both functions lead to a dependence of Gibbs free energy on
temperature similar to that depicted schematically in figure 5. The solid
curve in figure 5 represents the stable ordering state, and the numbers
indicate the degree of order.

Vacancy defects—Iew minerals occur in nature without crystallo-
chemical imperfections and inhomogeneities such as Schottky and
Trenkel defects, edge and screw dislocations, stacking faults, twin bound-
aries, domain structures, and sector zoning. All these contribute to the
thermodynamic behavior of minerals, both in the laboratory and in
geochemical processes. Imperfections in crystal structure occur on all
scales from electronic lattice defects caused by local excesses and de-
ficiencies of electrons to macroimperfections in stacking order.

Because the atoms on the lattice sites of a crystal are not stationary
but vibrate about an equilibrium position, thermal perturbations in
their vibration frequencies cause certain of the atoms to escape from their
lattice sites, either to vacant neighboring lattice sites or interstitial space.
If this phenomenon occurs on the surface of the crystal, the atom may
escape and contribute to the vapor pressure of the mineral. Once atoms
escape from the surface of a crystal, point defects are formed that migrate
through the crystal as other atoms “jump” into vacant neighboring sites.
In a first approximation, the fraction of lattice sites corresponding to
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point defects (f,) formed by thermal diffusion in a simple crystal can be
expressed as

—AG®,
In f, = T (13)

where AG®, refers to the standard Gibbs free energy of formation of
a single vacancy and k stands for Boltzmann’s constant. Eq (I13) is an
expression of the law of mass action for reversible formation of an ideal
defect. As expected, the higher the temperature, the more defects form
in a crystal (and the higher the vapor pressure of the mineral).

The energy requirements for point defect formation in simple com-
pounds can be computed from lattice models and elastic constants. Such
calculations by Holder and Granato (1969) indicate values of AG®, of
the order of an electron volt, or approx 3.8 X 10—2° calories, which is
in general agreement with calculations of the energy required to form
Schottky defects in simple ionic crystals reported by Rittner, Hutner,
and du Pré (1949a and b). Substituting this figure for AG®, in eq (13)
along with k = 3.2995 X 10—2¢ cal (°K)—* yields f, = 1.0 X 10—° for
1000°K and f, = 3.2 x 10—2 for 2000°K. The higher temperature value
compares favorably with experimental density measurements for metals,
which commonly exhibit defect concentrations of the order of 0.02
volume percent.

Although vacancy defect concentrations and the Gibbs free energies
of point defect formation in simple compounds are hardly representa-
tive of minerals in general, we can make a conservative estimate of the
order of magnitude of the contribution of vacancy defect formation to
the Gibbs free energies of formation of silicates by assuming a minimum
defect concentration of 0.02 volume percent, a representative molal
volume of 100 cm?® mole—?, and a value of AG®, approximately equal
to that in metals (that is, 3.8 X 10-2° calories defect—*). These figures
indicate that a kcal (mole of mineral)=* is required to form 0.02 volume
percent of l-angstrom vacancies. Although this calculation is highly
approximate, it does reveal that point defects arising from thermal
diffusion in crystals may contribute significantly to the thermodynamic
properties of silicates.

Vacancy defects are also functions of chemical potential gradients
in crystals, which may be controlled by chemical reactions of minerals
with their environment. In a geologic context, the thermodynamic con-
sequences of point defect formation in response to chemical potential
gradients may be greater than those computed above for vacancy defects
caused by thermal diffusion. Experimental studies of diffusion rates of
Na+t, K+, and Rb+ in single crystals of alkali feldspar by Petrovic (1974)
and Foland (1974) indicate diffusion coefficients of the order of 10-1°
to 10— cm? sec—1 at 800°C with activation energies ranging from 53 to
72 kcal (g atom)—*. The experimental data also suggest that alkali cation
diffusion in feldspars may be anisotropic and involve Frenkel defects.
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In general, solid state diffusion is too slow (even in the context of
geologic time) to permit significant intracrystalline mass transfer and
vacancy migration much below 500°C. At higher temperatures, the ex-
perimental data indicate that defect formation in response to thermal
diffusion, chemical potential gradients, and/or nonhydrostatic stress may
contribute significantly to the thermodynamic properties of minerals in
geologic systems.

Dislocations—As might be expected, the energy per unit atomic
length required to form a dislocation in a crystal is larger than, but com-
parable to the energy of formation of point defects. For example, Holder
and Granato (1969) report energies of formation for screw and edge
dislocations in metals and simple compounds of the order of 1 to 22
electron volts (unit atomic length)—*. Their calculations, which are based
on elastic theory, compare favorably with experimental measurements
on highly deformed materials. Dislocation densities in crystals range from
10* dislocations cm=2 in near-perfect crystals to 102 dislocations cm=2
in crystals that have undergone intense plastic deformation. If we assume
Holder and Granato’s (1969) value for the energy required to form an
edge dislocation in MgO (18.3 electron volts or 6.95 X 1019 cal (unit
atomic length)—1) and a dislocation density of 1012 dislocations cm—2, it
follows that formation of edge dislocations in a one cubic millimeter
crystal of plastically deformed periclase may increase its Gibbs free energy
of formation by as much as ten calories, which is equivalent to 11.2 kcal
(mole MgO)—1. This calculation leaves little doubt that dislocation
energies may affect substantially the stabilities of minerals in geologic
processes, especially those involving deformation, radiation, and/or rapid
cooling. All these processes favor the persistence of metastable phases in
deformed rocks and oppose the effects of annealing, which reduces dis-
location densities and promotes achievement of stable equilibrium.

It seems highly probable that differences in the thermodynamic
properties of synthetic and natural minerals having the same composi-
tion and crystallinity arise primarily from differences in the dislocation
densities of the samples. Both calorimetric and phase equilibrium studies
indicate that the standard molal Gibbs free energies of formation of
synthetic minerals produced over short time periods in laboratory ex-
periments may be several kcal mole—* less negative than those of their
natural counterparts. For example, equilibrium temperatures for the
reaction shown in figure 41 may vary by as much as 120°C, depending
on the sample of stoichiometric synthetic or natural tremolite used in the
experiments (G. B. Skippen, 1978, personal commun.). Because the stand-
ard molal entropy of the reaction represented by the curve in figure 41
is ~ 18 cal mole—* (°K)~' at high temperatures and pressures, this
variation corresponds to a difference of ~ 2.2 kcal mole—1 in the standard
molal Gibbs free energies of formation of stoichiometric synthetic and
natural tremolite.

Crystallinity and particle size—Because the surface area (and there-
fore the total surface energy) of the grains in a mole of a cryptocrystal-
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line mineral is greater than that of its coarsely crystalline counterpart,
fine-grained aggregates of minerals constitute metastable phases. A grain
boundary can be thought of as a continuum of dislocations with a
Gibbs free energy of formation comparable to that of multiple edge dis-
locations. Experimental solubility measurements suggest that differences
in both particle size and the crystallinities of various specimens of a
mineral formed in different environments under identical pressure/
temperature conditions may be accompanied by differences of as much
as several kilocalories mole—! in their Gibbs free energies of formation
(Frink and Peech, 1962; Kittrick, 1966a and b, 1970). Large variations
in crystallinity and Gibbs free energy commonly occur in clay minerals
such as gibbsite, kaolinite, montmorillonite, et cetera.

Cryptocrystalline minerals, like highly disordered phases, commonly
form metastably under conditions of rapid precipitation. In extreme
cases, the precipitated phase is amorphous. Upon “aging” or annealing,
metastable cryptocrystalline or amorphous minerals recrystallize to their
more stable configurations. Although decreasing crystallinity should be
accompanied by increasing solubility relative to the more crystalline
form of a mineral, this is not always observed. For example, fine grained
“massive” NaCl-KCl-CaCl, salt precipitated from a supersaturated solu-
tion and allowed to “age” is slow to dissolve upon subsequent expo-
sure to pure H,O. Owing to tight packing of the grains and the small
exposed surface area, the rate of dissolution is so slight that the salt
appears insoluble. However, fine-grinding the massive cryptocrystalline
salt restores its ability to reach equilibrium with its environment in a
matter of hours. This observation underscores the importance of recog-
nizing the distinction between crystallinity and particle size in experi-
mental studies of the thermodynamic behavior of minerals.

Particle size (or more preciscly, surface area) has been demonstrated
to have a substantial effect (up to 5 kcal mole—1!) on the heats of solu-
tion of 2a-FeOOH and a-Fe,O, (Ferrier, 1966: Langmuir, 1971a) and (to
a much lesser extent) on that of a-quartz (Hemingway and Robie, 1977a).
However, to our knowledge comparable studies of the effect of different
crystallinities on the heats of solution of sumples of the same particle
size have not been carried out. Nevertheless, it appears that the contri-
bution of the interfacial energy of the grains in a cryptocrystalline min-
eral to its thermodynamic behavior is comparable to that of the surface
energy of fine particles of the mineral.

As the effects of the crystallochemical and physical properties of
minerals on theiv thermodynamic behavior become better quantified, it
will no doubt become advantageous to include explicit physical specifi-
cations (such as perfect, completely ordered, single cvystals with a given
morphology and surface area) in the definition of the standard state,
rather than relying on the simple but ambiguous stipulation that the
mineral be “in its stable form.” Thermodynamic changes caused by
crystallochemical departures from the standard state could then be
described quantitatively in terms of variables analogous to activity co-
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efficients. Although sufficient data are not yet available to permit general
application of such an approach, a step in this direction has been made
by Mueller (1962), Thompson (1969), and others who describe the ther-
modynamic consequences of differential site occupancy in feldspars in
terms of long-range ordering parameters.

SUMMARY OF THERMODYNAMIC RELATIONS

As indicated above, the standard state for minerals adopted in the
present study is one in which the activities of the components of pure
(stoichiometric) minerals are unity at any pressure and temperature.®
Because this standard state is unrestricted with respect to pressure and
temperature, the apparent standard molal Gibbs free energy and en-
thalpy of formation of a mineral from its elements at a given pressure
and temperature (AG°py and AH®p ;, respectively) can be expressed as*

AG®p p = AG®; + (G°pn — G ) (14)
and
AH®p = AH®; + (H°pr — H®, 1,) (15)
where
T
Gopp— G = — $°p o (T —T,) + f Cop,dT
T,
T P
_T f CopdinT + f ve,dp  (16)
T, P,
and
T P
ave
HOP’T_HOP’T:fC°PdT+f<V°—T< ) )dP
T T aT r
T, P, T
(17)

where T refers to temperature in °K and P to pressure in bars, AG®;
and AH®; designate the standard molal Gibbs free energy and enthalpy
of formation of the mineral from its elements in their stable form

3 The term component is used in this communication in its strict thermodynamic
sense. A thermodynamic component of a mineral corresponds to a chemical formula
unit representing one of the minimum number of independent variables required to
describe the composition of the mineral. All stoichiometric minerals are thus com-
posed of a single component corresponding to the formula of the mineral. However,
because the term component has no physical connotation, the minerals themselves are
not components.

sUse of the word apparent in referring to AG°pp (and its enthalpy analog,
AH’p ) was suggested by Benson (1968) to preclude confusion with corresponding
standard molal properties of formation from the elements at high pressures and
temperatures, such as those tabulated by Robie and Waldbaum (1968). The latter
properties include provision for changes in the standard molal Gibbs free energies
and enthalpies of the elements with increasing pressure and temperature, which cancel
in computing the thermodynamic properties of chemical reactions.
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at 298.15°K (T,) and 1 bar (P,), and G°pq, G°p 1, H1, H, 1,
$°p_ 1., C°p, and V°; represent the standard molal Gibbs free energy,
enthalpy, entropy, heat capacity, and volume of the mineral at the sub-
scripted pressures and temperatures. The corresponding expression for
the standard molal entropy of a mineral at a given pressure and tempera-
ture (S°p 1) is given by

T P
Ve
S°pn — S°p ., = f CopdinT—T f(< o >P > dp
T, P,

| (18)

Standard molal heat capacities of minerals at 1 bar.—Experimental
standard molal heat capacities of minerals at 1 bar and temperatures
> 298.15°K can be represented closely by the Maier-Kelley (1932) power
function, which can be written as

Cop=a+bT—cT2 (19)
and integrated to give
T
fC°PdT:a(T—Tr)+ LT (L - L) (20)
’ 2 T T,
T,
and
3 1 1
o o c
Tf CopdinT=aln(I/T,)+ b (T —T,) + 7<T2 - T,2>(21>

r

where a, b, and ¢ stand for temperature-independent coefficients charac-
teristic of the mineral. Except for minerals with high Debye tempera-
tures, eq (19) yields fits of experimental heat capacities at temperatures
> 298.15°K to within ~0.1 cal mole—* (°K)~1 or less. The maximum fit
residuals occur in the vicinity of the “knee” in the heat capacity curve,
which is more pronounced and occurs at higher temperatures for min-
erals with high Debye temperatures. For example, it can be seen in
figure 6 that the curvature of the heat capacity curve for periclase is
considerably greater than that for e-quartz.

Although errors resulting from fits of eq (19) to experimental high-
temperature heat capacities of minerals with high Debye temperatures
may exceed 0.1 or even I cal mole—* (°K)—?, such large discrepancies are
rare. As emphasized by Kelley (1960), a single algebraic function capable
of fitting the heat capacities of all minerals equally well would contain
a large number of terms, many of which would be redundant for many
substances. Nevertheless, it is highly desirable from a computational
point of view to have such a function. Eq (19) represents a compromise
in this respect. It sacrifices a small degree of accuracy in the case of
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Fig. 6. Standard molal heat capacity of g-quartz and periclase as a function of tem-
perature at 1 bar (Kelley, 1960). The symbol 6 designates the Debye temperatures of
the minerals.

compounds with relatively high Debye temperatures for simplicity and
generality but still affords close approximation of the heat capacities
of most minerals. As a rule, the inconvenience of using diverse and more
complicated power functions such as those employed by Haas and Fisher
(1976), Krupka, Kerrick, and Robie (1977), and others is not warranted
by the corresponding improvement in accuracy.

In most cases, errors introduced by representing the standard molal
heat capacities of minerals with eq (19) tend to cancel in calculating
the thermodynamic properties of reactions. Even in cases where esti-
mated coeflicients are used (see below), eq (19) usually leads to signifi-
cantly more accurate standard molal entropies of reaction at high tem-
peratures than assuming the difference in the sums of the standard molal
heat capacities of formation from the elements of the product and re-
actant minerals (multiplied by their absolute reaction coefficients) to be
zero, which (if calorimetric heat capacities are not available) is the
approach advocated by Fisher and Zen (1971), Zen and Chernosky (1976),
and others.

Standard molal volumes of minerals—In general, (9V°/3P)y and
(3Ve/aT)p for minerals can be regarded as zero without introducing
undue uncertainty in thermodynamic calculations of mineral stabilities
at pressures and temperatures corresponding to those in the crust of the
Earth. It can be seen in figures 7 and 8 that (with the exception of
quartz) thermal expansion and compression of minerals cause opposing
changes in V° of the order of 3 percent or less at temperatures < 800°
to 1200°C at 1 bar and pressures < 20 to 40 kb at 25°C. In contrast,
the standard molal volume of a-quartz increases by more than 3 percent
as temperature increases to 575°C at 1 bar and decreases by ~ 3 percent
as pressure increases to ~ 12 kb. With a few exceptions such as a-quartz,
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the compressibilities of silicates at 25°C are of the order of 1 percent
or less at pressures < 10 kb.

Few compressibility data are available for minerals at high tempera-
tures, but those reported by Spetzler (1970) and Spetzler, Sammis, and
O’Connell (1972) for MgO and NaCl, together with lattice model calcu-
lations for NaCl reported by Demarest (1972) suggest that the isothermal
bulk modulus of simple compounds may decrease by as much as an order
of magnitude as temperature increases to ~1000°C. Although NaCl is
hardly representative of minerals in general, it seems reasonable to con-
clude from these observations that the effects of thermal expansion on
the standard molal volumes of minerals are essentially offset by the effects
of compressibility at pressures and temperatures in the vicinity of 5 to
10 kb and 500° to 1000°C. For this reason, and because compressibilities
decrease with increasing pressure, calculation of the thermodynamic
properties of reactions involving a gas or fluid phase at high pressures
and temperatures assuming V°pp to be equal to VO, 595455 for the
minerals in the reaction probably leads to negligible errors, even in many
cases for pressures as high as 50 to 100 kb (Delany and Helgeson, 1978).
In contrast, because AS°, and AV®, are commonly small for reactions
involving only solids, the compressibilities and expansibilities of minerals
may have a dominant effect on the thermodynamic properties of solid/
solid reactions at high pressures and temperatures.

If we assume an average thermal expansion of 3 X 103 ¢m? (°K)—?
at 1 bar on the basis of the curves shown in figure 7 and take the average
high-temperature compressibility to be 5 X 10—¢ ¢cm? bar—1* (which seems
reasonable in the light of available experimental data), compensation
of the effects of compressibility and thermal expansion would cause the
standard molal volume of a mineral at 2 kb and ~ 3%00°C, 4 kb and
600°C, and 6 kb and 900°C to be the same as its value at 25°C and 1
bar. The assumption of constant volume equal to V°p, .z, would thus
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Fig. 7. Expansibility of minerals as a function of temperature at 1 bar. The
symbols represent experimental data reported by Skinner (1966).
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Fig. 8. Compressibility of minerals as a function of pressure at 25°C. The sym-
bols represent experimental data reported by Bridgman (1948a and b, 1949).

introduce only slight errors in calculated values of AG®p , at these tem-
peratures and pressures (~ 25, 50, and 75 cal mole—?, respectively). For
the representative thermal expansion and compressibility adopted above,
these are the largest absolute errors that result from constant volume
calculations for minerals at pressures < 6 kb at 300°C, 12 kb at 600°C,
and 16 kb at 900°C. Because thermal expansion decreases dramatically
with increasing pressure (Skinner, 1966), the maximum error in $°pq
caused by the constant volume assumption is < 0.24 cal mole—* (°K)—*
at pressures < 10 kb. Owing to the opposing effect of AV° and
(0(AV©°)/3dT)p on the standard molal enthalpies of minerals as a func-
tion of pressure, errors in AH®;, » caused by the constant volume assump-
tion should be smaller than coresponding errors in AG°p, at pressures
< 10 kb.

Although uncertainties in AH®,y and AG®°py of the order of 75
cal mole—! and errors in $° 5 of ~ 0.25 cal mole—* (°K)—! may affect
significantly calculated equilibrium temperatures for solid/solid phase
transitions (see above), for most dehydration/decarbonation equilibria,
the assumption of constant mineral volumes has a negligible effect on
calculated equilibrium temperatures. The standard molal entropies of
such reactions are of the order of 20 cal mole—* (°K)—* or more, which
means that a relative uncertainty of 75 cal mole—* in AH®; ; for a given
mineral introduces only 5°C or less uncertainty in calculated equilibrium
temperatures (see below). This calculation takes no account of the fact
that errors introduced by the assumption of constant volume for minerals
tend to cancel in calculation of the thermodynamic properties of re-
actions, which reduces considerably relative uncertainties in values of
the standard molal Gibbs free energies of formation of minerals com-
puted from high pressure/temperature data.

Near-cancellation of (3(AV°)/9P); and (8(AV®)/dT)p, respectively,
for the reactant and product minerals in a given reaction would be
expected on theoretical grounds but can be demonstrated only for re-
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actions involving minerals for which highly accurate elastic constant
data are available. Cancellation of the effects of these variables on the
thermodynamic properties of reactions may occur even in the case of
dehydration/decarbonation equilibria. For example, expansibility and
volume data taken from Cameron and others (1973), Sueno and others
(1973), Skinner (1966), and Robie and Waldbaum (1968) for the minerals
in the reaction,

tremolite = 2 diopside + 3 enstatite + quartz + H,O (22)
indicate that the sum of (3(AV®)/dT)p for 2 diopside + 3 enstatite +
a-quartz is approximately equal to (3(V°)/9T)p of tremolite (9.6 X 102
cm?® mole~* (°K)—1) at ~ 550°C and 1 bar. At other pressures and tem-
peratures the difference is finite but certainly negligible compared to
8(V°)/aT)p of H,O.
Retrieval equations.—Assuming the standard molal volumes of min-
erals to be independent of pressure and temperature leads to

P

f VordP = Vop o (P — P 23)
P,

which can be combined with eqgs (16), (17), (I8), (20), (21), and the
approximation
VO
<a =0 @24)
oT /o

G°1— G p, = —S%% o (T —T,) + a(T — T, — T In (1/T,)
(c— bTT,? (T =T,

for minerals to give

+

+ Vo1, (P—P)

9T T2
(25)
° ° . . b 1 1
HP,T—HPT,T,—G(T—Ir)‘F (-T2 + ¢f — — —
2 T T,
+ VoPr»Tr (P—-7P,, (26)
and
o ° N c 1 1
Spp—S r,1, =4 In(T/T,) + (T =T, + < — >
2 Tz T,?
(27)

Eqgs (14) and (25) permit calculation of AG®°; for minerals from
values of Vop o, S°p,.r, and lLeat capacity power function coefficients
using equations of state and thermodynamic data for aqueous and gaseous
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species to evaluate experimental standard molal Gibbs free energies of
reaction (AG®,) at high pressures and temperatures. However, the ap-
proach used to calculate the requisite values of AG®, from high pressure/
temperature experimental data depends on the type of reaction being
considered.

Taking account of eq (14), the standard molal Gibbs free energy of
a reaction at a given pressure and temperature (AG°®,pr) can be ex-
pressed as

AG® pr = Z 7, AG® pr = z 7 (AG®y + (G®pr — Gol,l’,,TT))

l l

=—RT InKpy (28)

where 7; stands for the stoichiometric coefficient of the Ith species (I =
1,2,...10)in the reaction (which is positive for products and negative for
reactants), and Ky refers to the equilibrium constant for the reaction
at the subscripted pressure and temperature. The equilibrium constant
is related to composition by

] a™ = Kp, (29)

l
where a;p denotes the activity of the Ith species at the pressure and
temperature of interest.
For # independent reactions involving # species for which values
of AG®,; are unknown (i = 1, 2, ... ) and j species for which values of

AG®, ; are known (j = 1, 2, ... j), it follows from eq (28) for | = { +
7 that we can write

>

i

7
2 ? ﬁi,r AGO/.i: Z o-or,l’,'l‘ (30)
T

-

—— daead

T i
where
h ¢
o pr = AGOr,P,T - 2 . AGOj,P,T - 2 A, (Goi'l"T - Goi,P,.,T,)
i i

31

where AG®;p r refers to the apparent standard molal Gibbs free energy
of formation of the jth species (eq 14) and AG®, p 1 to the standard molal
Gibbs free energy of the rth reaction at the subscripted pressure and
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temperature. Eq (30) can be expressed as a linear matrix equation of the
form

i:1,2,...l‘—) AGo/’i O'O»,-’P’T

! ||
| ||
e R N
! .
| L

.rZ(I —

=

which can be represented by
B=r—ra (33)

where B refers to the column vector of unknown values of AG®;; ., r
denotes the matrix of stoichiometric reaction coefficients (7;,), and A
stands for the ¢°,pr column vector. If ¥ — ¢ and # values of o°, p 1 are
known, the matrix is nonsingular and the equation can be solved using
any one of several standard algorithms to yield { values of AG®, ;. Pro-
vided # experimental values of AG®, 5 are known experimentally and
values of S°p ., %, 1, V°ip, 1, V°p,r, and heat capacity power
function coefficients for eq (19) are available for all the minerals, the
requisite values of ¢°, p , can be computed from eqs (14), (25), and (31)
with the aid of thermodynamic data and equations for the gases and
aqueous species appearing in the reactions. Values of AG®;; generated
by the calculations permit calculation of corresponding values of AH®; ;
from

AH®, , = AG®,, + T, AS°; ; (34)

where AS®; ; stands for the standard molal entropy of formation of the ith
species from its elements in their stable form at 298.15°K and 1 bar.

Eq (83) ensures internal consistency among values of AG®;; com-
puted from a given set of high pressure-temperature phase equilibrium
data. However, if matrix equations for more than one set of reactions
are evaluated. the values of AG®; ; computed from any one of the matrix
equations will be consistent with those derived from another only if the
one or more values of the index j in each of tlie equations refers to a
mineral indexed by j or ¢ in at least one of the elements in each of the
other matrix equations. Fatlure to incorporate this constraint may lead
to contradictions in the thermodynamic properties of minerals computed
from different sets of experimental data, which is the cause of many such
discrepancies reported in the literature.

Equilibrium constanis and Gibbs free energies of reaction—Adopt-
ing alternate standard states for H,O facilitates calculation of ¢°. pr
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for different kinds of reactions. For example, if the reactions involve
only minerals and aqueous solutions, it is convenient to employ standard
states that are independent of pressure and temperature for all species.
Hence, if we specify a liquid standard state for H,O together with that
adopted above for minerals, the activity of pure H,O as well as the
activities of all thermodynamic components of stoichiometric minerals
are unity at any pressure and temperature. The most convenient standard
state for aqueous species other than H,O is one of unit activity in a
hypothetical one molal solution referenced to infinite dilution at any
pressure and temperature. The standard molal thermodynamic proper-
ties of aqueous solute species can then be calculated for pressures and
temperatures to 5 kb and 600°C from equations given by Helgeson and
Kirkham (1976 and in press) and Walther and Helgeson (1977). Similarly,
values of AG°y,0p 1 and the other thermodynamic properties of H,O
consistent with the liquid standard state can be computed for pressures
and temperatures to ~ 100 kb and < 1000°C from equations summarized
by Helgeson and Kirkham (1974a) and Delany and Helgeson (1978).
As an example, let us consider a reversible reaction involving only
minerals, H,0, and SiO,,, and let [ and -1 in eqs (28) and (29) refer
to the latter two species, respectively. We can then write

1

5

&
>
I

A0 flg,
2 . 8i02(aq)
au,0 3109¢4q)

{

o~

2
Ag; Ay 7 7
510g(aq) $102(ag) ' ’ X, ny Ny = Kpr
l

Myy0 .
2 . .
a}I2O 7nSxO2(aq) 7S102(aq)

(39)

where g0y, and Vi0yqq) stand for the molality and activity coefficient
of Si0; (4q), and X; and A; refer to the mole fraction and activity coeflicient
of the Ith component of the minerals involved in the reaction. The
activity coefficients are related to composition by

asio

o — 2(aq)

FsiOgap = S (35)
Sl02(061)

and
4
X,

where X; stands for the mole fraction of the /th component of a solid
solution. Note that regardless of the pressure and temperature, the
standard states adopted above require that A, — 1 as X; — 1, but ysio,
— lasago— 1

Because departures from unit activity of H,O caused by dissolution
of slightly soluble minerals in aqueous solutions are negligible, the

}\l:

(36)
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standard state for H,O described above is closely approximated by ex-
perimental conditions in many phase equilibrium studies. Solubility
data (for example, Morey, 1957) indicate that in the absence of CO,,
CH,, and other gases, the fluid phase involved in most experimental
studies is > 98 wt percent H,O, which corresponds to ~ 99.8 mole per-
cent. Under these conditions the activity of H,O can be regarded as
unity. The activity coefficient of SiO, ) in such solutions can also be
taken as unity without introducing significant error in thermodynamic
calculations (Walther and Helgeson, 1977). Consequently, if the re-
actions involve only minerals that exhibit little or no solid solution so
that A\; = X; = 1, eq (34) reduces to

Msi09(aq) — Kpr (37

For reversible reactions among stoichiometric minerals, H,O, and SiO, (),
analyses of silica in the aqueous phase thus yield values of log Kp
which can be used together with eq (28) to compute values of AG®, ¢ ¢
for eq (31). If the reactions involve only stoichiometric minerals and
H,0, eq (87) reduces to

log Kpr=0 (38)

and AG®, p¢ = 0 at the equilibrium pressures and temperatures deter-
mined in the experimental study.

Values of AG®, p 1 can be computed for reactions involving aqueous
species other than H,O and SiO;,,, in a manner analogous to that for
dehydration/desilication reactions. If we let ! designate H,O and i—1,

I-2, . . . -8 refer to the aqueous solute species, a general statement of
eq (29) can be written for a reaction involving § such species as

I—@+1) -1

fl 7l
Hg0 X, \ m = Kpr (39)

any0

]

Where 7, is defined by a general statement of eq (35). In most instances
¥, for nonpolar neutral species at high pressures and temperatures can
be regarded as unity without introducing significant error in the calcula-
tions. However, for ionic species, ¥, may be much smaller or greater
than 1, depending on the “true” ionic strength (I} of the aqueous phase.
The ionic strength in turn depends on the degree of ion association in
solution, which is a function of pressure and temperature. Values of I,
31,0 and ¥, for jonic species in chloride-rich solutions at high pressures
and temperatures can be computed with the aid of equations and data
summarized by Helgeson (1969) and Helgeson and Kirkham (1974b and
in press). Such calculations indicate that the ratios of ¥, for similar ionic
species (such as Nat+ and K+) are close to one in solutions of relatively
low ionic strength at high pressures and temperatures. Under these con-
ditions, the electrostatic properties of the solvent favor ion association
and the formation of neutral complexes, which lowers the “true” ionic
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strength of electrolyte solutions. In general, the activity of H,O in elec-
trolyte solutions at temperatures < 200°C can also be regarded as unity
without introducing unacceptable uncertainty in values of Kpp com-
puted from eq (39), even in concentrated solutions. At higher tempera-
tures, the osmotic coefficients of electrolyte solutions reported by Liu and
Lindsay (1972), Lietzke and Stoughton (1974), and Silvester and Pitzer
(1977) indicate that ay,, may be as low as ~ 0.6.

As a rule, it is convenient to regard CO, as an aqueous species at
temperatures and pressures corresponding to those in the two-phase
region of the phase diagram for the system CO,~H,O in figure 9. The
standard state for CO, 4, iIs then taken to be the same as that adopted
above for other aqueous species. In contrast, at higher temperatures
where H,0 and CO, are completely miscible, it is advantageous to adopt
a gas standard state for CO, The gas standard state is one of unit
fugacity of the hypothetical ideal gas at 1 bar and any temperature. The
standard molal Gibbs free energy of the gas is then independent of pres-
sure. Despite the fact that the activity of H,O may be << 1 in fluids
coexisting with both carbonates and silicates at high temperatures, it is
convenient in certain instances to compute values of AG°, p . for dehy-
dration/decarbonation reactions by employing the gas standard state for
CO; in conjunction with the liquid standard state for H,O. In contrast
to the standard molal Gibbs free energy of CO,, the standard molal
Gibbs free energy of H,O is then a function of pressure. If ideal mixing
occurs in a fluid phase composed of CO, and H,O, the activity of H,O
relative to the liquid standard state is equal to its mole fraction. How-
ever, the activity of CO, consistent with the gas standard state is equal
to its fugacity, which is related to the mole fraction of CO, in the fluid
by Dalton’s law; that is, for fluid pressure (P;) equal to total pressure (P),

feo, = Poo, Xco, = Xcoy Xco, T (40)

where foo,, Pcoy Xcop and Xeo, stand for the fugacity, partial pressure,
mole fraction, and fugacity coefficient of CO,. The law of mass action
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Fig. 9. Phase relations in the system CO.,~-H,O at high pressures and temperatures
{Todheide and Franck, 1963).



Equilibrium constants and Gibbs free energies of reaction 39

for a dehydration/decarbonation reaction consistent with ideal mixing
of CO, and H,O can be written for these standard states as

150
Ao 2 foo,

11,0 Ago, 05 1700y |
X1{20 - X002 Xco, p i X,

which corresponds to a statement of eq (29) with [ and [—I designating
H,O and CO.,, respectively. 1f all minerals involved in the reaction are
stoichiometric, so that A, = 1 in eq (36) for I = 1, 2, . . . (I-2) at all
pressures and temperatures, eq (41) reduces to

flyyo oo Tigo, fgoy
XHQO z Xc<)2 2 Xc0s L 2 = Kpr (42)

which permits calculation of AG®, p 1 for eq (31) from eq (28) and experi-
mentally determined fluid compositions.

If the gas standard state is adopted for both CO, and H,O in calcu-
lating the thermodynamic properties of decarbonation/dehydration re-
actions, an equation for H,O analogous to eq (40) can be written, and
eqs (41) and (42 become (for P, = P)

-2
figy0 oo, | | 7y 1,0 Lo ii,0 oo
_ 2
fH20 2 fco2 2 || & - X1120 z Xco2 2 XHa0 2 Xc0o
-2
(g0 + ficoy) o
pr 2 2 Xy "N = Kpr (43)
)
and
Tlir,0 o 1,0 Lo, (ﬁ1{20 + fico,) _
XH2O z Xco2 2 Xm0 2 Xoog p =Ko (44)

where xy,o refers to the fugacity coefficient of H,O.
Pressure-volume-temperature data for the system CO,-H,O indicate
that under certain restricted pressure/temperature conditions the mixing
properties of these components are essentially ideal (Greenwood, 1973;
Holloway, 1977), which means that for reactions at these pressures and
temperatures the fugacity coeflicients of pure CO, and H,O at the tem-
perature and total pressure of interest can be used for xco, and xu,o in
eqs (43) and (44). For ideal mixing of CO, and H,O, values of o, and
Xmy0 at high pressures and temperatures can be calculated from equations
summarized by Holloway and Reese (1974), Holloway (1977), and Helgeson
and Kirkham (1974a). If provision for nonideal mixing is incorporated in
the calculations, fugacity coefficients for both CO, and H,O as a function
of X¢o, can be computed from the modified Redlich-Kwong algorithm



40 Summary of Thermodynamic Relations

given by Holloway (1977). Note that if H,O is not involved in the re-

action, fig,o = 0 and XH2O7ZH2O = XH2O"H20 = 1 in both eqs (42) and

(44). However, if CO, is absent, eq (42) reduces to zero, and eq (44) be-
comes (for Py = P)

M0 pPiyo _ fli,0 _
XH0 2 p 2 —fH20 2 ‘KI’,T (45)

The equilibrium constants in eqs (41) and (43) require G°p¢ —
G®p,r, in a statement of eq (14) for CO, to be equal to G°p,r —
G®p_ 1, which is true for H,O only if eqs (43) and (44) or (45) are used
to describe the equilibrium states. Values of G°p 1 — G°,r, Hp,x —
Hep, 1, $°p,,z — S$°p,1,, and C°p_, for gases can be computed from eqs
(19) and (25) through (27) using heat capacity coeficients given by Kelley
(1960), which permits calculation of AG®°p 1 and AH®p 1 with the aid of
€gs (14) and (15) and the values of AG°; and AH®°, for gases reported by
Wagman and others (1968). The thermodynamic properties at 25°C and
1 bar of a number of gases of geologic interest are summarized in table 9.

Solid solutions—Calculation of AG®, . from experimental data
for reactions involving solid solutions requires provision for mixing of
atoms among energetically equivalent sites in the mineral, as well as
exchange of atoms between energetically distinct sites. The thermo-
dynamic consequence of mixing and exchange of atoms among energeti-
cally equivalent and distinct sites in solid solutions has received consider-
able attention in recent years (Mueller, 1962; Matsui and Banno, 1965;
Thompson, 1967, 1969; Blander, 1970, 1972; Saxena and Ghose, 1971;
Saxena, 1969, 1973; Grover and Orville, 1969; Wood and Banno, 1973;
Kerrick and Darken, 1975; Powell, 1977; Aagaard, Helgeson, and Ben-
son, 1979). Because silicate solid solutions commonly exhibit composi-
tional variation on more than one kind of site, the activities of the
thermodynamic components of the solutions rarely equal the mole frac-
tions of the components. However, if no exchange of atoms between ener-
getically distinct sites accompanies compositional variation, the activities
of the thermodynamic components of the mineral can be approximated
by assuming random mixing and equal interaction of atoms on ener-
getically equivalent sites. A general equation relating site occupancy in
such solutions to the activity of the ith thermodynamic component (a;)
can be written as®

a; = ky ’ _’_} Xj,svs'j'i (46)
)

s

where k; denotes a proportionality constant determined by temperature,
pressure, and the stoichiometry of the ith component (see below), v, ;;

51t should perhaps be emphasized that no assumptions other than those stated
above are necessary to derive eqs (46) through (52) from first principles of either
classical or statistical thermodynamics (for example, see Kerrick and Darken, 1975;
and Aagaard, Helgeson, and Benson, 1979).
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stands for the stoichiometric number of sth energetically equivalent sites
occupied by the jth species in one mole (gram formula unit) of the ith
component, and X;, represents the mole fraction of the jth species on
the sth sites in the solid solution, which is given by

Ny s
>
i
where n;, stands for the number of moles of the jth species on the sth
sites. The proportionality constant k; in eq (46) can be expressed as

ki = E H( V:"’f >—VS'“ (48)
S ] 8.1

so that at all pressures and temperatures,

X;s = 47)

lim a; — 1
X;—1 (49)
where X; stands for the mole fraction of the ith thermodynamic com-
ponent of the solid solution, and v, ; designates the stoichiometric num-
ber of energetically equivalent sth sites in one mole of the ith component.
Note that v,; = w,;; only if one kind of atom occupies the sth sites.

Otherwise,
Vei = z Vs,i,i (50)
i
Similarly, 2, = 1 only if one kind of atom occupies each kind of ener-
getically equivalent sites in the mineral
Although eq (46) is strictly valid only for solid solutions of thermo-
dynamic components with equal standard molal volumes, it can be used
to obtain close approximations of a; if the standard molal volumes of
the components are within ~5 (or even in some cases ~10) percent of
each other. Eq (46) is consistent with

G-G=RT S X, (zn it S v X, ) 1)
i s i
where G — G° stands for the molal Gibbs free energy of mixing. Differ-
entiating eq (51) leads to

§-8°=_R EXi <lnki+ zzvs,j,ilnXis >
i s
al ki d 5.4, 4
S (P58 S (%),

pop . (O X (52)
8,15 aT Per‘
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where S — S° corresponds to the molal entropy of mixing for a random
distribution of atoms on all energetically distinct sites and the subscript
X; stands for constant X; for all values of i. Note that (dv;;:/0T)p, (8 In
ki/3T)p, and (0 In X, /9T )rx; are finite only for components that ex-
hibit disorder as a function of temperature. In these cases, v, ;;, k;, (9 In
ki/3T)p (0In v, ;:/8T)p, and (8 In X; /97T )e.x; can be computed from long-
range ordering parameters, equilibrium constants, and standard molal
enthalpies of reaction for exchange of atoms among energetically distinct
sites.

Provision for exchange of atoms between energetically distinct sites
can be made in thermodynamic calculations by taking account of con-
straints imposed by homogeneous equilibrium among the various species
on the sites. The law of mass action for an interchange reaction involving
atoms designated by j = 1 and j = 2 on energetically distinct sites repre-
sented by s = 1 and s == 2 can be written as

2 2
l l XJ',s I )\j.s o= K (53)
1 s=1 j=1

2
T
l

e

[
—_

)
where a;, and \;, refer to the activity and activity coefficient of the jth
atom on the sth sites, #;; stands for the reaction coeflicient of the sub-
scripted atom on the sth sites (which is negative for reactants and posi-
tive for products), and K denotes the equilibrium (distribution) constant
for the reaction. Because K is independent of composition, if A;, = 1
for all values of j and s so that all atoms on each kind of energetically

equivalent sites mix randomly with equal interaction, eq (53) reduces
to

22,
] %™ =x 64

j=1

c,\
—_—

which can be used together with X-ray, neutron diffraction, or Méssbauer
spectral data and eqs (46) and (52) to calculate the activities of the ther-
modynamic components of solid solutions and the entropies of mixing
from compositional data.

In contrast to the mixing equation derived by Kerrick and Darken
(1975), eqs (46), (51), (52), and (54) apply to mixing of ordered, dis-
ordered, and partially ordered components, but only if substitutional
order/disorder is not coupled to compositional variation in the mineral.
In the latter case (which includes orthopyroxene and plagioclase solid
solutions), intrasite mixing is accompanied by intersite exchange, and
Nj, 1s a function of composition. Either A;; or A; must then be described
with the aid of regular solution theory or higher order Margules expan-
sions, such as those summarized by Thompson (1967), Saxena (1973),
and others.
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ESTIMATION OF ENTROPILES, VOLUMES, AND HEAT CAPACITIES OF MINERALS

The equations summarized above permit calculation of the standard
molal Gibbs free energies of formation of minerals at P, and T, from
experimental observations of phase equilibria at high pressures and tem-
peratures. However, the calculations require values of $°p 1, Vo 1., and
heat capacity coefficients for all the minerals involved in the reactions.
These data are available for most of the minerals considered below, but
in certain cases it was necessary to use estimated entropies, volumes, and
heat capacities to compute Gy — G°p ¢, Hopr — H 1, and S
— $°p_r, for minerals at high pressures and temperatures. Configurational
contributions were included in the estimates only in cases where the mag-
nitude of the contributions could be established unambiguously. This
procedure - seems preferable to that advocated by Waldbaum (1973),
Ulbrich and Waldbaum (1976), Zen (1977), and others, who argue in
favor of adding ideal configurational entropy contributions to the calori-
metric third law entropies of minerals that exhibit order/disorder. Con-
sideration of substitutional order/disorder in alkali feldspars, Ca—-Al
pyroxene, and other minerals (see below) suggests that actual configura-
tional contributions to the entropies of minerals may be substantially
less than ideal.

Although calorimetric third law entropies and heat capacities of
minerals are uncertain to the extent of a few tenths of a cal mole—!
(°Ky~—1, the uncertainties generally fail to justify unweighted optimiza-
tion of standard molal entropies of reaction by linear programming, as
suggested by Gordon (1973), who treats botl entropies and Gibbs free
energies of reactions equally as adjustable parameters.® Accordingly, most
of the calculations reported below were carried out using entropies and
heat capacities of minerals derived from calorimetic data or estimation
algorithms, rather than generating them from high pressure/temperature
phase equilibrium data. Adjustments were made only in those cases
where the thermodynamic consequences of order/disorder have been
documented or the predicted Clapeyron slopes of univariant curves
failed to satisfy experimental observations at high pressures and tem-
peratures. This procedure ensured compatibility of the calculations with
low-temperature heat capacity data and precluded erroneous assign-
ment of uncertainties in reversal temperatures to the standard molal
entropies of minerals. It also minimized errors caused by assuming un-
warranted configurational contributions to the entropy, which tend to
cancel in reactions among disordered minerals.

In general, the standard molal volumes, entropies, and heat capaci-
ties of minerals at 25°C and 1 bar can be estimated to within a few
percent of their experimental values. In most (but not all) cases (see
above), discrepancies of this order of magnitude have a negligible effect

¢ Although weighting factors can be incorporated in linear programming routines

for thermodynamic analysis of high pressure/temperature phase equilibrium data,
comprehensive calculations of this kind have yet to be carried out.
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on calculated standard molal enthalpies and Gibbs free energies of re-
actions at high pressures and temperatures.

Entropy and volume.—Various empirical algorithms have been used
to estimate the standard molal entropies of minerals (Latimer, 1952;
Pitzer and Brewer, 1961; Kelley, private commun. cited by Stull, 1965;
Fyfe, Turner, and Verhoogen, 1958; Helgeson, 1969; Saxena, 1976;
Cantor, 1977). All these yield close approximations for certain classes
of compounds, but none is valid for all minerals. Most such algorithms
are based on corresponding states relations and/or models in which
simple additivity rules or the entropies of structural analogs are modified
to take explicit account of atomic mass, ionic size and charge, and/or
the standard molal volumes of minerals. For example, Fyfe, Turner, and
Verhoogen (1958) employed the relation,

S%e.t, = S°sip,r, T k(voi,Pr,Tr — V°sip.1,) (55)
where the subscript i denotes the mineral for which the standard molal
entropy at 25°C and 1 bar is to be estimated, & denotes a constant, and

So):,i,P,,,T,, = E Vj,isoj,P,.,T,. (56)
]
and

Vesip,r, = E v;,:V°ip.t, (67)
J
where v;; stands for the number of moles of the jth oxide formula unit
(G =1,2 ... in one mole of the ith mineral, and S° , and
V®;p r, represent the standard molal entropy and volume of the pure
oxide at 25°C and 1 bar. A value of 0.6 appears to be the “best” value
of % for most silicates (Fyte, Turner, and Verhoogen, 1958; Beane, ms),
but comparative calculations indicate that & may vary significantly for
minerals in different structural classes.

In most cases eq (b5) affords estimates of the standard molal en-
tropies of minerals within a few percent of those obtained experimen-
tally. Although this equation is clearly more accurate than assuming the
standard molal entropy of formation of a mineral from it oxides to be
zero (see below), which leads to

So‘i,P,.,T,. = So):,i,P,.,T,’ (58)
closer approximations can usually be obtained by first writing a reversi-
ble reaction between the mineral for which the standard molal entropy
at 25°C and 1 bar is to be estimated and another mineral (or minerals)
in the same or a similar structural class using oxide formula units to
balance the reaction. For example, the standard molal entropy of aker-
manite at 25°C and I bar can be estimated from the calorimetric entropy
of gehlenite by taking account of

Ca,MgSi,0;, + «ALO, = CaALSiO;, 4+ MgO + SiO,
(akermanite) (corundum) (gehlenite)  (periclase) (a-quartz)
(59)
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for which

o _— Qo S0 o o
Soakermanite, + AS r S gehlenite + S perieluse + S a-quartz S corundum

(60)
and
— [ o
voakerananite + Avor - Vogehlem’te + vopcr'iclase + V a-quartz A% corundum
(61)

If we now write general expressions of the form of eqs (60) and (61)
and designate the left sides of these expressions as §°; and V°, respec-
tively, close estimates of the standard molal entropies of nonferrous
minerals (see below) at 25°C and 1 bar can be computed from

5%.p.1, = Suiremy (Vairery * Viirm) (62)

oV °
ZV $,4, P, Ty

by first calculating S ; p,r, and V°;p, r from expressions such as egs
(60) and (61). For example, in the case of akermanite, substituting ex-
perimental standard molal entropies and volumes of gehlenite, periclase,
a-quartz, and corundum, together with the standard molal volume of
akermanite in eqs (60) through (62) yields an estimate of 50.0 cal mole—*
(°K)~* for S°;p . which is equal to the calorimetric value reported
by Robie and Waldbaum (1968). In contrast, eq (55) results in an esti-
mate of 46.8 cal mole—* (°K)~1, and simple addition of the standard
molal entropies of the oxide formula units in akermanite (eq 58) yields
45.2 cal mole—?* (°K)~1%

Alternate entropy estimates computed from eqs (55), (58), and (62)
for various nonferrous silicates are shown in table 1 and plotted in figure
10, where they can be compared with their experimental counterparts.
The standard molal entropy and volume of H,O used to calculate the
estimates for tremolite and kaolinite correspond to those for “‘structural”
H,O in table 2 (see below). It can be seen in table 1 and figure 10 that
both eqgs (55) and (62) yield reasonably close approximations of experi-
mental entropies that are significantly better than those obtained from
eq (58), but the estimates computed from eq (62) are more consistently
reliable and generally closer to their exprimental counterparts than those
obtained from eq (5b). Note that in certain cases (for example, clinoen-
statite, diopside, and merwinite), relatively large errors result from eq
(55) but not from eq (62). The latter equation also affords close estimates
of the standard molal entropies of nonferrous carbonates, chlorides, sul-
fates, and multiple oxides, which is not true of eq (55). However, none
of the algorithms yields accurate estimates of the standard molal en-
tropies of sulfides, which can be approximated more closely by using
Latimer’s (1952) or Kelley’s (private commun., cited by Stull, 1965)
approach.

Differences between the standard molal entropies estimated from
eq (58) and the calorimetric values shown in table 1 range from 0.1 to
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TABLE 1
Comparative summary of experimental and estimated standard
molal entropies of minerals at 298.15°K and 1 bar

Experimental] Estimated S‘P R S
Mineral Formula v T ad 5% T &d rr
rr rr
(eq 58) | (eq 55) | (eq 62)

Clinoenstatite MgSiO3 31.276 16.2 16.3 14,7 16.2
Wollastonite CaSi0 39.93 19.6 19.4 19.7 20.0
Diopside CaNg(SiO3)z 66.09 34.2 35.7 31.3 344
Jadeite NaAI(SiOB)Z 60.40 31.9 34.8 28.7 32.5
Tephroite Mn,5i0, w602 | 39.02 8.4 | 381 | 38.8
Calcium-olivine Y-CazSiOb 59.115 28.8% 28.9 30.6 28.9
Phenacite BeZSiOb 37.19— 15 4~ 16.6 15.4 16.5
Willemite 20,530, s2.422 | 31,02 30.7 | 3.6 | 315
Akermanite CazHgSi207 92.81 50.0 45.2 4.8 50.0
Merwinite CaBHg(SiOh)Z 104. 4 60.5 54.7 54.3 59.9
Low Albite NaAlSi308 100.07 49.5 44.7 48.7 48.6
Nepheline NaAlSiOh 54,16 29.7 24.9 28.7 30.1
Tremolite CazHgssiaozz(OH)z 272.92 131.2 139.8 132.6 131.8
Kaolinite AIZSKZOS(OH)“ I 99.52 48.5 511 51.8 L8.2

Mineral Reference reactions for the estimates shown in column 7 above
Clinocenstatite MgSiO3 + Mn0 : NnSiO3 + Mg0
wollastonite CaSi0, + MnO == HnSi0, + Cal
Diopside CaMg{S10,), = MgSi0y + Cad + sio,t
Jadeite NaAI(SiOB)z + Ca0 + Mg0 —— CaMg(SiO3)z + 0.5Na,0 + 0.50-“203
Tephroite Mn,S70, + 2Mg0 = Mg,$i0, + 2HnO
Calcium-olivine Y—CazSiOh + 2BeQ 'c_—\: BeZSiOh + 2Ca0
Phenacite BeZSiOh + 2Mg0 ? HgZSiOh + 2Be0
Willemite ZnZSIOh + 2Hg0 ﬁ ngSich + 22n0
Akermanite CazHgSi207 + tx—MzO3 .\__\" CazAlz§i07 + Mg0 + SIOZh
Merwinite CaBHg(SiOh)Z + Ca0 T 202,50~ + MgO
Low Albite NaAlSij0g + 0.5K,0 T KAISi 063 + 0.5Na,0
Nepheline NaAlSi0, + o.sxzo: KA1S70, + 0.5Na,0
Tremolite CaZHQSSIBOZZ(OH)z _T_.T HQBSi‘aolO(OH)Z + ZCaMg(Si03)z
Kaolinite AIZSIZOS(OH)I‘ + 25?02— i MZSi‘JOIO(OH)Z + HZO(S)

3m3 mole.\. ERohie and Waldbaum {1968). Scal mole_](“K)_‘. gC)«:ept

where indicated otherwise, the values of V"P and $° 1 shown in
raTr Pr,Tr

these columns were taken from table 8. ECom;ut;d using exp:rimental
standard molal entropies and volumes for the minerals shown abtove and/or

those for oxides and minerals in tables 2 and 8 together with the values

3

of Vo T, and qur-Tr for rhodonite (35.16 cm® mote”' and 2.5 cal mole”!

3

mo]e-] and 30.50 cal rno]e_l

(’K)-I, respectively) given by Robie and Waldbaum (1968). itarnite.
icrocline. —hq-quartz.

(°K)_l, respectively) and larnite (51.60 cm
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8.6 cal mole—1 (°K)—1. Corresponding discrepancies resulting from eq
(65) are smaller (from 0 to 6 cal mole—! (°K)—*), but many are never-
theless large. In contrast, none of the errors intoduced by the structural
algorithm (eq 62) exceeds 1.1 cal mole—? (°K)~!, and all but two
of the estimates calculated from eq (62) are within 0.6 cal mole—?
(°K)~! of the experimental values shown in table 1. These and other
comparisons of this kind indicate that eq (62) yields estimates within
~ 1 percent of the calorimetric entropies of most silicates at 25°C and
1 bar. It should perhaps be emphasized in this regard that errors in esti-
mated standard molal entropies of minerals computed from eq (62) which
exceed ~ 1 percent of the corresponding calorimetric values can usually
be attributed to the use of an inappropriate structural analog in the
reference reaction employed in the calculations. In certain cases the esti-
mates may be affected considerably by the extent to which the structural
analogs represent adequately the various structural domains in the min-
erals in question. Where a dearth of data requires use of a quasi-analog,
the uncertainty in the estimate may exceed several cal mole—1 (°K)—1
In these cases, eq (b5) may yield a better estimate.

With the exception of solid/solid phase transitions, errors in the
standard molal entropies of minerals of the order of ~ 1 percent have
a negligible effect on calculated standard molal entropies of reactions
at high temperatures, whicl are commonly of the order of 20 cal mole—
(°K)~* or more. Although uncertainties in G°py — G°p_p caused by
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errors in estimated entropies may exceed several hundred cal—* mole—*
at high temperatures, if all estimates are consistent with one another
and more than one estimate is involved, errors in G°p y — G°p o _caused
by the structural algorithm tend to cancel in calculating the standard
molal Gibbs free energies of reactions at high temperatures and pressures,

The contribution of structural H,O to the standard molal entropies
of silicates (S°m,0,,,) can be estimated from eq (62) using calorimetric
data for hydrous minerals together with the contribution of structural
H,O to their standard molal volumes (V°y,o,), which is ~13.7 cm?
(mole H,0)—t (Fyfe, Turner, and Verhoogen, 1958). This value of
V°H20(S) and the standard molal volumes and entropies of a-quartz, kao-

TABLE 2
Summary of experimental standard molal volumes, entropies,
and heat capacity power function coefficients for oxides

al .o b b COZfSLE:Z:tSI;?r Temperature
Mineral Formula v°Pr’Tr S PL'TIf coPr.Tr_'E 1 ng‘o3 Eﬁxlo'5 Range, °K
Lime a0 16,7665 | 95002 0%] jo.24 11,672 | 1,082 | 1.563 | 298-2000%
Periclase Mg0 11,2485 1 6. uufg:2 9.03 10,1838 | 1.3 ] 1.48% | 298-2100%
Manganosite Mn0 13.2215 [ 2780l 10.70 1.1 | 1963 | 0.88% | 298-1800%
Ferrous Oxide Fe0 12,008 [1as2fo2el | 11sg 12.12% 1 2,075 | 0.75% | 298-16002
Brome!lite BeO s.309" | 3.389°2 6.08 8.459 | 4002 | 3.172 | 298-1200%
Zincite Zn0 14,3385 [10.4300d 9.62 1.719 1,222 § 2,188 | 298-20002
Potassium Oxide | K,0 uo.385 22,5009 20.10 18.515 1 8.65% } 0.88° | 298-11002
Sodium Oxide Naj0 |25t 179358 16.46  |18.257 | u.85" | 2.89" | 298-10002
Corundum a-Al,0, 25.57% 1218504 18.90 27.49% j2.829 | 8,383 | 298-18002
Hematite a-Fe,0, | 30,274~ 20.94% 25.04 23,499 h8.603 | 3.55% | 298- gs0dr¥
B-Fe,0, 36.00% | 0.00% | 0.00% | 950-10509%
Y-Fe, 05 . . 31,713 J1.763 ] 0.00% { 1050-1800%
o-quartz sio, 22.688- | 9.88- 10.63 11,229 [8.209 | 2.70% | 298- 848X
g-quartz si0, 23.72% 14.99 1.2 J1.94 | 0.00% | 848-2000%
“Structural Hy0 | )0y 13.72 9.6% | 957 7.2 18.26% | 0.00> |298-1000%
“Zeolitic! KO | KO 1 14t Tk ot Jo.o¥ |o.0¥
icm3 mole_l. Ecal mt:)le_I (°K)-|. SEstimated from standard molal volumes of zeolites (see text).
9ot mole (072, Zcat (*K) mole . fRobie and Waldbaum (1968). ZStull and

Prophet (1971). Destimated from equation (62) using standard molal entropies and volumes of

sodium aluminum silicates given in table 8 (see text). angman and others (1968). Kgtandard

motal volume at 575°C given by Robie and others (1966). ﬁParker, Wagman, and Evans (1971). DFyfe,
Turner, and Verhoogen (1958). ZEstimated from equation {62) and the standard molal volumes and
entropies of a-quartz, pyrophyllite, chrysotile, kaolinite, and talc shown in table 8 (scc

text). Blomputed from equation (19) using the heat capacity coefficients given above. IKelley
{1960). Generated by regression of heat capacity data reported by Stull and Prophet {1971) with
equation (19). Zpankratz {1964b} . E{stima(ed from the standard molal entropies of analcime and
dehydrated analcime given in table 8 {see text). “Haas and Robie (1973). Yectimated from equations
(86) through (88) and calorimetric data reported by King {13955) and King and Weller {1361b) - see
text. EEquation (19) fails to represent adequately changes in the standard molal heat capacities

of «, B, and Y polymorphs in the vicinity of a/8 and B/y transition temperatures {sce text).

Xhis value was adopted in preference to that computed by Chase and others (1975) because it appears

to be more consistent with the standard molal entropies of other calcium compounds at 25°C and 1 bar.
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linite, chrysotile, pyrophyllite, and talc permit calculation of Sy, at
25°C and 1 bar from alternate statements of eq (62) for

kaolinite 4 2 a-quartz = pyrophyllite + H,O (63)
and
chrysotile + 2 a-quartz = talc +H,O, (64)

which yields 9.9 and 9.3 cal mole—* (°K)~%, respectively. The mean of
these (9.6 cal mole—* (°K)~—) is close to the value of $%.,, computed
from eq (55) using Vo005 = 13.7 cm® mole—* and the standard molal
entropies and volumes of K,O, corundum, a-quartz, and muscovite (9.4
cal mole—* (°K)—1). The latter value corresponds to that suggested by
Latimer (1952) for estimating the entropies of nonsilicates containing
loosely bound H,O, but it is 1.3 cal mole—! (°K)~! lower than the
standard molal entropy of metastable ice at 25°C and 1 bar (10.7 cal
mole—t (°K)—1). It appears from these and similar calculations and com-
parisons that a value of 9.6 cal mole=* (°K)~* for S°y,0,,, yields closer
estimates of S° r_for hydrous silicates from eq (62) than those gen-
erated from eqgs (55) or (68) using 9.4, 9.6, or 10.7 cal mole—! (°K)—!
for 5°uy0,,, at 25°C and 1 bar. Accordingly, 9.6 cal mole=* (°K)~=* was
adopted for $%y.0 ., p,r, in the present study (table 2).

It can be deduced from table 1 that eq (62) yields estimates for tre-
molite and kaolinite that are within 0.6 percent of the calorimetric
values, which is also true for chrysotile. With the exception of muscovite,
larger discrepancies result if eq (55) is used with S°Hy005 = 9.6 cal
mole~! (°K)~*, The latter discrepancies range from ~ 2 to 5 cal mole—*
(°K)~* for kaolinite, pyrophyllite, chrysotile, and tremolite.

The contribution of loosely held H,O molecules (S°y,0,,,) in the
structural channels of zeolites and related minerals to their standard
molal entropies can be estimated by assuming AS°®,p = 0 for a hypo-
thetical reaction of the form

W+ Nyyo, Ho Oy = Yetipyo, H.O ;) (65)

where s represents a dehydrated zeolitic mineral, fy,o stands for the
reaction coefficient for H,O, and Yrefig,0 H,O designates a hydrated equi-
valent of ¢ in which the H,O molecules are loosely bound. Assuming
AS®, p 1, = 0 for reaction (65) is equivalent to regarding S°Hy0¢,, @S AN
additive contribution to the standard molal entropies of zeolitic min-
erals, This assumption seems reasonable in view of the relatively weak
hydrogen bonds responsible for holding H,O, in the channels of
zeolites.

If AS®, p 1, is taken to be zero for a statement of reaction (65) for
analcime and dehydrated analcime, calorimetric data reported by King
(1955) and King and Weller (1961b) indicate a value of 14.1 cal mole—?
(°K)—1 for S°my0¢,, As expected, this value lies between S%Hy05, (9:6 cal
mole~* (°K)~1) and S° for liquid H,O at 25°C and 1 bar (16.7 cal
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mole—1 (°K)~1). The observation that the entropy contribution of H,O,
is 4.5 cal mole—* (°K)~?* larger than that of “tightly” bound structural
H,O but only 2.6 cal mole—* (°K)~* smaller than $°p_r_for liquid H,O
is consistent with the relative magnitude of the translational, vibrational,
and rotational degrees of freedom that one would postulate for the three
types of H,O.

In contrast to the observation that Sy, < $%my0.,, < S50 1iquiar’
structurally bound H,O would be expected to contribute to a greater
extent to the volume of a mineral such as muscovite than the corres-
ponding contribution of loosely bound “nonessential” H,O to the vol-
umes of zeolites. The channels in zeolites are relatively large, and, unlike
clay minerals, their structure retains much of its integrity during dehy-
dration. Hence, H,O,, should not contribute substantially to the volume
of a zeolite. This reasoning is supported by estimates of V°y, ,,, which
can be made by adopting an approach analogous to that employed above
to estimate $%y,0,,; that is, by assuming AV®, p o = 0 for hypothetical
reactions among zeolites or “zeolitic” minerals and H,O,,. For example,
data given in table 2 and the assumption that the standard molal vol-
umes of reaction are zero for

laumontite = wairakite + 2 H,O ., (66)
‘2 laumontite = leonhardite + H,O,,, (67)

and
leonhardite = 2 wairakite 4+ 3 H,O,, (68)

leads, respectively, to estimates of 8.2, 7.1, and 8.5 ¢m?® mole—! for
V5,0, Despite the large uncertainty in V°p . for Na,O (see below),
these values compare favorably with that (10.7 cm?® mole—?) computed
from eq (55) using S°u,0.,, = 14.1 cal mole—* (°K)~* and the standard
molal volumes and entropies of analcime, a-quartz, corundum, and
Na,O. All these estimates, which are ~ 3 to 6 ¢m?® mole—* less than the
value of V°H20(s) in table 2, are consistent with the observations sum-
marized above. Although they are not necessarily representative of
natural zeolites, which exhibit considerable variation in their cell para-
meters, a value of V°y,o ., = 8 should afford reasonably close estimates
of the standard molal entropies of most zeolitic minerals. Accordingly,
this value was used in the present study together with egs (55) and (62)
to estimate the standard molal entropies of minerals containing loosely
bound H,O molecules.

Eq (62) was also used to estimate the standard molal volume of
Na,O (table 2) using the following reference reactions:

Na,O + 2 microcline = 2 low albite + K,O (69)
and
Na,O + 2 kalsilite = 2 nepheline + K,O (70)

The calculations resulted in 19.9 and 28.0 cm?® mole~* for V°p . of
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Na,O. Corresponding estimates of 21.4 and 22.4 cm?® mole—! were ob-
tained from eq (55) using experimental data for low albite and nephe-
line, respectively. Because uncertainties in the data used to calculate
these estimates are magnified in the calculations, and because larger
discrepancies result from similar calculations using data for other min-
erals, the mean of these values is not necessarily the best estimate. After
exploring various alternatives, it was decided to adopt 25 # 5 cm® mole—*
for V°p r, of Na,O.

None of the algorithms discussed above is suitable for estimating
the standard molal entropies of minerals containing ferrous iron. For
example, experimental data shown in tables 2 and 8 together with state-
ments of eq (62) for the reactions

fayalite 4 2 periclase = forsterite + 2 ferrous oxide (71)
and
fayalite + 2 manganosite = tephroite 4 2 ferrous oxide (72)

yield an estimate of S°p_r_for fayalite of 39.4 and 39.6 cal mole—* (°K)~*.
Egs (b5) and (58) lead to corresponding estimates of 38.7 and 38.9 cal
mole—1 (°K)~1, respectively. In contrast, the calorimetric entropy re-
ported by Kelley and King (1961) is 34.7 = 0.4 cal mole—* (°K)~*, and
Robie and Waldbaum (1968) give 35.4 cal mole—* (°K)—!, which differ
from all four estimates by ~ 4 cal mole—* (°K)—*. The disparity is prob-
ably a consequence of a large difference in the electronic configuration
and crystal field stabilization energy of Fe++ (Burns and Fyfe, 1967;
Burns, 1970) in FeO and Fe,Si0,. Assuming this to be the general case,
estimates of the standard molal entropies of ferrous silicates can be cal-
culated by subtracting 2 cal mole=* (°K)—*! (mole FeO)~* from the right
sides of eqs (55), (58), and (62), which leads to the following general
algorithms

S°p,r, = S°zup,r, + E(Voip.r, — Vrip,.r,) — 2Vrei  (73)

o] o] ol
S%.p.r, = S°5ip.1, — 2vpe,: (74)
and
o] o] [e]
Se.ip,r, (Vosip.r, + Voir,r,)

o
4P Ty T
hetr 2 VO ip,m,

— 2VFe,i (75)

where vg, ; stands for the number of moles of ferrous iron in one mole
of the ith mineral.

The value of —2 cal mole—* (°K)—! assigned to the electronic con-
figuration and crystal field stabilization contribution to $°;p o arising
from the presence of ferrous iron in silicates is obviously a first approxi-
mation which takes no account of the dependence of this contribution
on structural factors, such as those considered by Wood and Strens
(1971, 1972). Nevertheless, in the absence of more definitive and com-
prehensive calorimetric data, it seems to afford reasonable estimates of
the standard molal entropies of ferrous silicates.
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Estimates of S°p, 1, are given in table 3 for a large number of sili-
cates for which calorimetric data are either not available or suspect. The
latter cases are discussed below. Most of the estimates shown in the table
were calculated from eq (75). Wherever possible, structural analogs were
used in the reference reactions, but in some cases a dearth of experi-
mental data made it necessary to use structurally similar compounds or
composites of structural elements in the mineral in lieu of structural
analogs. If a paucity of experimental data precluded this approach, eq
(73) was used as an alternative to eq (75). In a few cases, additivity
algorithms analogous to eq (74) were employed. For example, the stand-
ard molal entropies and volumes of PD-oxyannite and hydrous cordierite
at 25°C and 1 bar were estimated by assuming AS®.p ¢ = AV®, p o =
0 for

KFe,AlSi1,0,,(H_,) + 3 FeO + 3/2 H,O

= KFe;AlSi;0,,(OH)., + 3/2 o-Fe,O, (76)
and
hydrous cordierite == cordierite + H,O, (77)

Taking the standard molal entropy and volume change for reaction (77)
as zero is consistent with the assumption made (above) in calculating
S°H,y0,, from the standard molal entropies of analcime and dehydrated
analcime.

Heat capacity.—Close estimates of the standard molal heat capacities
of minerals at 25°C and 1 bar can be obtained by summing in appropriate
proportions the calorimetric standard molal heat capacities of their con-
stituent oxide formula groups according to

Cop,r,i = 2 v;.:C%p, 1, (78)
i

where v;; again refers to the number of moles of the jth oxide formula
unit in one mole of the :th mineral. However, better estimates can gen-
erally be obtained by assuming the standard molal heat capacities of
reactions among oxides and silicates of the same or a similar structural
class to be zero at 25°C and 1 bar. Estimates based on this assumption
provide at least in part for the temperature dependence of bond energies
within the structural components of minerals. The order of magnitude
of this contribution can be assessed by comparing alternate estimates of
the standard molal heat capacities of minerals with highly accurate calori-
metric data. For example, substitution of data taken from table 2 in eq
(78) yvields an estimate of 79.9 cal mole—* (°K)~1 for the standard molal
heat capacity of muscovite at 25°C and ! bar.” In contrast, assuming
AC°p_, = 0at 25°C for the reaction

muscovite + q-quartz == pyrophyllite + 1/2 corundum + 1/2 K,O
79)

“The heat capacity contribution of structural H,O used to estimate the standard
molal heat capacity of muscovite is discussed below.



TaBLE 3
Summary of estimated standard molal entropies of minerals at 298.15°K and 1 bar

a b
Mineral Class Name Formula V“P T B - Reference reactions for the estimates shown in column 5
’ rr '
d . . .
Ortho and Monticellite CaMgsio, 5147~ 26.4— CaMgSi0, + MgO = Hg,Si0, + Cal
Ring Silicates . f f . . — .
Hydrous Cordierite | Mg Al (A1Sig0 ) + Hy0 241.22 111,43 Hg,Al5 (A1Si 0, q) Hp0 = Mg A1 (A1ST o0 g) + H20(2)
, < m.q —
Almandine Fe3AI25|30]2 115.28— 75.6 Fe3A12513 12t 3Ca0 = CBBMZSIB 12 *+ 3Fe0
d
Andradite CayFe,5130) 131.85~ 70.13 CagFe,Siy0y, + a-Aly 3 = Caghl,Siy0), + a-Fey0y
d —_
Spessartine r1n31412$i3012 117.30— 74.57 Hn3A12513 12t 3Ca0 .,_.[2a3A|2'5|3 12t 3Mn0
Cllnozmvsme Ca 3Sl3 IZ(OH) 136, 2 70.64— CazA|3S|.,O (OH)Z = (Zazll|3S|3 |2(OH)P—E
. v xx m
Epidote Ca,Fehl, S|3 12 (OH OH) - 139.2%% 75.2~ Ca,Fenl 25130 Iz(oH)—+o 5a- A1203\—Ca2Al3Si3o]2(0H)5—+ O_SQ-fezo3
Lo d m.q
Chloritoid FeA|25|0 (OH) 69.8— k2.1 FeAIZS|0 (OH)Z: A|25|OSLl + FeO + H 0(5)
d
Staurolite Fe,AlgS1,0,3 (0H) 224.4% nza™e | re 2A1gS1,0,5 (0H) == bal slos-ll * 2Fe0 + 0.50-A1,0, + 0.5H,0 )
" h
Chain and N g AlL(A u h T v n N
b eates Ca-Al Pyroxene CaAl( lS|06) 63.5 . 35.0; CaA|25.06 HgS|03.__a A1203+ CaHg(Slo )y
Clinoferrosilite FeSiO3 32.952—] 22.6_'1 FeSiO3 + Mg0 :HgSiO;Z—E' + Fe0
d )
Hedenbergite (la}’e(si03)2 68.27— laO.7T'S' [:af"e('5i03)2 + MgO_?_CaHg(S_iO:‘)2 + Fel
e m hh
R . . - . hh _
Aegerine NaFe(s104), eu.37; 36.7- NaFe(S103), + 0.507A1,0; = Nahl(Si05)," + 0.5a Fe 05
. . < mn . — in Y
Anthophy11ite Mg7[5|8022](0H)2 264.43 128.6 Mg7518022(0H)ZFHg3S|40 0(OH)2 + 4Mg$|03
f P mq Yy o 55
F o m
errogedrite Fe IHZ(AIZS|6022)(OH)2 265.9. 153.5 Fe AIZ(AIZS|6022) (OH) + 2MgSi0n,L + SMg0 = Hg7S|80 (OH)Z

3
+ 5 FeO+ 2a-A120

3

continued —
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TaBLE 3 (continued)

Hinaral Class Name Formula V‘P T 2 ?P T b Reference reacti ] .
o o ction for the estimates shown in column §
gg:;ns??g‘:caus Ferrotremolite CazFeSSiBOZZ(OH)Z 282.8": |63.5i'3 c.azressisou(on)2 + SMg0 _—:Cazngssisou(ou)z + S5Fe0 w
Fluortremolite CazHgSSEBOZZFZ 270. 45~ 129. 4= CaZHgssiBOZZ(FZJ + HZO(S) + Ca0 = C.aZMgSSiBOZZ(OH)2 + CaF, ==
Cummingtonite P1g75i8022(0H)2 271.9g IZ7.5ﬂ Hg75i8022(0H)2 + 2Ca0 &= CazHgssiBOZZ(OH)Z + 2Mg0
Grunerite Fe,Sig0y, (OM), 256.67° 163324 Fe,Sig0,, (OH), + THg0 == ng7sisozz(on)2ﬁ + 7Fed
Edeni te NaCaZHgs(AISi7022)(OH)Z 271.0%% 161.0% NaCaZHgS(AISi7OZZ)(OH)2 + 'l-A1203 = Natazngl‘m(AIZSisozz?(on)z
+ SiOZS— + Mgl
Ferroedenite NaCazFes(AlSi7022)(0H)2 280.9%¢ 193.75'5' NaCazFeS(AlSi7022)(OH)Z + smgo;:Nac.azmgs(msi7022)(OH)2 + 5Fel
Fluoredenite NaCaZHgS(AISi7022)F2 272.5“ 146. 7% NaCaZHgs(AlSi7022)F2 + Ca0 + HZO(S):_‘ NaCazngS(AISi7ozz)(0H)Z+Carzﬂ
Pargasite NaCaZHgL‘AI(A|25i6022)(0H)2 273.5i 160.0~ NaCazHgL‘AI(AIZSi(,OZZ) (ou)Z + o.sxzo + "'”203 ;:KHgB(AISIBOm) (OH)Z
+ ZCaAIZSi06 + HgSiO}H + O.SNaZO
Ferropargasite NaCazFeL‘AI(AIZSiGOZZ)(OH)Z 279.89— 185.5ﬂ’il NaCaZFeL‘AI(AIZSIGOZZ)(0H)2+ l‘HgO:NaCaZHgbAl(AIZSi6OZZ)(0H)2+l‘FeO
Magnesiohastingsite NaCaZHgl‘Fe(AIZSi(,OZZ)(0H)2 273.8';‘Q I(az.t}m NaCaZHnge(AIZSIGOZZ)(0H)2‘0.5“1—;1]203 —.;NaCaZHgL‘AI(AIZSIGOZZ)(OH)Z
+ 0.5(1-Fe203
Hastingsite NaCazFel‘Fe(AIZSi(,OH)(OH)Z 280.3e‘= 189.2E NaCazFebFe(Alzsisozz)(0H)2 + 0.5(1-»‘«1203 :_‘.NaCazFel‘Al(AIZSi(’Ozz)(OH)Z
+ ().SOl-F-'eZO3
Glaucophane NaZHQBAIZSisozz(OH)Z 269.7£ 130.0ﬂ Nazmg};uzsisozz(on)2 + 2Mg0 + 2Ca0 = CazHgssisozz(OH)z+u-Al203 +N320
Magnesioriebeckite Nazng}rezsisozz(ou)Z 271.3&-e 138.0E Nazr1g,3rezsi8022(OH)2 + u-A1203 — Nazr1g3»‘«lzsisozz(on)2 + on-rezo3
Riebeckite Na,FesFe,5ig0,, (0H), 274.9%% 156,63 Na,FeyFe,Sig0,, (OH), + 390 == NayMgsFe,Sigo,, (OK), + 3Fe0
Richterite NaZCaHgsSiBOZZ(OH)Z 272.8(2 137.6% NaZCaMgSSiBOZZ(OH)Z + Cad :CaZHQSSESOZZ(OH)Z + Na,0
;;?’::?;: Wairakite ca(MzSil‘on) . ZHZO ISI.I?j‘ IOS.I‘:‘ Ca(AIZSiL‘OIZ) . ZHZO + NaZO:_‘. ZNaAISi206 . HZO :iCao
Laumonti te Ca(AIZSi,‘OIZ) . 'mzo 207.55— 1n7.1= Ca(AIZSil‘Ou) . lono:: 0.5Ca2(A1~5i802,‘) s THOT + o.sto(Z)
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Formula

Mineral Class P_r_'TL PL'Y_r_ Reference reaction for the estimates shown in column §
d ) )
Chabazite Ca(A1,5i,0,,) + 6H,0 247.76™ 152.9 Ca(A1,5i,0,,) = 6H,0 + zs.ozl = CafAl,Si 0] - SH0 + H20 (4
Framework 12 J m . .
Silicates Epistilbite CalA1,Sic0 ) « 5H,0 267.56~ 152.9~ CalAl,55¢0) () + 5H,0 == 0.5Ca, (Al Sig0, ) « TH)0 ' +2510,> + 1.5H,0, s
d m . Lo 2
Heulandite Ca(Al Sv7 18) . 6H20 316.37 182. 4~ Ca(al 5.7 18 " 6H,0 == Ca(Al 251 g0 16) *5H0 ¥ Si0,= ¢ HZO(Z)
d m i S i .
Stilbite Na[az(Al S'I} 36) . ”‘“20 649.91 399.3— CazNa(Al s||3 36) . AH20+ 0.55i0,~ = ZCa(A12516OI6) 5H,0
+ 0.5Na, (AL,Si40)0) + 2H,0+ 3H 0y
d m . .
Natrolite Na,(A1,5150)4) * 2H)0 169. 72~ 101.6~ Nay(A1,5130)0) = 2H,0 + S|02i;:2NaAIS|206 * Hy0
R s} mm mer . - ; . 0.3
Na-Phillipsite Na, (81,8150 ,) = 5H,0 265 172. 4 Nay (A1,STc0,,) « 5H 0 T=2NaAISi,0p < H)O + 510, + 3,00,
K-Phillipsite KZ(AIZS|5 o 5H,0 265 172.1 K, (a1 5-5 lh) 5H,0 + Nazo,_Naz(Mzslsom) 5H 0 + K,0
m,rr . .
Ca-Phillipsite CalAl,5ig0,,) * SH,07 265 & 166,670 | Ca(A1,Sic0 ) = SH,0 + Na)0 Z=Na,(A1,S1c0),) = 5H)0 + Ca0
. . m,q — .
Sheet Greenalite F835I205(0H)“ IIS.OJ‘. 72.6 re35|205(on)h + 3Mg0 = HgBSIZOS(OH)“ + 3Fe0
ili m, — .
Silicates Minnesotaite FeBSlbolo(OH)z Il|7.86‘L 03_5_3_ FEBS'QOIO(OH)Z + 3HgO‘__H935|b0|0(0H)2 + 3Fe0
d m . .
Celadonite KHgAISiQOIO(OH)Z 157.1— 4.9~ KHgAISlbolo(OH)Z + Q-AIZOB—‘ KAT (A} S|3 IO) (OH)2 + Mg0 + Sx02i
d
Margarite CaAIz(AIZSEZOIO)(OH)Z 129.4— 63.8 CaAl, (Al 251,50 ]6)(0H)2 + s|02—+ 0.5K,0 == KAl, (A]SI;OIO)(OH)Z
+ 0. Su-Alzo3 + Ca0
r m . — .
Paragonite NaAlZ(AISizolo) (oH), 132.53— 66.4— NaAlZ(A|S|30|0) (0H), + 0.5K,0 ‘_KAIZ(AIS|30]0) (0K}, + 0.5Na,0
< m . —m .
Phlogopite KﬁgB(AISiBOIO)(OH)Z 149,66~ 76.1— Kng}(Als.Bolo)(OH)Z + a-A)203 __»<A12(Als.30|o)(on)2 + 3Mg0
. N < g . —_
Annite KFe}(AlSn}OIO)(OH)Z 154, 32 95.2 KFeB(AIS|30]0)(0H)2 + Ex-mzo3 — Kal (AISl3 10)(0H)2 + 3Fe0
PD-Oxyannite KFeg(AISi 0 XH_|) 143,25 68.5%
m
7A-Clinochlore HgsAl(AISisolo)(OH)s 2158 106.5— MgsAT(A1ST50, ) (OH) g == Mgy5i,0 5(OH), + 2Hg(oH), + a-Al,0; + szozi
. L m.q .
7A-Daphnite Fe AI(AIS|30]0) (OH} g 221.2 ) 138.9 FeSAl(MSl}OIo)(OH)B + smgo:HgsAl(A15i3010)<0H)8— + 5Fe0
. m . — .
JA-Amesite gZAI(AIS'OS)(OH)A 103.00— 52.0— ngA](AlSlOs)(OH)L.‘_O-SNQBSIZOS(OH)Q + O.SNQ(OH)2 + a-Al,0

273
+ O'SHZO(S)
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TAaBLE 3 (continued)

a b
Mineral Class Name formula V.Pr'Tr S’P(.Tr Reference reaction for the estimates shown in column §
Sheet Silicates | Antigorite M9,,g5 34,055 (OH) ¢, 1749134 | 861360
d ,
7A-Chamos i te Fe A (AISi0) (OK),, 106.22 o4, 72 Fe Al (AIST04) (OK) , + 2Hg0 _—:ngm(Als;os)(on)lfLb - 2Fe0
JA-Cronstedtite FezFe(FeSiOS)(OH)h |lo.9g 73.5% FezFe(FCSiOS)(ON)l‘ + u-Alzo3 = FezAl(A|5i05)(0H)hk—k + a-Fe203
; ; e m ; . .
14A-Clinochiore HgSAl(AIS|30|0)(0H)s 207.11 11,2 HgSAI(AIS|3OIO)(0H)8 + 0.5K,02= KHgB(AIS|3OIO) (on)Z + zng(on)Z
+0.5¢A10, % HO
. R e m, ] R
14A Daphnite FeSAI(A15130|0) (oMY g 213, 42— 142,573 FeSAI(AIS|3010)(0H)s + sngo:ngSAl(A|s|30]o) (DH)aii + 5Fe0
. . aq . . .
14-A Amesite Mg, Al, (A1,51,0,0) (0H) g 205. 4= 108.92 Mg AT, (R),51,0,0) (OH) g + Mg0 + Si0 i;"_HgSAI(AIS|3OIO) (on)aa_a +a-A1,0,
U . . Py £f m,Lt R . .
Sepiolite th5|6015(0H)2(0H2)2 (ONZ)‘. 285.6 146.6 Hg‘.Snéols(OH)z(OHz)z . (OHZ),‘¢O.SHg(OH)Z‘_I.5H93S|‘.0]0(0H)2+6H20(§)

a 3 1 1 1

e’ mole” . Ecal mole " (°K) . Sgobie and others {1966) . gCompuled from cell parameters reported by Donnay and Ondik (1973). SCalculated from

cell parameters reported by Deer, Howie, and Zussman (1962). EComputed by adding the values of V°P T and S°P T for anhydrous cordierite in table
r'r r'r

8 to the volume and entropy contributions of 'zeolitic' H,0 (table 2) -- see text. ZMean of the value of V°P T for chrysotile given by Robie and

o

Waldbaum (1968) and that for amesite computed from cell parameters reported by Donnay and Ondik (1973). hRobie and Waldbaum (1968). JComputed from cell

k, .
parameters reported by Berry (1974). <—Estimated from the sum of the values of V°P T for annite and 3/2 a-FeZO3 by subtracting V° for
. P.,T
r r

r''r

for chamosite and greenalite calculated from cell parameters reported by annayhan; ondik (1973)

3Fe0 and 3/2 HZO(S)' EHean of the values of V°P T

r

and Berry (1974). EComputed from equation (75) for the reference reactions shown in column § using values of V°P 1 and S°P T given in columns &
r'r r'r

and 5 above and those for minerals and/or oxides in tables 2 and 8. Destimated from the sum of S"P T for annite and 3/2 a-Fezo3 minus 3Fe0 and 3/2 Hzo(

r’'r

s}
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EComputed from equation (73} using values of V"P T for minerals given above .and those for the appropriate oxides in table 3. Irhe entropy estimates
r’r

- - . ++ . ayr
shown for these minerals include a correction of -2.0 cal {mole Fe0) ! (°K) L to provide for the electronic configuration of Fe in the silicate
lattice (see text). ‘Chatterjee (1970). Sa-quartz. Lg€stimated by recalculating the entropy reported by King and others (1967} for antigorite with a

stoichiometry of Mg,Si,0,{0H), to Mg;Si.; 00 (OH) using values of $° for a-quartz and H,0 taken from table 3. Ypisordered, Yordered.
37273y 48'34°85 " 62 PLT, 2°(s)

Yestimated using data taken from tables 2 and 8 to evaluate equation (62) for the reaction shown above with provision for disorder based on observa-

tions of high pressure/temperature phase equilibria (see text). Z(linozoisite. LThe values of S"P 1 and V°P T for enstatite used in
r’r r‘'r

R N ° o
the calculations correspond to S + A8 and v A\Ii,] bar,clincenstatite/enstatite

.
. . . . R
t,1 bar, clinoenstatite/enstatite P .Tr,chnoenstat:te

P sclinoenstatite 2

(table 8). Z7A-clinochlore. 2Z1hA-clinchlore. £7A-amesite. ECcomputed from cell parameters reported by Burnham (1965). ﬂ(Zummingtv::nitt’_. fernst
(1968) . ﬁ:-Computed by Stoessell {ms). from cell parameters reported by Preisinger {1959). 2rhe values of V°P t and S°P T for CaF, used in the
r'r r’'r

calculations (24.542 cm moleh]) and (16,46 cal mole”! (°K)—1), respectively, are those reported by Robie .and Waldbaum (1968). bhadeite. LiThe value
of V°P T for lecnhardite used in the calculations (407.86 cm3 mo]e-]) was computed from cell parameters reported by Donnay and Ondik (1973). The
r’r

P T (220.4 cal mole—l (°K)-]} is that reported by King and Weller {1961b). <lkyanite. ﬂ?A-chamsite. HClinoenst:atite.
r’'r

corresponding value of 5°
MMestimated from data reported by Sheppard and Gude (1970}, DN idealized formulas consistent with data reported by Sheppard and Gude (1970). EEZoisite.
Yestimated from a and B lattice constants reported by Steinfink (1958) and values of the b and cell parameters computed from aigorithms

given by Baitey (1972). r—rHigth uncertain estimates owing to ambiguities in the compositional dependence of the molal volume of phillipsite.
EAnthophyl!ite. L ctimated by Stoessell (ms). YYThe formula for sepiolite is that adopted by Stoessell (ms) to differentiate among different types of
structural H.0 in the mineral. “Ykunze (1961). *gstimated by assuming AS“t for the clinozoisite/zoisite transition to be 0.1 cal mole! (°K)-l

(see text). 2XBird (ms) and Bird and Helgeson (1977) -~ see text.
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TABLE 4

Comparative summary of experimental and estimated standard
molal heat capacities of minerals at 298.15°K and 1 bar

. ° a
Estimated C P LT
Experimental rr
. a,b
Mineral Formula C°Pr’Tr—~— Calculated (eq 80)
- - Equation (78)<|assuming ace, =0
,T
rr
for the reactions
shown below =
Wollastonite CaSiO3 20.4 20.9 20.1
Clinoenstatite HgSiO3 18.9 19.7 19.2
Forsterite HgZSiOA 28.2 28.7 27.9
Fayalite FeZSiOA 31.8 344 33.9
Diopside CaHg(SiO3)2 37.5 4o.5 39.3
Akermanite CaZHgSiZO7 50.7 50.8 49.9
Merwinite CaBHg(SIOA)2 60.3 61.0 60.6
Low Albite NaAI$i308 49.0 49.6 48.7
Microcline KA]$?308 48.5 51.4 50.8
Reference reactions for the estimates
Mineral
shown in column 5§ above

Wollastonite CaSi0y + Mg0 = MgSi0y + Cal
Clinoenstatite MgSiO3 + Ca0 — CaSiO3 + Mg0

. . —_— .
Forsterite Hg25|0h + 2Ca0 —= Y-CaZS:OA + 2Mq0

. . LY .

Fayalite Fe2510u + 2Mg0 — HgZS|OA + 2Fe0
Diopside CaHg($i03)2 = HgSiO3 + CaSiO3

. . _ — « :n &
Akermanite Cazﬂg$1207 + a A1203 prm— Ca2A12$|07 + Mg0 + S|02

Merwinite
Low Albite

Microcline

. —_ .
Ca3Hg(S|0A)2 —_ Cazngs.207 + Ca0

. - —_ . in €
NaA]SI308 + Ca0 + 0.5a AIZO3 e CaA]ZSIZOB + SIOZ + 0~5N320

KAlSi308

_ .
+ O.SNaZO —— NaAlSi 08 + o.SKZO

3

2ca1 mole—l(°K)
coefficients given in tables 2 and 8. SComputed using values of C"P

for oxides given in table 2.

-1, ECalculated from equation (19) using experimental

,T
d rr
—Calculated using values of C°P T

r’r

generated from equation {19) and experimental heat capacity

power function coefficients for ¥-Ca,Si0, reported by Kelley (1960),

together with corresponding values for oxides and other minerals given

in tables 2 and 8.

e
—a-quartz.




Heat capacity 59

using experimental heat capacities shown in table 2 and that for pyro-
phyllite reported by Robie, Hemingway, and Wilson (1976) leads to an
estimate of the standard molal heat capacity of muscovite at 25°C and
1 bar of 79.1 cal mole—! (°K)—*. The corresponding calorimetric value
given by Robie, Hemingway, and Wilson is 77.9 cal mole—* (°K)—,
which differs from the latter estimate by 1.5 percent or 1.2 cal mole—?
(°K)~*. In contrast, the estimate computed from eq (78) differs from the
calorimetric value by 2.6 percent.

1f we let 7 designate a mineral for which the standard molal heat
capacity at 25°C and 1 bar is to be estimated, the structural algorithm
discussed above can be expressed as

i—1
CoP,.,T,.,@5 = z ﬁi,rCOPT,Tr,i/ﬁf,r (80)
i
where n; . and #;, refer to the stoichiometric coefficients of the ith and
ith species in the rth reference reaction, which are positive for products
and negative for reactants. Standard molal heat capacities of various
minerals at 25°C and 1 bar are shown in table 4, where estimates gen-
erated assuming AC°p , = 0 for reactions among minerals in the same
or a similar structural class (eq 80) can be compared with their experi-
mental counterparts and those estimated from eq (78). It can be seen
in table 4 that the estimates computed from eq (80) are generally closer
to the calorimetric values than those derived from eq (78). The dis-
crepancies in the latter case are within 0.1 to 3.0 cal mole—* (°K)—! of
the experimental values, with a mean discrepancy of 1.2 cal mole—?
(°K)~1. Corresponding differences for the values estimated from eq (80)
range from 0.3 to 2.3 cal mole—* (°K)—*, with a mean of 0.9 cal mole—*
(°K)~% In most cases errors generated by eq (80) are of the order of
2 percent or less.

The calculations summarized in table 4 leave little doubt that addi-
tivity algorithms afford close approximation of the standard molal heat
capacities of minerals at 25°C and 1 bar. In many cases, correspondingly
close estimates of C°p_as a function of temperature can be calculated by
combining eq (78) for the ith mineral with eq (19) for its oxide formula
units (designated by the index j) to give

o] J—
C Ppi — E vii @i+ v b T —w;; ¢, T2 81)
;
which is equivalent to assuming

Vji Gj (82)

>
].

b.; = z Vi bj (83)
j
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¢; = 2 Vi € (84)
j
However, even better estimates of a;, b;, and ¢; can be obtained by

assuming AC°p_, = 0 at all temperatures for reactions among structurally
related minerals, which lead to

and

i—1
Cop ; = 2 ;4 (a; + b T — /T2 /7, (85)
i
Eq (85) is analogous to eq (80) and consistent with

—1

eay

= N a4/ 86

a; Ad nt,r al/nl,r ( )
1
i—1

b; = 2 i, bi/f, (87)
i

and

i—1

=3 A, e/, (88)

1

A number of examples of estimated coefficients are shown in table 5,
where those generated from eqs (86) through (88) for the minerals listed
in table 4 can be compared with corresponding estimates from eqs (82)
through (84) and the coefhicients obtained directly by regression of calori-
metric data.

To preclude unwarranted uncertainty, all estimates of heat capacity
power function coefficients must take into account temperature limita-
tions on the validity of the regression coefficients used in the estimates.
Because the heat capacity coefficients given by Kelley (1960) for a-quartz
are not valid for temperatures above the «/f transition temperature
(848°K), two sets of coefficients are given in table 5 for minerals with
estimates that include heat capacity coefficients for quartz. The first set
incorporates coefficients for a-quartz, which are replaced in the second
by those for B-quartz.

It can be seen in table 5 that many of the estimated coeflicients differ
considerably from their experimental counterparts. Nevertheless, owing
to compensation among the terms of the Maier-Kelley regression equa-
tion (eq 19), the estimated coefhicients afford close approximation of
experimental heat capacities at both low and high temperatures. For
example, it can be deduced from table 6 and figure 11 that the estimated
coefficients given in table 5 yield values of C°p_r calculated from eq (81)



TABLE 5

Comparative summary of experimental and estimated standard molal heat
capacity power function coefficients for minerals

Estimated from equation (85)
. i assuming AC“P T =0 for
H £l i d f ti 81)— re .
Experimental Estimated from equation (81) the reactions Shown in table AL
. a Temperature b,h c,h d,h Temperature
Mineral— b c d _c | Temperature b.f <, f 3 d,.f -5 P b,h c,h 3 d,h -5
o o x0? x 10 Range, °k | 2 booxi0f)e  x 10 Range, °xd | 2 b x107fe  x10 Range, °k
Mollastonite 26.64 3.6 6.52 298 - 1400 22.89 9.28 4.26 298 - 848 26.04 4,08 6.36 298 - 1800
26.08 3.02 1.56 848 ~ 2000
linoenstatite [24.55 474 6.28 298 1800 21.40 9.94 4.18 298 - 848 25.15 4.26 6.4k 298 - 1400
24,59 3.68 1.48 848 - 2000
Forsterite 35.81 6.54 8.52 298 - 1800 31.584{ 11.68 5.66 298 - B4B 28.88 13.64 4,48 298 - 1120
34.77 5,42 2.96 848 - 2000
F. Ii .51 .36 6.70 298 1490 35.46 12.34 4.20 298 - B4B 39.69 7.20 7.06 298 - 1600
cyelite %5 53 ’ 38.65 6.08 1.50 848 - 1600
Diopside 52.87 7.84 15.74 298 1600 44.29 19.22 8.4k 298 - 843 51.19 8.34 12.80 298 - 1400
50.67 6.70 3.04 848 - 2000
1Ak, it 60.09 11.40 tt.40 298 1700 55.96 20.30 10.00 298 - B4B 57.65 15.12 10.92 298 - 848
e 62,34 7.78 4.60 848 - 2000 60.84 8.86 8.72 848 - 1600
Merwinite 72.97 11.96 1444 298 1700 67.63 21.38 11.56 298 - B4B 71.76 12.48 12.96 298 - 1600
74.01 10.04 6.16 848 - 2000
L Albit 61.70 13.9 15.01 298 1400 56.53 28.46 13.74 298 - 848 59.35 21.86 15.29 298 - 848
- e 66.10]  35.67 5.64 848 - 1000 | 62.5k 15,60 12.58 848 - 1000
Microcline 63.83 12.9 17.05 298 1400 56.65 30.34 12.73 298 - B4B 61.83 15.78 14,00 298 - 1100
66.231 11.56 4.63 848 - 1100
EFczrmulas for the minerals are given in table 4, E<:e|1 rrolenl( K)- Leal mole_ & K)_ —d-cal (°k) mole-I S-Kelley (1960) . f(:omouted using experimental

coefficients for oxides taken from table 2.

2 and B}.
and 8.

Sinimum experimental temperature range for
—Computed using experimental coefficients for Y-Ca

capacity power function coefficients for a and B-quartz are applicable.

a/B-quartz transition where equation

These coefficients should not be used for temperatures in the vicinity of the
J-Pankratz and Kelley (1964).

(19) fails to represent adequately the heat capacity of quartz (see text).

the minerals and/or oxides used in the calculations {see tables
25:0“ reported by Kelley (1960) and those for oxides and other minerals given in tables 2
—Vhere appropriate, two sets of estimated coefficients are shown for different temperature ranges corresponding to those for which the heat

19
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that differ from their experimental counterparts by 0 to 3.0 cal mole—*
(°K)~* at 200°C, 0.3 to 7.0 cal mole—* (°K)—* at 500°C, and 0.7 to 3.0
cal mole—1 (°K)—1* at 800°C. In contrast, those computed from the struc-
tural algorithm (eq 85) for the reference reactions in table 4 differ by
0.2 to 1.9 cal mole—* (°K)—* at 200°, and 0.2 to 3.8 cal mole—* (°K)—*
at 500°, and 0.0 to 2.9 cal mole—* (°K)—* at 800°C. The discrepancies
are not systematic functions of temperature, but they are related in-
directly to the Debye temperatures of the minerals and the extent to
which eqs (81) and (85) represent accurately the calorimetric heat capac-
ity data for the compounds in the temperature range of the “knee” in
the heat capacity curves (fig. 6).

In most cases, the structural algorithm affords estimates of C°p at
high temperatures that are within ~ 2 percent of the calorimetric values.
Where the discrepancies are larger, even greater differences result from
eq (81), which generally affords estimates within ~ 5 percent of the
calorimetric values. Although the structural algorithm is thus more con-
sistently reliable, either method of estimation may introduce as much

TABLE 6
Comparative summary of experimental and estimated standard
molal heat capacities of minerals at high temperatures and 1 bar®

Computed {eq 19) from
the experimental co-

efficients in columns
2 through 4 of table5

Computed (eq 19) from
the estimated coeffi-
cients in columns 6

through 8 of table 5

Computed (eq 19) from
the estimated coeffi-
cients in columns 10
through 12 of table 5

Minera]g 200°c | 500°C | 800°C 200°c | 500°C | 8o0°C 200°C [500°C {800°C
Wollastonite 25.4 28.3 29.9 25.4 29.4 32.48 25.1 28.1 29.9
29.2
Clinoenstatite 24,0 27.2 29.1 242 28.4 31.70 24,3 27.4 29.2
28.4
Forsterite 35.1 39.4 | 42.1 34.6 139.7 | 43.62 33.3 |38.7 j43n
40.3
Fayatite 38.0 | 41.4 | 46.0 39.4 | 44,3 | 48.3 39.9 441 46.8
45.0
Diopside 49.6 | 56.3 | 59.9 49.6 [57.7 | 64,18 49.4 {55.5 159.0
57.6
Akermanite 60.4 67.0 71.3 61.1 70.0 76.88 59.9 67.5 72.93
70.3 69.6
Merwinite 72.2 79.8 84.6 72.6 82.2 89.57 71.9 79.2 84.0
81.6
Low Albite 61.6 169.9 |75.3 63.9 | 76.2 | 85.88 62.9 {73.7 |81.48
76.0 78.2
Microcliine 62.3 { 71.0 } 76.2 65.3 | 78.0 | 88.11 63.0 |71.7 }77.6
78.2

2cal mole”! (°K)_‘.

EFormuIas for the minerals are given in table 5.
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as a cal mole—* (°K)—* and a kcal mole—* of error in calculated values
of 8%, 1 — S%,r, and H°: » — H° p, respectively, at high tempera-
tures. However, the errors in $°p 1 — S°p p, and H°p  — H° r tend
to cancel in calculating G°p r — G°p r, which as a result is subject to
less uncertainty than H°p  — H° . For example, it can be seen in
figure 12 that a constant error of 1 cal mole~* (°K)~* in C°p . results in
an error of ~ 360 cal mole—* in AG®p  at 600°C, but the corresponding
error in AH®p_» is 575 cal mole—?. It should also be noted that if esti-
mated heat capacity coefficients are used for both product and reactant
minerals in a given reaction, and if all of the estimates are consistent
with one another, errors introduced by the estimates in the high-tempera-
ture thermodynamic properties of the minerals tend to cancel in calcu-
lating the standard molal entropies, enthalpies, and Gibbs free energies
of reaction.

The importance of restricting regression coefficients used in esti-
mation algorithms to the temperature ranges of their validity can also
be assessed in table 6 and figure 11. Where two estimates are given for
800°C in table 6, the first corresponds to an extrapolated heat capacity
generated from the set of estimated coefficients in table 5 for tempera-
tures < 848°K. The second corresponds to an estimate based in part on
the heat capacity coefficients for 8-quartz, which is the stable polymorph
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Fig. 11. Correlation of estimated and experimental standard molal heat capacities
of minerals at 25°, 200°, 500°, and 800°C at 1 bar.
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Fig. 12. Temperature dependence of the error in the apparent standard molal
Gibbs free energy of formation of a mineral at 1 bar (3AG°r ) caused by a constant
error of 1 cal mole—?* (°K)—? in C°PT,T.

at 800°C and 1 bar. It can be seen that the differences between the latter
values and the corresponding estimates generated in part from the co-
efficients for a-quartz are of the order of ~ 3 cal mole—* (°K)—* (mole
SiO,) 1.

Despite the fact that replacing the coefficients for e-quartz with
those for B-quartz for temperatures > 848°K introduces a discontinuity
in estimates of C°p_for minerals as a function of temperature (fig. 13),
it can be deduced from figures 11 and 13 that this procedure affords
closer approximation of reality than using the coefficients for q-quartz
to compute high-temperature estimates or replacing only the b and ¢
coeflicients of a-quartz with those for S-quartz, which requires estimates
of C°p_to be continuous functions of temperature. Consideration of fig-
ure 117 indicates that this observation is also true for «, 8, and y-Fe,O,.
It should perhaps be emphasized in this regard that the discontinuities
in the estimated heat capacities of minerals as a function of temperature
must be taken into account explicitly in calculating standard molal en-
tropies and apparent standard molal enthalpies and Gibbs free energies
of minerals from the integrals of eq (19).

The contribution of structural and zeolitic H,O to the standard
molal heat capacities of minerals can be estimated by assuming AC°p_r
= 0 for

muscovite == dehydrated muscovite + H,O (89)
and
analcime = dehydrated analcime + H,O,,. (90)

High-temperature calorimetric data reported by Pankratz (1964b) for
muscovite and dehydrated muscovite led to the values of a, b, and ¢
shown in table 2 for H,O,. Although comparable data are available
for dehydrated analcime (Pankratz, 1968b), the heat capacity of analcime
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Fig. 13. Calculated, estimated, and experimental standard molal heat capacities
of low albite, akermanite, zoisite, and grossular as a function of temperature at 1 bar
(see text). Perkins (1977) refers to Dexter Perkins IIT (1977, written commun.).

has been measured only at temperatures < 298.15°K. These data, to-
gether with corresponding heat capacities of dehydrated analcime, are
plotted in figure 14. Although King (1955) took the dashed curve shown
in figure 14A to be the best representation of his data above 280°K, it
appears from the temperature dependence of the difference in the stan-
dard molal heat capacities of analcime and dehydrated analcime (fig. 15)
that the solid curve in figure 14A is probably a better representation
of his data. The three solid curves in figures 14 and 15, which are con-
sistent with one another, suggest that C°p_s,0,, is essentially constant
above 25°C. Accordingly, the b and ¢ power function coefficients for
H,0, are shown as zero in table 2. As expected, C°p p for H,Oy,
is larger than that for H,O,. The latter value is nearly equal to the
standard molal heat capacity of metastable ice at 25°C and 1 bar.
Estimated coefficients for eq (19) are given in table 7 for a large
number of minerals for which high-temperature heat capacity data are
not available. Most of the estimates were calculated from the structural
algorithm, but in certain instances lack of pertinent calorimetric data
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Fig. 14. Standard molal heat capacities of analcime and dehydrated analcime as
a function of temperature at 1 bar.



66 Retrieval Calculations

BT T T T T 1
- (O COMPUTED FROM DATA REPORTEU
L. |2 DyKING(1955) and K
< abd WELLER (I96Ib) —
l, o -
o)
S 8- 7]
J
3 6 -
S

"ZEOLITIC" HZO
P 1 ]

0 50 IOO ISO 200 250 300 350
TEMPERATURE , °K

Fig. 15. Standard molal heat capacity of “zeolitic” H,O as a function of tempera-
ture at 1 bar (see text).

made it necessary to use eqs (82) through (84). Up to four sets of co-
efficients are shown in table 7 for each mineral, together with the tem-
perature ranges for which they are valid. It should be emphasized that
none of the coeflicients should be used for temperatures in the vicinity
of the intermediate temperature limits shown in the table, which corres-
pond to transition temperatures for minerals such as quartz or hematite
(see above).
RETRIEVAL CALCULATIONS

Eqgs (14), (27), and (80) through (32) together with standard molal
entropies, volumes, and heat capacity power function coefficients given
in tables 2, 3, 7, and 8 permit calculation of AG®, from high pressure/
temperature experimental data reported in the literature. The results
of calculations of this kind for a large number of rock-forming minerals
are summarized in table 8. The requisite values of AG®° p, were com-
puted using experimentally determined equilibrium temperatures, min-
eral and fluid compositions, and (where necessary) a few selected calori-
metric values of AH®,. 8 The thermodynamic properties of H,0, 8iO; 44,
K+, and Nat+ were calculated with the aid of equations and data sum-
marized by Helgeson and Kirkham (1974a, 1976, and in press), Walther
and Helgeson (1977), and Delany and Helgeson (1978).% Calculations for
dehydration/decarbonation reactions were carried out assuming, alter-

8 Calorimetric values of AH°, were used only for a-quartz, periclase, magnetite,
gibbsite, and monticellite (see below).

®In view of the recent paper by Hemingway and Robie (1977b) on the thermo-
dynamic properties of the aluminum ion, it should be emphasized that the validity
of none of the calculations reported in the present communication depends on the
thermodynamic properties of Al***. It should also be noted that all the retrieval cal-
culations discussed below that involved H,O, Na*, andj/or K* took account of typo-
graphical errors in a number of the equations given by Helgeson and Kirkham (1974a
and b, 1976). which are corrected in footnote 1 of Helgeson and Kirkham (1976), foot-
notes 1 and 2 of Walther and Helgeson (1977), and footnote 1 of Delany and Helgeson
(1978).
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nately, ideal and nonideal mixing of CO, and H,O. Fugacity coefficients
of CO, for the ideal case were computed from the Redlich-Kwong al-
gorithm generated by Holloway and Reese (1974), which yields values of
Xco, in close agreement with the calculated values reported by Ryzhenko
and Volkov (1971) at pressures below ~ 5 kb as well as with the corres-
ponding states relations summarized by Breedveld and Prausnitz (1973).
However, discrepancies among fugacity coefficients generated from dif-
ferent algorithms, regression equations, and/or extrapolation techniques
used to represent various arrays of experimental data increase dramati-
cally at high pressures, where relatively large differences are apparent
in the values of xco, calculated by Mel'nik (1972), C. W. Burnham and
V. J. Wall (1974, written commun.), Greenwood (1969, 1973), Holloway
and Reese (1974), Holloway (1977), Ryzhenko and Malinin (1971), and
Ryzhenko and Volkov (1971).

Comparative calculations of equilibrium temperatures for dehydra-
tion/decarbonation reactions were carried out with the aid of equations
summarized by Holloway (1977) representing nonideal mixing of CO,
and H,O. The results of these calculations were compared with those
based on the assumption of ideal mixing to assess quantitatively the relia-
bility of Holloway’s equations and the effects of nonideal mixing on
equilibrium temperatures and fluid compositions. Although in some in-
stances these effects appear to be large (see below), the modified Redlich-
Kwong equation of state for gas mixtures employed by Holloway failed
to afford consistent improvement in the agreement of calculated and
experimental fluid compositions and equilibrium temperatures, which
precluded general application of the equation in the retrieval calcula-
tions.

Because CO, exhibits large positive deviations from ideality at high
pressures, considerable uncertainty attends retrieval of standard molal
Gibbs free energies of formation at 25°C and I bar from high-pressure
experimental data for decarbonation equilibria that involve more than
I or 2 moles of CO,. Fortuntately, most of the experimental data reported
in the literature for such equilibria pertain to 1 or 2 kb, where uncertain-
ties introduced by calculated fugacity coefficients for CO, are not as great.
Nevertheless, even under these conditions certain dehydration/decar-
bonation reactions are not suitable for retrieval of reliable standard
molal Gibbs free energies of formation of minerals. These are reactions
for which AH®, is relatively small, which causes calculated equilibrium
temperatures for a given composition to be highly sensitive to small
errors in fugacity coefhicients. For this reason, and because relatively large
uncertainties attend calculation of the fugacity coefficients of CO, and
H,0O in mixtures of these components (see above), experimental data
for decarbonation equilibria were used in the retrieval calculations only
in those (few) cases where data for dehydration reactions were not avail-
able.

Before carrying out retrieval calculations using experimental data
for dehydration reactions, reversal temperature “brackets” reported in



TABLE 7
Summary of estimated standard molal heat capacity power function coefficients for minerals

. Temperature.
Mineral Class Name formula C"prvrr'a_’s' Ei’i'i EE’LL‘]O} _S-quo‘s Ran:e, °Ki
Ortho and Monticellite CaMgsio, 29.4 36.82% 5,34 8.0% 298-1400
Ring Silicates Hydrous Cordlerite | Mg Al3(A1Sig0,g) « HO 119.5 155.23 25.80 38.60 298-1700
Lawsoni te Ca Al Si,0,(0H), + H,0 70.5 81.80-] 23.36% 16.26- 298-848
84990 | 17.10% 13.56% 848-1000
Almandine Fe A1 150, 86.5 97~55‘f- 33-6‘*‘{- ‘3~73":- 298-848
107.094 | 14.86L 10.634 848-1600
Spessartine HngALS TS0 ) 82.9 gh.u8d | 33.2ud 19.124 298-848
Tok.05d | 14.46d .02k 848-1800
Chloritoid FeAl,Si0,{0H), 50.4 60.63 17.13 13.63 298-1000
Staurolite FezAISSi,‘OB(ON)Z 153.8 207.12 36.94 57.22 298-1000
Chain and
Band Silicates|| Ca-Al Pyroxene Cahl,Si0g 39.3 54,13 6.42 14.9 298-1400
Clinoferrosilite FeSio, 21.8 26.49 5.07 5.55 298-1600
Hedenbergite CaFe(sio,), 40.4 54.81 8.17 15.01 298-1600
Aegerine NaFe(5i03)2 41.3 46.16 19.31 9.46 298-950
52.42 10.01 7.68 950-1050
50.27 10.89 7.68 1050- 1400
Anthophyllite Hg7[5i8022] (OH)2 75.5 180.68 60.57 38.46 298-303
197.54 41.61 13.34 903-1250
199.52 41.61 13.34 1258-15002
Ferrogedrite Feghl,(A1,51,0,,) (OK,) 169.8 196.27 58.39 39.01 298-903
204.70 48.91 26.45 903-1258
205.69 48,91 26.45 1258-1500L

89



. . f, ol f, -
Mineral Class Name Formula [ P T a.e f—'— gg—f—'—X IO3 g—gil—x 10 5 Temperatu;e
e Range, °K—
m e ——
Chain and Tremolite CayHgg[$ig0,,](0H), 154.9 188.22% 57.29> Lk, 822 298-800
Band Silicates
Ferrotremolite CazFeSSiBOZZ(OH)2 169.2 197.93 58.95 41,17 298-800
Fluortremolite Ca,Mg.Sig0,,HF, 151.0 183,744 55,252 43,734 298-800
Cummingtonite Hg7538022(0H)2 152.5 185.24 58.61 41.66 298-800
Grunerite Fe7$i8022(0H)2 172.5 198.83 60.93 39.55 298-800
Edenite NaCaZHgS(Al$i7022)(OH)2 162.5 199.71 48.78 46.01 298-848
202.90 42.52 43.31 848-1000
Ferroedenite NaCazFes(AISi7022) (OH)2 176.8 209.42 50. 4h 42.36 298-848
212.61 44,18 39.66 848-1000
Fluoredenite NaCazHgS(AISi7022)F2 158.6 195.23 46,74 44.92 298-848
198. 42 40.48 42.22 848-1000
Pargasite NaCaZHgAAI(Aleisozz)(OH)Z 161.7 205.80 41,66 50.21 298-1000
Ferropargasite ""c"'z“’t,“(‘”2556022)(0”)2 173.2 213.57 42.99 47.29 298-1000
Magnesiochastingsite NaCazthFe(Alzsisozz) (OH)2 164.8 203.80 49.55 47.80 298-950
203.80 49.55 47.80 298-950
210.06 40.25 46.02 950-1050
Hastingsite NaC.azFe"f»'e(Alzsi6022)(OH)2 176.3 211.57 50.88 44,88 298-950
217.82 41,58 43.10 950-1050
215.68 42,46 43.10 1050- 15002

continued —
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TABLE 7 (continued)

Hineral Class Name formula c* e ai'-f-'i— bg'i’-'-x 10 rc’i‘—'-x lO-5 Temperature
P,T z = o, d
rr Range, °K~
Chain and Glaucophane Na,Mg AIZSiEOZZ(OH)2 151.7 190.26 59.36 50.01 298-800
Band Silicates 3
Magnesioriebeckite NaZMg}Fezsiaozz(OH)2 157.8 186.26 75.14 45,18 298-950
198.77 56.54 41.63 950-1050
194.48 58.30 41.63 1050-15002
Riebeckite NaZFe3FeZSi8022(0H)2 166.4 192.09 76.14 42.99 298-950
204.60 57.54 39.4b 950-1050
200.31 59.30 39.44 1050-15002
Richterite NaZCaHgssieozz(OH_)-z‘ 161.1 194.80 61.10 u6.15 298-800
Framewor k Analcime NaAlSi, 0, « H,0 50.7 53,49k PR §.88E 298-1000
Silicates
Leonhardite Ca, (ALSig0, ) + 7H,0 224.6 235.003 88. 941 32.864 298-1000
Wairakite €a(A1,51,0,0,,) + 2H,0 95.2 100.40 44,47 16.43 298-1000
Laumontite €a(Al,51,0,,) « H,0 118.0 123.20 TRy 16.43 298-1000
Chabazite Ca(Al,S1,0,,) « 64,0 140.8 146.00 by 47 16.43 298-1000
Epistilbite Ca(A1,5140,,) * 5H,0 150.6 157.04 60.87 21.83 298-848
163.42 48.35 16.43 848-1000
Heulandite CalR1,5i,0,g) + 64,0 172.9 179.66 69.07 24,53 298848
189.23 50.29 16.43 848-1000
stilbite NaCa, (Al GST|3050) + Mk, 375.5 390.55 137.68 49.84 298-848
400.12 118.90 41,74 848-1000

04



Mineral Class Name Formula ¢ 5 ae ii’ﬁ»i_ l_rb—’LL" 103 _C_E,LI_X 1075 Temperatu;e
rr Range, °K—
Framework Natrolite Naz(Alei3O]0) . 2H20 90.8 95,76 40.08 15.06 298-848
Silicates
92.57 46,34 17.76 848-1000
Na-Phillipsite Na, (A1,5100,) = 5H,0 146.2 152.40 56.48 20.46 298-848
155.59 50.22 17.76 848-1000
K-Phillipsite KZ(AIZSESOIQ) . 5H20 149.9 152.66 60.24 18.45 298-848
155.85 53.98 15.75 848-1000
Ca-Phillipsite Ca(AlZSESOM) . 5H20 140.0 145.82 52.67 19.13 298-848
149.01 46, 4) 16.43 848-1000
Sheet Kaolinite A1,81,0-(0H) 57.3 72.77% 29.20% 21528 298-1000
Silicates 5
Halloysite AIZSIZOS(OH)" 57.3 72,77& 29.2()& 21 _52£ 298-1000
Dickite A‘ZSIZOS(OH)‘; 57.3 72.772 29.202 21,520 298-1000
Talc Mg3S1,0,4(0H), 79.9 82.48% 41.610 13,342 298-800
Antigorite M9,,g5 15,085 (OH) ¢, 1059.1 1,228.45% 513,76~ 286.68% 298-848
1,234.85 501,24~ 281,28~ 298-1000
Greenalite FeBSiZOS(OH)b 74,1 81.65 32.60 15.39 298-1000
Minnesotaite Fe3Si"0m(0H)2 33.5 88.31 42.61 11.15 298-800
Celadonite KHgAISiAOIO(OH)z 66.9 80.25 25.30 18.54 298-1000
Margarite CaAl(A]ZSiZO‘O)(OH)Z 75.8 102.50 16.35 28.05 298-848
99.31 22.61 30.75 848~1000

continued —

~J
—



TABLE 7 (continued)

oL

pineral Class Name Formula C'P T 2.8 _g_i’—f-’—'- p_P-'LLX IO3 gi’L'LX 10-5 Tempera:u;e
e Range, °k&
Sheet Paragonite NaAIz(AISiBOIO) (o), 75.0 97.43 24,50 26.44 298-1000
Siticates Phtogopite KMQB(MSI}OIO) (on), 8s.0 100.61 28.78 21.50 298-1000
Fluorphlogopi te KH93(A!Si30]0)F2 96.13 26.74 20.41 298-1000
Annite KFeB(AISijom)(OH)Z 93.6 106.43 29.77 19.31 298-1000
PD-oxyannite KFe AISi 0, (H_ ) 8.2 88.35k | .12l 18.06d 298-848
97.91l | 35.3ud 9.960 848950
116,684 7,44k 463k 950-1050
vo.2sl | 10.08k 4631 1050-1100
7A-Clinochlore NgSAI(AISIBO‘O)(OH)B 131.9 162.82 50.62 40.88 298-848
166.01 44.36 38.18 848-10002
7A-Daphnite FegAl (AISIBOIO) (oH) g 146.2 172.53 52,28 37.23 298-848
175.72 46.02 34.63 848- 10002
JA-Amesite HgZAI(AISIOS)(OH)“ 65.6 81.03 2474 20.23 298-10002
7A-Chamos i te Fe Al (AISi0g) (0H) ), 714 84.91 25.40 18.77 298-10002
JA-Cronstedtite FezFe(FeSiOS)(OH)“ 77.5 84,79 41,84 12.48 298-950
97.30 23.24 8.93 950-10502
93.01 25.00 8.93 1050~ 15002
14A-Clinochlore HggA1(AIST 0, 0) (OH) g 136.8 166.50 42.10 37.47 298-1000%




Mineral Ciass Name Formula % 1 2. Temnera:u;e
rr Range, *K—
Sheet Silicates|f 14A-Daphnite FeSAl(MSi}oIO)(OH)B 1511 176,21 43.76 33.82 298-1000%
14A-Amesite Hg“AIZ(AIZSiZOIO) (OH)8 136.1 172.59 34.98 41.67 298-3482
169.40 41.24 44.37 848-1000%
Prehnite CagAl (AL 30, 0) (OH) 80.8 91.604 37.82L 19.60L 298-848
101174 19. 04k .50k 848-1800
Sepiolite 19,5160 (0H),(0H,), = {on,) = 168.0 157.92% | 104.30% 18.68% 298-800%
Tarbonates Dolomi te Cang(c0,), 37.7 R 17.78% 10.95" 298-1000

2ca mle.l("K)-

Ecal mole-I(°K)-2.

Seat {°K) mle-l. é{xcept where indicated otherwise, the numbers shown in this column

designate the minimum experimental temperature range for the minerals and/or oxides used in the calculations (see tables 2, 5, and

8). —E-Computed from equation (19} and the coefficients shown above.

experimental coefficients for minerals and/or oxides taken from tables 2, § and 8.

iCalculated using estimates of a, b, and ¢ shown above and/or

Hultiple sets of coefficients and temperature

ranges are given where appropriate to avoid uncertainties inherent in using heat capacity coefficients for oxides and minerals

outside of their temperature range of applicability {see text).
in the vicinity of phase transitions where equations {19} fails to represent adequately the heat capacities of polymorphs.

g{xtrapola(ed. l"-Compuzed assuming AC®

P.,T

= 0 for dolomite == calcite + magnesite.

The estimated coefficients should not be used for temperatures

The estimated coefficients apply to ordered

dolomite. lExcept where indicated othe:wise, the values shown for 3, b, and ¢ were estimated from equatians (86) through (88)

assuming AC°Pr‘T = 0 for the reference reactions shown in table 3. 4Computed from equations (82) through (84}. 5Computed
assuming AC°P:,T = 0 for kaolinite + 3 periclase = corundum + chrysotile. EComputed assuming AC"P”T = 0 for halloysite
kaolinite. -m-C;Iculated assuming l\C“Pr = 0 for dickite == kaolinite. 2Compu(ed assuming AC®
pyrophyllite + 3 periclase. B(',cm\put:d assuming AC°P

AC'P T 0 for leonhardite =2 wairakite + 3H20( )_ LCompu(ed assuming AC®

e

- s .
+ HZO(L)' “Lomputed assuming A;°Pr'

. . u - . . .
wollastonite + periclase, ~Computed using experimental Haier-Kelley heat capacity coefficients for u-Can (a

.t

z

P,T

LT

= 0 for talc + corundum

= 0 for analcime == dehydrated analcime + HZD(z)' sComputed assuming

14,30, b = 7.28x 107",

—
-

= 0 for lawsonite ===gehlenite + quartz + HZo(s)

= 0 for tremolite %= talc + 2 diopsfde.— £Compu(ecl assuming AC"P T 0 for monticellite ==
rs

3

and ¢ = 0.47 x ‘DS) reported by Kelley (1960). Yfstimated by Stoessell (ms) assuming AC'P = 0 for the reference reaction shown

in table 3. Ysee footnote uu in Table 3. i('Recalculaugcl from the heat capacity coefficients reported by King and others (1967)

for antigorite with the stoichiometry "9353205(0"“ to "9‘08“1‘0035(0”)62 using data given in table 2 (see text}.

gL
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the literature were tested for internal consistency by comparing the pres-
sure distribution of the brackets with Clapeyron slopes calculated inde-
pendently from eqgs (1), (27), and the approximation for solid phases
represented by

Vopr = VOP,.,T,. (91)

using standard molal entropies, volumes, and heat capacity power func-
tion coefficients given in tables 2, 3, 7, and 8 for the minerals involved
in the reaction. This procedure was also used to assess the relative relia-
bility of data reported for various pressures by different investigators
and to determine the extent to which the data warranted modification
of standard molal third law entropies to take account of configurational
contributions. Wherever possible, solubility measurements were corre-
lated with independent observations of equilibrium pressures and tem-
peratures. In certain instances it was necessary to invoke subjective judge-
ment in choosing among conflicting sets of experimental data, but in
most cases contradictions could be resolved by comparing the results of
alternate calculations with experimental solubilities, calorimetric data,
and/or geologic observations. In this way, optimum values of 0°,pr
were selected to satisfy available data. In all cases, at least one value
of j in eq (81) in each matrix equation (eq 32) referred to a mineral
indexed as j or i in the other matrix equations, which insured internal
consistency in the computed values of AG®, for all the minerals, Pro-
vision was included in the calculations for phase transitions, and
wherever possible, experimental Clapeyron slopes were adopted for these
equilibria. Values of AH°, were calculated from the standard molal
Gibbs free energies of formation retrieved from the high pressure/
temperature data by evaluating

AH®, = AG®, + TAS®, (92)

where AS°, stands for the standard molal entropy of formation from
the elements in their stable form at 298.15°K and 1 bar. Relative un-
certainties in the calculated values of AG®, and AH®, were assessed with
the aid of equations summarized below.

Uncertainties and ambiguities—Uncertainties and ambiguities in-
herent in calculating standard molal enthalpies and Gibbs free energies
of formation of minerals from calorimetric data, solubility measurements,
and experimental observations of phase equilibria have received consider-
able attention in recent years (Fyfe, Turner, and Verhoogen, 1958; Green-
wood, 1971; Zen, 1971, 1972, 1973, 1977; Parks, 1972; Thompson, 1974a;
Ulbrich and Merino, 1974; Anderson, 1976, 1977; Chatterjee, 1977).
Nevertheless, the relative extent to which various experimental and inter-
pretative factors contribute to tliese uncertainties is still a subject of con-
jecture and debate. Ambiguities and uncertainties commonly stem from
inadequate compositional analyses of starting materials and reaction
products, internal inconsistencies, inaccurate data reduction, erroneous
assumptions, or failure to demonstrate reproducible reversibility. Other
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uncertainties result from short-term experimental runs, failure to vary
the proportions of reactauts and products to promote aclhievement of
stable equilibrium, unreliable experimental techniques, inaccurate cell
parameters, lack of information concerning the ordering state of the
reactants and products, changes induced by quenching, reliance on X-ray
evidence for reaction progress, insufficient annealing, failure to optimize
fluid to mineral ratios, sluggish reaction kinetics and metastability, un-
detected reaction products, indiscriminate use of both natural and syn-
thetic materials, lack of compositional data for the fluid phase, and
omission of numerical data from published reports of investigation.
Calculated uncertainties in standard molal Gibbs free energies of forma-
tion derwved from such data ave thus themselves highly uncertain.

Experimental uncertainties in the standard molal third law entropies
of most minerals at 25°C and 1 bar are of the order of a few tenths of a
cal mole—* (°K)—1 or less, but in some instances entropy €rrors may ex-
ceed a cal mole—! (°K)—1. Corresponding uncertainties in calorimetric
standard molal enthalpies of formation from the elements at 25°C and
1 bar range from ~ 500 to > 2000 cal mole—'. As emphasized above,
uncertainties of this order of magnitude in AH®, are far too large to
permit accurate calculation of equilibrium temperatures for high pres-
sure/temperature univariant equilibria. This can be demonstrated by
evaluating the finite difference derivative of

AH®, ;4
AS®, 1x

where AH®,.p 1 and AS°, . refer to the standard molal enthalpy and
entropy of reaction for an unrestricted standard state with respect to
pressure and temperature. The finite difference derivative (8) of eq (93)
can be written as

T = 93)

S(AH®, p.1) — TS(AS®, p.r)
Asor,I’,T

Standard molal entropy changes accompanying dehydration reactions
are commonly of the order of 20 cal mole—! (°K)~?, which means that
for a “typical” dehydration temperature of 600°C, AH®, 5 ~ 17,500
cal mole—1. It follows from eq (94) and these “representative” values of
T, AS®, p1, and AH®, p ¢ that an uncertainty of = 0.5 cal mole—?* (°K)—!
in AS®, p o together with an uncertainty of = 1 kcal mole—* in AH®, p 1
results in an uncertainty of + 72°C in equilibrium temperatures com-
puted from the thermodynamic data. In contrast, if 6T is known experi-
mentally to be = 10°C and AS®,pr = 20 cal mole—* (°K)—1, it follows
from

§T = (94)

8(AG®, p ) = — AS®, p 0T (95)

that an uncertainty of = 10°C in T introduces an uncertainty of *+ 200
cal mole~* in 0°, p r, which is transmitted to computed values of AG®,
and AH®; at 25°C and 1 bar. However, if experimental reversals are
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available at more than one pressure, Clapeyron slope constraints may
reduce considerably even this relatively small uncertainty. Because the
Clapeyron equation requires reversals at all pressures to be consistent
with one another, the maximum uncertainty in AG®,p  represented by
8T at any one pressure may be reduced significantly by the distribution
of reversal brackets at other pressures. Accordingly, uncertainties in
values of AG®, that satisfy more than one reversal may be much smaller
than those attending retrieval of AG®, from a single reversal. In addi-
tion, simultaneous consideration of more than one reaction at a series of
pressures reduces relative uncertainties even further. As a result, the
relative uncertainties in many of the calculated values of AG®, discussed
below are of the order of tens of calories mole—?!. Although the absolute
uncertainties in AG°; are certainly much greater, because the set of
data given in table 8 is comprehensive, it matters little whether the
absolute errors in the values of AG®, are large, as long as the relative
errors are small. This observation is valid for any internally consistent
set of thermodynamic data, but its practical significance depends on
whether additional data from other sources are required to carry out a
given calculation. Despite the fact that relative uncertainties in the
standard molal volumes, entropies, and heat capacities of minerals used
in retrieval calculations are magnified and transmitted to values of AG®,
derived from high pressure/temperature phase equilibrium data, extra-
polation errors are minimal if the same values of Ve 1, S°,1,, and q,
b, and ¢ in eq (19) are used in all subsequent calculations.

Uncertainties in Clapeyron slopes of univariant curves computed
from standard molal volume data using calorimetric and/or estimated
values of S°p . and standard molal heat capacity coefficients can be
assessed by taking the finite difference derivative of

P _ S, %)
dT AV®,
AG°, =0
which can be written for AG®°, = 0 as
° ° °
§(dP/dT) = 8(AS°,)  AS°,B(AV®,) -

AV®, (AV©,y?

where AG®,, AV®,, and AS°, again refer to the standard molal Gibbs free
energy, volume, and entropy of reaction for an unrestricted standard
state with respect to temperature and pressure. If we take 20 cal mole—?
(°K)~* and 20 cm?® mole—?! as ‘“typical” values of AS°, and AV°, for
dehydration reactions, it follows from eq (97) that uncertainties of =
0.5 cal mole—* (°K)—1 in AS°, and = 0.5 cm?® mole—1 (°K)~! in AV®,
(which are probably representative of univariant reactions in general)
result in an uncertainty of = 2 bars (°K)~* for a Clapeyron slope of
42 bars (°K)~1. Uncertainties of this order of magnitude introduce corres-
ponding uncertainties of ~ = 1°C kb~! in calculated equilibrium tem-
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peratures at higher pressures. In general, uncertainties in Clapeyron
slope calculations caused by uncertainties in standard molal entropies,
heat capacities, and volumes of minerals have a negligible effect on
retrieval calculations if the absolute values of AV®, and AS°, are of
the order of 10 cm® mole—* and 10 cal mole—! (°K)—* or more. However,
if AS°, and AV®, are small, as they are for solid/solid phase transitions
and certain dehydration reactions, calculated values of dP/dT may be
affected drastically by small errors in AS®, and/or AV?,.

As emphasized by Fyfe, Turner, and Verhoogen (1958), uncertainties
attending both experimental determination and thermodynamic calcula-
tion of equilibrium temperatures are controlled to a large extent by the
magnitude of AS°,. For example, it can be deduced from the curves n
figure 16 that AS®, is small for reaction 1 and large for reaction 2. Con-
sequently, the uncertainty bracket represented by ab is much greater
for reaction 1 than reaction 2. Although these brackets are symmetrical
in the case of reactions 1 and 2, it can be seen that the equilibrium tem-
perature for reaction 3 is close to the upper end of the uncertainty inter-
val represented by ab. The latter case is typical of dehydration reactions
taking place at pressures <. 1 kb at temperatures from ~ 300° to 500°C,
where the heat capacity of H,O increases dramatically with increasing
temperature.

The energy required to activate the three reactions discussed above
1s represented in figure 16 by intervals a and b. If the kinetics of the
reactions near equilibrium are controlled primarily by their chemical
affinities (which seems likely; see, for example, Prigogine, 1967, Aagaard
and Helgeson, 1977; Helgeson, 1978), it follows that the small value of
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Fig. 16. Schematic illustration of the Gibbs free energy of three hypothetical sys-
tems as 2 function of temperature at constant pressure (see text).
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AS°, for reaction 1 promotes metastability, which is also the case for
reaction 3 at low temperatures.
The chemical affinity of the rth reaction (A,) is defined by

dQ;
A — irrev,r (98)
T d¢,
where dQ;,,.,, stands for the inexact differential of the heat associated
with the 7th irreversible reaction, and &, represents the progress variable
for the process. However, A, can also be expressed as

aG > N
A, = — = _ E g, = RT In K,/Q, (99)
< agr r,T :

where G refers to the Gibbs free energy of the system, #;, represents the
stoichiometric coefficient of the ith species involved in the rth reaction
(0;, = dn;/d¢,, where n; stands for the number of moles of the ith
species in the system), K, denotes the equilibrium constant for the re-
action, and

Q, = H a; " (100)

where a; stands for the activity of the ith species in the system. At
equilibrium, Q, = K, and A, = 0. The rate at which reactions among
minerals and aqueous solutions proceed from an activated state toward
equilibrium is a function of A,. If we regard such reactions as sequences
of elementary steps in the overall process, near equilibrium the rate of
the rth reaction (7,) can be expressed as (Prigogine, 1967)

po= d¢, kA,

= = 0
" de RT (1D
where £, is the rate constant given by
o— * T
k, = Aje AE%/R (102)

where A, designates the pre-exponential factor (which includes the equi-
librium concentrations of the species involved in the reaction) and AE*,
stands for the activation energy for the reaction. Because in most cases
the volume change associated with the activation process is negligible,
and AE*, is insensitive to changes in pressure and temperature, AH¥, ~
AE*., and both AS*. and AH*, can be regarded as constants. Taking
account of the fact that AE*, is positive, it follows from eq (102) that
the rates of reactions caused by increasing temperature may be con-
siderably faster than those of reactions caused by decreasing temperature.
Because of this, kinetic constraints may result in asymmetric uncertain-
ties in experimentally determined reversal temperatures. These con-
straints as well as others affecting attainment of equilibrium are dis-
cussed in detail by Fyfe, Turner, and Verhoogen (1958).
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Many of the observations summarized above concerning the effect
of uncertainties in thermodynamic data on calculated equilibrium tem-
peratures for univariant equilibria apply also to multivariant reactions
among minerals, gases, and/or aqueous species. However, in the latter
cases small calorimetric uncertainties in AH®, and AS°,. may be mani-
fested by large errors in computed activities or fugacities instead of equi-
librium temperatures. Conversely, small errors in fluid compositions
determined experimentally are magnified in corresponding values of
AG®,pr. For example, if accurate values of xco, and xu,o are known
at a given pressure and temperature, it follows from eqs (28) and (44),
together with the constraint

Xeo, + Xigo = 1 (103)
that
8(AG®, px) = —2.303RT 8(log Ky.x)
7‘;lCOZ - XC02 (ﬁ002 + ﬁ'HzO)

= —RT 8Xco,  (104)
Xeog Xny0

for reactions involving only CO,, H,O, and stoichiometric minerals.
Hence if fgo, == 3 and Ay, = —1 (which is typical), a value of Xqo,
= 0.5 must be known to =% 0.01 at 500°C to keep the uncertainty in cal-
culated values of AG®, ¢ within ~ = 125 cal mole—% Note that the
uncertainty in AG®,p; is magnified considerably for a given 6Xgo, as
either X¢o, or Xy,o become small. It is also under these conditions that
errors stemming from the assumption of ideal mixing of CO, and H,O
may have a large effect on calculated equilibrium temperatures, which
underscores the inadvisability of retrieving values of AG®; for minerals
from temperature-Xo, data in the dilute regions of concentration with-
out incorporating reliable fugacity coefficients for CO, and H,O in
CO,~H,O mixtures. In general, calculated equilibrium temperatures
and fluid compositions are highly sensitive to xco, in H,O-rich fluids
and xmyo in COgrich fluids. As a result, small errors in these fugacity
coefficients may result in large errors in o°,.

The effect of uncertainties in xu,o and xco, on o°, for reversible
reactions among stoichiometric minerals and a CO,~H,O fluid can be
assessed from

8(AG®, 1) = — RT(f1go, 8(In Xco,) + Tlaryo 8(IN Xmy0))  (104A)

which can be derived for a given (constant) pressure, temperature, and
fluid composition from eqs (28), (44), and (108). If we again let figo, =
3 and fimyo = ~1, it follows from eq (10%4A) that errors of = 0.1 in the
natural logarithms of xco, and xu,e may result in a corresponding error
of ~ = 600 cal mole—! in AG®,, which would be transmitted in retrieval
calculations to o°, and hence to calculated values of AG®°,. Errors in cal-
culated equilibrium temperatures caused by uncertainties in fugacity co-
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efficients can be computed for accurately known fluid compositions by
evaluating
RT? N .
8T = ————— (figo, 8(In Xco,) + fmyo 8(IN Xm,y0))  (104B)
AI_Ior,P,T
This relation can be derived by taking account of the van’t Hoff equa-
tion. Assuming AH®, p 1 = 35 kcal mole—* at 500°C for a reaction in
which figo, = 8 and fig,ec = —1 (which is reasonable), evaluation of eq
(104B) for uncertainties of = 0.1 in In xgo, and In Xy, indicates that
errors of the order of = 14°C may result in predicted equilibrium tem-
peratures for a given X¢o,.

Under certain circumstances, uncertainties in In xgo, and In xmyo
arising from experimental error, equation of state extrapolations, and/or
erroneous assumptions regarding ideality or nonideality in CO,~-H,O
mixtures may well exceed = 0.1. Because these uncertainties are magni-
fied by RT in eq (104A) and RT?/AH®, »; in eq (104B), considerable
care must be exercised in retrieving standard molal Gibbs free energies
of formation of minerals from experimental temperature-X¢o, data.
The latter observation applies also to retrieval of values of AG®, from
solubility measurements. For example, it follows from the first identity
in eq (104) that 810gaqy 108 @si04¢,q Must be known to % 0.03 to pre-
clude errors > 100 cal mole—* in computed values of AG®°, for desilica-
tion reactions at 500°C.

Relative uncertainties in the values of AG°, and AH®°, shown in
table 8 are discussed below, but no absolute counterparts are given in
the table, Owing to limitations imposed by simultaneous consideration
of multiple equilibria and the diverse sources of experimental ambigui-
ties discussed above, attempts to assign with confidence absolute nu-
merical uncertainties to the computed values of AG°, and AH®, were
unsuccessful. In fact, these efforts led to the conclusion that (in contrast
to arguments advanced by Zen, 1972) weighting vagaries and the non-
random nature of experimental uncertainties inherent in most high pres-
sure/temperature phase equilibrium data preclude meaningful applica-
tion of a statistical approach to assigning absolute numerical uncertain-
ties to values of AG®, and AH®, retrieved from such data.*® This is par-
ticularly true of averaging techniques such as the practice of assigning
the square root of the sum of the squares of the relative uncertainties
for each experimental observation to the thermodynamic properties of
minerals retrieved from high pressure/temperature phase equilibrium
data. Although estimates of absolute uncertainties could be made with
the aid of Monte Carlo calculations (Anderson, 1976), the task would
be monumental, and the usefulness of the results would be highly ques-
tionable (G. M. Anderson, 1977, written commun.). It thus appears
preferable (at least to us) to give no estimates of absolute uncertainties,

It is also for these reasons that satistical regression analysis of experimental re-

versal temperatures and solubility data commonly leads to unacceptable uncertainties
in values of AG®, retrieved from the data.
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rather than assigning values that may be both inaccurate and mislead-
ing. It should perhaps be emphasized in this regard that differences be-
tween the values of AG®, and AH®, derived in the present study and
those reported elsewhere for the same minerals are not necessarily valid
measures of absolute uncertainties. Calculation of uncertainties from
comparisons of this kind must take into account all the equilibria em-
ployed in the retrieval calculations.

The fact that absolute uncertainties are not given in table 8 affords
no justification in itself for questioning the validity of the thermo-
dynamic data shown in the table. To the contrary, because in most cases
the relative uncertainties in the calculated values of AG°, and AH®, are
small (of the order of a hundred cal mole—* or less), and because with
only a few exceptions (see below), no calorimetric values of AH®, with
aggregate absolute uncertainties > 400 cal mole—* were used in any of
the retrieval calculations, it can be argued subjectively that the absolute
uncertainties in the values of AG°, and AH®, derived in the present
study are almost certainly much smaller than those inherent in their
calorimetric counterparts. This observation is strongly supported by com-
parison of equilibrium constants and univariant curves generated from
the thermodynamic data in table 8 with the myriad of experimental
observations summarized in the following pages.

THE SYSTEM SiO,

The thermodynamic properties of quartz, coesite, cristobalite, chal-
cedony, and amorphous silica are shown in table 8. In the case of
o-quartz, the value of AH®, corresponds to that obtained from calori-
metric measurements, but the standard molal enthalpies of formation
of the other SiO, polymorphs were retrieved from high-temperature solu-
bility measurements reported in the literature.

Quartz—The standard molal volume and calorimetric values of
SOPT,TT and AH®, given by Robie and Waldbaum (1968) for a-quartz
were adopted in the present study. This value differs by only 12 cal
mole~* from that recommended by the CODATA task group in 1975
(CODATA, 1976), which is the value adopted by Hemingway and
Robie (1977a). The heat capacity power function coefficients shown in
table 8 for a and B-quartz were taken from Kelley (1960), who reports
290 cal mole—? for the apparent standard molal enthalpy of transition
(AH®,) at 848°K and 1 bar. This value, which is 116 cal mole—? larger
than that reported by Stull and Prophet (1971), was used together with
the transition temperature at 1 bar (848°K) and the slope of the curve
shown in figure 17 (38.5 bar (°K)—?) to calculate the apparent standard
molal entropy and volume of transition (AS°, and AV®, respectively)
given in table 8. Because the standard molal volume of B-quartz was
measured at 575°C and 1 bar (table 2), the calculated value of AV®,
(0.572 cm?® mole—?) requires the standard molal volume of a-quartz to
be 23.35 ¢cm?® mole—?! at the transition temperature at 1 bar. However,
thermal expansion data (Skinner, 1966) indicate that the standard molal
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Fig. 17. Calculated equilibrium pressures and temperatures (curve) and experi-
mental data (symbols) documenting the a/B-quartz transition at high pressures and
temperatures.
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volume of a-quartz reaches 23.35 cm?® mole—* at ~ 520°C and 1 bar,
which is in the vicinity of the lowest temperature at which the standard
molal heat capacity of e-quartz exhibits evidence of the occurrence of
a lambda transition with increasing temperature (see above). This ob-
servation reinforces evidence obtained calorimetrically by O’Neill and
Fyans (ms) suggesting that the «/@-quartz transition is a displacive
lambda transition, rather than a superimposed lambda/first order tran-
sition (fig. 3C). In contrast, if the value of AH®; reported by Stull and
Prophet (174 cal mole—*) is used in the calculation, the computed value
of AV?, (0.223 c¢m? mole—1) requires V° for a-quartz to be 23.50 c¢m?
mole—? at the transition temperature. It can be seen in figure 3D that
the standard molal volume of a-quartz reaches this value at ~ 565°C,
which is well above the temperature at which the lambda transition
apparently sets in, but ten degrees below the transition temperature. It
should perhaps be emphasized that if an apparent standard molal volume
of transition consistent with the curve shown in figure 3D is adopted
(0.12 cm® mole—1), AH®, must be 94 cal mole—! to be consistent with
the position and slope of the curve in figure 17. Few of the calorimetric
data available are consistent with such a small value of AH®,.
Although the curves representing the standard molal volume and
heat capacity of q-quartz in figure 3 indicate that the phase begins to
disorder as temperature increases above ~ 700°K, the bulk of the shift
in the bond angles responsible for the change in symmetry between the
two polymorphs takes place within a few degrees of 848°K, where the
a/B-quartz transition is rapidly reversible. As a consequence, pressure-
temperature isopleths representing displacive disorder manifested by
detectable changes in symmetry are telescoped together, resulting in
what appears experimentally to be a single univariant curve (fig. 17).
The a/B-quartz transition at 848°K can thus be regarded for practical
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purposes as a quasi-first-order transition. Because B-quartz is unquench-
able, no thermodynamic properties are given for this polymorph in
table 8.

The value of AV®, shown in table 8 is compatible with the standard
molal volume of B-quartz at 575°C in table 2, but (as noted in previous
discussion) not with the assumption that V°p o = V°p o for c-quarte.
This inconsistency (which is the only one of its kind encountered in the
present study) can be resolved by incorporating provision for the thermal
expansion of @-quartz in thermodynamic calculations. For example, if
we designate the temperature and pressure of transition as T, and P,
respectively, and assume that the apparent standard molal volume and
entropy of transition are independent of pressure and temperature (see
above), the thermodynamic consequences of the expansibility and com-
pressibility of a-quartz can be approximated by writing

(avoa Voa,Pt,Tt - Voa,Pt,T.r
aT ) P T, —T,
where V°qp r, and Vqp, r, correspond to the standard molal volume of
a-quartz at the subscripted pressures and temperatures. Eq (105) is based
on the observation that (V°/dT)p for o-quartz is essentially independent
of temperature at 1 bar (fig. 7). It thus follows that we can assume in a
first approximation that (9C°p/8P) = —T(32V°/3T?) ~ 0.

It can be seen in figure 8 that (§V°/9P); for a-quartz is also essen-
tially constant at 25°C and pressures below ~ 30 kb, which permits us
to write

(105)

Veupr, = Voup, 1, + ca (P —P)) (106)
where c¢q stands for (9V°./dP)y . Combining eqs (105), (106), and

oV, -
Vespo=Vpr + T-T, (107)
or = Vourpn, < e ) RECEED
with
Tip=Tp, + k=2 (P-P) (108)
leads to

Voa,P,T = Voa,P,,Tr + ¢ (P — Pr)
(Vap,1,~ Voap 1, — Ca (P —P)) (T —T))
Tip, + k=t (P—P)—T,
where k refers to the slope of the univariant curve in figure 17. Note
that (6V°/8T)p in eqs (105) and (107) is constrained to be independent
of temperature but not of pressure. Conversely, (§V°./dP); is taken to

be independent of pressurc but not of temperature.
If we now combine the integral of eq (109) with

+

(109)

P
AG®g e — AGOB,PT,T = f Vo pdP = VOB,P,,Tt (P* —P,) (110)
P,
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we can write for the stable polymorph of quartz at any given pressure
and temperature,

AG®p 1 — AG®p r == VOp 1, (P —P¥*) + Vyp o (P* —P)
cal2P, (P — P*) — (P2 — P*2))
2
+ k(bs + aocak) ( T — T,) (In(ae + k=1P)/(ae + k—1P*)) (111)
where P* stands for Py if T > T, p, but P* = P, for T < T;p_and

tq= Typ, — k=P, — T, (112)

— k(T = T,) (P — P¥)

and
ba = Voavpt»Tt - VOQ,PT,TT + CaPr (113)

The corresponding expression for the standard molal entropy appears as
S°pr — S%p, 1 = —k(ba + aaceK) (In(ae + k—?P)/(ae + k—2P*))
+ ¢cok(P — P*) (114)
which permits calculation of AH®p 7 — AH®p_ from
AH®p p — AH®p 1+ = AG®p p — AG®p x + T(S%,x — S°,.1r) (115)

Values of AG®, pr computed from eqs (14) and (111) consistent with
AV®; = 0.372 cm® mole™?, V°p r = 22.688 cm?® mole—?, V5 = 23.72
cm? mole—?, k = 38.5 bar (°K)—?%, and c¢q = 4.973 X 10—% cm® mole—1

I 1 ! T
B o pa
Ly
|
(@]
=
_
<
<
1)
b
3
oQi-
&
o
q -—8or 500
{-QUARTZ 600
—100 | | 1 AN

0 2 4 6 8 0
PRESSURE,KB

Fig. 18. Difference in the apparent standard molal Gibbs free energy of a-quartz
computed assuming V°pyr = V°p _r_and that generated from eq (I111) as a function
of pressure at constant temperature (labeled in °C).
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bar—! differ from corresponding values calculated assuming Voqpp =
Ve p o, by up to ~ 100 cal mole—* at pressures below 10 kb (fig. 18).
Although in most cases differences of this order of magnitude have a
negligible effect on thermodynamic calculation of mineral stabilities, eq
(111) insures compatibility of such calculations with the univariant curve
shown in figure 17. For this reason, and because the approach described
above affords better approximation of the thermodynamic behavior of
a-quartz at high pressures than the assumption that Vo pr = Vp r,
eqs (111), (114), and (115) were used in the present study to represent
the pressure dependence of AG®°pq, $°% 1, and AH®p ¢ of quartz.
Coesite—Experimental observations of the quartz/coesite transition
are summarized in figure 19, where it can be seen that the calculated
univariant curve for the transition is slightly curved. The Clapeyron
slope of the curve is consistent with calorimetric data obtained by Holm,
Kleppa, and Westrum (1967), who report S§°p r = 9.65 cal mole~*
(°K)—* for coesite. The results of their high-temperature drop calori-
metry experiments indicate that the diflerence in the standard molal
heat capacity of coesite and quartz is essentially independent of tem-
perature and equal to 0.22 cal mole—* (°K)—*. This value is identical to
that at 25°C obtained from low-temperature heat capacity measurements
(Holm, Kleppa, and Westrum, 1967). Taking the standard molal volume
of coesite to be proportional to that of quartz and adding 0.22 cal mole—!
(°K)~1 to the a heat capacity coefficients for @ and 8 quartz generated
the value of AG®; for coesite in table 8 from the experimental data shown
in figure 19. It can be deduced from the agreement of the curve with

40 T T T T
QGF\’EEN, RINGWOOD, AND MAJORS (1966)

@ BOYD AND ENGLAND (1960) o
@ KITAHARA AND KENNEDY (i964)
A BOETTCHER AND WYLLIE(I968)

COESITE

(o]
)]

30 ]

PRESSURE,KB

QUARTZ

n
(31
I

!

20 | | 1 1
400 600 800 1000 1200 1400

TEMPERATURE ,°C

Fig. 19. Calculated equilibrium pressures and temperatures (curve) and experi-
mental data (symbols) documenting the quartz/coesite transition at high pressures
and temperatures.
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the reversals shown in the figure that the calorimetric heat capacity and
entropy data reported by Holm, Kleppa, and Westrum are consistent
with the high pressure/temperature phase equilibrium data, as are their
relative heat of solution measurements at 970°K and 1 bar. They report
750 = 150 cal mole—* (°K)—* for the enthalpy change accompanying
transformation of quartz to metastable coesite at 970°K and 1 bar, which
compares favorably with the corresponding value of 888 cal mole—!
calculated from the thermodynamic data for quartz and coesite given
in table 8. Nevertheless, because the standard molal entropy of transi-
tion is only ~ —0.5 cal mole—! (°K)—! at high pressures and tempera-
tures, the discrepancy of 138 cal mole—*, together with the assumptions
Holm, Kleppa, and Westrum made concerning the pressure dependence
of the standard molal volumes of quartz and coesite introduced isobaric
differences of more than 500°C in the univariant curve they predicted
compared to that shown in figure 19. Corresponding uncertainties in
the calorimetric data reported by Holm, Kleppa, and Westrum (1967)
for the coesite/stishovite transition at 1 bar, combined with large un-
certainties in the experimental data at higher pressures reported by Sclar
and others (1962), Wentorf (1962), Stishov (1963), and others precludes
reliable calculation of the thermodynamic properties of stishovite.

Chalcedony, cristobalite, and amorphous silica.—The thermodynamic
data given in table 8 for these minerals (which are consistent with those
shown for quartz) were adopted by Walther and Helgeson (1977) in
their study of the thermodynamic behavior of aqueous silica as a func-
tion of pressure and temperature. Differences in crystallinity are ap-
parently responsible for disparities in the thermodynamic properties of
chalcedony and a-quartz. In contrast, it appears that differences in the
thermodynamic behavior of silica glass and amorphous silica can be
attributed (at least in part) to incorporation of interstitial H,O in the
latter phase.

Both o and B cristobalite as well as a-tridymite and its various
polymorphs are metastable with respect to quartz at temperatures below
1079° = 250°K at 1 bar, where B-quartz goes through a sluggish transi-
tion to (metastable?) B-cristobalite (Stull and Prophet, 1971). Because
metastable cryptocrystalline B-cristobalite commonly occurs in volcanic
rocks, the thermodynamic properties of this phase are also shown in
table 8. However, corresponding properties of «, B8, and y tridymite are
not given. Uncertainties in the experimental data reported for these
polymorphs preclude unequivocal designation of the stable polymorphs
of 510, at high temperatures and low pressures.

MgO-CaO-H,0-CO,

Of the minerals in this system, only brucite, magnesite, dolomite,
calcite, and aragonite are relatively abundant in the Earth’s crust. With
the exception of periclase aud dolomite (which is considered in later
pages) the values of AG®; and AH®; given in table 8 for these minerals
were derived from the experimental observations of phase equilibria
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summarized in figures 20 and 21. The thermodynamic data shown in
table 8 for periclase were taken from calorimetric studies.

Periclase, brucite, and magnesite—The standard molal volume and
calorimetric data given in table 8 for periclase were used together with
the standard molal volumes, entropies, and heat capacity coeflicients for
brucite and magnesite to calculate values of AG°; and AH®, for the latter
two phases from the experimental data plotted in figure 20. The calcu-
lated values of AG®, and AH?, for brucite (table 8) fall within tlie un-
certainty range of the corresponding values reported by Robie and Wald-
baum (1968), but those for magnesite do not. Nevertheless, the value of
AHP?; for magnesite in table 8 differs by only 70 cal mole—* from that
adopted by Stull and Prophet (1971).

The thermodynamic data given by Robie and Waldbaum (1968) for
magnesite require the univariant curve in figure 20B to be > 10° to 20°C
higher than that defined by the experimental reversal temperatures.
In contrast, it can be seen that the curve generated in the present study
is in close agreement with all the experimental data. Except for a single
low-pressure reversal for the dehydration of brucite, the same observation
holds for the curve in figure 20A. The value of AH®; for brucite in table
8 is 390 cal mole—* more negative than that given by Stull and Prophet
(1971), who report —221,000 = 500 cal mole—1.

Calcite and aragonite—To insure agreement with low-temperature
experimental data, the standard molal Gibbs free energies of formation
of calcite and aragonite in table 8 were calculated from solubilities re-
ported by Christ, Hostetler, and Siebert (1974) using thermodynamic
data for Cat+ and CO,~— given by Wagman and others (1968). These
values were then used together with the standard molal volumes, en-
tropies, and heat capacity coeflicients for calcite and aragonite in table 8
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Fig. 20. Univariant equilibrium curves (generated from thermodynamic data given
in table 8) and experimental observations of phase relations (symbols) in the system
MgO-CO,-H,0 at high pressures and temperatures.

B.



88 MgO-Ca0-H,0-CO,

to calculate equilibrium temperatures and pressures for the calcite/
aragonite transition (fig. 21).

The value of §°p_r, for calcite adopted in the present study (22.15
cal mole—* (°K)~?!, which was taken from Kelley and King, 1961) is
0.23 cal mole—* (°K)~1 greater than that given by Staveley and Linford
(1969), who also report 21.03 cal mole—* (°K)~* for the standard molal
entropy at 25°C and 1 bar of an aragonite sample containing 0.13 mole
percent SrCO,. This entropy is 0.15 cal mole—* (°K)—* smaller than the
calorimetric value for aragonite given by Kelley and King (1961), who
report 21.18 cal mole—* (°K)~*. The latter value was adjusted in the
present study by 0.38 cal mole—* (°K)—* to bring the calculated Clapey-
ron slope of the univariant transition curve into close agreement with
the distribution of data shown in figure 21. The adjustment of 0.38 cal
mole~1 (°K)—1 is 0.08 cal mole—* (°K)—* greater than the uncertainty
in the calorimetric value of S°p p for aragonite given by Robie and
Waldbaum (1968).

It can be seen in figure 21 that the univariant curve generated from
the calculations described above is in close agreement with all the experi-
mental data at high pressures. Owing to ambiguities in the high-pressure
transition temperatures for calcite I (which corresponds to calcite) to
calcite II, no attempt was made in the present study to retrieve thermo-
dynamic properties for the high pressure/temperature polymorph, calcite
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Fig. 21. Calculated equilibrium pressures and temperatures (curve) and experi-
mental data (symbols) documenting the aragonite/calcite transition at high pressures~.
and temperatures.
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1. The values of AG®°; and AH®, given in table 8 for calcite and ara-
gonite fall within the uncertainties in the corresponding values reported
by Robie and Waldbaum (1968). The fact that they are consistent with
both low-temperature solubility measurements and high pressure/tem-
perature phase equilibrium data reinforce the reliability of the thermo-
dynamic data given in table 8 for aragonite and calcite.

MgO-SiO,~H,0

Although equilibrium phase relations in this system liave received
considerable geologic, experimental, and theoretical attention over the
years, many ambiguities and uncertainties in the thermodynamic proper-
ties of magnesian silicates have yet to be resolved. Owing to the high
sensitivity of calculated equilibrium temperatures and pressures to small
errors in the thermodynamic properties of minerals in the system MgO-
$i0,-H,0, relative uncertainties in the values of AG®°; and AH®, for
these minerals must be of the order of a few tens of cal mole=?* or less
to reproduce all the various experimental observations. This require-
ment served as an implicit constraint in the retrieval calculations re-
ported below.

Enstatite, forsterite, talc, anthophyllite, chrysotile, and antigorite—
Simultaneous consideration of high pressure/temperature experimental
data shown in figures 24 through 28 for

talc = 3 enstatite + quartz + H,O, (116)

talc + forsterite = 5 enstatite + H,0, (117)

anthopliyllite = 7 enstatite + quartz + H,O, (118)

2 talc = 3 forsterite 4+ 5 8iO, 4, + 2 H,O0, (119)

talc + H,O = chrysotile + 2 SiO, 4y, (120)
and

16 talc 4+ 15 H,O = antigorite 4+ 30 SiO, 4, (121)

generated the values of AG®; and AH®?, in table 8 for the minerals ap-
pearing in these reactions. The calculations were carried out using the
standard molal volumes, entropies, and heat capacity coefficients given
in the table for the minerals in reactions (116) through (121), together
with the thermodynamic data and equations of state for H,O and
510, (4q) summarized by Helgeson and Kirkham (1974a) and Walther and
Helgeson (1977). Wherever appropriate, provision was incorporated in
the calculations for the thermodynamic consequences of the clinoensta-
tite/enstatite phase transition.

The Clapeyron slope of the univariant curve in figure 22 was used
to calculate the standard molal entropy of the clinoenstatite/enstatite
transition from density data reported by Stephenson, Sclar, and Smith
(1966). Similarly, the value of AS°p_r, given in table 8 for the enstatite/
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protoenstatite transition was generated from the Clapeyron slope of the
univariant curve in figure 23 using density data given by Smith (1959).
The standard molal heat capacity coefficients for enstatite and proto-
enstatite in table 8 were calculated from calorimetric data tabulated by
Stull and Prophet (1971). Note that the term enstatite in table 8 refers
to the stable polymorph of MgSiO; at any temperature.

Univariant curves and equilibrium constants for a large number of
reactions among phases in the system MgO-Si0,~H,0 are shown in
figures 24 through 32. The thermodynamic data given in table 8 for
talc, enstatite, forsterite, anthophyllite, chrysotile, and antigorite were
used to generate the curves in these figures, which (with a few excep-
tions discussed below) are in remarkably close agreement with the many
experimental data represented by the symbols. The agreement is particu-
larly impressive in view of the fact that relatively few laboratory obser-
vations were used in the retrieval calculations. Nevertheless, the com-
puted values of AG®, and AH?®, satisfy a wide range of solubility data
and experimental observations of dehydration equilibria. Although the
calculations were carried out using estimated heat capacity coefhicients
for talc (tables 7 and 8), it can be deduced from figure 33 that these
estimates afford close approximation of the calorimetric heat capacities
of talc reported recently by Krupka, Kerrick, and Robie (1977).
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It can be seen in figure 26 that the curves generated in the present
study are in close agreement with many of the experimental data re-
ported by Greenwood (1963), Hemley and others (1977h), and Chernosky
and Knapp (1977), but some discrepancies occur. Nevertheless, on the
whole the curves represent the experimental data remarkably well. The
discrepancies are almost certainly a consequence of metastability and
sluggish reactions rates, which probably account also for thermodynamic
inconsistencies in the results of some of the experiments. For example, if
a curve were drawn through all the experimental “reversals” in figure
264, the Clapeyron slope of the curve would require unrealistic values
of the standard molal entropies of the reactants and products to satisfy
experimental standard molal volume data for the minerals. At 2 kb, the
calculated standard molal entropies and volumes of the 4 reactions
shown in figure 26 are (in cal mole—* (°K)~! and cm?® mole—!, respec-
tively):

Figure number AS°p 1 AV®p »
26A 76 b4
26B 17 9
26C 81 84

26D 19 18
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As a consequence, the positions of the curves in figure 268 and D are
relatively sensitive to small errors in AG®,p, and AH®,pr, but those
in figures 26A and C are not. It was for this reason that experimental
data for the reactions shown in figures 26A and C were not used in the
retrieval calculations.

Because the Clapeyron slopes of all four curves in figure 26 are
large above ~ 2 kb, invariant points limiting the stability of anthophyl-
lite cannot be located with confidence simply by extrapolating the vari-
ous univariant curves shown in the figure. Calculations of mineral stabili-
ties in the system MgO-SiO,~H,0 (Delany and Helgeson, 1978) using
thermodynamic data taken from table 8 indicate that the equilibria de-
picted in figures 24 and 25 are metastable below 7.4 and 6.3 kb, respec-
tively, where the univariant curve representing the decomposition of
anthophyllite to talc and enstatite intersects the curves shown in figures
24 through 26 at two invariant poiutts.

The observations summarized in the preceding paragraph, as well
as the thermodynamic data given in table 8 for anthophyllite, forsterite,
enstatite, and talc are not consistent with the phase relations proposed
recently by Hemley and others (1977b), who report calculations indi-
cating the existence of two invariant points limiting the stability of
anthophyllite at low pressure (~ 200 and ~ 500 bars at ~ 600°C) rather
than high. The disparity in the results of the two sets of calculations
reported by Delany and Helgeson (1978) and Hemley and others (1977b)
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Fig. 26. Univariant equilibrium curves (generated from thermodynamic data given
in table 8) and experimental observations of phase relations (symbols) in the system
MgO-S8i0,~H.O at high pressures and temperatures.
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arises primarily from differences in the values adopted for S°p o and
the heat capacity power function coefficients for anthophyllite. The
standard molal entropy of anthophyllite at 25°C and 1 bar used by
Hemley and his coworkers (133.62 cal mole=t (°K)~1 is that computed
by Mel'nik and Onopriyenko (1969), which is 5.0 cal mole—! (°K)—?
larger than the standard molal entropy estimated in the present study
(table 3) using the structural algorithm represented by eq (62) and the
values of S°p . given in table 8 for talc and enstatite. This estimate
differs from the sum of S°p_1_tuc + 4 S°p, 1, clinvenstatite Dy 1.5 cal mole—*
(°K)~1, which is consistent with what one would expect from considera-
tion of J. B. Thompson’s (1970, 1978) polysomatic model of the amphibole
structure. Despite use of the standard molal entropy of clinoenstatite in
estimating S°p_r_for anthophyllite, the relevance of the above compari-
son is underscored by the fact that the calorimetric standard molal en-
tropy of tremolite at 25°C and 1 bar in table 8 differs by only 0.5 cal
mole~* (°K)=* from 2 S° 1 _aiopsice + S°p,1,.tare- Furthermore, again
taking account of the structure of anthophyllite, Mel'nik and Onopri-
yenko’s calculations (which at best yield a first approximation based in
part on Greenwood’s data in fig. 26) generate a value of S°p 5 for
anthophyllite that requires (what appears to us to be) an unrealistic
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Clapeyron slope (see Hemley and others, 1977b) for the high-temperature
decomposition of anthophyllite to talc + 4 enstatite.

As indicated above, the validity of the heat capacity power function
coefficients for anthophyllite adopted by Hemley and his colleagues is
also highly suspect. The coefficients they employed were obtained by
multiplying those given by Kelley (1960) for MgSiO; (amphibole type)
by a factor of 8, as an approximate correction for the stoichiometry of
anthophyllite. Although both Hemley and his coworkers and Chernosky
and Knapp (1977) assert that their experimental data support the calcu-
lations reported by Hemley and others (1977b), it can be seen in figure
26 that their data at and below 1 kb are in nearly perfect agreement
with the curves generated in the present study, which do not intersect
at low pressures.

The value of AH®, for enstatite in table 8 (which refers to the
stable polymorph of MgSiO, at 298.15°K) is 14 cal mole—* outside the
uncertainty range for the calorimetric value given by Robie and Wald-
baum (1968), but it falls within that reported by Stull and Prophet
(1971) and is consistent with the heat of solution data reported by
Shearer (ms) and Charlu, Newton, and Kleppa (1975). The correspond-
ing values of AH®, in table 8 for forsterite and chrysotile fall well within
the uncertainties in their calorimetric values. The standard molal Gibbs
free energy of talc given in the table is nearly identical to the values
estimated by Bricker, Nesbitt, and Gunter (1973) and computed by
Hemley and others (1977a), but the value of AH®, for talc differs by
more than 4 kcal mole—* from the calorimetric enthalpy of formation
reported by Barany (1963).

Owing in part to constraints imposed by the relatively large values
of many of the coefficients in the reactions depicted in figures 24 through
28, the relative uncertainties in the calculated values of AG°, and AH®,
in table 8 for the minerals appearing in the reactions are of the order
of tens of cal mole— or less. These small relative uncertainties, together
with correspondingly small uncertainties in predictions of the thermo-
dynamic behavior of aqueous silica, are responsible for the remarkably
close agreement between the calculated and experimental equilibrium
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constants in figures 29 and 30. The dashed curves in figures 27, 29, and
30 represent smooth extrapolations of the solid curves, which correspond
to equilibrium constants calculated with the aid of the equation of state
for SiO. (., given by Walther and Helgeson (1977), which is limited to

temperatures < 600°C.
It can be deduced from figure 31A that the calculated equilibrium

pressures and temperatures for

5 chrysotile = talc + 6 forsterite 4 9 H.O (122)

are consistent with both Chernosky’s (1973) experimental data for re-
action (122) and the solubility measurcments reported by Hemley and
others (1977a) for chrysotile, talc, and forsterite, which are plotted in
figure 27. However, discrepancies arc apparent in figure 31B, where the
curve generated in the present study for

chrysotile 4 brucite = 2 forsterite + 3 H,O (123)

can be compared with Johannes' (1968) experimental observations of
equilibrium pressures and temperatures for reaction (123). Correspond-
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ing curves (generated from thermodynamic data given in table 8) are
shown in figure 31 for the antigorite analogs of reactions (122) and (123).

The exact nature of the serpentine used by Johannes is somewhat
ambiguous, but the X-ray data he reports suggest that it was chrysotile
or a variant thereof. As pointed out by Oterdoom (1977, written commun.)
it may well have been orthochrysotile, which was the serpentine used in
his earlier studies of the system MgO-5i0,-H,O (Johannes, 1967). On
the other hand, it can be seen in figure 31B that his experimental data
are closely consistent with the curve generated in the present study repre-
senting

antigorite + 20 brucite = 34 forsterite + 51 H,O (124)

Although the apparent agreement between the curve corresponding to
reaction (124) and the experimental data for reaction (123) in figure 31B
could be a fortuitous consequence of polytypism and/or compositional
variation, it leaves little doubt that Johannes’ experimental reactants
and products were not comparable to those in Chernosky’s experiments.
Hemley and others (1977a) attribute the discrepancies in figure 31 to
the use of synthetic and natural reactant minerals in the different experi-
mental studies.

Comparison of the curves representing analogous reactions involving
chrysotile and antigorite in figure 31, together with comparisons of this
kind for other univariant reactions among minerals in the system MgO-
5i0,-H,O using thermodynamic data taken from table 8, suggests that
stoichiometric chrysotile is a metastable phase at all pressures and tem-
peratures (Delany and Helgeson, 1978). This conclusion on the basis
of thermodynamic considerations is both supported and contradicted by
field observations, which is consistent with the fact that the tempera-
ture intervals separating the curves in figures 31A and B would reduce
to zero, if AG®°; for chrysotile were ~ 500 cal mole—* more negative.
Consequently, chrysotile may be stabilized in nature by slight departures
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from stoichiometric composition (see below) or persist as an early-formed
metastable stoichiometric phase if kinetic constraints imposed in geologic
systems inhibit its breakdown to antigorite + brucite.

It can be seen in figure 32 that the experimental data reported by
Evans and others (1976) for the reaction

antigorite = 18 forsterite + 4 talc + 27 H,O (125)

at 6, 10, and 15 kb are not in agreement with the univariant curve gen-
erated {from the thermodynamic data in table 8 for antigorite coexisting
with forsterite and talc.** The discrepancies in figure 32 cannot be re-
solved by modifying the value of AG®; adopted for antigorite without
contradicting the solubility data shown in figure 28. Similarly, adjusting
the estimated value of 5%, and/or the standard molal heat capacity
power function coeflicients of antigorite or talc to bring the curve
through the high-pressure reversals contravenes the calorimetric data
from which they were derived (table 8) as well as experimental cbserva-
tions of other equilibria involving minerals in the system MgO-SiO,~
H,0. On the other hand, the discrepancies in figure 32 could be at-
tributed to experimental error if the high-pressure reversals represented
by the symbols are inconsistent with those at lower pressures. Such
inconsistencies might arise from several factors. The experiments at

" The cquilibrium temperature bracket reported by IHemley and others (1977b)
for reaction (125) is not shown in figure 32. It was based on cxtrapolation of lower
temperature solubility data as a function of T—'. Our extrapolation of the same
data (fig. 28) with the cquation of state given by Walther and Helgeson (1977) led to

the curve shown in figure 32, which is not consistent with that proposed by Hemley
and his coworkers.
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10 and 15 kb were carried out in a piston-cylinder apparatus, but hydro-
thermal bombs were used at 2, 4, and 6 kb. Although this observation
alone cannot explain the discrepancy at 6 kb, compositional variation
may also have affected the experimental results obtained by Evans and
others (1976). Evans and his coworkers used vein antigorite in their
experiments, which exhibits slight compositional and structural differ-
ences from rock-forming antigorite (Oterdoom, 1977, written commun.).
The idealized formula of antigorite (Mg,5i5,04,(OH),,) requires it to
be colinear with brucite and chrysotile. Hence, minor variation in the
stoichiometry of the phase could affect significantly its thermodynamic
behavior under different experimental and natural conditions.

Sepiolite.—The thermodynamic properties of sepiolite in table 8 are
those given by Stoessell (ms), which are consistent with the thermo-
dynamic properties given in the table for the other magnesian silicates.
It can be seen in figure 34 that calculated equilibrium constants for

Mg, 5i,0,;(OH).(OH,), « (OH,), + 8 Ht =4 Mg+ +

+ 6 Sio;:(aq) + 11 H20 (126)

using the thermodynamic data for sepiolite in table 8, together with
equations and data for Mg++, H+, and SiO,,,, given by Helgeson and
Kirkham (1976 and in press) and Walther and Helgeson (1977) are con-
sistent with their experimental counterparts at both low and high tem-
peratures. The formula given for sepiolite in reaction (126) is that
adopted by Stoessell to distinguish different kinds of H,O (and OH-—
groups) in the crystal lattice.

CaO-MgO-5i0,-H,0-CO,

Of the values of AG°; and AH®; shown in table 8 for minerals in
this system, only those for quartz, periclase, and monticellite are based
on calorimetric measurements. In all other cases, the standard molal
Gibbs free energies and enthalpies of formation from the elements at
25°C and 1 bar were retrieved from the high pressure/temperature phase
equilibrium data summarized below.

Dolomite, wollastonite, diopside, and tremolite—The values of
AG®, and AH®; given in table 8 for these minerals were calculated from
the experimental data shown in figures 35 through 37 using the thermo-
dynamic properties of calcite, enstatite, quartz, forsterite, and talc
adopted above together with the standard molal volumes, entropies,
and heat capacity power function coefficients for dolomite, wollastonite,
diopside, and tremolite in table 8. The thermodynamic consequeinces
of order/disorder in dolomite were taken into account in the calcula-
tions by adopting the approach taken by Navrotsky and Loucks (1977),
who used the Bragg-Williams theory (Bragg and Williams, 1934, 1935;
Moelwyn-Hughes, 1961) to calculate the temperature dependence of the
ordering parameter (s) for dolomite, which is defined by

S = 2XC:1,A — 1 (127)
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where X, 4 stands for the mole fraction of calcium atoms on the A sites
in dolomite. The s ordering parameter is thus unity if the phase is
completely ordered and zero if it is completely disordered. The tempera-
ture dependence of the ordering parameter is given by

s = tanh(sT,/T) (128)

where T, represents the temperature at which the phase becomes com-
pletely disordered. Taking this value to be 1200°C (Goldsmith and
Heard, 1961) leads to the curve shown in figure 38.

It follows from the Bragg-Williams theory that the standard molal
enthalpy of disorder in dolomite (AH?®;) can be expressed as

AH®, = RT (1 — ) (129)

Eq (129) was used to calculate AH®,; at a series of temperatures from
25° to 1200°C. Combining the results of these calculations with values
of H° —H° ; computed from eq (26) and the estimated heat
capacity coefficients for ordered dolomite (table 7) generated correspond-
ing values of H°, »—H°p 1 for dolomite in its stable ordering state
from 25° to 1200°C. Regression of finite difference derivatives of the
latter values with eq (19) resulted in the heat capacity coefficients for
dolomite given in table 8. Those shown in the table for ordered and
disordered dolomite are based on the assumption that (9C°p /9T), is
independent of s.
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It can be seen in figure 39 that the regression equation closely ap-
proximates the finite difference standard molal heat capacities of dolo-
mite up to ~ 1350°K. Calculation of the standard molal entropy of dis-
order at 1 bar for s = 1 to s = 0 from eq (18) and the heat capacity co-
efficients in table 8 for dolomite and its completely ordered counterpart
yields 2.79 cal mole—* (°K)—*, which is only 0.04 cal mole—* (°K)—1
greater than that generated by the Bragg-Williams equation for AS°,
which can be written as

AS®; = —2R((1 — s)In(1 — 5) — In 2) (130)

It can be deduced from table 8 that similar calculations lead to AH®,
= 2927 and AG°; = 2107 cal mole~? for s = 1 to s = 0. Consequently,
metastable disorder in dolomite may affect significantly its thermo-
dynamic behavior, both in the laboratory and in geochemical processes.
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On the other hand, because the s ordering parameter decreases only
slightly with increasing temperature below ~ 500°C (fig. 38), the con-
tribution of equilibrium disorder in dolomite to the thermodynamic
properties of reactions is substantial only at higher temperatures. The
standard molal volume of disorder in dolomite can be calculated {rom
lattice constants reported by Goldsmith, Graf, and Heard (1961). Extra-
polation of their data leads to 0.05 an® mole—! for AV®, The value
shown in table 8 for V®p r, of dolomite corresponds to the mean of
the values for the completely ordered and disordered phase.

Althouglh the calculations described above were carried out using
estimated leat capacity coefficients for ordered dolomite, disordered
dolomite, and tremolite, it can be seen in figure 40 that these estimates
afford close approximation of the calorimetric heat capacities of dolo-
mite (in an unreported state of order) and tremolite measured recently
by Krupka, Kerrick, and Robie (1977). Owing to partial compensation
of the entropy and enthalpy contributions to AG°p , the differences be-
tween the estimated and experimental heat capacities of these minerals
have a relatively minor effect on computed values of the apparent stan-
dard molal Gibbs free energies of formation of dolomite and tremolite
at high pressures and temperatures.

Because energetic distinctions between the M sites in diopside and
tremolite apparently become small enough to permit significant disorder
in the stoichiometric phases only at high temperatures, no provision
was included in the retrieval calculations for disorder in these minerals.
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Fig. 40. Experimental and estimated standard molal hecat capacities of ordered
dolomite, dolomite, and tremolitc as a function of temperature at 1 bar.
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However, as in the case of dolomite, calculation of the thermodynamic
consequences of compositional variation in diopside and tremolite re-
quires provision for order/disorder such as that suggested by Navrotsky
and Loucks (1977).

It can be seen in figures 35 through 37 and 41 through 43 that the
curves generated from the thermodynamic data in table 8 are in close
agreement with experimental data for a large number of reactions among
dolomite, diopside, tremolite, enstatite, talc, calcite, and wollastonite at
high pressures and temperatures. It is also evident in figure 35C that the
thermodynamic properties of talc and enstatite given in table 8 are
consistent with Skippen’s (1971) data for reaction (116).

No information is available concerning the ordering state of the
dolomite used as a reactant or formed as a product in the experimental
studies cited in figures 35, 42, and 43. For this reason, alternate calcula-
tions were carried out to determine to what extent order/disorder in
dolomite (which is used in the present communication to designate
CaMg(CO,), in its stable ordering state at any pressure and temperature)
affects equilibrium temperatures and pressures for

4 talc + 5 dolomite = 5 diopside + 6 forsterite 4+ 10 CO, + 4 H,O,
(131)
talc + 3 calcite + 3 CO, = 3 dolomite + 4 quartz + H,O, (132)
4 diopside + dolomite + CO, 4+ H,O = tremolite + 3 calcite,
(133)

diopside + 2 CO, = dolomite + 2 quartz, (134)
and
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tremolite + 3 calcite + 7 CO, = 5 dolomite + 8 quartz + H,O.
(135)

With the exception of reaction (133), the calculations indicate that equi-
librium disorder in dolomite has a negligible effect on the equilibrium
constants of these reactions at the temperatures and pressures for which
experimental data are shown in figures 35B, 42, and 43B, D, and E.
At these temperatures, the s ordering parameter is not much smaller
than unity (fig. 88). However, if disordered dolomite were precipitated
metastably in the experiments, or samples of dolomite with different
states of order were used as reactants, considerable ambiguity could
result.

It can be seen in figure 42 that the curve generated for dolomite
in its equilibrium state of order from the thermodynamic data in table
8 assuming ideal mixing of CO, and H,O (solid curve) agrees with the
reversals reported by Gordon and Greenwood (1970) for X¢o, > 0.5 but
not for Xgo, < 0.5, which cannot be explained by undetected forma-
tion of metastable disordered dolomite in the experiments. In contrast,
the calculations for dolomite represented by the dashed curve labeled b
in figure 42, which were carried out for dolomite in its equilibrium
state of order with provision for nonideal mixing of CO, and H,O
using Holloway’s (1977) equations for xco, and xu,o in CO,~H,O mix-
tures, agree with all of Gordon and Greenwood’s reversals. On the other
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hand curve b is slightly inconsistent with the reversal reported by
Skippen (1971). Similar comparison of the solid and dashed curves in
figure 37 reveals agreement of the calculations for nonideal CO,~-H,0O
mixtures in equilibrium with wollastonite, calcite, quartz, and CO, at
1 kb, but not at 2 kb. Although it can be argued solely from the distri-
bution of the curves and symbols in figure 37 that the value of AG?;
for wollastonite should be slightly more negative (relative to calcite) than
that shown in table 8, other constraints (discussed below) suggest that the
value in table 8 is the best “compromise.” This conclusion is consistent
with reservations expressed above concerning the general applicability
and reliability of Holloway’s (1977) algorithm for calculating xco, and
Xi,0 45 a function of X, at all pressures and temperatures.

In contrast to figure 42, the curves in figure 48 suggest that both
metastable order/disorder in dolomite and nonideal mixing of CO,-H,O
may be responsible at least in part for the discrepancies in the calculated
and experimental equilibrium temperatures and fluid compositions
shown in the figure. However, it can also be deduced from figure 43
that these factors fail to account adequately for all the discrepancies.
This observation precluded use in the retrieval calculations of the ex-
perimental data shown in figure 43. Note that the curves generated
from the thermodynamic calculations differ significantly from the ex-
perimental data shown in this figure ouly at 5 kb, which casts doubt
on the reliability of the high-pressure fugacity coefficients of CO, used
to generate the curves in figures 43A and E. At the very least, the rela-
tively large differences, both in position and configuration of the dashed
and solid curves in figure 43 suggest that considerable caution should
be exercised in drawing geologic conclusions from temperature-Xco,
diagrams which are based on assumptions concerning the ideality or
nonideality of mixing in the system CO,—H,O.

Combining the standard molal Gibbs free energies of formation
from the elements of ordered and disordered dolomite in table 8 with
values of AG®, for Cat+, Mg++, and CO,~— taken from Wagman and
others (1968) and Parker, Wagman, and Evans (1971) leads to 10—18* and
10285 for the activity product constant of ordered and disordered dolo-
mite, respectively, at 25°C and 1 bar. Corresponding values for dolomite
of undetermined order range from 10-16¢ to 10—1%:3, but most are close
to 107 (Kramer, 1959; Garrels, Thompson, and Siever, 1960; Van
Tassel, 1962; Hsu, 1968; Berner, 1967; Holland and others, 1964; Barnes
and Back, 1964; Langmuir, 1964, 1971b). A value of 10~1%-° corresponds
to the solubility product of a metastable partially disordered dolomite
with an s ordering parameter of 0.7, which is probably typical of modern
sedimentary dolomites.

The vatue of AH®; shown in table 8 for diopside falls within the
uncertainty range for the average of two different calorimetric values
(Kracek, 1953; Neuvonen, 1952) cited by Robie and Waldbaum (1968)
and is 1.1 kcal mole—? more negative than that reported by Navrotsky
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and Coons (1976), who give an uncertainty of # 700 cal mole—!. How-
ever the standard molal enthalpy of formation of diopside from its oxides
at 970°K and 1 bar reported recently by Charlu, Newton, and Kleppa
(1978) differs from that calculated in the present study by only 550 cal
mole—?. In contrast, the standard molal enthalpy of formation of tre-
molite in table 8 is > 8 kcal mole—* less negative than that obtained
calorimetrically by Weeks (1956) and 4 kcal mole—* outside the uncer-
tainty range given for the calorimetric value by Robie and Waldbaum
(1968). However, owing to nonstoichiometry and uncertainties regarding
the physical state of the tremolite used in Weeks’ calorimetric study, it
can be argued that the uncertainty in his value is much greater than
4 kcal mole—'. The value of AH®, for wollastonite in table 8 is within
the uncertainty in the calorimetric value given by Robie and Waldbaum
(1968), and it differs by 670 cal mole—* from that consistent with Charlu,
Newton, and Kleppa’s (1978) calorimetric data. The standard molal en-
thalpy of formation of dolomite given in table 8 is slightly outside the
uncertainty range given by Robie and Waldbaum (1968).

Corrections required to account for nonstoichiometry in the samples
used in calorimetric studies, as well as experimental vagaries arising
from order/disorder, crystallinity, and other factors (such as uncertain-
ties in the computed fugacity coefficients of CO, and H,0 in CO,-H,O
mixtures) all contribute to the various discrepancies discussed in the
preceding paragraph. Nevertheless, there can be little doubt from the
close correspondence of the curves with the bulk of the experimental data
shown in figure 35 through 37 and 41 through 43 that the values of
AH®, given in table 8 for dolomite, wollastonite, tremolite, and diopside
are more reliable than those obtained calorimetrically.

Monticellite, merwinite, and akermanite—Although Walter (1963a
and b) and Yoder (1968) report experimental data for more than six
reactions involving these minerals, thermodynamic analysis reveals large
experimental uncertainties and internal inconsistencies in much of their
data. For example, the experimental reversal temperatures reported by
Walter for

calcite 4 forsterite = monticellite + periclase + CO,,  (135A)

forsterite 4+ diopside + 2 calcite = 3 monticellite 4+ 2 CO,,
(135B)

and
diopside + calcite = akermanite + CO, (135C)

all plot on top of each other, which contravenes the phase rule and
leaves little doubt that metastable phases formed in the experiments.
Furthermore, neither Walter (1963a and b) nor Yoder (1968) determined
the extent of solid solution in merwinite, akermanite, and monticellite,
but it nevertheless appears that their results were affected significantly
by compositional variation in these minerals.
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The thermodynamic inconsistencies and ambiguities summarized
briefly above led to the decision in the present study to adopt provision-
ally the calorimetric value of AH®, for monticellite given by Robie and
Waldbaum (1968). This value was then used to retrieve corresponding
values for the two melilites from the experimental data shown in figure
44. However, it was necessary to omit provision in the calculations for
possible effects of solid solution on the reversal temperatures reported
by Yoder, which reduces the values of AH®; and AG®°; for akermanite,
merwinite, and monticellite in table 8 to the status of first approxima-
tions. Nevertheless the values of AH®; shown in the table for merwinite
and akermanite both fall well within the reported uncertainty range
for the corresponding calorimetric values given by Robie and Waldbaum
(1968). It should be noted that the latter observation would no longer
be true if the experimental reversals in figures 44 and 45 are valid for
stoichiometric akermanite and monticellite. The curves coinciding with
the experimental data shown in both these figures, taken together, re-
quire AH®; for akermanite and monticellite to be 3580 cal mole—* and
that for merwinite to be 7160 cal mole—* less negative than the corres-
ponding values in table 8. On the other hand, the data in table 8 are
consistent with the solid curve in figure 45, which plots at much
higher temperatures than those corresponding to the experimental re-
versals shown in the figure. This inconsistency remains unresolved, but
it is of interest to note that the Clapeyron slope of a curve consistent
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only with the distribution of Walter’s (1963) experimental data at pres-
sures < 1 kb in figure 45 would not be compatible with those of the
curves in figure 44.
Al,0.-Si0,-H,0

Considerable controversy has arisen in recent years over the validity
and internal consistency of the thermodynamic properties of aluminous
minerals reported by different investigators. For example, Zen (1969b,
1972) calculated Gibbs free energies of formation of muscovite from
high pressure/temperature phase equilibrium data reported by Velde
(1966) and Day (1970) that difter by as much as 10 kcal mole—* from
the corrected calorimetric value given by Robie and Waldbaum (1968).
Zen (1972), Chatterjee (1972), Ulbrich and Merino (1974), and others
attribute this and other similar discrepancies in the thermodynamic
properties of aluminosilicates to possible errors in the values of AH®,
for corundum, andalusite, kyanite, and sillimanite reported by Mah
(1957), Waldbaum (1965), and Holm and Kleppa (1966), which are
internally consistent. In contrast, Thompson (1974a) assumed that such
contradictions arise from errors in the standard molal enthalpy of for-
mation from the elements of gibbsite used by Barany (1962, 1963, 1964)
to derive standard molal enthalpies of formation from the elements of
anorthite, gehlenite, muscovite, and other aluminosilicates from their
calorimetric data. This value (—306,380 cal mole—?!) was computed by
Barany and Kelley (1961) with the aid of Coughlin’s (1958) calorimetric
enthalpy of reaction for

2Al,, + 6(HCI+12.73 H,0), = 2(AlCl;*6 H,0) )
4 64.386 H,0, + 3 H,,, (186)

where the subscripts (¢), (1), and (g) stand for crystalline, liquid, and gas.
Coughlin’s data for reaction (136) was also used by Barany to calculate
values of AH?, for other aluminosilicates.

In contrast to the calorimetric reaction schemes used by Barany and
Kelley (1961), Barany (1962, 1963, 1964), and Barany and Adami (1966)
for kaolinite, halloysite, dickite, analcime, dehydrated analcime, and
leucite, in which AICl,»6 H,O appears, those for anorthite, gehlenite,
muscovite, lawsonite, kalsilite, and other aluminosilicates involve gibb-
site. In the case of gibbsite and all the minerals in the first of these
groups, heats of solution of 47 to 70 moles of H,O also appear in the
reaction schemes. Both the enthalpy change accompanying reaction (136)
and the latter heats of solution have been suggested as possible sources
of error in values of AH®, for gibbsite and aluminosilicates computed
by Barany and his coworkers (Thompson, 1974a; Hemingway and Robie,
1977a).

The recent calorimetric value of AH®, for gibbsite (—309,065 = 284
cal mole—1) reported by Hemingway and Robie (1977a) is independent
of the heat of solution of AlCl;+6 H,O. The fact that it differs by 2685
cal mole—* from that obtained by Barany and Kelley led Thompson
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(1974a) and Chatterjee and Johannes (1974) to suggest that the enthalpy
of reaction (136) reported by Coughlin (1958) is in error by an equiva-
lent amount, thereby explaining the discrepancy in the old and new
values of AH?®; for gibbsite. However, Coughlin’s enthalpy of reaction
has since been corroborated by a more recent calorimetric determina-
tion (E. G. King, 1975, written commun.). Consequently, the discrepancy
cannot be attributed to errors in the heat of solution of AlCl,+6 H,O.

Hemingway and Robie (1977a) attribute the difference in the old
and new values of AH?; for gibbsite to possible errors in the heats of
solution of H,O measured by Barany and Kelley (1961). However, the
error in the measurements required to account for the discrepancy far
exceeds the uncertainty reported by Barany and Kelley, who made five
separate measurements of the heat of solution of 70.386 moles of H,O,
all of which fall within a range of 360 cal mole—*. In the case of kao-
linite, five corresponding measurements of the heat of solution of 69.386
moles of H,O again resulted in values within 360 cal mole—* of each
other. The mean of each of these sets of heats of solution measurements
(mole H,O)~* is 838 cal mole—*. However, later measurements in dif-
ferent solutions (Barany, 1962) vielded 860 and 840 cal mole—1, and
Hemingway and Robie report 874 cal mole—1 for the same reaction with
a 20.1 wt percent HF solution. The fact that these heats of solution
differ does not appear to us to be in itself a valid basis for concluding
that the early measurements are in error. Such differences would be
expected for reaction of H,O with solutions of different composition,
which was the case in the calorimetric experiments.

As emphasized above, both calorimetric and solubility data reported
by Frink and Peech (1962), Ferrier (1966), Langmuir (1971a), and Kittrick
(1966a and b, 1967, 1969, 1970, 1971a, b, ¢, and d) indicate that the
standard molal Gibbs free energies and enthalpies of formation of
gibbsite, goethite, ferric oxide, kaolinite, montmorillonite, illite, and (by
inference) other clay minerals may vary by as much as several kcal
mole—?, depending on the crystallinity and particle size of the mineral.
It should perhaps be reiterated in this context that particle size and
crystallinity are not synonymous terms. Coarse particles may be crypto-
crystalline and vice versa, and both crystallinity and particle size may
have a significant effect on heats of solution obtained in calorimetric
studies.

The recent calorimetric value of AH®; for gibbsite applies to coarsely
crystalline material (R. A. Robie, 1976, personal commun.), and the
corresponding value of AG°; is in excellent agreement with Kittrick’s
(1966a) solubility data lor coarsely crystalline gibbsite. Unfortunately,
no information is available concerning the crystallinity of the gibbsite
used by Barany and Kelley (1961), because the sample has since been
discarded or lost (K. K. Kelley, 1975, personal commun.; E. G. King,
1975, written commun.). However, as emphasized by R. A. Robie (1977,
written commun.), the heats of solution of gibbsite measured by Heming-
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way and Robie (1977a) at 303.4°, 323°, and 333°K are in excellent agree-
ment with the average of those at 346.85°K reported by Barany and
Kelley (1961). On the face of it, this observation would seem to rule
out differences in crystallinity as a contributing factor to the discrepancy
between the old and new values of AH®, ,;yps::.. However, even assuming
a constant heat capacity of solution (wlich scems unlikely) thie uncer-
tainty ranges represented by the spread of Barany and Kelley’s and
Hemingway and Robie’s data lead to an extrapolation ambiguity in
excess of 500 cal mole—* at 346.85°K. If any part of the discrepancy in
the values of AH®, reported by Barany and Kelley (1961) and Heming-
way and Robie (1977a) is indeed a result of differences in crystallinity,
the “corrections” Thompson (1974a) applied to the calorimetric values
of AH®, reported by the Bureau of Mines for muscovite, anorthite,
gehlenite, and other aluminosilicates would themselves be incorrect. In
making the corrections he accepted the enthalpy of solution of gibbsite
determined by Barany and Kelley (1961) but used the new calorimetric
value of AH?®, for gibbsite to calculate standard molal enthalpies of for-
mation from the elements of aluminosilicates from the calorimetric data
reported by Barany and his coworkers. However, if the gibbsite used in
the calorimetric experiments was cryptocrystalline, this procedure is
invalid because it introduces a systematic inconsistency in the recalcu-
lated values of AH®,. For this reason, and because the validity of similar
corrections applied by Hemingway and Robie on the basis of assumed
errors in the heats of solution of H,O reported by the Bureau of Mines is
open to question, none of the “corrected” values of AH®, for alumino-
silicates given by Thompson (1974a) and Hemingway and Robie (1977a)
was adopted in the present study. However, the same reservations do
not apply to Hemingway and Robie’s calorimetric value of AH®; ,ipsite
(309,065 cal mole—1), which was used to retrieve corresponding values
for aluminosilicates from natural water compositions and the high
pressure/temperature phase equilibrium data summarized below.
Gibbsite and kaolinite—As noted above, the thermodynamic proper-
ties of aluminosilicates given in table 8 are compatible with the recent
calorimetric value of AH°; for gibbsite reported by Hemingway and
Robie (1977), which is independent of AH®; ;ormnauwn. However, tlhiey are
not consistent with the calorimetric data for corundum reported by
Holley and Huber (1951) and Mah (1957). To ensure agreement of
computed values of AG®; for aluminosilicates with both experimental
and geologic observations of phase equilibria at low as well as high
temperatures and pressures, the value of AG®, for gibbsite computed
from the calorimetric value of AH®, for gibbsite reported by Hemingway
and Robie (table 8) was used together with the compositions of mineral
assemblages and coexisting interstitial waters in Jamaican bauxite
deposits and weathered Hawaiian basalts (Hill and Ellington, 1961;
Patterson and Roberson, 1961; Garrels and Mackenzie, 1967; Bricker and
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Fig. 46. Logarithmic activity diagram depicting phase relations in a part of the
system K,0-Al,0s~Si0~H,0 at 25°C, 1 bar, and unit activity of H:O. The equilibrium
constant corresponding to the gibbsite—kaolinite boundary was calculated from thermo-
dynamic data given in table 8. The symbols represent compositions of Jamaican and
Hawaiian ground waters, which coexist with kaolinite and/or gibbsite.

Garrels, 1967) to calculate AG®, for kaolinite. The compositions of these

waters (fig. 46) indicate that the equilibrium constant for
kaolinite + H,O = 2 gibbsite + 2 SiOy g (137)

is ~ 10—%3 at 25°C and 1 bar. This figure and the thermodynamic data
for aqueous silica given by Walther and Helgeson (1977) lead to a value
of AG®; for kaolinite (table 8) which is in excellent agreement with
Kittrick’s (1966b, 1970y solubility data for coarsely crystalline kaolinite.
In contrast, the value of AH?, for kaolinite in table 8 is 2356 cal mole~*
more negative than that calculated by Robie and Waldbaum (1968) from
Barany and Kelley’s (1961) data. The latter enthalpy of formation is
consistent with Kittrick’s solubility data for cryptocrystalline kaolinite,
which implies that cryptocrystalline kaolinite was used in Barany and
Kelley’s calorimetric experiments. The standard molal enthalpy of for-
mation of kaolinite from its elements in table 8 is 2510 cal mole—* less
negative than the ‘“corrected” value given by Hemingway and Robie
(1977a). The latter value (relative to that for gibbsite) is inconsistent with
the water compositions sliown in figure 46,

Pyrophyllite, boehmite, diaspore, corundum, andalusite, kyanite, and
sillimanite—Standard molal Gibbs free energies and enthalpies of for-
mation from the elements of these minerals were calculated from high
pressure/temperature experimental data for

pyrophyllite + H,O = kaolinite + 2 SiOy,q), (138)
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and

Al1,0,-Si0,-H,0

andalusite = corundum + SiO. 4y,
2 diaspore = corundum + H,0,
andalusite + H,O = 2 boehmite + SiO;4q,
pyrophyllite = andalusite + 3 5iO,,, + H,O,

andalusite = sillimanite,

andalusite = kyanite,

(144)

which ensured compatibility of the results of the calculations with the
values of AG°; and AH?®; for gibbsite and kaolinite adopted above. The
values of S°p_r, and the standard molal heat capacity of diaspore em-
ployed in the calculations (table 8) correspond to those given by Robie
and Waldbaum (1968) and Kelley (1960), wlhich are nearly identical to
the more recent values reported by Perkins, Essene, and Westrum (1978).
In contrast, the value of S°, . given by Kelley and King (1961) and
Robie and Waldbaum (1968) for gibbsite (table 8) differs by 0.39 cal
mole—! from that adopted by Hemingway and Robie (1977a).
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Equilibrium constants and univariant curves generated from the
thermodynamic data in table 8 for the minerals appearing in reactions
(138) through (144) can be compared with their experimental counter-
parts in figures 47 through 49. It can be seen that the curves shown in
these figures are in excellent agreement with the experimental data
represented by the symbols.

The value of AH?, for corundum calculated in the present study
(table 8) differs significantly from the calorimetric values reported in
the literature, which range from —399,040 = 240 (Snyder and Seltz,
1945) to —402,000 == 2000 cal mole—t (Schneider and Gattow, 1954).
Robie and Waldbaum (1968) and Stull and Prophet (1971) adopted
—400,400 = 300 cal mole—*. This value was obtained calorimetrically by
both Holley and Huber (1951) and Mah (1957). The CODATA task
group on key values for thermodynamics (CODATA, 1976) recommends
—400,500 = 300 cal mole—*, which is more negative by 3355 cal mole—?
than that shown in table 8.

All the calorimetric values of AH®, for corundum are inconsistent
with Haas’ (1972) experimental phase equilibrium data in figure 48D,
but no evidence is apparent in Haas’ paper that throws suspicion on the
reliability of his experimental results. In fact, his data are supported by
those shown in figure 47C. Because he observed epitaxial overgrowths
of diaspore on corundum, Haas (1972) at the very least established mini-
mal temperatures of stability for corundum + H,O. If values of AG®,
for diaspore, pyrophyllite, kaolinite, andalusite, kyanite, and sillimanite
are calculated from the experimental data shown in figures 47 through
49 using the calorimetric data for corundum summarized above, the re-
sults are incompatible with the compositions of natural waters and
Hemingway and Robie’s (1977a) calorimetric data for gibbsite. For ex-
ample, the calculated equilibrium constant for reaction (187) would be
of the order of 10— at 25°C and 1 bar, which is clearly inconsistent
with the water compositions shown in figure 46.

Despite recent arguments to the contrary (Waldbaum, 1971; Thomp-
son, 1974a; Zen, 1977) it appears from the observations summarized
above that the source of the contradiction of the calorimetric data for
corundum with geologic observations and other experimental data lies
in the calorimetric studies. Although it is true that incomplete combus-
tion and (as emphasized by Waldbaum, 1971) formation of a metastable
polymorph of AL,O, in the calorimeter would result in a less negative
value of AH®, than that of the stable polymorph, strain energy or inter-
stitial hydrogen in the aluminum samples would have the opposite
effect. It seems unlikely, but it is nevertheless possible that the same (or
a similar) source of error occurred in all the calorimetric studies of corun-
dum that have been carried out to date (C. E. Holley, Jr., 1977, personal
commun.). Despite differences in certain materials used by the various
investigators, the procedures, techniques, and experimental equipment
were essentially the same.
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Recent electrochemical determination of the standard molal Gibbs
free energy of formation of corundum (Ghosh, 1976) supports the evi-
dence adduced above suggesting that the calorimetric value of AH®, for
corundum is in error. Third law analysis of emf data from two different
high-temperature cells (which yielded results in close agreement with
one another) led to an average value of AH®; = —892,600 + 920 cal
mole—1. This value is 7800 cal mole—? less negative than the calorimetric
value of AH®, obtained by Holley and Huber (1951) and Mah (1957).
However, it is also 4545 cal mole—* less negative than that computed in
the present study. Because the results of high-temperature emf studies
are subject to relatively large uncertainties, the absolute magnitudes
of these differences are not necessarily significant. Nevertheless, the fact
that the emf measurements are in serious disagreement with the calori-
metric results lends support to the conclusions reaclted above and under-
scores tlie need for renewed calorimetric investigation to resolve the dis-
crepancies.

Although Kerrick (1968), A. B. Thompson (1970a), and Haas and
Holdaway (1973) report reversal temperature brackets for

kaolinite + 2 quartz = pyrophyllite + H,O, (145)
pyrophyllite = andalusite + 3 quartz + H,O, (146)
and
pyrophyllite + 6 diaspore == 4 andalusite + 4 H,O, (147)
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Fig. 49. Univariant equilibrium curves (generated from thermodynamic data given
in table 8) and experimental observations of phase relations (symbols) in the system
AlO;-Si0,-H,0 at high pressures and temperatures.
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the validity of many of their experimental results is open to serious
question. Fine-grained kaolinite and/or pyrophyllite were used as start-
ing materials in all but a few of the experiments, and reversal tempera-
tures were determined by measuring gains or losses in the weight of
andalusite and/or quartz crystals. However, in none of the experiments
was the proportions of reactants and products varied to promote achieve-
ment of stable equilibrium. Because determination of equilibrium tem-
peratures by measuring weight gains and losses is generally unreliable
unless the gains and losses are substantial, only those data reported by
Kerrick (1968), A. B. Thompson (1970a), and Haas and Holdaway (1973)
that are not subject to large uncertainties are shown in figure 48. It is
of interest to note in this regard that the equilibrium temperature re-
ported by Reed and Hemley (1966) for reaction (145) at 1 kb (fig. 48A)
is “maximal” (J. J. Hemley, 1977, written commun.), and that the
Clapeyron slope of the curve in figure 48B is incompatible with the
pressure distribution of all the “reversals” reported by Haas and Holda-
way (1973).

Owing to the small magnitude of AS®,y ; and AV®, ;s ; for reactions
(143) and (144), the Clapeyron slopes of the curves in figure 49 are sensi-
tive to small errors in the standard molal volumes, entropies, and heat
capacities of the Al,SiO; polymorphs. Accordingly, the calorimetric stan-
dard molal entropies of these phases at 25°C and 1 bar were adjusted
slightly in the first or second decimals to optimize agreement of the
curves with the experimental data. As indicated above, accurate calcula-
tion of the equilibrium pressures and temperatures shown in figure 49
requires 5 significant figures in the heat capacity power function co-
efficients for the polymorphs. The curves in figure 49 representing the
kyanite/andalusite and andalusite/sillimanite transitions intersect 1 bar
at 466° and 1043°K, where AH®, is 1048 and 529 cal mole—?, respec-
tively. The Clapeyron slopes of these curves at 1 bar (12.6 and —18.0
bar (°K)~?) are in close agreement with those computed recently from
hydrothermal and calorimetric data by Anderson, Newton, and Kleppa
(1977), and the location of the triple point is nearly identical to that
adopted by Holdaway (1971).

After taking account of the difference in the value of AHP®, for
corundum reported by Mah (1957) and that derived above from high
pressure/temperature data, the calculated values of AH®, in table 8 for
kyanite, andalusite, and sillimanite fall within the uncertainties in the
calorimetric values given by Robie and Waldbaum (1968), Stull and
Prophet (1971), and Hemingway and Robie (1977a). Equilibrium calcula-
tions and the thermodynamic data for the AIO(OH) polymorphs in table
8 indicate that boehmite is metastable with respect to diaspore at all
pressures and temperatures, which is consistent with conclusions reached
by Apps (ms) and Perkins, Essene, and Westrum (1978) as well as with
stability relations observed in nature.
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Na,0-K,0-Al,0,-§i0,-H,0

Accurate calculation of the thermodynamic properties of minerals
in this system from high pressure/temperature experimental data re-
quires explicit provision for the thermodynamic consequences of both
substitutional and displacive order/disorder in the alkali feldspars.

Order/disorder in albite—The calorimetric values of AH®, for low
albite given by Robie and Waldbaum (1968) and Hemingway and
Robie (1977) are based in part on heats of solution of the sample of
Amelia albite used by Waldbaum (ms and 1968) and Waldbaum and
Robie (1971). Althoughh Waldbaum (1968) concluded that the lattice
parameters of the low albite used in his experiments “iudicate it to be
highly ordered, if not completely ordered,” consideration of the rela-
tion between the Z ordering parameter and the lattice constants of albite
given by Thompson, Waldbaum, and Hovis (1974) suggests that the
sample used by Waldbaum may have been somewhat disordered. Holm
and Kleppa (1968) reached the same conclusion on the basis of site
populations for Amelia albite determined by Ferguson, Ribbe, Traill,
and Taylor but reported by Bragg and Claringbull (1965).

The site population reported by Bragg and Claringbull for Amelia
albite corresponds to Z = 0.89, which compares favorably with values
of Z computed directly from cell constants. According to Thompson,
Waldbaum, and Hovis (1974), the Z ordering parameter for pure Na-
feldspars can be expressed ast?

Z= (XAZ,TM =+ XAl,Tlm) - (XAZ,T20 + XAI,TEm)
= —12.523 — 3.4065b + 7.9454c¢ (148)

where XAz,Tw, Xanmpy Xayr, and X AL Ty, stand for the mole fractions
of aluminum on the subscripted sites, and & and ¢ refer to the lattice
parameters of albite. Eq (148) and the cell constants reported by Wald-
baum (1968) yield Z = 0.80 for the Amelia albite used in the calorimetric
experiments.

The thermodynamic cousequences of substitional order/disorder
in albite can be assessed with the aid of the heat of solution data re-
ported by Waldbaum and Robie (1971) and Thompson, Waldbaum, and
Hovis (1974). These data are plotted in figure 50, where it can be seen
that the data points fall on two parallel linear curves. The separation of
the curves (~ 900 cal mole—1) apparently results from the cooling history
of the samples and the displacive transformation from monoclinic to
triclinic symmetry at high temperatures (see below). It can be seen in
figure 50 that the Y ordering parameter is nonzero in only one of the dis-
ordered samples represented by the symbols. Both the Y ordering para-
meter, which is defined by

Y= XAl,Tw - X.\I,Tm (149)

* The coefficient in the last term of eq (148) has been changed to correct a typo-
graphical crror in the corresponding coefficient given by Thompson, Waldbaum, and
Hovis (1974).
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TABLE 8
Summary of thermodynamic data for minerals at 298.15°K and 1 bar
consistent with experimental solubility data and observations
of phase equilibria at high pressures and temperatures

(ndex dran 1 Lot
Hineral Name Number32|  Formula Formultel s M
Class wWelght—oip
Oxlides Corundum 1108 [ omAl,04 101.961 -374,824 -397,145
Ferrous Oxide 1113 | Feo 71.846 -60,097%% -65,020%
Hemati te vsuh [ Fey05 159.692 | -i78,155% -197,720%
{a, B, and Y}
Magnetite 1506 | Fej0, 231.539 -242,5745 -267,250%
(a and B)
Lime 10 | cao 56.079 -1k, 36625 -151,790%
Periclase 1109 | Hg0 w.311 | -136,086%2 -143,800%
Potassium Oxide nzs | ko 94.203 -77,056%% -86,800%
Sodium Oxide 12k | Nay0 61.979 +-89,883% -99, 1hot
Quartz 1505 | si0, 60.085 | -204,646%> -217,650%%
(a and 8)
Cristobalite 1556 sio2 60.085 -203.895—5- -216,755
{a and B)
a-Cristobalite 1126 | sio, 60.085 | -203,895% -216,755
(3-Cristobalite) ™™™ 127 | sio, 60.085 | -203,290% -215,675
Coesite 1557 SiO2 60.085 -203,541 -216,614
Chalcedony 1128 | sio, 60.0835 -204,276% -217,282
Amorphous Silica 1125 $i0,« nuzoi 60.085 -202,892% ~214,568
Spinel 1120 HgAl,0, 142.273 -517,006 -546,847
Hydroxides Boehmite 16 | ato(om) 59.938 -217,250 -235,078
Ojaspore 1115 Arto{on) 59.988 -218,402 -237,170
Gibbsite LI RGN 78.004 -276,168%% -309,065%
Brucite niz Hq(OM)z 58.327 -199,646 -221,390
Carbonates Calcite 1073 | cato, 100.089 | -270,100%" -288,772
Aragonite 1072 | catoy 100.089 -269,875%2% -288,723
Ordered Oolomite™ 1071 canglco,), 184,411 -517,980% 556,851 22
Oisordered Dolomitet 1070 carg{co,), 184411 -515,873%8 -553,92444
Dolomi teid 1075 | cang(co,), 184 411 517,980 -556,851
Hagnesite 1074 | mgco, 84.321 -245,658 -265,630
Sulfides Chalcopyrite 1502 | cures, 183.515 R LLY —hy, hs3kike
Bornite 1503 | cucfes, 501,803 -86,706kRkk -79,922"kKE
Ortho and Kyanite 1002 A!zsios 162.046 -580,956 -616,897
Ring Silicates || Andalusite 1001 AlpSi0g 162.046 -580,587 -615,866
Sillimanite 1003 AlZSIOS 162,046 -580,09! -615,099
Gehlenite 1047 | cajal,sio, 274,205 -903,588 -951,665
Grossular 1529 CalA‘zSi}OIZ k50,454 1,496,967 -1,583,397
2cal mote”! (*K)7'. Bemd mote™!. Scat mote. YExcept where indicated otherwlse, the values of 8H*, shown in this column

were computed from equation (92} and the values of $° and AG’f shown above using 12.24, 6.77, 4.5, 49.003, 31.208, 9.9, 7.481,
15.34, and 1.372 cal mole”! (°K)7! for 5° of Maieyr Al ST(e)r Oa(g) Mg+ Pyt M9(g)r Koy @M Cle)s respees
tively, at 298.15°K and | bar taken from Wagman and others (1968) and Parker, Wagman, and Evans (1971). The value of $* at
298.15%K and 1 bar for Fe(c) (6.529 cal mole™’ (°K}™') used in the calculations is that given by Stull and Prophet {1971).
STransition temperature at | bar in °K for a/B and 8/y transitions, except where no values of 85°,, BH®\, or AV®, are shown.
In the latter cases, T, designates the upper temperature limit in °K for the heat capacity power Function coeffiTients given
for the mineral (see footnote h). —Computed from equation (3) using the values of T and AM®  shown above. Zixcept where
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TABLE 8 (continued)

c*, Coefficiencstrl Transition Data (1 bar)DXL
r
homerzs | 52 E vt a2 pdxi103 a7 et s s |aep

1108 12.18 25.575 27.49 2.82 8.38 1800
ns3 14.52 12.00 121220 2.072% 0.750% 1600= ,
154y | 20.94 30.274 23,49 18.60 3.55 950% 0.168% 6oL

36.0 0.00 0.00 1050% o0.0f oL

7 1.76 0.00 1800L

f

1506 | 34.830 4y, 52420 21.88L 18200 0.00L 900L 0.0f oL

48.00Y. 0.00r 0.00L 1800L
1o 9.50 16.674 11.67 1.08 1.56 2000
1109 6.44 11.248 10.18 1.74 1.48 2100
123 22.5 h0.38 18.51 8.65 0.88 1100
24 17.935 25.00 18.25 4.89 2.89 1000
1505 9.88 22,688 11.22 8.20 2.70 84gYL 0.3u2% | 290% 0.372%

1.4 1.94 0.00 2000L
1556 | 103722 | 25740 13.987 3,340 3.812 suzt ol |k i

17.39% 0.3:2 9.89% 2000%
[TPTIN MUIEVPEA TR T 13.98% 3.0 3.002 1000%
127 11.963% 27,3802 17.39% 0.312 9.89% 2000%
1557 9.650000 | 20, 64122 11,0222 8.2BEPR 2.70R2BR | 84gRRR

V4. 19BEEP t.942PRP 0.0BPEP 20002222
128 9.88% 22.6883 11,228 8.20% 2.708 8489
128 14.34> 29.0%€ 5.93% 47.208 22.76% 6222
n2o | 19.27% 39.7122 36.7730 64157 9.709% 2000%
nie [ 11,5822 [ 19535t 1443594 4,209 00084 50094
s g.43%2 | 1776020 16,4355 .20 0.00%d 50099
i e ] 3195622 8.65L 45,67 0.0% uzst
7 | s.ogt | 2,632 o ugdddl | owovaddid] gy didd | gopdddd
w2052 ] 36,9322 2498 5241 6.20% 1200%
1072 21.562232 | 55 ygb2 20.13L 10.26% 3.34% 600L
1071 37.09% | 6143502 44,71 17.78 10.95 1000
1070 39844 1 64, 399999 by 718 17,78 10,9544 1000k
075 [ 370982 feu. 365”—”' ar.ss7H {3 g5pdd | g ggutue | jgpoutt
worn | 157022 Y g gt 19,7312 12,5397 788" 1000
1502 | 31.1gkkKR |y gqReRt 20.79™™™ |12, goD™™ jL gy | gggm

-141, 507 290, 0™ 0. o 930

4,220 0. o0 0. ™™™ 1 2007007
1503 | 99.29%KKK | 9 62 49.76™™™ § 35 0g™™™ (3| ggmme

-34.3) 0 | 247, oo™ 0. o™ 5lpMmmm

80,3300 | -2 ou0M 0,07 | 1300
1002 20,008 | bh.09%> 41.39910 6.8165% 12,88212 W66 2% | 2.238%2% | 100322 | 7 4T
1001 22,2084 51,5300 41.3108% 6.29262 12,3921 lohzz“ 0.507222 | 529%2Z | .y g3iZZ
1003 23.133% 49.9022 40.0240% 7.3904™ n.67m 1200%
47 | 481 90,2428 63.74M0 8.0 151200 1800
1529 60.872%X% 125, 3 loy.0173222 17.0132222 | 27 3182222 | |pppZZZ

indicated otherwise, the values of AG°; shown in this column were computed from experimental observations of high pressure/
temperature phase equilibria {see text}. E%\aier-b(ell:y pawer fuaction coefficients for equation {19). The upper temperature
limic for the coefficients is designated by the value of T given for the mineral. The lower limit corresponds to 298.15°K,
except where more than one set of coefficients is given. in the latter cases, the lower temperature |imit of the first set is
298.15°K, but those for subsequent sets correspond to T, for the preceeding set (see footnote e). Note that in the vicinity
of the transition temperature, equation (19) fails to describe adequately the temperature dependence of C°® [ (see !el()

JExcept where indicated otherwise, the values shown in this column were taken from tables 2,3, 7, or 9. Jca] mole™! (ox) 2

continued —
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TasLE 8
Mineral Ind Gram
Class NHame Num::ﬂ Formula Formula A‘i'(i‘i
Helgh!m _ -
ortho and Ring || Andradite 1530 | cajFes10,, 508.184 -1,297,479228% 1 .y 38)1,0051835
Sillcatas Konticalllte 1086 | Camgsio, 156.476 -512,829%¢ 540, 80022
Herwinite 1045 | cagMg(sioy), 328.719 -1,037,186 -1,091,456
Akermanite 1044 c-zn951207 272.640 -879,802 -926,937
Fayalite 1049 | Fe,sia, 203.778 -330,233 -356,119
Forsterlite 1048 | Hg,si0, 140.708 -491,564 -520,000
Cordlerite 1065 | Mg Al (a1Si 0, o) 584,969 ~2,061,279 -2,183,193
Hydrous Cordierlte 1066 { Mg,A11{AISI Do) *H 0 602.984 2,121,350 -2,255,676
Clinozaisite 1515 | Cajhl 830, (ow) 622.882 -1,549,680 -1,64k,221
Zoisite 1519 | CayAl sis0), (oK) 622.882 1,549,619 -1,6hk, 131
Ordered Epidote 1545 | Ca,FeAl 510, (0H) 651.747 -1,450, 3062532 | 1 gy 456335%
Epldote it 1559 | Ca Fenl sis0, (oN) 651.747 -1,h51,306255% | o cak, k322232
Lawsonite 1516 | Cahl 5i,0.{0M}, < H 0 314.2 -1,073,628 ~1,158,324
FARRE I
Chain and Band |{woliastonite 1035 | casio 116,16k -369, 445 -389,810
Silicates Ca-Al Pyroxene 1040 | caal,siogdd 218.125 -742,287 -784,013
Jadelte 1067 | Naal(sio,), 202,140 -679,445 -722,116
Enstat [ tensy 1537 P\gSiO] 100.396 -348,930 ~369,686
Ferrosilite—" 1508 | Fesiog 131.931 -2%7,160 -285,625
Oiopside 1039 | cangisioy), 216.560 -724,000 <765.598
333
Hedenbergite 105t | care(siog), 248.106 -633,21823%% -678, 49622
Anthophyilite 1518 49,5150, , (OH) 780.872 -2,715,430 -2,B88,749
Tremolite 1517 | CajHagSign,, (on), 812.410 -2,770,685 -2,944,478
Pargasite 1538 NaCa Mg, AL(AL,Si0,,) (OH), 835.858 -2,847,168 -3,017,064
Framework Analcime 1022 | HaAlsi 0, k,0 220.155 -738,098 -790,193
Siltcates Dehydrated Anatcime | 1021 | NaAlSi,0f 202.140 -674,98952 714, 6785558
Albirel®® 1531 | Naaisijog 262.224 -886,308 -939,680
tow Albite 1025 | Har15i,0 262.224 -886,309 939,680
High Albite 1560 { MaAlsi 0p 262,224 -884,509%8 -937,050399¢
Anorthite 1030 | CaAl,Si,05 278.210 -954,298 -1,007,772
Kk-feldsparil 1028 [ KAlsij0q 278.337 -895,374 949,188
Maximum Microciine 1027 | xAlSi;0q 278.337 -895,374 -943,188

5‘:al mle'l('K). £Szull and Prophet (1971). TGenerated by regression of heat capacity or enthalpy data reported by Stull and
Prophet (1971) with equations (19) or (26). “Roble and others {1966). 2405*C. BAssumed to be equal to the corresponding
values for a~quartz. ~Haas and Roble (1973}, ZwWalther and Helgeson {1977a). YHuber and Holley (1956). Y0'Hare (1972).
Yowing to amblguities in the relative temperature dependence of V* for o and B cristobalite, no valve of &v*, i3 given

for the a/f cristobalite transition. “Hemingway and Robie (1977a). ZComputed from aquation (1) using the Clauslus-

Clapeyron slope shown In Figure 17 and the value of 4S*  shown sbove. Ykeltey (1360). 2The vaiue of n may rarge from

0.1h to 0.83 {Frondel, 1962}, but the thermodynamlic properties of smorphous silica appear to be insensitive to the

variation In H,0 content (Krauskopf, 1956; Wslther and Helgeson, 1977). 221 dentification aumber in computer program

Bbroble and Waldbaum (1968). <Siler (1955). YaAssumed equal to the values reported by Kelley

data flle (see text).
for AIO{OH). “Computed from equation (92) and the values of AH; and $° shown above together with the values of §°
for the elements st 298.15°K and | bar given In foatnote d. ~Christ, Hostetler, and STebert (1974). The value shown

P --
. - -
for AG Facalclte Is consistent with log X 8.52 for the reaction CnEDJ(“Id“),_ Ca  + CD3 , which s slightly
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(continued)
C" Coafficiantstel Transition Data (1 baer)
Indor, 1 gonii vl .
ber= 3 a0’ TR ase 2 |l Tar?
1530 70.13 131.85 113.53200088 30.88928288 ] 450
1046 26.4 51.47 36.82 8.00 1400
1045 60.5% 1ok, 422 72,970 T 170000
lokk s0.03t 92.81%2 60.09™ 11, kot 17000
1089 35,4522 6392 36.51L 6.70L 1ag0L
1088 22,7522 43,792 35.81L 8.52L 1800L
1065 97.3322 | 2332222 143.8300 3860 17000
1066 | 1.0 1.2 155.23 38.60 1700
1515 70.64 136.2 106, 11820880 | g 5 4BBBBbY 5y 4, gbbDOD Y q,bbbOE
1519 70.786SEE| 35 g333as | ¢ 41gddddd | 5 4, dddddy o, ddddd] ppccece
1545 75.2 139.2 113.785552 | 4 695=C2€ ) 2g.928%CCE | yjppSSect
1559 75.28385% | 139 288t ] y7.6228555 | g 8163355 | 3y ggu3333 | yjpi2t
1516 55.858%8 | yq1, 3282 81.80 3.3 16.26 848
84.99 17.10 13.56 1000
1035 19.602 | 33.93%% 26.64L 3.60L 6.52L 1400L
1080 35.0 63.5 sh.13 6.42 1h.9 1400
1067 392 60.42 816l T 11.87L 1400k
1537 16,24 31.2768% 24.55L wyul 6.28L 50322 0.1885L | 166™ | 0.0298
28.765" 0.00% 0.002 125828 0315 | 390™ | .05
29.262 0.00% 0.00% 1800%
1508 22.6 32.952 26.4900Y 5s.o7LY 5.551 413t 0.09tt 37™ | o.056%
21, obbte g.obk0b 0.02280 1400220
1039 34,252 66.09%2 52.8;1 7.86L 15,761 1600L
1054 0.7 68.27 54.81 8.17 15.01 1600
1518 | 1286 264 180.682 60.574 38.462 903
187.542 41,614 13. 342 1258
199.522 614 13,342 1800
1517 | e | 2729282 188.222 57.29% 4,822 800
1538 | 160.0 s 205.80 41,66 50.21 1000
toz2 56.08 97152 53.49 .14 8.88 1000
1021 a9 83.1™ 42,09 2k 14 8.88%Y 1000~
30 49,5122 100, 25555 61.70L 13.90L 15,011 473
81.8809%¢ 355489 | os0.15u89¢ | yo00988
1025 .52 {ioo.0722 61.70L 13.90% 15.01L 1400L
1560 52.30%%  |i00.43%2 IJFTAALLEN INPIPTUATLIN BT IR TRIALE 623299
64, 1700k 13.90M00 15.01200 1400
1030 ag.180ee |50 5g00 [SIIRLALALR AP PN dALA TV ALL1dy QEPPPNLddis
1028 s1.13%% 08,8788 76,6175 PIETPLLLENS BPFICTTILINN, BETRTS
1027 st hoa gt | gy 12.90L 17.05lld Jugol

more negative than the velues of -8.37, -8.40, and -B.41 given by Plummer and MacKenzie {1374}, Langmuir (1968}, and
Serner (1967, 1976), respectively. The differences betwsen these values result primarily from discrepancies in disso-
clation constants for aqueous species at 25°C and | bar. The values of AG‘( for Ca*™* and €0,”” used to calculate log K
were taken from Vagmen and others {1968) and Parker, Wagman, and Evans (197T). 28kalloy and King (1961) and Stull and
Prophet (1971}, modified stightly in the first and/or second decimals to achieve internal consistency (see text).

By ankratz and Kaltay (1964). u\hilor and Kelley {1963). Lpisordared ca-at pyroxens. Esnnh.nwﬂ. Sctar, and
Saith (1966). H!mt-d from equation (1) using values of Av‘! glven above and the Clausius-Clapeyron slopes shown in
figures 22, 23 or 108A. omputed from equation (3) and the vatues of T, and 45" glven ebova.

A omputed from the curves shown In figures 22 or 108A. BParies (i952). T Scomputed from density data given by

Smith (1959) and/or Stephenson, Sclar, and Salth (1966) using the gras formula welght of enstatite shown above.
Itomputed from cell valumas given by Burnham (1965). L omputed from ceil parsmatars reported by Liow (1971b).
ﬂ(Ing (1955). Eiing ond Weller (1961b). Pankratz (1968b). Mstimated from V'.Mle'-

using the value of ¥* for “2e0lItic" H,0 Tn table 2 (ses text). Openshew {1974) and Openshow and others

continued —
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TABLE 8
Gram c
.4 d
Hlneral Index | Formul Ac* pe, o4
Class Name Number2Z Formula reigne L i 3

Framework High Sanidine 1029 KAlSijoa 278.337 -893,738 -946,538

Silicates Nepheline 1031 NaAlSio, 145,227 -472,872 -500,24
Kalsilite 1507 KAISi0) 158.167 -481,750 -509,408

Wairakite 1130 CaAl,5i,0,,°2H,0 434,411 -1,477,652 -1,579,553

Laumontite 1132 caMZSIhO]z"‘HZO 470,441 -1,597,043 -1,728,884

Sheet Silicates |[Kaolinite 1004 | AT 50,0  (0H), 258.161 -905,61 4% -982, 221
Pyrophyllite 1509 A1,51,0,,(0H) 360.316 -1,255,997 ~1,345,313

Chrysotile 1007 Hgssizos(OH)k 277.134 -964,871 -1,043,123

Antigorite 1542 “9A85‘3u°as(°”)sz 4,536.299 | -15,808,020 ~17,070,89

Tale 1510 NgBSi,‘om(on)2 379.289 -1,320,188 -1,410,920
Annite 1015 KFej(AISiBO‘O)(OH)Z 511.890 -1,147,156 -1,232,195

Phiogopite 1014 f KHgy(A1Si40, ) (OH) 417.286 | ~-1,396,187 -1,488,067
HMuscovite 1012 | KAl (A15130,0) (0H) 398.313 | -1,336,30) -1,427,408
Paragonite 1013 NaAIZ(AISiBOIO)(OH)Z 382.201 -1,326,012 ~1,416,963
7-A Clinochlore 1512 L Hgal(R1siZ0, o) (OK)g 555.832 { -1,957,101%% | -2,113,197
14-A Clinochiore 1513 HgSAI(AISisolo)(OH)B 555.832 -1,961,703 -2,116,964
Prehnite 1532 CazAl(AlSijolo)(OH)Z 412.389 -1,390,537 -1,482,089
Margarite 1551 CaAl, {A1,51,0, ) {on), 398.187 ~1,334,370 -1,486,023
Sepiolite 1023 | g, 50, o (0H), o)« (o), PERYY a7 861 | -2,200,1923888 | -7 118,000

° 1
(1976). Lcomputed from s microctine

based on regression of Hovis' (197h4) calorimetric data {see text). ZZThe term K-feldspar is used above to

using 3.4 cal mole (°K)”' for the entropy of substitutional disorder

designate KAlSi308 in Pts stable ordering state at any given temperature and pressure. At 25°C and ! bar K-
feldspar is synonymous with maximum microcline, but at high temperatures X-feldspar corresponds to high sanidine

(see text). 222computed from $° q for low albite and the heat capacity power function coefficients for albite
rrr

and high albite, which include provision for the calorimetric consequences of substitutional and displacive

order/disorder {see text). “2The term albite refers to MaAISi,0p in its stable state at any given temperature
and pressure {see text). “Taken as the mean of the V° values shown for low and high albite {see text).
2ddtenerated by regression (eq. 26) of Finite difference derivatives of H% . - H° | computed from data re-
r’ r'r
ported by Holm and Kieppa (1968) and Thompson, Waldbaum, and Hovis {1974), “The computed values of Wy oo
H® T take into account the calorimetric consequences of substitutional and displacive order/disorder {see text).
r

e ] . )
Zaken to be the mean of the vaiues of V° given above for maximum microcline and high sanidine. fwovis

(1974), L9 imir imposed by the monociinic/triclinic transition (see text). DHECOmputed {see text} from data
reported by Holm and Kleppa (1968). mEased on composite regression {eq. 26) of enthalpies ot disorder computed
from calorimetric data reported by Hovis (1974} and values of H°P T - H“P T for microcliine reported by Kelley
(1960) -- see text. ‘UJ-The heat capacity coefficients and value gf Tt sho&n %or high sanidine correspond to
those for maximum microctine (see text). “%0btained by composite regression of calorimetric data reported by
kelley and others (1953) for a, B, and y-nepheline, which exhibit little or no enthalpies of transition (see
(text). £ing and Weller (1961a). ™ aobie and others (1966) . 2King and others (1967). EBRRobie,
Hemingway and Wiison (1976). 3%%The heat capacity coefficients shown for chrysotile are those reported by King
and others {1967} for antigorite (see text). —“Generated by regression {eq. 26) of calorimetric data reported
by Robie, R.A., 1976, written communication. =2 pankratz (1964b) . Lt(:omputed from the value calculated by
Helgeson (1969) from data reported by Mackenzie and Garrels (1965) =- see text. “YYThe term dolomite refers to
CaHg(C03)2 in its stable ordering state. The Maier-Kelley heat capacity power function coefficients for disordered
dolomite correspond to those for the ordered phase (see text). The entropy and enthalpy of disorder used to
compute &H®y and S° for disordered dolomite from observations of high pressure/temperature phase equilibria were
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(continued)
c*, Coefficients®l Transition Data (1 barJXX
Index 0d, i oby 1 v
Wumberd2 | 57T v -
2 plx03 Exi075 L P PR
1029 54,53%L 109.008 63.83400 12.90ddL 17.054dL 1400ddd
1031 29.72%% 54,1622 35.908kkK 6. 45BRkK 7.328%K | 1500
1507 | 31.85% 59.83%2 29,434 17,36 5.32%% g0 | 0,198 ] 1602
42.5%Y 0.0 0.0%% 1800%%
1130 105.1 186.877 | 100.40 (TR 16.43 1000
1132 116.188¢2 207.55 123.20 4447 16.43 1000
1004 18,532 99.52%% 72.77 29.20 21.52 1000
1509 57.2BBR | 126,60 79.03255 b 392080 | 17,2825 | ggo
1007 52,9000 108,582 75.82994 3160399 1758999 1000999
1542 | B61.36 1749.13 1228.45 513.76 286.68 848
1234.83 501.24 281.28 1000
1510 62,3622 136.2522 32.48 41,61 13.34 800
1015 95.2 154.32 106.43 29.77 19.31 1000
1014 76.1 149.66 100.61 28.78 21.50 1000
1012 68.8%0BER | 140.7122 97.5635% 26.38%5% 2544355 | 100032%
1013 66.4 132.53 97.43 24,50 26.44 1000
1512 | 106.5 211.5 162.82 50.62 40.88 848
166.01 44,36 38.18 900
1513 1131.2 207.11 166.50 42,10 37.47 900
1532 65.0%%e¢ 140,332385 91.60 37.82 19.60 848
101.17 19.04 11.50 1000
1551 63.8 129.4 102.50 16.35 28.05 848
99.31 22,61 30.75 1000
1023 146.6 285.6 157.92 104.30 18.68 800

derived from the Bragg-Williams theory (see text). YYYThe terms enstatite and ferrosilite are used above to
refer to MgSi0, and FeSi0, in their stable structural states at all pressures and temperatures. ““™Based on
92103 3

the value of AG°; shown above and equilibrium constraints imposed by the composition of surface

.gibbsite
waters (see text). 2XEtomputed from the solubility product constant given by Christ, Hostetler, and Siebert

(1974) using data for Ca’’ and co," given by Wagman and others {1968) and Parker, Wagman, and Evans (1971).

XYfaken to be equal to the C°p coefficients shown for clinoferrosilite (see text). ZZZComputed from thermo-
r

dynamic dats given above. 2%2%Robie and Waldbaum {1968), modified slightly to achieve internal consistency

(see text). 222Pcomnuted from data plotted in figure 98 (see text). S£Staiculated from calorimetric data

reported by Barany (1962} for the reaction NaAlSij0g « H)0 == NaAlSi,0p + Hzo(l) using the value of AH®,

. R ddd £) . f
for analcime shown above and that for HZO(E) in table 9. —Computed from the value of AH f,low albite shown
above and calorimetric data reported by Thompson, Waldbaum and Hovis (1974) == see text. =&%Computed from

observations of high pressure/temperature phase equilibria (see text). ~iGrams mole™ . 999%5coessell (ms).
Dhhhsee footnote wu in Table 3. Liliacsumed to be equivalent to the corresponding coefficients for low albite

at temperatures below 350°C (see text). 4idiking,Ferrante, and Pankratz (1975). *K¥Nprice (ms),  R2Ec, .

culated from cel] parameters reported by Deer, Howie, and Zussman {1962). ™™™ pankratz and King {1970).
yo1m, Kleppa, and Westrum (1967). PP2PCamputed from data reported by Holm, Kleppa, and Westrum (1967) .

S8o1gsmicth, Graf, and Heard (1961). T approximated as the mean of ¥° for ordered and disordered dolomite.

$SSS. . .
===8ird (ms) and Bird and Helgeson (1977)--see text. :fTaken to be the same as ordered epidote. “YYThe (erm

epldote is used above to refer to tazFeAIZSijolz(DH) in its stable state of substitutional order/disorder at ali
pressures and temperatures. “““Adjusted (see text). ™ yotocrystalline B-cristobalite. **¥peryine and
others {1977). ILiThermodynanic properties shown for lambda transitions correspond to the apparent properties
(see text). Zitomputed from data reported by Perkins and others (1977). 22222ono e from high pressure/

temperature phase equilibrium data togetheLbZLEh experimental heat capacitles at tow temperatures reported by

Kiseleva, Topor, and Hellchakova (1972). Taken to be the same as those for zoisite. SSS“Cpexter Perkins ITT
N . d N N N

(1977, written comunication). 22995,00 5104 by regression of calorimetric data reported by Dexter Perkins III

(1977, written communication). S£%%Generated by regression of experimental data reported by Kiseleva, Topor,

and Andreyenko (1974). EEFFfc o ited by regression of calorimetric data reported by Krupka, Roble, and

Hemingway (1977a),
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Fig. 50. Relative heat of solution at 49.7°C and 1 bar of albite as a function of
the Z ordering parameter (see text).

and the Z ordering parameter are quenchable, but the high-temperature
monoclinic symmetry of albite is not (Thompson, Waldbaum, and Hovis,
1974).

The standard molal enthalpy of substitutional disorder (AH®g)
represented by the upper curve in figure 50 can be expressed as

AHC, = H°, — H°,_, = 2630(1 — Z) (150)

As in the case of the monoclinic potassium feldspars (see below), it seems
reasonable to assume that

d((AH ) /6 T)z = 0 (151)

which permits calculation of the temperature distribution of AH®4 from
the curve depicting Z as a function of temperature in figure 51B. These
calculations generated the curve representing AH®,, for albite in figure
51D.

In contrast to the monoclinic/triclinic inversion in potassium feld-
spar, which is quenchable, occurs at relatively low temperatures, and
has little or no effect on its thermodynamic behavior (see below), the
displacive transformation in albite from monoclinic to triclinic sym-
metry is apparently accompanied by a relatively large heat of transition.
Experimental data suggest that increasing displacive disorder caused by
changes in bond angles with increasing temperature begins at tempera-
tures well below T,,,, (the highest temperature at which albite exhibits
triclinic symmetry). It thus appears that albite undergoes two super-
imposed lambda transitions with increasing temperature: one caused by
exchange of Al and Si atoms on the tetrahedral sites in the mineral,
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and the other resulting from displacive changes in symmetry. As both
substitutional and displacive disorder increase with increasing tempera-
ture to T/, (which Thompson, Waldbaum, and Hovis, 1974, estimate to
be 1238°K), the increasing heat of disorder affects the thermodynamic
behavior of albite to an increasing degree.

The magnitude of the temperature corresponding to T, is still
a matter of debate. Prewitt, Sueno, and Papike (1976) carried out ex-
periments indicating that T,, is greater than 1378°K, but Okamura
and Ghose’s (1975) experiments indicate that T, ,, = 1203°K. Recently,
Winter and Ghose (1977) reported “a close approach to monoclinic sym-
metry at ~ 1333°K.” The diversity of these values is consistent with the
conclusion that the displacive change of symmetry in albite is a gradual
lambda transition which is coupled both kinetically and thermodynami-
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Fig. 51. Z ordering parameter and standard molal enthalpy of substitutional
disorder (AH®y,) in K-feldspar and albite as a function of temperature at I bar.
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cally to substitutional disorder. The calculations summarized below are
consistent with Thompson, Waldbaum, and Hovis’ (1974) estimate of
T/a (1238°K).

The thermodynamic consequences of the displacive transformation
in albite can be calculated from calorimetric data reported by Holm
and Kleppa (1968), who measured heats of solution of Amelia albite in
lead-cadmium-borate melts at 698°C and 1 bar.!* The samples of albite
were first heat-treated at 1045°C for different periods of time ranging up
to 2 months. The results of the calorimetric experiments are summarized
in figure 52, where it can be seen that H°; — H°;_, increased rapidly
with increasing annealing time up to ~ 5 days but then increased only
slightly from 5 to ~ 14 days, where H°; — H°;_, reached a “plateau”
corresponding to ~2540 cal mole—*. It can be deduced from figure 51B
that the equilibrium value of the Z ordering parameter at 1045°C is
~ 0.035. Combining this value with eq (150} yields 2538 cal mole—*. It
thus appears that the albite samples that were annealed for 13 and 14
days reached their stable state of substitutional disorder at 1045°C. How-
ever, it can be seen in figure 52 that further heat treatment from 14 to
21 days caused H°; — H°;_, to increase abruptly to 3400 cal mole. Be-
cause the displacive transformation is unquenchable, the latter increase

3 0On the basis of recent calorimetric investigation of the displacive transforma-
tion in albite by A. B. Thompson, J. B. Thompson, Jr. (1978, personal commun.)
argues that the thermodynamic changes ascribed in the present communication to the
displacive transformation in albite may be the result instead of undetected substitu-
tional order/disorder among the T,, and T,,, sites. However, distinction between the
calorimetric consequences of the displacive transformation and differences in the Y
ordering parameter requires comparative calorimetric annealing experiments, which
have yet to be carried out. In any event, the thermodynamic analysis of order/disorder
in albite summarized above is consistent with all the experimental data veported by

Waldbaum (1968), Holm and Kleppa (1968), and Thompson, Waldbaum, and Hovis
(1974).
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(860 cal mole—1) is almost certainly due to displacive disorder in high
albite with Z =~ 0.035 at 698°C. The observation that displacive dis-
order affected H°; — H°;_, at 698°C only after the samples annealed at
1045°C reached their stable substitutional ordering state suggests that
the kinetics of displacive disorder in albite depend on Z. If so, upon
heating low albite, the displacive transformation should not take place
until the phase achieves nearly complete substitutional disorder, which
seems to constitute the rate-limiting step in the overall disordering
process. Similarly, any substitutional ordering that occurs in metastable
high albite at temperatures below T,,, would be expected to inhibit
the displacive transformation at higher temperatures. Note that the in-
crease in H®; — H°;_, of 860 cal mole—* after ~ 14 days of heat treat-
ment is nearly equal to the separation of the curves in figure 50.

The change in the standard molal enthalpy of displacive disorder
(AH®4) can be expressed as

d(AH ) = (a(AOHT”)> dT + (-a@;—d')> 4z, (152)

which can be used to calculate the standard molal heat capacity of dis-
placive disorder (AC°p_g4,). The drop calorimetry experiments reported
by Holm and Kleppa (1968) indicate that H°p 4;; — Hp 5, for high
albite is 790 = 320 cal mole—* (°K)—* greater than that for low albite.14
However, if the abrupt increase in H°, — H°,_, represented by the
dashed line in figure 52 corresponds to the heat of displacive disorder in
high albite at 971°K (which seems likely), it should also be equal to the
difference in H°p 4;; — H®p p for high and low albite. The fact that
this increase in AH®;, — AH®,_, (860 cal mole—?) falls within the uncer-
tainty range of the value of H® o;; — AH®, 1 obtained by drop calori-
metry supports the conclusion that the abrupt increase in H°; — H°;_,
after ~ 14 days of annealing corresponds to the heat of displacive dis-
order in high albite at 971°K.

The samples of high albite used by Holm and Kleppa in their drop
calorimetry experiments were obtained from Waldbaum and correspond
to samples used in his calorimetric study of order/disorder (Waldbaum,
ms). The degree of disorder in these samples may have been slightly
different than that in the high albite produced in Holm and Kleppa’s
annealing experiments. Nevertheless, the Z ordering parameter was
probably < 0.06 (which corresponds to that at T,,, = 1238°K) in both
cases. It thus appears that 860 cal mole—! is a reasonable estimate of
Hep o7y — H°p g, for Z = 0.06. Because this value is consistent with

" Recent measurements of the heat capacities of low and high albite from 350°
to 1000°K by Hemingway, Krupka, and Robie (1977, written commun.) apparently
contradict the results of Holm and Kleppa's (1968) drop calorimetry cxperiments.
However, this may be due to kinetic constraints on displacive disorder, which are
coupled to annealing time and the rate at which the 7Z ordering parameter changes
with increasing temperature (sce above). The heat capacities of low albite reported

by Hemingway, Krupka, and Robic are in close agreement with those given by Kelley
(1960), which were adopted in the present study.
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Holm and Kleppa’s (1968) annealing experiments, it is used below in
preference to the drop calorimetry results to calculate AH®; as a func-
tion of temperature.

The lowest temperature at which displacive disorder occurs in albite
has yet to be determined. However, the magnitude of the interval separa-
ting the curves in figure 50 suggests that displacive disorder is negligible
below 350°C (see below). This conclusion is consistent with the fact that
no evidence of displacive disorder is apparent in the heat capacity data
reported by Openshaw and others (1976) for temperatures below 373°K.
If we take 350°C as the temperature at which displacive disorder be-
comes appreciable and assume (9(AH®g)/dT)z to be independent of
temperature (which is likely), it follows from the value of H% o, —
Hep 1. for Z = 0.06 adopted above that

<_6(AH—‘”)_ _ _ 80 2.47 cal mole—1* (°K)—!
aT 7=0.06 971 — 623

(153)

Because (9(AH?®;,)/dZ)r is apparently independent of Z (fig. 50) we can
write for 623°K < T < T,,,,

AH® o= (247 — 2.68(Z — 0.06)) (T — 623) (154)
and
<M> — _2.63(T — 623) (155)
o7 ).

where —2.63 corresponds to the slope of the curve in figure 53 and 103
of that of the curves in figure 50. Eq (152) can now be written as

<M> = 2.47 — 2.63(Z — 0.06)
oT P,
—2.63(T — 623) <:—i> (156)
PT

[l

ACOPr,dt

where AC°p 4 refers to the standard molal heat capacity of displacive
disorder. Values of AH®,; calculated from eq (154) are shown as a func-
tion of temperature in figure 54A, where it can be seen by comparison
with figure 51D that the temperature dependence of AH®,; is similar to
that of AH®,,.

Finite difference derivatives of AH®,;, are plotted in figure 54B to
illustrate the extent to which AC®p 4 changes with increasing tempera-
ture. The curve in figure 54B exhibits the “classic” configuration of a
lambda transition. 1t can be seen by comparison of this curve with that
in figure 55B that AC®°p 4 is only slightly smaller than AC®p g4 at the
respective lambda points.

The total standard molal heat capacity of disorder (AC°p ;) in albite
is depicted as a function of temperature in figure 56. The values of
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AC®p_ represented by the symbols were computed by taking finite dif-
ference derivatives of AH®,, which is defined by

AH®, = AH®; + AH%, (157)
and consistent with
ACOP,.,z == Acol'r,ds + A(Jol’r,dt (158)

It can be seen in figure 56 that AC®; , increases dramatically from 500°
to 700°K, where it reaches 7 cal mole—* (°K)~* at the lambda point. This
sharp increase in AC®°p_, is a consequence of the fact that the displacive
and substitutional order/disorder transformations are superimposed on
one another. Because the lambda points for the two transitions occur at
low and high temperatures, respectively (figs. 54B and 55B), the slope
of the curve in figure 56 changes only slightly from ~ 750° to ~ 1000°K.
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Fig. 53. Partial derivative of the standard molal enthalpy of displacive disorder
in albite with respect to temperature at constant pressure and Z as a function of the
Z ordering parameter at 1 bar (see text).
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It is not surprising in view of the configurations of the curves in
figures 54B, 55B, and 56 that so much confusion has arisen over phase
transitions in albite. For example, Holm and Kleppa (1968) considered
the low/high albite transition to be first-order, and Orville (1974) esti-
mated the temperature of transition as 575°C, which is not far from the
lambda point in figure 56.

The separation of the two curves shown in figure 50 is probably a
consequence of metastable cooling of intermediate albites. This can be
demonstrated with the aid of figure 57. The solid curve in figure 57A
represents albite in a state of stable homogeneous equilibrium at all
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Fig. 55. Standard molal heat capacity of substitutional disorder in K-feldspar and
albite as a function of temperature at 1 bar.
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temperatures. The dashed curves designate displacive equilibrium cool-
ing paths for albites with constant Z. In contrast, the dashed curves in
figure 57B correspond to metastable cooling paths for constant Z, which
have the same slope as the equilibrium cooling path for Z = 0.06. If an
intermediate albite cools rapidly so that Z remains constant, it may not
follow the dashed lines of constant order in figure 57A, which corres-
pond to path abc in figure 57B. Instead, the kinetic observations noted
above suggest it may follow a metastable cooling path like those labeled
ad in figure 57B. As a consequence, H°; — H°;_, at low temperatures
would be smaller than the equilibrium value for constant Z by an
amount corresponding to ¢d in figure 57B. The magnitude of c¢d in
figures 50 and 57B, which is independent of Z, depends solely on
(8(AH®4,)/8T)y for Z = 0.06.

The heat capacity power function coefficients given in table 8 for
albite (which refers in the present communication to NaAlSi;Og in its
stable state of substitutional and displacive disorder) above 473°K were
obtained by first adding AH®4 p o and AH®yp_r to values of Hp, r —
H°pT'“3 calculated from eq (26) and the heat capacity coefficients reported
by Kelley (1960) for albite. This procedure is based on the assumption
that the high-temperature enthalpy differences given by Kelley and others
(1953) for albite from Varutrisk, Sweden, closely approximate those of
low albite with Z = Y = 1. The heat capacity coefficients reported by
Kelley (1960) correspond to those shown in table 8 for low albite. The
same coefficients are given in the table for albite in the temperature
range 298.15° to 473°K, where both AC°; g and AC®p 4 ~ 0. Regres-
sion of finite difference derivatives of the calculated values of Hep r —
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Hep 4.5 generated the second set of coefficients for albite in table 8. The
corresponding set of heat capacity coefficients for high albite shown in the
table were calculated by adding 2.47 to the a coeflicient for low albite
in the temperature range T > 350°C. The heat capacity coefficients for
high albite at temperatures < 350°C (where AC°p_4 ~ 0) correspond to
those for low albite. Consequently, the heat capacity coefficients for high
albite do not represent accurately C°p_ for high albite from 350°C to ~
450°C, but the effect of this disparity on the accuracy of computed values
of H°p o — H°p_r for high albite is negligible. Calculated values of
He, r — H°p 1 _for albite, low albite, and high albite are shown as a
function of temperature in figure 58.

Finite difference derivatives of H°p 1 — H®p_, for albite are plotted
in figure 59B, where they can be compared with the curves generated
from the heat capacity coefficients in table 8. It can be seen that the
calculations closely approximate the finite difference derivatives below
the lambda point. However, the dashed curve above T,,,,, which corres-
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ponds to calculated values of C°p , diflers significantly from that repre-
sented by the solid curve connecting the finite difference derivatives
above the lambda point. This discrepancy limits the applicability of the
heat capacity coefficients for albite in table 8 to temperatures < 1200°K.

Extrapolation of S° ;.4 — $°p,r, computed from eq (27) and the
coefficients for albite in table 8 to T,,, (1238°K) yields 97.74 cal mole—!
(°K)—1 for 8°p_ 1435 — S°p,.r,- Similar extrapolation of AS®g, from 1238° to
1473°K (Ty,) results in 0.13 cal mole—! (°K)—2. The difference in the
sum of these values (97.87 cal mole—' (°K)~1) and S$°p_ 1535 — S°p,.1, for
low albite (92.95 cal mole—* (°K)=—?) corresponds to AS® p_ 1473 which is
the total standard molal entropy of displacive and substitutional dis-
order in albite caused by a temperature increase from Tz, to Tz_,.
However, because the standard molal heat capacity of high albite is
larger than that of low albite, this value (4.92 cal mole—* (°K)~1) is
diminished by 2.13 cal mole—? (°K)~' as temperature decreases to
298.15°K. It follows that the difference in the standard molal entropies
of high and low albite at 25°C and 1 bar is 2.79 cal mole—1 (°K)—1,
which is close to that computed recently by Mazo (1977) from statistical
mechanical considerations of Al/Si disorder (8.1 cal mole—* (°K)—?) but
substantially less than the ideal configurational entropy (4.47 cal mole—?!
(°K)—Y) adopted by Waldbaum (1968), Robie and Waldbaum (1968),
and Hemingway and Robie (1977a). Adding this difference to the calori-
metric third law entropy of low albite obtained by Openshaw (ms)
leads to the value of S°;, . given in table 8 for high albite. The value
of V°p ¢, for albite is approximated in table 8 by the mean of the
corresponding values for high and low albite.

The calculations summarized above indicate that displacive disorder
accounts for about a third of the total contribution of disorder to the
thermodynamic behavior of albite. The maximum contribution by AH®,
for Z = 0 (2630 cal mole—?) corresponds to albite in its equilibrium
ordering state at temperatures 2 T, (1473°K), which is above the melt-
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ing point of albite. Because there is no evidence of a first-order transition
at T,,, the total heat of displacive and substitutional disorder at the
melting point (1391°K at 1 bar, where Z ~ 0.01) is > 4000 cal mole—1.

Order/disorder in K-feldspar.—The standard molal enthalpy of for-
mation from the elements of high sanidine given by Robie and Wald-
baum (1968) was taken from Waldbaum’s (ms and 1968) calorimetric study
of the alkali feldspars. Although this value was obtained using a sample
of stoichiometric high sanidine (Waldbaum and Robie, 1971), it appears
from the relation between the Z ordering parameter and the lattice con-
stants for monoclinic potassium feldspar given by Hovis (1974) that the
sample was not completely disordered. The Z ordering parameter is re-
lated to tlie b and c lattice constants by

Z=2Xur, — Xayr,) = 7.6344 — 4.3584b + 6.8615¢ (159)

where X,; r, and X, r, refer to the mole fractions of aluminum on the
T, and T, sites, respectively. Combining eq (159) with the cell para-
meters reported by Waldbaum (1968) for the sample of high sanidine
used in his calorimetric experiments yields Z == 0.098. Taking account
of the linear dependence of the heat of solution of K-feldspar on Z at
49.7°C (Hovis, 1974), the standard molal enthalpy of disorder (AH®g)
in cal mole—* can be expressed as (fig. 60)

AH®,, = 2650(1 — Z). (160)

It follows that the standard molal enthalpy of formation from the ele-
ments at 25°C and 1 bar of high sanidine for which Z = 0.098 is more
negative than that of its completely disordered counterpart by ~ 260
cal mole—1.

It can be seen in figure 51 that the Z ordering parameters for K-
feldspar and albite are nearly equal at equivalent temperatures. As in
the case of albite, the dependence of Z on temperature is a function of
the standard molal heat capacity of reaction (AC°p ) for intracrystalline
exchange of Al and Si among the energetically distinct tetrahedral sites
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Fig. 60. Standard molal enthalpy of substitutional disorder (AH®,,) in K-feldspar
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in K-feldspar. The intracrystalline exchange reaction for monoclinic
potassium feldspars can be written as
Aly, + Sip, = Aly, + Siy, (161)
for which
Aarm, dsi
ALTy A8ty K (162)
Aarry GsiTy
where K refers to the equilibrium constant for reaction (161). If as a
first approximation we regard the activity coefficients for Al and Si
on the tetrahedral sites as unity, it follows from the stoichiometry of
KAISi;Og and eq (162) that we can write (Thompson, 1969)
1 — —
In < Z ) + In 527 = —2(arctanh Z + arctanh (Z/3)) = In K.
1 +Z 3+7
(163)

It AC°p, = 0 for reaction (161), which seems likely, In K in eq (163) is a
linear function of T—1, and we can write,

_ o

nK=_ A%/ 1 1 (164)
R \T Ty

where AH?, refers to the standard molal enthalpy of reaction (which is

independent of temperature) and Ty designates the temperature in °K

at which Z = 0 (1432°K). Eq (164) is represented by the curve in figure

61, which was generated from eq (163) and the curve shown in figure 51A.
The slope of the curve in figure 61 is consistent with

He 5
AH°, = A = 2(;3;0 = 5300 cal mole—* (165)
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Fig. 61. Logarithm of the equilibrium constant for reaction (161) as a function of
temperature * at 1 bar.
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where vay 1, z—1 and vay 7 refer to the number of moles of Al on the
T, sites (gram formula unit)—* of K-feldspar for Z = 1 and Z, respectively.
The value of AS°, for reaction (161) consistent with the linear curve in
figure 61 is 5400 cal mole—*/1432°K = 3.7 cal mole—* (°K)—?, which
corresponds to that used by Hovis in his calculation of Z as a function of
temperature.

Egs (163) through (165) describe the temperature dependence of
Z in figure 51A. The sigmoid configuration of the curves in figures 51A
and B arise from constraints imposed by the limits of Z. AsZ — 0, In K —
O,butasZ -1, InK - —c.

Waldbaum and Robie (1971) report —146,698 cal mole—* for the
heat of solution at 49.7°C of the slightly ordered sample of high sanidine
discussed above. In contrast, Hovis’ (1974) data indicate —148,200 cal
mole—* for the heat of solution of high sanidine with Z = 0.098. The
two contradictory leats of solution (neither of which were used in the
present study to compute AH®; of high sanidine — see below) are plotted
in figure 62, which was generated by taking account of the temperature
dependence of the Z ordering parameter for monoclinic potassium feld-
spar (fig. 51A). Hovis (1974) and Hemingway and Robie (1977a) attribute
the bulk of the discrepancy between the results of the two calorimetric
studies to systematic differences in the data acquisition systems employed
in the two investigations. Each system apparently yields accurate relative
heats of solution as a function of composition or substitutional order/
disorder, but the absolute heats of solution generated by the two systems
are not comparable. It is of interest to note in this regard that the heats
of solution reported recently by Hemingway and Robie (1977a) for Amelia
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albite in a 20.1 wt percent hydrofluoric acid solution at 49.7°C are only
~ 500 cal mole—* more negative than comparable values measured by
Waldbaum and Robie (1971).

Because the calorimetric data given by Hovis (1974) are internally
consistent and represent a range of Z from 0.093 to 0.590 for Xgasizoq
> 0.9734, the temperature dependence of the standard molal enthalpy of
substitutional order/disorder in K-feldspar (AH®4) can be computed
from his heats of solution and the curve representing Z as a function of
temperature in figure 51A. Calculated values of AH®4 for K-feldspar
are plotted in figure 51C, where they can be compared with correspond-
ing values for albite (figure 51D). The curve shown in figure 51C was
generated from eq (160) and values of Z corresponding to a series of tem-
peratures from 298.15°K (where Z = 1) to 1432°K (where Z = 0) in
figure 51A.

Finite difference derivatives of AH®4 for K-feldspar and albite can
be compared in figure 55. Although the curves representing AC®p g4 as
a function of temperature are similar in configuration, it can be seen
that AC®; 4 of albite exceeds that of K-feldspar by more than a cal
mole—* (°K)—* at the respective lambda points.

The standard molal heat capacity of K-feldspar can be calculated
by first combining the values of AH®;, computed above with correspond-
ing values of H°p ¢ — H°p o calculated from eq (26) and the heat
capacity power function coefficients for maximum microline in table 8.
Regression of the finite difference derivatives of these values of H°p 1 —
Hep r, for K-feldspar in its stable ordering state with eq (19) generated
the heat capacity coefficients shown for the mineral in table 8 and the
curve depicted in figure 59A. It can be seen in this figure that eq (19)
affords close approximation of the finite difference derivatives.

It is evident in figure 59 that the curves for K-feldspar and albite
differ significantly, which is due primarily to the displacive transforma-
tion in albite. The corresponding change from triclinic to monoclinic
symmetry in K-feldspar has no apparent effect on its thermodynamic be-
havior. Hovis (1974) estimated the triclinic/monoclinic temperature of
transition for potassium feldspar to be 451° = 47°C at 1 bar, which
corresponds to Z ~= 0.59. Because the difference in the heats of solution
of maximum microcline and high sanidine measured by Waldbaum and
Robie (1971) are consistent with Hovis’ data for monoclinic K-feldspar,
it appears that the triclinic/monoclinic transition in potassium feldspars
is accompanied by a negligible heat of transition.

Values of AH®,, and AS°®,, for Z = 1 to Z = 0 calculated from

o . o] o
AH ds —— (H P,,1432 — H P,,298.15)K-feld.9par

- (HOI’T,1432 - HOPT,ZSS.ls)microcline (166)
and

o [ — o o
AS ds — (S Dp1432 7 S P,,298.15)K-feldspar

- (SoPr,uaz - S01’,,298.15)microcline (167)
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using eqs (26) and (27) together with the heat capacity coefficients given
in table 8 for K-feldspar and maximum microcline compare favorably
with eq (160) and the value of AS®4, estimated by Hovis for Z =1 to Z
= —1. Egs (26) and (160) generate the same value of AH®4 (2650 cal
mole—1), but eq (27) yields a value of AS°y, (3.4 cal mole—t (°K)~*) for
Z = 1 to Z = 0 which falls at the lower end of the uncertainty range
given by Hovis for the estimate (3.7 = 0.3 cal mole— (°K)—*) he used
to calculate Z as a function of temperature. Note that the value of AS®g,
for Z =1 to Z = 0 is substantially less than the ideal configurational
entropy of disorder (4.47 cal mole—* (°K)—1%) adopted by Waldbaum
(1968), Robie and Waldbaum (1968), and Hemingway and Robie (1977a).

The heat capacity power function coefficients given in table 8 for
high sanidine are the same as those for maximum microcline. The co-
efficients for these two minerals were taken to be equal because Open-
shaw’s (1974) calorimetric values of the standard molal third law entropies
of microcline and high sanidine at 25°C and 1 bar differ by only 0.06 cal
mole—! (°K)—*, and the difference in the corresponding heat capacities
is only 0.07 cal mole—* (°K)—* (Openshaw and others, 1976). Accordingly,
the standard molal entropy of high sanidine in table 8 was calculated
by adding AS°;; — 3.4 cal mole—* (°K)~! to the standard molal third
law entropy of microcline (51.13 cal mole—* (°K)—1) reported by Open-
shaw (ms).

Paragonite, muscovite, K-feldspar, and albite—The values of AG®;
and AH®, given in table 8 for these minerals were calculated from
equilibrium constants derived from high pressure/temperature experi-
mental data for

pyrophyllite + albite = paragonite + 4 SiO, ), (168)
albite 4+ K+ = K-feldspar 4 Nat, (169)

2 muscovite + 6 quartz + 2 H+ = 3 pyrophyllite + 2 K+,
(170)
and

muscovite + quartz = K-feldspar + andalusite + H,O (171)

using equations and data for the aqueous species given by Helgeson and
Kirkham (1974a, 1976, and in press) and Walther and Helgeson (1977),
and the values of V°p r, 8°%, ., and the standard molal heat capacity
coeflicients given in table 8 for the minerals appearing in these reactions.

Among the many pertinent equilibria for which experimental data
are available (see below), reactions (168) through (171) were selected
to optimize agreement of the computed values of AG®; and AH®; with
both low and high-temperature solubility and phase equilibrium data
and the compositions of interstitial waters in sediments. The experi-
mental data used in the calculations are shown in figures 63A and B,
64, 65C, and 66A, where they can be compared with equilibrium con-
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stants and univariant curves generated from thermodynamic data given
in table 8.

Calculation of activity coefficients at high pressures and tempera-
tures (Helgeson and Kirkham, in press) indicates that differences among
i+ Pxa+» and . are negligible (compared to experimental uncertainty)
at the relatively low “‘true” ionic streugths of the electrolyte solutions
considered by J. J. Hemley (1973, 1977, written commun.) and Montoya
and Hemley (1975). It has also been demonstrated (Orville, 1963; J. J.
Hemley, 1978, written commun.) that the activity coefficient of SiO, 44y
and the ratios of the activity coefficients of polar neutral species such as
KCl, NaCl, and HCI in high temperature aqueous electrolyte solutions
can be regarded as unity without introducing unacceptable uncertainties
in computed equilibrium constants. Accordingly, all activity coefficients
were set to one in the retrieval calculations.

The values of AG°, and AH?®, for low albite in table 8 correspond
to those for albite in its equilibrium state of order at 25°C and 1 bar,
but the standard molal enthalpy of formation from the elements given
for high albite is equal to the sum of AH®, of low albite and AH®4
for Z =1 to Z = 0 (2630 cal mole—*). This difference between the values
of AH®, for high and low albite is consistent with a corresponding differ-
ence of 2.79 cal mole~* (°K)~* and 1799 cal mole—* in S°p_r and AG®,
respectively. Similarly, the same values of AG®°, and AH?, are given in

% Y[ @MONTOYA ANDHEMLEY (S75)AT k8] £ O[@HEMLEY(7IIIN 1 (kB
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Fig. 63. Calculated (curves) and experimental (symbols) equilibrium constants for
reactions in the system Na,0-K,0-ALO,-$i0,-1L,O as a function of temperature at
I kb. Hemley (1973, 1977) rcfers to J. J. Hemley (1973, 1977, written commun.).
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Fig. 64. Logarithmic activity diagram depicting log ax,*/ax* in interstitial waters
coexisting with K-feldspar and albite in the Temblor and Upper McAdams sandstones,
Kettleman North Dome, Calif. The solid curve is consistent with the thermodynamic
data given in table 8, but the dashed curve was generated using data reported by
Hemingway and Robie (1977a)-—see text.

table 8 for maximum microcline and K-feldspar in its equilibrium state
of order at 25°C and 1 bar, but those for high sanidine were computed
by adding AH®,;, = 2650 cal mole to AH®, of microcline. The difference
in the standard molal entropy of maximum microcline and high sani-
dine in table 8 corresponds to the value of ASy for Z — 1 to Z = 0 com-
puted above (8.4 cal mole—*! °K—1).

Despite the fact that relatively few experimental data were used in
the retrieval calculations, it can be deduced from figures 63 through 68
that (with a few exceptions discussed below) the thermodynamic data
given in table 8 are consistent with experimental equilibrium constants
and univariant data for a large number of reactions at high pressures
and temperatures. Separate curves are shown in figures 63A and D, 66,
and 67 for maximum microcline, K-feldspar, high sanidine, low albite,
albite, and high albite to illustrate the effects of order/disorder on solu-
tion compositions and reversal temperatures for reactions involving alkali
feldspar.®

With a few exceptions (for example, Chelischev and Borutskaya,
1972; Chatterjee and Johannes, 1974), order/disorder in feldspars has
received little attention in experimental studies of phase equilibria.
Nevertheless, it appears likely from the distribution of the curves in
figures 66 and 67 representing different states of order in feldspar, that
discrepancies among experimental reversal temperatures reported by dif-
ferent investigators for the reactions shown in the figures can be attrib-
uted to different states of order in the feldspars produced and destroyed
in the various laboratory studies. It can be seen that the decomposition

** As indicated in previous discussion, the terms K-feldspar and albite are used in
the present communication to designate KAlSi;O, and NaAlSi;O; in their stable states
of order at any temperature and pressure. Similarly, the names high sanidine and

high albite connote complete disorder, whereas maximum microcline and low albite
refer to the completely ordered phases.
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Fig. 65. Calculated (curves) and experimental (symbols) equilibrium constants for
reactions in the system K,0-Al,0,-8i0~HCI-H,O as a function of temperature at 1 kb.

curves for muscovite generated from the thermodynamic calculations
agree closely with the experimental reversals reported by Chatterjee and
Johannes (1974), who calculated values of 0.11 to 0.19 for the Z ordering
parameter in their reactant feldspars. The curve in figure 51A indicates
that these values of Z correspond to equilibrium states of disorder for K-
feldspar at temperatures ranging from ~ 800° to 950°C. Univariant
curves representing reactions involving feldspars with these values of Z
would thus lie between those for K-feldspar and high sanidine in figures
66 and 67C. In contrast, curves passing through Day’s (1973) reversals
and Velde’s (1966) bracket at 2 kb would correspond to a more ordered
state approaching that in metastable maximum microcline. It can be
seen in figure 69 that AH®p 1 of a metastable ordered K-feldspar at 650°C
is ~ 1 kcal mole—1 less negative than its stable counterpart.

Note that no provision for disorder in 2M muscovite is necessary
to satisfy all the experimental data shown in figures 66 and 67C, which
contradicts arguments and conclusions expressed by Ulbrich and Wald-
baum (1976), Zen (1977), and Hemingway and Robie (1977a), who ad-
vocate adding an ideal mixing contribution to the standard molal third
law entropy of muscovite. If in fact such a configurational contribution
(4.47 cal mole—* (°K)—*) were added to the calorimetric standard molal
entropy of muscovite in table 8, the Clapeyron slopes of the curves in
figures 66 and 67C would be inconsistent with the experimental reversals.
It can also be seen in figure 67A and B that no provision for disorder
in paragonite is necessary to reproduce Chatterjee’s (1970, 1972) experi-
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mental reversals. However, it appears from figure 67B that the synthetic
albite used in Chatterjee’s (1970) experiments did not achieve its equi-
librium state of disorder at high temperatures. This conclusion is sup-
ported by the somewhat erratic pressure distribution of the experimental
temperature brackets in figure 67B and the relatively short duration of
Chatterjee’s (1970) experiments, which ranged from 17 to 152 days at 1
and 2 kb, but (with 3 exceptions) from 10 to 45 days at higher pressures.
The fact that both 1M and 2M paragonite appeared in these experiments
also introduces ambiguities in the results. In the case of figure 67A, the
cell parameters reported by Chatterjee (1972) and eq (148) indicate a
state of equilibrium disorder corresponding to ~ 750°C. Taking these
observations into account, together with the nonstoichiometry of the
albite in Chatterjee’s (1972) experiments with albite, paragonite, and
andalusite, the curves generated in the present study appear to be in
excellent agreement with the experimental data.

The symbols shown in figures 63A and D, 64, and 65A represent
equilibrium with adularia or microcline, and those shown in figures
63A and B and 68B refer to low albite. It is apparent in these figures
that (with a few exceptions discussed below) the equation of state for
aqueous species given by Helgeson and Kirkham (1976 and in press)
and the thermodynamic properties of low albite, maximum microcline,
high sanidine, and K-feldspar in table 8 afford close approximation of
the equilibrium constants derived from experimental data and the com-
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Fig. 68. Calculated (curves) and experimental (symbols) equilibrium constants for
reactions among phases in the system Na,0-Al,0,SiO,~HCI-H,0 as a function of
temperature at 1 kb.
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positions of natural waters. In contrast, it can be seen in figure 64 and
deduced by comparison of figures 63A and 64 that the values of AG®,
and AH°, given by Hemingway and Robie (1977a) for low albite and
microcline are inconsistent with both Merino’s (1973, 1975) data and
those reported by Montoya and Hemley (1975) and ]J. ]J. Hemley (1973,
1977, written commun.). Hemingway and Robie report —948,301 = 805,
-940,515 = 816, and —1,428,475 = 773 cal mole—* for AH®; of micro-
cline, low albite, and muscovite. These calorimetric values of AH®, differ
from those generated in the present study (table 8) by 887, 835, and 1067
cal mole~?, respectively, which are only slightly larger than the uncer-
tainty limits given by Hemingway and Robie.

The small discrepancies between the curves in figure 63 and the
symbols representing Montoya and Hemley’s (1975) calculated values of
any+/ag+ almost certainly arise from the relatively large uncertainties in
the dissociation constants for NaCl and KCI employed in their calcula-
tions. For example, it can be deduced from consideration of figures 63C,
65B, and 68B that Montoya and Hemley's (1975) log K value for the
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Fig. 69. Apparent standard molal enthalpy of formation of high sanidine (open
symbols), K-feldspar (which refers to KAISi,O, in its stable state of order/disorder), and
microcline (solid symbols) as a function of temperature at 1 bar.
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reaction shown in figure 65B is inconsistent with J. J. Hemley’s (1973,
1977, written commun.) values of log K for the reaction shown in figure
63C. In most instances the curves shown in figures 65 and 68 are in
excellent agreement with the experimental equilibrium constants shown
in the figures, but relatively large discrepancies are apparent in figures
65A, B, and D and 68D. Owing to the fact that these discrepancies are
limited to certain reactions at a few temperatures, it seems unlikely that
they can be attributed to noncompensating activity coefficients or errors
in the equation of state coefficients employed in the present study to
calculate AG®°p g n,+ and AG°p e Large uncertainties in the values
adopted by Montoya and Hemley (1975) for the dissociation constant of
KCl at 300° and 500°C (see Helgeson and Kirkham, 1976) are probably
responsible for most of the disagreement in figures 658 and D. However,
the fact that the discrepancies in figures 65D and 68D do not appear in
figure 63C suggests compensating errors in Montoya and Hemley’s cal-
culation of ay+ for the two reactions at 500°C. This calculation is sensi-
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Fig. 70. Logarithmic activily diagrams for the system K,O-Al,OHCI-H,O at high
pressures and temperatures. The positions of the stability field boundaries were com-
puted for an,o = 1 using thermodynamic equations and data for minerals summarized
in the text and those for aqueous species given by Helgeson and Kirkham (1974a,
1976, and in press) and Walther and Helgeson (1977).
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tive to the value adopted for the dissociation constant of HCI, which is
uncertain to the extent of a log unit or more at 500°C and 1 kb (Chou
and Frantz, 1977).

Activity diagrams generated from the thermodynamic data given in
table 8 for minerals in the systems K,0-Al,0,-Si0,~HCI-H,O and
Na,0-K,0-Al,0,-5i0,-HCI-H,O are depicted in figures 70 and 71 for
pressures and temperatures to 500°C and 5 kb. The thermodynamic
properties of the aqueous species shown in the diagrams were computed
from equations and data summarized by Helgeson and Kirkham (1974a,
1976, and in press) and Walther and Helgeson (1977). It can be seen
that the stability field of paragonite in the presence of quartz appears
only at high pressures or intermediate temperatures at low pressures. In
the absence of quartz, the stability fields of kaolinite, kyanite, and anda-
lusite are restricted to a few tenths of a log unit in (8i0gqqy At lugh
pressures and temperatures. Note also that at high temperatures and low
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Fig. 71. Logarithmic activity diagrams for the system K,0-Na,0-Al,0,-SiQ,~HCIl-
H,O at high pressurcs and temperatures. The positions of the stability field bound-
aries were computed for am,o = 1 at quartz saturation using thermodynamic equations
and data for minerals summarized in the text and those for aqueous species given
by Helgeson and Kirkham (1974a, 1976, and in press).
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pressures, the stability field of muscovite decreases dramatically in size
with increasing temperature and/or decreasing pressure. Observations
such as these underscore likely causes of the many difficulties encountered
in both experimental and theoretical investigation of stability relations
among aluminosilicates and aqueous solutions at high pressures and
temperatures.

Although it might appear at first glance that the values of log
ag:/aye and 10g asioy 4, corresponding to the muscovite/kaolinite and
K-feldspar/pyrophyllite boundaries in figure 70A are inconsistent with
the compositions of natural waters presumed to be in equilibrium with
montmorillonite and mixed layer clays, thermodynamic correlations of
this kind depend on the ordering states and compositions of the min-
erals in the sediments and soils being considered. For example, if clay
minerals coexist with metastable disordered feldspar, montmorillonite
would be stable at much higher values of ayx./ay+ for a given 48105(0q)
than those shown for the pyrophyllite/K-feldspar boundary in figure
70A. Considerations of this kind (Aagaard, Helgeson, and Benson, 1978)
suggest that the phase relations shown in figure 70A are generally com-
patible with analytical data for clay minerals and ground waters in
natural systems.

Kalsilite, analcime, nepheline, and jadeite—High pressure/tempera-
ture experimental data reported by Hemley (1973, written commun.),
Greenwood (1961), Liou (1971b), Kim and Burley (1971), Robertson,
Birch, and MacDonald (1957), and Bell (1964) for

muscovite = kalsilite + corundum + 2 810, ,, + H,O, (172)

analcime + S10; 4, = albite + H,0, (173)
2 analcime = nepheline + albite + 2 H,O, (174)

and
2 jadeite = nepheline + low albite (175)

were used to retrieve values of AG®; and AH®, for kalsilite, analcime,
nepheline, and jadeite. It can be deduced from figure 72 that the stan-
dard molal Gibbs free energies and enthalpies of formation retrieved
for the first three of these minerals (table 8) are consistent with Hemley’s
(1973, written commun.) solubility data. However, those for analcime
generate log K values for reaction (173) at temperatures and pressures
corresponding to the vapor/liquid equilibrium curve for H,O that
differ slightly from those reported by Apps (ms). The latter discrepancy
is probably a consequence of solid solution in the samples of analcime
used by Apps.

The composition of both synthetic and natural analcime is highly
variable (Saha, 1959, 1961; Greenwood, 1961; Wilkinson and Whetten,
1964; Coombs and Whetten, 1967; Thompson, 1971). Phase relations in
the system NaAlSiO,-SiO,-H,O are depicted in figure 73, where it can
be seen that stoichiometric analcime cannot coexist with albite at any
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temperature. The compositional relations shown in figure 73 are based
on data reported by Saha (1959, 1961), Mackenzie (1954), and Kim and
Burley (1971), which were also used to construct the diagram shown in
figure 74.

The extent to wlhich analcime dehydrates with increasing tempera-
ture is shown in figure 75. The curves in figure 75A represent equilibrium
constants pertaining to

analcime = dehydrated analcime + H,O (176)
for which the law of mass action can be written as
1-X, 2K
X a Any0ha

where the subscripts a and d refer to NaAlSi,O; « H,O and NaAlSi, O,
respectively. The values of AG®, and AH®, for dehydrated analcime in
table 8 were computed from the value of AH®, reported by Barany (1962)
for reaction (176) at 25°C and 1 bar. Assuming XA, = A; = | in eq (177),
which seems likely, calculation of log K for reaction (176) as a function
of temperature using the thermodynamic data given in table 8 for anal-
cime and dehydrated analcime indicates that the activity of the
NaAlSi,O, « H,O component in analcime decreases from unity at 25°C
and 1 bar to ~ 0.9 at 500°C and 1 kb (fig. 75).

Taking account of the dehydration of analcime and the temperature
dependence of the equilibrium compositions of coexisting albite and
nepheline (fig. 74) permits calculation of the equilibrium constant for
reaction (174), which can be expressed as

XnXab . K A11,2
X Ayyohnhap

(177)

(178)
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where the subscripts a, ab, and n refer to NaAlSi, O, « H,O, NaAlSi,Oq,
and NaAlSiO,, respectively. Although solid solutions among nepheline
and albite are obviously nonideal (fig. 74), the extent to which these two
minerals dissolve in each other at temperatures below ~ 650°C is rela-
tively small. Under these conditions A, at X, << 1 and A, at X,
<< 1 are probably close to unity. Hence, in a first approximation the
activity coefficients in eq (178) can be set to one, which permits calcula-
tion of K for reaction (174) from the curves shown in figures 74 and 75.
It can be deduced from figure 73 that analcime can be regarded as a
solid solution of NaAlSi, O, « H,O and NaAlSi,O, for the purpose of the
calculation. It is evident in figure 76 that this procedure and the thermo-
dynamic data for albite, analcime, and nepheline in table 8 yield equi-
librium constants consistent with experimental reversal temperatures for
reaction (174) at high pressures and temperatures. As noted above, the
values of AH®,; and AG®, for analcime and nepheline in table 8 are also
consistent with J. J. Hemley’s (1973, written commun.) solubility data
(fig. 72), which refer to stoichiometric analcime.
Experimental reversal temperatures reported in the literature for

analcime - quartz = albite + H,O (179)

are shown in figure 77B. Unless solid solution is taken into account, the
experimental data plotted in figure 77B cannot be reconciled with
those shown for other reactions involving analcime in figures 72 and
76. No indication is given by Thompson (1971) or Liou (1971b) of non-
stoichiometry in the analcime produced in their experiments, but un-
ambiguous determination of excess silica in analcime by X-ray methods
requires evaluation of the angle of the 639 peak, which is not part of
the X-ray pattern normally used to identify the phase. Liou used cell
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Fig. 75. Equilibrium constant for reaction (176) as a function of temperature at
constant pressure (labeled in kb) and mole fraction isopleths for analcime-dehydrated
analcime solid solutions as a function of pressure and temperature. The dashed curves
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edge determinations to monitor changes (or lack thereof) in analcime,
but the cell edge of analcime is a function of both temperature and
composition. In contrast, Thompson (1971) relied on a reversal criterion
(see below) to assess the composition of the analcime produced in his
experiments.

Because AS°, and AV®, for reaction (179) are small, it is not sur-
prising that the reaction is sluggish and difficult to investigate experi-
mentally. The amount of solid solution in analcime required to satisfy
the various experimental reversals along curves AB and AC in figure
77B corresponds to that represented by curves AB and AC in figure 77A,
which were generated by assuming ideal solid solution of SiO, « 0.5H,0
in NaAlSi,Oq » H;O. It can be seen that the discrepancies among the
reversal temperatures reported by Thompson (1971) and those given by
Liou (1971b) can be accounted for by slight differences (of the order of
0.01) in the mole fraction of SiO, » H,O in the analcime produced in the
two experimental studies. However, the analcime in both cases must
have approached the composition of sodium phillipsite.

In analyzing the results of his weight-loss experiments, Thompson
(1971) concluded that the equilibrium composition of analcime under
the conditions of his experiments corresponded to that of the near-
stoichiometric analcime in his starting materials. His conclusion is based
on the observation that the temperatures at which the albite and quartz
crystals showed no gain or loss in the experiments were essentially the
same. However, this is not a valid criterion because the analcime in the
starting materials could have changed composition without affecting
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the reversible nature of the reaction. In fact, thie relative gains and losses
in the weight of the albite and quartz crystals reported by Thompson
for a given increase or decrease in temperature at 2 kb (the only pressure
where both minerals were monitored) are almost perfectly consistent
with the compositional curves sliown in figure 77A. These curves indi-
cate an equilibrium composition of NaAlSi, 5,074+ 1.41H,O for anal-
cime at Thompson’s 2 kb reversal temperatures, which would require
destruction of ~ 1 X 10-¢ g of quartz to produce ~ 26 X 10=° g of
albite. This relative weight gain and loss is approximately equal to that
observed by Thompson in the vicinity of his reversal temperatures.

The standard molal Gibbs free energy and enthalpy of formation
of jadeite in table 8 were generated from the experimental data shown
in figure 78. Because these data, as well as those shhlown in figure 79 were
obtained from experiments of short duration using low albite, the thermo-
dynamic properties of the latter mineral were used in the calculations
instead of those of albite in its equilibrium state of order. However, it can
be deduced from the distribution of the curves in figure 79 that the dis-
crepancies at pressures > 20 kb between the calculated univariant curve
for

low albite = jadeite + quartz (180)
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and the experimental reversals reported by Essene, Boettcher, and Furst
(1972) probably result from differences in order/disorder in the feldspars
produced and destroyed in the high-pressure experiments.

The effect of order/disorder in albite on equilibrium pressures and
temperatures for reactions involving nepheline, analcime, and jadeite
can be assessed in figures 76 and 78 through 80. Note also in the latter
figure that the univariant curve generated from the thermodynamic data
in table 8 for

jadeite + kyanite = corundum + albite (181)

is in close agreement with experimental observations of equilibrium
pressures and temperatures for the coexistence of these minerals. Taking
account of the difference in the value of AH®, for corundum adopted by
Robie and Waldbaum (1968) and that shown in table 8, the standard
molal enthalpy of formation from the elements of jadeite derived in the
present study is well within the uncertainty range of the value calculated
by Robie and Waldbaum (1968). In contrast, the values of AH®, for
nepheline, analcime, and kalsilite in table 8 differ substantially from
their calorimetric counterparts (see, for example, Hemingway and Robie,
1977a).
Ca0-AlL0,-5i0,-CO,-H,0

The thermodynamic properties of 11 calcium aluminum silicates are
given in table 8. In each case the values of AG®; and AH°, were derived
from experimental ligh pressure/temperature phase equilibrium data
using the heat capacity coefficients and values of V°p r and S°p . given
in the table for the minerals in this system.

Anorthite, grossular, zoisite, gehlenite, and Ca-Al pyroxene—The
standard molal enthalpies and Gibbs free energies of formation of these
minerals in table 8 were calculated in the manner described above using
experimental data for

grossular + quartz = anorthite + 2 wollastonite, (182)
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4 zoisite 4+ quartz = grossular + 5 anorthite + 2 H,O, (183)

2 grossular = anorthite 4+ 3 wollastonite + gehlenite, (184)
grossular + 2 kyanite + quartz = 3 anorthite, (185)

and
grossular + 2 corundum = 3 Ca-Al pyroxene. (186)

It can be seen in figures 81 and 82 that the univariant curves generated
in the present study for these reactions are in close agreement with all
the experimental reversals taken from the literature. Similar agreement
is apparent in figure 83, where equilibrium pressures and temperatures
are shown for the decomposition of zoisite to anorthite, grossular, corun-
dum, and H,O, and the reaction of zoisite, quartz, and kyanite or silli-
manite to give anorthite and H,O.

Calorimetric standard molal entropies and heat capacities are avail-
able for all the minerals other than Ca-Al pyroxene appearing in the
reactions shown in figures 81 through 83. With the exception of 5%, r_
for gehlenite and anorthite, these values (table 8) were used in the
retrieval calculations. In the case of gehlenite, a configurational contri-
bution of 0.7 cal mole—* (°K)—! was added to the calorimetric entropy
cited by Robie and Waldbaum (1968) to optimize the Clapeyron slope
of the curve in figure 82B. This value is considerably smaller than the
ideal entropy of substitutional disorder (2.75 cal mole—?* (°K)—1) assigned
to gehlenite by Waldbaum (1973). In contrast, it appears that the con-
figurational contribution to S°% r_ for Ca-Al pyroxene is close to the
ideal value. The standard molal entropy of Ca—Al pyroxene shown in
table 8 (35.0 cal mole—* (°K)—1), which was derived from the Clapeyron
slope of the curve in figure 82A, is ~ 2 to 5 cal mole—* larger than that
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Ca0-ALO48i0,~H,0 at high pressures and temperatures.
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estimated from any of the algorithms cited above. These differences are
consistent with complete disorder of Al and Si among the tetrahedral
sites in Ca—Al pyroxene (Okamura, Gliose, and Ohashi, 1974).

Repeated attempts were made in the present study to satisfy all the
Clapeyron slope constraints represented by the pressure distribution of
the experimental reversals in figures 81 and 83 with the calorimetric
standard molal entropies and heat capacities of all the minerals shown
in the figures, Comparative analysis using alternate adjustments in the
calorimetric entropies and heat capacities of these minerals led to the
conclusion that all the calorimetric values of S°, p for anorthite are
too small to satisfy the high pressure/temperature phase equilibrium
data. This conclusion is a consequence of the fact that anorthite is the
only mineral that appears in all the reactions, and its reaction coeflicient
is different in each of them. Because the value of S°p, ¢, for anorthite in
table 8 (49.1 cal mole—* (°K)—!) optimizes the slopes of the curves in
figures 81 and 83, it was adopted in the present study.

The standard molal entropy of anorthite given in table 8 is 0.65
cal mole—* (°K)—' larger than that given by Robie and Waldbaum
(1968), which is 0.82 cal mole—* (°K)—* larger than the value adopted
recently by Hemingway and Robie (1977a). However, it is 2 cal mole—?
(°K)~* smaller than the estimate (51.0 cal mole—* (°K)~1) afforded by
eq (75) for the reference reaction,

anorthite + Na,O + 4 quartz = 2 low albite + CaO (187)

Similarly, the standard molal entropy of grossular in table 8, which
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Fig. 82. Univariant equilibrium curves (generated from thermodynamic data given
in table 8) and experimental observations of phase relations (symbols) in the system
Ca0-A1,0,-5i0.~H,0 at high pressures and temperatures.



Anorthite, grossular, zoisite, gehlenite, and Ca—Al pyroxene 159

was derived from calorimetric measurements by Perkins and others (1977),
differs from the estimate calculated from eq (73) by 1.8 cal mole—1 (°K)—™.
The value of S$°p . for zoisite reported by Dexter Perkins III (1977,
written commun.) and adopted in the present study is nearly identical
to that given by Kiseleva and Topor (1973).

The value of AH®; for anorthite derived in the present study is 6435
cal mole—* less negative than that adopted by Hemingway and Robie
(1977a), which apparently represents a ‘“correction” of Barany’s (1962)
calorimetric value. In contrast, the calculated value of the standard molal
enthalpy of formation of anorthite from its oxides at 970°K and 1 bar
using thermodynamic data taken from table 8 is ~ 1670 cal mole—!
more negative than that for synthetic anorthite obtained calorimetrically
by Charlu, Newton, and Kleppa (1978). However, it is only 876 cal
mole—* more negative than the value they report for natural anorthite.
The standard molal enthalpies of formation from the oxides of synthetic
and natural anorthite reported by Charlu, Newton, and Kleppa are
~ 430 and ~ 1220 cal mole—! more negative, respectively, than that
obtained by Shearer (ms) at 965°K and 1 bar.

The value of AH®, for anorthite that best satisfies the high pressure/
temperature phase equilibrium data shown in figures 81 through 83
(table 8) is closer to that given by Hemingway and Robie (1977a) for hexa-
gonal anorthite (which is metastable with respect to its triclinic counter-
part) than it is to the value they report for anorthite. Furthermore, the
value of §°p_r_ for anorthite in table 8 is almost identical to the calori-
metric value of S° p for ordered hexagonal anorthite, which can be
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in table 8) and experimental observations of phase relations (symbols) in the system
Ca0-ALOs-Si0.,~H.O at high pressures and temperatures.



160 Ca0-A1,0 ~8i0,~CO,~H,0

computed from that given for its disordered counterpart by Heming-
way and Robie (1977a). These observations suggest that unquenchable
displacive disorder may occur in anorthite with increasing temperature.
Although the aluminum avoidance principle requires anorthite to be in
a state of complete substitutional order at low temperatures, displacive
disorder corresponding to subtle changes in bond angles may permit
substitutional disorder in anorthite at higher temperatures. If so, both
kinds of disorder may contribute to the thermodynamic behavior of
anorthite, even in the absence of obvious changes in symmetry. It should
perhaps be emphasized in this regard that if the coupled disordering
process is sluggish, it would be difficult to detect in short-term labora-
tory experiments.

The value of AH®, for Ca-Al pyroxene in table 8 differs by only
~ 350 and ~ 600 cal mole—?, respectively, from those calculated from
Charlu, Newton, and Kleppa’s (1978) and Shearer’s (ms) calorimetric
data, but the standard molal enthalpy of formation of gehlenite derived
in the present study is 1075 and 6167 cal mole—* less negative than the
respective values given by Robie and Waldbaum (1968) and Hemingway
and Robie (1977a). Although the value of AH®; for grossular given in
table 8 is in close agreement with Shearer’s (ms) calorimetric value as
well as with that adopted by Perkins and others (1977), it differs by ~
2 kcal mole—* from the value for synthetic grossular computed from
Charlu, Newton, and Kleppa’s (1978) calorimetric data. The latter dif-
ference is of the order of magnitude of the variation in the heats of
solution of natural and synthetic garnets at 965°K (Shearer, ms).
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Equilibrium temperatures and fluid compositions computed from
thermodynamic data taken from table 8 can be compared with their
experimental counterparts for a large number of reactions among cal-
cite, wollastonite, corundum, grossular, anorthite, gehlenite, and CO,
at 1 or 2 kb in figures 84 through 87. The solid and unevenly dashed
curves in these figures were generated assuming ideal mixing of CO, and
H,O, but the evenly dashed curves represent calculations incorporating
Holloway’s (1977) provisions for nonideal mixing of CO, and H,O. It
can be seen in figures 84 through 87 that in all but two of the cases
(figures 85 and 86A), the calculated effects of nonideal mixing of CO,
and H,O have only a slight effect on the predicted equilibrium tem-
peratures and fluid compositions. In contrast, provision for nonideal
mixing of CO, and H,O for the reactions shown in figures 85 and 86A
eliminates all the discrepancies between the experimental reversals and
the curves based on the assumption of ideality in CO,~H,O mixtures.
The fact that the effects of providing for nonideality in CO,~H,O mix-
tures are large in figure 86A and slight in figure 86B and C is a con-
sequence of the relatively small value of AH®, for the reaction shown
in figure 86A.

In contrast to the close agreement between the calculated and ex-
perimental fluid compositions and equilibrium temperatures in figures
84A, 85, and 86A and B, large discrepancies are apparent between the
curves and experimental data shown in figures 848 and 86C. The cause
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of these discrepancies is not readily apparent, but they appear to repre-
sent inconsistencies in the experimental data reported by Hoschek (1974)
for the reactions shown in figures 84, 86, and 87. On the other hand,
the discrepancies between the solid curves and symbols in figure 87 can
be attributed to the effects of solid solution in grossular.

The unevenly dashed curves shown in figures 86 and 87 represent
equilibrium temperatures and fluid compositions for reactions involving
grossular with an activity of Ca,Al,S51,0,, equal to 0.8. This activity
is consistent with slight compositional variation with respect to hydro-
grossular, which reportedly occurred in Hoschek’s (1974) and Gordon
and Greenwood’s (1971) experiments.

Hydrogrossular can be regarded as a solid solution of Ca,Al,Si;O,,
and Ca;AlLSi,O5(OH), (which corresponds to the mineral hibschite).
Assuming random mixing of atoms on energetically equivalent sites in
a solid solution of these components, it follows from eq (46) that an
activity of Ca;AlSi;O,, equal to 0.8 corresponds to a grossular solid
solution in which the mole fraction of the hibschite component is only
0.015. It can be deduced from figure 87B and C that provision for this
order of magnitude of compositional variation is closely consistent with
the experimental reversals shown in the figures. On the other hand,
resolution of the discrepancies in figure 87A would require a substan-
tially greater mole fraction of the hibschite component in the grossular
solid solution. Owing to the relatively large standard molal entropy
changes accompanying the reactions shown in figures 81 through 83A,
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Fig. 88. Univariant equilibrium curve (generated from thermodynamic data given
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the presence of a few mole percent hibschite in grossular has a negligible
effect on calculated equilibrium temperatures for these reactions.

It should perhaps be emphasized that thermodynamic analysis of
the experimental data shown in figures 81 through 87, together with
those reported by Hays (1967), Boettcher (1970), and Huckenholz, Holzl,
and Lindhuber (1975) for

grossular + 3 Ca—Al pyroxene = 2 anorthite + 2 gehlenite

(186A)
3 Ca-Al pyroxene = anorthite + gehlenite + corundum
(186B)
and
grossular 4 corundum = anorthite + gehlenite (186C)

reveals serious inconsistencies between the data reported for these re-
actions and those shown in the figures. The explanation of these dis-
crepancies remains obscure, but the fact that no systematic departures
of the curves from the experimental data are evident in figures 84 through
87 suggests that the inconsistencies arise from kinetic factors affecting
reactions (186A) through (186C).

Clinozoisite—The values of AG°, and AH?®, for clinozoisite in table
8 were computed by taking the temperature of the clinozoisite/zoisite
transition at 1 bar to be 900°K on the basis of Holdaway’s (1972) ex-
perimental observations. An estimated entropy of transition of 0.1 cal
mole—* (°K)~! was then wused together with the approximation
C®p, 1 crinozoisite = C°p, 1 z010ite tO calculate AH®, for clinozoisite from that
of zoisite. The small difference between these values (90 cal mole—1) is
consistent with the sluggish nature of the transition, both in the labora-
tory and in natural systems.

Margarite and prehnite—The values of AH®, and AG®, listed in
table 8 for these minerals were retrieved from the experimental data
shown in figures 88 and 89A using the values of V°p r, S°p o and the
heat capacity coefficients for the minerals given in the table. Despite
the apparent discrepancy in the Clapeyron slope of the curve in figure
89A and the pressure distribution of the experimental data shown in
the figure, the experimental data for

b prehnite = 2 zoisite 4+ 2 grossular 4+ 3 quartz + 4 H,O,
(186D)

were used in the present study to retrieve values of AH®, and AG®, for
prehnite. This reaction was chosen for the retrieval calculations in prefer-
ence to that in figure 89B because thermodynamic analysis indicates that
the experimental data shown in the latter figure are inconsistent with
the occurrence of prehnite in geothermal systems (Bird, ms; Bird and
Helgeson, 1977). Comparison of the curves in figures 81A and 89B indi-
cates that curve A in the latter figure represents a metastable equi-
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librium state, which is consistent with the large differences in reaction
rates noted by Liou (1971a).

The standard molal entropy given in table 8 for prehnite, which
was generated from the experimental data shown in figure 89A, is of
the order of 5 cal mole—*! (°K)—! smaller than corresponding values esti-
mated from the various algorithms discussed above. This observation,
together with the Clapeyron slope discrepancy noted above suggests that
the values of $°p 1, AH®;, and AG®, given for prehnite in table 8 should
be regarded as provisional approximations. Fortunately, calorimetric
work currently under way (E. F. Westrum, Jr., 1977, personal commun.)
should soon resolve these uncertainties. The curve labeled B in figure
89B, which was generated from thermodynamic data taken from table 8,
represents the stable equilibrium analog of curve A. The latter curve
simply connects the experimental reversals shown in the figure. The
temperature interval between the curves in figure 89B represents the
region where anorthite and wollastonite apparently persisted meta-
stably (relative to grossular and quartz) in Liou’s (1971a) experiments.

It can be seen in figure 90 that the thermodynamic data given in
table 8 for margarite satisfy Storre and Nitsch’s (1974) reversals only if
their data apply to the metastable equilibria represented by

margarite + quartz = anorthite + andalusite + H,O  (186L)
and
4 margarite + 3 quartz = 2 zoisite + 5 andalusite + 3 H,O.
(187F)

Because both kyanite and andalusite were used together as reactants in
their experiments, it seems likely that this was indeed the case. In fact,
if it were not, their experimental data in figure 90 would be thermo-
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dynamically inconsistent with the reversals they report for the reaction
in fgure 88, which was used to retrieve the values of AH®, and AG?;
for margarite in table 8.

Wairakite, laumontite, and lawsonite—Repeated efforts in the
present study to retrieve reliable values of AG®°, and AH®, for these
minerals (as well as epistilbite and disordered wairakite) from experi-
mental data reported by Coombs and others (1959), Koizumi and Roy
(1960), Liou (1970, 1971c), Thompson (1970b), and Newton and Kennedy
(1963) using the values of S°p ; and V°p . in table 3 were unsuccess-
ful, owing to ambiguities and uncertainties concerning compositional
variation, partial dehydration, and the temperature and pressure depen-
dence of the standard molal volumes of the zeolites. For example, the
values of S° ; and the standard molal heat capacity coefficients of
wairakite, anorthite, and quartz in table 8, together with the values of
V1, given in table 3 for wairakite and table 8 for anorthite and quartz
require a Clapeyron slope corresponding to that of curve A in figure
91A for

wairakite = anorthite + 2 quartz + 2 H,O. (190)

The discrepancy between curve A and the curve that satisfies Liou’s
(1970) reversal temperatures is a function solely of AV®, for the reaction.
Alternate calculations indicate that AV®, for reaction (190) must be
5.3 cm® mole~* more positive than that computed from the values of
VOPT,TT for wairakite, anorthite, and quartz in table 8 in order to satisfy
Liou’s data and the assumption that (3AV®,/dP); = (0V°1,0/9P)r and
(0AV°, /oT)p = (0V°y,0/0T)p for reaction (190). The difficulties en-
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countered in thermodynamic analysis of these data suggest that the latter
assumptions fail to represent adequately the thermodynamic behavior
of zeolites as a function of pressure. This observation is consistent with
the “loosely” bound character of the H,O in zeolite channels, which is
minimally inhibited by structural constraints from expansion and com-
pression in response to increasing temperature and pressure. As a con-
sequence, zeolites might be expected to exhibit abnormally large ex-
pansibilities and compressibilities.

Although several factors may be responsible for the discrepancy be-
tween the two curves in figure 914, the value of 8% r and the heat
capacity coefficients for wairakite in table 8 can be reconciled with Liou’s
experimental data by subtracting 5.3 cm?® mole—?! from the experimental
value of V° r for wairakite in table 3. This procedure and Liou’s
(1971c) data lead to the values of V°p 1, AG®;, and AH®, for wairakite
in table 8 and the univariant curve for reaction (190) consistent with
Liou’s reversals in figure 91A. These data were used together with the
experimental reversals shown in figures 91B and C to generate the values
of AG°; and AH®, for laumontite and lawsonite in table 8 and the uni-
variant curves shown in the figure for

laumontite = wairakite + 2 H,O (191)
and

lawsonite + 2 quartz + 2 H,O = laumontite (191A)

The experimental data shown in figure 91C were selected for this pur-
pose because (in contrast to those reported by Crawford and Fyfe, 1965;
and Nitsch, 1972), they are consistent with both the experimental data
shown in figure 81 and the absence of lawsonite in low-pressure meta-
morphic rocks. The values of S°p_«_ given for laumontite and lawsonite
in table 8 were derived by optimizing agreement of the Clapeyron slopes
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Fig. 91. Univariant equilibrium curves (generated from thermodynamic data given
in table 8) and experimental observations of phase relations (symbols) in the system
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of the curves shown in figures 91B and C with the pressure distribution
of the experimental data represented by the symbols. The standard molal
entropy of laumontite in table 8 differs from the estimate shown in
table 3 by 1 cal mole—* (°K)—1, which is also the difference between the
value of §°p_r adopted in the present study for lawsonite and the calori-
metric value given by Robie and Waldbaum (1968).

It can be seen in figure 91 that with the exception of the experi-
mental reversal at 6 kb in figure 91B, the curves generated in the present
study are in close agreement with the experimental data shown in the
figure. Similar agreement is evident in figure 92B, but discrepancies are
apparent in figures 92A and C between the curves and a number of the
temperature brackets reported by Thompson (1970b) and Newton and
Kennedy (1963). Comparison of the curves and experimental data in
figures 92A and 91A indicates that those in the latter figure represent
a metastable assemblage, which mitigates to some extent the lack of agree-
ment between the curve and Thompson’s data in figure 92A. In the case
of figure 92C, the discrepancies can almost certainly be attributed to
metastable persistence of sillimanite in the experiments reported by
Newton and Kennedy (1963).

K,0-MgO-Al,0,-5i0,-H,0

Relatively large uncertainties attend retrieval of thermodynamic
data for the minerals in this system from either calorimetric or high-
pressure/temperature phase equilibrium data. These uncertainties, for
example, are manifested by the many experimental values of the heats
of solution of anhydrous cordierite, pyrope, and spinel in lead borate
melts at 970°K, which vary considerably depending on the sample and
calorimeter used in the experiments (Newton, 1972; Shearer, ms; Shearer
and Kleppa, 1973; Charlu, Newton, and Kleppa, 1975; Newton, Charlu,
and Kleppa, 1974, 1977). Similarly, many of the available experimental
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high pressure/temperature phase equilibrium data for this system are
inconsistent with one another. As a consequence, subjective judgement
is required to retrieve values of AH®, and AG?®, from these data.

Cordierite, hydrous cordierite, spinel, 14A-clinochlore, 7A-clinoch-
lore, and phlogopite—With the exception of 7A-clinochlore, the values
of AG®, and AH?®, for these minerals in table 8 were calculated from
high pressure/temperature experimental data for

3 14A-clinochlore + 5 muscovite = 5 phlogopite

+ 8 kyanite + quartz + 12 H,0O, (192)
14A-clinochlore 4+ muscovite 4 2 quartz = phlogopite

+ cordierite + 4 H,O, (193)

5 14A-clinochlore = cordierite + 3 spinel + 10 forsterite + 20 H,O,
(194)

2 14A-clinochlore + 6 enstatite = 7 forsterite + cordierite + 8 H,O
(195)

and

hydrous cordierite = cordierite + H,O. (196)

Equilibrium constants computed from observations reported in the litera-
ture for these reactions were considered simultaneously in the retrieval
calculations. Implicit in this approach is the assumption that the cor-
dierite studied experimentally was in its stable state of hydration.

It is widely recognized that cordierite incorporates ‘zeolitic” H,O
in its structure (for example, see Schreyer and Yoder, 1964; Weisbrod,
1973a and b), but the dependence of the process on temperature and
pressure has yet to be defined quantitatively. The thermodynamic con-
sequences of the hydration of cordierite can be computed from data
given by Schreyer and Yoder (1964), who report the H,O content of
cordierite synthesized at 600°C and 2 and 5 kb after reaction times
at 64 and 139 hrs, respectively. A third determination of H,O in a
sample synthesized over a period of 1 hr at 950°C and 1 kb is not
suitable for this purpose, owing to questionable equilibration after such
a short reaction time. The standard molal Gibbs free energy and enthalpy
of formation of hydrous cordierite from its elements at 25°C and 1 bar
can be calculated, together with the corresponding properties of anhy-
drous cordierite, from experimental data for reactions (192) through (195)
and the compositional data cited above by adopting the values of 5°p o,
V°p. 1., and the heat capacity coefficients for hydrous and anhydrous
cordierite in table 8. Assuming ideal solid solution between the two
minerals leads to

(1 = Xy
X
where X, stands for the mole fraction of hydrous cordierite, and K repre-
sents the equilibrium constant for reaction (196). Evaluation of eq (197)

= K (197)
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yields 8590 and 3178 cal mole—* for AG®, of reaction (196) at 25°C and
1 bar using the two analyses reported by Schreyer and Yoder (1964) for
600°C at 2 and 5 kh. The mean of these, together with experimental
values for AG®, p . for reactions (192) through (195) leads to the values
of AH?; and AG?®; given in table 8 for cordierite, anhydrous cordierite,
14A-clinochlore, spinel, and phlogopite.

The thermodynamic data shown in the table for cordierite and
anhydrous cordierite were used to generate the equilibrium constants
and isopleths plotted in figure 93. The latter calculations yield values
of X, for reaction (196) at 600°C and 2 and 5 kb that are within the
analytical uncertainty of the compositional data reported by Schreyer
and Yoder (1964), but a significant discrepancy occurs between the value
calculated from their data at 950°C and 1 kb and the corresponding value
in figure 98. This discrepancy is almost certaintly due to nonequilibration
in the 1 hr experiment.

It can be seen in figures 94 through 97A that the thermodynamic
calculations described above afford close approximation of experimental
data for reactions (192) through (195). However, similar calculations for
a number of other reactions reveal discrepancies (like those apparent in
fig. 97B) among computed equilibrium constants and those generated
from experimental data taken from the literature. It appears that these
discrepancies can be attributed to formation of metastable cordierite—
hydrous cordierite solid solutions and/or clinochlore with basal spacings
significantly less than 14A.

The relative stability of clinochlore has received considerable atten-
tion in recent years (Fawcett and Yoder, 1966; Seifert, 1970; Seifert and
Schreyer, 1970; Bird and Fawcett, 1973; Bird and Anderson, 1973; Zen,
1973; Chernosky, 1974, 1975, 1976a), and it has been pointed out (Zen,
1973) that experimentally determined reversal temperatures for uni-
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Fig. 93. Equilibrium constant for reaction (196) as a function of temperature at
constant pressures (labeled in kb) and mole fraction isopleths for cordierite-hydrous
cordierite solid solutions as a function of pressure and temperature. The dashed curves
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variant phase equilibria at high pressures and temperatures are incon-
sistent with the value of AG®; for clinochlore calculated by Helgeson
(1969) from low-temperature solubility data reported by Mackenzie and
Garrels (1965). It appears from the calculations carried out in the present
study that this apparent inconsistency can be attributed to different basal
spacings in chlorites formed at high and low temperatures. It has been
observed repeatedly in experimental phase equilibrium studies that 7A-
chlorite commonly forms initially as a reaction product in the vicinity
of 500°C, but it later inverts to its 14A counterpart. At higher tempera-
tures, 14A-chlorite forms immediately, but at lower temperatures, only
7A-chlorite forms. It is interesting to note in this regard that chlorites
found in modern sediments and weathering profiles are almost invariably
of the 7A variety. However, with burial and increasing age, 7A-chlorite
apparently transforms to 14A-chlorite. This observation is consistent with
the occurrence of 14A-chlorites in Mississippian sediments of the Cumber-
land Plateau (Peterson, 1962).

The clinochlore sample used by Mackenzie and Garrels (1965) in
their solubility experiments had a 7A basal spacing. The value of AG?;
for clinochlore computed by Helgeson (1969) thus refers to the 7A variety.
This value was corrected in the present study to be consistent with the
values of AG®, for the other aluminosilicates in table 8 and combined
with the revised estimate of the standard molal entropy of 7A-clinochlore
shown in the table to calculate AH®; for the mineral. The thermodynamic
properties of 7A-clinochlore in table 8 afford close approximation of ob-
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served phase relations in hydrothermal, geothermal, and diagenetic sys-
tems (Helgeson, 1967, 1970; Helgeson and Mackenzie, 1970).

The calculations summarized above indicate that 7A-clinochlore is
metastable with respect to its 14A counterpart at all temperatures and
pressures. This conclusion is consistent with observations summarized
by Nelson and Roy (1958). Conversion of 7A-clinochlore to the 14A
variety probably requires a relatively high activation energy, which
could account for the persistence of 7A clinochlore in weathering pro-
files, sedimentary environments, hydrothermal alteration zones, and labor-
atory experiments at temperatures < 400° to 500°C.

It appears from the discrepancies in figure 97B between the reversal
temperatures reported by Chernosky (1975) for

6 14A-clinochlore 4- 29 quartz = 3 cordierite 4 8 talc + 16 H,O
(198)
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Fig. 96. Univariant equilibrium curve (generated from thermodynamic data given
in table 8) and experimental observations of phase relations (symbols) in the system
MgO-ALO,-SiO,-H,O at high pressures and temperatures. The dashed curves repre-
sent isopleths of cordierite composition designated by Xaega1451501g ¢ Hyo-
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and the univariant curve generated from the data in table 8 for the
minerals in reaction (198), that the experimental data shown in figure
97B are inconsistent with those in figures 96 and 97A. The discrepancies
cannot be explained by formation of metastable 7A-clinochlore, but they
could result from formation of metastable cordierite with excess H,O.
Similar disagreement between calculated and experimental reversal tem-
peratures is apparent in figures 98 through 100. In each of these cases,
the somewhat erratic pressure distribution of the experimental reversal
temperatures implies Clapeyron slopes that are too large to be consistent
with any reasonable estimate of the standard molal entropy and heat
capacity of 14A-clinochlore. It can be seen in figures 98 through 100
that the univariant curves generated from the thermodynamic calcula-
tions are in agreement with the experimental reversals at or below ~
4 kb, but serious discrepancies are apparent at ligher pressures. The
cause of these discrepancies is not obvious, but it appears likely that
stable equilibrium was not achieved in the experimental studies at the
higher pressures.

It can be deduced from figures 101 and 102 (where the effects of
ideal and nonideal mixing of CO, and H,O can be compared) that the
thermodynamic data given in table 8 for phlogopite are in close agree-
ment with Hewitt’s (1975) experimental data for

5 phlogopite + 6 calcite 4 24 quartz = 5 sanidine
+ 3 tremolite + 6 CO, + 2 H,O0, (198A)
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which contradict Hoschek’s (1973) measurements of X¢o, in fluids co-
existing with K-feldspar, phlogopite, calcite, and quartz. The differences
in the two experimental results can be attributed to several factors.
Hoschek’s experiments were carried out using synthetic tremolite, which
may be metastable by as much as several kcal mole—* with respect to
its natural counterpart (see above). In contrast, Hewitt used both natural
and synthetic tremolite. The discrepancies could also be a consequence
of Al/Si disorder in the phlogopite formed in Hoschek’s experiments,
which probably accounts for the differences between the three curves
on the left side of figure 103 (which were generated using data taken
from table 8) and the reversal reported by Wones and Dodge (1966,
1977) for

phlogopite + 3 quartz = 3 enstatite + high sanidine + H,O.
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Fig. 101. Calculated (curves) and experimental (symbols) equilibrium temperatures
and fluid composition for coexisting tremolite, K-feldspar (or alternately, maximum
microcline or high sanidine), phlogopite, calcite, quartz, and CO-~H.O solutions at
high pressures and temperatures. The curves were generated assuming idcal mixing
of CO, and H,O.
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The extent to which phlogopite disorders at high temperatures is poorly
understood, but there is no evidence of disorder in the experimental
data reported by Bird and Fawcett (1973), Seifert (1970), and Hewitt
(1975), all of which are consistent with one another.

The values of AH®, given in table 8 for spinel and cordierite are
nearly equal to those computed from calorimetric data reported by
Charlu, Newton, and Kleppa (1975). Consequently, the corresponding
values of AH®, for 14A-clinochlore and phlogopite derived above are
also consistent with these data.

PARGASITE

Experimental reversal temperatures for the decomposition of par-
gasite to anorthite, nepleline, aluminous diopside, forsterite, spinel, and
H,O are shown in figure 104, where it can be seen that the recent data
reported by Westrich, Navrotsky, and Holloway (1976) are in substantial
agreement with earlier observations by Boyd (1959).

The composition of aluminous diopside in equilibrium with for-
sterite and spinel at high pressures and temperatures has been determined
experimentally by MacGregor (1965), who reports the aluminum content
of the diopside as weight percent AL,O,. If aluminous diopside is regarded
as a solid solution of CaMg(SiO,),, MgAl,O,, and Mg,Si0, with Mg,S5i0,
as a negative component, conservation of mass and charge for a unit
framework of 6 oxygen atoms requires
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Fig. 104. Univariant equilibrium curve (gencrated from thermodynamic data
given in table 8) and experimental observations of phase relations (symbols) in the
system Na,0-CaO-MgO-ALO,-SiO~H,O at high pressures and temperatures. The
dashed curves represent actlivity isopleths for diopside—forsterite-spinel solid solutions
designated by dcaygesiog,- The solid curve represents pargasite in equilibrium with
aluminous diopside, but the dot-dash curve refers to pargasite coexisting with pure
diopside (sce text).
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CaMg(SiO,), + nMgALO, — nMg,Si0,
= CaMg ;) AL(Al /216 - (n/2)) Os)e (200)
where n stands for the number of moles of the spinel compouent (mole

of the aluminous diopside solid solution)—*. The weight percent of AlL,O,
in the aluminous diopside (w) can be expressed as

- 10010, 201)
Y T M, + (I-n)M,, + nM, + (2—n)M,
where M,, M,, M,, and M, stand for the molecular weight of ALO,,
CaO, MgO, and S$i0,, respectively. Rearranging eq (201) and factoring
n results in

= 0
" Mm + Ms - Ma (1 - (100/'LU)) <2 2)
where M, refers to the molecular weight of CaMg(SiOy),. 1f the Al and
Si atoms mix randomly on both tetrahedral sites in aluminous diopside,
eq (46) can be written for the activity of the diopside component (ag) as

1—n) (2—n)?
= Xorg a1y Xsir® = <—~)4(——)— (203)

where Xy, 5y and X, refer to the motle fractions of magnesium and
silicon on the octahedral (M(1)) and tetrahedral (T) sites, respectively.
On the other hand, if the Al and Si atoms mix randomly on only one kind
of tetrahedral site, eq (203) becomes

1— 2—
aq= Xyrgari1y Xsir = <—n)§<—i)“ (204)
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Fig. 105. Activity of CaMg(SiO,), in aluminous diopside as a function of tempera-
ture at 1 bar (see text).
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where Xg; » refers to the mole fraction of silicon on the tetrahedral sites
where mixing occurs. Graphic extrapolation and interpolation of Mac-
Gregor’s (1965) data yield values of w which can be combined with eqs
(202) through (204) to calculate a; as a function of temperature and pres-
sure. Comparative extrapolations, interpolations, and calculations of this
kind indicate that mixing of Al and Si on both tetrahedral sites is most com-
patible with the experimental reversal temperatures shown in figure 93.
Accordingly, eqs (202) and (203) were used to generate the curves in
figure 105, where it can be seen that log a, exhibits a linear dependence
on temperature at constant pressure. The curves in figure 105 are based
on numerical analysis of MacGregor’s data to optimize agreement be-
tween the extrapolated values of w and the experimental data plotted
in figure 104. Because pressure has a negligible effect on log a4 at pressures
below a kilobar, values of q; computed from the equation of the curve
in figure 105 can be used to calculate equilibrium constants for the re-
action shown in figure 104, which can be expressed as

as =K (205)

These calculations, together with the experimental reversal temperatures
shown in the figure were used to compute the values of AG°; and AH®,
for pargasite in table 8.

It can be seen in figure 104 that the curves generated from the ther-
modynamic data in table 8 using the solid solution model described
above for aluminous diopside coexisting with pargasite, anorthite, nephe-
line, forsterite, and H,O agree closely with the experimental reversal
temperatures at all pressures. Because AS°, for the reaction is of the
order of 20 cal mole—* at high temperatures and low pressures, calculated
equilibrium temperatures and pressures are highly sensitive to small
errors in a4 Although not conclusive, this observation, together with the
close agreement of the curve and experimental data shown in the figure,
strongly supports the validity of the solid solution model used in the
calculations. The effect of solid solution in diopside on the equilibrium
temperatures can be assessed by comparing the two curves shown in the
figure. The lower curve represents pargasite in equilibrium with anor-
thite, nepheline, forsterite, spinel, H,O, and pure diopside.

K,0-CaO-FeO-Fe,0,-Al,0,-510,-CO,~H, 0O

Relatively few published experimental data are suitable for calcu-
lating reliable values of AG®; and AH®; for aluminosilicates containing
ferrous and/or ferric iron. In addition to ambiguities concerning the
oxidation state of the iron in such minerals, many of the pertinent equi-
libria that have been studied experimentally involve multiple solid solu-
tions for which few compositional data are available. In certain cases,
it is not at all clear that the experimental system was adequately buffered
by the presence of such minerals as magnetite and hematite or quartz,
fayalite, and magnetite.
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Magnetite, hematite, and fayalite—The calorimetric data for mag-
netite in table 8 were used in the present study together with the recent
experimental data obtained by I-Ming Chou and H. P. Eugster (1977,
personal and written commun.) and Chou (1978) for the hematite-
magnetite buffer (fig. 106) to calculate the standard molal enthalpy and
Gibbs free energy of formation of hematite from its elements at 298.15°K
and 1 bar. The value of AH®; for hematite retrieved in this manner (table
8) is 370 cal mole—! more negative than the standard molal enthalpy of
formation adopted by Haas and Robie (1973), and it differs from the
calorimetric value reported by Stull and Prophet (1971) and Robie and
Waldbaum (1968) by 420 cal mole—*. The latter difference is only 120
cal mole—* greater than the uncertainty range given for the calorimetric
value.

The thermodynamic data for magnetite in table 8 were also used to
retrieve values of AG°; and AH®, for fayalite from the quartz-fayalite-
magnetite reversals reported by Hewitt (1976), I-Ming Chou and H. P.
Eugster (1977, personal and written commun.), and Chou (1978), which
are consistent with those at 1 bar given by Chou and Williams (1977)
but differ somewhat from earlier data obtained by Wones and Gilbert
(1969). The latter temperature brackets have since been found to be in
error (D. R. Wones, 1976, personal commun.). It can be seen in figures

- T T 1 — i
@ 2«8 }c(flig_L,J?L}ND EUGSTER O S @socsoraire] —
00-807BARS
~101(D 407 K8 J cHou (i97e) 7 1\ 18898aRs  WONESANDGILBERT|
[] 2000BARS ’
-nk _ _ 1| NYHEWITT (1976) AT {000 BARS i
D2xe gngb)ﬁg?e%ucsremlsn) .
N prs _'4_04,071(5 407KB Z 7
,‘_0‘12'—‘ — 91 .
g =, o 2UESTTS :
S L 6 HEMATITE B S
\;-;— § -18-407KB -
3 : = -201 '
ST < 4MAGNETITE- 7] \ VS Ml
+02 -
-22— —
—15+ -
—24 ! 1 | 1 1 i
500 550 600 650 700 750 800 850
-6+ = ' TEMPERATURE, °C ’
Fig. 107. Calculated (curves) and ex-
-7 I I L. l perimental  (symbols) equilibrium  con-
500 550 600 650 -700 750 800 850 stants for the quartz-fayalite-magnetite
TEMPERATURE. °C buffer at a function of temperature at
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(symbols) fugacitics of oxygen corresponding to equi-
librium constants for the hematite/magnetite builer
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106 and 107 that the curves generated from the thermodynamic data in
table 8 agree closely with the experimental observations represented by
the symbols. The value of AH®, for fayalite given in the table falls within
the uncertainty range of its calorimetric counterpart given by Robie and
Waldbaum (1968).

Ferrosilite—The transition of clinoferrosilite to ferrosilite at high
pressures and temperatures has been investigated experimentally by
Lindsley (1965) and Akimoto and others (1965), but the results of these
studies are in serious disagreement with one another. It can be seen
in figure 108 that the Clapeyron slope of the univariant curve required
by the distribution of data reported by Akimoto and others (1965) is
considerably smaller than that of the curve drawn through Lindsley’s
(1965) experimental reversals. Taking account of the standard molal
volumes of the two polymorphs (Burnham, 1965), the latter curve requires
a standard molal entropy of transition > 0.8 cal mole—* (°K)~!, which
is much larger than the corresponding entropy of transition for clino-
enstatite/enstatite at 1 bar (0.18 cal mole—* (°K)—%). In contrast, the
standard molal entropy of transition required by these volume data and
the slope of the univariant curve in figure 108A is only 0.09 cal mole—?
(°K)=*. Because the latter value is much more reasonable than that
calculated from Lindsley’s observations, the data reported by Akimoto
and others (1965) were used to compute the thermodynamic properties
of transition shown for clinoferrosilite/ferrosilite in table 8. The values
of AH®, and AG®; for ferrosilite (which is used in the present communi-
cation to refer to FeSiO, in its stable structural configuration at all
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Fig. 108. Calculated equilibrium pressures and temperatures (solid curve) and
experimental data (symbols) documenting the clinoferrosilite/ferrosilite transition at
high pressures and temperatures (sec text).
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pressures and temperatures) were calculated from the experimental
reversal temperatures shown in figure 109 for

fayalite + quartz = 2 ferrosilite (206)

using data taken from table 8. The heat capacity coefficients for ferro-
silite above the transition temperature at 1 bar were computed from
Clapeyron slope constraints imposed by the experimental data. It can be
seen in figure 109 that the univariant curves generated from the thermo-
dynamic data in table 8 are in close agreement with all the experimental
temperature reversals.

Annite——Oxygen fugacities calculated from experimentally deter-
mined hydrogen pressures for coexisting annite, high sanidine, magne-
tite, and H,O are shown in figures 110 and 111. The equilibrium com-
position of the annite in three of the four mineral assemblages repre-
sented by thie symbols in these figures has been determined by D. R.
Wones (1976, personal commun.), who reports 0.58 at ~ 440°C and 2 kb,
0.81at~631°C and 1 kb, and 0.89 at ~ 746°C and 1 kb for the mole fraction
of the annite component in the binary system, KFe++, (AlSi;0,,) (OH), —
KFet+ Fet++, (AlSi,0,,)0,. The corresponding mole fractions of the
annite component in the system KFe++; (AlSi;O,) (OH), — KFet++,
(AlSi;0,,)O,H_,, where the latter component corresponds to proton de-
ficient annite (PD-oxyannite), are 0.72, 0.87, and 0.93. Activity coeffi-
cients of the annite component in the latter system can be computed from
Beane’s (in preparation) Margules parameters obtained by regression of
experimental data reported by Eugster and Wones (1962) and Wones
and Eugster (1965) for annite-phlogopite-PD-oxyannite solid solutions.
Beane’s regression calculations were carried out using thermodynamic
data taken from table 8, which insures compatibility of the mixing para-
meters generated in his study with the calculations summarized below.
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Fig. 109. Univariant equilibrium curves (generated from thermodynamic data
given in table 8) and experimental observations of phase relations (symbols) in the
system FeO-8i0; at high pressures and temperatures.
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Alternate regression of the experimental data with parabolic athermal
and regular solution equations resulted in (Beane, in preparation)

log Ngp = —9.38X pp? (207)
and
log Ay = —77?1?Xp1) (208)

where A,, refers to the activity coefficient of the annite component and
Xpp stands for the mole fraction of the PD-oxyannite component in the
solid solution. Evaluating eqs (207) and (208) for the three compositions
given above leads to 0.13, 0.60, and 0.84 for the activity of the annite
component in the case of the athermal model and 0.10, 0.62, and 0.85
for the regular solution approximation at 440°, 631°, and 746°C, re-
spectively. Note that both equations give essentially the same results,
which can be compared with activities computed from eq (46) by assum-
ing (1) random mixing of Fet+ and Fe+++ among all the octahedral
sites in the solid solution, (2) random mixing of OH— and O——, and
(3) no substitution of Fe+++ for Alt++ on the tetrahedral sites. Eq (46)
can then be written as

Ay = Xper+s® Xon-?

(209)

which yields 0.13, 0.43, and 0.64 for the three compositions determined
by Wones.

The values of AG®°, and AH®, for annite in table 8 were retrieved
from the experimental data shown in figure 110 by optimizing agreement
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Fig. 110. Calculated (curves) and
experimental (symbols) fugacities of

oxygen for coexisting sanidine, magne-
tite, annite, and H.O at high pressures
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solid solutions (sec text).

tite, annite, and H,O at high pressures
and tempcratures. The numbers on
the curves designate activities of KFes-
AlSi,0,(OH), in annite-PD-oxyannite
solid solutions. Wones (1976) refers to
D. R. Wones (1976, personal commun.).
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of the activities computed from the various solution models with the
experimental reversal temperatures and oxygen fugacities. It can Dbe
deduced from the distribution of the curves in figure 110, which were
generated from the thermodynamic data given in table 8 for annite,
high sanidine, and magnetite, that the values of AG®°, and AH°; for
annite as well as the activities of annite computed for 631° and 746°C
from all three solution models are consistent (within experimental un-
certainty) with the data reported by Wones, Burns, and Carroll (1971).
In the case of figure 111, the calculations require slightly smaller activi-
ties of annite than those computed above to satisfy the experimental
observation. This is not surprising in view of the relatively large mole
fraction of PD-oxyannite in the solid solution represented by the symbol
in figure 111 (0.28), which is higher than that in any of the samples
considered in Beane’s regression calculations. The value of AH®, for
annite in table 8 is within the uncertainty of that calculated by Beane
(1978), who reports —1,231,735 = 465 cal mole—* for the value of
AH®; nire generated from his parabolic athermal regression calculations.
Andradite, hedenbergite, and epidote.—The values of AG®; and
AH?¢; for these minerals, together with the heat capacity power function
coeflicients given in table 8 for epidote (which is used in the present
study to refer to Ca,FeAl,Si;O,,(OH) in its stable state of substitutional
order/disorder at any pressure and temperature) were retrieved by Bird
(ms) and Bird and Helgeson (1977) from high pressure/temperature ex-
perimental data reported by Liou (1973, 1974) and Gustafson (1974)

for
6 andradite = 4 magnetite 4+ 18 wollastonite + O,, (210)

2 andradite + 4 quartz = 4 hedenbergite 4 2 wollastonite + O,
(211)

and

2 epidote = grossular + anorthite + hematite + quartz + H,O.
(212)

Compositional uncertainties in the experimental data reported by Chat-
terjee (1967) and Holdaway (1972) for the decomposition of epidote
and the reaction of calcite, wollastonite, and epidote to give grossular-
andradite garnet precludes use of their data in retrieval calculations
of the thermodynamic properties of stoichiometric epidote. It should be
noted that reaction (212) representing the coexistence of epidote-clino-
zoisite and grossular-andradite-almandine solid solutions can also be
written as

6 epidote = 2 andradite + 6 anorthite + hematite + 3 H,O
(212A)
However, because the standard molal entropy of this reaction is ~ 4

times larger than that of reaction (212), it was not used to retrieve
values of AH®; and AG®; for epidote and andradite.
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It can be seen in figures 112 and 113 that the curves generated by
Bird (ms) and Bird and Helgeson (1977) are consistent with all the ex-
perimental data reported by Gustafson (1974) and Liou (1973, 1974).
The calculations took account simultaneously of the thermodynamic
consequences of both compositional variation and order/disorder in
epidote, as well as the effect of grossular-andradite-almandine solid solu-
tion on the experimental reversal temperatures for reactions (210)

through (212).
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Three energetically distinct octahedral (M) sites are occupied by
Al+++ and Fet+++ in epidote. Crystal structure refinements (Dollase,
1971) and Mossbauer spectral data (DeCoster, Pollack, and Amelinckx,
1963; Bancroft, Maddock, and Burns, 1967; Dollase, 1973) indicate that
Fet++ is preferentially distributed among the M(3) sites. Minor amounts
of Fet++ are also present on the M(1) sites, but the M(2) sites contain
only Al+++,

Octahedral disordering of stoichiometric epidote (which corres-
ponds to X, igecize = 0.33 Ca,Fe;Si;0,,(OH) in the binary system, pista-
cite—clinozoisite (Ca,Al;S1,0,,(OH))) with increasing temperature can be
represented by:

Ca, AIMDAN R Fe (9810 ,(OH) —
(ordered epidote)
Ca (Al _,, Fe )V (WAIEI(AL Fe(, )Y (*S1,0,,(OH)  (212B)
(disordered epidote)

where x stands for the number of moles of Fet++ on the M(1) sites in
one mole (gram formula unit) of stoichiometric disordered epidote. The
intracrystalline exchange reaction representing equilibrium among
Alt+++ and Fe+t++ on the M(l) and M(3) sites can be written as

Fe+++M(3) + Al+++M(l) = Fe+++M(1) + Al+++}ll(3) (212C)

Assuming random mixing of Fet++ and Al+++ on each of the ener-
getically distinct sites, the law of mass action for reaction (212C) reduces
to

Krearcr) Xarares) — X (212D)

XFe,J[(a) XAZ,M(I)
where Xp 3r¢a) Xpesrery Xarares), and X1, stand for mole fractions
defined by eq (47), and K refers to the equilibrium constant for reaction
(212C). Because x and 1—x are equal to the nrole fractions of Fet++
and Alt++ on the M(1) and M(3) sites in stoichiometric epidote, an
ordering paranteter, ¢, which approaches 0 for complete disorder and
unity for complete order, can be defined as

o=1-—2x (212E)
which permits eq (212D) to be written as
—4 arctanh o = In K (212F)

Note that x and K are by definition independent of composition, so that
o is a function only of temiperature and pressure.

Experimental distribution coefficients for epidote—clinozoisite solid
solutions are shown in figure 114. Because the standard molal heat
capacity of reaction (212C) is probably negligible, it would not be un-
reasonable to expect In K for the exchange reaction to be a linear func-
tion of T'—1. This observation, together with the assumption that substi-
tutional order/disorder in the solid solution is independent of composi-
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Fig. 114. Equilibrium constant for reaction (212C) as a function of temperature™
(see text).

tion (which is supported by experimental evidence), permits calculation
of In K as a function of temperature by simultaneous evaluation of
material balance constraints, activity-composition relations, and epidote
compositions and garnet cell parameters reported by Liou (1973). The
temperature dependence of In K computed in this manner is depicted in
figure 114, which is consistent with the experimental data shown in
figure 113E. Note that x =~ 0 at 25°C. Calculated values of K and o
(hg. 115) can be used together with AH®; for the exchange reaction com-
puted from the slope of the curve in figure 114 to calculate the standard
molal heat capacity, enthalpy, Gibbs free energy, and entropy of dis-
order. Computed values of the first two of these properties (AC°p_y, and
AHP®4) are shown in figure 116.

The standard molal heat capacities of disorder in figure 116B were
added to the calorimetric heat capacities of epidote reported by Kiseleva,
Topor, and Andreyenko (1974), which were assumed to represent the
ordered phase. These values were then regressed with eq (19) to generate
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Fig. 115. Ordering paramcter for stoichiometric epidote as a function of tempera-
ture at 1 bar computed from eq (212F)—sce text.
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the heat capacity coeflicients shown for epidote in table 8 and the heat
capacities of epidote plotted in figure 117B. The heat capacity coefficients
given in the table for ordered epidote were obtained by regression of
Kiseleva, Topor, and Andreyenko’s (1974) data (fig. 117B), but those
for andradite were derived by optimizing the computed and experi-
mental equilibrium temperatures for reactions (210), (211), and (212A).
Standard molal heat capacities of andradite computed in this manner
are shown in figure 117A, where they can be compared with those esti-
mated from eq (85).

Compositional variation in epidote was taken into account in the
retrieval calculations described above by assuming random intrasite
mixing of Al+++ and Fe+++ on the M(l) and M(3) sites in the
epidote—clinozoisite solid solution. Similarly, in the grossular-andradite—
almandine solid solution, Ca++ and Fet++ on the X sites and Al+++
and Fet+++ on the Y sites were assumed to mix ideally on the respec-
tive sites. These assumptions, together with that implicit in eq (212C),
which requires o to be independent of composition, permits calcula-
tion of the activities of the grossular and disordered epidote components
in the two coexisting solid solutions from eqs (46) and (48) using com-
positional data and cell dimensions reported by Liou (1973) for the
experimental reversal temperatures shown in figure 113C. Calculated
equilibrium compositions of coexisting epidote and garnet solid solu-
tions consistent with the curve in figure 113C are shown in figure
118. Activities and equilibrium constants consistent with these composi-
tions for the reversal temperatures shown in figure 113C were used to
retrieve the values of AG®, and AH?®, for epidote and its ordered counter-
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Fig. 116. Standard molal enthalpy and heat capacity of disorder in stoichiometric
epidote as a function of temperature at 1 bar (sec text).
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part in table 8. The thermodynamic properties of hedenbergite, andra-
dite, ordered epidote, and epidote given in the table are consistent with
those of the other minerals. The value of AG®; for hedenbergite in table
8 differs by only 585 cal mole—! from that estimated by Navrotsky and
Coons (1976).

Owing to compensation of the thermodynamic consequences of
compositional variation with respect to the almandine and grossular
components of andradite-almandine—grossular solid solutions in equi-
librium with epidote from ~ 550° to ~ 800°C, the activity of the andra-
dite component (but not its mole fraction —see fig. 118) is essentially
constant at pressures and temperatures corresponding to those along
the curve shown in figure 113C. The activity of the epidote component
of the coexisting epidote—clinzoisite solid solution is also nearly constant,
but in contrast to that of andradite (which is ~ 0.5) it differs only slightly
from unity. At high temperatures, the activity of epidote in epidote—
clinozoisite solid solutions is relatively insensitive to compositional
variation at X, ;gacize > 0.3

Although estimated values of S°p r_for Ledenbergite, epidote, and
andradite, as well as estimated heat capacity coefficients for hedenbergite
were used in the retrieval calculations, it can be seen in figures 112
and 113 that the estimates afford close approximation of experimental
equilibrium constants over a wide temperature interval (~ 350° to
~ 800°C). The symbols representing Gustafson’s (1974) data at 0.5 and
I kb in figure 113A were adjusted to 2 kb by taking account of the
standard molal volumes of andradite, maguetite, and wollastonite in
table 8.

The effect of nonideal mixing of CO, and H,O on equilibrium tem-
peratures and fluid compositions for coexisting andradite, calcite, hema-
tite, and quartz can be assessed in figure 113B. It can be seen that the
experimental reversals are bracketed by the solid curve representing
ideal mixing and the dashed curve, which was generated with the aid
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of Holloway’s (1977) equations describing nonideality in the system
CO,-H,0.

BORNITE AND CHALCOPYRITE
The values of S° , AH®?, and AG®°, given in table 8 for these
P,.T, r 8

minerals were retrieved by Price (ms) from experimental data reported
by Schneeberg (1973) and Yund and Kullerud (1966) for

5 chalcopyrite + S,(,, = 4 pyrite 4 bornite (213)
and
chalcopyrite + 2 chalcocite = bornite (214)

where the subscript (g) designates the gas state. The retrieval calculations
were carried out assuming ideal mixing of Cu and Fe atoms among
energetically equivalent sites in coexisting bornite and chalcopyrite
solid solutions. The standard molal heat capacity coeflicients for bornite
and chalcopyrite in table 8 were used in the calculations together with
the thermodynamic properties of pyrite, chalcocite, and S, ;) summarized
in table 9.

It can be seen in figure 119 that equilibrium constants for reaction
(213) computed from the thermodynamic data for chalcopyrite and
bornite in table 8 are in close agreement with their experimental counter-
parts. The values of AG®, for these two minerals in table 8 are within
the uncertainties given by Bartholome (1958) for his estimates (Young,
1967) of AG®; of bornite (—89,000 = 6000 cal mole—1) and chalcopyrite
(—45,000 = 3500 cal mole—?). Although the value of §°p p, shown in
table 8 for chalcopyrite is close to that estimated by Helgeson (1969)
using Latimer’s (1952) algorithm, that shown for bornite differs by more
than 9 cal mole—* (°K)~* from the corresponding estimate calculated by
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Helgeson. The latter difference almost certainly stems from ambiguities
concerning the oxidation state of the copper, iron, and sulfur in stoichio-
metric bornite, which must be known accurately to obtain a reliable
entropy estimate from Latimer’s algorithm.

Calculation of the equilibrium constant for

10 chalcopyrite 4 4 Ht + CO,,, = 2 bornite
-+ 6 pyrite + graphite + Fet++ -+ H,O (215)

using data taken from table 8, together with thermodynamic equations
and data for H,O and Fet+ given by Helgeson and Kirkham (1974a,
1976, and in press) yields values at high temperature which are inconsis-
tent with those determined experimentally by Crerar and Barnes (1976).
In fact, the calculated values of AH®, (and thus (¢ In K/9T)p) for re-
action (215) are opposite in sign to those required by Crerar and Barnes’
experimental data. The cause of this discrepancy is not clear, but it
may be due to lack of graphite-CO, equilibration in the experimental
study (D. A. Crerar, 1976, written commun.). In any event, the thermo-
dynamic data given for bornite and chalcopyrite in table 8 are more
reliable than those given by Helgeson (1969).

SUMMARY OF SELECTED CALORIMETRIC DATA

Thermodynamic data are given in table 9 for selected elements,
oxides, halides, sulfates, carbonates, and sulfides which can be used to-
gether with those in table 8 to calculate equilibrium constants for a
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large number of metasomatic reactions among these minerals and silicates
at high pressures and temperatures. Because the thermodynamic data
given in table 9 were selected from a multitude of sources of varying
reliability and have not been subjected to critical comparison with
other experimental observations, they are subject to more uncertainty
than those in table 8. Nevertheless, they appear to be more consistent
with observed phase relations in geologic systems than those adopted
previously (Helgeson, 1969).

ESTIMATION AND CORRELATION OF AG®; and AH®, OF MINERALS

Many algorithms have been used to estimate standard molal enthal-
pies and Gibbs free energies of formation of minerals from the elements
at 298.15°K and 1 bar (for example, Latimer, 1952; Slaughter, 1966;
Karpov and Kashik, 1968; Helgeson, in Eugster and Chou, 1973; Chen,
1975; Nriagu, 1975; Tardy and Garrels, 1974, 1976, 1977). However,
because such estimates are uncertain to the extent of ~ 2 kcal mole—?
or more, none of them affords sufficient accuracy to predict equilibrium
temperatures for univariant reactions. Nevertheless, in the absence of
experimental data, all of them offer approximations of reality that
can be used to advantage in estimating the chemical environment in
which various mineral assemblages form in geologic systems.

Perhaps the simplest and most generally applicable approach to
estimating AG?, for silicates is that taken by Tardy and Garrels (1974),
who computed intracrystalline contributions by oxide and hydroxide
formula groups to the standard molal Gibbs free energies of formation
of layer silicates. This procedure can be generalized by writing

GO = > v pis (216)
i

where G°y stands for the standard molal Gibbs free energy of the ith
mineral, v; 4 refers to the number of moles of the ith oxide or hydroxide
formula group (gram formula unit)=* of the mineral, and u*;y repre-
sents the standard molal intracrystalline chemical potential of the
formula group in the mineral. Taking account of constraints imposed
by conservation of mass, eq (216) can also be written as

MGy =3 iy AG @17)

?

where AG®,, refers to the standard molal Gibbs free energy of forma-
tion from the elements of the yth mineral, and AG*,,;, designates the
intracrystalline standard molal Gibbs free energy of formation of the
ith formula group in the mineral. If we now assume AG*;;, to be
equal in all minerals of a given structural class designated by the index
c(c=12,...80andlety=1,2,.. . Yand i =1, 2, ... 1 ¥ state-
ments of eq (217) can be solved simultaneously to generate { values of
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Fluorite 1079 caf, 78.077 16.39% |24.562% | -280,493 [-293,000% | 14.30 7.28 | -0.47 1424




Mineral Jame Index formala Fg::zla S°E e Ac® de e 4 C'Pr Coefficientsi'ﬂ Transition Data (1 bar}u_u“
Class Number ) 0 f f r - 21
Hﬁlghlp—‘ 5_3 Es.xlol EEXIO-S T(L’ﬂ As°t_ AH’t-d—'E \/tg
Sulfates |Barite 1080 | Baso, 233,502 | 3165 | s2.102 1 -325,563] -352,100% 33.80 0.0 3.43  [1422
Anhydri te 1078 | caso, 136142 | 25.5% [ us.9ud | -315,925| -342,760% 16.78 23.60 0.0 1453
Anglesite 1081 | s, 303.252 | 35.51% | 47.95% 1 -194,353| -219,870% 10.96 31.0 -4.20 1100
Celestite 1082 | srs0, 183.682 | 28.0% | 46.25% | -320,435] -347,300% 21.80 13.30 0.0 1500
Alunite 1083 KAl (0H) ¢ (50,), 1,220 [ 78.4 [293.6% [-1,113,600{-1,235,600% 153.45 0.0 54.95 650
Carbonates| Witherite 1084 | Bat0, 197.349 | 26.8% | us.8% | -278,500] -297,500% 21.50 11.06 3.1 lio79
Siderite 1076 | Feco, 115.856 | 25.1% | 29.378%| -162.390%% <179,17222 1163 26.80 0.0 885
Rhodachrosite | 1085 | Mnco) Nu.9s7 | 23.9% | 31,0758 -195,048] -212,521% 21.99 9.30 4,69 | 700
Cerussite 1068 | pbcoy 267.199 | 31.3% | wo.59% | -150,370 -168,000% 12.39 28.60 0.0 800
Strontianite | 1069 | srco; 147,629 | 23.2% | 30005 | -275,470] 294, 6002 23.52 6.32 5.08  |1197
Smi thsonite 1064 | znco; 125.379 | 19.7% | 28.275%| -17u.850 -194,260% 9.30 33.00 0.0 780
Halachite 1059 | Cu (OH) 500, 221004 | uh.sk | suosek | -2rn,204] -251,900S|  27.765F | u3.78ff ETLIA RPN
Azurite 1060 [ cus(om), (c0y), 344,653 66497# 91‘01% -334,417] -390, 100% 36,8858 | 77.mfL 0.9288 | ;5088
Huntite 1050 | CaMg,(CO), 353.052 | 71,59 122.90Ld[-1 004,710 -1,082,600— 84,1722 42.86°> 20,4622 [10005%
Nesquehonite | 1558 | haco, 34,0 138,367 | 46.76™ 74,79} -n12,035] -472,576M] - 1570, 80658 [3099.173E [-417.325%Y 306,55 | 0.60 [184LE
25.24658 | 91,2898 [ -4 22288 juott
Artinite 1053 | Mg, (0n),C0.-31,0  196.693 | 55,671 96,955 | 6139150 -698,0031H  70.87%% | 27.66% 7.43%% [1000%2
Hydromagnesitel 1062 | Mg (OH),(CQl i C  467.671 Izs.;iZ—“ 208.8%% |1, 401,687 -1,557,090;% m.hs;—s ss.zﬁ—s zteﬁi 100035 "
Sulfides | Acanthite 1501 | Ag,s 247,804 | 34,32 | 3n.2dd 9,446 7,550%% 15,635 8.6 0.082 | 4sofbmio 1y 950tk
181522 | 53,052 0.05% | 6205200t 9. 963 [600EE
2. 6% 0.0%% 0.02% 1000tk
Chalcocite 150k | tuys 159,144 | 28,985 | 27.u8ldl| -20,626] -19,0008%| 12,632 | 18.82%E 0.0%% | 376202 | 2,47 |920t
26,785 7,352 0.0% | 717828 | oues [2672%
20,3222 0.2 0.02% |1uoo*t
Covellite 1086 | cus 95.604 | 15.9%% | 20,422 | -12,612]  -12,5002% |  10.60 2.6k 0.0 1273

continued —>»
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TaBLE 9 (continued)

) Gram C°P Cocfficientsf-’E Transition Data () bar)ii
g;;:;al Name™ Nlun:;:r Formula Formula S°E ves U,-fﬂrs AH"fd— L _ ,
Weight£® - - 2 [p2xi03 Puig® T['—'E As"[E-L AH'!d—"-"— Av°{£
Sulfides Pyrrhotite 1555 feS 87.92 |14 42L | 18,205 [-24,084 | -24,0005% | 519 26,00 0.0 | eni® ] 1.387 Is70
17.40] 0.0 }o.0 |s98% |o.201 |i20
12.20]  2.38 ] 0.0 {1468
Pyrite 1093 Fes, 119.98 [12.65% | 23.940%-38,293 | -u41,000%L |17.88] 1.32 | 3.05 1000
Galena 1087 Pbs 239.25 J2r.88h | 31.09% |23, 15| <23,5008 | 172 2 228 g ot 5gett
Sphalerite 1088 zns 97.434 | 14.0199%] 23.8308-47,947] -49,0005% | 11,7725 12655 1 16T 1300
Wurtzite 1089  zns 97.434 | 14,0643 238462 44,810 -45.850% [ 11,827 .16 0 105030~
Cinnibar 1091 Hgs 232.654 [ 19.728 | 28.116%)-10,950 | -12,750%% | 10,5655 3.724L o 02&] g)glL
Metacinnibar 1090 Hgs 232.654 | 21288 | 30.169%}-10,437] -11,800°% | 10,5288 36388 0. 02&] 000ll
Alabandite 1092 Hns 87.002 {19202 | 21.46% 1-52,178] -51,000"% | 11.402E 1 8% o ofL|1g03at
Sulfur(g) 1307 S, 64.128 5&.51«" 24,4652 18,960 30.6805 8.72 0.16 [ 0.90 (3000
Hydrogen sulfide | 1304 H,S 340799 49,165 | 24,4659] -8,016 | -4,930% 7.811  2.96 | 0.46 |2300
Hydrocarbons Hethane(g) 1308 CH,, 16,043 | 4h, 49288} 24,4659 “12,127 -I7,8805 5.65 11.44 } 0.46 1500
ESubscripts in this column refer to liquid (E), gas (g) and crystalline (_c_) states. Ecal mle-‘ (°k)~ Sstandard molal volume and volume of transition

at 25°C and ! bar in cm

using values of AH°f and $° shown above together with standard molal third law entropies of the elements for Na(c), K(c)' Ca(c), Hg(c),

3

mole .

1

gcal mole”

1

. E{xcept where indicated otherwise, the values shown in this column were computed from AG°f = AH°F

_ °
TAS F

Ba(c), Pb(c)' Sr(c)_

. . 4 . d
Ay Sie)r Fere)r Moy Ineeys As(eys Clz(g), and Fy(o (12.24, 15.34, 9.9, 7.81, 15.0, 15.49, 12.50, 6.769, 7.60, 6.529, 7.65, 9.95, 8.4, 53.288, an

48 .44 cal n\ole_' (°K)‘I, respectively) taken from Wagman and others {1968, 1969), Parker, Wagman, and Evans (1971), and {in the case of Fe(c), Stull and

Prophet,

1971).

jﬁaier-Kel]ey power function coefficients for equation (19).

The upper temperature limit for the coefficients is designated by the value

of Tt given for the mineral. The lower limit corresponds to 298.15°K, except where more than one set of coefficients is given. In the latter cases, the
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lower temperature limit of the first set is 298.15°K, but those for subsequent sets corresponds to Tt for the preceding set. Note that in the vicinity of
1 -2 h 1

the transition temperature, equation (19) fails to describe adequately the temperature dependence of C°P (see text). Zcal mole” (°k)™2. Dcal mote”! (°k).
r

rransition temperature at | bar in °K, except where no values of AS“t, AH“t, and AV"t are shown, In the latter cases Tt refers to the upper temperature

limit (in °K) for the heat capacity nower function coefficients for the mineral. l{omputed from equatjon (9) using the values of Tt and AH°t shown above.

EUagman and others {1968, 1969); Parker, Wagman, and Evans (1571). ERobie and Waldbaum (1968). Unless indicated otherwise, the values shown in this
column were taken from Kelley (1960). M iquid/gas transition. Pa/B transition. 3IStandard molal volume of an ideal gas. TStull and Prophet (1971).
ScopaTA (1976). £B/Y transition. EHe]geson and Kirkham (1974a). !Hah, pankratz, Weller, and King (1967). Y King, Mah, and Pankratz (1973). Zstern and
Weise (1966). Jkeltey and others (1946). ZAdami and Corway (1966). 22{angmuir (1969). EECornputed from AH“f = AG"f - TAS®cusing values of AG"f

and $° shown above together with standard molal third law entropies of the elements given in footnote e. ECRichardson and Brown (1974) . éé€stimated
i

. . -1 -1 . _ 3 -
from equation (62) for azurite === malachite + CuC03(C) using S°Cuco = 21.0 cal mole (°K) (Stern and Weise, 1569), VoCuCO3" 30.95 cm” mole .

3(c)
(computed from cell parameters reported by Donnay and Ondik, 1973) using the standard molal entropy of malachite and the values of V® for malachits and

azurite shown above. £%pin (1961). ifcomputed from equations (86) through (88) assuming ac, = 0 for CuZ(OH)2C03 + In0 = ZnCOy + H,0( ) and

r

CuB(ON)z(C03)2 + In0 = CuZ(OH)2 + 603 + ZnCO3 + Cu0 using C“P coefficients given above and in table 2. 93 imit imposed by the lowest temperature limit
r

for the heat capacity coefficients used to estimate a, b, and E‘for azurite and malachite, bbRobie and Hemingway (1972, 1973). llﬁemingway and Robie

(1972, 1973). 4drobie and others (1966). l—d—(Cornputed from densities reported in references given in foofnotes hh and ii. 22 Mills (1974) . ™g/a

transition. EDG/Y transition. Eﬂgrams mole‘l. Hstuve (1974). Lpankratz and King (1965). SSestimated from equations (86)through (88) assuming

Ac‘Pr = 0 for the reactions CaHg3(C03)u == aC0g + 3MgCo,, Mgz(OH)Zco3 ‘3,0 == HgCo + Mg (OH) , + 3H,0(,yr and "95(0“)2(c°3)1¢' buo = lmgc03 + Mg (OH), +

h"zizz) using heat capacity coefficients given in tables 2 and 8. Eﬁgenerated from regression of calorimetric values taken from Robie and Hemingway (1973).

E-'-"-(hervv\odynamic properties given for lambda transitions correspond to the apparent properties (see text).
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198 Estimation and Correlation of AG®; and AH®; of Minerals

AG*; ;. if ¥ = i and ¥ experimental values of AG®°;, , are known. The
calculated values of AG*;;. can then be used to estimate AG®;,, for
other minerals in the cth structural class for which experimental data
are lacking.

As might be expected, the success of Tardy and Garrels’ approach
is highly sensitive to structural differences among minerals. For example,
eq (217) and thermodynamic data given in table 8 for the mineral pairs,
gibbsite and brucite, kaolinite and chrysotile, pyrophyllite and talc, and
muscovite and phlogopite result in significantly different values of
AG*f aty05.c — 3AG®; vg0,c (46.6, 59.3, 64.2, and 59.9 kcal mole—*, respec-
tively) for hypothetical intracrystalline exchange of trioctahedral MgO
and dioctahedral ALO; groups in clay minerals. The general progression
of these values is consistent with Chen’s (ms and 1975) stochastic esti-
mates, but not with the generalizations advocated by Tardy and Garrels.
The differences in the last three values of AG*; 41,0, — 3AG*; yp0,, cOM-
puted above result from subtle structural differences like those responsi-
ble for the distinction between chrysotile and the structural analog of
kaolinite, lizardite.

The algorithm represented by eq (217) can be improved substantially
by replacing the oxide and hydroxide formula units designated by the
subscript ¢ with structural components corresponding to minerals in a
given polysomatic series, which is defined by J. B. Thompson (1970, 1977,
personal commun., 1978) as a series of minerals composed of different
combinations of chemically and structurally distinct layers with a com-
mon structural plane. For example, AG®; temonze Would be estimated by
adding 2AG*; gippsiae 10 AG*; 101 Similarly, AG®; opinopnyuice would be taken
as the sum of AG*; 4. and 4AG*; ., s101ire- These relations and the values
of AG?; for tremolite and anthophyllite in table 8 result in 2AG*; ¢usrarite —
AG*; giopsige = 27,628 cal mole, which is ~ 1490 cal mole—?* greater than
2AG® ongtatite — AGf giopsige (table 8). The difference corresponds to the
intracrystalline Gibbs free energy associated witl bonding the enstatite
and diopside structural components in the minerals.

An alternate approach, and one consistent with eq (46), involves
calculation of relative intracrystalline standard molal enthalpies of forma-
tion of different cations or anions on energetically equivalent sites in min-
erals of the same structural class. For example, AH*/ p s, — AH®/ o0
in olivines can be computed by assuming tle standard molal enthalpy
of reaction to be zero for hypothetical intracrystalline exchange of Mg++
and Fe++ represented by

0.5 fayalite + Mg++ ., = 0.5 forsterite + Fe++ (218)
which leads to

AH.f,F‘C“(C) - AH./‘,Mg“(C) = AHof,fayalite - AHO[,forstcrite (219)

where Fe*+, and Mg++, refer to pure Fet+ and Mg++ in a hy-

pothetical crystalline state. Values of AH',,FW(C) — AH'f,Mg++(C) and
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AH®j argrr oy = AH®, css computed in this manner from data taken from
table 8 are shown in figures 120 and 121, where it can be seen that these
differences exhibit a linear correlation with the ratio of the number of
tetrahedral sites to the number of moles of oxygen (other than that in
OH~-) in minerals representing different structural groups. The equa-
tions of the curves in figures 120 and 121 can be written as

- = 78,780 + 16,290 (vars + vgir)
c VO

AH'f.F('++(c) —_ AH".’nlng (220)

and
54,600 (var; + Vi)
Vo

AH®f ygot oy — AH® gavr(y = 7990 + (221)
respectively, where vy, and v, stand for the stoichiometric number
of moles of tetrahedral Al and Si atoms (gram formula unit of the min-
erals)—* and v, refers to the corresponding number of moles of oxygen
(excluding that in OH™).

Eqs (220) and (221) yield values of AH*; g+, o
AHf yiges oy — *f.Carreey within 150 cal mole=* or less of those repre-
sented by the symbols in figures 120 and 121. Nevertheless, care must be
exercised in using the equations to estimate values of AH®; for minerals.
For example, eq (220) and the value of AH®; in table 8 for diopside yield
an estimate of AH®, for hedenbergite (which is not an exact structural
analog of diopside at high temperatures*¢) of —681,388 cal mole—*. This
estimate differs by ~ 2900 cal mole—* from the value of AH®, for heden-
bergite shown in table 8. Similarly, because wollastonite is not a py-
roxene, the estimate for wollastonite afforded by eq (221) and the value
of AH®, for enstatite in table 8 differ from the corresponding value of
AH?, for wollastonite shown in the table by 6066 cal mole—?*. Such dis-
crepancies would also be expected to result from estimates of AH®, for
ferrotremolite and minnesotaite, which are not exact structural analogs
of tremolite and talc, respectively. In the case of minnesotaite, the esti-
mate of AH®, generated from eq (220) and the value of AH®, for talc
in table 8 is —1,155,032 cal mole—!, which can be combined with entropy
data taken from table 3 to give AG°; ninncsotaire = — 1,070,609 cal mole—1,
The latter value is ~ 650 cal mole~* more negative than that given by
Mel'nik (1972).

Compositional variation in montmorillonites, illites, glauconites,
chlorites, and amphiboles—Although Helgeson (1969), Tardy and Gar-
rels (1974), Nriagu (1975), Nesbitt (1977), and others generated estimates
of AG®, for montmorillonites, illites, and other minerals which have no
stoichiometric compositions, this practice leaves much to be desired. If
standard molal Gibbs free energies of formation are to be assigned to
all such minerals, it would take an infinite number to account adequately
for all the compositions of montmorillonites, illites, glauconites, chlorites,

— AH*; 3y, and

" At high temperatures the structure of hedenbergite is more closely related to
that of bustamite (Rutstein, 1971; Rapport and Burnham, 1973).
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Fig. 120. Corresponding states relation represented by eq (220).

and amphibole solid solutions observed in nature. Because large numbers
of components are required to describe the compositions of these min-
erals, it is advantageous to take them into account in geochemical cal-
culations by computing the activities of the thermodynamic components
of the minerals from site mixing approximations, such as those repre-
sented by eq (46) or its nonideal counterparts. This approach permits
calculation from lattice parameters and Mdssbauer data of the activities
of components corresponding in stoichiometry to pyrophyllite, muscovite,
paragonite, phlogopite, margarite, clinochlore, anthophyllite, tremolite,
and other minerals for which thermodynamic data are available. The
activities of these components can then be correlated with the composi-
tions of the minerals and used as descriptive variables in activity dia-
grams, thereby obviating the practice of assigning values of AG®; to
one or another solid solution mineral with a specified composition. This
procedure has been used recently to calculate activity/composition rela-
tions among aqueous solutions and montmorillonites, illites, and mixed
layer clays (Aagaard, Helgeson, and Benson, in preparation). Because it
is comprehensive, simple, and offers far more versatility and reliability
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Fig. 121. Corresponding states relation represented by eq (221).

than the approach taken by Helgeson (1969), Helgeson and Mackenzie
(1970, Kittrick (1971b, ¢, and d), Weaver, Jackson, and Syers (1971),
Routson and Kittrick (1971), Huang and Keller (1973), Tardy and Garrels
(1974, 1976, 1977), Nriagu (1975), Nesbitt (1977), and others, no thermo-
dynamic data are given for these minerals in tables 8 and 9.

CONCLUDING REMARKS

The equations and data summarized above permit comprehensive
calculation of the chemical and thermodynamic consequences of reactions
among aqueous solutions and the bulk of the abundant minerals in the
Earth’s crust. Preliminary calculations of this kind (Delany and Helgeson,
1978; Bird and Helgeson, 1977) indicate a close correspondence between
predicted phase relations and those observed in nature. The agreement
is due primarily to the fact that the thermodynamic data summarized
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in table 8 are internally consistent and compatible with both laboratory
and field observations, as well as with general equations of state for
aqueous and gaseous species. It should perhaps be emphasized that the
thermodynamic data in tables 8 and 9 should not be used together with
data taken from other sources without making sure that the two sources
are consistent with one another. Similarly, any modification of the values
of AG°; and AH®, in table 8 must be accompanied by modification of
the corresponding values for all other minerals involved in the retrieval
calculations responsible for the values given in the table, and these must
be consistent with all pertinent experimental data.

The thermodynamic equations and data for minerals and gases dis-
cussed in the preceding pages have been combined with their analogs
for aqueous species (Helgeson and Kirkham, 1974, 1976, and in press)
to calculate hydrolysis constants for > 180 minerals at pressures and tem-
peratures to 5 kb and 600°C. These equilibrium constants will be used
to generate comprehensive activity diagrams for a wide variety of geologic
systems at high pressures and temperatures. The equations and data
employed in the calculations have been incorporated in a computer pro-
gram (SUPCRT) which provides for up to 5 solid/solid phase transi-
tions mineral=* and contains a univariant/divariant curve-finding op-
tion. If only minerals, H,O,, and/or gases are involved in the reactions,
the program can be used to compute equilibrium constants and fugacity
coefficients at pressures and temperatures to 100 kb and 1000°C. Copies
of the program and data file (which incorporates the thermodynamic
data given in tables 8 and 9), together with a program description can
be obtained at cost from the senior author before July 1, 1979. The pro-
gram description, program (which is written in FORTRAN 1V for CDC
6400, 6600, and 7600 computers), and data file are stored on magnetic
tape: 7 track, 800 binary bits inch—1, 182 characters record—1, 1 record
block—1.

As more and better experimental data become available, the cal-
culations described above will undoubtedly require revision, which hope-
fully will generate more accurate values of the thermodynamic properties
of minerals. The first such revision (to be undertaken in 1979) will in-
corporate recent calorimetric measurements of the high-temperature heat
capacities of talc, tremolite, dolomite, prehnite, lawsonite, and mar-
garite, none of which was available at the time the retrieval calculations
reported in the present communication were carried out. Although
taking account of these and other new data may lead to values of AH?,
and AG®, that differ from those computed above by several hundred
calories or more, the revised values (like those in table 8) will be inter-
nally consistent and compatible with the experimental observations
summarized in the preceding pages. Plans call for the results of all
future retrieval calculations to be incorporated in the SUPCRT data
file, which will be updated and distributed periodically to interested
laboratories. In this way we hope to accelerate scientific progress toward
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a better and more comprehensive understanding of the chemical and
thermodynamic behavior of minerals in geochiemical processes.
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order/disorder, 23, 24, 119, 126, 127-135,
136-140, 143
Almandine, 186, 190
estimated standard molal entropy, 53
estimated standard molal heat capacity,
68
Alunite, summary of thermodynamic data,
195
Amesite, 7A,
estimated standard molal entropy, 55
estimated standard molal heat capacity,
72
Amesite, 14A,
cstimated standard molal entropy, 56
estimated standard molal heat capacity,
73
Amorphous silica, 86
summary of thermodynamic data,
120, 121
Amphiboles, 199

Analcime, dchydrated, 64, 65, 110, 151-153
summary of thermodynamic data,
122-123
Analcime, 64, 65, 110, 149-155
estimated standard molal heat capacity,
70
summary of thermodynamic data,
122, 123
Andalusite, 110, 113-118, 140, 143-145,
147, 148, 166, 167, 174
summary of thermodynamic data,
120, 121
transition, 19, 21, 114, 117, 118
Andradite, 185, 186, 190
estimated standard molal entropy, 53
summary of thermodynamic data,
122-123
Anhydrite, summary of thermodynamic
data, 195
Anglesite, summary of thermodynamic
data, 195
Annecaling, 15, 26
Annite, 183-185
estimated standard molal entropy, 55
estimated standard molal heat capacity,
72
summary of thermodynamic data,
124, 125
Anorthite, 110, 112, 156-167, 178, 180, 185
hexagonal, 159
order/disorder, 159, 160
summary of thermodynamic data,
122, 123
Anthophyllite, 89, 90-95, 198, 200
estimated standard molal entropy, 53
estimated standard molal heat capacity,
68
summary of thermodynamic data,
122, 123
Antigorite, 89, 90, 94, 96-99
cstimated standard molal entropy, 56
cstimated standard molal heat capacity,
71
summary of thermodynamic data,
124, 125
Aragonite, 86-89
summary of thermodynamic data,
120, 121
Artinite, summary of thermodynamic
data, 195
Azurite, summary of thermodynamic
data, 195

Barite, summary of thermodynamic data,
195
Bauxite, 112, 113
Bochmite, 113, 114, 118
summary of thermodynamic data,
120, 121
Bornite, 191, 192
summary of thermodynamic data,
120, 121
Bragg-Williams theory, 24, 98, 101, 102

221
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Bromellite, summary of thermodynamic
data, 48

Brucite, 86, 87, 95-97

summary of thermodynamic data,

120, 121

Bulk Modulus, 31

Bunsenite, summary of thermodynamic
data, 194

Ca-Al pyroxenc, 43, 156, 157, 158
configurational entropy, 157, 158,
160, 165
estimated standard molal entropy, 53
estimated standard molal heat capacity,
68
summary of thermodynamic data,
122, 123
Calcite, 86-89, 100, 101, 104-108, 160-163,
174, 176, 177, 186
summary of thermodynamic data,
120, 121
Calcite IT, 88
Calorimetry, 12
Celadonite,
estimated standard molal entropy, 55
cstimated standard molal heat capacity,
71
Celestite, summary of thermodynamic
properties, 195
Cerussite, summary of thermodynamic
data, 195
Chabatzite,
estimated standard molal entropy, 55
estimated standard molal heat capacity,
70
Chamosite, 7A,
estimated standard molal entropy, 56
estimated standard molal heat capacity,

72
Chalcedony, 86
summary of thermodynamic data,
120, 121
Chalcocite, 191, 192
summary of thermodynamic data, 195
Chalcopyrite, 191, 192
summary of thermodynamic data,
120, 121
Chemical affinity, 77, 78
Chlorite, 199
Chloritoid,
estimated standard molal entropy, 53
cstimated standard molal heat capacity,
68
Chrysotile, 49, 89, 90, 93-97
summary of thermodynamic data,
124, 125
Cinnibar, sumnary of thermodynamic
data, 196
Clapeyron slope, 16, 17, 20, 21, 43, 76, 77,
85, 88, 89, 91, 109, 118, 143, 157, 158,
165, 167, 168, 174, 183
as a constant, 17-19
uncertainties, 19, 21, 76

Clinochlove, 7A, 170, 172, 173, 175, 200
estimated standard molal entropy, 55
estimated standard molal heat capacity,

72
summary of thermedynamic data,
124, 125

Clinochlore, 14A, 170-175
estimated standard molal entropy, 56
estimated standard molal heat capacity,

72
summary of thermodynamic data,
124, 125

Clinoenstatite, 46, 58, 89, 90, 91, 93

comparison of experimental and
estimated standard molal entropy, 46

comparison of experimental and
estimated standard molal heat
capacities, 58, 61, 62

transition to enstatite, 89, 90

Clinoferrosilite, 182
estimated standard molal entropy, 53
estimated standard molal heat capacity,

68

Clinozoisite, 165, 187
estimated standard molal entropy, 53
summary of thermoedynamic data,

122, 123
CO,, fugacity coefficients, 38-40
67,79, 80, 105, 107
summary of thermodynamic data, 194
Coesite, 85, 86
summary of thermodynamic data,
120, 121
CO~H.,0 mixtures, 38-40, 67, 79, 105, 107,
161, 174, 176, 190
nonideality, 105, 107, 161, 174
uncertainties in fugacity coefficients,
79, 80
Compressibility, effects of temperature
and pressure, 31, 32
of minerals, 15, 20, 21, 30, 31
of transition, 15, 18, 20, 21
Copper, summary of thermodynamic
data, 194
Cordicrite, 46, 51, 52, 169-175
hydrous, 51, 52, 170
cstimated standard molal entropy, 53
cstimated standard molal heat
capacity, 68
summary of thermodynamic data,
122, 123
sunimary of thermodynamic data,
122, 123
zeolitic H,O, 170
Corundum, 44, 45, 48, 52, 110, 112,
113-118, 147, 149, 150, 156-165
summary of thermodynamic data,
120, 121
uncertainties in the thermodynamic
properties, 110
Covellite, summary of thermodynamic
data, 195

Cristobalite, 86

summary of thermodynamic data,
120, 121
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Cronstedtite, 7A,
estimated standard molal entropy, 56
estimated standard molal heat capacity,
72
Cryptocrystallinity, 27
Crystal field stabilization, 51
Crystallinity, effect on the thermodynamic
properties of minerals, 14, 15, 26-28,
86, 111-113, 118
Cummingtonite, estimated standard
molal heat capacity, 69
Cuprite, summmary of thermodynamic
data, 194

Dalton’s law, 38, 40
Daphnite, 7A,
estimated standard molal entropy, 55
estimated standard molal heat capacity,
72
Daphnite, 14A,
estimated standard molal entropy, 56
estimated standard molal heat capacity,
73
Defects, 14, 24-26
density of, in minerals, 25
Frenkel, 24
Schottky, 24
thermodynamics of formation, 25
vacancy, 26
Diaspore, 113-118, 147
summary of thermodynamic data,
120, 121
Dickite, 110
estimated standard molal heat capacity,
71
Diffusion coeflicients, 25
Diopside, 33, 46, 50, 93, 98, 100, 104,
106-109, 198, 199
aluminous, 177, 179, 180
comparison of experimental and
estimated standard molal entropy, 46
comparison of experimental and
estimated standard molal heat
capacity, 58, 61, 62
summary of thermodynamic data,
122, 123
Dislocations in minerals, 14, 26, 27
Dolomite, 22, 86, 98, 100, 101, 102,
104-108, 202
estimated standard molal heat capacity,
73
order/disorder, 98, 101-107
summary of thermodynamic data,
120, 121

Edenite,
estimated standard molal entropy, 54
estimated standard molal heat capacity,
69
Elastic constants, 31-33
Enstatite, 33, 89-86, 98, 100, 104, 170,
173, 175, 176, 178 198
summary of thermodynamic data,
122, 123
transition to protoenstatite, 90

Enthalpy, apparent standard molal of
formation from the elements, 28, 33,
34, 43
estimation, 198-201
relative standard molal, 33, 40, 43
standard molal of disorder, 24, 101,
126-181, 133, 136, 139
standard molal of formation from the
elements, 28, 35, 48, 74, 120-125,
194-196
standard molal of transition, 15-21
uncertainties, 12, 75, 79, 80, 81
Entropy, configurational, 43
estimates, 43-53, 58, 93, 192
estimates, in ferrous iron minerals, 51
of mixing, 41, 42
of structural H,O, 49-50
of transition, 15-19, 20, 21, 28
of zeolitic H,0, 49, 50
relative standard molal, 38, 48, 48, 53-57
standard molal, 28, 29, 35, 40, 45, 46, 48,
49, 53-56, 120-125, 194-196
standard molal, of disorder, 139, 140
standard molal, of formation from the
clements, 74
uncertainties, 32, 48, 46-48, 75, 77, 79-81
Epidote, 22, 185-191
ordered, estimated standard molal
cntropy, 53
order /disorder, 187-190
summary of thermodynamic data,
122, 123
Epistilbite, 167
estimated standard molal entropy, 55
estimated standard molal heat capacity,
70
Equilibrium constant, 34, 36, 37, 39, 78,
105, 137, 151, 170, 180, 187, 192
Expansibility, effects of pressure and
temperature, 31, 32
of minerals, 15, 20, 21, 30, 31, 81, 83, 84
standard molal, 28, 29, 33
of transition, 15, 18-21

Fayalite, 51, 58, 180-183
comparison of experimental and
estimated standard molal heat
capacity, 58, 61, 62
summary of thermodynamic data,
122, 123
Ferric oxide, 111
Ferroedenite,
estimated standard molal entropy, 54
estimated standard molal heat capacity,
69
Ferrogedrite,
estimated standard molal entropy, 53
estimated standard molal heat capacity,
68
Ferroparagasite,
estimated standard molal entropy, 54
estimated standard molal heat capacity,
69
Ferrosilite, 51, 182, 183
summary of thermodynamic data,
122, 123
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Ferrotremolite,
estimated standard molal entropy, 54
estimated standard molal heat capacity,
69
Ferrous oxide, 48, 51
sununary of thermodynamic data,
120, 121
Fluoredcnite,
estimated standard molal entropy, 54
cstimated standard molal heat capacity,
69
Fluorite, summary of thermodynamic
data, 194
Fluorphlogophite, estimated standard
molal heat capacity, 72
Fluortremolite,
estimated standard molal entropy, 54
estimated standard molal heat capacity,
69
Forsterite, 51, 58, 89-100, 104, 108, 109,
170, 173, 175, 178 180
comparison of experimental and
estimated standard molal heat
capacities, 58, 61, 62
summary of thermodynamic data,
122, 123
Fugacity, 38-41, 79, 101, 183

Galena, summary of thermodynamic data,
196
Garnet, 160, 185-191
Gcehlenite, 45, 110, 112, 156-158, 160-165
configurational entropy, 157
summary of thermodynamic data,
120, 121
Gibbs free energy, apparent standard
molal of formation from the
clements, 28, 33, 34, 43
effects of crystallinity, 27
estimation, 193, 198, 199
of defect formation, 24
of mixing, 41
relative standard molal, 33
standard molal of formation from the
elements, 13, 28, 29, 33-36, 40, 48, 66,
74, 120-125, 194-196
uncertainties, 32, 75, 76, 79
Gibbsite, 66, 110-113, 116, 147
summary of thermodynamic data,
120, 121
Glauconite, 199
Glaucophane,
cstimated standard molal entropy, 54
estimated standard molal heat capacity,
70
Goethite, 111
Gold, summary of thermodynamic data,
194
Graphite, 192
summary of thermodynamic data, 194
Greenalite,
cstimated standard molal entropy, 55
estimated standard molal heat capacity,
71

Grossular, 65, 156-166, 185, 186, 190
summary of thermodynamic data,
120, 121
Grunerite,
estimated standard molal entropy, 54

H,O, activity in clectrolyte solutions, 35, 36
fugacity coefficient, 38, 39, 105, 107
uncertainties, 79, 80
heat of solution, 111
ideality, 39
structural, 45, 48-50, 64
entropy, 48, 49
heat capacity, 48, 64, 65
volume, 48, 50
zeolitic, 49, 50, 64
H,0-CO, mixtures, 38, 39, 67, 79, 80,
105, 107, 161, 174, 176, 190
Redlich-Kwong algorithm for
calculation of fugacity cocfficients in
mixtures of CO, and H,O 39, 40
Halite, 31
summary of thermodynamic data, 194
Halloysite, 110
estimated standard molal heat capacity,
71
Hastingsite,
estimated standard molal entropy, 54
estimated standard molal heat capacity,
69
Heat capacity, standard molal,
estimation, 43, 52-66
integration, 29
Maier-Kelley power function, 29, 59, 60
of disorder, 102, 130-132, 139, 188, 189
of formation from the clements, 30, 85
of minerals, 17, 29-30, 52, 58, 59-65,
53-56, 120-125, 194-196
of structural H,O, 64, 65
of transition, 16, 17, 18, 19, 21
of transition for andalusite/kyanite/
sillimanite, 19, 21
of transition for «/B-quartz, 16, 18
of zeolitic H,O, 64-66
power function, 29, 30, 33, 48
power function coefficients, estimation,
30
power function coefficients, 48, 61,
68-73, 120-125, 194-196
uncertainties, 185, 186, 190, 199
Hedcenbergite, 185, 186, 190, 199
estimated standard molal entropy, 53
estimated standard molal heat capacity,
68
summary of thermodynamic data,
120, 121
Hematite, 48, 180, 181, 185, 186
summary of thermodynamic data,
120, 121
Heulandite,
estimated standard molal entropy, 55
cstimated standard molal heat capacity,
70
Hibschite, 164
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Huntite, summary of thermodynamic
data, 195

Hydrogen, summary of thermodynamic
data, 194

Hydrogen sulfide, summary of
thermodynamic data, 196

Hydrogrossular, 164

Hydromagnesite, summary of
thermodynamic data, 195

Hydrous cordierite, 170, 171, 172, 173,
174, 175

1llite, 111, 199, 200
Interfacial energy, 27
lonic strength, 37, 41

Jadeite, 46, 149, 154, 155, 156
comparison of experimental and
estimated standard molal entropy, 46
summary of thermodynamic data,
122, 123

Kalsilite, 50, 110, 149
summary of thermodynamic data,
124, 125
Kaolinite, 46, 49, 110-118, 143, 147, 148
comparison of experimental and
estimated standard molal entropy, 46
estimated standard molal heat capacity,
71
summary of thermodynamic data,
124, 125
K-feldspar, 22, 140-149, 176
heat of solution, 24
order/disorder, 23, 24, 127, 132,
135-140, 142, 147
summary of thermodynamic data,
122, 123
Kyanite, 110, 113, 114, 116-118, 147, 148,
156, 157, 159, 166, 167, 169, 170, 172,
174, 175
summary of thermodynamic data,
120, 121
transition to andalusite, 19, 21, 114,
117, 118

Lambda point, 16
Lambda transition, see phase trausition
Laumontite, 50, 167, 168, 169
cstimated standard molal entropy, 54
estimated standard molal heat capacity,
70
summary of thermodynamic data,
124, 125
Law of mass action, 34, 36, 37, 39, 151,
170, 180
for intracrystalline recactions, 42, 137,
187
Lawsonite, 110, 167, 168, 169, 202
estimated standard molal heat capacity,
68
suminary of thermodynamic data,
122, 123

Leonhardite, 50
estimated standard molal heat capacity,
70
Leucite, 110
Lime, 48
suinmary of thermodynamic data,
120, 121

Magnesiohastingsite,
estimated standard molal entropy, 54
estimated standard molal heat capacity,
69
Magnesioricheckite,
estimated standard molal entropy, 54
estimated standard molal heat capacity,
70
Magnesite, 76, 86
summary of thermodynamic data,
120, 121
Magnetite, 66, 180, 181, 184-186
summary of thermodynamic data,
120, 121
Maicr-Kelly power function, 29
Malachite, summary of thermodynamic
data, 195
Manganosite, 48, 51
Margarite, 164-167, 200, 202
cstimated standard molal entropy, 55
estimated standard molal heat capacity,
71
summary of thermodynamic data,
124, 125
Meclilites, 108, 109
Mercury, summary of thermodynamic
data, 194
Merwinite, 46, 58, 108, 109
comparison of experimental and
estimated standard molal entropy, 46
comparison of experimental and
estimated standard molal heat
capacity, 58, 61, 62
sunimary of thermodynamic data,
122, 123
Mectacinnibar, summary of
thermodynamic data, 196
Metastable equilibrium, 165, 166, 169,
171, 173, 174
Mecthane, summary of thermodynamic
data, 196
Microcline, 50, 58, 61, 135, 141-146, 178
summary of thermodynamic data,
122, 123
Miunerals, anncaling, 26
apparent standard molal Gibbs frec
cnergy and enthalpy of formation
from the elements, 28, 33, 34, 43
calorimetric properties, 12
compressibility and expansibility of
transition, 15, 20, 30-33
crystallinity and its affect on
thermodynamic propertics, 14, 15
26, 27, 86
crystallochemical properties, 13, 15
Dcbye temperatures, 30
defect concentrations, 25
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Minerals, annealing (continued)
diffusion, 25
dislocations, 26
cffects of pressure and temperature on
volume, expansibility, and
compressibility, 31
elastic constants, 31-33
formulas, 8-11
interfacial encrgy, 27
lambda transitions, sce phase transitions
order/disorder, 43
relative standard molal Gibbs free
energy, entropy, and enthalpy, 33,
34, 40, 43
solid solution, order/disorder, and
energetics, 40, 41
solubilities, 36, 37
standard molal enthalpy of formation
from the clements, 120-125, 194-196
standard molal entropies, volume, and
heat capacity of structural and
zeolitic H,0, 48-50, 64, 65, 168, 170
standard molal heat capacities, 48,
58, 62, 68-73, 120-125, 194-196
standard molal heat capacity power
function coefficients, 48, 61, 68-73,
120-125, 194-196
standard molal Gibbs free energy of
formation from the elements,
120-125, 194-196
retrieval, 33-35
standard molal volumes, 46, 48
53-56, 120-125, 194-196
thermodynamic properties, 20, 23,
46, 48, 53-56, 58, 61, 62, 68-73, 120-125,
194-197
Minnesotoite, 199
estimated standard molal entropy, 55
estimated standard molal heat capacity,
71
Monticellite, 66, 108, 109
estimated standard molal entropy, 53
estimated standard molal heat capacity,
68
summary of thermodynamic data,
122, 123
Montmorillonite, 111, 199, 200
Muscovite, 52, 64, 110, 112, 140, 141, 143,
144, 146-150, 161, 170, 172, 200
dehydrated, 64
order/disorder, 143
summary of thermodynamic data,
124, 125

Natrolite,
estimated standard molal entropy, 55
estimated standard molal heat capacity,
71
Nesquehonite, 17
summary of thermodynamic data, 195
Nepheline, 46, 50, 149, 150, 151, 153, 154,
178, 180
comparison of experimental and
estimated standard molal entropy, 46
summary of thermodynamic data,
124, 125

Subject Index

Nickel, summary of thermodynamic data,
194

Olivine, calcium, 46
Ordering parameter
for albite, 24, 119, 126, 128-130
for dolomite, 98, 101
for epidote, 187
for K-feldspar, 24, 136
Order/disorder, 14, 22-24, 43, 119, 126-141,
142, 143, 186-190
and exchange of atoms among
energetically distinct sites, 23, 40-42,
187
and site encergetics, 40
and site occupancy in solid solutions,
40, 41, 187
Bragg-Williams theory, 24, 98, 101, 102
heats of solution and, 24, 126, 136
in albite, 23, 119, 126-135, 136
in aluminous diopside, 179, 180
in anorthite, 159, 160
in dolomite, 98, 101-107
in epidote, 186-190
in K-feldspar, 23-29, 127, 132, 135-140,
143
in minerals, 23, 43
in muscovite, 143
in phlogophite, 176, 177
intracrystalline exchange reactions,
23, 42, 187, 187
long-range, 15, 23
metastable, 149
octahedral, 186
standard molal enthalpy, 24, 101, 126
standard molal heat capacity, 102
substitutional, 14, 23, 24, 40, 42, 44,
119, 126, 186, 187
tetrahedral, 24
thermodynamic consequences, 41
Orthoclase, 139
Orthopyroxene, 42
Osmotic cocfficients of electrolyte
solutions, 37, 38
Oxygen, summary of thermodynamic
data, 194

Paragonite, 140, 141, 144, 145, 150, 200
estimated standard molal entropy, 55
estimated standard molal heat capacity,

72
order/disorder, 117, 143, 145
summary of thermodynamic data,
124-125

Pargasite, 177, 178, 180
estimated standard molal entropy, 54
estimated standard molal heat capacity,

69
summary of thermodynamic data,
122, 123
Particle size, effect on thermodynamic
properties, 27, 111, 118
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P-D oxyannite, 51, 52, 183, 184, 185
estimated standard molal entropy, 55
estimated standard molal heat capacity,

72

Periclase, 30, 31, 44, 48, 66, 86, 87, 108

summary of thermodynamic data,
120, 121

Phase transitions, 15-22
«/B-quartz, 16-18, 82
andalusite/sillimanite, 19, 21, 114,

117, 118
apparent standard molal enthalpy, 21
apparent standard molal entropy, 21
apparent standard molal heat capacity
21
apparent standard molal volume, 21
Clapeyron slope, 17, 20
clinoenstatite/enstatite, 89, 90
clinoferrosilite/ferrosilite, 182
clinozoisite/zoisite, 165
compressibilities and expansibilities,
15, 16, 20
displacive, 127-131
enstatite/protoenstatite, 90
first order, 15-17, 20
in albite, 119, 126, 135
kinetics, 127
in K-feldspar, 127, 132, 135-140
kyanite/andalusite, 19, 21, 114, 117, 118
kyanite/andalusite/sillimanite, 114,
117, 118
lambda, 14-17, 21-283, 82, 126, 127
lambda points, 139
quartz/coesite, 85, 86
standard molal enthalpy, 16-21, 82
standard molal entropy, 15-19, 20,
21, 28, 182
standard molal Gibbs free energy, 23
standard molal heat capacity, 16-21
standard molal volume, 16-20, 32, 47,
81-83
temperature, 19-21
uncertainties in thermodynamic
properties, 19-22

Phenacite, 46

Phillipsite, 154
Ca-, estimated standard molal entropy,

55
estimated standard molal heat
capacity, 71
K-, estimated standard molal entropy,
55
estimated standard molal heat
capacity, 71
Na-, estimated standard molal entropy,
55
estimated standard molal heat
capacity, 71

Phlogopite, 170-174, 176
estimated standard molal entropy, 55
estimated standard molal heat capacity,

72
order/disorder, 176, 177
summary of thermodynamic data,
124, 125
Pistacite, 187, 189
Plagioclasc, 42

Polysomatic series, 93
Potassium oxide, 48
Prehnite, 165, 202
estimated standard molal heat capacity,
73
summary of thermodynamic data,
124, 125
Pyrite, 191, 192
summary of thermodynamic data, 195
Pyrope, 169
Pyrophyllite, 52, 113-118, 140, 141, 143,
145, 147-149, 200
summary of thermodynamic data,
124, 125
Pyrrhotite, summary of thermodynamic
data, 196

Quartz, 81-85
«, 48, 52, 66
standard molal expansibility and
compressibility, 30, 31, 33
standard molal heat capacity, 30, 48
thermodynamic properties, 18
«/ B transition, 16-18, 81, 82
« and S, 63
B, 16-18, 33, 48
standard molal expansibility, 33
summary of thermodynamic data,
120, 121
thermodynamic propertics, 18

Reaction rates, 78, 166
Rhodachrosite, summary of
thermodynamic data, 195
Richterite,
estimated standard molal entropy, 54
cstimated standard molal heat capacity,
70
Ricbeckite,
estimated standard molal entropy, 54
estimated standard molal heat capacity,
70

Sanidine, high, 135, 140-146, 161, 174-178,
184
summary of thermodynamic data,
124, 125
Scpiolite, 98, 99
estimated standard molal entropy, 56
estimated standard molal heat capacity,
73
summary of thermodynamic data,
124, 125
Serpentine, 96
Siderite, summary of thermodynamic
data, 195
Sillimanite, 19, 21, 110, 113-118, 144, 159,
167, 169, 174
summary of thermodynamic data,
120, 121
Silver, summary of thermodynamic data,
194
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Sodium oxide, 48
summary of thermodynamic data,
120, 121
Sites, 23, 25, 42
energetically nonequivalent, 23
in minerals, 25
Smithsonite, summary of thermodynamic
data, 195
Solid state diffusion, 26
Solid solution, 40
analcime-dchydrated analcime, 151
andradite-grossular-almandine, 186,
189, 190
annite-phlogopite-PD-oxyannite,
183, 184
cordierite-hydrous cordierite, 170
cpidote—clinozoisite, 187-190
Margules expansions, 42, 183
regular solution equations, 184
standard molal Gibbs free cnergy of
mixing, 41
standard molal entropy of mixing,
41, 42
site occupancy, 40, 41
substitutional order/disorder, 40, 41
thermodynamic consequences, 40
Spessartine,
estimated standard molal entropy, 53
estimated standard molal heat capacity,
68
Sphalerite, summary of thermodynamic
data, 196
Spinel, 169-171, 175, 178, 180
summary of thermodynamic data,
120-121
Standard States, 2, 28, 36-39
for aqueous species, 2, 36, 37
for gases, 2, 38, 39
for H,0, 2, 36
for H,O-CO, mixtures, 38
for liquids, 36
for minerals, 2, 28
Staurolite,
estimated standard molal entropy, 53
estimated standard molal heat capacity,
68
Steam, summary of thermodynamic data,
194
Stilbite,
estimated standard molal entropy, 55
estimated standard molal heat capacity,
70
Stishovite, 86
Strontianite, summary of thermodynamic
data, 195
Sulfur, summary of thermodynamic
data, 196
Sylvite, summary of thermodynamic data,
194
Symbols, definitions, 2-7

Talc, 49, 89-100, 104, 105, 173, 198, 202
estimated standard molal heat capacity,
71
summary of thermodynamic data,
124-125

Tenorite, summary of thermodynamic
data, 194
Tephroite, 46, 51
comparison of experimental and
estimated standard molal entropy, 46
Thermal diffusion, 25
Tremolite, 33, 45, 46, 98, 100, 103, 104,
106, 108, 174, 176, 177, 198, 200, 202
comparison of experimental and
estimated standard molal entropy, 46
estimated standard molal heat capacity,
69
summary of thermodynamic data,
122, 123
Tridymite, 86

Uncertainties, 12-13, 43, 74-81, 167, 169

calculation, 74-81

calorimetric, 12, 14, 43

in apparent standard molal Gibbs
frec energies, 32

in apparent standard molal enthalpies,
32

inn calorimetric heat capacities, 43

in Clapeyron slopes, 19, 20, 76

in compressibilities, 20

in entropies of transition, 19

in Gibbs free energies, 32, 75, 76, 80-81

in standard molal enthalpies of
formation, 12, 75, 80-81

in standard molal enthalpies of
reaction, 75

in entropy, 20, 32, 47, 75, 77

in entropy estimates, 44, 45, 47

in equilibrium temperatures, 12, 19, 20,
32, 76-77

in expansibility, 20

in experimental reversals, 78

in fugacity cocfficients, 79-80

in G*p v — G r,, 47-48, 63, 64

inH% ¢r — H% 1,63

in heat capacity, 20, 43, 59, 60, 62

in heat capacity of transition, 19

in heat of transition, 20

in heat capacity power function
cocfficients, 19, 43, 48, 59-62

in relative molal Gibbs free energy, 47,
48

inS°p,.r—8%,r, 63

in thermodynamic properties of
aluminous minerals, 110-113, 116-117

in transition temperatures, 19

in volume, 20, 77

in volume of transition, 19

relative, 12, 13

Units, 2

Vacancy defects, 24-26
van’t Hoff equation, 80
Vapor pressure, 24, 25
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Volume, standard molal, experimental, 46

of g-quartz, 30, 81

of minerals, 30-33, 34, 43, 48, 53-57,
74, 120-125, 194-196

of oxides, 48, 50

of structural water, 48-50

of transition, 15-18
apparent, 21
andalusite/kyanite/sillimanite, 19-21
first order, 20
in minerals, 20, 21

of water, 48

of zeolites, H0

of zeolitic H,0, 48

Wairakite, 50, 167, 168, 169
disordered, 167
estimated standard molal entropy, 54
estimated standard molal heat capacity,
70
summary of thermodynamic data,
124, 125
Water, summary of thermodynamic data,
194
Willemite, 46
Witherite, sutnmary of thermodynamic
data, 195

Wollastonite, 46, 58, 98, 101, 104, 107, 108,
156, 157, 158, 160, 161, 162, 163, 166,
185, 186, 199

comparison of experimental and
estimated standard molal entropy, 46

comparison of experimental and
estimated standard molal heat
capacitics, 58, 61, 62

sutnmary of thermodynamic data,
122, 128

Wurtzite, summary of thermodynamic
data, 196

Zcolites, 64, 65
11,0, 168
standard molal voluines, 50
ctfects of pressure and temperature,
167, 168
Z.colitic 1.0, 49, 50, 168, 170
standard molal entropy, 48, 49
standard molal volume, 50
Zincite, 48
Zoisite, 65, 156, 157, 159, 165, 166, 167
summary of thermodynamic data,
122, 123





