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PRF:FACE 

The research reported in the following pages was carried out in 
recognition of the need for a well document时， comprehensive, and 
critical compilation of thermodynamic data for minerals which can be 
used with confidence to characteriz巳 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 rnineral are consistent with those derived from 
experimental data for all other millerals, and that none contravenes 
reliable geologic observations. 认Te make no pretense at having achieved 
these goals with the present contribution , which represents little more 
than a bcgilllling step in this direction. N evertheless, we consider it an 
important step and hope that it will serve as a comprehensive [ouncla­
tion for future refincment 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 rcvision 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 geologis t's 
ability to understancl and meet the many challenges inherent in applying 
thermoclynamic analysis to the interpretation of phase relations in natural 
systems. 

Most compilations of thermodynamic data contain few if any illus­
tratiollS to facilitate assessment of the reliability of the values given for 
the thermodynamic propcrties 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喃
haps more importantly, attention is rarely devoted in such compilations 
to the chemical or geologic consequences of choosing one value over 
another. 飞气le consider these seriolls shortcomings which we have en­
deavorcd to overcome in the presentωmmunication. 

The calculations summarized below were carried out with the 自rm
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 iollowing pages combines many elements of 
a textbook with aclvanccd concepts and lI umcrical results of reccnt re­
search. 飞Ve make no apology for this but instcacl submit that the present 
state of ullderstancling in the application of thermodynamics to the 
interprctation of geologic systems requircs carcful clocumentation of the 
cquations used in the calculations ancl continuecl reappraisal of the 
factors contributing to the thermodynamic behavior of minerals. 

V 

H. C. Helgeson 
Berkeley, Cali[ornia 
January 15, 1978 
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SUMMARY AND CRITIQUE OF THE 
THERMODYNAMIC PROPERTIES OF 

ROCK-FORMING MINERALS 

ABSTRACT. Cr叫i让ticωa一1让11 anal句7严sis o[ expe阳eriu川】口川lC凹n川ltal hi咆gh'l盯sSllrejt优e凹川H川叫II吁p】C凹I

data and univariantjdivaria川 pl川cn巾t IOnS reportc叫d in thc litc阳cratu川、with cquations 
represcnting thc thenllodynamic propcrtics 01 ionic aqueolls spccies , Si()"a肘， H，O ， CO" 
O2, and thc tcmperaturc dcpcndence of the st川ldard 1lI01al heat capacitics of minerals 
a旺。rds an internalIy consistcnt set of thenllodynalllic data for the blllk of the abllndant 
rock.[orming silicates , carbonates , and oxidcs in the crllst and Ilppcr mantle. Stand 
ard molal Cibbs frcc encrgies and enthalpies of formation wcrc ohtainecl in this llIan 
ner for ~ 70 minerals in thc systelll Na，0-K20-CaO-MgO-Fε0-I-'e，O，，-A I/)3-SiOi 

CO,-H,O. The calculations werc carricd out IIsing standard rnolal entropics , heat 
capacitics, ancl 、，'Olll l1l CS dcrivcd [rolll calorillletric, crystalIographic, ancl density data 
or estimatecl from correlation algorithms and Clapeyron slopeεonstraints. 飞Vhere

且ec('ssary and appropriatc, provision was includecl for config"llratiollal cntropy contri 
blltions and cnthalpy changcs arisillg frOlll thc tcmpcraturc dcpcndcncc of sllbstitll 
tion叫‘

sideratioll of lI1 ultiple cquilibria rcdllcccl rclativc uncertai口inties in the standard rnolal 
enthalpics and Gib>bs [1'节'cc c臼ncrgies of formation gencr、'ated fro口m the high prcssurej 
tClllperature data by more t Iran an order of magnitllde fro ll1 those inherent in corres. 

ponding valucs derived [rolIl calorimctric measurcments. Apparent inconsistencies 
among cxperilllental data and phase relations in naturc were resolved by taking ac. 
count o[ geologic obsenations, the therlllodynamic consequences of metastable eqlli. 
libria, and compositional variation in mincrals at both high alld low tcmperatllres 
and prcssurcs. Experimental sollltion cornpositions andjor reversal temperatllres for 
Illorc than 130 reactions at various prcssllrcs are clcpictcd ill phasc diagrams, where 
they can be cOlllparcd 飞vith caIculated equilihrilllll constants and univariantjdivariant 
curvcs gencratcd from the thenlloclynamic clata sllllllllarized in thc tahles ancl disc lIssed 
in the tcx t. These data , togcthcr with the eqllations of state clllployed in the calcula 

tiOllS, pcnnit comprchcnsive prεdiction of the thermodynamic conscqllences of cqlli. 
librilllll and mass transfcr alllong millcrals and aqllcous solutions in geochemical 
procc臼cs at high pressllrcs and tC lIl pcratllrcs. 



2 Cοηveη tions anä 入rotation 

CONVENTIONS AND NOTATION 

丁he sta川anl叫l1<‘a盯1

e study is one of unit activity of th巳 p】ur句e solid 01' 1iquid at any pr它essu1'、℃

a川nd t忧empe盯ra剖tu盯re ， but that for gases calls for unit fugacity of the hypo­
thctica1 gas at 1 bar and any temperature , It fo11ows that the activitics 
of components corresponding to stoichiometric minera1s and pure liquids 
are unity, and the fugacities of gases are equa1 to thei1' activities at a11 
pressures and temperaturcs. Tbe standard state for aqueous species cor­
responcls to unit activity of the spccies in a hypothetica1 one mo1al 
solution referencecl to infinite di1ution at any pressure and temperaturc. 
The activity coefficients of aqueous species thus approach one as the 
activity of the solvent (re1ative to the 1iquid standard state) approaches 
unity. In contrast, the fugacity coe而cients of the components of gas 
mixt盯es approach the fugacity coefficients of the pure gascs (which are 
not necessari1y unity) as the m01e fractions of the gases approach one at 
any prcssure and temperature. 

Stan口mda川rd mo1a1 Gibl业bs邓s free ene町rgle臼s anc吐d ent山ha址1p抖ies are r吨epo町rt优ed

b】咒elow in t山he盯rmo怔ch

W川h让ich can b忱e cωon盯ve盯创r川t忧E仅d tωo J扣ou川tl由1e臼s (ωj扑) 0旧r ki10叶jou1es (kj) mo1e-1 by mu1ti 帽
p1ying by 4.184 j cal-1 or kj kca1-1. Standard mo1a1 entropies and heat 
capacities are given in cal mo1e-1 (OK) • 1 and standard mo1a1 vo1umes 
in cm3 mo1e-1. The 1atter va1ues can be converted to cal mo1e-1 bar-1 
by mu1tip1ying by 0.0239 ca1 cm-3 bar-1. These various units were 
adopted in preference to S1 units to faci1itate calcu1ation of equi1ibrium 
constants using the thcrmodynamic properties of minera1s given be10w 
and those for gases , 1iquids, ancl aqueous species reported in other pub咽

1ications. The thermodynamic propcrties reported in many of these are 
a1so cxpressed in ca1 or kcal mo1e-1. 

The terms K-fe1dspar, a1bite, do1omite , and epidotc are used in the 
following pages to refer to KA1Si30 8 , NaA1Si30 8 , CaMg(C03)2' and 
Ca2FeA1βi30dOH) in their stab1e states of order/disorder at a川 pres­

sure and temperature. Simi1a肉， except when cited in conjunction with 
their monoclinic ana1ogs, enstatite and ferrosi1ite refer to the stab1e po1y­
morphs of i\fgSi03 aml FeSi03 at any pressure ancl temperature. In 
contrast. zoisitc is usecl to denote on1y the orthorhombic form of 
Ca2A13Si3012(OH). 

A, 

A 

År 
αα , '''' ~ 

。α

Glossary of Symbols 
Pre-exponentia1 factor for the rth reaction 
(eq 102). 

- Designation of the A lattice site in do1o­
mlte. 

一- Chemica1 affinity of the rth reaction. 
- Standard mo1a1 heat capacity coefficient for 

the l\Iaier-Kellcy power function or (in the 
case of ai) the acti，忖飞V山7

一(仙;λb【o川ns山t仁tan川ltd世cfine仅ed b问yeq旧(112勾).



Glossary 01 symbols 3 

C. Cτ 

- Activity of CaMg(SiO ,,)2 
- Activity of the subscripted species or (in 

the case of ai) the first coe旺icient in the 
Maier-Kelley power fllnction [or the stand­
arcl molal heat capacity of the ith mineral. 

- Sllhscript designating KFe+飞(AISijO ， o)

(OH)2' 
- Subscript designating the aqueolls state. 
• Standanl molal heat capacity coefficient in 

the 丸Iaier-KelIey power fu配tion or (in the 
case of b) the b ceIl parameter. 

二 Constant definecl by eq (113). 
Matrix and column vector notation in eq 
(33). 
Subscript designating the crystalline state. 

一 lndex clesignating different strllctural 
classes of minerals. 

- Sta lHlard molal heat capacity coefficient in 
the l\Iaier-KelIey power fu配tion or (in the 
case of c) the c cell parameter. 

一 Designation of (av。α/aT)p.
一 Standarcl rnolal heat capacity at constant 

pressure. 
- Stanclarcl molal heat capacity at 1 bar. 

Stanclard 11101al heat capacity of reaction. 
- Standard rnolal heat capacity of substitu­

tional disorcler. 
- Stand ‘ Ird molal heat capacity of clisplacive 

clisorder. 
- Standard molal heat capacity of transition 

or total stanclard molal heat capacity of 
sllbstitutional and displacive disorcler. 

- Activity coefIìcient of the lth aqueo llS 

speCles. 
- Finite di fIerence clerivative. 

lnexact clifferential of the heat associatecl 
with the rth irreversible reaction. 

- Activation energy for the rth reaction. 
一- Fugaci ty of the lth species. 

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

- Gibbs free energy. 
- Stanclanlmolal Gibbs free energy. 
一 Icleal molal Gibbs free energy of rnixing. 
- Apparent standard molal Gibbs free energy 

of formation from the elements clefinecl by 
eq (14). 

(/d 

ai' Oj， αl 

an 

(aq) 
b , b i 

bα 
[3, r， λ 

(c) 
C 二 1.2，.. ê 

Cα 

c。 IB

(J 。 1'?

LlCO p , LlCop.γ 

LlCO l'.d8 

LlCO l' .dt 

LlCO I' .t 

γl 

8 
俨

0
、

，
飞

LlE飞

fv 

G 
GO 
G-G。

LlG。

GUE
Highlight
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b.G O, 

b.Go, 

b.G O , 

b.G。巾 b.G O ds 

b.GO dt 

b.G。钞

H。

ð_H 。

b. l -ro d, b.Ho ds 

b.H O dt 

b.HO, 
b.Ho, 

b.H O , 
b.H O t 

b.H飞
H 20 (的

H~O('I 
I 

K 
K 

k 

Conventions a γld Notatioη 

一- Standard molal Gíbbs free energy of for­
mation from the clements at 298.15 0 K and 
1 bar. 

•• lntracrystallíne standard molal Gíbbs free 
energy of formatíon from the elements at 
298.15 0 K and 1 bar. 
Standard molal Gibbs free energy of re-
act lOn. 

- Standard molal Gibbs free energy of sub­
stítutional dísorder. 
Standard molal Gíbbs free energy of dís­
placíve disorder. 

- Standard Gíbbs free energy of forma tÍon 
of a single vacancy in a crystal. 

•• Standard molal enthalpy. 
Apparent standard molal enthalpy of for­
mation from the elements defìned by eq 
(15). 
Standard molal enthalpy of sllbstitutional 
disorder. 

- Standard molal cnthalpy of displacive dis­
onler. 

- Stanclanlmolal enthalpy of formation from 
the elements at 298.15 0 K and 1 bar. 

一 Intracrystalline stanclarcl molal enthalpy 
of [ormation fro J1l the elements at 298.15 0 K 
and 1 bar. 

- Standard molal enthalpy of reaction. 
- Standard molal enthalpy of transition or 

total standarcl molal enthalpy of substitu­
tíonal and displacíve clísorder. 
Enthalpy of activatíon for the rth reactíon. 

- Designation of "structural" H"O ín min--
erals. 

- Designation of "zeolitic" H 2 0 in minerals. 
一 "True" ionic strength of an aqueous elec­

trolyte solution. 
- Index desígnatíng mínerals. species or ther­

moclynamic components of solid solutions. 
- Index designatíng minerals or the atOJ1l S 

on the lattice sites of solid solutions. 
- Equilibrill J1l constant. 
- ßoltzmann's constant (3.2995 x 10- 24 cal 

(OK)-l). 
- Designation of the Clapeyron slope of a 

unlvanant curve. 



Glossω.Y of syrnbols 5 

A → Pl叩ortionality constant in eqs (55) and 
(73). 

k; - Stallιlard state proportionality constant in 
eqs (46) and (48). 

k r - Rate constant for the nh reaction. 
一- lndex designating species in a reaction or 

the thcrmoclynamic components of a solicl 
solution. 

(1). (liquid) 二 Subscripts clesignating the liquid statc. 
儿 Activity coefI立:ient of NaAlSi2 0 ß • H 20. 
λαb 一→ Activity coefficient o[ N aAlSi30 g • 

λd 二 Activity coefficicnt of N aAlSi 20 G• 

λI 一- Activity coefficient of the lth thermocly-
namic component of a solicl solution. 

λn - Activity coefficient of NaAlSi04 • 

M, M(l), M(2), M(3) , M(4) - Octaheclra1 site cle咆nations [or minerals. 
Mα， Mc， Md' 1\1"" 1\18 - l\Iolecular weight of A1z03' CaO, Ca~fg 

(Si03)2' MgO , ancl SiO二， respcctive1y. 
rn z - 1\f ola li ty of the lth aq ueous species. 
μi - Chemical potential of the ith component 

lJAl.t , lJSi ,t 

or speCles. 
二 Stanclarcl molal intracrystalline chemica1 

potential of the ith species. 
- Numbcr of moles of the spinel component 

o[ an aluminous cliopside solicl solution 
(gram [ormu1a wt)-l for a unit framcwork 
of 6 oxygen ato ll1s. 
Rcaction coclfìcicnt for the lth species in 
the nh reaction , which is negative for re­
actants ancl positive [01' p1'oducts. 

二- N umber of moles o[ thc jth spccics on the 
sth ene1'getically equivalent sites in a min­
era l. 

一- Stoic、hiometric number of ene1'getically 
eqlliva1ent sth sites in one mole of the 
ith component of a solid solution. 

- Nlllllbcr o[ lIloles of tet1'ahed1'al Al ancl Si 
atoms (gram fonnula unit)-l of a minera l. 

- NUlllbe1' of lllolcs of thc ith oxi由 or

hy山oxicle fornll山 unit (gram formula 
unit) • 1 of the 中th mi时1'a 1.

二 Number of moles of the jth oxicle or 
hydroxiclc fonn川a U11it (gram formula 
unit)-l of the ith mineral 

- l\' llmber of moles of oxygcn other than in 
OH • (gram forlllula unit)-l of a mineral. 

μ-4 

n 

η1 ， γ 

8 1 η
 

S η
 

Vj ， ψ 

lJj , i 

lJo 



6 Conventions and Notation 

Qr 
I之

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

一 Progrcss variable for the rth reaction. 
Pressure in bars or kilobars. 

- Variable pressure integration limit corres­
ponding to Pt for T > Tt ,P r and Pr for T 
ζ 'rt ， P r ' 

- Partial pressure of the lth species. 
Reference prcssurc (1 bar). 
Transition pressure. 

- Subscript designating KFe+++ 3 (AI5i3 0 ,o) 
O~H_l' 

- Rcaction quotient defined by eq (100). 
一 Gas ωnstant (1.9872 cal l1lole- 1 (OK)-l). 

1 nclex designa ting reactions. 
- Rate of the rth reaction. 
- Standard molal entropy. 
- Substitutional ordering parameter defìned 

by eq (127) , or index designating energeti­
cally distinct lattice sites in minerals. 

一- Designation of the number of aqueous 
speCles appeanng 1Il a react lOn. 

- Ordering parallleter defìnecl by eq (212日.
- Designation of the Gibbs free energy func-

tion defìned by eq (31). 
Tdeallllolal 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 lllolal entropy of reaction. 
Standard molal entropy of substitutional 
disorder. 

•- Standarcl molal entropy of formation from 
the elelllents at 298.15 0 K and 1 bar. 

一- Entropy of activation for the rth reaction. 
- Stanclard molal entropy of transition. 
- Temperatllre in oC or oK, or in the case 

of cqs (203) and (204), a subscript desig­
nating tetrahedral sites. 

- TilllC. 
- SlIbscript designating transition, total, or 

(in the case of eqs 220 ancl221) tetrahedral. 

1/ 0 , 8 ,J, 'j, 

主γ
p 
p* 

户I
P, 
Pt 

pd 

γ 

。

代

S
5

5 

σ 

。
σ? 

S-5。

50 s.i 

50 :>:.i 

ß5 0 , ß5 0 r 

ßS O d , ßS o d8 

ßS O [ 

ß5飞

ß5 0 t 

T 



T 1, T2，丁10' 'r1np T 20' T 2 
T c 

T ds 

I、风

T , 
T t 

u 

yOα 

ßYO , ßYOr 

yO{J 

YO".i 

yO~.i 

ßVO t 

w 

x 

n
w
o
u

乱
"
"
?
ι

XXXXX 

X _l [g ,M(l) 

x n 

X Si .T 

Xl 
Y 

ψ，'1' 

'1' • IÎ IT俨CZ)H 20(z)

Z 

Glossω'Y of symbols 7 

- Tetrahedral site designations. 
•- Tcmperature at which a phase becomes 

completcly disordered. 
• Telllperatllre above which no substitu­

tional order is apparent. 
- Tcmpcratllre above which albite cxhibits 

only monoclinic symmetry. 
Reference telllperature (298.15 0K). 
Transition temperature. 

一- Sllbscript designating vacant sitcs in a 
crysta!. 

二 Standard 1ll01al volume of α-quartz. 
一- Standanl Illolal vülu日le of reaction. 
- Standard Illolal vülume ofβ-quartz. 
- Standarcl 1Il0lal volume parameter for the 

ith mineral in eqs (62) and (75). 
Sllm of the standard molal volumes of the 
oxides in one mole (g♂ram fo创rm吨

the i叫川th miner咱a!. . 
- Standanl Illolal volume of transition. 
- \I\Teight pcrcent A120 3 in aluminous diop-

side. 
- NU l1lber of müles of Fe十十+ on the M(l) 

sites in one gram formula unit of stoichio 
metric epidote. 

•1\1 01e fraction. 
一- Müle fractioll of N aA1Si20 6 • H 20. 
←→ ~lo1e fraction of NaA1Si 3 0 s' 
- Mole fraction of Mg2Al :l(A1Si5018) • H 20. 
• Molc fraction of the lth cOl1lponent or 

spcCles. 
- l\Iole fraction of magnesium on the ".\1(1) 

sites in a Illinera!. 
- ~rüle fractioll of NaA1Si04 • 

Mole fraction of silicon on the tetrahedral 
sites of a mincra!. 
Fllgacity cücfhcicnt of the lth species. 

- Suhstitlltional orclering parameter defìned 
by eq (WJ). 
M ineral dcsignations. 

- Ceneral representation of a zeolitic min­
eral contai ning 自H20 (剖l1l01es of "zeoli tic" 
H 20. 
Substitlltional ordering paral1leter defìned 
by eq (148) for albite and eq (159) for 
K-fcldspar. 



8 Conventions and Notation 

Sllmmary 01 Mineral Narη es and Formlllas 

To facilitate cross re[erencing among the text，且gures， and tables 
presented in the pages that follow, an indcx 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 CO :-.lCLUDING REMARKS. 

Indcx 
Number l\'ame Formula 

1501 Acanthite Ag2S 
1548 Aegerine N aFe(Si03)2 
1044 Akermanite Ca2MgSi20 7 

1092 Alabanclite MnS 
1531 Albite NaA1Si30 g 
1560 Albite , High NaA1Si30 g 
1025 Albite, Low NaA1Si30 g 
1527 Almandine Fe3AlzSi3012 
1083 Alunite KAI3(OH)G(SO.)z 
1017 Amesite, 7A Mg2Al(A1Si05)(OH). 
1511 Amesite, 14A ]\fg主 AI2(AI2Si201o)(0H)s 
1125 Amorphous Silica Si02 • nH 20 
1022 Analcime NaA1Si20 G• H 20 
1021 Analcime , Dehyclratecl NaA1Si20 6 
1001 Andalusite 人12Si05
1530 Anclradite Ca3Fe2Si3012 
1081 Anglesite PbS04 
1078 Anhydrite CaS04 
1015 Annite KFe3(A1Si30 1o)(OH)2 
1030 Anorthite CaA12Si20 g 
1518 Anthophyllite Mg,Sig0 22 (OH)2 
1542 Antigorite Mg4SSi340g5(OH)62 
1072 Aragonitc CaC03 
1053 Artinite l\Ig2(OH)2C03 • 3H20 
1060 Azurite Cu3(OH)2(C03)2 
1080 Barite BaS04 
1116 Boehmite AIO(OH) 
1503 Bor口 ite Cu5FeS4 
1117 Brucite Mg(OH)2 
1554 Bunsenite NiO 
1040 Ca-Al Pyroxene CaAl(A1Si06) 
1073 Calcite CaC03 
1009 Celadonite KMgA1Si.01o(OHh 
1082 Celestite SrSO会

1068 Cerussite PbC03 
1133 Chabazite Ca(A12Si.012) • 6H20 
1128 Chalcedony Si02 
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lndex 
Number Namc Formula 

1504 Chalcocite Cu2S 
1502 Chalcopyrite CuFeSo 
1018 Chamosite, 7A Fe2Al(A1SiOc)(OH)1 
1058 Chloritoid FeA12Si05(OHh 
1007 Chrysotile Mg ,Si20 5(OH)4 
1091 Cinnabar HgS 
1512 Clinochlore, 7 A Mg,Al(A1Si30 1o)(OH)s 
1513 Clinochlore, 14A Mg5Al(A1Si30 1o)(OH)s 
1515 Clinozoisi te Ca2A13Si30 12(OH) 
1557 Coesitc Si02 
1102 Copper, Native Cu 
1055 Cordierite l\Ig2A13(A1Si5018) 
1066 Corclierite, H yclrous Mg2A13(A1Si,P18) • H 20 
1108 Corundum α-A120 3 
1085 Covellite CuS 
1556 Cristobali te SiO. 
1126 Cristobalite, Alpha SiO" 
1127 Cristobalite, Beta Si02 
1550 Cronstedtite, 7 A Fe2Fe(FeSiOc)(OH)., 
1043 Cummingtonite Mg,Si80 22 (OH)2 
1112 Cllprite Cu.,Q 

1514 Daphnite ， 7 ，气 Fe5Al(A1Si30 1o)(OH)s 
1015 Daphnite, 14A Fc5Al(A1Si ，，0叫(OH)s
1115 Diaspore AIO(OH) 
1006 Dickite A12Si20 5(OH)4 
1039 Diopside CaMg(Si03)2 
1075 Dolomite C，山Ig(C03)2
1070 Dolomi te, Disorclerecl Ca;\lg(C03)2 
1071 Dolomite, Onlcrcd Ca\Ig'(C03)2 
1520 Edenite N aCa2Mgc(A1Si7022)(OH)z 
1537 Enstatite MgSi03 
1545 Epidote, Onlerecl Ca2FcAI2Si30dOH) 
1559 Epidote Ca2FeAJ2Si30 12 (OH) 
1536 Epistilbite Ca(A12Si GO IG) • 5H20 
1049 Fayalite Fe2Si04 
1521 F erroecleni te N aCa2Fe5(A1Si7022)(0 H)2 
1549 F errogedri te Fe5A12(AI2Si6022)( 0 H)2 
1055 Ferropargasite N aCa2Fe4Al(A12Si60d(OH )z 
1508 F errosili te FeSi03 
1041 Ferrotremolite Ca2Fe5Sis022(OH)2 
1113 Ferrous Oxicle FeO 
1522 }'luoreclcni te N aCa2Mg5(AISiτ022)F2 
1079 Fluorite CaFη 

1042 Fluortrcmolite Ca)\f g5SiS022F 2 
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lndex 
Number Name Formula 

1061 Fluorphlogopite KMg3(AISi30 ,o)F 2 
1048 Forsteritc Mg2SiO. 
1087 Galena PbS 
1047 Gehlenite Ca2Al2Si07 

1114 Gibbsite AI(OH)3 
1063 Glaucophane N a2M g3A12Si8022( 0 H)2 
1100 Gold, N ative Au 
1103 GraI>hite C 
1010 Greenalite Fe3Si20 ,,(OH)4 
1529 Grossular Ca3A12Si30'2 
1019 Grunerite Fe7Si80 22 (OH)2 
1106 Ha1ite NaCI 
1005 Halloysite A12Si20 5 (OH)4 
1523 Hastingsite N aCa2Fe.,Fe(AI2Si60 22)(OH)2 
1054 Hedenbergite CaFe(Si03h 
1544 Hematite Fe20 3 
1535 Heulandite Ca(AI2Si7 0 ,s) • 6H20 
1050 Huntite CaMg3(C03)4 
1062 H ydromagnesi te Mg5(OHMC03)4 • 4H20 
1067 ]adeite N aAI(Si03)2 
1507 Kalsilite KAISiO会
1004 Kaolinite AI2Si20 5 (OH)4 
1028 K-feldspar KAISi30 8 
1002 Kyanite Al2Si05 

1546 Larnite β-Ca2SiO丢

1132 Laumontite Ca(AI2Si 40叫 .4H20
1516 Lawsonite CaAI2Si20 7 (OHh • Hi) 
1024 I"eonhardite Ca2(AI4Si80 24) • 7H20 
1110 Lime CaO 
1524 M agnesiohastingsi te NaCa2Mg4Fe(AI2Si6022)(OH)2 
1547 Magnesioriebeckite Na2Mg3Fe2Sis022(OH)2 
1074 Magnesite MgC03 
1506 Magnetite Fe30 4 
1059 孔1alachite CUZ(OH)2C03 
1119 Manganosite MnO 
1551 岛fargarite CaAI2( AI2Si20 ,o)(OHh 
1045 Merwinite Ca3Mg(Si04)2 
1090 Metacinnabar HgS 
1027 :\Iicrocline, Maximum KAISi30 g 

1011 Minnesotaite Fe3Si 丢O，o(OH)2
1046 Monticellite Ca l\IgSi04 
1012 Muscovite KAI2(A1Si30 ,o)(OH)2 
1533 Natrolite Na2(A12Si30,o) • 2H20 
1031 Nepheline NaA1SiO丢
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lndex 
Number Nallle Forlllllla 

1558 Ncsquehonite J\fgC03 • 3H20 
1553 Nickel Ni 
1013 Paragonite N aAlz(AlSi 30 1o)(OH)2 
1538 Pargasite N aCaz l\1g.,Al(AI2Si6022)(OH)z 
1543 PD-oxyannite KFe3(AlSi3012)H_l 
1109 Periclase MgO 
1541 Phillipsite, Calcillm Ca(A12Si50 14) .日1 20
1540 Phillipsite, Potassium K2(A12Si50 14) • 5H20 
1539 Phillipsite, Sodium Na2(AlzSi;;014) • 5H20 
1014 Phlogopitc KMg3(AlSi30 1o)(OH)2 
1123 Potassium Oxide KoO 
1532 Prchnite Ca2Al(A1Si30叫(OH)2
1093 Pyrite FeS z 
1509 Pyrophyllite A12Si垒。叫OH)2
1555 Pyrrhotite FeS 
1505 Quartz SiOz 
1552 Qllicksilver Hg 
1056 Richterite N a2CaMg3Sis022(OH)2 
1525 Riebeckite N a2Fe3Fe2Sis022(OH)2 
1085 Rhodochrosi te MnC03 
1029 Sanidinc, High KA1Si30 s 
1023 Sepiolite Mg.Si 60川OH)z(OH2)2 • (OHZ)4 
1076 Siderite FeC03 
1003 Sillimanite A12Si05 
1101 Silver, N ative Ag 
1064 Smithsonite ZnC03 
1124 Sodilllll Oxide Na20 
1528 Spessartine Mn3A12Si3012 
1088 Sphalerite ZnS 
1120 Spinel MgAlz04 
1057 Staurolite FezAlgSi40z3(OH) 
1534 Stilbite NaCa2(A13Si130 :J G) • 14HzO 
1069 Strontianite SrC03 
1107 Sylvite KCl 
1510 Talc Mg3Si40 10(OHh 
1111 Tenorite CuO 
1517 Tremolite Ca2Mg5Sis02Z(OH)z 
1130 飞Nairakitc Ca(AI2Si40 d • 2H20 
1084 Witherite BaC03 
1035 飞飞!ollastonite CaSi03 
1089 马Vurtzite ZnS 
1519 Zoisite Ca2AI3Si30dOH) 
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INTRODUCTION 

ln the years fo11owing the appearance of Robie and 飞Valdbaum's

(1968) and N川mov， Ryze此0， ancl Khodakovskii's (1971) compilations 
of thennodynamic data [or minerals , numerous attempts have been made 
to resolve inconsistencies among reported values of the standard molal 
enthalpies and Gibbs free energies of [ürmation of various oxicles ancl 
silicates ([or example, Helgeson, 1969; Andersün , 1970; Zen , 1969a and 
b , 1971 , 1972, 1973 , 1977; Fisher and Zen , 1971; Zen and Chernosky, 

1976; Parks , 1972; Thompson, 1973a and b , 19Ha alld b; Bircl ancl 
Anclerson , 1973; Ulbrich and Merino , 1974; Chatterjee, 1977; Chatterjee 
and Johannes , 1974; Haas ancI Fisher, 1976; Hemingway ancl Robie, 
1977; Robie, Hemingway, ancl Fisher, 1978). Unfortunately, most of these 
are restricted tü one or another mineral or system, some are basccl on 
invalid assumptions , others fail to take acIequate account of thermo­
dynamic constraints on phase relations , and none is compatible with both 
geolügic observations and recent experimental data. These clefìciencies 
can be avoicled by simultaneous consideration of multiple reactions in 
experimental as well as natural systems with equations incorporating 
rigorous and explicit provision Ior the thermodynamic behavior of min­
erals and aqueo山 species. The object of the present comm川1ication is 
to derive with the aicI of such equations a comprehcnsive and reliabl巳
set of interna11y consistent thermodynamic clata [or a11 the abunclant 
minerals in thc Earth's crust which will , (1) reprocluce accurately geologic 
phase relations and the many experimental observations of high pressur‘ ej 
tcmperature phasc equilibria that havc accumulated ovcr the past twenty 
years, ancl (2) a旺。rcI realistic prcdiction of the chcmical consequcnces of 
reversible reactions among minerals and aqucous solutions in multi­
component systems at both high ancl low temperatures and pressures. 

Although many calorimetric investigations of minerals have been 
carried 0川 over the past several decacles (for example, Kracck , Neuvonen , 
and Burley, 1951; Neuvonen , 1952; Kelley alld othcrs, 1953; Kelley, 1960, 
1962; Barany and Ke11ey, 1%1; Rarany , 1%2 , 1963 , 1964; King and 
飞Ve11er， 1961a and b; Pankratz, 1964a ancl b; Hlabsc and Kleppa, 1968; 
Holm and Kleppa , 1966, 1968; Navrotsky, 1971; \Valdbaum, ms; Wald­
baum and Robie, 1971; Rübie and Hemingw;巧， 1973; Shearer, ms; 
Charlu , Newton , ancl Kleppa , 1975; Newton , Charlu , ancl Kleppa , 1977; 
Hemingway ancl Robie, 1977吟， few have resulted in sufficicntly accurate 
standarcl molal enthalpies of formation tü afIord reliable prediction of 
equilibrium constants at high pressurcs ancl temperatures. Uncertainties 
in enthalpies of formation at 25 0 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 solutiüns commünly exceed a kcal mole- 1 • Uncer­
tainties of this orcler of magnitude may lcad to errürs of more than 1000 C 
in computed equilibrium temperatures. In contrast, rellltive uncertain­
ties in standard molal enthalpies and Gibbs free energies of formation 
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of minera1s ùeriveù frOlll compositional clata anù experimenta1 observa­
tions of equilibrium temperatures and pressures [or a series of inde­
penclent cquilibria involving minerals ancI a flllicl phase are commonly 
of the orcler of 50 cal mole- 1 or less, which permits close approximation 
of the thermoclynamics of reactions among minerals and aqllcous solu­
tions at high pressures and tcmper‘ltures. 

J\Jany outstancling stllclies of reversible reactions among minerals, 

1\'a+ , K十， Si02 (aq) , O 2 , CO 2, i!m l!or H 2 0 have been reported ín the 
literature (for example, Hemley , 1959; Hemlcy, Mcyer, and Richter, 
1961: Hemley ancl others, 1971 , 1977a anù b; Grcenwood , 1962 , 1967a; 
Orv仕le， 1963 , 1972; 五llgster and Skippen, 1967; Skippen, 1971 , 1974; 
Chatterjee ancl Johannes , 1974) whích are now sllfficie川 ín nlllllber a川n
ω V刊er a 叭W川11祉赳ide enoll咯g割h 吕叩pcctrlllll of e仅叫qllilib川I川illm sta川te白s tωo pe盯rmit reliable 
calculation of the standar、'd molal enthalpíes and Gibb>s fr、ee energies of 
formatíon of the bulk of the rock-forming minerals in the crust and 
upper mantle. Calculations o[ this kind were carried out by combining 
data reported in these and similar stlldies with equations of state for aque­
O山 species (Hclgcson and Kirkha皿 197 ，1 且. 1976，川cl in press; \Valthcr 
and Helgcson, 1977; Dela盯 and Helgeson , 1978) 川d f吨acity coef!ìcíents 
for gases (Holloway and Reese , 1974; Holloway, 1977) to eval l1ate simlll­
taneously equilibrillm constants for sets of íncIependent reversíble re­
actions. Calculation of the standard molal Gibbs free energies of thc 
reactions at 25 0 C and 1 bar were carried out using índepenclently cleríved 
volumes and calorímetríc andjor estimated entropies ancl heat capacities 
of tbe minerals. The stanclarcI lllolal Gibbs free energíes of formation 
of the minerals were t l1en compllted from the stanclard molal Gibbs free 
energies of the reactions at 25 0 C ancl 1 bar by simultaneous sol l1 tion of 
the set of cquatíons. Experímental uncertaíntíes were optimízed by carry­
íng out comparatíve calculations and taking account of Clapeyron slope 
constraints, whích were used to cletermine th巳 extent to which third law 
entropies sho川cl be adj旧ted to take 二lCCOU川 of co凶g旧ational contri­
butions. 

Thc reliabílity of standanl molal Gibbs frec energies of fonnation 
of mineralsωmpllted from high prcss lIrejtemperature phase equilibrium 
data can be assessecI by comparing thc rcsults of the calculations with 
geologíc observatíons ancI jor calorillletric measllrements, which often 
affonl corroboration ín spitc of (b川 moreωmmonly becallse 0日 the

relatívely large uncertaintics inherent in these clata. Contraclictions ín 
val l1es of the thermodynamic properties of a given mineral generatecl 
from c1 iffercnt cxpcrimental clata may bc resolvecl by comparing the 
geologic conseq lIences of tbe cliscrel川ncies with phasc relations in natllral 
systcms. Such comparisons arc particularly instructive if the pressur飞

temperaturc , ancl t l1e systcm co Ilsiclerccl differ from those in the experí­
mClltal studies from which the data were obtained. Activity cliagrams 
facilitate correlation of prcdicted a ll(l observccl equilibrium states with 
the compositions of Auid inclusions and interstitial waters in geologic 
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systems. Correlations of this kind coml1lonly reveal inconsistencies arising 
from metastability and differences in crystallinity and orcler/disorder in 
minerals formecl under difJerent conditions in different geologic environ­
rnents. Because the latter factors a仕、ect considerably the extent to which 
thermodyna l1lic calculations represent geologic reality , the effects of 
various physical andιrystallochemical properties of rninerλIs on their 
thermodynamic behavior in geologic systems are reviewecl brie f!y below. 

THERMODYNA Yl IC CONSEQIJENCES OF THE PHYSICAL AND 

CRYSTALLOCHE ì\IICAL l'ROP~、RTIES OF lVIINERAL♀ 

The crystallochemical propertics of anisotropic minerals are vector 
quantities which lllay cliffcrentially afIcct the extent to which the minerals 
react in geochemical processes. 1 Furthermore, a mineral with a given 
name and composition 0ιcurring under thc same pressure/temperature 
conclitions in one or another laboratory experil1lent or cliffcrent parts 
of thc Earth may have signifìcantly cli fTerent thermodynamic properties 
(see below). These differences are manífestecl in part by diffcrcnces in 
the thennodynamic behavior of natural minerals aml their synthetic 
analogs. 

In acldition to their depenclence on pressure, temperature, ancl com­
position , the thermoclynamic properties of a mineral are sensitive to 
pcrturbations in energetic, con且gurational. ancl crystallochemical contri­
butions to its stability arising from thc cooling rate and strain history 
of the mineral in cliflerent environments. Perturbations of this kind are 
responsible for cliffercnces in crystallinity, substitutional and displacive 
order/clisürcler, and the numbcr ancl kinds üf clcfects ancl clislücatiüns 
in the mineral, all of which contribute to metastable equilibrium states 
büth 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 o[ minerals cannot be rclated precisely to the behavior of minerals 
in geochemical prüccsses witllüut cürrelating the measurements with the 
physical ancl crystallochemical properties of the minerals. U nfortunately, 

few experimental investigations reportecl in the literature are compre­
hensive enough to permit such correlation. U ntil recently, the thermo­
clynamic co日sequences of order/disorder in minerals received little atten­
tion in experimental investigations üf phase equilibria , and the crystallo­
graphic properties of thc minerals usecl in calorimetric stuclies were 
rarely detennincd. Evcn cümpositional data reported in many early 
investigations are inadequate to permit unambigllolls intcrpretatiün of 
the experimental results. 

Despite the fact that tbcnnüdynamic calculations of mineral stabili­
ties using clata derivecl from experimcntal studies afford little more than 

1 In this respect , the thermodynamic propcrties of anisotropic crystaIs are some. 
what analogous to the eIcctrostatic propcrtics of polar moleclllcs. Althollgh in both 
cases 0飞 eralI clcctrical neutrality ancf conservation of mass are maintaincd , thc magni­
tudes of the propcrtics are directiona l. 
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approximations of geologic reality, comparison of predicted and observed 
compatibilities and compositions indicates that many of thes巳 are close 
approximations. Furthermore, experimental results obtained using a 
variety of starting materials, equipment, and techniques in different 
laboratory studies of a given equilibri1ll1l mineral assemblage are com­
monly compatible with one another. 1t thus seel1lS reasonable to conclude 
that in l1lany reactions, physical and crysta110chemical factors have a 
secondary effect on the thermodynamic behavior of minerals. 1n others, 
such as solid/solid phase transitions , they are clearly of primary impor­
tance. 

Solid state phωe tmnsitions.-Phase transitions in minerals range 
from those l1lanifested by abrllpt and obvious changes in l1l0rphology 
(such as clinoenstatite/enstatite) to those ca山ed by gradual and nearly 
imperceptible changes in bond angles or substitutional order/disorder 
among atoms on energetica11y distinct lattice sites. Although chel1lical 
equilibrium at constant pressure and temperature requires the Gibbs 
free energy of transforl1lation to be zero for a11 phase transitions, the 
partial derivatives of the Gibbs free energies of l1linerals l1lay 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 studi凹， the nature of many 
phase transitions exhibited by oxides and silicates remains ambiguous. 
Some of these are thought to be flrst-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 transitions2 with no dis­
continuity in the temperature dependence of these properties. A lambda 
transition can be thought of as a continuum of infìnitesimal changes in 
the internal structure and/or distrilmtion of atoms in a mineral in 
response to changes in pressure and/or temperature. The heat capacity, 
expansibility, and compressibility o( a mineral undergoing a lambda 
transition change dramatically and (in contrast to their fìrst-order 
counterparts) their depende旺e on temperature before and after the 
transition is strikingly di仕七ren t. Typical perturbations of the heat capaci­
ties of minerals by structural changes accompanying 且rst-order and 
lambda transitions are depicted schematically in fìgure 1. The heat 
capacity curve in fìgure lB is similar to that of β-brass ， which exhibits 
a lambda transition caused by increasing long-range disorder with in­
creaslng temperature. 

The nature of a phase transition cannot always be deduced unam­
biguously from the behavior of the heat capacity of a mineral with 
increasing temperature. 1n some cases measurements of the heat capaci­
ties of minerals as a function of temperature must be carried out in 
conjunction with an时aling experimel山 to detect lamb巾 transition

'All transitions othcr than first-ordcr arc rcferred to as lambda transitions to 
avo:d theoretica! illlplications inhcrcnt in thc dcsignations, second-order, third-ordcr, 
et cetera (Denbigh , 1971). 



16 Therrnodynαmic Consequences 

• 
o飞3af- 。飞Q2r 

A. '-- B. 
TEMPERATURE-→~ TEMPERATURE -争』

Fig. 1. Schematic illustration of the isobaric tempcrature c1 cpendcnce of the slan 
c1ard niolal heat ca pacities of mincrals undergoing 且rst.order (diagram A) ancl lambda 
(c1iagram B) transitions at 1 bar. 

For example. this is 【址llmos悦t ce臼r、.tai山ln时1让ly true of displaciv刊e diso创1'(叫'de创r吨 in albite 
(see below). In otl 
E盯nthalpies 且川nd Gi山bl才bs fr、它ee cnerg哥ic臼s 0叫f ll1ine创r啕飞a址t1 s unclergoing lambcla transi­
tions ll1ay occur rapiclly ovcr a short temperature rangc, which also 
makes them cliffìcult to docume川 experimcnta11y. Some minerals (such 
as chalcopyritc) apparently u !l(lergü both kinds of transitions super­
imposecl on one another. Discontinuities in such cases are nearly impossi­
ble to cletect without a cli旺erential scanning calori ll1eter ür a continuous 
X-ray reacl-out as a functioll of temperature. 

In general，自rst-orcler transitions in silicates at 1 bar are charac­
terized by enthalpies, entropies, heat capacities, and V0111 ll1CS of transi­
tion of the or出r of 500 cal ll101e- 1, 0.5 cal mole- 1 (OK) •1, 0.5 cal 
mole- 1 (OK)- 1, and 0.5 cm3 mole- 1, respectively, or less. Comparable 
or even larger changes may OCCllr in lambcla transitions, bllt over a range 
of temperature which may be as sma11 as a few 出grees ， or (as in the 
case of the alkali felclspars) extcncl over a thousancl clcgrees. In the latter 
cases the term transitiün temperature is a misnomer clesignating the 
lambcla point , which refers to the tempcrature at which the heat capacity 
curve reaches its peak (fig. 1B). 

An examplc of a lambda transition exhibited by a mineral is shown 
ln 且gure 2, where the standarcl molal heat capacity of nesquehonite is 
plottecl as a function of temperature at 1 bar. It can be seen that the 
curve rcpresenting the heat capacity of nesquehonite exhibits a classic 
lambcla configuration which has been documcntecl by care[ul heat capa­
city measurements at closely spaced temperature intervals. Despite wicle­
spread application of the cli fIcrential scanning calorimeter in recent 
years. changes in the heat capacities of most other minerals have not 
been investigatecl as thoroughly. In fact. even in the case of a mineral 
as com ll10n as quartz, ambiguities remain. 

The thennoclynamic properties of αanclβ-quartz are plottecl in 
figure 3. where it is apparent that the data points corresponding to the 
open and solicl circlcs are spacecl too far apart to be definitive with 
respect to the nature of the cntire transi tion. Howe\'er. the large cliffer-
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NESQUEHONITE 

LAMBDA 
POINT 

D.E:XF'ERIM E_NT~L VALU,ES 
(ROBIE AND HEMINGWAY, 1973) 

O I::lEAT Ç~Ac_!TIES COMPUTED 
BY ADDITIVITY 

Fig. 2. Stanclarcl molal hcat capacity o{ llesqllchollite as a fUIIClioll ()f tcmpcraturc 
at 1 bar. Thc Clll 飞 C 飞，'as gCllcratcd {rolll e'l (19) and thc hcat capacityωcf币Clcnts
{or nεsquchollite given in table 9. 

cnce in the slope of the heat capacity curve bclow 7000 and that above 
900 0 K , together 矶Wl让th the hcat capaci江ty mcasurem ε nts obtained 飞叽w、vith a 
dωif旺fer怡E臼盯r阳句E川且址1 scaωa川川U山Uln山1让11吨 Eωi且a10旺orimete1' by O'Neill and Fy泸刊'(l川t

suggc臼st thatα-quartz goes through a lambcla transition betwecn ~700。

ancl -8"18 0 K. Howcver, the pos山i1ity still exists (which has been cle­
batccl cxtensive1y) that the lamb山 trallsitioll in this temperat旧c i川E川a1

is supcrimposcd on a fìrst orcle1' t1'ansition ill the vicinity o[ 8'18 0 K. A1-
though the curye 1'epresenting the stamlλrd 11101a1 vo1ume 0 1' quartz as a 
functioll of tcmperature ill fìgure 3 suggests the p 1'csence of a cliscon­
tinllity of -848 0 K, th巳 corresponcling entha1py ancl entropy Cllrvcs are 
ambigllous in this rcgarcl. 

1n genera1 , 【ιa吐1cu1ation of the C1ape盯盯y1'、'0川n 吕slope创且 of u川Inlvar句iant curves 
repr、esenti山ihIn1g f且írst七-or咱d、

he巳归at capa孔iκcity and clet口lsity <cl且ta二 for 、 the two po1ymorphs. Because the 
C1apeyron slopes of most such curves are essentially inclepenclent of 
prcssure and temperature at pressur、es be10w ~ 10 kb, if we 1et k 
clP jclT for a given fìrst-01'dcr transition of this kincl ancl write the 
C1apeyron equation as 

k= 旦旦|
川飞 I ð.GO~O 

it follows that 

LlSO ) 'EA ( 
LlV。

cl(LlSO ) = k d(Ll VO) (2) 

where k stancls for thc C1apeyron slope const正mt ancl LlSo, LlVo, and LlGo 
re[er to thc standanl mola1 entropy, V0111 1I比， ancl Gibbs free energy of 
transition. COlllbini吨 cq (2) with 
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叫ÂSO) =问可叫 dT +问尘土L) dP 
\ âl /1' \θP I T 

(3) 

and 

ogether wiγ) = (节立) l' dT + (咯立) T dP 

(哈立)T 二(呼:)_)

(4) 

(5) 

ancl 

leads to 

COp 二 T(哈工) 1 
、
‘
F
J

ι
υ
 

( 

屿，二 2kT (坐卫斗 十七 r (坐卫l) (7) 
\θT / l' \ iJP / T 

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

Cc 阳 +T阳:Y-怦)
T (噜立): ) (等立)T

(8) 
Consideration of high-pressllrejtemperature phase equilibrium data 

inclicates that the kyanitejanclalusite transition temperature at 1 bar 
is ,..., 466 0 K, ancl that the corresponding temperature for the andalusitej 
sillimanite transition is ,..., I043 0 K (see below). Evaluation of eq (1) for 
these two transitions with the aid of entropy , heat capacity, volumc, ancl 
expan由ility data taken from Stllll ancl Prophet (1971) , Robie ancl 
Waldbaum (1968) , and Skinner (1966) yielcls k 二 12.8 and k = - 5.1 
bar (OK) 飞 respectively. In the casc of the kyanitejandalusite transition, 
the calculations yielcl a relatively large standard molal entropy and 
volume of transition at 466 0K 川江1 1 bar (2.28 日1 mole- 1 OK -1 and 
7.47 cm3 mole- l, respectively) so the calculatccl value of k is relatively 
insensitive to smaIl errors in the hcat capacities and expansibilities usecl 
in the calculations. However , the opposite is t1'ue in the case of the 
anclalusitcjsillimanite t1'ansition, fo1' which thc calculated stancla1'cl I1101al 
entropy and volume of t1'ansition a1'e 0.28 cal mole- 1 (OK)-l ancl -2.28 
cm3 mole- l, respectively, at IO i3OK and 1 bar. In the latter case the 
standard molal entropy of transition is smaller than the aggregate un­
certainty in the entropy and hcat c斗)aci ty data used in the calculations. 
Accordingly, the calculatecl value o[ k for the andalusitejsiIlimallite 
transition is far less rcliable that that computed for thc kyanitejanda-
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Fig. 3. Standard 1I10lal cnlropy, VOlll I1lC, hcat c注p‘lcity ， alld l'c!ative slandan! molal 
cntha!py ofαandβ-qllartz as a fllnction of tClllpcratllrc at 1 bar. Ill1('r、 al ab in 
diagram C corrcsponds to lhe apparcnt slandan! 1ll01al hcat capacity of transilion 
(scc tcxt). 

lusite transÌl ion. In fλct ， the va llle of k and the standard lllolal entropy 
and volume of transitiolls computed above for the kyanitejandalllsite 
transition are almost identical to those generated from high pressurej 
temperature phase eqllilibrium data assuming constant volmnes of the 
polymorphs, but thosc for the andalllsitejsillimanite transition are not 
(sce below). The cliscrcpancies ill the lattcr casc arise primarily frorn an 
error of only ~ 0.2 cal Jllolc-1 (01()-1 in the value of ~SO computed 
above for the andalusi tejsillimani te transition at 1013 0 K alld 1 b盯.

Bccallse the stamlard lllolal entropies of 1ll0St fìrst-order solidjsolid 
phase transi tions are small , the ‘lI1g1e at which the stanclanl lllolal Gibbs 
free ellergy curves for lhe polymorphs illterscct at the lransilion tem­
peraturc is slllall. Consequcntly , large errors Illay result in calclllated 
transition telllpcratllrcs if highly a < cllrale enlropy and volllme dala are 
nol available for the t wo POlYlllorphs. J n cert山 in cases, sllch as thc anda >

lllsitejsillimanite lransilioll, the hcλt capacities of thc two polYlllorphs 
must be known as a fll l1Clioll o[ temperatllrc lo at least 且vc significant 
figllrcs to prccllllle 1ll1acceptable errors ill calclllated transition tempera­
tures. Otherwise , the calclllated temperatllres may differ fro111 the actual 
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temperatures of transition by more than several hundred degrees, and 
the comρuted entropy and enthalPy of tγαηsition may have the ωrong 

slgn. 
1n 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 fìrst order transitions are not only small, 
but they may be sensitive functions of temperature and pressure. Never­
theless, experimenta11y determined univariant curves representing 且rst­
order transitions or isopleths of order/clisorcler for lambcla transitions can 
be reproclucecl by assuming ð.So ancl ð. yo to be constant at a11 pressures 
ancl temperatures corresponcling to those along the univariant curves. 
Density clata can then be usecl to calculate stanclarcl molal entropies of 
transition from the experimental values of k. Alternately, if calorimetric 
clata are available at one bar, stanclarcl molal volumes of transition can 
be computecl from experimental Clapeyron slopes. Note that the assump­
tion of constant ð.So along univariant curves requires the stanclarcl molal 
enthalpy of transition at a given pressure and temperature (ð.Hop ,T) to 
be proportional to the transition temperature (T t ) at a11 pressures, which 
can be expressecl as 

ð.H01',T = ð.soPr,Tt Tt ,1' (9) 

where ð.S气'γ， Tr stancls for the standarcl molal entropy of transition at the 
reference pressure of 1 bar (P,.). Although eq (9) is almost certainly not 
strictly true for solicl/solicl phase transitions, errors in ð.Ho1',T arising 
from the assumption that the univariant transition curve is both isen­
tropic ancl isochoric are probably negligible comparecl to other uncer­
tainties involvecl in thermoclynamic calculations of phase equilibria at 
high pressures ancl temperatures. N evertheless, even if ð.So ancl ð. y。

of transition were actually inclependent of pressure ancl temperature , it 
cloes not fo11ow that this assumption necessarily permits accurate values 
of k to be computecl directly from volumetric ancl calorimetric clata. 
If ð.So and ð. yo of transition are constant, it follows from eqs (1) and (3) 
through (6) that 

ð.C01'二 kT (坐坐上飞 二- k 2T (坐主2_) , (10) 
\ éJT J l' \ éJ P J T 

k= 

(呼气=士(等立) P , 

(唁立)1'
(噜立) T 
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、

ancl 

T(噜立)r
(12) 

The extent to wl山h either eqs (8) or (12) represents a close approxi­
mation of reality is cli面cult to assess because the standarcl molal heat 
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capacities of first-01'de1' t1'ansitions a1'e small and o[ the same orcler of 
magnitude as the uncertainties in the calorimet1'ic data f1'om which they 
a1'e cle1'ivecl. For example, interpolation of heat capacity and expansi­
bility clata taken frorn Stull and Propl削 (1971) and Skinne1' (1966) s吨­
gests ilCop 二 0.09 cal mole- 1 (OK)-l and (a(ilYO)/川、h. 二 4.2 X 10-4 

cm3 mole- 1 (OK)-l for the kyanite/anclalllsite transition at 1 bar. These 
values leacl to k = 19.2 bar (0 K) 一 1 from eq (12). This Clapeyron slope 
is too la1'ge to satisfy high-p1'essure/temperature data , which 1'equi1'e k 
自 12.6 ba1' (OK)-l (see below). However , the calorimetric ilCo l' of transi 
tion is subject to large enou吨g时h unce臼r比吨ta址汕11山lintie白S t山h川;

b问}巧y' th陀e small amou山I口nt l'阳equ旧lI1'阳e仅ed tωo m;且Ike th比e cωomp】丑Jut忧Cαd 飞1址lue of k cωon­
sistent w、叮'ith the high-pressure/temperatm、e data. 

1n general, power function coe丘icients taken f1'o l11 the lite1'atllre fo1' 

equations describing the heat capacity of a given polymo1'ph as a func­
tion of ternperatu1'e at 1 bar cannot be used with confidence fo1' telll­
peratures outsicle the 1'ange of the calorirnetric measurelllents. Reliable 
ext1'apolations to higher temperatures can be Illacle with sLl ch coe丘icients
only if the calo1'imetric measll1'ements from which they 叭'εre de1'ivecl 
extencl well above the "knee" in the curve representing the heat capacity 
of the mineral as a function of temI阳ature (see below). lt sho川d also 
be emphasizecl that few of these coeffìcients are valicl fo1' temperatures 
in the range where a lambda transition takes place. Nevertheless, re 
garclless of whethe1' a given phase unclergoes a first-orcler 01' lambda 
transitio日， if the stancla1'cl molal enthalpy 1'elative to that at 298.15 0 K 
is known as a function of temperature both above and below the tem 
perat旧e (01' temperatures) of transition. accurate val时s of the stanclarcl 
molal entropies ancl heat capacities of the polymo1'phs can be computecl 
at higher ancl lower temperatures. For example, in the case of the super­
irnposed lambcla and 且rst o1'cler transition representecl schematically in 
figure 4, the standa1'd molal heat capacity at point b can be computecl 
f1'om the vallle at point a by taking account of the (1户户2rent stancla1'cl 
molal heat capacity of transition. The appa1'ent stanclλ1'd molal heat 
capacity of transition cor1'esponds to the cli旺erence in the heat capaci­
ties obtainecl by ext1'apolation of the heat capacity curves for the high 
ancllow-temperature polyrnorphs to the t1'ansition temperatu1'e 01' larnbcla 
poin t. Apparent standa1'd molal enthalpies, entropics , ancl volumes of 
transition are definecl similar1y. By taking account of these apparcnt 
changes, values of the the1'moclynamic p1'operties of high-temperature 
polymorphs can be computed for tempe1'atllres above that cor1'esponding 
to point b in figllre 4 if thc standanl molal the1'moclynamic properties 
of the low-tempe1'ature phase at 25 0 C ancl 1 bar are known ancl heat 
capacity power function coeflìcients for the t wo polyrnorphs are available 
fo1' tempe1'atu1'es above ancl below the inte1'val represented by ab in 
且gu 1'e 4. Fo1' temperatures in the interval llb , the calclllations generate 
errors in the stanclarcl molal enthalpy of the phase equal to the area 
between the clashecl ancl solicl curves, which is relatively slight for lambda 



Therrnodynαmic Consequences 22 

t
|

宦
J

ot 

vt 
nu?l RG AA 

n
u
n
γ
 

川
川
A
H
M川

\mco \
S

厅M
m
H

\
γ
4
r
u
]
Q
》

\
凹
忖
川

，
、

R
H
性
R

F
a
h
J
阳
U
T

·
'
D
『
n
u
c
'

'''AMO 
,, 

? 

TEM PERATURE---

Fig. 4. Schcmatic illustration of thc 
apparent standard molal hcat c注pacity
o( transition (01' a hypolhelical sup凹，
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Fig. 5. Schelllatic illustration of thc 
tClllpel ‘Iturc clcpendence of the ap. 
parent stanclard 1II01al Gibbs free 
ene1'gy o( fO l"lnatioll of a phase unclcr­
going a "slllearcd" lalllbda transition 
at 1 bar (sec text). Thc solicl curvc 
corrcsponds 10 t hc stablc phase and 
thc <lashed CUI 、 cs to Illctastable states 
of COlI st川It orde1" dcsigllatcd by values 
ShOWll Ior the onlering pal'allletεr ， 
\\"hich yarics frOlll 1 (colllplete order) 
to zcro (colllplctc disorder) with in. 
ncas lIIg lClllpCralure. 

transitions ollly if the mineral disorders over a n <lITOW temperature 
range. In the case of flrst.on!er transitions , the app且rent and actual 
properties of transition are coincident , am! thc error redllces to zero. 

Lambda phase transitions which are 飞mcared Ollt" over a wide 
temperature interval pose a more clifIìcult problem in thcrmodynamic 
calculations than those that occllr over a narrow temperatllre range. 
Smeared transitions are exhibitccl by dolomite, albi te, epiclote, mono­
clinic potassilllll fe!dspar , am! other abllndant minerals in the Earth's 
crust (see bclow). Acc盯ate calculation of the thermodynamic properties 
of these minera!s rcqllires explicit provision for changes ill the thermo­
clynamic consequences of substitutional onler/disorder with increasing 
temperature. 111 contrast to the structural clisorder contribllting to the 
thennodynamic behavior o[αqllartz between ~700" ancl 848 0K. lambda 
transitions in lllally complcx si!icatcs are callscd by changcs in sitc occu­
pancy with increasing tcmperatllre. Althollgh continllolls, thesc challges 
in su bsti tu tional order / disorcler arc nonlincar fllllctiollS of tCIll pera tllre 
which have not been charaιteriz巳d adeqllately [or most minerals 

S 1l bs t i t 1I t i 011 n! orderj d isorder.-AI tho lIgh cli fferen tial si te occu pancy 
in mincrals is a flln <:tion of tempcratllre , prcss lIre, ancl composition, the 
effeιt of intracrystalline cxchangc on the thcrmoclynamic behavior of 
minerals depencls on the extent to which onlerjdisorcler is couplcd to 
changes in cornposition. If 1ll0re than one kiml of atom occurs in either 
tetraheclral or octahedral coordination in a silicλte， substitutional dis­
ordcr m叮 occur on one or both 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 conseqllence o[ the comparable temperatllre 
d巳pendence of the Z orùeri吨 parameters for albite anù K仕ldspar (附
below) , compositional variation reslllting from exchange of N a + and 
k十 among alkali felùspars lllay occur with little or 口o accompanying 
changes in orcler among Al and Si on the T , and T 2 tetrahedral sites. 
1n contrast, sllbstitlltion of N a for Ca in the plagioclase lattice is coupled 
through aluminum avoiùance and charge b二11ance req uirements to dis­
ordered substitution o[ Si for Al on the tetrahedral sÏtes. Changes in 
orderjdisorder thus invariably accompany compositional variation in 
plagioclase solid solutions but not in alkali feldspars. Jn other cases, such 
as the orthopyroxenes, substitutional orderjdisorùer affects the thermo­
dynamic behavior of minerals only as a consequence of compositional 
vanat !On. 

The distribution of atoms among energetically nonequivalent 
sites in minerals is thennodynamically analogous to the association of 
species to form complexes in an aqucous 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 detennine (to­
getl即时th activity coefIicicnts) the extent to which various complexes 
form in a solution of a given composition. Of all the possible configura­
tions that could be taken hy the ions in an aqueous electrolytc solution, 
the distribution of species actually present is the one that contrihutes 
to the lowest Gibbs free energy of the system at a given temperature and 
pressure. Similarly, the distribution of atoms among energetically non­
eqllivalent sites in a stable mineral corresponds to the configuration 
contributing to the lowest Gibbs free energy o[ the mineral. However, 
in contrast to their aqlleous counterparts, complexes in crηystals are 
8饥川川u川11叫l

f a川toωms臼s amωong 【dωli旺c创r、'ent sites in a (口rysta二al ca川川n be 【cle臼scσn汕be仅ed in te臼r‘丁'm日I丑1S 0叫

distribution constants趴，认which are an口1alogolls to dissocia tion constants for 
aqueous species. Site occupancy determines the magnitude of long-range 
ordering parameters , which are related to distribution constants by the 
l川V of mass actioll for intracrystalline exchange reactions. 

The thenlloιIynamic consequences o[ sllbstitutional orderjdisorder 
in a mineral of a given composition depend on the complexity and 
geometry of its crystal strllcture, the bond angles and energies of attrac­
tion <I mong the atoms on the lattice sites , and other crystallochcI丑ical

ancl conIìgurational constraints contribllting to energetic diflerences in 
otherwise cO l1lparable lattice positions. :\Iany investigations of inter­
change energies and changes in the thenuodynamic properties of min­
erals caused by sllbstitlltional orderjclisorcler have bccn carried out in 
recent years (fo1' example, J\111eller, 1962; J\ fatslli ancl Banno, 1%5; 
Thompson , J. B.. 1%7, 1969, 1970; Grover and Orvillc, 1969; Bla口cler ，
1970, EJ72; Chclischev aml Borlltskaya, 1972; Saxena, 1969, 1973; Saxena 
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and Ghose , 1971; vVood and Banno, 1973; Thompson , vValdbaum , ancl 
Hovis, 1974; Hovis , 1974; Ker由k and Darken , 1975; Powell, 1977) , but 
most of these are not clefinitive with respect to the lemperature depen­
dence of the thermoclynamic properties of minerals that exhibit sul】stitu咽

tional orclerjclisorder. Hovis' (1974) ancl Thompson , \Valdbaum , ancl 
Hovis' (1974) recent studies are outstanding exceptions. For example, 
Hovis' calorimetric measurelllents of the heals of solution of eleven 
lllonoclinic K-felclspars of dilterent order (cleterminecl from their unit 
ceII dimensions) in 20.1 percent hy巾。且uoric acid at 49.7 0 C indicate a 
cli旺erence in the standard molal enthalpy of formation of perfectly 
ordered and completely disordered K-feldspars of 2iì50 cal mole-1. The 
standard molal volumes o[ the feldspars exhibited a corresponding dif­
ference of 0.268 cm3 mole- l, and Hovis estimated lhe cli在erence in the 
stanclanl molal lhird law entropy of cOlllplelely orderecl and disorderccl 
feldspar to be 3.7 士 0.3 cal mole-1 (OK) • 1 Variation o[ the 1m啥ra吨e

orclering parameter in monoclinic potassium feldspar with temperature 
and pressure may lhus account for more lhan 2 kcal l1101e-1 in the 
stanclard molal Gibbs free energy of the minera l. Although thc stanclard 
molal enthalpies of bOlh sodilllll ancl potassium fcldspar apparently 
exhibit a linear dependence 011 the long-range orclering parameter (see 
belo叫， thc orde由19 parallleter i t5eH is a nonli时ar fllI旧ion o[ tem pera­
ture. In CO l1 trast, the Bragg-\Villiallls theory of orderjdisordcr (Br咆g

ancl Williams , 193'1, 1935) req川res a nonlinear relation betwecn thc 
standard molal enthalpy of disonler and the on!ering parameter. Never­
theless , both functions lead to a dcpendcnce of Gibbs free energy 011 
temperature similar to thaL dcpicted schemalicaIIy in figure 5. The solid 
curve in 且gure 5 represents the stable ordering stale, and the numbers 
indicate the degrcc of onler. 

Fαcallcy defects.-Few llliner、 als occur ill nature without crystallo­
chcmical imperfeclions am! inhomogcneities such as Schottky and 
Frenkel dcfects, cclge ancl scrcw clislocations , stacking [aults , l\\'in bOllnd­
aries , domain struclurc茧， ancl sector zoning. AII these contribute to the 
thermodynalllic behavior of minerals , hoth in lhc laboratory and in 
geochemical processes. llllperfection吕 i n crystal struclure OCCllr on all 
scales [rom elcctronic lalticc clefects causcd by local cxcesses ancl de­
flciencics of electrons to macroimperfections in stacking onlcr. 

Because the atoms 011 the lattice sites 0 1' a crystal are not stationary 
bllt vibrate about an equilibrium posilion , lhcnnal perturbatiolls in 
thcir vibration frcqucncies cause certain of the atoms to escape frolll their 
lattice siLes, either 10 vacant ncighboring latticc siLes or inLerstitial space. 
If lhis phenomenon 0αurs on the sur[ace of the crystal , the atom lllay 
escape and contriblltc to lbe vapor pressure o[ the mineral. Once aloms 
cscapc [rom lhe surface of a rr)'stal , point derccts arc fonned that migrate 
through the crystal as oLher aloms "jump" inlo vacant ncighboring sites. 
1n a first approximation , thc fraclion of lattice sitcs corresponding to 
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point defects (fv) formed by thermal cliffusion in a simple crystal can be 
expressecl as 

-LlG。们

ln fv = kT 
、
、
，
，
，

。
~
υ

''1 ( 

where LlGo v refers to the stanclarcl Gibbs free energy of formation of 
a S1吨le vacancy ancl k stands for Boltzmann's constan t. Eq (13) is an 
expression of the law of mass action for reversible formation of an ideal 
defec t. As expected , the higher the temperatu时， the more clefects form 
in a crystal (and the higher the vapor pressure of the mineral). 

The energy requirements for point clefect formation in simple com­
pounds can be computed from lattice models ancl elastic constants. Such 
calculations by Holcler and Gran 
th巳 orcler吨 of an electron volt, or approx 3.8 x 10-eo calories, which is 
in general agreement with calculatiolls of the energy required to form 
Schottky clefects in simple ionic crystals reportecl by Rittner, Hutner, 
and clu Pré (1949a and b). Substituting this fìgl盯 for LlGo v in eq (13) 
along with k = 3.2995 X 10-24 cal (OK)-l yields 九二l.0 x 10- 5 for 
10000 K and fv 二 3.2 X 10-3 for 2000 oK. The higher temperature vallle 
cornpares favorably with experimelltal densi ty measurements for metals, 
which commonly exhibit defect concentrations of the order of 0.02 
volume percen t. 

Although vacancy clefect concentratiolls ancl the Gibbs free energies 
of point defect formation in simple compouncls 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 fürmation to 
the Gibbs free energies of forrnation of silicates by assurning a minimurn 
defect cüncentration of 0.02 volurne percent, a representative molal 
volume of 100 cm3 mole- 1, and a value of LlG飞 approximately equal 
to that in metals (that is , 3.8 x 10-. 20 calories clefect- 1 ). These figures 
indicate that a kcal (mole of mineral)一 1 is requirecl to form 0.02 volume 
percent of l-angstrom vacancies. Although this calculation is highly 
approximate, it does reveal that point defects arising früm thermal 
diffusion in crystals may contribllte significantly to the the1'müdynamic 
prope1'ties of silicates. 

Vacancy clefects a1'e also functions of chemical potential g1'adients 
in crystals, which may be controlled by chemical 1'eactions of minerals 
wi th thei1' envi1'onmen t. 1n a geologic context, the the1'modynamic con­
sequences of point defect fo1'mation in response to chemical potential 
gradients may be greate1' than those computed abo飞ve 1"0 1' vaca川ncy defects 
Eαau旧1比se叫d by th陀ler创r、τ-m
Na+ ， K十， and Rb+ in single c1'ystals of alkali fcldspar by Petrovic (1971) 
and Foland (1974) indicate diffusion coe而cients of the order of 10-10 

to 10-13 cm2 sec- 1 at 8000C 叭'ith activation ene1'gies 1'anging from 53 to 
72 kcal (g atom) 一'. The expe1'imental data also s吨gest that alkali cation 
diffusion in feldspars lllay be anisotropic and involve F1'enkel defects. 
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In general , solid state dilfusion is too slow (even in the context of 
gcologic time) to permit signi且cant intracrystallinc mass transfer ancl 
vacancy migration much below 5000 C. At higher temperatures, the ex­
perimcntal data indicate that defcct formation in response to thermal 
di旺usion， chemical potential graclients, andjor nonhyclrostatic stress may 
ωntribute significantly to the thcrmodynamic propcrties of minerals in 
geologic systems. 

Dislocαtions.-As might be expected , the energy per unit atomic 
length required to form a clislocation in a crystal is larger than, but com­
parable to the energy of fonnation of point defects. For example , Holder 
and Granato (1969) report energies of formation for screw ancl edge 
clislocations in metals and simple compounds of the orcler of 1 to 22 
electron volts (仙un
on elast叫tic t山heωor叮y， compare favorably with experimental measurements 
on highly defonnecl rnaterials. Dislocation clcnsities in crystals rangc from 
10ιclislocations cm -2 in near-perfect crystals to 1012 disloca tions cm- 2 

in crystals that have undergone intense plastic deformation. If we assume 
Holcler ancl Granato's (1969) value for the energy requirccl to form an 
edgc clislocation in MgO (18.3 electron volts or 6.95 X 10-19 cal (Ul山
atomic le吨th) -1) ancl a dislocation clensity of 1012 clislocations cm -2, it 
follows that formation of eclge dislocations in a one cubic rnillimcter 
crystal of plastically cleformecl periclase may increase its Gibbs free energy 
of formation by as much as ten calories , which Îs equivalent to 11.2 kcal 
(mole MgO )-1. This calculation leaves little cloubt that clislocation 
energies may a fIect substantially thc stabilities of minerals in geologic 
processes, especially those involving deformation, racliation, ancljor rapicl 
cooling. All these processes favor the persistence of metastablc phases in 
cleformecl rocks ancl oppose thc e旺ects of annealing, which recluces clis­
location clensities ancl promotes achievement of stable equilibrium. 

It seems highly probable that cliflcrences in the thennoclynamic 
propcrties of synthetic ancl natural rninerals having the same composi­
tion and crystallinity arise prirnarily from cli旺ercnces in thc dislocation 
clensitics of the samples. Both calorimetric ancl phase equilibriurn studies 
inclicate that the stanclard rnolal Gibbs frec enen6es of formation of 

u 

synthctic minerals producecl over short time periocls in laboratory ex-
perilllents rnay be several kcal lllole- 1 less negative than those of their 
natural counterparts. For example. equilibrium temperatures for the 
reaction shown in 且gure 41 rnay vary by as much as 1200 C , depending 
on the sample of stoichiometric synthetic or natural tremolite usecl in the 
experilllents (G. R. Skippen, 1978 , personal commlln.). Because the stancl­
arcl molal entropy of the reaction representcd by thc curve i n figurc 41 
is ~ 18 cal mole- 1 (OK)• at high tempcraturcs ancl prcssures , this 
variationωrresponcls to a di旺crencc of ~ 2.2 kcal molc- 1 in the standard 
molal Gibbs frce energies of formation of stoichiometric synthetic ancl 
natural tremolite. 

Cηstallillity and 阳rticle sÎze.-Bcca山c the Sl川ace area (and thcrc­
fore thc total sllrface energy) of the grains in a 1ll01e of a cryptocrystal-
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line mineral is greater than that o[ its coarsely crystalline counterpart , 
且ne-grained aggregates o[ mincrals constitute metastable phases. A grain 
bounclary can be thought of as a continuum of dislocations with a 
Gibbs free energy of formation comparable to that of multiple cdge dis­
locations. Experimental solubility measurements suggest that clifferences 
in both partiιle sizc ancl the crystallinities of various specimens of a 
mineral formed in cli fIercnt cnvironmcnts uncler iclcntical pressurc/ 
temperatureωnditions may be accompaniecl by clifferen(、es of as much 
as several kilocalorics mole- 1 in their Gibbs frce energies of formation 
(Frink ancl Peech , 1962; Kittrick, 1966a ancl b , 1970). Large var叫la剖tion
ill cr、ystallilli ty a川ncl Gibbs fr、ee ener、gy coml川monly occllr in clay miner句als
s饥川uc时ch a剖s gibbsit忧e ， kaolillite, montmorillonite, ct cetera. 

Cryptocrystallille minerals, like highly disonlcr、ed phases趴， commonly 
fo创r、-nl

G‘且川lses趴， thc prccipitatecl phasc is amorp>hous趴. U pon "aging" or annealillg, 

metastable cryptocrystalline or amorphous minerals rccrystallize to their 
more stable configllrations. Althollgh decreasing crystallinity ShOlllcl be 
accompanicd by incrcasing solllbility rclative to the more crystalline 
form of a mineral , this is not always ohservcd. For cxample，且ne grainecl 
"lllassive" NaCI-KCI-CaClc salt precipitated frOIll a supersaturated solu­
tion ancl aIIowed to "age" is slow to dissolvc upon subscquent expo­
sure to pure 日20. Owing to tight packing of thc grains and the small 
exposccl sllrface area, the rate of dissollltioll is so slight that the salt 
appcars insoluble. However , finc-grinding the massive cryptocrystaIIine 
salt restores its ability to rcach eqllilibrilllll with its ellvironmcnt in a 
matter of hours. ThÎs observation underscores the importance 01 recog­
rllZ lIIg the distinction betwcen crystallinity and particle sizc in experi­
mental stlldics 01 the theγ1rl odynα mic behavior 01 mÎnerals. 

p气、a盯l

to ha盯ve a s饥川川u川山Ib川)st归t仁ta川ntial effect (u叩p】 to 5 kcal mole- 1 ) on thc he 川s of solu­
tion of 2α-FeOOH andα-FeC03 (Ferrier, l%(ì: Langmuir , 1971a) and (to 
am盯h lesser extent) on that of α-qllartz (Hemi吨way ancl Robie, 1977a). 
Howevcr, to Ollr knowlcdge cOlllparable stllclics of the cffect of different 
crystallinities on the heats of sollltion of samplcs 0 1' thc same particle 
size have not bcell carried ou t. Nevertheless, it appears that the contri­
blltioll of the interfacial energy of the grains in a cryptocrystallinc min­
cral to its thermodynamic behavior is comparahle to that of the surface 
encrgy of 自ne particles of the mineraI. 

As the effects of the crystaUochemical a]](1 physical properties of 
minerals on their thcrmoclynamic beh川vior becomc better quantified, it 
wiU 110 doubt hecome ad飞';ultageolls to inclllclc explicit physical speci且­
cations (s lIch 川 pcr[ect, comple!ely onlercd , si 吨 le ( 叫st< 山 with a gi 飞V陀阳F它咀E创11
mor吨-p此山hology an(叫d s饥川Ul川r川、fι、)川t

rather th 乱川n r、elying 011 the simple bllt a川nnbigu <OllS stipulation th;且川lt the 
111丑li11cral be "in its stable form." Thermodynamic changes callsed by 
crystaIlochemical clepartures [rom the standard state could then be 
dcscribed quantitatively in terms of variablcs analogous to activity co-
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efficients. Although suf且cient data are not yet available to permit general 
application of such an approach , a step in this ùirection has been made 
by Muellcr (1962) , Thompson (1969) , and others who ùescr也e the ther­
modynamic consequences of ùifferential site occupancy in feldspars in 
terms of long-range ordering param巳 ters.

su孔IMARY OF THF.RMODYNAMIC RF.LATIONS 

As indicated above, the standard state for mincrals aùopted in the 
present study is one in which the activities of the components of pure 
(stoichiometric) minerals are unity at any pressure and temperature.3 

Because this stanùard state is unrestricted with respect to pressure and 
temperature, the a户户αγent standarù molal Gibbs free energy and en­
thalpy of formation of a mineral from its elements at a given pressure 
and ternperature (ð.Gop ,T and ð.Hop ,T' respectively) can be expressed as4 

ð.G。川= ð.Go f + (Gop ,T - GOp川γ) (14) 

(15) 
and 

ð.HOp ，T 三 ßHOj + (HOp ,T - HOPr ,T ,) 
whcre 

T 

几川γ:一川 (T 一飞) + f 叫T
T r 

phv d v 
p
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十
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T
月d

E
F
U

T 

T r Pr 

and 

。 T - Hγ 

T r Pr 
(17) 

矶:here T refers to ternperature in oK anù P to pressure in bars, ßGo f 
anù ßHo f designate the standard rnolal Gibbs free energy and enthalpy 
of formation of the mineral frorn its elcments in their stable form 

3 Thc tcrm componcnt is used in this communication in its strict thermodynamic 
scnsc , A thermodynamic component o[ a mineral corresponds to a chemical formula 
unit reprcscnting onc of the minimulll Ilurnber of independcnt variablcs required to 
describe thc composition of thc lllineral. A11 stoichiolllctric mincrals are thus com­
posed of a single component corrcsponding to the fonnula of the minera l. I-Iowever, 
bccause the term componcnt has no physical connolatio日， the rninerals themselvcs arc 
not components , 

盈 Use of the word apparent in rcferring to ð.Go p : r (an,! its enthalpy analog, 
ð.H O P, T) was suggestccl by Bcnson (1968) to precI llcle confusion with corresponcling 
standard lllolal properties of formation frolll the elements at high pressurcs and 
tcmperaturcs , sllch as thosc tabulated by Robie ancl 认Taldbaum (1968). The latter 
propcrtics incIude provision for 【丁hanges in the stanclard 1ll01a! Gibbs free cncrgics 
and cnthalpics of the clclllents with incrcasing pressure and telllperature, which canccl 
ill computing thc thcrmodynamic propcrtics o[ chemical reactions , 

GUE
Highlight

GUE
Highlight

GUE
Highlight
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at 298.15 0K (Tr ) and 1 bar (Pr) , and G。时 G01'卢γ， H。川， HOPr,Tr' 
S01'川γ ， C。鸟， aml V OT represent the standard mo1a1 Gibbs free energy, 
enthalpy, elltropy, heat capacity, and volume o[ the minera1 at the sub­
scripted prcssures and temperatures. The corrcsponding cxpressioll for 
the standard molal elltropy of a mincral at a given pressure and tempera­
t旧e (S。盯) is given by 

。 T - SOPr,T r = f COPrclln T - T f ((aa:;) l' ) clP 

T , r p且

(18) 

Standard molal heat caμcities of minerals at 1 bar.-Experimenta1 
stanclard mola1 hcat capacities of minerals at 1 bar ancl temperatures 
~ 298.15 0K can be represented closely by the Maier-Kelley (1932) power 
function , which can be written as 

COpγ:α + b T - C T-2 (19) 

and integratecl to give 

T f COPrdT = a (T - T r) + }!_勺Tf)/11)COPrdT =α(T - T r) + ~ \ ~ 
2 

~ r / + c \古 -7)(剖)
T , 

ancl 

T 

f/1:) COPrd ln T 二 α ln (TjT ,.) + b (T - '1',) + ~(一一一一::- ) (21) 
2 \ T2 T铲2 / 

T , 

叭'hereα ， b, ancl c stand [or te l1lperature-inclepenclent coefficicllts charac­
te1'istic of the mineral. Except fo1' minerals with high Debye te l1lpera­
tu1'es , eq (19) yielcls fits of experimental 1旧lt capacities at te l1lperatures 
> 298.15 0K to within ~0.1 ca1 mole- 1 (OK)-l or less. The maxi l1lu l1l fit 
residuals occur in the vicinity of the "knce" in the heat capacity curve, 

which is more pronounced and occurs at higher tempe1'atures for min­
erals with high Debye tcmpe1'atures. Fo1' example , it can be seen in 
fìgure 6 that the curvature of the heat capacity curve [01' periclase is 
considerably greater than that forαquartz. 

Although errors resu1tillg from fits of eq (19) to experi l1lental high­
temperature heat capacities of minerals with high Dcbye te l1lpcraturcs 
may exceed 0.1 or even 1 ca1mo1e- 1 (OK)- l, such 1arge discrepancies are 
rare. As emphasized by Ke11ey (1960) , a si吨lc algebraic function capable 
of fitting thc heat capacities of all minerals equally 矶7ε11 wou1d contain 
a 1arge number of terms , many of which woulcl be reclundant for many 
substances. l'\everthe1ess, it is high1y clesirable frolll a computational 
point of vicw to havc such a [unction. Eq (19) represents aωmpromise 
in this res pect. 1 t sacri且ces a small degrce of accuracy in the case of 
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Fig. 6. Standard molal heat capacity of O"!j llartz and pcriclasc as a fllllctioll of teJll­

pcrature at 1 bar (Kellcy, 19(0). Thc symbol e dcsignates the Debyc temperatures ot 
thc I11 il>erals.

compounds "\γith relativcly high Debyc lemperatures for simplicity ancl 
generality but still a旺。rds close approxim川ion of the heat capacities 
of most minerals. As a rule, lhe inconvenience of using diverse and more 
complicated power funclions slIch as those employed by Haas ancl Fisher 
(1976) , Krupka , Kerrick , and Robie (1977) , ancl others is not warranted 
by thc corresponcling improvement in accuracy. 

1 n most cases , errors introdllccd by rcpresenting the standarcl molal 
heat capacities of minerals 认W川.ith e叫q (υ19川) t忧阳E创III川d to cancel in calculat山11山n
the ther口、-modynam丑lÌc pr、operties of r♂-eaction臼s. Evcn in cases wherc csti­
maled coefficients are used (see below) , eq (19) 川ually leads to signifì­
cantly more accurate standard 11101al entropies of rcaction at high te111-
peratures than assuming the difference in the sums of the stanclard 11101al 
heat capacities of formation from the elcments of the product and re­
actant mincrals (multiplied by their absol川e reaction coe而cients) to be 
zero, which (if calorimet此 heat capacities are not available) is the 
approach advocated by Fisher and Zen (1971) , Zen and Chernosky (1976) , 

and others. 
Standard r.川 lal lIolumes οf 川;nemls.-In general，但VO/éJPh and 

(θVO/θT)p for mineralsιan be regarded as zero without introducing 
undue uncertainty in lhermoclynamic calculations of mincral stabilities 
at pressures and temperatures corresponding to those in thc crust of the 
E~川h. It can bc secn in figurcs 7 and 8 that (with the exception of 
quartz) thermal expansion and compressioll of minerals cause opposing 
changcs in V O of the order of 3 percent or less at temperatures < 800。

to 12000 C at 1 bar and prcssures < 20 to 40 kb at 25 0 (:. In contrast, 
the stanclard molal volumc of α-quartz increases by more than 3 percent 
as temperature increases to 575 0 C at 1 bar and decreascs by ~ 3 perccnt 
as prcssure increases to ~ 12 kb. "'ith a few exceptions such asα-quartz， 
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the compressibilities of silicates at 25 0C are of the onlcr of 1 percent 
or less at pressures < 10 kb. 

Few compressibility data are availahlc for mincrals at high tempera­
tures嘈 but those reported by Spctzler (1970) <111(1 Spetzler. Sammis. and 
O'Conncll (1972) for MgO and NaC l, togethcr with lattice model calcu­
lations for N aCl reported by Demarest (1972) suggest that the isothermal 
bulk modlllus of simple compollncls may decrease by as much as an order 
of magllitude as temperature increases to ~ 10000C. Although K aCI is 
harclly representative of mi l1erals in gcncral, it seems reasonable to CO I1-

clucle frOlll these observations that thc e旺ccts of thermal expansion on 
thc stanclan1 mola1 volllmes of minerals are essentially olIset by the effects 
of compressibility at pressures and tcmperatures in the vicinity of 5 to 
10 kb and 5000 to 10000C. For this reason , and becallsc compressibilities 
clecrease wi th increasing pressur、e ， calculation of the thennodynamic 
properties of reactions involving a gas or fluid phase at high presslll、es

ancl temperatllres assuming V Op •T to be equa址1 tωoV。飞1 ha川1I叽I
miner‘丁飞孔;二且i且als in the r句它e;λIction pr、obahly lcads to ncg引ligible err、0 1'吨1飞S趴， even in ma川II川ny
E 泊E臼s [or pres岱阳s饥u盯1
In contras t. because L1S气 and L1V气 are commonly small for reactions 
involving only solicls , the compressibilities and expansihilities of mineraIs 
may h川'e a dominant ellect on the thermodynamic properties of solidj 
solicl rcactions at high pressures ancl tcmperatures. 

If we assumc an avcrage tI阳山11 expansion of 3 x 10-3 cm3 (OK)-1 
at 1 bar on the basis of the curves shown in figure 7 ancl take the average 
high-temperature compressibi1ity to be 5 X 10-4 cm3 ha1'-1 (which seems 
reasonablc in thc light of available expc1'imenta1 clata) , compensation 
of thc effects of comp1'essibility ancl thermal expansion would cause the 
stancla1'd mo1a1 vo1ume of a minc1'a1 at 2 kb ancl ~ 3000C , 4 kb and 
6000C, and 6 kb and 9000C to be the same as its va1ue at 25 0C ancl 1 
bar. The assumption of constant volume eqllal to V O Pr,'l'r would thus 
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Fig. 7. Expansibility of minerals as a fUllctioll 01 tcmperalurc at 1 bar. The 
symbols represcllt experimcnlal data reportcd by Skinllcr (1%6). 
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Fig. 8. Compressibility of minerals as a fUllction of pressure at 25 0 C. The sym. 
bols represent experimental data reported by Bridgman (1948a and b, 1949). 
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A. 

introducc only slight errors in calculated values of LlGo r飞T at these tem­
peratures anù pressures (- 25 , 50, and 75 cal mole- l, re叩ectively). F or 
the representative thermal expansion and compressibility adopted above, 
these are thc largest absolutc errors that rcsult from constant volllme 
calclllations for minerals at pressures < 6 kb at 300 0 C, 12 kb at 6000 C, 
and 16 kb at 9000 C. Becallse thermal expansion ùecreases dramatically 
with increasi吨 pressure (Skinner , 1966) , the maximum error in SOp ,T 

caused by the constant volume assumption is < 0.24 cal mole- 1 (OK)-l 
at pressures < 10 kb. Owing to the opposing e旺ect of Ll yo and 
(a(Ll VO)!aT)p on the stancl盯cl molal enthalpies of minerals as a fllnc­
tion of pressllre , errors in LlHo l' .T callsed by the constant volume assllmp' 
tion shoulù be smaller than coresponcling errors in LlG飞，T at pressures 
:S:; 10 kl>-

Although uncertainties in LlHo l', T and LlGo l', T of the order of 75 
cal mole- 1 and errors in SOp , T of - 0.25 cal mole- 1 (OK)-l may affect 
signifìcantly calculated equilibri um tempera tures for solid/solicl phase 
transitions (see above) , for most dehydration/decarbonation equilibria, 
the assumption of constant mineral volumes has a negligible effect on 
calculated cquilibrium temperatures. Thc standard molal entropies of 
such reactions are of the order of 20 cal mole- 1 (OK)-l or more, which 
means that a relative uncertainty of 75 cal mole- 1 in LlHop ,T for a given 
mineral introduces only 5 0 C or less uncertainty in calculatcd equilibrium 
temperat山es (see below). Tl山 calculation takes no account of the fact 
that errors introdllced by the assumption of constant volume for minerals 
tencl to cancel in calculation of the thcrmodynamic properties of re­
actions , which reduces considerably relative uncertainties in values of 
the standard molal Gibbs free encrgies of formation of minerals com­
putecl from high prcssure/temperature data. 

Ne盯 cancellation of (a(Ll yO)/ap )T and (a(Ll yO)/ aT)p , respectively, 
[or the reactant ancl product minerals in a given reaction woulù be 
expectecl on theoretical grollnc1s but can be clemonstrated 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 otl町S

(1973) , Skinner (1966) , and Robie and Wa1dbaum (1968) for the minerals 
in the reaction, 

tremolite ~ 2 diopside + 3 enstatite + quartz 十 H20 (22) 

indicate that the sum of (ð(ÂyO)/ðT)p for 2 diopside + 3 enstatite + 
α-quartz is approximately equal to (ð(yO)/ðT)p of tremolite (9.6 x 10- 3 

cm3 mole- 1 (OK)-l) at - 5500 C and 1 bar. At other pressures and tem­
peratures the difference is finite but certainly negligible compared to 
(ð(yO)/ðT)p of H 20. 

Retrieval equations.-Assuming the standard molal volumes of min­
erals to be independent of pressure and temperature leads to 

p 

f 川P=飞飞 (P - P1') (23) 

P , 

which can be combi时d with eqs (16) , (17) , (18), (20), (21) , and the 
approxlmat lOn 

(在)I=0 (24) 

for minerals to give 

GOp ,T - GOp户Tr = - SOpγ， Tr (T - T r) + α(T - T 1' - T ln (T/T1')) 

(c-bTT月 (T - '1',.)2 
十 yol'r， T俨 (P - P1') 2T T r" -p-r 

(25) 

HOp , T - H飞川 =α(T - T r) +土 (T2 - T r") + c( 土←土飞
2 飞 T T r J 

+ YOPr，Tγ(P - Pr), (26) 
and 

SO l',T - SOPr， Tr 二 α In (T /T 1') + b(T - T1') 十主(土一土1
2 飞 T2 T ,.2 / 

(27) 

Eqs (14) and (25) permit calclllation of ÂGo f for minerals from 
values of Y。鸟，鸟， SOPr,1'r and heat capacity power fll IlCtioIl coefficients 
using equations of state and thermoclynamic data for aqueous and gaseous 
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species to evaluate experimental standard molal Gibbs free energies of 
reaction (.:lGo r) at high press旧es and temperat盯es. However, the ap­
proach used to calculate the requisite values of .:lGo ,. from high pressure/ 
temperature experimental data depends on the type of reaction being 
considered. 

Taki吨 account of eq (14), the standard molal Gibbs free energy of 
a reaction at a given pre臼旧e and temperature (.:lG飞，P， T) can be ex­
pressecl as 

AGUT=2二位lAG。lFF E 川GO"I 十 (GOI ，P ， T - G。口 r， Tγ)) 

二- RT ln Kl'.T (28) 

where 命 1 stancls for the stoicl山metric coefficient of the lth species (1 = 
1, 2, . . . 1) in the reaction (which is positive for proclucts ancl negative for 
reactants) , ancl Kp,T refers to the equilibrium constant for the reaction 
at the subscripted pressure ancl temperature. The equilibrium constant 
is related to composition by 

11 alnl - K l - ~lrt.._P.T (29) 

where a1,p ,T clenotes the activity of the lth species at the pressure ancl 
temperature of interest. 

For f indepenclent reactions involving î species for which values 

of .:lGO ', i are unknown (i 二 1 ， 2, . . . î) ancl i species for which values of 
.:lG勺，j are known (j 二 1 ， 2, . . . j), it follows from eq (28) for 1 = î + 
i that we can write 

? f 

EJ32 位 i ， r .:lG o，卢 L σ。 r.P.T (30) 
γ γ 

where 

σ。俨 P.T 三.:lGOr.p . T 一 L nj， r .:lGOj， p ， T 一 Eh(UZFT-G。tPTT

(31) 

where .:lGO j,P,T refers to the apparent standard molal Gibbs free energy 
of formation of the jth species (eq 14) and .:lG气，P， T to the standarcl molal 
Gibbs free energy of the nh reaction at the subscriptecl pressure and 
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temperat旧e. Eq (30) can be expressed as a line盯 matrix eq川tion of the 
form 

Equilibrium constants and Gibbs Irce energies 01 reaction 

(32) 

(T。俨，1'， TßG o r.i i 二 1， 2. . . . î • 

一
-
一
一
一

一
一
一
一
一

一
一
一
一
一

一
一
一
一
一

二
一
一
一
一

一
一
一
一
一

川

]
a
p
-
-
-叫μ
1↓

which can be represcnted by 

(33) 

where ß refers to the column vector o[ llnknown vallles of ßGo r, i ,", r 
clenotcs the lllatrix of stoichiometric reaction coefficients (iì; ,r)' anclλ 
stancls for theσ气，P ， T column vector. If f = î ancl f values ofσ。 r ， P ， T are 
known, the matrix is nonsingular ancl the cq uation can be solved using 
any OIlC of several stanclarcl algorithms to yielcl î values of ßGo f ,i' Pro­
videcl l' experimental values of ßG气，P， T are known experimentally ancl 
yalues of S飞， Pr ，Tγ， S勺.1'r.Tr' V飞.Pr ， Tγ ， V勺， 1斗.Tγ ， ancl heat capacity power 
function coefficients for eq (19) are available for all the mi时rals ， the 
req uisi te val ucs ofσ。 r，1'， 1' can be computecl from eqs (14) , (25) , ancl (31) 
with the aicl of thermoclynalllic clata ancl equatiolls for the gases ancl 
aqucollS species appearing in the reactions. Valucs of ßGo f , i generated 
hy thc calculations permit calculation of corresponcling valucs of ßHo r, i 

from 

ß = r-1λ 

(34) 

where ßS o r.i stancls for the stanclard molal entropy o[ formation of the ith 
specics from its elements in their stahle form at 298.15 0 K ancl 1 bar. 

E让q (β33句) ens引1盯s in川te臼rn句

puted fr、Olll a given 吕et of h川igh press饥川ur吨它e伺 temper、正且川lture phase equil川i川brium1 

da川ta. Howcver , if matrix equations [01' rnorc than onc set of reactions 
arc evalu川E【L the 飞'alues of ßGo r.i computcd from ally olle of the matrix 
equations will be consistent with those derived from anothe1' only if the 
onc or mo1'c valucs of the index j in cach of the eqllations re[ers to a 
mineral indexed by j 0 1' i in at least one of the elcmcnts În each of th巳
othcr mat1'ix equations. Fllilllrc to incorpomtc this cο nstraint may lelld 
to contradictiorls in the theγrnodynamic pro户erlies of rnincrals compllled 
Irom di[Jerent sets 01 ex户erÎmental datll , which is the cause ο1 rnarly sllch 
discreþancics reþorted in thc literα ture. 

EqllilibYi urn constallts and Gibbs tree energies 01 reactÎon. 主dopt­
ing alternate stanclard states fo1' H 20 [acilitates calclllation ofσ飞，1'.T

ßHor.i = ßGot， i 十 1 、γßS O f.i 
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for di fIerent kinds of 1'eactions. Fo1' examp1e. if the rcactions invo1ve 
on1y mine1'a1s and aqueous solutions, it is convenient to emp10y standard 
states that a1'e inclependcnt o[ p1'essu1'e ancl tempe1'atu1'e fo1' a11 species. 
Hencc, if we specify a 1iquicl standa1'd state fo1' H 20 togethe1' with that 
adoptecl above fo1' mine1'a1s, the activity of pu1'e H 20 as we11 as the 
activities of a11 the1'modynamic components of stoichiomet1'ic minera1s 
are unity at any pressu1'e and tempe1'ature. The most convenient standard 
state fo1' aqueous species other than H 20 is one of unit activity in a 
hypothetica1 one mo1a1 solution referencecl to infinite di1ution at any 
pressure and temperature. The standa1'd mo1a1 thermodynamic proper­
ties of aqueous solute species can then be calcu1ated for pressures and 
temperatures to 5 kb and 6000C from equations given by He1geson and 
Kirkham (1976 ancl in pre叫 and Wa1the1' and He1geson (1977). Simi1arly, 
va1ues of ßG。吨。.P.T and the other thermodynamic p1'opc1'ties of H 20 
consistent with the 1iquid standard state can be computed for p1'essures 
and temperatures to ~ 100 kb and < 10000C from equations summarized 
by He1geson and Kirkham (1974a) and De1any and He1geson (1978). 
As an examp1e, 1et us consider a 1'eve1'sib1e reaction invo1ving on1y 
mine1'a1s, H 20 , and Si02 (([q) ancl 1et 1 ancl 1-1 in eqs (28) and (29) 1'efe1' 

to the 1atter two species, respective1y. 飞Ve can then w1'ite 

1-2 

aHoO ηH20ηSi02ω11 a 命IH20 " a川2(aq) ι Ul

) nuz 
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7nsl02(州 11 X 命8i02(aq) 牛上 "'1
λlnt 二 Kp.T

(34) 

where rnS i02(αq) and 于自 i02 (叫) stand fo1' the mo1a1ity ancl activity coef且cient
ofSi02 (呵 j' and X 1 ancl Àl refer to the mo1e f1'action and activity coefficient 
of the lth component of the mincra1s invo1ved in the 1'eaction. The 
activity coe面cients are re1atecl to composition by 

。哩。~ðlV2(αq) 

Y Si02(叫〕 丁石÷一一一
IItSiÜZ(αq) 

(35) 

and 

λ a 1 
l 一王7

(36) 

whcrc X 1 stands for the mo1e fraction of the lth component of a solicl 
solution. Notc that regard1ess of the pressu1'e and temperatu肥， the 
standard states adoptecl above 1'equire thatλl → 1 as X 1 • 1, but 'YSi02 
• 1 as aH20 •1. 

Because dcpartures f1'om unit activity of H 20 causecl by disso1ution 
of slightly solub1e mine1'a1s in aqueous solutions a1'e neg1igib1e , the 
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standanl state [or H"O dcscribed above is closely approximated by ex­
perimenta1 conditiolls in many phasc equilibrium studies. Solubility 
data (for example, Morey, 1957) indicate that in the absence of CO" , 
CH垒. and other gas凹， the fluid phase involved in most experimenta1 
studies is > 98 wt percent HzO , which corresponds to ,_, 99.8 mol巳 per­
cen t. Under these conditions the activity of H 20 can be regarded as 
unity. The activity coefficient of SiO z (叫) in such solutions can also be 
taken as unity without introducing significant error in thermodynamic 
calculations (Walther and Helgcson , 1977). Consequently, if the re­
actions involve only minerals that exhibit liule or no solid solution so 
that Àl = X 1 = 1, eq (34) reduces to 

mSi 02C叫)二 Kp， T (37) 

For reversible reactions among stoichiometric minerals, HzO, and SiO Z (aQ)7 

analyses of silica in the aqueous phase thus yield values of log Kp ,T 

which can be used together with eq (28) to compute va1ues of .ð.G气， 1飞T

for eq (31). lf the reactions involve only stoichiometric minerals and 
HzO, eq (37) reduces to 

log Kp ，T 二。 (38) 

and .ð.G气，P，T 二 o at the equilibrium pressures and temperatures deter­
mined in the experimental study. 

Values of .ð.G气，P， T can be computed for reactions invo1ving aqueous 
species other than HzO and Si02 (α q) in a manner ana10gous to that for 
dehydration/desilication reactions. lf we let 1 designate H 20 and 1-1 , 

1-2, . . . 1-5 refer to the aqueous solute species, a general statement of 
eq (29) can be 认w吐咕r由咆

j一(5+ 1) Î一 l

11 口内 I I __ n , 11 , I I n , n , __ 
αIIHH俨 11 Xl ιλlι I I 叫 ι 11 ι 二 Kp ， T (39) 

1 1-5 

飞Vhere 于1 is defllled by a genera1 statement of eq (35). Jn most instances 
11 for nonpolar neutral species at high pressures and temperatllres can 
be regarcled as unity without introdllcing signifìcant error in the calcula­
tions. However, [or ionic species , 11 may be much smaller or greater 
than 1, depending on the "true" ionic strength (1) 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 1, 
a1I20, and 11 for ionic species in chloride-rich sol11tions at high prcssures 
and temperatures can be computed with the aid of cquations and data 
summarized by Helgeson (1969) and Helgeson and Kirkham (1971b and 
in press). Such calcu1ations indicat巳 that the ratios of 于1 for similar ionic 
species (such as Na十 and K十) are close to one in solutions of relatively 
low ionic strength at high pressures and temperatures. Under these con­
ditions, the electrostatic properties o[ the solvcnt favor ion association 
and the [ormation o[ nelltral complexes, which lowers the "true" ionic 
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strength of electrolyte solutions. In general, the activity of H 20 in elec­
trolyte solutions at temperatures ~ 2000 C can also be regarded as unity 
without introducing unacceptable uncertainty in values of Kp •T com­
puted from eq (39) , even in concentrated solutions. At higher tempera­
tur凹， the osmotic coefficients of electrolyte solutions reported by Liu and 
Lindsay (1972) , Lietzke and Stoughton (1974) , and Silvester and Pitzer 
(1977) indicate that aH20 may be as low as ~ 0.6. 

As a rule, it is convenient to regard CO2 as an aqueous species at 
temperatures and pressures corresponding to those in the two-phase 
region of the phase diagram for the system CO2-H20 in figure 9. The 
standarù state for CO2 (叫) is then taken to be the same as that adopted 
above for other aqueous species. In contrast , at higher temperatures 
where H 20 and CO2 are completely misciblc, it is advantageous to adopt 
a gas standard state for CO2. The gas stanùard state is one of unit 
fugacity of the hypothetical ideal gas at 1 bar and any temperature. The 
standard molal Gibbs free energy of thc gas is then independent of pres­
sure. Despite the fact that the activity of H 20 may be < < 1 in fiuids 
coexisting with both carbonates and silicates at high temperatures , it is 
convenient in certain instances to cO l11pute values of .iG气，P，T for dehy­
ùration/decarbonation reactions by employing the gas standard state for 
CO2 in conjunction with the liq川d standard state for H 20. In contrast 
to the standard 11101al Gibbs free energy of CO2, the standard molal 
Gibbs free energy of H 20 is then a fll l1ction of pressure. If ideal mixing 
occurs in a fiuid phase composed of CO2 and H 20 , the activity of H 20 
relativc to the liquid standard state is equal to its mole fraction. How­
ever, the activity of CO2 consistent with the gas standard state is equal 
to its fllgacity, which is related to the mole fraction of CO2 in the fiuid 
by Dalton's law; that is , for fiuiù pressure (Pf) equal to total pressure (P) , 

1C02 = 户C02χC02 = XC02χC02 P (40) 

where Ic饨， i元。2' Xc饨， andχC02 stand for the fugacity , partial pressure, 
11l01e fraction , ancl fllgacity coefficient of CO2. The law of mass action 

4 
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Fig. 9. Phase relations in thc system CO,-H 20 at high pressures and temperatures 
(Tödheide and Franck , 1963). 
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for a dehydration/decarbonation rcactionωllS istent with ideal rnixing 
of CO 2 and H 2 0 can bc 1\Titten for these standanl states as 

1-2 

GJmfJ叫 11 n , 
111 

v nH ,)o vηCO叹、 rl。与 nrlCo少
AH20 AC02 XC02 ~ 

1-2 

i|X171lλl7II 二 Kp . T (41 ) 

which corresponcls to a statement of cg (29) with 1 and 1-1 designating 
H 20 and CO2, respectivcly. ][ all minerals involved in the reaction are 
stoichiometric, so that À.1 = 1 in eq (3G) for 1 二 1 ， 2, . . . (1-2) at a11 
pressures and tell1 peratl盯s， cq (41) re山ces to 

XHZO 介 TT20 X002 命002χc(Jrυ2 P 命 C02 二 K盯 (42)
which permits calc川ation o[ ßG。札川 [or cq (31) from eq (28) and experi­
mentally eletcrmined Jl llid compositions. 

lf the gas standard statc is adopted for !Joth CO2 and H 20 in calcll­
lating the thermodynamic properties of dccarbonation/dehyclration re­
actions , an eq llation for H 20 al叫ogous to eq (40) can be written , è川ln
eq甲s (忏11η) an肌川}C叫cl (42 bccωorne (υfo旧rP乓f 工 p川》斗) 

1-2 

fJ 
1-2 

川1I20 + nooz) -1-1-

and 

XI 711λl th=kr T 

XU_AiZH20 X 台C仆2γ 介1!20 XC() 儿叫 p(仿H20 十命"与)=KH20 "~C()2λIT20λC02 .L - .Llt.P ,T 

whereχH20 refers to the fugacity cocfficient of H 20. 

(43) 

(44) 

Pressure斗lolllllle-tempcrature cl且ta for the system CO2-H20 indicate 
that umler certain restrictccl prcss lIl、e/tcmperature conclitions the mixing 
properties of these componcnts are essentially ideal (Greenwoocl , 1973; 
Holloway, 1977), which means that for reactions at these pressures ancl 
tell1pcratures the fugacity coefficicnts of I川Irc CO2 ancl H 20 at the te ll1-

peratUl、c ancl tota1 pressUl、e of interest can be usecl forχ002 and XH20 in 
eqs (43) ancl (44). For ideal mixing of CO2 and H 20 , va1ues o[ Xoo2 and 
χ1I20 at high presSllres and tcmpcraturcs can be calculated fro ll1 equations 
summarized by Ho11oway and Recse (1971). Holloway (1977) , and Helgeson 
and Kirkham (EJ74a). If provision for nonidcal mixi吨 is incorporatecl in 
the calclllations, fugacity coefl立 ients for both CO2 且lld H 20 as a function 
of X C02 can be computccl fro l11 the llloclifìecl Rcdlich-K wong algorithm 
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given by Holloway (1977). Note that if H 20 is not invo1ved in the re-
ηH20 _ " n action，命H20 二 o and X H20 'U2U =χH20 吨。二 1 in both eqs (42) and 

(44). However, if CO2 is absent, eq (42) reduces to zero, and eq (44) be­
comes (for Pf = P) 

χnH20 p nH20 _ I nH20 • K H20 ' -tl2V P' -tl2V 1 H20 • P.T (45) 

The equilibrium constants in eqs (41) and (43) require G Op.T -
GOPr.Tr in a statement of eq (14) for CO2 to be equal to GOProT -
G。凡飞， which is true for H 20 only if eqs (43) and (44) or (45) are used 
to describe the equilibrium states. Va1ues of GOr斗.T - GOPr.耳， H。鸟.T -
HOPr. Tγ， S。鸟，T - SOPr.Tr' and C。鸟.T for gases can be computed from eqs 
(19) and (25) through (27) using heat capacity coe面cients given by Kelley 
(1960) , which permits ca1cu1ation of ilG。乌.T and ilHopγ T with the aid of 
eqs (14) and (15) and the va1ues of ilGo f and ilHo f for gases reported by 
Wagman and others (1968). The览e t由he盯rmod句ynamic p严ro叩pe盯rtie臼s a川t 2岛5。吧C and 
1 bar of a number 0叫f ga剖se臼s of g伊eo叶10吨gic interest ar陀e surr口mr口ma沮r叮:1垃ze仅ed in tab1e 9. 

Solid solutions.一-Calcu1ation of ilG气.1'.T from experimenta1 data 
for reactions invo1ving solid solutions requires provision for mixing of 
atoms among energetically equiva1ent sites in the minera1 , as well as 
exchange of atoms between energetically distinct sites. The thermo­
dynamic consequence of mixing and exchange of atoms among energeti­
cally equiva1ent and distinct sites in solid solutions has received consicler­
ab1e attention in recent years (Mueller, 1962; Matsui and Banno, 1965; 
Thompson, 1967, 1969; B1ander, 1970, 1972; Saxena and Ghose, 1971; 
Saxena, 1969, 1973; Grover and Or飞，ille ， 1969; Wood and Banno, 1973; 
Kerrick and Darken, 1975; Powell, 1977; Aagaard, He1geson, and Ben­
son, 1979). Because si1icate solicl solutions common1y exhibit composi­
tiona1 variation on more than one kincl of site, the activities of the 
thermodynamic components of the solutions rare1y equa1 the mo1e frac­
tions of the components. However , if no exchange of atoms between ener­
getically distinct sites accompanies compositiona1 variation, the activities 
of the thermodynamic components of the minera1 can be approximated 
by assuming random mixing and equa1 interaction of atoms on ener­
getically equiva1ent sites. A genera1 equation re1ating site occupancy in 
such solutions to the activity of thc ith thermoclynamic component (向)
can be written as" 

也二 h 川 i l xyszysjs (46) 

where k i denotes a proportiona1ity constant determined by temperature, 
pressure, and the stoichiometry of the ith compone川 (see be1ow) ， νs ， j ， i 

5It should perhaps be emphasized that no assumptions other than those stated 
above are necessary to dcrive eqs (46) through (52) from ftrst principlcs of either 
dassical or statistical thcrmoclynamics (fo1' cxample, sce Kcrrick ancl Darken , 1975; 
and Aagaarcl , Helgeson , and Benson, 1979). 
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stands for the stoichiometric number of sth energetica11y equivalent sites 
occupied by the jth species in one mole (gram formula unit) of the ith 
component, and Xj ,s represents the mole fraction of the jth species on 
the sth sites in the solid solution, which is given by 

X，.-~一­
h" L nj,s 

(47) 

wherc nj ,s stands for the number of lIloles of the jth species on the sth 
sites. The proportionality constant k i in cq (46) can be expressed as 

so that at a11 pressures and temperatures, 

lim ai = 1 
X i • l 

(48) 

(49) 

where X i stands for the mole fraction of the ith thermodynamic com­
ponent of the solid solution, and Vs.i clesignates the stoichiometric num­
ber of energetica11y equivalent sth sites in one mole of the ith component. 
Note that V8 ， i 二 Vs ， j ， i only if one kind of atom occupies the sth sites. 
Otherwise, 

h=22h (50) 

Similarly, k i = 1 only if one kind of atolll occupics each kind of ener­
getically equivalent sites in the mineral 

Although eq (46) is strictly va1icl on1y for solid solutions of thermo­
clynamic components with equa1 standard 1ll01al volumes , it can be used 
to obtain close approximations of 向 if the standarcl molal volumes of 
the components arc within -5 (or even in some cases ---10) percent of 
each other. Eq (46) is consiste川 with

G……一斗-GO = R盯1 丰~ X i ([n川k 十立轩丰川Vs，j ， i Z川jμ川j， i ZJ川I

wh巳re G 一 GO stands [or the mola1 Gibbs free energy of mixing. Differ­
entiati吨 eq (51) 1eacls to 

S 伫 -R 宇凡( 1川十军车 V8 ，j 川)

-RT ')'X i ((卫已斗 + ')'). In X" (__éJ}J_丛~，
γl\OI/r77 川~ \ aT / p 

I a ln X'o \ \ 
+vsJJly ,S_ ) n ,,' \ (52) 

n- \ aT j P ,Xî J 
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whe1'c S - SO co1'responds to the mo1a1 entropy of mixing for a 1'andom 
dist1'ibution of atoms on all ene1'gctically distinct sites and the subsc1'ipt 
X; stancls fo1' ωnstant X i fo1' all va1ues of i. Note that (avs ,j,JaT)r , (a ln 
k/aT)p , ancl (a ln Xj ,s/aT)p ,x; arc finite on1y for components that ex­
hibit cliso1'cle1' as a fu旺tion of tempc1'at旧e. In these cases , v" ，川 hi， (a ln 
k;!aT) l' (aln Vs川/aT)p, ancl (θ ln Xj，8/aT)川; can be computed from 10ng-
range ordering pa1'ameters, cqui1ib1'illlll constants, and standarcl mo1a1 
entha1pies of 1'eaction fo1' exchange o[ atoms among ene1'getically clistinct 
sltes. 

Provision fo1' exchange of atoms between elle1'getically distinct sites 
can be macle in the1'modynamic calcll1atiolls by taking accollnt of con­
st1'aints i l1lposecl by hO l1logeneolls equi1ib1'ium among the va1'iolls species 
on the sites. The 1aw of l1lass action fo1' an inte1'change 1'eaction invo1ving 
atoms designatecl by j = 1 ancl j = 2 on ene1'getically clistinct sites 1'ep1'e­
sentecl by s = 1 ancl s 二 2 can be w1'itten as 

2 2 2 2 

1 1 廿九 τπ
11 11 11α}.S 一 |111XMMLSM 二 K (53) 

5 二 1 ]=1 s二 1 J 二 I

whe1'e aj ,8 andλj， 8 1'efer to the activity and activity coefficient of the jth 
atom on the sth sites，旬，8 stands fo 1' the 1'eaction coefficient of the sub­
scripted atom on the sth sites (which is negative fo 1' reactants ancl posi­
tive fo1' p1'oclucts) , and K clenotes the equi1ib1'ium (dist1'ibution) constant 
fo1' the reaction. Because K is indepen c!ent of composition , if À j,8 1 
for all va1ucs of j ancl s so tl川 all atoms on each kind of ene1'getically 
equiva1ent sites mix 1'anclom1y with equa1 inte1'action , eq (53) 1'ecluces 
to 

11 11 X j ,,, 7lj， 8 二 K (54) 

s=1 ]二 I

which can bc llsed togethe1' with X-ray, neutron cliff1'action , 01' Mösshaue1' 

spect1'a1 data and eqs (46) and (52) to calcu1atc the activities of the the1'­

modynamic componcnts of solid sollltions ancl the entropies of mixing 
f1'om compositiona1 data. 

1n cont1'ast to the mixing eqllation dc1'ivcd by Kerrick ancl Da1'ken 
(1975) , eqs (46) , (51) , (52) , 江口d (54) app1y 10 mixing of orde1'ecl, dis­
o1'clered, and pa1' tially orclered components, but on1y if substitutiona1 
o1'de1'/disorde1' is not cOllp1ed to compositiona1 va1'iation in the mine1'al. 
1n the 1atte1' case (which includcs orthopyroxenc ancl p1agioclase solicl 
solutions) , int1'asite mixing is accompaniccl by inte1'site exchange , and 
λ1 町 s is a fll l1ction of composition. Eithe1' λj ， 8 01' λi must then be clesc1'ibed 
with the aid of 1'egll1ar sollltion theory or higher order ]\伫l 1'gu1es expan­
sions , such as those sU I1l111arized by Thom pSO I1 (1967) , Saxena (1973) , 

ancl othe1's. 
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ESTIMATION 01' ENTROPIES, VOLUMES , AND IIEAT CAPACITIES OF MINERALS 

The equations summarized abovc permit calculation of thc standard 
molal Gibbs free energies of formation of minerals at P r and T r from 
expcrimental observations o[ phase cquilibria at high pressures and tern­
peratures. Howevcr, thc calculations require values of SOp"，叭， V。Pγ ， Tr' and 
heat capacity cocffÌcients for a11 the minerals involved in the reactions 
These data are available for most of the minerals considercd below, bllt 
in certain cases it was necessary to u比 estimated entropies, volum凹， ancl 
heat capacities to complltc GO l',T - GOPr ,T r' HOl' ,T - H OPr，吟， and S飞，T
- SOl斗，Tγfor minerals at high pressures and tempcratures. Con且gurational
contributions wcre included in the estimatcs only in cases where thc 口1ag­
nitude of the contriblltions could be establishcd unambiguously. T飞his
proα【 ed山山lu盯1

Ul川b汀町r川ich and 飞Wa址lc【clb】川山aum (1976) , Zen (1977) , and others, who argue in 
favor of adcling icleal confìgurational cnlropy contributions to the calori­
metric third Iaw entropies of minerals that exhibit orderfdisorder. Con­
sideratioll of substitutional orclerfdisorcler in alkali feldspars , Ca-AI 
pyroxene, and other mincrals (see below) s吨gcsts that actual co凶gura­
tional contributions to the cntropies of mincrals may be substantially 
less than idea l. 

Although calorimetric third law entropies and heat capacities of 
millcrals are un四rtain to the extent of a few tenths of a cal mole- 1 

(OK)- l, the uncertainties genera11y fail to justify unwcightcd optimiza­
tion of standard molal entropies of rcaclion hy linear progTamming, as 
s吨gested by Gordon (1973) , who treats both entropies and Gibbs frec 
energics of reactions equa11y as adjustablc paramcters." Accorclingly, most 
of the caIculations reported below were carried out using entropies ancl 
hcat capacities of minerals derived from calorimetic data or estimation 
algori tlnl1s, rather than gencrating them from high pressUl句εftemperature

pl山e equ山briulll data. A巾Istments were macle only in those cases 
飞\'hcre the thennodynamic consequences of orderfdisordcr have been 
documented or the predictcd Clapeyron slopes of univariant Cllrves 
failed to satisfy experimental observations at high pressures and tem 
peratures. This procedure ensur它d compatibility of the caIculations with 
low-temperature heat capacity data and precluded erroneous assign­
l11ent of uncertainties in reversal tem pcratures to the standard 11101al 
entropies of minerals. It also minimizecl errors causcd by assuming un­
warranted confìgurational contributions to the entropy, ,d lÏch tenc! to 
cancel in reactions alllong disordered mincrals. 

1n general , the standard 11101al volumcs , cntropies, and heat capaci­
ties of minerals at 25 0 C and 1 bar can be estimatcd to within a few 
percent of thcir experimental val时s. 1n rnost (but not a11) cases (see 
above) , discrcpancies of this order of magnituclc ha川江 negligiblc effect 

6 Although wcighting factors can be incorporatcd in lincar programming routincs 
for thcrrnodynamic analysis of high pressllrejtempcratllre phase equilibrium data. 
comprehcnsivc calclllations of this kind havc yct to bc carricd ou t. 
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on calculated standard molal enthalpies and Gibbs free energies of re­
actions at high pressures and temperatures. 

Entropy and volllme.-Various empirical algorithms have been used 
to estimate the standard molal e川ropies 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 andjor 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, andjor 
the standard molal volumes of minerals. For example, Fyfe, Turner, and 
Verhoogen (1958) employed the relation, 

S飞，Pr ， Tr = SO l:, i ,Pr,Tr + k(V O i ， P川γ- VOl:， i ，Pr， Tγ) (55) 
where the subscript i denotes the mineral for which the standard molal 
entropy at 25 0C and 1 bar is to be estimated, k denotes a constant, and 

凡川=丁E V3303PγTr (56) 

and 

VO l:, i ,Pr,Tr =立即VOj川 (57) 

where Vj, i stands for the number of moles of the jth oxide formula unit 
(j - 1, 2, • • • i) in one mole of the ith mineral, and SOj凡Tr and 
V勺.Pr ，Tγrepresent the standard molal entropy and volume of the pure 
oxide at 25 0C and 1 bar. A value of 0.6 appears to be the "best" value 
of k for most silicates (Fyfe, Turner, and Verhoogen, 1958; Beane, ms) , 
but comparative calculations indicate that k may vary significantly for 
minerals in diJferent structural classes. 

1n most cases eq (55) afforcls estimates of the stanclard 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 oxicles to be 
zero (see below) , which leads to 

SO i ，鸟，Tr 口 SOl:， i ， P川γ， (58) 

closer approximations can usually be obtained by first writing a reversi­
ble reaction between the mineral for which the stanclard molal entropy 
at 25 0C ancl 1 bar is to be estimated and another mineral (or minerals) 
in the same or a similar structural class using oxicle formula units to 
balance the reaction. For example, the standard molal entropy of aker­
manite at 25 0C and 1 bar can be estimatecl from the calorimetric entropy 
of gehlenite by taking account of 

Ca2 MgSi2 0 7 十 α-A1203 号主 Ca2 Al2Si07 

(akermanite) (corundum) (gehlenite) h
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for which 

s。α 7ccrma川 tc 十 ð.S O r = SOgelilcnitc 十 SO pcricùlse 十 S。α-qu川 tz - S 0 cOTundwn ) AV 
卢h
u

( 

and 

v。αkermanite + ð. yo r 二 yogehlenite 十 yO]J criclα se + y。α-quartz - V 0 corllndum 

(61 ) 

If we now writc gencral expressions o[ thc fonn of eqs (60) and (61) 
and designatc the left sidcs of thcse expressions as SO s and Y飞， respec­
tively, clos巳 estimates of thc stanclarcl l1lo1al entropies of nonferrous 
l1linerals (see below) at 25 0 C and 1 bar can be computecl from 

s。 -so川Pr，Tr (yo川Pr，Tγ+ YOi ，P川γL (62) 
i ， Pr，Tγ- 2vos ， i ，1' r ，Tγ 

by first calculating S飞， i ，1'γ，Tγand VO s ， i ， Pr，Tγfrom expressions such as eqs 
(60) ancl (61) , For example, in the case of akermanitc, substituti吨 cx­
perimental standard l1lo1al entropies and volumes of gehlenite, periclase, 
α-quartz， and corundum, together with the standarcl l1lo1al volume of 
akerl1lanite in eqs (60) through (62) yielcls an estimate of 50 , 0 cal l1lo1e-1 

(OK)-l for SO i ， Pγ ， Tγ ， which is equal to the calorimetric value reportecl 
by Robie and Walclbau日1 (1968). In contrast, eq (55) results in an esti­
mate of 46.8 cal l1l01e- 1 (OK)- t, and simple adclition of the standard 
l1lo1al entropies of the oxide fonm山 units in akermanite (eq 58) yields 
45.2 cal l1l01e- 1 (OK)-l. 

Alternate entropy cstimates computed from eqs (55), (58) , and (62) 
for various nonferrous silicates are shown in table 1 and plotted in fìgure 
10, where they can bc compared with their experimental counterparts. 
Thc stanclard molal cntropy and volumc of H 2 0 used to calculate the 
estirnates for tremolite and kaolinite correspond to those for "structural" 
H 20 in table 2 (see below). lt can bc seen in tal由 1 and figure 10 tha t 
both eqs (55) and (62) yield reasonably close approxi l1lations of experi晴

rnental entropies that are significantly better than those obtained frorn 
eq (58) , but the estilllates computecl from eq (62) are more consistently 
reliable and generally closer to their exprimcntal counterparts than those 
obtainecl from eq (55). Note that in certain cases (for example, clinoen­
statite, cliopsicle , ancl merwinite) , relatively large errors result from eq 
(55) but not frO l1l eq (62). The latter eql川ion also af[orcls close cstil1l at巳s
of the stanclard l1l01al entropies of 1l011[crrous carbonates, chloricles. sul­
fates , ancl lllultiple oxicl时， which is not true of eq (55). However, non 
of the algoritlulls yields ;λlccurateεstim~且ltCS of th巳 stanclar‘ιd molal en­
tr、opies of sulfides , which can bc approximated moreιlosely by using 
Latirner's (1952) 01' Kelley's (1川、ivate COI11l1lun. , citcd by Stull , 1965) 
approach. 

Differences between the standanl lllolal entropies estimatcd fro I11 

eq (58) and the calorimetric val时s shown in table 1 rangc frolll 0.1 to 
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TABLE 1 

Comparative summary ()[ experimental ancl estimatecl stanclarcl 
molal entropies 01 minerals at 298.15 0 K and 1 bar 

Experi咽ntall Estimated S" 旦，主
> 1-"'" "'-':'-:"1 -.....---' • P .T 

Minera 1 Formula VO _ _ !:.'~ I s。乞，U I r'γ 
一一·、 一-.

P ,T 1" P .T I - -
r 二 r I r" r 

(eq 58) I (eq 55) I (eq 62) 

Cllnoenstatite MgS i 0 3 31. 276 16.2 16.3 1 句 .7 16.2 

Wollastonite CaSi0 3 39.93 19.6 19 句 19.7 20.0 

Diops ide CaMg(Si0 3)2 66.09 3乌 2 35.7 3 1. 3 3句.岛

Jade i te NaAI(Si0 3)2 60. 句。 3 1. 9 3句 .8 28.7 32.5 

Tephroite Mn 2Si0 4 句8.61~ 39.()且 38. 句 38. I 38.8 

Ca I c i um- ol i vine y-Ca 2S iO句 59.11生 28.8且 28.9 30.6 28.9 

Phenac j te Be 25iO 与 37.19且 15. 卢 16.6 15. 句 16.5 

Wi l1emite Zn 25iO 句 52. 42~ 31.~ 30.7 3 1. 4 3 1. 5 

Ake rman i te Ca 2MgS i 207 92.81 50.0 句 5.2 句6.8 50.0 

Herwinite Ca 3Mg(SiO句) 2 104. 句 60.5 5句 7 5句 .3 59.9 

LowAlbite NaAISi 308 10口 .07 句9.5 句句 .7 48.7 句8.6

Nephel ine NaA 1 S j 。句 54.16 29.7 2乌 .9 28.7 30. I 

Tremolite Ca2Mg 55 i 8022 (OH) 2 272.92 13 1. 2 139.8 132.6 131.8 

Kaol inite AI 2 Si 20 5阳)句| 99.52 句 8.5 51.1 51.8 句 8.2

问 j neral Reference reactions for the esti 旧 tes shown i n col umn 7 above 

Cl inoenstatite 

Wol1astonite 

D i ops j de 

Jadeite 

Tephroi te 

Ca Ic i um-ol i vi ne 

Phenac j te 

Wi l1emite 

Ake rman i te 

Herwinite 

low Albite 

Nephe 1 i ne 

Tremo 1 i te 

Kao 1 i n i te 

问95i03 + MnO ~兰州nS i0 3 +呵。

CaS i0 3 + HnO 忑兰州n5i0 3 + CaO 

Ca时 (S i0 3) 2ζ兰州gSi0 3 + CaO + Si02~ 

NaAl (SiO .,)., + CaO + HgOζ士 CaMg(SiO ， )2 + 0.5Na20 + 0.5a-AI ,0 3' 2 、 3'2 .....-2- "-~ ~'2v3 

Mn 2SiO句+ 2MgOζ兰州g2S iO句+ 2MnO 

y-Ca 2S iO乌+ 2BeO ~ Be 2S iO句+ 2ω 

Be 2S i0 4 + 2问gO 守兰州g2S iO 句+ 2BeO 

Zn 2 SiO句+ 2MgOζ兰州92S i 0与+ 2ZnO 

Ca ., MgSi .,O., + a-Al .,O., ~ Ca .， Al 吧 i0 7 + MgO + Si0 2!2. 2"'-'2" 7 "'2-3 吨士→ 2' '2:'"7 
Ca 3Mg(5i0 4 )2 + CaOζ主 2Ca 2 S i04~ +呵。

NaA1S i...O o + O.5K....O ~一二~ KA1Si~O 且+ 0.5Na...0 3V 8 v. -"2 吃~ ....'.3v 8 
NaA1SiO l, + O.5K"O::'一与 KA1SiO). + O.5Na....0 4 _. '''2 吃，-- ....- -4 

Ca , Mg , S i 00" (OH)ζ-= Mg , Si ,.O , n(OH) , + 2CaMg(SiO ,) 2"~5'" 8'"'22 \""1 2 ~ "~3 句 10'-"'2 ---""''"3'2 
AI , Si , O, (OH) ,. + 25iO 旦::::::: Al....Si ,_O ,,, (OH)... + H 。2"' 2-5 句 2 ‘，，--- 2 句 10'V"'2 "2V (5) 

主m 3 mole -1. 与obie and 阳 Idbaum (1968) 气al mole- 1{OK)-I. i.e: xcePt 

where indicated otherwise. the values of vO
D T and SO ,.., T shOwn 
Pr , Tr -,,- ~ Pγ ， T ， 

these columns were taken from table 8. 与omputed using experiment o3 l 

standard 1001031 entropies and volumes for the minerals shown 础cv~ a 门才 /0'

those for oxides o3 nd minerals in tables 2 and 8 together with the values 

。f V 。 Pr , Tr and 5·Pr , Tr for rh。don i te(35·16cm3 『Jl e-l and Z与 .5 ca 1πul e-l 

3 , -1 (OK)-l , respectively) and larnite (51.60 cm3 mole- 1 and 30.50 cal mole 

(OK)-I , respectively) given by Robie ,J nd Waldbaum (1968) 工-l. arni te 

且+'I icrocl ine. !! icroc I i ne. .:...:α-quartz. 
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8.6 cal mole • 1 (OK)-l. Corresponcli吨 disc陀pancics rcslllti吨 from eq 
(55) are sma11er (from 0 tü 6 cal lllole- 1 (OK)-l) , b川 many are never­
thcless largc. 1n cüntrast 咽 nüne o[ the errürs intodllced by thc structural 
algo出hm (eq 62) exccetls 1. 1 cal mole- 1 (OK)- l, ancl a11 b川 two

of the estimates calc川江ted from eq (62)λre within 0.6 cal mole-1 

(OK)-l of the expcrimcntal values sl阳Nn in table 1. These ancl other 
comparisons of this kincl indicatc that eq (62) yields estimates within 
~ 1 percent of the calorimetric entropics of Illost silicates at 25 0C ancl 
1 bar. It shoulcl perhaps be cmphasizcd in this regard that errors in esti­
mated stanclard molal entropies of minerals computcd fro lIl eq (62) which 
exceecl ~ 1 percent of the cürresponding calorimetric vallles can uSllally 
be attribllted to the use of an inappropriate structural analog in the 
refercnce reaction employcd in the calculations. 1n certain cases the esti­
mates may be affected considerably by the extent to which the structural 
analogs represent aclcquatcly the various structural dümains in the min­
erals in qllestion. \Vhcre a clearth of data requires use of a quasi-analog, 

the u配ertainty in the estimate may cxαecl several cal mole-1 (OK)-l. 
In these cases , eq (55) may yield a bctter estimate. 

\\'ith the exception of solidjsolid phase transitions, errors in the 
stanclard molal entropies of minerals of the order of ~ 1 perccnt have 
a 口egligible elIect on calculatecl standard 1110lal entropies of reactions 
at high temperatures, which are commonly of the order of 20 cal mole- 1 

(OK)-l or more. Although u配ertainties in GOp ,T - GOPr ,T r causecl by 

」
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250 C AND 1 BAR 
⑧四UATION (55) WITH 

R,o.6(FYFE. TURNER. 
AND VERHOOGEN (1958)) o OXIDE SUM (EQUATION 

• 
Fig. 10. Con、clation o[ csti ll1atcd and experimclltal standanl ll1 01al cntropies of 

ll1inerals at 25 0 C and 1 bar. 
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errors in estimated entropies may exceed several hundred cal-1 mole-1 

at high temperatures, if all estimates are consístent with one another 
and more than one estímate is ínvolved, errors in G Op .T - GOpγ冉 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 20 to the standard molal entropíes 
of silícates (SOH的s)) can be estimated from eq (62) using calorímetric 
data for hydrous minerals together with the contribution of structural 
H 20 to their standard molal volumes (y o H20ω) ， whích is ,_, 13.7 cm3 

(mole H 20)-1 (Fyfe, Turner, and Verhoogen, 1958). This value of 
y OII20 (s) and the standard molal volumes and entropies of α-quartz， kao-

TABLE 2 
Summary of experímental standard molal volumes, entropíes, 

and heat capacity power function coefficients for oxides 

Coefficients 且FiO 「
Temperatur芭

Mineral Formula V 。 Tri s' _ È. c' _ _ È.,f_ eouation 

P " P r ,T r P r' T r 3「b- b~X 10 3 c~x 1 0- 5 Range , "K 

Li me CaO 16.76I,!. 9.5 oi-. 一见 二v 10.2句 11.67.'1 1. 08旦 1. 5G.'l. 298-2000旦

Periclase HgO 11.24s!. 6. 句I，!..且.! 9.03 10.18旦 1.7 4.'1 1.48旦 298-210o.'l. 

Hanganos i te HnO 13.221!. 1 句. 27!.ol. 10.70 11.11 .'1 1. 9β 0.88旦 298-180o.'l. 

FerrOU5 Oxide FeO 12.0oi- 1 句. 52!.'且.1. 11.89 12.12.'.. 2.07.'.. 。 75主 298-160o.'l. 

8ron理 11 i te BeO 8.30~ 3.38且，主 6.08 8. 句5且 4.oo.'l. 3.17旦 29 日 -120 o.'l.

Zinci te ZnO l 句3ls!. 10.4?1 9.62 门. 71 .'1 1 . 22.'1 2.1 s.'l. 298-200o.'l. 

Potassium Oxide K20 句0.3 s!. 22.5!.'旦 20.10 18.51'二 8.65工 0.8s.'.. 298-110o.'l. 

Sodium Oxide Na 20 25且 17.935旦 16. 乌6 18.25.'.. 句 .8~ 2.8~ 298-1000旦

Coru罚dum α-A 120 3 25.575工 12.1 s!..1 18.90 27 句9旦 2.82.'1 8.3 s.'l. 298- 180o.'l. 

Hemat i te a-Fe 20 3 30.27丘 20.9山 25.0句 23. 句~ 18.6。且 3.55.'1 298- 95 o.'l.'旦

自-Fe 20 3 36.0o.'l. O.oo.'l. 。 .o o.'l. 950-105o.'l.':'. 

y-Fe 203 3 1. 7 1.'1 1.7G.'l. O.oo.'l. 1050-1800旦

α-quartz S i0 2 22.68s!. 9.8s!. 10.63 11.22旦 8.2 o.'l. 2.70且 298- 8与s.'l.':'.

ß-qua rtz S i0 2 23. )2~ 1 乌 .99 14.41 .'1 1. 9件 O.oo.'l. 848-2000旦

"Structural" H20 
"20 (主) 13.7旦 9. 6-"- 9.57 7. 川二 8.2ι 。 .00主 298- 1 000三

"Zeo 1 i t i c" H20 "20(~ 吕立 1 句 .1主 11'. 句 川岛工 O.~ O. o-Y-

3 ~_， _-1 b _, __, -1 10" , -1 c 
气m-' mole ~日 1 mole '("K) ~stimated from standard molal volume c; of zeol ites (甘E' text). 

-1 ,..", -2 t!' • f...\ , -1 f~ ,,,, '-0\ g ~cal mole '(.I() 乌al (.K) mole .:...p_obie .3 nd Waldbaum (1968). 与 tu 11 and 

Prophet (1971). ~stimated from equation (62) using standard molal pntropies and volumes of 

sodium aluminum silicates given in table 8 (see text). .L.wagman and others (1968).ι.Standard 
molal volume at 575"C given by Robie and others (1966). ~.parker ， Wagman , and Evans (1971). ~yfe ， 
Turner , and Verhoogen (1958). 卫fst imated f 俨om equ .J tion (62) and the standard molal volumes and 

entropies ofα-quartz ， pyrophyll ite , chrysoti le , kaol inite. and talc shown in tablc 8 (S l' C 

text). Ecomputed from equation (19) using thc he <l t c .J pacity cocffici l' nts givcn <l bove. ~el1ey 
(1960). ~enerated by regress 叩 n of heat capacity data reported by Stul1 and Prophct (1971) with 

equation (19) 与ankratz (196句 b). .!.tsti l'1ated frorl the standard molal entropies of analcime and 

dehγdrated analcime given in table 8 (see text). 斗1aas and Robie (1973). 工fst imated from equat ions 

(86) through (88) and calorimetric data reported by King (1955) and King and Wcl1er (1961b) - see 

tex t. ~quation (19) fails to represent adequately changes in the standard molal hcat capacities 

d 队队 and y polymorphs in the vici 川 ty of a/ß and ß/y transition tempcratures (sce text). 

王:rhis value was adopted in preference to that computed by Chase and othcrs (1975) because it appears 

to be more consistent with the standard molal e 门 tropies of other calcium compounds ðt 25 0 C and 1 bar. 
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Iinite, chrysoti1e, pyrophyllite, and talc permit calculation of SOH20(S) at 
25 0C and 1 bar frorn alternate statements of eq (62) for 

kao1inite 十 2α-quartz ~ pyrophyllite + H 2 0(s) (63) 
and 

chrysoti1e + 2α-q uartz ~ talc 十H20(s) (64) 

which yie1ds 9.9 and 9.3 cal mo1c- 1 (OK)- l, respective1y. The mean of 
these (9.6 cal mo1e-1 (0 K) • 1) is close to the va1uc of SOII20(s) computed 
from eq (55) using yO II20 (s) 二 13.7 cm3 mole-1 and the standard molal 
entropies and vo1umes of K20 , co川ndum， α-quartz ， and m旧covite (9.4 
cal mo1e-1 (OK)-l). The 1atter va1ue corresponds to that suggested by 
Latimer (1952) for cstimating the entropies of nonsilicates containing 
100sely bound H 20 , but it is 1.3 ca1 mole-1 (OK)-l 10wer than the 
standard molal entropy of metastable ice at 25 0C and 1 bar (10.7 cal 
mole-1 (OK)•). It appears from these and sirnilar calculations and com. 
parisons that a va1ue of 9.6 ca1 rno1e-1 (OK)-l for SOH20(8) yields closer 
estirnates of SOPr,Tr for hydrous silicatcs from eq (62) than those gen­
erated frorn eqs (55) or (58) using 9.4, 9札 or 10.7 cal mole-1 (OK)-l 
for SOH仙s) at 25 0C and 1 bar. Accordi吨ly， 9.6 ca1 mo1e-1 (OK)-l was 
acloptecl for SOH20(S) ,Pr-Tr in the present study (tab1e 2). 

It can be deduced from table 1 that eq (62) yields estimates for tre­
mo1ite and kaolinite that are within 0 , 6 percent of thc ca10rirnetric 
va1ues, which is also true for chrysoti1e. 飞气lith the exception of rnuscovite, 

larger discrepancies result if eq (55) is usecl with SOH20(8) = 9.6 ca1 
mo1e• (OK)-l. The 1atter discrepancies range from - 2 to 5 cal mole-1 
(OK)-l for kaoIinite, pyrophyllite, chrysotilc, and tremolite. 

The co山讪ution of loosely held H 20 molecu1es (SOH仙的) in the 
st1'uctu1'a1 channels of zeolites and 1'elated mine1'als to their standarcl 
mola1 entropies can be estimated by assuming ilS气，抖，Tr 二 o fo1' a hypo­
thetical reaction of the forrn 

中+ IÎH20ωH20(的手主中. IÎH20ωH20(z) (65) 

whereψ 1'epresents a dehydratecl zeo1itic rnineral，自H20 stands for the 
rcactioll cocfficient fo1' H 20 , andψ' ÎlH20 H 20 designates a hyd1'atcd equi­
valent of tþ in which the H 20 molecules are 100sely bOllnd. Assurning 
ilS。飞γR川r， Pr ，
a缸acl叫clclωi让tiv町e cωol1 tr咱t讪讪i口bu川ni扫011 tωo t山he stam时d山lar仄叫d mo叫L江址11 entrop乒ies of z及eo叫1itic min­
e1'als. This assumption seems rcasonable in view o[ the relatively weak 
hyd1'ogen bonds responsible [01' ho1ding H 20 (时 in the channe1s of 
zeo1ites. 

lf ilSor， Pr ， Tγis taken to be zero for a statement of reaction (65) for 
ana1cimc alld clehyd1'ated ana1cime, ca1orimet1'ic data reported by King 
(1955) and King ancl vVelle1' (1961b) indicatc a va1ue of 11.1 ca1 mo1e-1 
(OK)-l for SO]叭ω. As expectecl , this va1lle 1ies betwecn S。吨。(8) (9.6 ca1 
mo1c • 1 (OK)-l) ancl SO fo1' 1iquicl H 20 at 25 0C and 1 bar (16.7 cal 
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mole- 1 (OK)-l). The observation that thc entropy contribution of H 2 0(z) 

is 4.5 ca1 mo1e-1 (OK)-l 1arger thall that of "tight1y" bound structural 
H 20 but 0川Y 2.6 ca1 mo1e-1 (OK)-l smaller than S。冉冉 for 1iquid H 20 
is consistent with the rclative magnitude of the t1'ans1ationa1 , vibrationa1 , 
and rotationa1 clcgrees of f1'ecclom that one wou1d postu1ate for the three 
types of H 20. 

In contrast to the observation that SO Il20CS) < SOU20(z) < SO Il20Cl;QUid)' 

st1'uctu1'ally bouncl H 20 wou1cl bc cxpccted to contribute to a g1'eater 
extent to the vo1ume of a minc1'a1 such as muscovite than the corres­
pondi口g contribution of 100se1y bound "nonessential" H 20 to the vo1-
umes of zco1ites. The channe1s in zco1ites arc 1'e1ative1y 1a1'ge , and , un1ike 
clay minera1s , their structurc retains much of its integrity cluring clehy­
cl1'ation. Hence , H 2 0(z) shou1d not contribute substantially to the vo1ume 
of a zeo1ite. This reasoning is supported by estimates of Y O II20 (Z)' which 
can be made by aclopting an approach ana1ogous to that emp10yed above 
to estimate SO Il20(z); that is, by assuming Ll Y气，鸟，Tγ 二 o for hypothetica1 
reactions among zeo1ites 01' "zco1itic" minera1s and H 2 0(z)' For examp1e , 

data given in tab1e 2 and the assumption that the standa1'd mo1a1 vo1-
umes of 1'eaction a1'e ze1'o fo1' 

ancl 

1aumontite :;::::::: wai 1'akite 十 2 H20(仆，

2 1aumontite 二 1eonha1'clite + H20(付，

(66) 

(67) 

1eo山a1'dite:;::::::: 2 wai l' akit巳+ 3 H 2 0(z) (68) 

1eacls, respectively, to estimatcs of 8.2, 7.1 , and 8.5 cm3 mo1e-1 fo1' 

v。吨。Cz)' DesI>ite the 1a1'ge uncertainty in YOPr，Tγfor Na20 (see be1ow). 
these va1ues compare favorab1y 引W1让th th川 (10.7 cm3 mo1e- 1可) cωompu川t忧E创dd l 
from eq (β55盯) u川s1n唁g S 。飞H20句(z) = 14.1 c王丑址a址1吐1 mo1e-1 (俨。 K)-l and t山he stan阳cla灿a川Jr吨

mo1a1 vo叶1u川I盯me白s a川n叫cl ent盯ropμies of a川川lT川nalcime ， α -q ua1'tz, corunclum, ancl 
N a20. All these estimates, which a1'e ,_, 3 to 6 cm3 mo1e-1 1ess than the 
value of yoH20ω in tab1e 2, are consistent with the observations sum­
ma1'izcd above. A1though they a1'e not necessa1'i1y 1'epresentative of 
natu1'al zeo1ites. which exhibit consicle1'able variation in thei 1' ccl1 para­
meters, a va1ue of y o H20(Z) = 8 shou1cl a旺。1'd reasonab1y close estimates 
of the stanclarcl mo1a1 entropics of 日lOSt zeo1itic minera1s. Accordingly , 

this val时 was used in the p1'esent study together with cqs (55) and (62) 
to cstimatc the stanclarcl molal entropies of minerals containing 100sely 
bound H 20 mo1ecu1es. 

Eq (62) was also 川ecl to estimate the stanclanl 11101al vo1ume of 
Na20 (tab1e 2) llsi吨 thc follo川吨 refere配e react lOllS: 

N a20 + 2 microcline ~主 2 10w a1bite 十 K20 (69) 
ancl 

Na20 + 2 ka1si1ite:;::::::: 2 nephe1ine 十 K20 (70) 

The calcu1ations 1'esu1ted in 19.9 and 28.0 cm3 mo1e-1 for YOPr ,T,. of 
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NazO. Corresponding estirnatcs of 2 1.4 ancl 22 .4 cm3 rno1e一 1 were ob­
tained from eq (55) using experimenta1 data for low a1bite and nephe-
1ine, respective1y. Because uncertainties in the data usecl to calcu1ate 
these estimates are magnifìccl in the ca1ιu1ations ， ancl because 1arger 
cliscrepancies resll1t from simi1ar calculations using data for other min­
era1s, the mean of thcse va1ues is not nαessari1y the best estimate. After 
exp10ring various a1ternatives , it was dccicled to adopt 25 士 5 cm3 mo1e-1 

forYo" '" ofNaoO . 
..L r' .Lγ" 

None of the a1gorithms discllssed above is sllitab1e for estimating 
the stanclard mo1a1 entropies of minera1s containing ferrous iron. For 
cxamp1e. experimenta1 data shown in tab1es 2 ancl 8 together with state­
ments of eq (62) for thc r巳-ea巳a川缸lCκ旧ction

fa叮y归二a址l吐山1i t忧e + 2 pericιd山山1a且川1S优e;::::::::主 f扣OωI川且川旧1忧E创盯r、i礼ite忧e + 2 fe阳怕E创盯rro、rm山 ox对id由e (σ7门lη) 
ancl 

faya1ite + 2 manganosite 工 tephroitc 十 2 ferrous oxide (72) 

yie1d an estimate of S0 1'r ， Tγfor faya1ite of 39.4且时 39.6 ca1 mo1e-1 (OK)-l. 
Eqs (55) and (58) 1ead to correspondi吨 cstimatcs of 38.7 and 38.9 ca1 
mo1巳 1 (OK)- l, rcspective1y. In colltrast , the ca10rirnetric entropy re­
portccl by Kellcy ancl Ki吨 (1961) is 31.7 士 0.4 ca1 rno1e-1 (OK)-l , and 
Robic and Wa1dballrn (1968) give 35 .4 ca1 rnole- 1 (OK)-l , which di旺er
frorn a11 four estimatcs by ~ 4 ca1 mole-1 (OK)-l. The disparity is prob­
ab1y a consequence of a 1arge dilference in the c1ectronic configuration 
and crysta1 fie1d stabi1ization energy of Fe+ + (Burns and Fyfe, 1967; 
Burns, 1970) in FcO and Fc"SiO ,. Ass阳su山II川I
E白s川仙tJrna川tc臼s 0叫f t山he stanc叫d山1a川\l'C叫、'cl m丑10叫l且a1 elltr句刀叮opies of fc创r句丁rou肘I临s si1让1ic、a川te臼s cωan b>巳 ca1-
Eαu1at忧E仅时cl by Sll山btracting 2 cωa址1 mo1e-1 (OK)-' (mole FCO)-l from the right 
sidcs of cqs (55) , (58) , and (62) , which 1eads to thc fo11owing gcnera1 
a1gorithms 

S飞，鸟，Tr = SO :l:， i ， Pr ，Tγ+ h(Y。乱，1'川γ- VO:l:， i ， P川γ) - 2VF川

SO , D '" = SO 。…i ， PpTγ 一- è) :l:, i ,ProTr - ,," VFe , i 

ancl 

s。 -s。川Pr， Tγ(Y。队冉冉十 V飞，P".，T ，) 。
i ， Pr ，Tγ- 2 YOs ， i ，l' r:rγ - L,VFe , i 

(73) 

(74) 

(75) 

wherc VFe , i stands for the number of mo1cs o[ fcrrous iron in one mole 
of thc ith minera l. 

The va1时 of • 2 ca1 mo1e-1 (0 K) -1 assigncd to the e1cctronic con­
figuration and crysta1 fie1d stabi1ization contribution to SO i ,1'r,Tr arising 
from the prcsence of ferrous iroll in si1icatcs is obvious1y a first approxi­
mation which takes 110 account of the depcndence of this contribution 
on structura1 factol飞 such as those considercd by vVoocl ancl Strens 
(1971 , 1972). l\'evcrthc1ess, in the aJ时nce o[ more definitivc and com­
prehensivc ca10rimetric d川且 it seems to afford reasonab1e estimatcs of 
the stanclard 1I101a1 clltropies of ferrous si1icates. 
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Estimates of SOPr,T r are given in table 3 for a large number of sili­
cates for which calorimetric data are either not available or suspec t. The 
latter cases arc cliscussed bclow. Most of the estimates shown in the table 
were caln山ted from eq (75). \Vherever possible, stn川ural analogs were 
used in the reference reactions, but in some cases a dcarth of experi­
mental clata made it necessary to llse structllrally similar compouncls or 
composites of structural elements in the mineral in licu of structural 
analogs. If a paucity of experimental data precluded this approach, eq 
(73) was used as an alternative to eq (75). 1n a few cases , additivity 
algorithms analogous to eq (74) were employecl. For example, the stancl­
ard molal entropies and volumes of PD-oxyannite and hydrous corclicrite 
at 25 0 C and 1 bar were estimated by assuming ÂS气~Pr ，Tγ ÂVOr飞鸟，Tγ = 
o for 

and 

KFe ,1A1Si:PdH_l) + 3 FeO + 3/2 H 20(8) 

~ KFe3A1Si301o(OH)2 十 3/2α-Fe203 (76) 

h问1叮yd也r‘-Ot创∞u山IS川EωO创rd训d副le凹创rit忧e 宇1士 CωO创r口叫-clier创盯r‘挝 + H2ρO(μωz扑) (σ77η ) 

Taking t由he standa盯r仄叫cl mo叶la址1 ent盯ropyanc时d volume change for reaction (σ77η ) 
as zero is consistent with the ass川umption ma以(世 (above) in caln山tin

SOII吨120(z) from th眨e stanc叫cla盯rd mo叶la址1 entr、op抖ie臼s of ana址lcime and clehyclrated 
analcim丑e.

Heat cllpacity.-Close estimates of the standard molal heat capacities 
of minerals at 25 0 C and 1 bar can be obtained by summing in appropriate 
proportions the calorimetric standarcl molal heat capacities of their con­
stituent oxide fonnula groups according to 

COPr ， Tγ 也= L Vj,;COPr,Tr.j (78) 

where Vj,; again refers to the number of moles of the jth oxidc formula 
unit in one mole of the ith lllinera l. Howcver, better estilllates can gcn­
erally be obtaincd by assullling the standard lllolal heat capacities of 
reactions alllong oxides and silicates of the same or a similar structural 
class to be zero at 25 0 C and 1 bar. Estilllates based on this assulllption 
provide at least in part for the telllpcrature dependence of boncl energies 
within the structural cOlllponents of minerals. The order of magnitude 
of this contribution can be assessed by cOlllparing alternate estilllates of 
the standard molal heat capacities of minerals with highly accurate calori­
llletric data. For cxample , substitution of data taken frolll tablc 2 in eq 
(78) yields an estimate of 79.9 cal molc-1 (OK)-l for the standard lllolal 
heat capacity of llluscovitc at 25 0 C and 1 bar. 7 ln contrast, assullling 
ÂCOp 伊二 o at 25 0 C for the reaction 

..._ T" 

muscovite 十 α-quartz ~ pyrophyllite + 1/2 corundllm + 1/2 K20 
(79) 

7 The heat capacity contribution of structmal Hè0 uscd to estimate the standard 
molal heat capacity of ll1 uscovite is discusscd below. 



TABLE 3 
Summary of estimated standard molal entropies of minerals at 298.15 0 K and 1 bar 

Mineral C.l ass Name 

Ortho .nd I M。门 t i ce 11 i te 
R j ng S i 1 i cates 

Chain and 
Band S i 1 i cates 

Hydrous Cordierite 

A I mand j 门 e

Andradite 

Spessartine 

C I i nozo i 5 i te 

V 
Ep i dote 

Chlori toid 

St <l U rO 1 j te 

--u 
Ca- A 1 Py roxene一

C 1 i 门 oferr。只 i 1 i te 

Hede门 berg i te 

Aegerine 

An thophy 11 i te 

Ferrogedri te 

Formu 1 a 

CaMg5 i 0句

问9ZAI3(AI5i5018) • HZO 

Fe_A1_5i_0 r'Z-'r1Z 

Ca_Fe_S i_O 3'CZ-'3-IZ 

Mn_A1_5i_0 
3n '2"3-12 

C. , A 1, 5 i , O" (OH) 2"'3-'rI2 

Ca , FeA1 , 5 i , 0'0 (OH) 旦2"n'2-')"12 

FeAI , 5iO r (OH) Z- '-5"."'2 

Fe , A1^5 i ,.0" (OH) 29 句 23

C.A1 (AI5i06) :C 

Fe5i0 3 

C.Fe(5iO ,) 
3' 2 

NaFe(5iO ,) 
3' 2 

H9 7 [5 i 8022] (OH) 2 

Fe r AI , (A1 , 5i , 0,,) (OH) 5"'2''''2''''6'''22 ' ''''''/2 

• • b 
";'70 - I 7"0 -

'P.T '-P.T 
r' r I 

51.J 26 句旦

f 
2们 .22一 11 J. 43工

115.2岳王 75.6"" .'1. 

13 J. 85旦 70.13旦

117.9Ud -
m 

7乌 .5-

136.2三 70.ω旦工

139.2主主 75.2旦

69.8且 42.1一π~， .9.. 

22 句 .4且 117.1旦，且
-h 

35.0旦63.5-

32.95Z 
CC 22 ， 6旦，旦

68.27且 40.7旦，旦

64.37旦 36 ， 7旦
d 

128.6'" 26岛.电3

265.9~ 153.5一口:'.9..

Reference react ions for the est in咀 tes shown in column 5 

CaHgS i 0句+问gO .;;:主阿925 iO句+ CaO 

H92AI3(A1Si5018)' H20;;:::' H92AI3(AI5i5018) + H20(z) 

Fe..AI...Si...O ,.. + 3CaO~ Ca ., AI ., Si ., O,,, + 3FeO 3n '2"3-12 J___ ~ --3"'Z- '3-12 

Ca_Fe...Si...O ,... +α-AI... ..， ~ Ca .., Al .., Si...O ,.... +α-Fe_O 3' <2"'3VI2 ' ~ n'2 3 ~ --3"'2-')"12 -, ~2v3 

Mn , A1.5i , O.. + 3C.0 三三 Ca .， Al .， Si .， D ，"t + 3MnO 3n '2-'3-12 J___ ~-v3" '2vorI2 

Ca2AI3Si3012(OH)王守主. Ca2AI35i301Z(OH)且且

cγeAI25i3012(OH~ + 0.5勺 1203手 Ca2AI3Si3012(OH)"- + 0.5a-fe 203 
FeA1.5iO r (OH) 王三 A1_5iOι+ FeO + H_O 2"V5 ，v"'2~n'2"'V5 • ,ev' "2 V(s) 

Fe2AI9Si4023(OH);;:王~ 4A1 2 5i05ι + 2日o + 0.5a-AI203 + 0.5H 2 0(豆)一-
C.AI 25i0 6èé. MgSi0 3:;;;主 α-AI 203 + CaHg(Si03 )2 

FeS i03 + MgO =:::.问g5 i0 3 &.且+ FeO 

C.Fe(Si03)2 +州gO :;:主 CaMg(5i03 )2 + FeO 

N.Fe(5iO ,). + 0.5a-A1.0 二三 NaA1 (5iO ， ).h且+ 0.5α-Fe.O 3'2 v.__ "'r3 ~ "0'" ,-, v3'2 , v.__ , c 2v3 

问9 75i 8022(OH)2 三三 H93S i 沪 10(OH)2 + 4H95iO/ 

Fe5AI2(AI2Si6022) (OH)2 + 2问95iO/' +川90 三兰州9 75 i 8022 (OH) 2主主
+ 5 FeO+ 2a-Al...0 2v 3 

continued -ò> 
(.,n 
(,>0 



TABLE 3 (continued) 
'-" 
阵A

"Iner.1 Class 
Reference reaction for the estimates shown În column 5 

Name For tMJ 1. 
寸、 a
u 一• P • T 

r' r 

~ b 
、一- P . T 

r' r 

Cha i n and 
Band Si I icates 

Ferrotremol i te Ca... Fe ,. S i 00.... (OH) 2"5"'8V22'V"'2 

Ca 2 问955i8022F2

M975 i 8022 (OH) 2 

Fe...S i 00 ",.. (OH) 7"' 8V22 , v" , 2 

NaCa2M95(AI5'7022) (OH)2 

282. 泸旦
C 

270 句 5-

e 
271.~ 

256.6共
271.0巳阜

280.9空旦

272.5鱼豆

273.51. 

279.89且
273. 8~豆

时
一

‘‘
J 

OO 

m.o 
163.5-'占

129 句E
m 

127.5 

163.3旦，旦

161.0"'-

m.a 
193. r-'~ 

I 也67E

160.0旦

m.a 
185γ-

m 
163. S--

m 
189.2 

Ca2Fe55'8022(OH)2 + 5问90ζ~Ca2M955'8022(OH)2 + 5FeO 

99 
Ca2时55'8022(F2) + H20(s) + CaO;:兰 Ca2问955i8022(OH)2 + CaF2 

M975'8022(OH)2 + 2CaOζ~ Ca2 Hg s S i 8022 (口川 2 + 2HgO 

dd 
Fe 75i 8022 (0川 2 + 7问90~ 问9 75 ' 8022 (OH) z"" + 7FeO 

NaCa2M95(AI5i7022)(OH)2 + :<-AI 20 3 石圭 NaCa 2州9乌AI (AI25'6022) (OH)2 

+ 5 i O 2主 + 1'190 

NaCa2Fe5(AI5i7022) (OH)2 +叭90 .;;兰 NaCa2问9 5 (AI5i 7022 )(OH)2 + 5FeO 

NaCa2H9S(A1Si7Û22)F2 + CaO +飞0(5)ζ~ NaCa 2时5(AI5i7022)(OH)2+CaFl旦

NaCa2"94AI(AI25'60n)(OH)2 + 0.5 K20 + '-AI 2 0 3 二 K问93(AI5'3010) (OH)2 

且且
+ 2CaA1 2Si0 6 + Mg5i0 3= + O.5 Na 2 0 

NaCa2Fe4AI (AI 2S'60n) (OH)2 +句M90ζ~NaCa2句句AI (AI2S'6022) (OH)2 +句 FeO

NaCa 2 Hg乌 Fe(A1 2 Si 已On)(OH)2+0.5:<-AI203 ~NaCa2"9句AI (AI2S'60n) (OH)2 

+ 0.5α-Fe...O 
2"3 

NaCa2Fe4Fe(AI2S'6022) (OH)2 +口 .5a-A1 20 3 ~NaCa2F飞AI (AI2S'60n) (OH)2 

3 AU 

q
'
ι
 

e F 
α
 

5 nu + 

2削6ω9.7乒丘 I 1叮呐3如口 0♂旦 | 飞M9叩3沪AI 2♂卢s引， 8凸0飞22ρ(ωD刷川H川叫)2 + 叫口 +叫2Cωa拍oζ=三飞时飞5♂S i 8泸022 (0叫+刊q叫-咱A削1 20 3口勺3 +叫o

川产 I 1呐3列B ♂|叩9勾3 F户Fe叩e2♂s引~叩i、i 80泸8022
27句产 I 1旧5弘6.6俨旦，立 |卜N扩e3 Fe z S引~叩l、咄8♂80 22
272.8旦 I 137刃7.6俨旦 I N阳叫ð2 CaH啕问95S i 8022 (OH) 2 + CaO ~ Ca2M95S' 80 22 (OH) 2 +叫口

Framework 
Si1icates 

Ca(AI2S'4012) - 2H 20 +叫。~ 2NaA1Si 206 .飞o + CaO 

Ca(AI 2S' 句。 12) • 4H20ζ圭 0.5Ca2(AI4S'8024) • 7 H 20一 + 0.5H20 (z) 

Fluortrerrol i te 

CU fll1l ingtoni te 

G runeγ ， te 

Eden i te 

2 UH 

20 )( ") 022 (F2 
、
，
，
、

J
n
v

226 22' 005 772 SSA --( AHAn-­，
自
、
，

t
飞

A
问

5
5
1

勾

e99 F
M

门

u
n

222 aaa CEC aaa NNN -ee .
、

t

nne eet ddl ees 
。

r
a

r

。

9

rur ela FFP 

22 )) HH n
u

《
υ

(( )) 
22 22 n

u

《
υ

66 53 22 AmAH (( ''e AF 
句
句

e9 FM 22 aa cc aa NN -

e t s g 

en t­it ss aa gh ro af ps 
。

e

广

n

rg ea F

问

Has t i n9S i te I NaCa2Fe4Fe (A 125 i 6022) (OH) 2 

222 )))2 HHH) OODH ，
飞
，
飞
，
飞

0

222( 2222 0002 88BO -I''au sssi 222S -ee5 AFFg 
2J32JM ggea M

问

F
E

2222 aaaa NNNN l 

e t LK c e b 

ee neee artt holf p

,
kr 

。

s
c
e

ceet unbh a9ec laioi GMRR 

Wa i rak i te 
00 22 HH 

2

句

.. )) 
22 1l 

nunu 
句
句

55 
9,‘.? 
1l A

州

a
"州
n 

(( aa cC 。

191.1 r­
d 

207.55一

m 
105.1-

m 
"7.1-laumon t i te 



Hineral Class Reference reactÎon for the estÎmates shown in col 町n 5 
N..瞻 Formu I a -Y. 

P • T 
f 二 f

b 
S. 

P • T 
r' r 

Framework 
S i 1 • ca tes 

Sheet 
S i 1 icates 

Chabaz ì t~ 

Ep i s t ì 1 b i te 

Heulùndite 

Ca(Al...Sì ,. O,...) • 6H 。
2 句 12

Ca(AI2S;6016) • 5H20 

Ca(AI , S; , O, o) • 6H 。2-'7VI8' 0"2 

d 
2 句 7.76一

d 
267.56-

) 16.)共

m
γ
m
T
m
L
r
 

222 558 
Ca(AI...5i ,O ,...) • 6H .., O + 25iO 二二三 Ca(AI ..， SirO ，，，) • 5H...O + H.., O 2 句 12' v"2 v ' L .,J 'V 2 ..,....- ...O\"'2 j '6 VI6' ..J "2 v "2 V(z) 

Ca(Al'}Si!.O Il:l • 5H'}O;::主 O.5Ca ..， (AJ ，Si o O.."J • 7H...O + 25 币二+ 1. 5H 。2 J '6V16' .]"2 v oc-- v. ..J\，. o2 1 "'I I .，J '8 v 2 句 2 V . "_'02 ""'20 (z) 

Ca(AI2S;7018) • 6H 2 0;;:主 Ca (A123 160 id·5M20+S I D2:L+H20(z ) 

St;lb;te 1 NaCa 2 (AI 5S;I)0)6)' I.H20 1 的9.91旦 I )99 严|叩a叫
+ 0.5 N"2(AI 2,;)n I0 ) • 2H2 0+ )H 20(z) 

Nat ro 1 i te 

Na-Phillipsite 

K-Phillipsite 

Ca-Phillipsite 

Greena 1 i te 

Minnesotaì te 

Celadonite 

Margari te 

Paragoni 乞e

Phlogopi te 

Ann i te 

PO-Oxy争 nn j te 

7A-C 1 i noch lore 

7A- Daphn i te 

7A-Ames i te 

Na , (AI , S; , O'M) • 2H 。2""2'")"10 
nn 

Na_ (A 1, S; , 0 ".) • 5H , 0-2 、 2 j '5 V 14 ' ......2 
nn 

K_(AI_S; , O,,) • 5H 。一
2'~'r'5"14' '''2 

nn 
Ca(AI , S; , O".) • 5H 。一

250 1 句

Fe_S; _O , (OH) )V' 205 句

Fe ., S i 1.0 1 n (OH) 
3 句 10""'2

KHgA1Si 句。 10 (OH) 2 

CaAI_(AI_S;_O'M) (OH) 2""2'"20 10' ""'2 

NaA1_(AIS;_O , M) (OH) 2'''''")"10' ""'2 

附9)(AIS;)010)(OH)2

KFe , (AIS;_O'M) (OH) ), '''V')"10' '""'2 

KFe , (AIS; , O .. )(H_ ,) 3\""''''' 3V 12/\"-1 

H95A 1 (A 1 S;)O 10) (OH) 8 

Fe , A1(A1S;_0 , M) (OH) 
ç"~"')010' '""'8 

H9 2A1 (AIS;05) (OH)4 

d I m Iε 
!何 72- 1 101 , 6- 1 Na 2 (AI 2S;)010) • 2H 20 + S;02_C二 2NaAIS;2 06 • H20 

lTI"Tl I m.rr I 
265 -= 1 172 , .-'-1 Na 2 (AI 2 S;50 1 句) • 5H20 ~ 2NaA1Si 20 6 • H20 + Si02~ +如山 z)

265 "'" I 172. 1旦旦 I K2 (AI 2 S;50 1 句) .叩+阳2 0 ~Na2(AI2S;5014) .叩+ KZO 

265 "'" 1 166. ♂'.':.':.1 叫AI2S;501.) • 5H2 0 +阳20~叫 (AI 2 S;50 1 句) • 5H20 + CaO 

115 萨 I 72 ♂s. I Fe)S;2 0 5恻句叶呵。=时)S;2 0 5(叭+ 3FeO 

l旧句叼7.861ι I ß归).5川 I Fe飞咛叩3户俨s引i 40句♂山.0 10川lω口o (叭 + 问口= 町4、咄呐句川山O川0 10ω0ρ(仰D刷叭H
l巧旧5刃7.1.!!.且 I 7川句 严 l 附晌9A川l山川s引i气呐呐句俨山口叫川l山10 (阳恻创州) 2 +川a-叫叫-圳A削l与2凸口0 3 耳-士 灿川I(阳A剧1 2山5引5 i 3飞3 口 l州D川)川(ω阳恻Dω川忖川H) 2气2 + M向附g抖口 +叫5引; 0甘Z二二

d 
129 句

r 
1)2.5)-

c 
l 句9.66-

15ι)2旦

1 句) .2ι 

211.5且
1 

221.2一

d 
10). 口0-

6).8旦 I CaAI 2 (AI 2S;2 0 16) (OH)2 + S;Ol + 0.5 K20 ~旧 1 2 (A1S;)010)(OH)2

66 句E

76.1"'­

m.O 
95.2-'占

68. S立

106.5旦
m 半。

1 )8. 9-'~ 

52 目0"'-

o a c + 3 nu 2 AMn 
L 

5 0 + 

NaA1_(A1Si_0'M)(OH)_ + 0.5K_0 斗时 I_(AIS; ，O'M)(OH)_ + 0.5Na_0 2""")"10' '""'2 '"'''2 吃一 2\n.....3 v lO' \V"'2 

KH93(A1S;3010) (OH)2 + a-AI20) ~旧1 2 (A1S;30 10)(OH)2 +如90

KFe , (A1Si , O'M)(OH)_ + Cl'AI_O.-;;:主 KAI_(AIS; ，O'M) (OH) , + 3FeO 3'''''")"10' '''''2 --"'2V3 ~ ""2'''''")"10' '''''2 

H9 5A1 (A IS i 30 1 0) (OH) 8 二=问93Si205(OH) 句+ 2H9(OH)2 +α-A 1 2口 3 + S i O 2三

Fe5A1(A1S;3010)(OH)8 + 5M90ζ兰州9 5A1 (AIS;3口 10) (OH) 8王+ 5FeO 

问92A1 (AIS;05) (OH) 句二三口回归93S;205(OH). + 0.5时 (OH)2 + a'AI 2 0 J 

) s ( 0 2 H 5 0 + U 
U飞

continued ~ 



TABLE 3 (continued) 

a b 

Mineral Class Name Formula v. P r' T r S"Pr.Tr Reference reaιtion for the esti 'Tlates shown in column 5 

Sheet Si 1 icates Antigori te "9句8 S ; 3与035 (OH) 62 17句 9. 1 3~工 861.3ι 

阳-Chamos i te Fe2AI (AIS;05) (OH) 句 106.2呈 b、.~.'l. Fe 2AI(AIS;05)(OH)4 + 2问90 平兰州9A1 (AIS;05) (OH) 旷I>!>_ - 2FeO 

7A-Cronstedtite Fe 2Fe(FeS;05) (OH) 句 110. 乒 73. 5~ Fe 1Fe(FeS;05) (口时句 φ wÄ 120 3 叮~ Fe 1AI(AIS;05)(OH) 句一~ + a-Fe 20 3 

l'呐-CI inochlore Hg5AI (AI S; 3010) (OH) 8 207.11!. 
m 

"95A1(AI5;3010)(OH)8 + 0.5K1 0ζ主 K"g3(AI5; 3口 10)(OH)2 + 2"g(OH)2 11 1. 1-

。 5 ， -AI 20 3 + H20(5) 

l 岛A Oaphn i te Fe5AI (AIS; 30 10) (OH) 8 113 句2旦 l 乌 1. 5~'旦 Fe5AI(AIS;3010)(OH)8 + 5问gOζ""g5 A1 (AIS;3 0 1O) (OH)8呈主+ 5FeO 

14-A A町冒es i te "g句AI 1 (AI 1S; 10 10) (OH) 8 205. 句'!ó! 108.9~ Mg句八 11(AI1S;1010)(OH)8 + <1 g口+ S i 02~ 兰州g5A1 (AIS;3010) (OH)8一~+a-AI203

Sepiol i te "g句5;60 15(OH)2(OH2 )1' (OH 1 ) 句丛丛 285.6U l 岛 6.6!!!. 1l Mg勾 S;60 '5(OH)1(OH 1 )1 • (OH 1 ) 句+ 0.5呵 (OH) 1三圭 1.5Mg 3 S; 岛。 10(OH)1 +制2 0 (飞)

旦-cm 3 mole- 1. ~al mole- 1 (OK)-l. ~obie and others (1966). 主。叩uted from ce 11 parameters reported bγDonnay and Ondik (1973). !归 lculated from 
f 

ce 11 parameters reported bγDeer ， H刷 ie ， and Zussman (1962). -=-C O"、pu ted by add i 呵 the IIa 1 ues of VO P • T and S飞 .T for anhydrous cordierite in table 
r' r r 

8 to the volume and entropy contributions of II zeo litic" H20 (tabJe 2) … see text. ~ean of the value of VOp , T for chrysotile given by Robie and 
r' r 

h_ _ ;~， i_ 
Waldbaum (1968) and that for amesite computed from cell parameters reported by Donnaγand 0叫 ik (1973). ~obie and Waldbaum (1968) , .l..Computed from cell 

k 
para l'l1eters reported by Berry (197川. .:..:.r stimiHcd from the sum of the values of VOp ,. .T ,. for annite and 3/2 a.-Fe203 by subtracti 呵 v-P J f。r

r'r -'" 'r"r 

3FeO and 3/2 H20 (5) .与ean of the values of V飞， T_ for chamosite and greenalite calculated from cel1 parameters reported by Donnay-and Ondik (1973) 
~ r" 

and Berry (197川.旦Computed from equation (7 5) for the reference reactions shown in column 5 using values of VOp .T and SOp.T 9iven in columns 与
r' r r' 

and 5 above and those for minerals and/or oxides in tables 2 and 8. !2.e: stimated from the sum of SOp ,T_ for annite and 3/2 a-Fe203 minus 3FeO and 3/2 H20(s)' 
r' r 

U飞
。、



段。叩uted from equation (73) using values of VOp . T for minerals given above ,and those for the appropriate oxides in table 3. 旦.The entropy esti旧 tes
r r 

shown for these minerals include a correction of -2.0 cal (mole Fe时 -1 ('时-) to provide for the electronic configuration of Fe++ in the silicate 

lattice (see text). ~hatterjee (1970). ~-quartz. .!在 stimated by recalculating the entropγreported by King and others (1967) for antigorite with a 

stoichiometry of M93Si203(OH)4 to H飞85 i 抖。8S(OH)62 using values of SOp_.T_ for a-quartz and H20(s) taken from table 3. ..!:!.o isordered. !o rdered. 
r" r - '_ 

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

tions of high pressure/temperature phase equi 1 ibria (see text). 王{linozoisite. YThe values of So_ _ a叫 V O _ _ for enståti te used in - "" '.'"0' V' "P_ ,T .,," • P _, T 
r' r r' r 

the calculations correspond to SOp ,T_ ,clinoenstatite + ðS Ot , 1 bar. c 1 inoenstat i te/ens tat i te and v-P .T.c11 n。enstatite +Av-t .1bar .c1 inoenstatite/enstatÎte 
r r 一-一一一一一一一 - r"r'--一一一一-- 一"

(tab1e 8) , 王}A-cl inochlore. 旦14A-cl inchlore. 坠7A-ames i te. 王三.computed from cell para帽 ters reported by Burnham (1965). 豆豆.c unvningtonite. 主主ξrnst
字f

(1968) , -'-'-computed by 5toessel1 (ms). from ce 门 parameters reported by preisinger (r959). .2且:rhe values of VOp .T and SOp .T for CaF2 used in the 
r" r r" r 

3 , -1 寸， 一一 一 -hh i i 
calculations (24.542 cm3 mole- 1) and (16.46 cal mole- 1 (OK)-l) , respectively , are those reported by Robie .and Waldbaum (1968). • adeite. ":"':"'The value 

3 , -1 of VOP . T for leonhardite used in the calculat.ions (407.86 cm.) mole-') was computed from cell parameters reported by Donnay and Ondik (1973). The 
r" r 

corresponding value of 50 P •T (220.4 cal mole- I (哺 -1) is that reported by King and \I.11.r (1961b). 1..4yanit.. 坠7A-chamos i t.. 旦C1 inoenstati te. 
r _ r 

~stimated from data reported by 5heppard and Gude (1970). ~Idealized formulas consistent with data reported by 5heppard and Gude (1970). .E.Ezoisite. 

旦-E stimated from a and ß lattice constants reported by 5teinfink (1958) and values of the b and ce门 parameters computed from algorithms 
rr 

given by Bailey (1972). 一咐 ighly uncertain estimates owing to ambiguities in the compositional dependence of the molal volume of phillipsite. 
ζS^_~'--__L__"'._ tt.._... ____, , ., , uu 
~nthophyl1 ite. ~stimated bγStoessell (ms). ~The formula for sepiolite is that adopted by Stoessel1 (ms) to differentiate among ~ifferent types of 

vv" ___ 1. ",/,.\ YIW.-__ ,____-' L.. _ ...0 C__ ~L_ _,.____,_'.._,__!_,.._ ~____!_，__ .._ 1..._ .... , __, __1_-] 10.. , -1 structural H')O in the minera l.一't<unze (1961) , ~sti旧ted by assuming t& S气 for the clinozoisite/zoisite transition to be 0.1 cal mole-' (OK) 

(see text). 坐.ß ird (ms) and Bird and Helgeson (197 7) -- see text.一

U飞
...;r 
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TABLE 4 
Comparativc summary o[ experimcntal and estimated standard 

molal heat capacities of minerals at 298.15 0 K and 1 bar 

Estimated C'p .T 旦
Exper i n理nta 1 

r' . r 

Mineral I Formula I C。旦，且
P r' T r Calculated (eq 80) 

Equation (78) 三 assuming !::.c o 0 T 2 0 
P r' T r 

fo r t he reac d tion s 
sh由吁l below ~ 

\Iollastonite Ca5 i 0 3 20. 乌 20.9 20.1 

Clinoenstatite Hg5 iO 3 18.9 19.7 19.2 

Forsteri te Hg 2SiO 乌 28.2 28.7 27.9 

Fayalite Fe 2SiO 岛 3 1. 8 34.4 33.9 

Diopside Ca问g(5i0 3 )2 37.5 40.5 39.3 

Akerman j te Ca 2HgSi 20 7 50.7 50.8 电9.9

He阳 inite Ca 3Mg(SiO 乌 )2 60.3 61.0 60.6 

Low Albite NaAI5i 308 49.0 电9.6 电 8.7

Microcl ine KAISi 308 马 8.5 5 1.乌 50.8 

Reference reactions for the estimates 
Mineral 

sh臼IW' n i n co 1 umn 5 above 

\1011 aston i te I CaS i0 3 +附 ζ兰州g5i0 3 + CaO 

Clinoenstatite I HgSi0 3 + CaOζ兰 CaSi0 3 + MgO 

Forsterite I Mg 25i0 4 + 2CaO 二三':: Y-Ca 25 iO乌+ 2MgO 

Fayal ite I Fe 25i0 4 + 2MgOζ::-Mg2 SiO乌+ 2FeO 

Diopside I CaMg(SiO ，)ζ兰州g5iO'} + CaSiO ., 1......... :;;1 \-.-3'2 -.:::::-- ..::t ~'-3 ............'....3 

1... ""'''' ....._二~
Akermanite I Ca 2附 i 207 +川 20 3 ←叩1 25i0 7 +肉。+ S i0 2'" 

Merwinite I Ca ， Mg(5iO，.)一== Ca 问 gSi "l O~ + CaO I -~3"" ,_. -4' 2 .".一甲 2"'" 2-7 

Low Albite I NaAISi ,OQ + CaO + 0.5α-ALO 一.....::::.. CaAl....Si...O n + 5iû 旦+ 0.5Na^0 I "~~'-'3-8 . 'OV . v.o~ n. 2 v 3 吃一一 2-'2V8 . "00 2 

Microcline I KA1Si .,Oo + O.5Na .., O ~ NaA1Si .., Oo + o.5K...O l'~'"' )v8 . v , 0 ", 02 吃一- ", on.". 3v8 

-1".., -1 b !!.cal mole I (OK) ~alculated from equation (19) using experimental 

coefficients given 川 tab 1 e5 2 and 8. ~omputed us i n9 va 1 u盯。f C' 
P .T 
r' r d 

for oxides given in table 2. ~alculated using values of C 。 一一
P • T 
r' r 

generated from equation (19) and experimental heat capacity 一

power function coefficients for y-Ca 2Si04 reported bγKe 1 1 ey (1 960) • 

together with corresponding values for oxides and other minerals given 

in tables 2 and 8. ~-quartz. 
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using experimental heat capacities shown in table 2 anù 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 0 C and 
1 bar of 79.1 cal mole- 1 (OK)-l. The corresponding calorimetric value 
given by Robie, Hemingw町， and Wilson is 77.9 cal mole- 1 (OK)- l, 
which di证crs from the latter estimatc by 1.5 percent or 1.2 cal mole- 1 

(OK)-l. 1n contrast, the estimate computcd from eq (78) differs from the 
calorimetric value by 2.6 percen t. 

If we let î dcsignate a mineral for which the standard molal heat 
capacity at 25 0 C and 1 bar is to Le estimated , the structural algorithm 
discussed above can be expressed as 

c。川;二 :EazTC。川《 γ (80) 

where lli.r and i注i.r rcfer to the stoichiometric coefficients of the ith and 
îth species in the nh reference reactioll , which are positive for products 
and negative for reactants. Stanùarù molal hcat capacities of various 
minerals at 25 0 C and 1 bar are shown in table 4, where estimates gen­
erated assu l1ling b.Co Pr•r - 0 for reactions a l1long l1linerals in the same 
or a SlI旧 lar structural class (eq 80) can be cO l1lpared with their experi­
l1lental counterparts and those estimated from eq (78). It can be secn 
in table 4 that the estimates cOl1lputed from eq (80) are gencrally 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- 1 (OK)-l of 
the experimental values , with a mean discrepancy of 1. 2 日 1 molc- 1 

(OK)-l. Corresponding di旺crences for the values estil1lated fro l1l eq (80) 
range frolll 0.3 to 2.3 cal l1l01e- 1 (OK)- l, with a mean of 0.9 cal molc- 1 

(OK)-l. ln 11l0stιases errors generated by eq (80) are of thc or由r of 
2 percent or less. 

Thc calculations SU l1lmarizecl in table 4 leave little doubt that addi­
tivity algorith l1ls afford close approximation of the standard molal heat 
capacities o( minerals at 25 0 C and 1 bar. In mally cases, correspondingly 
close estil1lates of CO pγas a function of te l1lperature can be calculated by 
combining eq (78) for the ith mineral with eq (19) for its oxide formula 
u山s (designated by the index j) to give 

C叫。飞飞F乌r"卢= :立二川川Z川α盯j+川jT 一 v川叩川jμ川川t川阶C巧j俨丁
1 

which is cq uivalent to assuming 

αi TvyzGj 

b i = L Vj.i bj 

(82) 

(83) 
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and 

C4=:二 Vj.i Cj (84) 

1 

However, even better estimates of 叭， b iJ and Ci can be obtained by 
assuming ilCo Pr•r = 0 at all temperatures for reactions among structurally 
related minerals, which lead to 

COPr.i = L ni.r (ai + biT - CiT- 2)/命i.r (臼)

Eq (85) is analogous to eq (80) and consistent with 

Î-l 

a;=22htJt/向 T (86) 

bi = 三仇i.r b;/问 γ (87) 

and 

q= 立命川呐俨 (88) 

A number of examples of estimated coe而cients are shown in table 5, 
where those generated from eqs (86) thro吨h (88) for the minerals listed 
in table 4 can be compared with corresponding estimates from eqs (82) 
through (84) anù the coe侃cients obtaincd 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 coe伍cients used in the estimates. 
Because the heat capacity coefficients given by Kelley (1960) for α-quartz 
are not valid for temperatures above theα/βtransition temperature 
(848 0 K) , two sets of coefficients are given in table 5 for minerals with 
estimates that include heat capacity coefficients for quartz. The fìrst set 
incorporates coefficients for α-quartz， which are replaced in the second 
by those for β-quartz. 

It can be scen in table 5 that many of the estimated coefficients di fIer 
considerably from their experimcntal counterparts. Nevertheless, owing 
to compensation among the terms of the l\Iaier-Kelley regression equa­
tion (eq 19), the estimated coefIìcients afford close approximation of 
experimcntal heat capacities at both low and high temperatures. For 
cxample, it can be dedllced from table 6 and fìgllre 11 that the estimated 
coe而cients given ill table 5 yield values of C OPr.T calculated from eq (81) 



M i nera 1旦 b 
a 

Wol1astonite 26.6也

I i noens tat i te 2 句 .55

Forsterite 35.81 

Fayal i te 36.51 

Diopside 52.87 

民kermani te 60.09 

Me阳 ini te 72.97 

LowAlbite 6 1. 70 

Hicrocl ine 63.83 

'rABLE 5 
Comparative summary of experimental and estimated standard molal heat 

capacity power function coefficients for minerals 

Estimated from equation (85) 

Experimenta I旦 01. Estimated from equation (81)..!.. 
i09 ðc o

Pr •T =0 for 

the reactions shown in table 1ι 

b cx10 ‘ ' ~ ., '5 
Temperature b , f 

b C , x10 , ' ~'.!. ,, '5 
Temperature b , h E.'~ ,,3 d ，且 -5 Temperature 

c x 10 Range. oK a c x 10 Range. oK且 a b x 10 c x 10 Range , oK:且

3.6 6.52 293 - 1 句。。 22.89 93.. 28 句1..5266 298 - 8电8 26.0句 4.08 6.36 298 - 1800 
26.08 02 8件8 - 2000 

句 .7句 6.28 298 - 1800 2 1.句。 93.. 9也 也 .18 29日- 8句8 25.15 句 .26 6. 句句 298 - 1400 
2/ .59 68 1. 句8 8句 8 - 2000 

6.5句 8.52 298 - 1800 31. 58 151. .68 52..966 6 298 - 8岛8 28.88 13.6也 句.句8 298 - 1120 
3句 .77 句2 B句8 - 2000 

9.36 6.7口 298 - 1 也90 35. 电6 12.3句 也 .20 298 - 8岛8 39.69 7.20 7.06 298 町 1600
38.65 6.08 1. 50 8也8 - 1600 

7.84 15.7句 298 - 1600 句句 .29 19.22 a.1， 岛 298 - 848 51. 19 8.3岛 12.80 298 - 1 句。。
50.67 6.70 3. 。也 848 - 2000 

1 1.句。 1 1.句。 298 - 1700 55..936 句 207..370 8 10.00 298 - 8句8 57.65 15.12 10.92 298 - 8电8
62 句 .60 8句8 - 2000 60.8句 8.86 8.72 B句8 - 1600 

11. 96 14. 句句 298 - 1700 67.63 21.38 11.56 298 - 8句8 71.76 12. 句8 12.96 298 - 1600 
7也 .01 10. 。也 6.16 B句8 - 2000 

13.9 15.01 298 - 1 句。。 56.53 298..6岛67 135. .7也 298 - 8句8 59..35句5 2l51.. 86 15..529 9 298 - 8句8
66.10 6句 8句8 - 1000 62 60 12 8岛8 - 1000 

12.9 17.05 298 - 1 句。。 56.66 30.3句 12.73 298 - 848 6 1. 83 15.78 14.00 298 - 1100 
66.23 11. 56 岛 .63 8句8 - 1100 

斗。rmulas for the minerals are 9iven in ~able 电. !!.:al mole- l (.K)-I ，三cal mole- l (.K)-2. ~al (.K) mole- l • ~elley (1960). !comouted using experimental 

c时f icie吃 for oxides taken from table 2. 句inimum 叫erimental temperature range for the minerals 町的r oxides used in the calc归ti005 (see tables 

2andS)i -computed using experimntalcoefficients for rcazsiO&rep。rted byke1ley {1960)and thmef。r 。xidesandother minerals given 』 n tablesz 

and 8. .!..where appropriate , two sets of estimated coefficients are shown for different te lT可perature ranges corresponding to those for which the heat 

ca阳 i ty 阳er fu…i on coeff i c i ents forαand ß--q uartz are appl icable. These coefficients should not be used for tem阳atures in the vicinity of 阳
αIß-quartz transition where equation (19) fails to represent adequately the heat capacity of quartz (see text). lpankratz and Ke11ey (196的. 0') -
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that differ from their experimental counterparts by 0 to 3.0 cal mole-1 

(OK)-l at 2000 C, 0.3 to 7.0 cal mole- 1 (OK)-l at 5000 C, and 0.7 to 3.0 
cal mole-1 (OK)-l at 8000 C. 1n contrast, those computed from the stru心
tural algorithm (eq 85) for the reference reactions in table 4 differ by 
0.2 to 1.9 cal mole-1 (OK)-l at 2000 , and 0.2 to 3.8 cal mole-1 (OK)-l 
at 5000 , and 0.0 to 2.9 cal mole-1 (OK)-l at 8000 C. The discrepancies 
are not systematic functions of temperature, but they are related in胃

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 (fìg. 6). 

1n most cases, the structural algorithm affords estimates of CO Pr 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 bara 

Computed (eq 19) from Computed (eq 19) from Computed (eq 19) from 
the experimelltal co- the estimated coeffi- the estimated coeffi-
eff i c i ents i n ca I umns cients in columns 6 cients in columns 10 
2 through 句。 f table 5 through 8 of tab le 5 through 12 of table 5 

Hineral且 200'C 500'C 800'c 200'C 500'C 800'c 200'C 500'C 800'c 

Wol1astonite 25. 电 28.3 29.9 25. 电 29. 电 32. 电8 25.1 28.1 29.9 
29.2 

Cl inoenstatite 2句 .0 27.2 29.1 2电 .2 28. 电 31. 70 2电 .3 27.4 29.2 
28. 电

Fors te r i te 35.1 39. 句 电2.1 3句 .6 39.7 电3.62 33.3 38.7 电 3.1
句0.3

Faya 1 i te 38.0 电1.电 46.0 39. 句 句句 .3 句 8.3 39.9 句句 .1 电6.8
句 5.0

Di ops i de 电9.6 56.3 59.9 49.6 57.7 6岛 .18 49. 电 55.5 59.0 
57.6 

Akerman i te 60. 电 67.0 71. 3 6 1. 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 8电 .0
8 1. 6 

Low Albite 61.6 69.9 75.3 63.9 76.2 85.88 62.9 73.7 8 1.电8
76.0 78.2 

Hicrocl ine 62.3 71. 0 76.2 65.3 78.0 88.11 63.0 71. 7 77.6 
78.2 

-1 IDu\-l b -咽 1 mole-' ('K)-'. ~ormulas for the minerals are given in table 5. 
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as a cal mole- 1 (OK) ← 1 川d a kcal 11l01e- 1 of error in calculated values 
of SOPr,T - SOPr，Tγand HOj'r,T - HO l'r,Tr' respectively, at high tempera­
tures. However, the errors in SO l'r,T - SO l'r,Tr and HOPr,T - HOl'r，Tγtend 

"γ，-'-lγ 

to ca旺el in Calcl山ti吨 GOl'r， T - GOp川γ， which as a result is subject to 
less uncertainty than HO l'r,T - H。鸟，Tr ' For example, it can be seen in 
fìgure 12 that a constant error of 1 cal mole- 1 (OK)-l in COpρ results in 
an error of ~ 360 cal mole- 1 in ßGop ,.,T at 600oC , but the corresponding 
error in ßHop 巾 is 575 cal mole- 1 • It shoulcl also be notecl that if esti-

~ 'l"',-,-

matecl heat capacity coefficients are usecl [or 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 tencl to cancel in calcu­
lating the standard molal entropies, cnthalpies, and Gibbs free energies 
of reaction. 

The importance of restricting regression coe而cients uscd in esti. 
mation algorithms to the temperature ranges of their validity can also 
be assessecl in table 6 and fìgure 11. 'Vhere two estimates are given for 
8000 C in table 6, the fìrst corresponcls to an extrapolated heat capacity 
generatec! from the set of estimatecl coe而cients in table 5 for tempera­
tures < 818 0 K. The second corresponcls to an estimate based in part on 
the heat capacity coefficients for βq川rtz， which is the stable polymorph 
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of minerals at 25 0 , 200 0 , 500 0 , and 800 0 C at 1 bar. 
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Fig. 12. Temperature dependence of the error in the apparent standard mo1a1 
Gibbs free energy of formation of a minera1 at 1 bar (8ÂG o Pr'T) caused by a constant 
error of 1 ca1 mo1e-1 CK)-l in COPr'T' 

at 800 0 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
E而cients for αquartz are of the order of - 3 cal mole- 1 (OK)-l (mole 
Si02)-1. 

De臼spit忧e the fact that replacing the coef岳且ficients for α-quartz with 
I山ho创se for β-qua盯rt包z for t优emperatures > 848 0 K introduces a discontinuity 
in e臼st叫tima川te臼s of C。飞Pr for mi阳ne臼r‘剖s a剖s 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 α-quartz 
to compute high-temperature estimates or replacing only the b and c 
coefficients of α-quartz with those for β-quartz， which requires estimates 
of COpγ to be continuous functions of temperature. Consideration of fig­
ure 117 indicates that this observation is also true for α， β， and γ-Fe203 • 

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 ô.coppT 

= 0 for 
muscovite:;;=: clehydrated muscovite + H 2 0(81 (89) 

and 
analcime ;;:主 dehydrated analcime + H 20 (叶 (90)

High-temperature calorimetric data reported by Pankratz (1964b) for 
muscovite and dehydrated muscovite led to the values of a , b, and c 
shown in table 2 for H 20 (81' Although comparable data are available 
[or 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 functioll of temperature at 1 bar 
(see text). Perkins (1977) refers to Dexter Perkins III (1977 , written commun.). 

has been measured on1y at temperatures '"二 298.15 0 K. These data, to­
gether with corresponding heat capacitics of dehydrated analcime, are 
p10tted in 且gure 14. A1though King (1955) took the dasbed curve shown 
in 且gure 14A to be the best representation of his data above 2800 K, it 
appears from the temperature dependence of the difference in the stan­
dard mo1a1 heat capacities of analcime and dehydrated ana1cime (fig. 15) 
tbat tbe solid curve in figure 14A is probably a better representation 
of his data. The three solid curves in figurcs 14 and 15, which are con­
sistent with one another, suggest that COPr ,H20(Z) is essentially constant 
above 25 0 C. According1y, the b and c power function coef且cÏents for 
H 20(z) are shown as zero in tab1e 2. As expected, COPr，Tγfor H 2 0(zl 
is 1arger than that for H 20 (8)' The latter valuc is ncarly equa1 to the 
standard mo1a1 heat capacity of metastable ice at 25 0 C and 1 bar. 

Estimated coeffìcicnts for eq (19) are given in tab1e 7 for a 1arge 
number of minera1s for which high-temperature heat capacity data are 
not avai1ab1e , Most of thc estimates were calculaled [rom the structura1 
a1gorithm, but in certain instanccs 1ack of pertincnt ca10rimetric data 

A. 

Fig. 14. Stanclarcl molal heat capacities of ana Jcime and dehydratecl analcime as 
a function of temperature at 1 bar. 
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Fig. 15. Standard molal hcat capacity of "zeolitic" H20 as a function of tempera­
lure at 1 bar (see tcxt). 

made it necessary to use eqs (82) through (84). Up to [our sets of co­
efficicnts are shown in tab1e 7 for each minera l, togcther with the tem­
perature ranges for which they are va1id. It s由ho创u让1d b>e empμhasiz沈E仅ecI t由ha川t 

none of the cωoef伍且cler且lts sl由hou1d be usecI for t忧emperatu川r、E臼s in th肥e v川icin町lityy 
O叫f t山he i川nte臼r口句丁-m

pond tωo tr吨孔an沾凶sition temperatures for minera1s such as quartz or hematite 
(sce above). 

RETRIEVAL CALCULATIONS 

Eqs (14) , (27) , ancI (30) through (32) together with stanclarcl mo1a1 
entropies, vo1umes , and heat capacity powcr function coef且cients given 
in tab1es 2, 3, 7, ancl 8 permit calcu1ation of LlGo f from high pressurej 
tcmpcrature cxperimenta1 cIata reportecl in the 1iterature. The resu1ts 
of ca1cu1ations of this kind for a 1arge number of rock-forming minera1s 
are summarizecl in tab1e 8. Th巳 requisi山it忧e va址llue臼s 0叫f LlG 。飞俨叽r， P ，T wer陀e cωom­

put忧ecl using experimentall均y determined equi1ibrium t忧cmperatures鸟， n1Ìn­
era1 an阳时lC吐cl fh 
metr位时ri句i‘ic va1ues of LlHo f' 8 '1 、he thermodynamic properties of HzO, Si02 ( α q)' 

K +, and l\: a + were calcu1atecl with the aid of cquations ancl clata sum啕

marizecl by He1geson and Kirkham (1974a , 1976 , ancl in press) , Wa1ther 
ancI He1geson (1977), ancl De1any ancl He1geson (1978).9 Calcu1ations for 
dehydrationjdecarbonation reactions were carried out assuming, a1ter-

8 Calorimctric val l1cs of ßH", werc IIscd only forαquartz， periclase, magnctÎtc, 
gibbsitc , and monticcllitc (sec belo飞\').

"In vicw of the recent papcr by Hcmingway and Robie (1977b) on thc thenno. 
dynamic propertics of lhe allllllin l1l!l io口 it sho l1 ld be cmphasizcd that thc validity 
of none of the calculations rcportcd in thc prescnt cO l11l11 unication depcnds on the 
thermodynalllic properties of AI++飞 It ShOllld also bc noted that all thc rctrieval cal­
culatiolls discu配d below that illvolvcd Hρ， :\'a+, andjor K+ took account of typo­
graphical crrors in a numbcr of thc equations given by I1clgcSOIl and Kirkham (1974a 
注nd b, 1976). which are corrcclcd in footnotc 1 of Hclgcson and Kirkh注 [11 (1976) , foot­
notcs 1 and 2 of \Valther and Helgeson (1977) , and footnotc 1 of Delany and Helgcson 
(1978). 
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nately, ideal and nonideal mixing of CO2 and H 20. Fugacity coe值cients
of CO2 for the ideal case were computed from the Redlich-Kwong al­
gorithm generated by Holloway and Reese (1974), which yields values of 
χCO2 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 diι 
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 χC02 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 (197 月， and 
R yzhenko and 飞l01kov (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 CO2 
and H 20. The results of these caIculations 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 agr配ment of calculated and 
experimental fluid compositions and equilibrium temperatures, which 
precluded general application of the equation in the retrieval calcula­
t lOns. 

Because CO2 exhibits large positive deviations from ideality at high 
pressures, considerable uncertainty attends retrieval of standard molal 
Gibbs free energies of formation at 25 0 C and 1 bar from high-pressure 
experimental data for decarbonation equilibria that involve more than 
1 or 2 moles of CO2. Fortunately, 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 CO2 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 ilH。铲 is relatively small, which causes caIculated equilibrium 
temperatures for a given composition to be highly sensitive to small 
errors in fugacity coefficients. For this reason, and because relatively large 
uncertainties attend calculation of the fugacity coefficients of CO2 and 
H 20 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 由hy由ation 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 coe伍cients for minerals 

C. 旦，旦 一~'!.'一1 庐，主，1c I 03 c,S,L,.!..x l0-5 
Hlneral Class Na帽 Form"la 

P r' T r 

Ortho and Honticell i te CaHg510电 29. 电 36.82-'. 5.3"';' 8. o! 
Ring Silicates 

Hydrous Cordieri te H92AI3(AI515018) • H20 119.5 155.23 25.80 38.60 

Lawsoni te ca2AI 251 207(OH)2 • H20 70.5 8 1. 8~ 23.3(,!:. 16.2(,!:. 

8岛 .9~ 17 .I()!. 13.5(,!:. 

Almandine Fe3AI2513012 86.5 97.5sl 33.6件 18.73.1. 

107.09止 14.86.!. 10.6~ 

Spessartlne Hn3AI25i3012 82.9 94. 岛sl 33.2 ,.l. 19.121. 

1 的 .0s1. 1 岛.也~ 门 .02.1.

Chloritoid FeA I25105 (OH)2 50. 电 60.63 17.13 13.63 

Staurol i te Fe2AI 951 电023 (OH) 2 153.8 207.12 36.9岛 57.22 

Chain and 
Band 5 i J i cates Ca-A 1 Pyroxene CaAI 2SI06 39.3 5句 .13 6. 岛2 14.9 

Clinoferrosil1te FeS 103 2 1. 8 26. 岛9 5.07 5.55 

Hedenberg i te CaFe(5103)2 岛O. 电 5句 .81 8.17 15.01 

Aegerine NaFe(S 103) 2 电1. 3 岛6.16 19.31 9. 岛6

52. 电Z 10.01 7.68 

50.27 10.89 7.68 

Anthophγ11I te H97 [5 1 80221 (OH) 2 75.5 180.68 60.57 38.46 

197.5岛 岛1. 61 13.3句

199.52 电1. 61 13.3句

Ferrogedr i te Fe5AI2(AI2S16022) (OH2) 169.8 196.27 58.39 39.01 

204.70 电8.91 26. 岛5

205.69 电8.91 26. 电5

Temperature 

Range , 0ι 

298-1 句。。

298-1700 

298-8电8

8也8-1000

298-848 

8岛8-1600

298-8岛8

8句8-1800

298-1000 

298-1000 

298-1 岛。。

298-1600 

298-1600 

298-950 

950-1050 

1050-1 岛。。

298-903 

903-1250 

1258-15002. 
298-903 

903-1258 

1258-1500且

。、
αD 



Hineral Class Name For阳 la C._ _ .!,.,!,. 一~'i.，i.
P r' T r 

Chain and Tremo 1 i te Ca 2问95[S;8022J (OH)2 15 句 .9 188.22三
Band 5i) icates 

Ferrotremol i te Ca 2 Fe 5S; 8022 (OH) 2 169.2 197.93 

Fluortremol ite Ca 2 问9 5 S ; 8022 F2 151.0 183.7ι 

Currrni ngton i te H9 7S;8022(OH)2 152.5 185.2句

Grunerite Fe 7S; 8022 (OH) 2 172.5 198.83 

Edenite NaC'2H95 (A 1 S; 7022) (OH) 2 162.5 199.71 

202.90 

Ferroeden i te NaCa2Fe 5 (A1S;70ZZ) (OH)2 176.8 209. 句2

212.61 

FI uoreden i te NaCa2H95 (A 1 S; 70ZZ) F2 158.6 195.23 

198. 句2

Pargas i te NaCa 2问94A1 (AI 2S ;6022) (OH)2 16 1. 7 205.80 

F e r ropa rgas i te NaCa 2Fe 句A1 (AI2S;6022) (OH)2 173.2 213.57 

Magnes i ohas t i ngs i te NaCa2M9岛 Fe(AI 2S;6022) (OH)2 164.8 203.80 

203.80 

210.06 

Hastingsite NaCa/e电 Fe(AI 2 S;6022) (OH)2 176.3 21 1. 57 

217.82 

215.68 

t>k.一!.'.!_x 103 c~' i.， .!..x 10- 5 

57.2~ 句句 .82主

58.95 句 1. 17 

55.25且 43. 7}旦

58.61 句1. 66 

60.93 39.55 

句 8.78 岛6.01

岛 2.52 电 3.31

50. 岛电 句2.36

句句 18 39.66 

电 6.7句 句句 .92

句。.句8 句2.22

句1. 66 50.21 

42.99 与 7.29

句9.55 电 7.80

马9.55 句7.80

句 0.25 电6.02

50.88 句乌 .88

电1. 58 句 3.10

句2. 电6 句 3.10

Temperature 

Range , OK:生

298-800 

298-800 

298-800 

298-800 

298-800 

298-8句8

8句 8-1000

298-8句8

8句8-1000

298-8句8

8岛8-1000

298-1000 

298-1000 

298-950 

298-950 

95口-1050

298-950 

950-1050 

1050-1500且

continued _,. 
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TARLE 7 (continucd) 叶
。

Hineral Class Name Formu 1 a C. ~.~ 二. f , i ~.!_.一~ x 103 c二.i_._i_ x 10- 5 Temperature 

P r' T r Range. oK且

Chain and G 1 aucophane Na2 问93AI2Si8022(OH)2 151.7 190.26 59.36 50.01 298-800 
Band Silicates 

Hagnes ior i ebeck i te Na 2H9 3 Fe 2 S i 8022 (OH) 2 157.8 186.26 75.1 句 句 5.18 298-950 

198.77 56.5句 乌 1.63 950-1050 

19句.句8 58.30 句1. 63 1050-150o-a 
Riebecki te Na 2Fe/e2S i 8022 (OH) 2 166 也 192.09 76.14 句 2.99 298-950 

20 句 60 57.5句 39 句句 950-1050 

200.31 59.30 39 乌句 1050-150o-a 
Richteri te Na 2 CaHg 5S i 8022 (OH) 2 161.1 19句 .80 61.10 46.15 298-800 

Framework Analcime NaA 1 S i 206 • H2 。 50.7 53. 句~ 2句[在 8.88丘 298-1000 
Silicates 

Leonhard i te Ca2 (^ 1 句 S i 802 句) • 7H2 。 22句 6 235.00旦 88.9,.9. 32.86且 298-1000 

l,Iairakite Ca(AI 2 Si 4 0句。 12) • 2H 20 95.2 100. 句。 44.47 16.43 298-1000 

LaulT回nt j te Ca(AI 2 Si 句。 12) .句H 20 1 18.0 123.20 句句句7 16 句 3 298-1000 

Chabaz i te Ca(AI 2Si 40 12 ) • 6H20 1 句 0.8 146.00 句句句7 16.43 298-1000 

Episti lbite Ca(AI 2Si 60 16) • 5H20 150.6 157.0句 60.87 21.83 298-848 

163. 与2 48.35 16. 句 3 8句 8-1000

Heulandi te Ca(AI 2Si 70 18 ) • 6H2 。 172.7 179.66 69.07 24.53 298-8句a

189.23 50.29 16. 句3 8句 8-1000

S t i 1 b j te NaCa2(AI5SiI3036)' 14H 20 375.5 390.55 137.68 与 9.8乌 298-8与8

400.12 118.90 41.7问 8句 8-1000



~ineral Class Name Formula CO _ ~，~ a-a.一f.一f ~，一f ，一~x 103 c旦，工，工 x 10-5 Temperature 
Pr , Tr Range , oK且

Framework Natrol i te Na2(A12Si3010) • 2H 20 90.8 95.76 岛0.08 15.06 298-8电8
S i 1 i ca tes 

92.57 句6.3 句 17.76 8句8-1000

Na-Phi 11 ipsite Na2(AI2Si5014)' 5H20 146.2 152. 句。 56. 岛8 20.46 298-8句8

155.59 50.22 17.76 8句8-1000

K-Phi 11 ipsite K2 (A1 2 Si 5 0 1 句 ) • 5H20 1 岛9.9 152.66 60.24 18. 句5 298-8句8

155.85 53.98 15.75 8句8-1000

Ca-Phi 11 ips i te Ca(A1 2Si 50 14 ) • 5H2 。 140.0 145.82 52.67 19.13 298-8句8

14q .01 乌 6.41 16. 句 3 8句8-1000

Sheet Kaol ini te AI 2Si 205 (OH) 句 57.3 72.77主 29.2~ 21 .52!s. 298-1000 
Silicates 

Ha 11 OYS i te AI 2Si 205 (OH) 句 57.3 ]2 .77主 29.2~ 21 .52~ 298-1000 

Dickite AI 2 Si 2 0 5 (OH) 句 57.3 72.77旦 29.20旦 21 .52'". 298-1000 

ral c 问g3s i 句。 IO(OH)2 79.9 82. 乌S旦 乌J. 61旦 13.3β 298-800 

Antigori te Mg48Si 3句。 85 (OH) 62 1059.1 1 ， 228.4乒 513.76立 286.68主 298-8句8

1 ， 23川3王 501.24王 281.28王 298-1000 

Greena I i te Fe3Si 205 (OH) 电 74.1 81.65 32.60 15.39 298-1000 

Minnesotaite Fe 3 Si 电010(OH)2 38.5 88.31 42.61 11.15 298-800 

Celadonite KMgA 1 5 i 4010 (OH) 2 66.9 80.25 25.30 18.5句 298-1000 

Margar i te CaAI (A1 2Si 20 10 ) (OH)2 75.8 102.50 16.35 28.05 298-8勾8

99.31 22.61 30.75 8乌8-1000

continued →口



TABLE 7 (continued) 

• i ne时 C lass Name Formula C. 旦，主
P r , T r 

Sheet Paragon i te NaAI 2 (AIS;30 10) (OH)2 75.0 
S i I i ca tes 

Phlogop i te KHq3 (AIS; 30 10) (OH)'2 85.0 

Fluorphlogopi te KMg 3 (AIS;30 10)F2 

Anni te Kre3 (A 1 S; 30 1 0) (OH) 2 93.6 

PD-oxyann i te KFe 3AIS;30 12(H_ I ) 8句 .2

7A-Cl inochlore 时5A1 (A IS; 30 1 0) (OH) 8 131.9 

7A- Daphn i te Fe5AI (AIS;30 10) (OH)8 1 句 6.2

7A-Ames i te Mg 2AI (AIS;05) (OH) 句 65.6 

7A-Charrcs i te Fe2AI (AIS;05) (OH) 句 71. 句

7A-Cronsted t i te Fe2 Fe(FeS;05) (OH) 句 77 .5 

14A-Cl inochlore Mg 5AI (AIS;30 1Q) (OH)8 136.8 

a.!'一f.一I ~，i.， _!_x 10 3 

97. 句 3 2句 .50

100.61 28.78 

96.13 26.7句

106 句3 29.77 

88.3队 5乌 121.

97.911. 35.341. 

116.6s1. 7. 句41.

110.24止 10.0s1. 

162.82 50.62 

166.01 句句 .36

172.53 52.28 

175.72 句 6.02

81.03 2句 .7 句

8句 .91 25.40 

8乌 .79 句 1.8句

97.30 23.2句

93.01 25.00 

166.50 句 2.10

c二'!.'_!_x 10- 5 

26.4句

21.50 

20.41 

19.31 

18.061. 

9.961. 

4.631. 

4.631. 

40.88 

38.18 

37.23 

3 与 .63

20.23 

18.77 

12. 句8

8.93 

8.93 

37. 乌7

Temperature 

Range , oK且

298-1000 

298-1000 

29日 -1000

298-1000 

298-8句8

B乌8响 950

95日 -1050

1050-1100 

298-8句8

848-100o-S-

298-8乌B

848-1000且

298-1000旦

298-10002. 

298-950 

950-1050且

1050-1500且

298-10002. 

气Z

l'O 



Hineral Class Nan悼 Formula c. 旦，主 a~'!.‘'.!. ~.!...!..)< 103 c~'!..俨 '.!.x 10-5 Temperature 
P r' T r Range. .K~ 

Sheet Si 1 icates 14A-Oaphn i te Fe 5AI (AIS; 3010) (OH)e 151.1 176.21 句 ).76 )) .82 298-100aa 

14A-Amesite Hg句AI Z (AI 2 S;2 0 10) (OH)8 1)6.1 172.59 3 句 .98 句 1.67 298-8岛民

169.40 " .2 句 句句 .37 848-100aa 

Prehnite Ca 2AI (AIS;30 10) (OH)2 80.8 91.6oJ- 37.821. 19.6oJ- 298-8句8

101.171. 19.0件 11. soJ- 8句 8-1 日00

Sep io 1 i te 11g俨 ;60 15(OH)2(OH2 )2. (OH2 ) 句旦 168.0 157.92:::' IM.3。工 18.68工 298-800工

Carbonates Do lomite 
二一一

C.Hg(C03 )2 37.7 鸟也 .7lE i7.7~ iD.9,!'. 298-1000 

-1 ,,, ...\-1 b , -1 ,,, ...\-2 c_ , Je v\ __, _-1 d ~al mole-'("K)-' , !:.cal mole-'("K)-L .::..c al (e K) mole .!:.f: xcept where indicated otherw叶飞 the numbers shown in this column 

designate the minimum e)(perimental tC l"' perat lJ re rùnge for the minerals and/or oxides used in the calculations (see tables 2 , S. and 

8). !ζomputed from 叫uation (19) and the coefficients shown ahove. .!.εalculùted usi 呵 estimates of 旦，且 and ~ shown above and/or 

experimental coefficients for minerals and/or oxides taken from tables 2 , 5 and 8. Hultiple sets of coefficients and temperature 

range !'o are given where appropriate to Q'void unccrtainties inherent in u 写 ing heat capacitγcoefficients for oxide龟 and minerals 

。 utside of their te内perature range of applic .:l bility (see text). The esti l'lated coefficients should not be used for temperatures 

in the vicinity of phase transi 飞 '0时 wherc equat ions (19) fa 门 5 to represent adequatelγthe heat capacities of polymorphs. 

~)(trapolated. 与。mputed assumingι(OPr.T = 0 for dolomite 主 ωC I te +叫nesite. The estimated coefficients apply to urdered 

dolomite. ~xcePt where Îndicated othe7wise , thc values shown for a. b. and c were estimated from equatiQns (86) tt、 cough (88) 

assuming 6C epr •T = 0 for the reference reactions shown in table 3. 与omputed from equat ions (82) through (8ι). 与。mputed
o 

assuming 6C Pr •T = 0 for kaolinite + 3 periclase 工 corundum + chrγsotile. ..':'.{:omputed assuming ÔC"P(lT "" 0 for halloysite 手主

阳。 I i n i te 马;lculated assuming bC ð p_ T = 0 for dickite-::;;;;主 kaol inite. 与。mputed assuming 且E飞 T ::c: 0 for talc + corundum 
c' 

pyrophγl1ite + 3 periclase. Ecomput;d assuming bCO Pr •T = 0 for analcime 工 dehydrated analci r'1; + H20(z)' Sc omputed assumi 呵

6C. Pr •T .. 0 for leonhardite~2 wairakite + 3H20(三)工<:omputed assuming bC"Pr ,T = 0 for lawsonite~gehlenite + quartz + H 20(三)
- t 

+ H20 (王)' 气omputed assυming bÇ• Pr •T = 0 for tremo1jte~talc + 2 diopside. .!..C omputed assuming bC Pr •T = 0 for monticellite 手王E

wollastonite 令 per Iι1 ase 与omputed using experimental Maier-Kelley heat capacity coefficients for a-CaF.... (a 14.30. b ::0 7.28x 10-3, 
and~..O. 句 7 x 10:>) re阳 rted bγKelley (1960). :!rstimated by Stoessell (叫) assuming 6C. D = 0 for theL reference reaction shown 

Pc 
in table 3. ~See footnote 旦旦 in Table 3. 主.ft ecalculated from the heat capacity ωefficients-reported bγ King and others (196 7) 

for antigorite wi咄咄e stoichi回'''y Hg3S;205(OH)~ '0 Hg，8S; 呐。8S(OH)62 using data given in tab1e 2 (see text). 气I
(jQ 
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the 1iterature were testecl for interna1 consistency by comparing the pres­
sure clistribution of the brackets with C1apeyron slopes calcu1atecl incle­
penclent1y from eqs (1) , (27) , ancl the a1平roximation for solicl phases 
representecl by 

V飞，T 二 VO l'r ， Tγ 
、
、
‘
.
，
，
，

''A QJ ( 

using sta口clarcl mo1a1 entropies, vo1umes, ancl heat capacity power func­
tion coef且cients given in tab1es 2, 3, 7, ancl 8 for the minera1s invo1vecl 
in the reaction. This procedure was a1so usecl to assess the re1ative re1ia­
bi1ity o[ clata reported for various pressures by cli fIerent investigators 
and to cletermine the extent to which the data warrantecl moclification 
of standarcl mo1a1 thircl 1aw entropies to take account of configurationa1 
contributions. \Vherever possib1e, solubilit y measurements were corre-
1atecl with indepenclent observations of equilibrium pressures and tem­
perat盯es. 1n certaill insta配es i t was necessary to i盯oke subjective ju句。
ment in choosing among confiicting sets of experimenta1 data, but in 
most cas巳s contradictions cou1cl be reso1ved by comparing the resu1ts of 
alternate calculations with experimenta1 solubilities, calorimetric data, 
ancljor geologic observations. 1n this way, optimum va1ues of σ气，P ，T
were selectecl to satisfy available data. 1n all cases, at least one va1ue 
of j in eq (31) in each matrix equation (eq 32) referrecl to a minera1 
inclexed as j or i in the other matrix equations, which insu陀d i川erna1

consistency in the computed values of ÄGo f for all the minera1s. Pro­
vision was included in the calculations for phase transitions, ancl 
wherever possib1e , experimenta1 Clapeyron slopes were adopted for these 
equilibria. Values of ÄHo! were calculatecl from the stanclarcl mola1 
Gibbs free energies of formatioll retrievecl from the high pressurej 
temperature clata by eva1uating 

ÄH O f = ÄGof + TÄs of (92) 

where ÄSo f stancls for the stanclard mo1al entropy of formation from 
the e1ements in their stab1e form at 298.15 0 K and 1 bar. Re1ative un­
certainties in the calcu1ated va1ues of ÄGo f ancl ÄI-JO f were assessed with 
the aicl of equations summarizecl below. 

Uncertainties aηd ambigllities.-Uncertainties and ambiguities in­
herent in calcu1ating standard mo1a1 entha1pies ancl Gibbs free energies 
of formation of minerals from calorimetric clata, solubility measurements, 
and experimenta1 observations of phase eqlli1ibria have received consicler­
ab1e attention in recent years (Fyfe, T旧时1'， and Verhoogen, 1958; Green­
woocl, 1971; Zen, 1971 , 1972 , 1973 , 1977; Pa1'ks , 1972; Thompson , 1974a; 
Ulbrich ancl Me1'ino , 1974; Anclerson , 1976, 1977; Chatterjee, 1977). 
N everthe1ess, the relative extent to which various experimenta1 and inter­
pretative factors contribllte to these uncertainties is still a subject of con­
jecture ancl debate. Ambiguities ancl u配ertainties commo川y stem from 
inadequate compositiona1 analyses of starting materia1s ancl 1'eaction 
products, internal inconsistencies, inaccurate data recluction , e1'roneous 
assumptions , 0 1' failure to clemollstrate reproducib1e reversibi1ity. Other 
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uncertainties reslllt [rOlll short-term CXpel‘ imental rllnS , failure to vary 
the proportions of reactants anù products to prolllote achievement of 
stable equilibrium , unreliable experimental teclmiqll口， inaccurate ccll 
parameters, lack of information conιerning the orderi ng state of the 
reactants and products, changes indllced by quenching, reliance on X-ray 
eviùence for reaction progress , insuflìcient 正11 ll1ealing， failure to optimize 
fluid to mineral ratios , slllggish reaction kinetics and metastability, un­
ùetected reaction proclucts, indiscriminate llse o( both natllral and syn 
thetic materials , lack of compositional data for the fluid phase , ancl 
omission o( numerical data from pllblishcd reports of investigation. 
Calculated uncertainties in standard molα 1 Gibbs f1'ee energies of fo1'rna­
tion derived fγom sllch data a γe th llS themselves highly llncertain. 

Experimental uncertainties in the standard molal thircllaw entropies 
of most minerals at 25 0 C and 1 bar are o[ the order of a few tenths of a 
cal mole- 1 (OK)-l 0 1' less , but in som巳 instances cntropy errors may ex­
ceed a cal mole- 1 (俨。 K)-l飞. Con句1丁res、

standard molal enthalpies of fonnation frO I1l the elements at 25 0 C and 
1 bar ra川ng伊e [r‘飞刀u【O创Jm ~ 500 tωo > 2000 ca址1让1 mo叫le一斗1 As emphasized abo\飞
uncertainties of this order of m略nitude in ~HO f are [ar too large to 
perl1l it accurate calculation of eqllilibrillm te l1l peratures [01' high pres咱

sure/temperature univariant equilibria. This can be demonstrated by 
evaluating the finite difference derivative of 

T
一
-T 

吨

-
V

U山
←A一

­

T 
(93) 

where ~H气，1' .T ancl ~S。川气T refer to the standard molal enthalpy and 
entropy of reaction [01' an lInrestricted standard statc with respect to 
pressure ancl tempcrature. The finite diflerence derivative (8) of eq (93) 
can be written as 

8(~H。γ.P.T) → T8(~SO r.p.T) 
8'l、二-

~Sor.l' .T 
(94) 

Standard molal entropy changes accompanying dchydration reactions 
are commonly o[ the onlcr o[ 20 cal lllole- 1 (OK)- l, which means that 
for a "typical" dehydration temperature o( 6000C , ~Ho r ,l'.T ~ 17 ,500 
cal mole • 1 It follows from eq (94) and these "representative" vallles of 
T , ~S。川p aIItlAH。，，川、 that an 川lcertainty of 士 0.5 cal mole- 1 (OK)-l 
in ~S气，P， T together with an uncertainty of :!:: 1 kcal mole- 1 in ~Ho r ,P ,T 

results in an 11 l1certainty of ::'::: 72 0C in cquilibrium temperatures CO!ll­

puted from the thermodyn ‘unic data. 1n contrast, ifδT is known experi­
mentally to be :!:: 100C and ~S气，P ，T 二 20 cal mole- 1 (OK)- l, it follows 
from 

8(~GO r，l'， T) 二- ~S气，1'，'1'8' 1' (95) 

that an uncertainty of :!:: 100C in T introclllces an uncertainty of 士 200

cal !llole-1 in σ气，P，T ， which is transmitted to computecl values of ~Go f 
and ~Ho f at 25 0C and 1 bar. Ho认 ever， 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 áG气，r ，T representcd by 
ôT at any one pressure may be reduced signifìcantly by the distribution 
of reversal brackets at other pressures. Accordingly, uncertainties in 
values of áGo f that satisfy more than one reversal may be mllch smaller 
than those attending retrieval of áGo, from a single revel"sa l. J n addi­
tion, simultaneous consideration of more than one reaction a t a series of 
pressures reduces relative uncertainties even further. As a reslllt, the 
relative uncertainties in many of the calculated values of áGo f discussed 
below are of the order of tens of calories mole • 1. Although the absolute 
uncertainties in áGO, 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 áGo, are large, as long as lhe relative 
errors are smal l. This observation is valid for any internally consistent 
set of thermodynamic data, but its practical signifìcance 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 , entropi凹， and heat capacities of l1linerals used 
in retrieval calculations are l1lagnifìed and transmitted to values of áGo f 
derived fro l1l high pressurejtemperature phase equilibrium data , extra­
polation errors are l1linimal if the sal1le values of V。鸟，鸟， S。鸟，Tr ' and a, 
b, and c in eq (19) are used in all subsequent calculations. 

Uncertainties in Clapeyron slopes of univariant curves computed 
from standard molal volume data using calorimetric andjor estimated 
values of S。鸟，Tr and standard molal heat capacity coe旺icients can be 
assessed by taking the 且nite di旺erence derivative of 

dP I 

dT I 
"áGOr=O 

which can be written for áG。γ= 0 as 

ás or 

áV。俨
(96) 

ô(dPjdT) =坐SOr) _ ~SO rô(á牛L (97) 
áv o r (áV。γ/

where áG飞， áV飞， and áS o r 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-1 
(OK)-1 and 20 cm3 mole-1 as "typical" values of áSo俨 and áV飞 for

dehydration reactions, it follows from eq (97) tl川 uncertainties of 士
0.5 cal mole-1 (OK)-l in áS o r and :::!:: 0.5 cm3 mole-1 (OK)-l in á V飞
(which are probably representative of univariant reactions in general) 
result in an uncertainty of :::!:: 2 bars (OK)-l for a Clapeyron slope of 
42 bars (OK)-1. Uncertainties of this order of magnitude introduce corre坠
ponding uncertainties of - :::!:: I OC kb-1 in calculated equilibrium tem-
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peratures at higher pressures. 1n 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 Äyor and Äsor are of 
the order of 10 cm3 molc- 1 and 10 cal mole-1 (OK)-l or more. However, 
if ÄS。俨 and ÄY。俨 are small, as they are for solid/solid phase transitions 
and certain dehydration reactions, calculated values of dP /dT may b巳
affected drastically by small errors in ÄSo r and/or Ä y o r' 

As emphasized by Fyfe, Turner, ancl Ycrhoogen (1958) , unccrtainties 
attending both experimental determination and thermodynamic calcula­
tion of equilibrium temperaturcs are controlled to a large extent by the 
magnitude of ÄSo r' For example , it can be deduced from the curves in 
figure 16 that ÄS飞 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 encl of the uncertainty inter­
val represented by ab. The latter case is typical of clehydration reactions 
taking place at pressures < 1 kb at temperatures from - 3000 to 5000 C, 
where the heat capacity of H 20 increases dramatically with increasing 
temperature. 

The energy required to activate the three reactions discussed above 
is represented in figure 16 by intervalsαand b. lf 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. Schcmatic illuslralion of the Gibbs frec energy of three hypothelical sys­

lems as a function of lcmpcrature at cOllstant pressure (see text). 
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ð.S。γfor reaction 1 promotes metastability, which is a1so the case for 
reaction 3 at 10w temperatures. 

The chemica1 affìnity of the nh reaction (A,) is defìned by 
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(98) 

where dQin川. stands for the inexact dij[erentia1 of the heat 川sociated

with the nh irreversible reaction , andιrepresents the progress variable 
for the process. However, A, can a1so be expressed as 

/aG\ ~气
二-(一::_)二 Yμi Îl i ， J 二 RT III K，./Qγ(99) 

\at俨/ P.Tγ-

where G refers to thc Gibbs free cnergy of the systetn, ñi ,r rcpres巳nts the 
stoichiometric coe而cient of the ith spccies inv01ved in the nh reaction 
(鸟，r dn;/dι ， where 11i stands [or the llumber of moles of the ith 
species in the system), Kr denotes the cquilibrium constant for the re­
action, ancl 

Q,. - 111 向
) OV AV -A 

J
'町
、
、

where ai stands for the activity of the ith spccies in the system. At 
equilibrium, Qr = Kr and Ar O. The rate at which reactions among 
minerals and aqueous solutions 1川、oceccl from an activated state toward 
equi1ibrium is a function of Ar. lf we regard such reactions as sequences 
of elementary steps in the overall process, near equilibrium the rate of 
the nh reaction (1',.) can bc exprcssed as (Prigogine, 1967) 

f..=坐 h r生
,. dt • RT 

where kr is the rate constant given by 

ð.E飞/1之I
kr 二 Are -- r 

) I AV IA ( 

(102) 

wherc A俨 designates the pre-exponentia1 factor (which inclucles the equi­
librium concentrations of the species involved in the reaction) ancl ð.E飞
stands for the activation energy for the reaction. Becallse in most cases 
the v01um巳 change associated with the activation process is neg1igib1c , 

and ð.E气. is insensitive to changes in pressure and temperatu町，ð.H飞~
ð.E飞， and both ð.S飞 and ð.H气 can be regardecl as constants. Taking 
account of the fact that ð.E飞 is positive , it follows from eq (102) tl川
th巳 rates of reactions causecl by increasing temperature may be con­
siderab1y faster than those of reλctions callsed by decreasing temperature. 
Because of this , kinctic constraints may result in asymmetric u日certain­
ties in experimentally cletcrmined reversa1 temperatures. These con­
straints as well as others a[fecting attaillment of equi1ibrium are dis­
E旧sed in cletai1 by Fyfe, Turner, ancl Verhoogen (1958). 
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Many of the ohservations summarized above concerning the e征ect

of uncertainties in thermodynamic data on calculated equilibrium tem­
peratures for univariant equilibria apply also to multivariant reactions 
among min巳rals ， gases , and/or aqueous species. However, in the latter 
cases small calorimetric uncertai n ties in 6.H。γand 6.S。γmay be mani­
fested by large errors in computeù activities or fugacities instead of equi­
librium temperatures. Conversely, small errors in fluid compositions 
ùetennineù experimentally are magni趾d in corresponding valucs of 
6.G气，P ，T' For exalllple, if accllrate values of χC02 and XH 20 are known 
at a given pressure and temperature , it follows frolll eqs (28) and (44) , 

together with the constraint 

XC仆2 十 XH20 二 I (103) 
that 

o(6.G气，P ， T) = -2.303RT o(log Kp ,T) 

/命C02 - X C02 (台 C02 十元H20) \ = -RT (~~~ -~~ , ~ ~ ".-' \ oXC02 (104) 

\ X叫 XH20 / 

for reactions involving only CO" , H"O, and stoichiometric minerals. 
Hence if IÎC02 - 3 and 1ÎH2o 二 1 (which is t叼yp抖lca均I
二 0.5 m丑ust bεkn旧own tωO 士 0.01 a川t 500 0 C tωo keep the u川nce创rtaint叮y in cal-
clllat忧ecl 飞va址lue白s of ÄG 。飞γ叽川，1'飞， T 飞Wl让thi让山ln 卢~ :::t: 125 【ωa址tl mole 一 1飞. Note tha川t the 
uncertainty in 6.G气，P ， T is lllagnifìed considerably for a givcn oXC02 as 
either XC02 or X H20 become smal1. It is also under these conditions that 
errors stelllllling from the aSSlllllption of ic!eal mixing of CO2 anc! H 20 
may have a large e且、ect on calculated eqllilibrium temperatures, which 
unclerscores the inadvisability of retricving values of ÄGo f for lllinerals 
from temperature-XC02 ùata in the clilute regions of concentration with­
out incoq> orating reliable fugacity coefficients for CO2 and H 20 in 
CO2-H20 lllixtures. ln gcneral , calcu!atecl equilibriulll temperatures 
and fluicl compositions are highly sensitive to Xc句 in H 20-rich fluicls 
anc! XH20 in CO2-rich flui c!s. As a result , smaIl errors in these fugacity 
coef且cients mav result in lare:e errors in σ。4

u 

The effect of uncertaintics in XH20 andχC02 onσ飞 for reversible 
reactions among stoichiometric minerals ancl a CO2-HzO fluicl can be 
assessecl frolll 

o(6.G气.1'，T) = - RT(内C02 o(ln X盯(2) + 1ÎHZO o( ln XII20)) (1 04A) 

which can bc ùerived for a given (constλnt) prcsslll飞 temperature， ancl 
fluiù composition from eqs (28) , (H) , ancl (103). Jf we again let 1Î C02 二
3 and 命HZO = -1 , it follows frolll eq (10'lA) tl川 errors of :::t: 0.1 in the 
natural logarithms 01χc仆2 and X1l2() may result in a corresponding error 
of ~ :::t: 600 cal ll101e- 1 in 6.G气， which would be transmitted in retrieval 
calculations toσ。 r anù hence to calculated values of 6.Go f . Errors in cal­
culated equilibriu ll1 temperatures caused by uncertainties in fugacity co-
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ef且cients can be computed for accurately known fluid compositions by 
evaluating 

RT2 
3T 二一一τ一一(位C02 3(ln XC02) + 7ÎH20 3(ln XII20 )) (104B) 

且j__l Y.P.T 

This relation can be der如ed by taking account of the van't Hoff equa­
tion. Assuming ÂH气，P ，T = 35 kcal mole-1 at 5000C for a reaction in 
which 命C02 = 3 and 命H20 = -1 (which is reasonable) , evaluation of eq 
(104B) for uncertainties of :!: 0.1 in ln XC02 and ln χH20 indicates that 
errors of the order of :!: 140C may result in predicted equilibrium tem­
peratures for a given X C02 ' 

Under certain circumstances , llncertainties in ln Xcoz and ln XHZO 
arising from experimental error, equation of state extrapolations, andjor 
erroneous assumptions regarcling ideality or nonicleality in CO2-H20 
mixtures may well exceecl :!: 0. 1. Because these uncertainties are magni­
fied by RT in eq (104A) and RT2jM-I。阳，T in eq (104B) , considerable 
care must be exercised in retrieving standard molal Gibbs free energies 
of formation of minerals from experimental temperature-XC02 data. 
The latter observation applies also to retrieval of val11es of ÂGo f from 
solubility measurements. For example, it follows from the first identity 
in eq (104) that 命Si02C叫) log aS i 02 (αq) must be known to 士 0.03 to pre­
clude errors > 100 cal mole-1 in compllted val11es of ÂGor for desilica­
tion reactions at 500oC. 

Relative uncertainties in the values of ÂGo f and ÂH o f shown in 
table 8 are discussed below, but no absolllte cOllnterparts are given in 
the table. Owing to limitations imposed by simllltaneous consideration 
of multiple equilibria and the cliverse sources of experimental ambigui­
ties discllssed above, attempts to assign with confidence absolute nu­
merical llncertainties to the computed values of ÂGo f and ÂHo f were 
llnsuccessfu l. In fact , these efforts led to the conclusion that (in contrast 
to arguments aclva旺ecl by Zen, 1972) weighti吨 vagaries and the non­
random nature of experimental unc巳rtainties inherent in most high pres­
surejtemperature phase equilibrium data preclllde meaningful applica­
tion of a statistical approach to assigning absolute numerical uncertain喃

ties to values of ÂGo f and ÂI-JO f retrieved from such clata.10 This is par­
ticlllarly trlle of averaging techniqlles such as the practice of assigning 
the sqllare root of the sum of the squares of the relative llncertainties 
for each experimental observation to the thermodynamic properties of 
minerals retrieved from high pressurejtemperatllre 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 llsefulness of the results would be highly ques­
tionable (G. M. Anderson, 1977, written commlln.). It thllS appears 
preferable (at least to llS) to give no estimates of absolute II旺ertainties ，

10It is also for these reasons that satistical regression analysis of experimental re­
versal temperaturcs and solubility data commonly leads to unacceptable uncertainti臼
in values of ó,G O! retricved 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 LlGo f and LlHo f 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 a11 the equilibria em­
ployed in the retrieval calculations. 

The fact that absolute uncertainties are not given in table 8 affords 
no justification in itseH 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 LlGo f and LlHo f are 
small (of the order of a hundred cal mole-1 or less) , and because with 
only a few exceptions (see below), no calorillletric values of LlHo f with 
aggregate absolute uncertainties > 400 cal mole-1 were used in any of 
the retrieval calCl巾tions ， it can be argued subjectively that the absolute 
uncertainties in the values of LlGo f and LlHo f derived in the present 
study are almost certainly much slllaller than those inherent in their 
calorimetric counterparts. This observation is strongly supported by com­
parison of equilibrium constants and univariant curves gcnerated from 
the thermodynalllic data in table 8 with the myriad of experimental 
observations summarized in the following pages. 

THE SYSTEM Si02 

The thermodynalllic properties of quartz, coesite , cristobalite , chal­
cedony, and amorphous silica are shown in table 8. ln the case of 
α-quartz， the value of LlHo f corresponds to that obtained frolll calori­
metric measurements, but the standard molal enthalpies of formation 
of the other Si02 polymorphs were retrieved from high-temperature solu­
bility llleasurelllents reported in the literature. 

Quartz.-The standard molal volume and calorimetric values of 
SOp川T and LlHo f given by Robie and Waldbaum (1968) forα-quartz 

were adopted in the present study. This value differs by only 12 cal 
mole-1 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 coef且cients shown in 
table 8 forαandβ-quartz were taken from Kelley (1960), who reports 
290 cal mole-1 for the apparent standard molal enthalpy of transition 
(LlHO t) at 848 0 K and 1 bar. This value, which is 116 cal mole-1 larger 
than that reported by Stull and Prophet (1971), was used together with 
the transition temperaturc at 1 bar (848 0 K) and the slope of the curve 
shown in figure 17 (38.5 bar (OK)-l) to calculate the apparent standard 
molal entropy and volume of transition (LlSO t and Ll V飞， respectively) 
givell in table 8. Because the standard molal volume ofβ-quartz was 
measured at 575 0 C and 1 bar (table 2) , the calc吐ated value of Ll VO t 
(0.372 cm3 mole-1) requires the standard molal volume of α-quartz to 
be 23.35 cm3 mole-1 at th巳 transition tcmperature at 1 bar. Ho叭w巳盯飞ve盯r电飞, 
therm丑1al expansi山ion data (Ski山nI时r飞‘飞， 1966) indicate that the standard molal 
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Fig. 17. Calculated _ equilibrium pressures and temperatures (cur_ve) and experi: 
mentaf data (symbols) documenting the α/β-quartz transition at high pressures and 
tem pcra t ures. 

volume of α-quartz reaches 23.35 cm3 mole- 1 at - 520 0 C and 1 bar, 
which is in the vicinity of the lowest temperature at which the standarcl 
molal heat capacity ofα-quartz exhibits evidence of the occurrence of 
a lambcla transition with i配reasi吨 temperature (see above). This ob­
servation reinforc臼 evidence obtainecl calorimetrically by O'Neill and 
Fyans (ms) suggesting that theα/β-qωrtz transition is a clisplacive 
lambda transition, rather than a superimposed lambda/且rst orcIer tran­
sition (fig. 3C). 1n cωon川tra‘飞二a叽 i证f the 
Prop抖忡het (174 cal mole 一 1η) is used in the calculation, the computecl value 
of ð. yo t (0.223 cm3 mole- 1 ) reql山es yo for α-quartz to be 23.50 cm3 

mole- 1 at the transition temperature. 1t can be seen in figure 3D that 
the stanclarcl molal volume of α-quartz reaches this value at - 565 0 C, 

which is well above the temperature at which the lambda transition 
apparently sets in, but ten clegrees below the transition temperature. It 
shoulcl perhaps be emphasizecI that if an apparent stanclarcl molal volume 
of transition consistent with the curve shown in figure 3D is adopted 
(0.12 cm3 mole- 1 ) , ð.Ho t must be 94 cal mole- 1 to be consistent with 
the position and slope of the curve in figure 17. Few of the calorimetric 
clata available are consistent with such a small value of ð.Ho t. 

Although the curves representing the stanclard molal volume and 
heat capacity of α-quartz in 且gure 3 indicate that the phase begins to 
clisorder as temperature increases above - 700oK, the bulk of the shift 
in the boncl angles responsible for the chang巳 in symmetry between the 
two polymorphs takes place within a few degrces of 848 0 K, where Ihc 
α/βquartz transition is rapidly rcversible. As a consequence, pressllre­
temperaturc isopleths representing displacive disorder mani[ested hy 
detectable changes in symmetry are telescopecl together, resulting in 
what appears experimentally to be a single univariant curve (fig. 17). 
Theα/βquartz transition at 818 0 K can thus be reganled for practical 



Quartz 83 

purposes as a quasi-first-orcler transition. Becauseβ-q llartz is unquench­
able, no thermodynamic properties are given for this polymorph in 
table 8. 

The value of Ll yo t shown in table 8 is compatible with the standard 
molal volume of β-quartz at 575 0 C in table 2, but (as noted in previous 
discussion) not with the assumption that Y飞，T=VOFpTγfor α-quartz. 

This inconsiste旺Y (which is thc only 0肘。f i ts kind cnco旧1terecl in the 
present study) can be resolved by incorporating provision for the thermal 
expansion ofα-q uartz in thcrmoclynamic calculations. For example. if 
we designate the temperature and pressurc of transition as T t and P(. 
respectively, and assume that the apparent standarcl molal volume and 
entropy of transition arc inclepenclent of pre岱盯e ancl temperature (see 
above), the thermoclynamic consequences of the expansibility ancl com­
pressibility of α-quartz can be approximated by writing 

(旦)二~- YO".Pt.Tγ 
éJ'1、/ P T t - T r 

(IO ,j) 

where Y飞，町 ，T t and Y飞，町.Tr correspond to thc stanclard molal volumc of 
αquartz at the subscriptecl prcssures and temperatures. Eq (105) is basecl 
on the observation that (θYO/θT)p for α-quartz is essentially indepemlent 
of temperature at 1 bar (fig. 7). It thus follows that we can assume in a 
first approximation that (éJ co1'/éJP)T = - T( éJ 2Yo /éJT2) ""=' O. 

It can be seen in 且g盯e 8 that (éJYo /éJP)T for α-q uartz is also essen­
tially constant at 25 0 C and pressures bclow ,_, 30 kb , which permits us 
to wnte 

v。α，盯γ=Y。α ，Pr， Tγ 十 Cα(P - P ,) (106) 

矶'here cαstamls for (éJY。α/ éJ Phγ. Combini吨 eqs (105) , (106). and 

/éJY。α\
。α.P.T = Y。α ， P ， Tγ 十( v _'~，") (T - T r) (107) 

\ éJ'1、/ l' 

with 
1't. 1' 二 Tt . Pr 十 k -1 (1' - 1飞) (108) 

leads to 
v。αP ， T 二 V。α，冉，Tγ 十 Cα(P - 1',.) 

(V。飞α.1耳，

Iσγ+k一 l (P - P,) - T r 

) 
。
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wherc k rcfers to the slope of thc univariant curve in fìgure 17. Kote 
that (éJY 。α /éJT)p in eqs (105) and (107) is cω:工刀ollstr、1叫i
of t忧empe盯ra川tur、巳 bllt not o[ p扣r、它ess叭川llr、它飞e巳. Coωn口飞re创r、Sωcl忖y， (éJY。α/éJ1')T is taken to 
be inclepenclent of press lIrc bllt Ilot o[ telllperatllre. 

If we now combine thc integral o[ eq (109) with 

LlGOß,1'*,T - LlGoß ,Pr.T = f 川<]1' = YOß.Pr， Tt 俨- P r) (110) 
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we can write for the stab1e po1ymorph of quartz at any given pressure 
and temperature, 

ÄG飞，T - ÄGOpρ =v。α，冉冉 (P - P*) 十 V。β凡Tt (P 养 - Pr) 

句(2Pr (P - P可一 (P2 _ P和)) -hk(T-T，)(P 一户)

+ k(bα+ααCαk) ( T - T r ) (ln(aα 十 k- 1 P)/(αα 十 k-1P*)) (111) 

where P养 stancls for Pt if T > Tt ,Pr' but P栋二 Pr for T ~二 Tt . pγ ancl

ancl 
。α三 Tu、 -k一1Pr - T r (112) 

(113) bα 三 V。α，町，Tt- V飞，Pr，Tr + CαPr 

The corresponding expression for the stanclarcl mo1a1 entropy appears as 

SOp ,T - SOpρ = -k(bα 十 ααCαk) (ln(αα 十 k-1P)/(αα+ k- 1P*)) 

+Cαk(P - P 非) (114) 

which permits calcu1ation of ÄHop ,T - ÄHoPr,T from 

ÄHO l','l' - ÄHopρ = ÄGop ,'l' - ÄGoPr，T 十 T(SOp ，T - SOPr,T) (115) 

Va1ues of ÄG飞，P，T computecl from eqs (14) ancl (111) consistent with 
Ä VO t = 0.372 cm3 mo1e-\ V飞，P"Tγ= 22.688 cm3 mo1e-\ V。自二 23.72
cm3 mo1e- 1, k = 38.5 bar (OK)-\ ancl cα 二 4.973 X 10-5 cm3 mo1e- 1 
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Fig. 18. Diff臼 ence in the apparent standard molal Gibbs free energy of 臼'quartz
computed assuming V O p •T V。斗 ， Tr and that generated from eq (111) as a function 
of pressure at constant temperature (labeled in OC). 
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bar- 1 differ from corresponding values calculated assuming V飞，P ，T = 
v。α， P"Tr by up to - 100 cal mole- 1 at pressurcs below 10 kb (且g， 18). 
Although in most cascs differences of this order of magnitude have a 
negligible effect on thermodynamic calculation of mineral stabilities, eq 
(111) ins旧es compatibility of such calculations with the univariant curve 
shown in figure 17. For this reason, and because the approach described 
above afforcls better approximation of the thermoclynamic behavior of 
α-quartz at high pressures than the assumption that V飞.P ， T 二 V飞，Pγ，鸟'
eqs (11 月， (114) , ancl (1l 5) were used in the present stu句 to represent 
the pressure dependence of ~G飞.T ， SOp,T' and ~Hop，T of quartz. 

Coesite.-Experimental observations of the quartzjcoesite 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 clata obtained by Holm, 
Kleppa , and 'Vestrum (1967) , who report SOpγ斗= 9.65 cal mole- 1 

(OK)-l for coesite. The results of their high但mperaturc drop calori­
metry experiments indicate that the difl、erence in the standard molal 
heat capacity of coesite and quartz is esscntially indcpenclent of tem­
perature ancl equal to 0.22 cal mole- 1 (OK)-l. This value is identical to 
that at 25 0 C obtainecl from low-temperature heat capacity measurements 
(Holm, Kleppa , and Westrum , 1967). Taking the stanclarcl molal volume 
of cocsite to be proportional to that of quartz and adding 0.22 cal mole-1 

(OK)-l to theαheat capacity coeffìcie l1 ts forαandβquartz generatecl 
the value of ~Go! for coesite in table 8 from the experimental clata shown 
111 且gure 19. It can be deducecl from the agreement of the curve with 
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Fig. 19. Calculaled equilibrium pressures and tCl1lperatures (curve) and experi­
l1lental data (sYl1lbols) dOCu Illcllting the quartzjcoesite lransition at high pressurcs 
and tcmpcratures. 
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the reversals shown in the fìgure that the calorimetric heat capacity and 
entropy data reported by Holm , Kleppa , alld \Vestrum are cOllsistent 
with the high pressurejtemperature phase equilibrium data , as are their 
relative heat of solutioll measuremcnts at 970 0 K and 1 bar, They report 
750 :!: 150 cal mole- 1 (OK)-l for the enthalpy change accompanying 
transformatioll of quartz to metastable coesite at 9700 K and 1 bar, which 
compares favorably with thc corresponding value of 888 cal mole- 1 

calculated from the thermodynamic data for quartz and coesite given 
in table 8 , Nevertheless, because thc standard molal entropy of transi­
tion is only ~ -0.5 cal mole- 1 (OK)-l at high pressures and tempera­
tures, the discrepancy of 138 cal mole- l, together with the assllmptions 
Holm , Kleppa , and Westrum rnade concerning the pressure depemlencc 
of the stalldard molal volumes of quartz and coesite introduced isobaric 
differences of more than 5000 C in the univariant curvc they predicted 
compared to that shown in 且gure 19. Corresponding uncertainties in 
the calorimetric clata reported by Hol叽 Klcppa， and vVestrum (1967) 
for thc coesitejstishovite transition at 1 bar, combined with large un­
certainties in the experimental data at higher pressures reported by Sclar 
and others (1962) , Wcmorf (1962) , Stishov (1963) , and others precludes 
reliable calculatioll of the thermodynamic propcrties of stishovite. 

Chalcedo町 ， cYistobα lite， and αmor户hous silica.-The thermodynamic 
data given in table 8 for these mi时rals (which are consistc川 with those 
shown for quartz) were acloptecl by \Valther and Helgcson (1977) in 
their stucly of thc thermodynamic behavior of aqueous silica as a fllnc­
tion of pressure and temperature. Differences in crystallinity are ap­
parently responsible for disparities in the therrnoclynamic properties of 
chalccclony ancl α-quartz. In contrast , it appcars that clifferences in the 
thennodynamic behavior of silica glass and amorphous silica can be 
attributed (at lcast in p盯t) to incorporation of illterstitial H 20 in th巳
Ia tter phase. 

Bothαandβcristobalite as well asα-triclyrnite and its various 
polymorphs are rnetastablc with rcspect to quartz at temperatures below 
1079 0 :!: 2500 K at 1 bar, whereβ.quartz goes through a sluggish tl‘ ansi­
tion to (metastable?)β-cristobalitc (Stull alld Prophet, 1971). Beca时C
metastable cryptocrystalline 卢 cristobalite commo川y occurs in volcar山
rocks , the thcrmodynamic properties of this phase are also shown in 
table 8. However , corresponding properties of α， β. andγtridyrnite are 
not given. U llcertainties in the experimental clata reported for these 
polymorpbs preclucle unequivocal dcsignation of the stable polymorphs 
of Si02 at high tcmpcratures alldlow pressures. 

l\IgO一(泣。-H20-C02

Of the minerals in this system. only brucite, magnesitc, clolomite, 
calcite , and aragonite are relatively abundant in the Earth's crus t. 'Vith 
the exception of periclase and dolomite (whiιh is considercd in later 
pages) the values of ßGo f ancl ßH O! given ill table 8 for these mincrals 
were dcrived from the expcrimcntal obscrvations of phase e<luilibria 
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s饥川ununar川lze仅叫d in figures 20 a川n叫d 2盯1. The t山he创r、'm

table 8 fo创r句 pe盯riclas优e we盯re taken fro l11 calorimetric studies. 
Periclase, brucite夕。nd mαgnesite.-The stanclard 11101al volume and 

calorimetric clata given in table 8 for periclase were used together with 
the standard molal volum口， entropies, and heat capacity coefficients for 
brucite and magnesite to calculate values of ilGo f and ilHo, for the latter 
two phases from the experimental data plotted in figure 20. The calcu­
lated values of ilGo, and ilHo f for brucite (table 8) fall within the un­
certainty range of the correspo日cling vallles reportcd by Robie and 认Tald­

baum (1968) , but those for magllesite clo not. Ne盯ve盯I叫t山h陀时elc盹 th肥e v川va且III时 of 
ilHO f for magnesit忧c in table 8 dif证Iers by olll均Y 70 ca址1m丑101e- 1 fro刀Oαm丑1 tha川t 
a缸叫clop】 te仅叫d by Stull and Prophet (1971). 

The thcrmodynamic clata given by Robie ancl "\Valdbaum (1968) for 
magnesite require the univariallt curve in figure 20B to be > 100 to 200 C 
higher than that clefined 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 cxperimental data. Exccpt for a sillgle 
low-pressure reversal [01' the clehydration of brucite , the samc observation 
holcls for the curve in figure 201\. The value of ilH o, for brucite in table 
8 is 390 cal mole- 1 more negative than that givell by Stull ancl Prophet 
(1971) , who report -221 ,000::!:: 500 cal molc- 1 • 

Calcite and aragonite.-To iIlsure agreement with low-temperature 
experimental clata , the stanclard 11101al Gibbs free energies of formation 
of calcite and aragonite in table 8 werc calculated from solubilities re­
portecl by Christ, Ho创st优etlc盯l'‘飞， and Siebe盯rt (1974勾) us川s叫ing tl 
d山ωa川taμfor Ca++ and C03- 二 given by \Vagman and othcrs (1968). These 
飞ralues wcre then usecl together with the stanclard molal volumes, en­
tropies , and heat capacity coef且ciellts for calcite and aragonÌle in tablc 8 
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lig. 20. Ullivariant cquilibriulll curvcs (generaled from lhcrmodynamic data given 
in lable 8) 3n(] experimenlal observali川IS of I'hase relalions (symbols) in thc syslcm 
MgO-C02-H,O at high pressurcs and lcmpcratures 
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to calculate equilibrium temperatures and pressures for the calcitej 
aragonite transition (fìg. 21). 

The value of SOPr.Tγfor calcite adopted in the present study (22.15 
cal mole- 1 (OK)- l, which was taken from Kelley and King, 1961) is 
0.23 cal mole- 1 (OK)-l greater than that given by Staveley and Linford 
(1969), who also report 2 1.03 cal mole- 1 (OK)-l for the standard molal 
entropy at 25 0 C and 1 bar of an aragonite sample containing 0.13 mole 
percent SrC03 • TI山 entropy is 0.15 cal mole- 1 (OK)-l smaller than the 
calorimetric value for 盯agonite given by Kelley and King (1961) , who 
report 2 1. 18 cal mole- 1 (OK)-l. The latter value was adjusted in the 
present study by 0.38 cal mole- 1 (OK)-l to bring the calculated Clapey­
ron slope of the univariant transition curve into close agreement with 
the distribution of data shown in fìgure 21. The adjustment of 0.38 cal 
mole一 1 (OK)-l is 0.08 cal mole- 1 (OK)-l greater than the uncertainty 
in the calorimetric value of SO l'"Tγfor aragonite given by Robie ancl 
Waldbaum (1968). 

It can be seen in fìgur‘ e 21 that the univariant curve generated from 
the calculations described above is in closc agrcement with all the experi­
mental data at high pressures. Owing to ambiguities in the high-pressure 
transition temperatures for calcite 1 (which corresponds to calcite) to 
calcite II, no attempt was made in the present study to retrieve thermo­
dynamic properties for the high pressurejtemperature polymorph, calcite 
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Fig. 21. CaIculated equilibrium pressures and tempcratures (curve) and experi­
mentaI data (symbols) documenting the aragonitejcaIcite transition at high pressures,,­

and temperatures. 
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II. The values of I1Go f anù I1Ho f given in table 8 for calcit巳 and ara­
gonite fall within the uncertainties in the corresponding values reported 
by Robie and "\Valùbaum (1968). The fact that they are consistent with 
both low-temperature solubility measurements anù high pressurejtem­
perature phasc equilibrium clata rein[orce the reliability of the thermo­
dynamic data given in table 8 for aragonite and calcite. 

MgO-SiOe-H2 0 

Although equilibrium phase relations in this system have received 
consiclerable geologic, experimental, ancl theoretical attention over the 
years , many ambiguities and uncertainties in the thermodynamic proper­
ties of magnesian silicates have yet to be resolvecl. Owing to the high 
sensitivity of calculatecl equilibrium temperatures and pressures to small 
errors in the thermoclynamic properties of minerals in the system MgO 
Si02-H20 , relative uncertainties in the values of I1Go f ancl I1H o f for 
these minerals must be of the order of a few tens of cal mole- 1 or less 
to reproduce a11 the various expcrimental observations. This require­
ment served as an implicit constraint in the retrieval calculations re­
portecl below. 

Enstatite, forsterite , talc, anthoPhyllite， ι hrysoti le, aηd antigorite.­
Simultaneous consideration of high pressurejtell1pcrature experimental 
clata shown in figurcs 24 through 28 for 

talc ~ 3 enstatite + quartz 十 H20， (116) 

talc 十 forsterite ~ 5 enstatite + H 2 0 , (117) 

anthophyllite ~ 7 enstatite + quartz + 1-1 2 0 , (118) 

2 talc 二 3 forster Ïte + 5 Si02 (叫)十 2 H 20 , (1l9) 

talc + H 2 0 ~ chrysotile + 2 Si02 (町 (120)
,d 

、
A

I a 

16 talc 十 15 H 2 0 ~ antigorite + 30 Si02 (叫) (121 ) 

generated the values of I1Go f ancl I1I-JO f in table 8 for the ll1incrals ap 
pearing in these rcactions. The calculations were carried out using the 
standarcl molal volum凹 entropies ， and heat capacity coef且cients given 
in the table for the minerals in reactions (116) through (121) , together 
with the thermodynamic dataιancl eq uations of state for H 2 0 ancl 
Si0 2 (aq) sU ll1marized by Hclgeson ancl Kirkharn (1974a) and 认Tal ther ancl 
Helgeson (1977). 飞Nherever appropriate , provision was incorporatecl in 
the calculations for the thcrmodyna ll1ic consequenccs of the clinoensta咱
titejenstatite phase transition. 

The Clapeyron slope of the univariant curve in figure 22 was used 
to calculatc the standarcl molal entropy of the clinoenstatitejenstatite 
transition from density data reported by Stephenson, Sclar , and Smith 
(1966). Similar、忖， the value of I1so l'T' T t given in table 8 for the enstatitej 
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Fig. 23. CaIculalcd equilibrium 
pressllrcs alld tempεratures (curve) and 
cxpcrimclltal data (symbols) documcnt­
ing the cnslatite/protoenstatite transi­
tion at hi吕h pressures and temperatures. 

protoenstatite transition was generated from the Clapeyron slope of the 
univariant curve in fig旧e 23 川ng density clata given by Smith (1959). 
The stanclarcl molal heat capacity coe出cients for ellstatite ancl proto­
enstatite in table 8 were calculated from calorimetric data tabulatecl by 
Stull ancl Prophet (1971). Note that the tenn enstatite in table 8 refers 
to the stable polymorph of JVfgSi03 at any temperature. 

Univariant curves ancl equilibrium constants for a large number of 
reactions among phases in the system MgO-Si0 8-H2 0 are shown in 
figures 24 through 32. The thermodynamic clata given in table 8 for 
talc, enstatite, forsterite , anthophyllite, chrysotile, ancl antigorite were 
usecl to generate the curves in these 且g山白， which (with a few excep­
tions discussecl below) are in remarkably close agt咱eement with the many 
experimental clata represented by the symbols. The agreement is particu­
larly impressive in view of the fact that relatively few laboratory obser­
vations were usecl in the retrieval calculations. Nevertheless, the com­
puted values of ßGo f and ßHo f satisfy a wicl巳 range of solubility data 
and experimental observatio l1S of dehyclration equilibria. Although the 
calculations were carried ollt using estimatecl heat capacity coe fIÌcients 
for talc (tables 7 and 8) , it can be de山ced from figure 33 that these 
estimates afford close approximation of the calorimetric heat capacities 
of talc reportecl rcce川ly by Krupka, Kerrick , and Robie (1977). 
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f' ig. 24. Univariant equilibrium curvc 
(generatcd from thermodynamic data 
givcn in tab1c 8) and cxperimcnta1 ObSCI 
vations of phasc re1ations (symbo1s) in thc 
systcrn ì\lg0-Si02-Hi) at high prcssurcs 
and tcmpcraturcs 

9 
区'2l~~~_L~.r_~~~ OTHERS 

(1975.1977b) 
8 ~E-3 CHERNOSKY. (197Gb) 
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f' ig. 25. Univariant c(jui1ibrium 

c lI rve (2:Cllcrated from thermodvnλmlc 
、。，

data e:iven in tab1e 8) and experimcn. 
u 

ta10bser飞注tions of phasc re1a lÌons (syrn-
bo1s) in t he systεm MgO-SiO ,-H20 at 
high prcssllrcs alld tcrnperatures. 

It can he seen in fìgure 26 tha t the Cllrves gcnerated in thc prcsent 
stucly are in dosc agreemcnt with many of the experimental data re­
ported by Greenwood (1963) , Hemley and othcrs (19771>), and Chernosky 
and Knapp (1977), but some disc叫川ncies oc( 盯. ~ everthclc战 on the 
whole the curves represent thc expcrimcnlal data remarkably wcl l. The 
cliscrepancies are almostιertainly a consequence of metastabilily and 
sluggish reactions rales, which probably accounl also for thermodynamic 
inconsistcncies in the results of some of the cxperiments. For examplc, if 
a curve were drawn throllgh all the experimental "reversals" in 且glIIE

26人， the Clapeyron slope of the curve would require llnrealistic values 
of the stanclanl mobl entl‘ opics of thc 1巳Ictants and products to satisfy 
experimental standard 11l0lal volume data for the minerals. At 2 kb , the 
calcllla tecl stamlar句d、

sho川wγ川叩专1丑11 in flgU川1口r、e 26 ar‘ e (in c丁:a址a址1吐1 molc-1 eK) • and cn13 1110!e-" rcspec­
tively): 

Figllre llllmber tl.SOp .T tl. V 0 1'.T 

2 (ì;气 76 54 
2GB 17 
26C 81 84 
26D 19 18 
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As a consequence , the positions o[ the curves in fìgure 26B and D are 
relatively sensitive to sma11 errors in ó-G 气，1'，'1' and ó-Ho r ,P ,T , but those 
in fìgures 26A and C are no t. It was for this reason that experimental 
data for thc reactions shown in fìgllres 26j气 and C were not usecl in the 
rctrieval calclllations. 

Because the Clapeyron slopes of a11 four curves in fìgllre 26 are 
large above - 2 kb , invariant points limiting thc stability of anthophyl­
li te cannot be locatecl with con自den【 e simply by extrapolating the vari­
ous univariant curvcs sJ !Own in the fìgllre. Calculations of mineral stabili­
tics in the system l\IgO-Si0 2-H2 0 (Dela盯 ancl Helgeson , 1978) using 
thermodynamic data taken [rom tablc 8 inclicate that the equilibria de­
picted in fìgurcs 24 aml 25 日rc metastable below 7.4 and 6.3 kb , respec­
tively, where the univariant Cllrve representing the clecomposition of 
anthophyllite to talc and enstatite intersects the curves shown in 且gures

24 through 26 at two invariant points. 
The observations summarized in the preccding paragraph, as well 

as the thermoclynamic data given in table 8 for anthophy11ite, forstcrite , 
enstatite, and talc are not consistent with the phase relations proposed 
rcccntly by Hemlcy and others (19771疗， who report calculations indi­
cating the existence of t认wo lnvar句[~l ~且mt points limiting the stability of 
anthωophy扑川11i t忧e a川t low pres创SSl饥ure (- 200 ancl - 500 ba泊a川j
than hig剧h. The clisparity in the results of the two sets of calculations 
reportccl by Dela盯 and Helgeson (1978) ancl Hcmley ancl others (1977b) 

A. B. C. D. 

5.0 
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挝、ises prima1'ily f1'om differences in th巳 values acloptecl fo1' SOpγTγancl 

the heat capacity powe1' functiollιoeffìcients fo1' anthophyllitc. The 
stancla1'd molal entropy of anthophyllite at 2!í o C and 1 ba1' used by 
Hemley and his cowo1'ke1's (133.62 cal mole- 1 (OK)-l is that computecl 
by î\ fe l'nik ancl Onopl忖enko (196~)) ， which is 5.0 cal mole-1 (OK)一1

la1'ge1' than the standard molal entropy estimated in the present study 
(table 3) llsing the strllctural algorithm 1'ep1'esel山d by cq (62) ancl the 
values of SOPr.Tγgiven in table 8 [or talc and enstatite. This estimate 
diffe1's f1'om the sum of SOpγ，斗.tulc + 4 SOPr，T"clinoenstα tite by 1.5 cal mole-1 

(OK) • 1 which is consiste川 with what one woulcl cxpect from consiclera­
tion of J. ß. Thompson's (1970, 1978) polysomatic model of the amphibole 
strllcture. Despite use of the standard molal entropy of clinoenstatite in 
cstima ting S 0 pγTγ[01' anthophyllite, the 1'elevance of the above compa1'i­
son is llncIerscored by the fact that the calo1'imet1'ic stancIard molal en唱

t1'opy of tremolite at 25 0 C ancl 1 bar in table 8 differs by only 0.5 cal 
mole- 1 (OK)-l from 2 SOp乓r户川，T乌俨川守dω10叩ps们t川d巾le + SOp乌γ俨川，T川
taking account of th肥e str、'llctu旧11'咱-e of anthophyllite飞， Me l'nik and Onopri‘-1-

yenko's calcllla川川tions (which at best yield a first approximation based in 
part on Greenwoocl's clata in fig. 26) generate a vallle of SOPT'Tγfor 

anthophyllite that requires (what appea1's to llS to be) an unrealistic 

…
川
，1

日
N
\

民
响
川
巾
/
叫
斗
飞

圃
'
陪
|
|
阳
南
卜-
L

(\J 

CHRYSOTILE 
+2 Si02 (aq) 

民J
V
A
『
n
u

"
)
X
O
O
」

100 200 300 400 500 600 700 800 
TEM PERATURE , oC 

Fig. 2.7. CalculaLed (solid curves) , extrapolated (dashcd curve) , and cxpcrimental 
(symbols) c'luilibriumωnsLan ts for react川IS in the sysLem MgO-SiO,-H,O at high 
pre目ures and temperatuTcS 



94 j\[gο Si0 2-HzO 

-2.0 r:::: 

》ζ

8-22 
」

O 
~ -2.4 
、-.田、

e 
o 

'" o -2.6 
u、
口

‘D c> -2.8 

_ HEMLEYAND OTHERS(1977b) 

16 TALC + 15 H20 .,_ 
ANTIGORITE 

+ 30 Si02(aq) 

IKB 

200 250 300 350 400 450 500 
TEMPERATURE ,"C 

Fig. 28. Calculated (curvc) 汶口d cxperimclltal (symbols) eqllilibrium consta川s for 
reaction (121) as a fllllction of tcmpcrature at 1 kb. 

C口la且叩i叩pe盯yron 吕slope (se臼e Hemlcy 且川川I川!(川d ot山hers趴， 1977b) for ‘ t由he hi地gh-优mp>Cαr啕-a川tu川lr‘它e 
decωo川川rnpos讨ition of 正a川mt山hophy泸1I口it忧e tωo talc + 1 enstati te. 

As indicated abovc , the validity of the heat capacity power function 
coefficiems for aml lOphyllite adopted hy Hcmley and hisωIleagues is 
also highly suspcc t. The coeHìcients thcy employed were obtained by 
11l1l1tiplying those givcn hy KelIey (1960) for J\fgSi0 3 (amphibole type) 
by a factor of 8 , as an approximate 正 orrection for thc stoichiometry of 
anthophylIite. Althollgh both Hemley and his coworkers and Chernosky 
and Knapp (1977) asscrt that their experimental c1ata support the calcu­
lations reported by Hemley 川d others (1977b) , it can be seen in figure 
26 that their data at and below 1 kb are in nearly perfect agreement 
with the cllrves gcnerated in the prcsent study, which do not intcrsect 
at low prcssures. 

The vallle of ßI-JO f for enstatite in table 8 (which refers to the 
stablc polymorph of J\fgSi03 川 298.15 0 K) is 14 cal mole- 1 outside the 
unccrtainty range for the calorimetric value given by Robie ancl 飞Valcl­

baum (1968). but it faIls within that rcportcd by Stull and Prophet 
(1971) and is consiste川 with thc heat of sollltion c1ata reported by 
Shearer (ms) and Charlu, Newton , ancl Klcppa (1975). The correspond­
ing vallles of ßHo j in table 8 for iorsterite and chrysotile iall we lI within 
the uncertainties in their calorimctric valllcs. Thc standard molal Gibbs 
free energy of talc given in thc table is Jlcarly identical to the values 
estimatecl by Bricker, 1\' esbitt , and GlI川mt忧er (1973) am叫d cωomput忧ed by 
He白n川I

more than 4 kcal mole一 1 1'1'、om the 【calorirn且!ctricε臼nth卫u二alpy of formatiOl且1 

re叩porte仅ed by Bara盯 (1963).

Owing in part to constraillts imposecl by the relatively largc valllcs 
o[ many of the coefficients in the reactions depicted in figures 24 throllgh 
28 , the relative lInccrtainties in the calclllated 飞!alllcs of ßGo j and ßHo f 
in tablc 8 for the minerals appearing in the reactions are of thc ordcr 
of tens of cal mole- 1 or less. These slllall relativc unc、crtaintics ， together 
with corresponclingly small uncertainties in preclictions of the thermo­
dynamic behavior of aqucolls silica , are rcsponsible for the rcmarkably 
closc ag1'eement bctween the calclllatcd and experimental cqllilibrium 
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constants in 且gures 29 and 30. The ωhed Cl川es in fìg盯es 27 , 29, and 
30 represent smooth extrapo1ations of the solid curves, which correspond 
to equi1ibrium constants ca1cu1ated with the aid of the equation of state 
for Si0 2 (aq) given by Wa1ther and He1gesoll (1977) , which is 1imitcd to 
temperatures '"二 6000 C.

It can be cleduced from figure 31A that the calcu1ated equi1ibrium 
pressures ancl temperatures for 

5 chrysoti1e 己 talc 十 6 forstcrite 十 9 HcO (122) 

are consistcnt with both Chernosky's (1973) ε xp兄m阳E创町r山、

action (122) 孔ncl thc 吕灿olub对ility meas饥川ur、'ements r、eported by Hem1cy am川d l 
oth忧町ers (19盯77a吟) for chry ω ti1c, talc, and forsterite , which are p10tted in 
figure 27. However, discrepallcies are apparcnt in 且gure 31B, where thc 
curve generatecl in the prcsent stucly for 

chrysoti1e + brucite 二 2 forsterite + 3 HcO (123) 

can be compared with Johannes' (1968) experimenta1 observations of 
equilibrillm pressllres and temperaturcs for reaction (123). Corresponcl-

-3 
.HEMLEY AND OTHER5(1977b) 
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Fig. 29. Calculatcd (solid curvcs) , cxtrapolalcd (dashed curve)，川d cxperimcIllal 
(symbols) equilibrilllll conslants for rcλclions in t he syS1C l11 MgO-SiO二 H，O al high 
prcssures <I 11d tcmpcralurcs. 
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ing curves (generated from thermodynamic data given in table 8) are 
shown in fìg旧e 31 for the antigorite analogs of reactions (122) and (123). 

The exact nature of the serpentine used by ]ohannes 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-Si02-H2 0 (Johannes, 1967). On 
the other hand, it can be seen in fìgure 31B that his experimental data 
are closely consistent with the curve generated in the present study repre­
sentmg 

antigorite + 20 brucÏ te ~ 34 forsterite + 51 H 2 0 (124) 

Although the apparent agreement between the curve corresponding to 
reaction (124) and the experimental data for reaction (123) in 且g旧e 3 lB 
could be a fortuitous consequence of polytypism andjor compositional 
variation, it leaves little doubt that ]ohannes' experimental reactants 
and products were not comparable to those in Chernosky's experiments. 
Hemley and others (1977a) attribute the discrepancies in fìgure 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 antigorit巳 in fìgure 31 , together with comparisons of this 
kind for other univariant reactions among minerals in the system MgO­
Si02-H20 using thermodynamic clata 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 thermoclynamic considerations is both supported ancl contradicted by 
fìelcl observations, which is consistent with the fact that the tempera­
ture intervals separating the curves in fìgures 31A and B would reduce 
to zero, if LlGo t for chrysotile were - 500 cal mole- 1 more negative. 
Consequently, chrysotile may be stabilized in nature by slight departures 

OI.HÓ.1LEY AND OTHERSÓ977o)' I KB 
I.HEMLEY AND OTHERS(1977b) 

-0.51-

Fig. 30. Calculated (solid curves) , extrapolated (dashed curve). and experimental 
(symbols) equilibrium cOllstallts for reactions in the system MgO-SiO,-H 20 at high 
pressures and temperatures. 
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A, 

Fig. 31. Univariant equil!br!um curvcs (g_elH;rated from thcrmo?y~1amic ~ata given 
in tabfe 8) and experimental observations of phase relations (symbols) in the system 
MgO-SiO,:"H,O at high pressurcs and temperatures. 

from st阳tωoicl山metr时ric cωomposi血tion (se町e below) 0凹r pe创rs电古sist as an early-formed 
metastable stoichiometric phase if kinetic constraints imposed in geologic 
systems inhibit its breakdown to antigorite 十 brucite.

lt can be seen in fìgure 32 that the experimental data reported by 
Evans ancl others (1976) for the reaction 

antigorite :;;:主 18 [ors teri te 十 4 talc + 27 H 2 0 (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.u The discrepancies in fìgure 32 cannot be re­
solved by modifying the value of !J..Go f adopted for antigorite without 
co山'adicti吨 the 时ubility data shown in fìgurc 28. Similarly, a缸d【dj旧tin
the estimated va址lu时l陀e 0叫f S0 1'乌》斗γ ， T飞γa川an山nd/ν/0町r t山he stan(【d山laλIr叫【d mola址1 heat capacit句y 
power function cωoef面且ficient臼s of anti培go町rite or ta址llc to bring the curve 
through the high-pressur它 reversals contravenes the calorimetric data 
from which they were derived (table 8) as well as experime时al observa­
tions of other equilibria involving mincrals in the system MgO-Si02-

H 20. On the other hand, the discrepancies in 且gure 32 could be at­
tributed to experimental error if the high-prcssure rcversals represented 
by the symbols are inconsistent with those at lowcr pressures. Such 
inconsistencies might arise fro l1l several [actors. The experiments at 

11 The cqllilibriu lIl tempcrature brackct }'cportcd by Hcmlcy and others (1977b) 
for rcaction (125) is not shown in fìgllrc 32. lt was based on extrapolation of Iowcr 
telllperatllre soIllbiIity data as a fllnctioll of T-l. Ollr extrapolation of the sallle 
data (fìg. 28) with thc cqllation of state given by Walther and lIeIgeson (1977) Ied to 
the curve shown in figure 32, which is llot consistent with that proposcd by 'lIemley 
and his co\\'orkcrs. 



98 CaO-Mgο-SiO Q-HQO-CO 2 

10 and 15 kb were carricd 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 旧时 vein antigorite in their 
experiments, which exhibits slight compositional and structural di旺er­

ences from rock-forming antigorite (Otcrdoom, 1977, written commun.). 
The idealized formula of antigorite (Mg4SSi340S5(OH)G2) requires it to 
be colinear with brucite and chrysotile. Hence , minor variation in the 
stoichiometry of the phasc collld affect signi且cantly its thermodynamic 
behavior llnder clifferent cxpcrimcntal and natu1'al conditions. 

SePiolite.-The thermodynamic propc1'ties of sepiolite in table 8 a1'e 
those given by Stoesse11 (ms), which are consistent with thc the1'mo­
dynamic properties given in the table for the other magnesian silicates. 
It can be seen in 且gure 34 that calclllated eqllilib1'ium constants fo1' 

;\IgβiöOdOH)e(OH2)2 • (OHe). + 8 H + ~ 4 ìVfg+ + 

+ 6 Si02 (α q) 十 11 H 20 (126) 

using the thermodynamic data fo1' sepiolite in table 8, togcther with 
equations ancl data for ì\Ig++ , H+ , ancl SiOe(aq) given by Helgeson ancl 
Kirkham (1976 and in press) and Walther and Helgeson (1977) are con­
sistent with thei1' expe1'imental counte1'pa1'ts at both low and high tem­
perat旧es. The form川a given fo1' sepiolite in 阳

adop】t忧ed by Stωoe臼ss优c11 tωo dist叫tingll川11山isl山h d副if旺Ier它-er臼nt kind也Is of H 20 (归ancl OH一

groups) in the crystallattice. 

CaO-MgO-Si02-H20--C02 
Of the values of ð_Go t and ð_Ho f shown in table 8 fo1' minerals in 

this system , only those for quartz, periclase, and monticellite a1'e based 
on calo1'imet1'ic measurements. In a11 othe1' cases , the standa1'cl molal 
Gibbs f1'ee enc1'gies and enthalpies of formation from the elements at 
25 0 C and 1 ba1' we1'e 1'et1' ieved f1'üm thc high pressu1'ejtempe1'ature phase 
equilib1'ium data summa1'ized below. 

Dolomite, wollastorzite, diopside , arzd tyemolite.-The values of 
ð_GO! and ð_Ho f given in table 8 for these mine1'als we1'e calculated f1'om 
the expe1'imental data shown in figures 35 th1'ough 37 using the the1'mo­
dynamic p1'operties of calcite, enstatite, quartz, forste1'ite, ancl talc 
adopted above together with the stanclarcl molal volumes, ent1'opies, 
and heat capacity power function coe fTìcients fo1' clolomite, wollastonite, 
cliopside, and tremolite in table 8. The the1'modynamic consequences 
of o1'clerjclisorde1' in dolomite were taken into account in the calcula­
tions by aclopti吨 the approach taken by N川r1'otsky and Loucks (1977) , 

who used the B1'ag苦Williams theory (B1'agg ancl vVillian矶 1934 ， 1935; 
Moelwyn-Hughes , 1961) to calculate the tempe1'atu1'e dependence of the 
orde1'ing pa1'ameter (.\) fo1' dolomite , which is clefined by 

5 三 2XCa . A - 1 (127) 
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in table 8) and cxperimúltal observations of phase relations (symbols) in the system 
MgO-Si02-H20 at high pressurcs alld tcmperatures 

27 

o ~~12P_K_AJ ~ERf!I~.K ， AND RösiÈTi97'iï 
- ESTIMATED(EQUA­

TION 85) 

盼 "'T -
25•\ 

:.:: 24f-可" T 
<.9、、.Yo I ‘\ 
~ 23•\ 

22卡­
i!' STOESSELlms) 

21~ ç CHRIST, HOSTETLER , -
AND SIEBERT(1973) 

201I I I 
o 20 40 60 80 100 

TEMPERATURE ,OC 
J< ig. 34. Calculatcd (curvc) 

a.nd experimental (sy:ubo1s) eq_u i-
1 i hri llm constan ts for reaction 
(126) as a function of tempera­
t llre at pressurcs corresponding 
to the vapor /liquid equilibrium 
CI!l'VC for H 2 0. 

120 

{ 

;_.:: 110 ) 。

~ 100~ CY TALC 
:2: 
」

t<JE 
. 

70!­o 200 400 600 800 1000 
TEMPERATURE ,OC 

Fig. 33. Expcrimental and 
estimatcd standard molal heat 
capacities of talc as a function 
of tcmpcrature at 1 bar. 



n
υ
 

OU -A 
CaO • MgO-Si02-H2 0-C02 

A. 

C. 

14.0 

B. 

Fig. 35. Calculatcd (solid curves) and experimcntal (symbols) equilibrium con. 
stants for reactions in thc systclll CaO~MgO~SiO，~CO，~HcO at high temperatures and 
2 kb. Thc dashcd curvcs rcprcsent c'luilibrilllll constants for various bu lIers designated 
by symbols and notation Sllllllllarized by Ellgster and Skippen (1967). In certain cases , 
thc symbols rcfer to experimcntal data reported by Skippen (1971) for prcssurcs other 
than 2 kb , which wcre used togethcr with standard molal volume clata takcn from 
table 8 to caIculatc corresponding values at 2 kb consistcnt 飞，oith thc gas standard 
statc for CO哺 and H ,O. 
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Fig. 36. Univariant e'luilibrium curve (gen盯atcd from thermodynamic data given 

in tablc 8) and experimcntal obscrntions of phasc rclations (symbols) in thc system 
CaO-MgO-SiO，~H，O at high prcssurcs and tempcraturcs. 
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where XCa ,A stands for the mole fraction of calcium atoms on the A sites 
in clolomite , Thc s ordering paramcter is thus lInity if the phase is 
completely ordered and zero if it is completely disorc!ered , The tcmpera­
ture clepenclence of the onlering parameter is given by 

5 工 tanh(sT jT) (128) 

where Tθreprescnts thc temperatllre at which the 1才 lase becomes com­
pletely disorderecl , Taki吨 tI山 value to be 12000C (Goldsmith and 
Hearc!, 1961) Ieads to the curve ShOWll ill 且gure 38 , 

It foIlows from the Rragg-认Ti Iliams theory that the stanclard moIal 
enthaIpy of disorcler in doIomite (Ll HO d) can be expressed as 

LlHO d 二 RTc(I - S2) (129) 

Eq (129) was lIsed to caIculate LlHo d at a series of temperatures from 
25 0 to 12000C, Combining the resuIts of these calcuIations with values 
of HO ppT - HOp"Tr computcd from eq (26) ancl the cstimated heat 
capacity coe面cients for orclered dolomite (tabIe 7) generated correspond­
ing vaIues of HOl'γT ← H01飞 ，T ，. for doIomite in its stabIe orclering state 
from 25 0 to I2000C, Regression of finite differencc derivatives of the 
Iatter vaIues with cq (19) resuIted in thc heat capacity coefficients for 
doIomite given in tabIe 8 , Those sho叭，'n in the tabIe for ordercd and 
clisorderecl doIomite are based on the ass川lption that (ðCOpγ/ðT)s is 
independent of s , 

Fig, 37 , Calclllatcd (cllrvcs) and expcrimental (symbols) cqllilibrimll tcmpcraturcs. 
and flllid compositions for cocxisting woIIastoIl ite, calcilc, quarlz, aucl H ,O-CO, flllicls 
at high pressures and temperatures , The calculations \\Tre carried out ass lI ming. 
alternately, icleal (solid curvcs) alld nonicleal (clashccl cllrves) mixing of CO, ancl H ,O 
(see text) , 
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1 t can be seen in 自gure 39 that the regressioll cquatioll close1y ap­
proximatcs the fmite diflcrcllcc standard mo1a1 heat capacities of clo10-
mite up to - 1350oK. Calculatioll of the stanclard mo1a1 entropy of dis­
orcler at 1 bar for s 二 1 to s 二 o from eq (1的 ancl the heat capacity co­
efficients in tablc 8 for do10rnite and its cOlllplctcly ordcrcd counterpart 
yielcls 2.79 ca1 mole- 1 (OK)- l, which is only 0.04 ca1 mo1e- 1 (OK)-l 
grcater than that gencrated by the Bragg-\Villiams cquation for ó.So d' 

which can be written as 

ó.SO d 二 21主((1 - s)ln(l - s) - ln 2) (130) 

It can be cleducecl from table 8 that similar calculations lcad to ó. H o d 

= 2927 ancl ó.Go d = 2107 ca1 molc- 1 for s 二 1 to s = O. Consequently, 
metastable disorder in clolomite may affect signifìcantly its thermo­
dynamic behavior, both in the laboratory a lHl in geochemical processes. 
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Fig. 38. Bragg-Williams orderi吨 parameter (.1) for dolomite as a fUllction of 
tempcrature. 
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Fig. 39. Standard molal heat capacity of ordcrcd dolomitc and dolomite (which 
refers to CaMg(CO ,,), in its c'luilibrillm state of ordcr/disorder) as a function (lf 
tempcraturc at 1 bar. The curvcs werc gcncratcd from eq (19) and hcat capacity 
codhcients given in table 8. 
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On thc other hand, because the s orde1'ing paral1leter decreascs only 
slightly with i阳reasi吨 tcmperature below ,_, 500 0 C (fìg, 38) , the con­
tribution of equilibrium clisorcler in dolomite to the thcrmoclynamic 
propcrtics of reactions is substantial only at higher ternperatures. Thc 
stanclarcl molal volume of disonler in dolomite can be calculatecl from 
latticeωnstants reportccl by Golclsmith , Gra[，川d Hcarcl (1% 1). Extra­
polation o[ their data leads to 0.05 cm3 IllO !c-l for ß yo d. Thc value 
shown in table 8 for yO l'_.T_ of dolomiteωrresponcls to the mcan 01 

γγA 

the values for the completely onle1'cd and disonl巳rc<l phase. 
Although the calculations c1cscribed abovc werc carried out lIsing 

estimatecl hcat capacity coefficicnts fo1' orclerccl dolomitc, clisordcred 
dolomitc, ancl trcllloli te , it can be secn in 且gu 1'e 40 that these cstimates 
alfordιlüsc apI川、oximation of thc calorimetric heat capacities of clolo­
mite (in an unrcported state of onler) and tremolitc mcasurecl reιently 
by Krupk乱， Kerrick , and Robic (EJ77). Owillg to partial compcllsation 
of the clltropy and cllthalpy cont1'ibutions to ßG气'.T' thc cliflerences be­
tween thc estimatecl and experimcntal heat capacitics of thcse mincrals 
have a relativcly minor eflcct on compllted vallles of the appar它 II t s ta n­
darcl molal Gibbs free encrgies of [onnation of clolomite and tremolite 
at high pressurcs ancl tcmperatures. 

Bccause encrgetic distinctions between the 1\1 sites in cliopsicle ancl 
tremolit巳 apparently become small enough to pennit signifìcant disorcler 
in thc stoichiomet1'ic phases only at high tcmpcratures, no provision 
\\'as included in the retricval calculatiolls for disorcler in these minerals. 
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3.510. SKIPPEN (1975) 
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I-' ig. 41. Calculatcd (solid Cl川e) and cxperimental (symbols) 叫uilibrium COll山川S
for coexisting forsteritc, tremolite, diopsidc , enstatite, and H 20 at high tcmpcratures 
and 1 kb. The dashed curves represent equilibrium constants for bu在ers designated 
by symbols and notation summarized by Eugster and Skippen (1967). Skippcn (1975) 
re[ers to G. B. Skippen (1975 , written commun.). 

However, as in the case of do1omitc, calcu1ation of the thermodynamic 
consequences of compositiona1 variation in diopside and tremo1ite re­
quires provision for order/disorclcr such as that suggested by Navrotsky 
and Loucks (1977). 

It can be seen in 且gures 35 through 37 and 41 through 43 that the 
curves generated from the thermodynamic data in tab1e 8 are in close 
agreement with experimenta1 clata for a 1arge number of reactions among 
do1omite, diopside , tremo1ite, cnstatite, ta lc, calcite, and wollastonite at 
high pressures and tempcraturcs. It is a1so eviclent in figure 35C that the 
thermoclynamic properties of talc and enstatite givcn in tab1e 8 are 
consistent with Skippen's (1971) data for reaction (116). 

No information is avai1ab1e concerning the onlering state of thc 
do1omite used as a reactant or [ormed as a product in the experimental 
stuclies ci tecl in 且gures 35, 42 , and 43. For this reason, alternate calcula­
tions were carried out to detennine to what extent order/disorcler in 
clo1omite (which is uscd in the present communication to designate 
CaMg(C03)2 in iωstablc orcleri吨吕tate at a町 pressure ancl temperan旧)
a证ects equilibrium temperatures ancl prcssures for 

4 talc 十 5 do1omite ;;::::: 5 cliopsiclc + 6 forstcrite 十 10 CO2 十 1 H 2 0 , 

(131 ) 

and 

talc 十 3 ca1citc + 3 CO2 ;;::::: 3 dolomitc 十 4 <11川tz 十 H20 ， (132) 

4 cliopsicle + clo1omi te 十 CO二+ H 20 ;;::::: tremo1ite + 3 ca1citc , 

(133) 

diopsi世十 2 CO 2 ;;::::: dolomi 
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tremolite + 3 calcite 十 7 CO2 ~ 5 dolomite 十 8 qllartz 十 H20.
(135) 

With the exception of reaction (133) , the calCl山tions indicate that equi­
librillm disorder in dolomite has a negligible effect on the equilibrium 
constants of these reactions at the temperatures and pressUl‘es for which 
experimental data are shown in fìgllres 35ß, 42 , and 43B, D , and E. 
At these tempcratures, the s ordering parameter is not much smaller 
than unity (且g. 38). However, if disordercd dolomite were precipitated 
metastably in the experiments, or samples of dolomite with di fIerent 
states of order were used as reactants, considerable ambiguity could 
reslllt. 

lt can be seen in fìgure 42 that thc curve generated for do10mite 
in its equilibrium state of onler from the thermoclynamic data in table 
8 assuming ideal mixing of CO2 and H 20 (solid curve) agrees with the 
reversals reportcd by Gordon ancl Greenwood (1970) for X C02 > 0.5 but 
not for X C02 < 0.5, which cannot be explained by undetected forma­
tion of metastable disordered dolomite in the experiments. In contrast, 
the calculations for dolomite reprcsented by the dashed curve labeled b 
in fìgure 42 , which werc carried out for dolomite in its equilibrium 
state of order with provision for nonideal mixing of CO2 and H 20 
using Holloway's (1977) equations for XC02 and χ吨。 in CO2-H20 mix­
tur四， agree with all of Gordon and Greenwood's reversals. On the other 

nvnv nvkd 54 
U17ug2

•dgMa 

300 
o 0.2 1.0 

:Fig. 42. CaIculated (curves) atHI experimclltal (symbols) cquilibrium temperatures 
and fluid compositions for coexisting talc, calcite, dolomite, quartz, and II ，O~CO， 
fluids at high pressures alld tcmpcraturcs. Thc dashed curve labclcd a represcnts 
equilibrium constants for the bufIer dcsignatcd by symbols and notation summarizcd 
by Eugstcr ancl Skippen (1967) , but that lahcled b corrcsponds to thc nonideal analog 
of the solid cquilibriulll Cllrve. Thc lattcr C lIl、 e was gcncratcd assll ll1 ing ideal mixing 
of CO, and H ,O (sce text). 
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hand curve b is slightly inconsistent with the reversal reported by 
Skippcn (1971). Similar comparison o[ the solid and c1 ashed (旧\'es in 
figure 37 rcveals agrcement of the calculations for nonidcal CO 2-HzO 
mixtures in equilibriu l11 with wollastonite，正 alci te , q lIartz , and CO2 at 
1 kb , but not at 2 kb. Although itιan be argued solely frorn the distri­
butioll of the curvcs and syrnbols in figure 37 that the value of ßG O t 
for \ωllastonitc sho川d be slightly mOl、c negative (relative to calcite) than 
that shown in tablc 抖 , othcr ιωonstra川11山ints (lω附ιdωlis仄阳Eα1川sed b沁川clow叫) suggest tl 川 the 
飞 alue in table 8 is th巳 bcst ‘"cor11丑lpl'O!口m丑11 吕e." This concIusion is consistent 
with reservations cxpressed al>ove concerning the gcneral applicability 
and reliability of Holloway's (1977) algorithlll [01' ιalculating XC02 and 
XUzO as a function of Xc句 at a11 pressllres and tcmpcratllres. 

In contrast to figurc 42 , the Cllrves in 且gure 13 sllggest that both 
metastable orclerjclisonler in dolomite and nonideal rnixing of CO2-HzO 
may be responsible at least in part for the discrepancics in the calc1l1ated 
ancl experimcntal eqllilibrium temperatllres and Hllid compositions 
shown in the frgure. However, it can also be clcclllcecl from figure 13 
that these [actors [ail to account aclequately for a11 the cliscrepancies. 
This observ叫ion precIuded use in the retrieval calculations of the ex­
perimental clata shown in fìgllre 43. N ote that the curves gencratecl 
from the thcrmoclynamic calculations differ significantly [1'om the ex­
pe1'imental clata shown in this 且gure only at 5 kb , which casts cloubt 
on thc reliability of the high-p1'essure [ugacity coefficients of CO2 usecl 
to generate the cu1'ves in figures 43主 ancl E. At the very least , the rela­
tively la1'ge differences, both in position ancl configuration of the dashed 
and solid curves in fìgure 13 suggest that consicle1'able caution shoulcl 
be excrcised in drawing geologic concIusiolls from ternperature-XC02 
diagrams which are based on assurnptiolls concerning the ideality or 
Ilonideality of rnixing in the system CO2-H20. 

Cornbining the standard molal Gibl月 free energies of formation 
[rom the elernents of orde1'ed ancl disonlcred dolomitc in table 8 with 
values of ßGo, fo1' Ca+ 十， Mg++ , and C03 • - taken [rom \Vagrnan and 
othcrs (1968) and Parker，飞\'agman ， and Evans (1971) !eads to 10一且1 an 
10- 16.0 1'or the activity procluct constant of or句'dcr‘ed and diso1'der句ed clolo白

ml让tc， rcspectively, at 25 0C and 1 bar. Corrcsponding values for c1010rnite 
o[ uncletermined o1'cle1' range from 10-]G 全 to 10-19 . 3 , but most a1'e cIose 
to 10- 17 .0 (K1'arner , 1959; Garrels , Thornpson , ancl Siever, 1960; Van 
Tassel , 1%2: HSll. 1963: Bcrne1', 1967: Ho11alld and othe1's. 1961; Barnes 
and Back, 1904; Langllluir. 1904, 1971b). A yalllC of 10-]7.0 corrcsponds 
to the solubility product o[ a metastable partially disordcrecl dolomite 
with an S ordcring parallleter of 0.7 , which is probably typical of mode1'n 
scdimcntary dolomites. 

Thc value 0 1' ßH o, shOW I1 in tablc R for diopside falls within the 
u l1certaínty range for the average of two diffcrent calorirnetric values 
(Kracek, 1953; Neuyoncn, El52) cited by Robie and Walclbaurn (1968) 
and is 1. 1 kcal mole- 1 more negative than that reportcd by Nav1'otsky 
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and Coons (1976) , who give an uncertainty of 士 700 cal mole-1 . How­
ever the standard molal enthalpy of formation of diopside from its oxides 
at 9700 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-1 . ln contrast, the standard molal enthalpy of formation of tre­
molite in table 8 is > 8 kcal mole- 1 les臼s nega川ti忖ve than that obtained 
calo町rime由tr仕r此、

taint句y ra、'ange given for the caloαr、imet盯nc v叭m二a山lu忧e by Robie and 飞W气/Ila址ldbaumn 1 

(υ19佣68创). However , owing to nonstoicl山metry and u配ertainties regarding 
the physical state of the tremolite used in vVeeks' calorimetric study, it 
can be argued that the uncertainty in his value is much greater than 
4 kcal mole-1 • The value of ßHo, for wollastonite in table 8 is within 
the uncertainty in th巳 calorimetric value given by Robie and Waldbaum 
(1968), and it differs by 670 cal mole- 1 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 orderjdisorder, crystallinity, and other factors (such as uncertain­
ties in the computed fugacity coefficients of CO2 and H 2 0 in CO"-H20 
mixtures) all contribute to the 飞'arious 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 且gure 35 through 37 and 41 through 43 that the values of 
ßH O, given in table 8 for dolomite , wollastonite, tremolite, and diopside 
are more reliable than those obtained calorimetrically. 

Monticellite, merwiη ite， and akermanite.-Although Walter (1963a 
and b) and Yocler (1968) report experimental clata for more tl 
r町崎-ea缸ctions刊s involving th陀es忧e minerals, thermodynamic analysis reveals large 
experimental uncertainties and internal inconsistencies in much of their 
data. For example, the experimental reversal temperatures reportecl by 
Walter for 

calcite + forsterite :;;::::: monticellite + periclase + CO2, (135A) 

forsterite + diopside + 2 calcite :;;::::: 3 monticellite + 2 COz, 
(135B) 

and 

diopside + calcite :;;::::: akermanite + CO2 (135C) 

all plot on top of each other, which contravenes the phase rule and 
leaves little doubt that metastable phases [ormed in the experiments. 
Furthermore, neither Walter (1963a and b) nor Yoder (1968) determined 
the extent of solid solution in Illcrwinite , akermanite, and monticellite, 
but it nevertheless appears that their results were a!fected signifìcantly 
by compositional variation in these minerals. 
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dλla gl 、 en in table 8 (solid curve) and 
expcrimental observations of phase re­
lations (symbols) ill the system CaO­
MgO-Si02 at high prcssurcs ancl tem­
pcratllres. 

The thermoclynamic inconsistellcies ancl ambiguities summarizecl 
briefiy above 1ecl to the clecision in the present study to adopt provision­
ally the ca10rimetric va1ue of LH-Io t for monticellite given by Robie and 
\'\Ta1dbaum (1968)_ This va11le was then used to retrieve corresponding 
va1ues for the two me1i1ites from the experimenta1 data shown in figure 
44_ However, it was necessary to omit provision in the ca1cu1ations for 
possib1e effects of solicl solution on the reversa1 temperatures reported 
by Yoder, which reduces the va1ues of ð.Ho f ancl ð.Go f for akermanite, 
日lerwinite， and monticellite in tab1e 8 to the status of first approxima­
tions_ Nevertheless the va1ues of ð.fJO f shown ill the tab1e for menγinite 
and akermanite büth fall well within the repoωrt忧E仅ed unce盯rtaint句y 1'a二ang伊巳

for t山he cωorresponclin咆gcαa10r川1m丑letrη川r川气-lC 、va1ues given by Robi对ie and 飞气.'\Ta1dbaum

(1968). It sl肌
be true if the expe盯rimenta1 reversa1s in figures 41 and 45 are va1icl for 
stoichiometric akermanite and monticellite. The cu1'ves coinciding with 
the expe1'imental data shown in both these figures , taken tügether, 1'e­
quire ð.Ho t for akennanite and Jl10nticellite to be 3580 ca1 mo1e- 1 and 
that for l1lerwin Ìte to be 7160 ca1 mole- 1 1ess ne2'ative than the corres-

t万

poncling va1ues in ta lJ1e 8. On the other hancl , the data in table 8 are 
consistent with the sülid curve i口自gure 45 , which p1üts at l1luch 
higher temperatures than those corresponcling to the experi l1lenta1 1'e­
versa1s shown in the figllre. This inconsistency remains unresü1vecl, but 
Ìt is of interest to note that the C1apeyron slope of a curve consistent 
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only with the distribution of 认Talter's (1%3) experimental data at pres­
sures < 1 kb in figure 45 woulcl nο t be compatible with those of the 
curves in 且gure 44. 

A120 8-Si02-H20 

Considerable controversy has arisen in recent ycars over the valiclity 
and internalωnsistency of the thermodynamic propertics of alu日lÌnous
minerals reported hy di旺crcnt investigators. For example, Zen (1969b, 
1972) calc川ated Gibbs free energies of forlllatioll of m山covite from 
high pressure/temperature pha~e equilibrium clata reportecl by Velcle 
(1966) and Da叮y (υl υ 70) tl 川 dif旺Ter by as mu盯叫lCωch 川 10 kc山cal mole- 1 froωm n 
the cωorr‘"ect忧ed ca址10创r吨"1m比削c凹ctr咱f丸lC 飞\"且alt川 given by Ro叶b对ie ancl 飞Valdbat川um (1968) . . 
Zen (1972) , Chatterjee (1972). Ulb此h ancl l\Ierino (1974) , ancl others 
attribute this ancl othcr similar discrepancies in the thermodynamic 
properties of aluminosilicates to possihle errors in the values of ßHo, 
for corunclulll , andalusite, kyanite. ancl sillimanite reported by Mah 
(1957) , "\Valclbaum (1%5) , and Holm ancl Kleppa (1966) , which are 
internally consistent. ln contrast , Thompson (1974a) assumecl that such 
contradictions arise frolll errors in the stamlard molal cnthalpy of for­
mation fro l1l the ele l1lents of gibbsite used by Bara町 (1962 ， 1963, 1964) 
to derive standard 11l01al enthalpies of formation from the elements of 
anorthitc , gehlenite, muscovite, and other alulllinosilicates fro l1l their 
calorimet 此 data. Tl山 value (-306 ,380 cal mole • 1) was cωOl1lp严归ut优ecl by 
Bara二

εllthalpy of reaction for 

2Al(c) + 6(HC1.12.73 H 20) (l) ;;:::: 2(AICI3.6H20)(c) 

+ 64.386 日20 (1) + 3 日 2 (川 (136) 

叭'here the subscripts (c) , (/), ancl (g) stand for crystalline, liquid, ancl gas. 
Co吨hlin's clata for reaction (136) was also 川ed by Rarany to calculate 
values of ßHo, fo1' othc1' aluminosilicates. 

1n contrast to the calorilllet1'ic rcaction schemcs used by Barany and 
Kelley (1961) , Barany (1962 , 1963 , 1961) , ancl Barany and A出口1Ì (1966) 
for kaolinite. halloysite , dickitc , analcimc , dehydratcd analcime , ancl 
leucite , in which AIC13.6 H 20 appears, those for anorthite, gehlcnite, 
muscovÏte, lawsonite, kalsilite, and other aluminosilicates involve gibb­
site. 1n the case of gibbsite and all the minerals in the fìrst of these 
groups, heats of solution of 47 to 70 molcs of H 20 also appcar in the 
reaction schemes. Both the enthalpy change accompanying reaction (136) 
ancl the latter heats of sollltion have bccn suggestecl as possiblc soun:es 
of error in vallles of ßHo, for gibhsitc aml alllminosilicates computed 
by Barany and hisωworkers (Tholllpson, 1974a; Heming叭'ay ancl Robie, 
1977a). 

The recent calorimetric value of ßHof for gihbsite (-309 ,065 ::!: 284 
cal mole- 1 ) reported hy Hcrni吨way and Robie (1977a) is inclepenclent 
01 the hcat of solution of AICI3.G H 20. The fact that it differs hy 2685 
cal mole- 1 from that obtained by Rarany and Kelley lccl Thompson 
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(1974a) and Cl川terjee and J ohan时s (197'1) to suggest that the entl时py
o[ reaction (136) reported by Cough1in (1958) is in erro1' by an equiva-
1ent amOll J1 t , thereby explaining the discrepancy in the old and new 
values of ßI-Iot for gihbsite. Howe飞'er. COllghlin's entha1py of reaction 
has since been corroboratecl by a lllore recent ca10ri ll1etric deter ll1ina­
tion (丑 G. King, 1975, writlen com l11 un.). Conseq时ntly， the cliscrepancy 
G lIlnot he attribllted to errors in the heat of sollltion of A1C1 3 .(j H 20. 

Hemi吨way and Rol山 (1υ77叶川ribllte the di旺erence in the old 
and new 飞!a1ues of ßH 0 t for gibbsi te to possib1e errors in the heats of 
ωllltion o[ H 2 0 measllred by Barλ川江nd Kelley (1961). However, the 
error in the ll1easure11lents reqllirecl to account for the cliscrepancy far 
exceeds the uncertainty reported by Barany and Kelley , who made fìve 
separate measurements of the heat o[ solution of 70.386 moles of H 2 0 , 
all of which fall within a range üf 360 cal 1ll01e一 1 1 n the case of kao-
1inite, fìve correspoIHling measurements of the heat of solution of 69.386 
moles of H 2 0 again reslllted in values within 360ιal mole• of each 
other. The mean o[ each 01 the比 sets o[ heats o[ solution llleasurements 
(mole H 2 0)-1 is 838 cal lllole- 1. Howe飞咽， 1ater measure11lents i阳n cli丘f­
fe创rel、ent s怕olu川tions (Bara川1

1 He臼em旧1让山ing'认、\'Z盯l巧yant叫dR之lobi忖e r凹‘-cpo旧rt8盯7，1 ca址1 mo叶le- 1 for th比e s川乱川111比e r町叮-cacκction wi江th

a 20.1 w川、叮川't pe盯rc臼ent HF SOllltioll. The fact that these heats of solution 
di旺e1' docs not appcar to llS to bc in itself a va1icl basis fo1' conclucling 
that the early measurements are in crror. Such differences woulcl be 
cxpected fo1' 1'eaction o[ H 2 0 with solutiollS of clifte1'cnt composition, 
which was thc case in thc calorimetric experiments. 

As cmphasized above , both calOl' i11letric and solubility data rcportecl 
by Frink ancl Pee ι h (1962) , Fe 川er (1 川 (ì) , La 吨llluir (1971a) , a川川nt川ld Kυ凶凶i订让ttμ:tr盯r此吨

(1966乱川【d b , 1967, 1 9(j ~ì ， 1970, E171a , b , c, and d) inclicate tl川 the
standarcl mo1a1 Gibbs frce cn巳rgics and entha1pies of formation of 
gibb山c ， goetl山e ， [erric oxide, kao1inite，口10山norillonite， illite, and (by 
infercnce) otherι1ay minerals may vary by as 1ll1lch as severa1 kca1 
mole- l, clepending on thc crystallinily and particlc size of thc mineral. 
1t should perhaps be reiteraled in this contcxt that particlc size ancl 
crystallinity are not synonylllous terms. Coarse particles Illay be crypto­
crystalline ancl vice vcrsa , ancl bolh crystallinity and particle size may 
have a signi且cant effect on heats o[ SOllltioll obtained in ca10rimetric 
studies. 

The reccnt calorimetric value of ßH 0 t for gibLsile applies to coarsely 
crystalline mate巾1 (R. A. R伪ie ， E)Ï6, persona1 commun.), and the 
corresponcling vallle of ßGo t is in excellent agreement with Kittrick's 
(1966a) solubility data for coarsely crystalline gibbsite. Un[让fo创r、't川u旧lllat优el忖y，

I且10 information is 正av，川川liLλlble concerning the crystallinity of the gibbsite 
us比ed by B妇a盯I
discardccl or 105t (K. K. Kelley, 1975 , persona1 comllllln.; E. G. King, 

1975 , writtenωl1lmun.). However， ωemphasized by R. A. Robie (1977 , 
written cOlllmun.), thc heats of solutioll of gibbsite measured by Heming-
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way and Robie (1977a) at 303 .4 0 , 323 0 , and 333 0 K are in excellent agree­
ment with the average of those at 346.85 0 K reported by Barany and 
Kelley (1961). On the face of it, tl山 obser‘vation wou1d seem to ru1e 
out differences in crystallinity as a contributing factor to the discrepancy 
between the old and new va1ues of LlHo f ,.qibbsile' However, even assuming 
a constant heat capacity of Sollltion (which seems un1ike1y) the uncer­
tainty ranges represented by the spread of Barany and Kelley's and 
Hemingway and Robie's data 1ead to an extrapo1ation ambiguity in 
excess of 500 ca1 mole • 1 at 346.85 0 K. lf any part of the discrepancy in 
the va1ues of LlHO f reported by Rara盯 and Kelley (1961) and Heming­
way and Robie (1977a) is indeed a resu1t of differences in crystallinity, 
the "corrections" Thompson (197'1a) app1ied to the ca10rimetric va1ues 
of LlHo f reported by the Bllreau of Mines for muscovite, anorthite , 
geh1enite, and other a1uminosi1icates wou1d themse1ves be incorrec t. In 
making the corrections he accepted the entha1py of solution of gibbsite 
deten划时d by Barany and Kelley (1961) b川 1时d the new ca10rimetric 
va1ue of LlHo f for gibbsite to ca1cu1ate standard mo1a1 entha1pies of for­
mation from the e1ements of a1uminosi1icates from the ca10rimetric data 
reportecl by Barany and his coworkers. However, if the gibbsite used in 
the ca10rimetric experiments was cryptocrystalline, this procedure is 
inva1id because it introduces a systematic inconsistency in the recalcu-
1ated va1ues of LlHo f' For this reason , and because the va1idity of simi1ar 
corrections app1ied by Hemingway and Robie on the basis of assumed 
errors in the heats of Sollltion of H 20 reportecl by the Bureau of Mines is 
open to question, none of the "corrected" va1ues of LlHo j for alumino­
si1icates given by Thompson (1974a) ancl Hemi吨way and Robie (1977a) 
was adopted in the present study. However, the same reservations clo 
not app1y to Hemingway ancl Robie's calorimetric va1ue of LlH o j ,gibbsite 

(309,065 ca1 mo1e- 1 ) , which was used to retrieve corresponding va1ues 
for a1uminosi1icates from natura1 water compositions ancl the high 
prcssurejtemperature phase equilibrillm data summarized be1ow. 

Gibbsite and kaolinite.-As notecl above, the thermodynamic proper­
ties of a1uminosi1icates given in table 8 are compatib1e with the recent 
ca10rimetric value of Ll Ho f for gibbsite reportecl by Hemingway and 
Robie (1977) , which is inclependcnt of LlHo j ,cor l/ ndll l1L' However, they are 
not consistent with the ca1ori ll1etric data for corundum reported by 
Holley and Huber (1951) and Mah (1957). To ensurc agree ll1ent of 
computed va1ues of LlGo f for alll ll1inosilicates with both cxperimenta1 
and geo1ogic observations of phase equi1ibria at 10w as well as high 
temperatures and pressures, the va1ue of LlGo f for gibbsite cO ll1puted 
from the calorimetric va1lle of LlHo f for gibbsite reportecl by Hemingway 
and Robie (tab1e 8) was used togethcr with the compositions of minera1 
assemb1ages and coexisting interstitia1 waters in J amaican bauxite 
deposits ancl weatherecl Hawaiian basalts (Hill ancl Ellington, 1961; 
Patterson and Roberson , 1961; Garre1s ancl Mackenzie , 1967; Bricker and 
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fig. 46. Logarithmic activity diagram depicting phase relations in a part , .?f. the 
system'K20-AI2Ö3-Si02-H20 at 25 0 C, 1 bar, úid unít ãctivity of H20. The equilibrium 
constant corresponding to the gibbsit• 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 andjor gibbsite. 

Garrels , 1967) to calculate LlG o t for kaolinite. The compositions of these 
waters (fìg. 46) indicate that the eq时librium constant for 

kaolinite 十 H20 ~ 2 gibbsite + 2 Si02(aqj 

-2 -3 
RJV 

(137) 

is - 10-8 . 5 at 25 0 C and 1 bar. This fìgure and the thermodynamic data 
for aqueous silica given by Walther and Helgeson (1977) lead to a value 
of LlGot for kaolinite (table 8) which is in excellent agreement with 
Kittrick's (1966b, 1970) sol山ility data for coarsely crystalline kaolinite. 
In contrast, the value of LlHo t for kaolinite in table 8 is 2356 cal mole- 1 

more ncgative 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 [or cryptocrystalline kaolinite , 

which implies that cryptocrystalline kaolinite was usecl in Barany and 
Kelley's calorimetric experiments. The stanclarcl molal enthalpy of for­
mation of kaolinite from its elements in table 8 is 2510 cal molc-1 less 
negative than the "corrected" value given by Hemingway ancl Robie 
(1977a). The latter value (rclative to that for gibbsite) is i配onsistent with 
the water compositions shown in fìgure 46. 

Pyro户hyllitc， bochmitc, diasporc, coγundum， αη dalusitc， hyanitc, and 
sillimanitc.-Standarcl molal Gibbs free energies and enthalpies of for­
mation from the elemcnts of these mincrals werc calculatecl [rom high 
pressurejtemperatllre experimental data for 

(138) pyrophyllite + HeO ~ kaolinite 十 2 Si02 (州，
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川d山alu旧川1滔51山it忧C 亨-主 EωOωr川‘1刀n川mdum + S创i0 2叫(川fη呵咐1吁q

2dωlaω51归〉泊or陀e ζ=主 EωO 川川I叫um + II2ρ0， (υ14拍哟0创) 

an血ncl巾1al川u山SI肚t优e + 1口120 宇1主 2 bo泊O倪ehm川n旧1丘it优巳 +S创i02 ( (I们呵q忡I

py沪r、呵O叫叩p才池归h)巧巧)'1讪II川lit优E 宇-主 i川11川nd巾aln川叫讪山i江t忧;刀e 十 3S剖iO川t咐qω) 十 H2ρ0， (142) 

andalusite 二 sillima川 te ， (113) 
and 

andalnsite ;::主 kyanite， (144) 

which ensurcd compatibility of the resnlt5 of the calculations with the 
values of t:..Go j and t:.. Ho j for gibbsite and kaolinite aclopted abovc. The 
values of SOPT' T r and the stanclard molal heat capacity of cliaspore em 
ployecl in the calculations (table 8) correspond to those given by Robie 
ancl Walcll川m (1968) and Kelley (1960) , which are ncarly identica1 to 
the more recent va1nes reported by Perkins, Essene , and 'Ve旧um (1978). 
In contrast, the value of SOPr.Tr given by Kelley and Ki吨 (1961) aml 
Robie ancl 飞Valdbaum (1968) for gibbsite (table 8) di旺ers by 0.39 cal 
mole-1 from that aclopted by Hemingw叮 and Robie (1977<1). 

-1.0'-.HEMLEY(1973,1977) -0.51 I 0 .H.E_~L，.Éy 
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Equilibrium constants and univariant curves generated from the 
thermodynamic data in table 8 [or the minerals appearing in reactions 
(138) through (144) can be compared with their experimental counter­
parts in 且gures 47 through 49. 1t can be seen that the curves shown in 
these 且gures are in excellent agreement with the experimental data 
represented by the symbols. 

The value of ßHo f for corundum calculated in the present study 
(table 8) differs significantly from the calorimetric values reported in 
the literat盯e， which range from -399,040 ::!:: 240 (S町der and Seltz, 
1945) to -402 ，000 士 2000 cal mole • 1 (Schneider and Gattow, 1954). 
Robie and Waldbaum (1968) and Stull and Prophet (1971) adopted 
-400,400 ::!:: 300 cal mole- 1 • This val l1e was obtained calorimetrically by 
both Holley ancl Huber (1951) and Mah (1957). The CODATA task 
group on kcy values for thermodynamics (CODAT A, 1976) recommends 
-400，500 士 300 cal mole- l, which is morc ncgativc by 3355 cal mole-1 

than that shown in table 8. 
All the calorimetric values of ßHo f for corundum arc inconsistent 

with Haas' (1972) experimental phase equilibrium clata in 自gure 48D, 
but no evidence is apparent in Haas' paper that throws suspicion on the 
reliability of his experimental results. 1n fact , his data are supported by 
those shown in fìgure 47C. Because he observed epitaxial overgrowths 
of diaspore on corunclum, Haas (1972) at the very least established mini­
mal temperatures of stability for corundum + H 20. If values of ßGo f 
for diaspore, pyrophyllite, kaolinite, andalusite, kyanite, and si11imanite 
are calculated from the experimental data shown in fìgures 47 through 
49 using the calorimetric clata for corundum summarized above, the re­
sults are incompatible with the compositions of natural waters and 
Hemingway and Robie's (1977a) calorimctric data for gibbsite. For ex­
ample, the calculatecl equilibrium constant [or reaction (137) would be 
of the order of 10-11 at 25 0 C and 1 bar, which is clearly inconsistent 
with the water compositions shown in 且gure 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 
corunclum with geologic observations and other experimental clata lies 
in the calorimetric studies. Although it is true that incomplete combus­
tion and (as emphasized by Wal仙aum， 1971) formation of a metastable 
polymorph of AI20 3 in the calorimeter would result in a less negative 
value of ßHo f than that of the stable polymorph, strain energy 0 1' inter­
stitial hydrogen in the aluminum samples would have the opposite 
effec t. 1t seems unlikely, but it is nevertheless possible that the same (or 
a similar) source of er盯ro町ro怔ccωu旧rr民咱ed in all the四e calor丘血imetr川:r址ric st阳u叫ld出ie臼s of cωO创r川、u山n
dum t由ha川t have been carrie仅【d out tωO 【cl乱t优e (C. E. Holley, Jr. , 1977, personal 
commun.). Despite cliffcre旺es in certain materials used by the various 
investigators, the procedures, tcclmiques, and experimental equipment 
were essentially the same. 
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Recent electrochemical cletermination of the stanclarcl molal Gibbs 
free energy o[ formatioll o[ corumlulll (Ghosh , 1976) supports the evi­
clencc aclclucecl above suggcsting that the calorimetric value of ~H 0 t for 
corunclum is in errOL Thircl law analysis of cmf clata [rom two clifferent 
high-temperature cells (which yielded rest山s in close agreement with 
one another) lecl to an average val旧 of ~HOt = -392 ,600 :::1::: 920 cal 
mole-1 , This value is 7800 cal mole- 1 [ess ncgativc than the calorimctric 
value of ~HOt obtainecl by Hollcy and Hubcr (1951) ancl Mah (1957). 
However, it is also 1545 cal mole- 1 less negative than that computecl in 
the present stucly. Because the reslllts of high-tcmpcrature emf stllclies 
are subjcct to relativcly large unccrtainties, the absolllte magnitllcles 
of these differenccs are not necessarily signifìcant. -;'\J cvcrtheless , the fact 
that the emf measurements arc in serious disagrecment with the calori­
metric results lencls support to the conclusions reachecl above ancl under­
scores the need [or renewed calorimetr、 ic invcstigation to resolve the dis­
crepancres. 

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

ancl 

kaolinite + 2 quartz 工 pyrophyllite + HeO , (145) 

pyrophyllitc 二 anclalusi te + 3 q llartz 十 H20， (146) 

pyrophyllite 十 6 diaspore :;::=: 4 anclalllsite 十 1 H 20 , (147) 

91 11 NEW TON (19'660 o~d b~ì969~ 

8lai踹黯F缸， ~cv1今/
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6•./" EVANS(1965) /卢.
囚 1 I -' 
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Fig. 49. Univariant equilibrium curves (ge时ratcd from therrno向namic data gi飞 en
in tablc 8) and cxperimental obscrvations of phase relations (symbols) in the system 
Al,03-Si02-II,O at high pressurcs and temperatures. 
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the validity of many of thcir expcrimental results is open to serious 
question. Fine-grained kaolinite andjor pyrophy11ite were used as start­
ing materials in a11 but a few of the experiments , and reversal tempera­
tures were determined by measuring gains or losses in the weight of 
andalusite andjor quartz crystals. However, in none of the expcriments 
was the proportions of reactants ancl proclucts varied to promote achieve­
ment of stable cquilibrium. Becausc clctcrmination of equilibrillm tem­
peratures by measuring weight gains and losses is genera11y unreliable 
unlcss the gains ancl losses are Sllbstantial , only those data rcportecl by 
Kerrick (1968) , A. B. Thompson (1970吟川tl Haas ancl Holdaway (1973) 
that are r川 Sl州ect to large u旺ertainties are shown in figure 18. It is 
of interest to note in this regarcl that the equilibrium temperature 町'
portecl 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 18B is incompatible with the 
prcssur、e clistribution of a11 the "reversals" reported by Haas and Holda­
way (1973). 

Owi Jlg to the smaU magnitude of ßS气，l'，T and ßV气，l'，T for rcactions 
(113) ancl (144) , the Clapeyron slopcs o[ the curves in 且g旧e 49 arc scnsi­
tive to sma11 errors in the standard molal volumes , entropies, and heat 
capacities of the A1 2Si05 polymorphs. Accorclingly, the calorimetric stan­
dard molal entropies of these phases at 25 0 C and 1 bar were a句 ustecl

slightly in the first or seconcl clecimals to optimize agreement of the 
cllrves with the expcrimcntal clata. As indicated above , accurate calcula­
tion of the equilibrium pressures ancl tempcratures shown in figurc 49 
rcq uires 5 signi且cant 且gurcs in the heat capacity power function co­
ef且cients for the polymorphs. The curves in figllre 49 1'epresenting the 
kyanitejamlalusite and anclalusitcjsillimanite transitions intcrsect 1 bar 
at 46()O ancl 1013 0 K, where ßHo t is 1043 ancl 529 cal mole-\ rcspec­
tively. The Clapey1'on slopes of these curves at 1 bar (12.6 ancl • 13.0 
bar (俨。 K)-l吁) ar陀e in close agreeme 川 wγ川山i tl山h th山os忧e cωomput优ed recently frω‘ om 1 

hycl出r、ot山he创n、'm

(1977) , a川川nt叫d th 巳 location of the triple point is nea1'‘ ly iclentical to that 
acloptecl by Holclaway (1971). 

After taking account of the difIcrcnce in the val11e of ßHo t fo1' 

corundum 1'eported by Mah (1957) ancl that clcrivecl above from high 
pressu1'ejtcmperature data , the calculatecl values of ßHo, in table 8 fo1' 

kyanite , andal11site , ancl si11imanitc fall within the uncertainties in the 
calo1'imet此 values given by Robic and 飞Valclbaum (1968) , StllIl and 
P1'ophct (1971)，川ld Hemingway and Robie (1977a). Equilibrium calcula­
tions aml thc thermoclynamic data 1'or the AI0(OH) polymorphs in table 
8 indicate that boehmite is metastable with 1'espect to diaspore atλIl 
pressures and temperatures, which is consistent with conclusions reachecl 
by Apps (ms) and Pcrkins , Esse肘， and \Vest川ll1 (1978) as we11 as with 
stability relations observecl in natllre. 
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r飞ccurate calculation of the thermod1'namic propcrties of minerals 
in this system from high press lI rejtemperature cxperimental data re­
quires explicit provision for the thermod1'namic conseq llcnces of both 
substitlltional and displacive orclerjdisorder in the ，λdkali feldspar句-s

οr川der旷jdiμs川10ωrdeωr句 i川ημalbμzteιt巳.-The 正ωaloωr咱-11归III比etr、-lC va址lucωs 0叫[ ßHof f【Oω)且r‘ I扣ow

all协阳bi】刘i让te given by 1-ζ妇obie ;江tr叫飞Valclballlll (1%8) and Hcmingwa1' and 
Robie (1977) arc based in part on heats of solution of the salllple of 
Alllelia albite 1时d by 飞Valdbaum (ms 川d 1%8) and vValdbaurn and 
Robie (1971). Although 飞W飞V、吐a址Iclba川川1I川Illl (1968问) conc吐clllde仅ecl t山ha川t t山:he la江i叽旧ltic
parameters of th沈e low a址Ibi刘it忧e us忧ed in his expe町rlln口lents ‘"‘， i llC叫clicat巳 it to be 
highl1' orclered , if not completel1' onlered," consiclcration of the rcla­
tion betwcen the Z ordering parameter aml the lattice constants of albite 
givcn b1' Thompson , \Valdl川III瓜I
sa山i且川1m甲plc IIS优Eα叫d by 飞W飞Va址lclba川川lIm ma叮Y h 二且川lve been sωome 讯what dωlis阳orc叫cle町r二e仅ed. Holm 
川d Kleppa (1968) rcacbed the sameωnclllsion on the basis of si tc 
poplllations for Amelia albite determined b1' Ferguson , Ribbe , Traill , 

ancl T叮101' h川 reportecl by Bragg and Claringbull (1965). 
The site population reported b1' Bragg ancl Claringbull for Amelia 

albite corresponds to Z = 0.89 , which cornpares favorably with values 
of Z 正 ornplltecl direc tI1' frorn cell constants. According to Thornpson , 
认孔巾aum ， and Hovis (1974) , the Z onlering pa1'ameter for pure .l\"a­
felclspars can be cxpressed <lS12 

Z 三 (XA飞u飞川1.厅Tlωθ +XA 口1m) 一 (XA 口2纫0+ XA町1，盯川，'1'咀'l'2r‘

=-1归2.523 一 3 .4065b + 7.9454c (148) 

1、rhere X'\I ,Tl0' X A1 ,T20' X A1 ,1'lm' ancl X A1:J'2m stancl for tbe mole fractions 
of al11111inum on tbe sllbscriptecl sites, and b ancl c 1'efe1' to the lattice 
paralllete1's of albitc. Eq (148) ancl thc cell cωonstants rcportecl by 飞Wald­

b;江1lI川n】 1 (口19侃68叫) y抖ielcl Z 二 0.80 foωr‘ tl山h比e Amelia albi才it忧e IIS忧cαd in th览e cαa让巾101'丘imet盯r
expe臼r门‘'llnents.

The thermodynamic conseqllences of substitional orderjdisorder 
in albitc can be asscssed 飞vith the aicl of the heat of solution data re­
portecl by \Valdbaum and ]之ohic (1971) 川cl Thompson , \ValclbaIlIll, ancl 
Hovis (1974). These data 盯c plotted in figure 50, where it can he seen 
that the clata points fall on two parallel lineal、 cunies. The separation of 
thc CUl'ves (~ 900 cal mole- 1 ) 叩parentl1' results [rom the cooling histor1' 
of thc samplcs and the displacive tra11sfonnation fr‘'0川川l口111 lllonoclinic tω O 

tn川咱-iclinic s巧叮ymmεtry at I咆h t优emperatu盯I
且gure 50 tυhat the Y ordering par;且川llllcter、 is nO Jl Zcro i 11 01111' onc of the dis­
onlercd samples reprcsented b1' thc s1'mbols. Both the Y ordering para­
metcr, which is defined b1' 

Y 三 X矶Tlο X"\I.Tl 川 (149) 

"Thc codIìcicnt ill lhe last tC l'In of cq (148) has becn chan再cd to corrcct a typo. 
ii'~'aphi('a~~crror in thc cOlTcspondingιod!icic l1 1 givcn by Tholllpson , 'Valdball111 , and 
H O\ is (1 974). 
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TABLE 8 

Summary of thermodynamic data for minerals at 298.15 0 K and 1 bar 

consistent with experimental solubility data and observations 

of phase equilibria at high pressures and temperatures 

ulmndbee且;.!!I Formula 

Gram .正.~
Hlnenl) N.me Formula """, """, 
Clus welght ffff 

Oxldes 11 Corundum 1108| 川 1 203 101.961 -37句 .82岛 -397.1 也 5

Ferrous Oxlde \113 I FeO 7 1. 8句6 -60 , 097!!. -65.0Zo!. 
Hematlte 15句句 FeZO) 159.692 -178.15泸旦 -197.72()!. 

((1, ß. and y) 

Hagnet 1 te 1506 Fe)O 句 23 1. 539 -2电2.57~ -267 ， 2如E

((1 and ß) 

lime 1110 c.o 56.079 -1~4 ， 366!一• -lSI.79o!-
Perlιlase 1109 问.0 电 0.)11 -136.o8~ -143 ， 8∞E 
Potasslum Oxide 1123 '20 9句 203 -77.05~ -86.80~ 
Sodium Oxide 112句 NazO 61.979 -89.883主主 -拥 .1 岛。旦

Quartz 1505 5i02 60.085 -20岛 .6也r."E. -217.65~一b 

(a and ß) 

Cristobal i te 1556 5i02 60.085 -203.89~ I -216.755 

(a and 5) 

a-Crlstobal ite 1126 5i02 60.085 -203 ， 89~ -216.755 

也-Cristobal ite)~ 1127 5i02 60.005 -ZOJ.29()!. -215.675 

Coesi te 1557 5i02 60.085 -20).5句 l -216 ,614 

Cha 1cedony 1128 5i0 2 60.035 "20岛 .27~ -217.282 

"旧rphous Si 1 i~a 1125 Si02 ' nH 2o!- ι0.085 -202.892.!. -21 岛 .568

Spinel 1120 问gA1 20电 1 ~2. 273 -517.006 -5句 6.8 句7

Hydroxides 11 Boenmi te 111 (, Al0(OH) 59.930 -217.250 -235.078 

Oiaspore 1115 Al0(OH) 59.908 -218. 句 02 -237.170 

Gibbsite 1 11 ~ Al (OH) 3 78 .OO~ -276.16乒旦 309.06~ 

Bruci te 1117 问g(OH)2 58.327 -199.6电6 -221.390 

Carbonates 11 Calcite 1073 CaCO) 100.0S9 -270 , 10o!!. -288.772 

Aragoni te 1072 CaC0 3 IQO.089 -269.87庐旦旦 -283.723 

Ordered Oolomi t~出 1071 CaMg(C0 3) 2. 18电 411 -517.98~旦旦 -556.85 1 旦旦旦

Oisordered 001αn i t ru -u 一u 1070 CaHg(C0 3)2 18 11 臼 11 5 1 5.87卢旦 -55 3. 92乌旦旦且

001αTIit~ 1075 CaMg(C0 3)2 18句 411 -517.980 -556.85 1 

Magnesite 107句 M9C0 3 8电 321 -2~5.658 -265.6)0 

Sulfides 11 Cnalcopyrite 1502 CuFeS 2 183.515 -灿.90~ ·句句，与 53 kk. kk 

Bornite 1503 CU5FeS~ |目 1.803 I -86.70午kkk一~I 啊.922~一kk 

||mite 
1002 A1ZSi0 5 -616.897 

Ring 5ilicatesllAndalusite 1001 A1 25 iO S 162 口电 6 I -S80.587 -6IS , 866 

5 i 1 \ imanlte 1003 A1 2SiO S 162.0句 6 1 -580 , 091 -615.099 

Gehleni te 10乌7 Ca2A1 2S i07 27~.205 1 -903.588 -951 , 665 

Grossular 1529 c. 、 A1 25i 3012 ~50. 45与 1.496.967 -1.583.397 

-1 ,0,, \-1 b__3 __, _-1 c__. __._-1 d .!c.al mole (OK)'. !::.çmJ mole :::.cal mole '. :::rxcept where indicated otherwlse. the values of ^H. f shown in this column 

were computed frωn equation (92) and the values of 50 and ll.Gof shown above using 12.2句. 6.77. ~.5 ，也9-:-003.3 1 .208 ， 9.9.7.81 ，

15.34 , and 1.372ωmole- j (吨)川 for SO of 叫王). AI (旦)， Si(~). 02(剧'飞(到'叫~)'时(~). K(~) ， and C(~). r自问<-
tlve 忡. at 298.IS oK and 1 bar taken fγ~ 阳gman and others (1968) and Parker. Wagman. and Evans (1971). The value of s. at 

298.15.K and I bar for feω(6.529 cal mole- J (OK)-J) used in the calculations is t l1at given by Stul1 and Prop l1 et (1971). 

主Tr.ns Itlon t回perilture at 1 bar in oK for a./ß and ß/Y transitions , except where no values of l1So• , ðH o• , or ðV o• are sh刷o.t' _.. t 

In the lHter cases , Tt designates ~he upper temperature limit in oK for the heat capaclty p伽er functlon coefficients given 

for th. mineral (see footnote !!_).工iomputed from equation (9) using the values of Tt IInd ðH O t shown above. 且tllcept where 
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TABLE 8 (colltillucd) 

C Pr Coefficients!2.,!.. Transltlon D.t. (1 b. r)且II

Nu1mndbe-皿r~ S.旦.!_ v.且..!_
~ th lO 3 ，~‘ 10 -s l 乞!...!_ 国. ~ 必". ~ AV-t且t 飞

1108 12.18 25.575 27 句9 2.82 8.38 1800 

111) 14.52 12.00 12.122旦 2.072~ O.75~ 16001 

15句句 20.9句 30.274 23. 电9 18.60 3.55 95。且 O.16s!. 160'-
36 ‘。 0.00 0.00 1050'- o.ct 。且

31 , 71 1. 76 0.00 1800'-

1506 3与 8).!:. 44.52ιL一K 21 .8 llÏ- 也8.2 0'- 0.00'- 900'- 。of- 。z

马8.0ol'- 0.00'- 0.00'- 1800'-

1110 9.50 16.67 句 11.67 1.08 1. 56 2000 

1109 6. 鸟也 1 1. 2与8 10.18 1. 7句 1 句8 2100 

1123 22.5 句。 .38 18.51 8.65 。啕 88 1100 

112岛 17.935 25.00 18.25 句 .89 2.89 \000 

1505 9.88 22.688 11.22 8.20 2.70 8句llÏ- O.34Z.!. 290且 0.)72主

1 鸟，马 l 1. 9与 0.00 2000工

1556 10.372主 25.7马旦 13.98旦 3.3电旦 3.81~ 5也3旦 D. 59 t.!. 321!. 、，

17.3~ O.Jl~ 9.89旦 20001 

1126 10.372旦 25.7 1t-'!- 13.98旦 3.3也旦 3.01~ 10001 

1127 门 .963主 27.38旦.f_ 17.3~ O.31!!! 9.8~ 200ct 

1557 9.6卢旦旦 20.6句 r .!?E.. II. oE.旦旦 8.2阻j>f_ 2.7 oE.皿E 的SEl'J'_

14.1#皿E 1.9~ o .oE.皿且 200oE.旦旦

1128 9.8a1. 22.688旦 11.22.9. 8.209. 2.7。旦 队已

1125 1 与 3'乒 29.~一~ S.93~ 勾 7.2。主 22.7乒 622~ 

1120 19.27生 39.71~ 36.773旦 6 也 1 乒 9.7o rJ!2 200o! 

1116 l 1. S~ 19.53s2-t 14.4)如A一A 句 2~ o.o~一d 50~一d 

1115 8.43~ 17.76~ i句句步A一A 岛 2~ o.o~ so~ 一A 

1114 16.7~ 3 1. 95~ 8.6 sY- 句560Z12 时.J.U 0. 0'- 句 2sl

1117 lS.0~ z句 6~ 24. I 句7111止 马 6. I 1.J..J..ll. 90 oJ.111. 

1073 22.1~ 36.931←k二h 2 句 9llÏ- 5.1 4Y 6.20'- 12001-
10]2 21.56旦旦旦旦 N 吁h一h 20.13t. 10.24Ï- 3.3且 600'-
1071 37.0~ 的 3'←h一队 句句 .71 17.78 10.95 1000 

1070 39.8样旦旦 的 3挡坦且 句句.)1旦旦旦 17.7~旦旦 10.9步-一H 1000旦出

1075 37.09~ 64.36乒巳L ~ 1 .557'"U 23.952旦旦旦 9.88~旦旦 100~旦旦

107电 15.7出且 28.01~一k 19.731 哩 12.5 3')旦 句 74~ 1000 

1502 3 1.山一kk一b一」 也2.8兰且主 20.7庐~ 12.8~虫E 1.3~ a3~ 

-141.4~ 210.~ O.~ 93~ 
也1.22~ O.~一m一m O.~ 120~ 

1503 99.2~一~一k 98.&且 句9.7~ 35.0~ I.J卢- 句8S=

-34.31~ 2 句7.0~ o.~ 5句。~

80.H~ 叩~

o.~ U_Q~ 
1002 20.009-且 句句 。，二二 41.3931~ 6.816户 12 .8821~ 句 66~王 2.23反旦 10马王三 7.LJ4主王王

1001 22.2 oJ!且 51.53~ 41.310~ 6.2926旦 1 2. 3921~ 10且 3"王王 0.507王王王 52乒王三 -1.6)'" 

1003 23.13且且 勾9.9~ 40.02句。旦 7.390卢 11.67句 1'" 120tt 

10句 7 岛 8.1 90.2年仇~ 63.7 1←k一k 8.0~ 15.12~ 180~ 
1529 60.87旦旦旦旦 125.3 104.017王王王王 17.013zzzz 27.318旦旦王 100~ 

indicated otherwise , the values of ðG of shown in this column were computed from experimental observations of hign pressure/ 

temperature pha5e equ i 1 i br i a (see tex t了与aier-Kelley p阳er function coefficients for equation (19). The upper temperature 

limit for the coefficients is designated bγthe value of Tt given for the mineral. The lower limit corresponds to 298.15-K , 

except 由ere rrore than one set of coefficients is given. In tne latter cases , the 1 。吃 r temrerature limit of the first set Is 

298.15-K , but those for subsequent sets correspond to Tt for the preceeding set (see footnote ~). Note tnat in tne viclnity 

of the trans i t ion t酬perature ， equation (19) fai Is to describe adequately the tempeγature dependence of C" p (see text) ., 
4毛xcept 呻ere indicated otherwise , the values sho 明 in this column were taken from tables 2 , 3 , 7 , or 9. .l ~al mole- I (川-，

continucd --i> 



122 

TABLE 8 

"In.r.l 
Nul mMbu -r-.. -

G, .. 
CI.&I .... Forlll.l1 a For lllJ l. âG. f丘，JI.

Welaht.!..!.!! 

。"1回.""自'''' And redJte 1530 C.3F.~130 山 508 ， 18句 -, .2'1.盯乒丘Z -1.381.四￠旦旦
Slllc.tu Kontlc.ll1 t. 10岛6 C."'9 5IO电 156 句 76 -512 ， 82世主 -5""，曲注旦

.e阳 Inlte 10岛5 C.3"9(510"')2 328.71' -1 , 037.186 叶 .~I.'S6

Aker咱nl te 10岛也 C.ZHgSr 207 272.6曲。 -879 , 802 -926 , 937 
F.yallte 10岛' FezSIO 电 203.778 -330 , 233 -35岛， 119

Forsterlte 10句8 M92S~O ，+ 1 电0.708 -‘" ， 56句 -520 ,000 
Cordlerlte 1065 H9ZAI3(A1SiSO ,S) 58电， 969 -2 , 061.27' -2 , 183.199 
Hydrou5 Cordierlte 1066 /'I92A ') (A 1 51 5018) oHZO 602.98岛 -2 , 121.350 -2 , 255 , 676 

Cl inozolsl te 1515 CaZAI)Si 30 1Z(OH) 622.882 叶， 5忡， 680 -1 ， 6句句， 221

Zoislte 1519 C"2A1 )51 J0 12(OH) 622.882 -1 ， 5句 9 ， 619 -1 ， 6电鸟， 1)1

Ordered Epidote 15.5 CaleA 12Si30,Z(OH) 651.7句 7 -1 ，句 51 ，JItι兰主 -1.544 ，崎G兰主
Epldote旦出且 1559 Ca ZFeA 1ZSi 30 11(OH) 651.7电7 -1. It SI ， 3lt6!旦旦 -1.5电品 .a. 3Z!.!1!
l_骂onite 1516 CaA1 ZSi 207(OH)2' HZO 31 句 2 -1 , 013.628 -1 , 158.32" 

MinaM BM|lMasunite 1035 CaSi0 3 116.16句 -369 ，岛句 5 -389.81 

5111ιates 11 C..-Al Pyr口)(ene 10句。 CaA1 2Si06...l..L 218.125 -7电2.281 -78岛， 01

Jadel te 1061 N..AI (Si0 3)2 202.1"。 -679 ，也岛5 -722.11 

Enstatlt~ 1537 Hg5i03 100.396 -3也8.930 -369 , 686 

Ferro冒 illt e'、，yy 1508 FeSiO 1)1.931 -267.1ι。 -285.ι25 

Djop~ ide 

1 :明|…
216.560 -12".000 -765 , 598 

HedenbergÎ te 105电 E 画 Fe(SI0 3 )2 248.106 -639.21 s!兰主 -618.'~工已

Anthophylllte 1518 I Mg7Si 8022 (OH)2 780.812 -2 ， 115. 也 3。 -2 , 888 , 7‘9 

Tremollte 812. 1110 -2 , 710 , 685 -2 ， 9句句.岛78

Pargaslte 1538 I NaCa 2Mg电Al (AI 2Si 6022 ) {OH)2 835.858 -2 ,847.168 -3.017.06电

Framework 
|rakime l1022| 川51 2 06 220. !55 -738 , 098 -790 , '93 

Slll c..llte~ Oehydrated Analcime I 1021 I NaAI51 206 202.14。 吗?也， 98泸旦 -]1比， 678三丘丘丘

Alblt~ I 1531 I NaA1Si;0~ 262.22岛 -886 , 308 -9J9 ,680 

Low Albite I :町 |MISTS 262.22电 -886 , 308 -939.680 

Hig l1 Albi te 1560 I NaA1S1 308 262.22电 E圄句， 50泸旦 -937 ， 05←~ 

AMht|1m|川 218.210 -95也， 298

K-feld~par!王 1028 I KAISi )08 278.337 -895 ， 37岛 -9‘9 , 188 

阳xlm~嗣同 Icroc. llne I 1027 I KAISI 30S 278.337 -895 , 37' -9岛9.188

且 -1... ~. ,.__.. m 
主-cal rnole '(.叫，与"门 and Prophet (1911). :::.cenerated by regressÎon of hut cap..c. lty or enthal问 data reported by Stull .nd 

Prophet (1911) 时也h 叫uat lons (19) or (2的 ~oble and others (1966). 2405.C. .9.AU Ul'赠 d to be 叫1.1.1 to the corre‘四ndlng
values for a-quartz. 王'"U~ and R曲 le (1973). 主-Walther and Helgeson (1971a). 与uber .nd Holley (1956). 句'嗣同 (1972) , 

!o,., lng to amblgωItles In the relatlve temper.ture dependence of v. for (l and ß crlltob.llt.. nO '1.1 1.1011 of !JV.. 11 91v.n 

for the a/ß crlst由111 j te tr.nsÎ tlon ，里Hemlngway and Roble (197711). ~omputed 'rom 叫uatlon (1) 1.1 11 呵 the CI.l.lllu5-

Cl.peyron slo阳山恻n In flgure 11 and the v.lue of l:t.S.. s l10wn above. ÎKell叫 (1960) .王-T l1e ".Iue of n 帽y ra-ge 'rom 
t 

0.1 句 to 0.83 (FrondeJ , 1962) , but the 协ermodynaml c propert 1 es of a lTl9 rp l1ou~ s 111 ca .ppe.r to be 'nunll t I ve to the 

v.rl.tlon ln H.,O content (Krauskopf , 1956; Walther and Hergeson. 1917). 旦旦Identlflc.tlon nu睛盯 1. <伽叩uter pr呵，­

daU f1 1e (see te x. t) 且且我oble and Waldbaum (1968). 丘川 er (1955). 但AS5umed equðl to the values 陪同rted by Ke ll町
for AIO(OH). !!cornputed fr凹叫uatlon (92) and the values of ll.H. ç and S. 由own above together wl 阶 the v.luo, of s. 

ff牛、
for the el 回ments at 298.15.K and 1 bar glven ln footnote d. .!..!<hrlst , Hostetl 肝， and Slebert (197的. τhe valuo 抽回n

for l!.G飞， calclte 15 con5Jstent wlth log K - -8.52 for the reactlon CaC0 3 {calclte)ζ~Ca++ φC03--. whlch 1$ sllghtly 
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(colltillllCcl) 

…M&·H HZ s.!'.!. 
c. , r C帽fflcl.nt ，!!..'! r ,..n , ltIOl'l o.t. (1 Nr>

v'且..!_
,.! 旧'‘ 10' c旦.dO.::' -,4t ·,, 

"，.旦 åH._~ 组俨‘E t t 

15JO 70.1) 1) 1. 85 11).5H旦旦旦 IS.636!旦旦旦 )0.8的旦旦旦 110。

10~6 26.< 51.‘7 )6.82 5.)句 8.00 1 也。。

IO~5 60. sl.!. IO".~ 72.97~一h 1 1. 9~一h 1 电.协h←h 110o!!一h 

10 ,." 50.0~ 9Z.81~ 60.0~ 1 1.岛。~ 11 忡~ 17以~二h 

，。‘' )5. ‘步h一h 崎.)9坠 )6.51 l'. 9. )r,l'. 6.7ol'. ?‘9ol'. 
10‘' 22.7步~ ‘).~ )5.81 l'. 6.5ol'. 8.52l'. i 曲。且

1065 '7.)~ 233.22!?!!. l 电 ).8)一hh 25.8~一h ]8.6~ 170~ 
四蝇 11 1.‘3 2句1. 22 155.2) 25.80 )8.60 17田

1515 70.6‘ 1)6.2 106.111弘h一bbbb 25.21 马bbb二~ 27.1句安~ 70~ 
1519 70.7~丘旦己已 1J 5 乒旦旦 I06.11~二~ 25.21 也ddddd 27.1峙A一dd一dd 70~旦旦

15‘ 5 75.2 1)9.2 11).7~eee 14.69~ 28.92~ 110~一• 
1559 75.2a!旦主 1)9.2旦.!..!. 117.62Z.!二" 12.81ι兰主 )1 斟ρ兰主 110。‘5555

1516 55.庐旦旦 101.)去~ 81.80 23.3ó 16.26 8岛8

8岛" 17.10 13.56 1000 

10)5 19.件~ )'.9~ 26.6每Z ).6ol'. 6.52l'. 1 帕。1

川崎 )5.0 6).5 5句 .1) 6 句2 I 句 .9 1 句。。

1067 )1.，坠 阳.年h二h 崎 .I r，l'. "句2l'. 门 87l'. "Ool'. 
15)7 16.2! )1.27 6'也~ 2 马 5 sl'. 句 7岛且 6.2al'. 90)旦旦 0.18L•g_ 166旦 0.029.9. 

28.76 r:;.. o.o~ O.O~ 12回应 0.31'::;觅觅- 39o!!旦 1.0泸旦

29.2~ 0.0。旦 O.O~ 180o!-
1508 22.6 )2.952 26 句乒II 5.07= 5.55= 也 1 泸旦 0.0# 3i里 o.os6!ι 

21.~ 9.~ o.~一~一h l 也O伽bbbb

10)9 3电 2~ 66.0~一h 52.8;1. 7.8ol'. 15.7 乌l 160ol'. 
105电 也0.7 68.27 5句 81 8.17 15.01 1600 

1518 128.6 26句句 180.682 60 ， 57电 )8 句 62 90) 

197.5也2 岛1. 61 句 1).)42 1258 

199.522 电1. 61 句 1).)也2 1800 

1517 131.1~ 272.92~ 188.222 57.29句 句句 822 800 

15)8 160.0 27) .5 205.80 41.66 50.21 1000 

1022 56. G!.! 一 91.1!!. 5). 句' 2句 l 也 8.88 1000 

1021 们.，_!!旦 89.1~ .，.即v. 2".1~ 8.S&!工 IOO~ 
15)1 崎.51~ 1∞ 2乒五二 61.7ol'. 1).9ol'. 15.01 1. 岛 7)

81 阻。ddd ).55马~ 50.15年ddd 1200iS且

1025 ‘9.51~王 IOO.07~ 61.7ol'. 1) 如90Zt-1-1 -i 
15.01 ï. 1 岛阳Z

1560 52. ]O!!!- l ∞.忡~ 61.7~ 13. IS.OI~ 62妈且且

6电 .17hhh 13.9~一h 15.01 hhh 1 句。。

10)0 崎.~旦旦 T00.79-bb - 63.3 川!.!..!..!!._ 山 79也!!.!.!!.. 15.'今!!!.!!. 1700!.!..!!.!_ 

1028 51.1~ 1咀 .87旦旦 76. 61 7.!..!一1 ".311.!..一" 29.9峰!..'一1 l 电00

1027 51.1卢 l瞄 .7'1.!.!一f 句 .8 Jl'. 12.9ol'. 17.0卢止 !句ool'.

.。吨，..... tl lM协捆住he ....1"" 0' -8.37. -8."0. .nd -8 也 1 glven by Plurrrner .nd H..cKenzie (197的， L.n9"'u 1 r (1968). .nd 

"rner (1"7. 1"削. r..pec. tl....ly. The dlfhrences between these values result prlrnarlly 行。"' dlscrep.l ncles In dlsso­

cl.tlOft conlUntl for ~崎阳. .pecl…t 25.C and 1 bar. The ....lues of l!.G. f for C.++ and CO~-- used to c.lcuhte 109 K 

....r. t.k嗣行..w呻_n.咽。thars (1968) .nd P.rk.r. w.9"唱 n ， .nd Ev.n. (l ~nn. '11.y .nd-Klng (196 1) ..nd Stull ..nd 

''_雹 ("71) ，回国If lø .llgh 雹 Iy In tha flru ..nd/or ..cond d.clNls to ..chle"e Intern.l conslstency (see text). 
盟勘!O.n础k，.叩.

$oolt‘h (们1 幡‘削). =:C .. 吨阳t.d 行。..equ. tlon (1) 叫 l呵 ".Iu.. of l!.V... gl \l.n .00". and th. Clauslus-Clapeyron slope事.-、 In 

flgur.. 22. 23 or 10缸.!!!C响川.d fr棚 equatl阴阳) and 阳 ".Iue. of T.. 叫.ð.s. ~ gl".n 阳回.
旦C呻，ted fr帽 th. ….. .hown I川 Igur.. 22 or 10缸 2坠 1.. (1'日). .!.1I句睛"τod t ，帽翩.lty d.t. gl".n by 

$00 1 协 (1白，) and/or SUphon.回. Scl.r. .耐$00 1 协 (1966) 川 l吨 tha gr... fo......'. welght 0' .,...t.tlt. .ho甸回 .bo.....

马帽p.t ted fr帽(;811 回1咽. gl"" by lurnt回(1"5) .且阳!pUt.d ，俨帽 c.11 p,l r_tar. r.ported by Llou (1'71b). 

且很i吨 (1955) .且剧咱 OM 11011., (1"'.).丘..咐ru. (1_"',. ~It I..ted 行。• V' 千. • 

..1吨阳刚蝇。f .... for "nolltlC" "20 ln tebl. 2 (1.. tu. t). 岛-pen.~ 仰7的 J亏E:怕.nd others 

cotllinued 一→
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T刊LE 8 

Gram 
f:.G....~.~ 1'1 1 neral 

Name 
Index 

Formula :7:~~~~ff ll.H- f丘，且
Class Number~ Weig f 

Framework High Sanidine 1029 KAISi 30a 278.337 -893 , 738 -9句 6 ， 538

Si I icate5 Nephe 1 ine 10)1 NaA1Si04 145.227 ·电 72 ， 872 -500 ， 2句 l

Kalsi 1 i te 1507 KA1Si0 4 158.167 -481.750 -509.408 

Wairaki te 1130 CaA1ZSi4ÛIZ'2HZÛ 句3电.电 11 -1 ，乌 77 ， 652 1 , 579 , 553 

laumont ite 1132 CaA1 ZSi 也 0 12 ' 乌 H 20 电 70. 岛句 l -1 ， 597 ， 0与 3 -1 ， 728 ， 88乌

Sheet Si I icates Kao\ ini te 100岛 A1ZSiZÛS(OH) 4 258.161 -905 ， 61ι~ -982.2.21 

Pyrophyl1 j te 1509 A1 ZSi 4Û\O(OH) 2 360.316 -1 , 255 , 997 -1 ， 3电 5 ， 313

Chrysoti le 1007 Hg 3SiZOS(OH)4 277.13句 96句， 871 -1 ， 0句 3 ， 123

Antigori te 15马 Z Hg句 a Si 3句 085(OH)62 句 .536.299 -15 , 808 , 020 -17 , 070 , 891 

Talc 1510 Hg 3Si 电0 ， 0(OH)2 379.289 -1.320 , 188 -1 ，电 10 ， 920

Annite 1015 KFe 3 {A1Si 30\O) (OH)Z 51 \ .890 -1 ， 1 句 7 ， 156 -1 , 232 , 195 

Phlogopite 1014 KMg 3 (A 1 S i 30 1 0) (OH) 2 句 17.286 -1 , 396 , 187 -1 , 488 , 067 

Muscov i te 1012 陆 1 2 (A1Si 3û 10 ) (OH) 2 398.313 -1 , 336.301 -1.427. 电08

Paragonite 1013 NaAI 2 (A1Si 30 10) (OH)2 382.201 -1 , 326.012 -1 ，马 16 ， 963

7-A Cl inochlore 1512 Mg 5Al (A1Si 30 lO) (OH)8 555.832 -1 , 9S7 , 101一u一t -2 , 113 , 197 I 

14-A Cl inochlore 1513 H9 SA1 (A 1 S i 30 1 0) (OH) 8 555.832 -1.961 , 703 -2 ， 116 ， 96电|

Prehni te 1532 "2、 Al (A1Si 30 10 ) (OH)2 岛 12.389 -1 , 390 , 537 -1 , 482 , 089 

Hargar ite 1551 CaA1 2 (AI 2Si 2010) (OH)2 398.187 -1 ， 39 句， 370 -1 , 486 , 023 

Sepiol ite 1023 M945 i 60 ) 5 (OH) 2 (OH 2) 2' (OH 2) 句 hhhh 6句 7.B61 -2 ， 211 ， 192~ -2 ，与 18 ， 000

(1976). Ylcomputed from SOmicrocline using 3.4 cal rnole ("K)-1 for the entropy of substitutional disorder 

based on regression of HoviS"'T市页了calorimetric data (see text) 旦-The term K-feldspar Îs used above to 

designate KA1Si 30B in its stable ordering state at any given temperature and pressure. At 25"C and 1 bar K-

feldspar is 5γnonymous with maximum microcline , but at high temperatures K-feldspar corresponds to high sanidine 

(see text). 旦旦与omputed from SOp .T for low albite and the heat capacity power function coefficients for albite 
rιr 

and high albite , which include provision for the calorimet 广 i c consequences of subs t i t ut i ona 1 and d i sp 1 ac i ve 
bbb 

order/d isorder (see t田 t). ，..，.. :.......The term albite refers to NaAISi 30B in its stable state at any given temperature 

and pressure (see text). 王三.Taker币 as the mean of :he V" values shωn for low and high albite (see text). 
ddd A 

":::"::::"::enerated by regression (eq. 26) of finite difference derivatives of HD p .T - H"p .T computed from data re-
, , 

ported bγHolm and Kleppa (1968) and Thomps町. Waldbaunl , and Hovi 5 (197的.可he computedvalues of HO~ 
P _, T 

H"P.T take into account the calorimetric consequences of substitutional and displacive order/disorder (see text). 
rιr 

eeeTaken to be the mean of the vaiues of V" given above for 旧"叫m microcl ine a叫 high sanid ine 丘马。v.'
(197的. 且且{.i mi t Împosed bγthe monoclinic/triclinic transition (see text). 旦与町币uted (see text) 什om data 

reported by Holm and Kleppa (1968)ι句ased on com阳si te regression (eq. 26) of enthalpies ot disorder computed 

from calorimetric data reported by Hovis (197的 and values of H"p .T - H"P.T for microcline reported bγKelley 
r 二 rιr

(1960)-Egee text·444The heat capac l ty coefflc t ents and value Ef Tt5hOEn F。r hegh san i dane correspond t。
those for maximum microcl ine (see text) 坠~btained by composite re~ression of calorimetric data reported by 

Kelley and others (1953) for a ，日， and y-nepheline , which exhibit little or no enthalpies of transition {see 

(text) 旦缸 ing and We! ler (1961a) 旦与obie and others (1966). ~ing and others (1967). 四E"曲同，
"回 ing旧 y and Wilson (1976). 旦旦旦'The heat capacity coefficients sho叩 for chrysotile are those reported by King 

and others (1967) for antigorite (see text). ~enerated by regression (eq. 26) of calorimetric data reported 

bγRobie ， R 儿. 1976 , wri tten communicatlon. ~ankratz (1964b) 立.!.c omput时 from the value ca 1culated by 

Helgeson (1969) from data re回rted by HacKenzie and Garrels (1965) … see text. 旦旦旦:rhe term dolomite refers to 

CðHg(C0 3)2 in its stable ordering state. The Maier-Kel1ey heat capacity power function coefficients for disordered 

dolomite corres阳nd to those for the ordered phase (see text). The entropy and enthalpy of disorder used to 

cαTlpute fl.H "f and 50 for disordered dolomite from observations of high pressure/te呻erature phase equ i I i bγla were 
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(continucd) 

C Pr Coeffl c1 ents且，上 Trans i tion Data (l bar }i且正
Inde且 so~...!. V.且..!_
Number~ 

a一a tÅI03 c~10-5 -?t e , 1 IlSOt旦 6H O t~ 611 0 ~ 
t 

1029 5鸟 .53ll 109.008 63.8抖ι 12.9olil 17.0卢止 14ool1l 
1031 29.72一b一b 54.1~一K 35.90ιL一kk 6.45~一b 7.3Z a!!:一L 1500 

1507 3 1. 8卢且 59.8~ 29. 句乒工 17.3~工 5.32~ 81~工 O.19~工 16~ 
句2. 乒工 O.~ σ 。，.、~ 180~旦

1130 105.1 J86.87 VVVV 100. 句。 句句句7 16.43 1000 

1132 116.1~ 207.55 123.20 岛鸟也7 16.43 1000 

1004 句8.5~ 99.52一~ 72.77 29.20 21.52 1000 

1509 57.2旦.EI'l'. 126.6旦旦 79 句32ζ" 39.21~ 17.282ι" 800 

1007 52.泸旦 108.~一h 75.8211旦旦 31.6oS且 17.5庐旦旦 10009-9-9-
1542 861.36 17电 9.13 1228.45 513.76 286.68 8句8

123句 83 501.24 281.28 1000 

1510 62.3年k一h 136.2卢主 82 电8 电1. 61 13.3 句 800 

1015 95.2 15电 32 106.43 29.77 19.31 1000 

1014 76.1 149.66 100.61 28.78 21.50 1000 

1012 68.8旦.I'E卫 140.71 E.一b 97.5~ 26.3S-哩-哇一e 25. 句己二三 100~ 

1013 66 句 132.53 97 也3 2电 50 26. 句句 1000 

1512 106.5 21 1. 5 162.82 50.62 电0.88 8 句8

166.01 岛电 36 38.18 900 

1513 111.2 207.11 166.50 电 2.10 37 句7 900 

1532 65 泸旦旦 l 乌 0.33三三旦旦 91.60 37.32 19.60 8,8 

101.17 19.0马 11.50 1000 

1551 63.8 129. 句 102.50 16 , 35 28.05 8也8

99.31 22.61 30.75 1000 

1023 146.6 235.6 157.92 10岛 30 18.68 800 

deri....ed from the Bragg-Wi 11 iams theo叶 (see text) 旦旦旦-T he terms enstat i te and ferros i 1 i te are used above to 

refer tO HgSi0 3 and FeSi0 3 in their stable structural states at all pressures and temperatures 坦坦Ðased on 

the ....alue of 6Gof ， 9iþb~ite shown abo....e and equilibrium constraints imposed bγthe compos i t ion of surface 

旧 ters (see text). 旦旦{omputed from the solubilitγproduct constant gi....en by Chri 叭. Hostetler , and Siebert 

(197 1i) using data for Ca++ and C01-- gi....en by 'Wagman and others (1968) and Parker , 'W agrr国 n ， and E....ans (197 1). 

且工τaken to be equal to the C p ~oefficients shown for clinoferrosilite (see text) 旦与。叩uted from thermo-
r 

aaa a-;;-
dynamic data gi....en abo....e. ~一→鸣曲 ie and Waldbaum (1968) , rood i f 自 ed 51 ight 1γ to achie....e internal consistency 

bbbb 
(see text). …~omputed from data plotted in figure 98 (see tex t). E.旦与alculated from calorimetric data 

reported bγBarany (1962) for the reaction NaA1Si 206 • H20 ~ NaA1Si 206 +州20 ( 且) us ing the value of llH o f 

for analcime shown abo....e and that for H 20(主) in table 9 旦旦{omputed from the-....alue of llH飞， low albite→， hωn 
abo....e and 日 lori叩门 c data reported bγThompson ， Waldbaum and Hovis (197的… see te刷，旦旦石忑uted from 

observations of high pressure/temperature phase equi 1 ibria (see text). !.i.!.工Grams ITM) le- l . s3.皿-5 toessel J {ms} 
hhhh.. . _.. i i i i 
':"::"::":"ee footnote 旦旦 in Table 3. ..!...!...!...'叮A.ssu帽d to be equivalent to the corresponding coeffj cJ ents for low albite 

at temperatures below 3500 C (see text). llll制呵. Ferrante , and Pankratz (1975). 坠坠f> rice (ms). 旦旦Cal­
culated fr侧目 11 parameters re四川ed by Deer , HowÎ e I and Zuss咽n (1962). ~ankratz and King (1970) 
nnnn … 
…~olm ， Kleppa , and Westγum (1967). ~omputed from data reported by Holm , KJeppa , and 'Westrum (1967). 

ss且旦toldsmlth ， Graf. and Heard (1961) 旦旦Approximated as the mean of VO for ordered and disordered dolomite 
5SSS 
~ird (ms) and Bird and Helgeson (1977)--see te川 旦.!.lTaken to be the sanle as ordered epidote 旦旦旦The term 

epldote 150 used abo....e to refe;...:.~ CaleA '2Si30IZ(O时 in its stable state of substltutional order/disorder at all 

pressures and t凹阻 rature50 旦旦削justed (see text). ~旦Cryptocrystal J lne ß-cristobal ite 旦旦f>erkins and 

others (1977). Y.ï.ïï.Ther lTM)dynamic properties shown for lambda transltions correspond to the apparent properties 

(see text). !!:.王三.(omputed from data re阳 rted by Perkins and others (1977) 旦旦旦<:ornputed from high pressure/ 

temperature phase equi I ibriu们 data togethe~L~[!h experlmental heat capacitles at low temperatures reported by 

Kiseleva. Topor , and 例el'chakova (1972) 坠坠!?Taken to be the sarr陪 8S those for zoisl te. 旦旦主{)exter Perklns III 

(1977 , wrltten c町lT1unication) • 旦旦且-Generated by regression of calorimetric data re阳 rted by Oexter Perklns III 

(1977 , written c OI1IT1un it::atlon). eeee主-Generated by regression of experlmental data reported by Klseleva ，而阳门
and Andr町enko (197叫 ~enerated by regresslon of calorlmetrlc data reported by Krupka Roble , and 

"回 Ingway (1977a). 
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Fig. 50. Relative heat of sollltion at 49.7 0 C and 1 bar of albite as a function of 
the Z ordering paramet盯 (see texl). 

and the Z ordering parameter are quenchable , but the high-temperature 
m创肌:linic 巧mmetry of albite is not (Thompson , vValdbaum , and Hovis, 

1974). 
The standard molal ellthalpy of substitutional disorder (ßHo ds) 

representecl by the upper curve in 且gure 50 can b巳 expressecl as 

ßHO ds = HOz - HOZ~l = 2630(1 - Z) (150) 

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

θ((M-I。由)/ðT)z 二。 (151) 

which permits calculation of the temperature distribution of ßHo ds from 
the curve dcpicting Z as a fUllction of tempcrature in fìgur句e 51B. These 
calculations generatecl the curvc rcpresenting ßHo ds for albite in figur巳
5 lD. 

ln contrast to the monoclinic/triclinic invcrsion in potωsium feld­
spar, which is qucnchable , occurs at rclatively low temperatures , and 
has little or no effcct on its thennody川mic bchavior (see below) , the 
displacive transfonnation in albite 1'rom monoclinic to triclinic sym­
metry is apparently accompanied by a relatively large heat of transition. 
Experimental data suggest that incrcasing displacivc clisorclcr caused by 
changes in bond angles with incrcasing temperature begins at tempera­
tures well below Tm/α(thc highest temperature at which albite exhibits 
triclinic symmetry). It thus appcars that albite umlergoes two super­
imposed lambda trλnsi tiollS ，γith inιreasing temperature: one causecl by 
exchange of Al and Si atollls on thc tetrahedral sites in the mineral , 
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and the other resulting from displacive changes in symmetry. As both 
substi让tutional and displacive disorder increase w币ith increasing tempera-. 
t川ur陀e tωo Tm/α(which Thompsωon吨1，毛W飞Valdl肌II叽I

b巳 1238 0 K) ， the increasi吨 heat of disorder affects the thermodynamic 
behavior of albite to an increasing degree. 

The magnitudc of the temperature corresponding to T m/αis s till 
a ma tter 0 f 世bate. Prewitt, S时no， and Papike (1976) carriecl out ex­
periments inclicating that T m/αis grcater than 13780 K, but Okamura 
ancl Ghose's (1975) experiments inclicate that T m/α= 1203 0 K. Recently, 
Winter ancl Ghose (1977) reportecl "a close approach to monoclinic sym­
metry at ~ 1333 0 K." The diversity of these values is consistent with the 
conclusion that the displacive change of symmetry in albite is a gradual 
lambcla transition which is couplecl both kinetically ancl thermoclynami-
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Fig. 51. Z ordering parameter and standard molal enthalpy of substitutional 
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Fig. 52. Relative standard molal enthalpy of albitc at 971" K and 1 bar as a func 
tion o[ anncaling time at I045"C and 1 bar (sce tcxt). 

cally to substitutional disorder. The calculations summarized below are 
consistent with Thompson, Waldbau日1 ， and Hovis' (1974) estimate of 
Trn/α(1238 0 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 0 C and 1 bar.13 The samples of albite 
were fìrst heat-treated at I045 0 C for different periods of time ranging up 
to 2 months. The results of the calorimetric experiments are summarized 
in fìgure 52 , where it can be seen that HOz - HO Z=l increased rapidly 
with increasing annealing time up to - 5 days but then increased only 
slightly from 5 to - 14 days, where H Oz - H OZ =l reached a "plateau" 
corresponding to -2540 cal mole-1. It can be deduced from 白gure 51B 
that the equilibrium value of the Z ordering parameter at 1045 0 C is 
- 0.035. Combini吨 tl山 value with eq (150) yields 2538 cal mole-1. It 
thus appears that the albite samples that were annealed for 13 and 14 
days reached their stable state of substitutional disorder at 1045 0 C. How­
ever, it can be seen in fìgure 52 that further heat treatment from 14 to 
21 days caused HOz 一 HOZ=l to increase abruptly to 3400 cal mole. Be­
cause the displacive trans[ormation is unquellchable, the latter increase 

'" On thc basis of recent calorimetric invcstigation of the displacivc transforma­
tion in albitc by A. B. Thompson , .J. ß. Thompson, Jr. (1978, personal cOllllllun.) 
argucs that thc therlllodynalllic changes ascribcd in the prcsent cOllllllllnicatioll to the 
displacivc transforlllation in albitc may be thc rcslllt instead of llndetccted substitll­
tional orderjdisorder among the T,O and T'm ,ites. lIowever, distinction bct飞归Cll the 
calorillletric conseqllences of the displacivc transfonnation and di旺'ercnccs i n the Y 
ordering parallleter requires comparativc calorillletric annealing expcrilllcnts, which 
have yet to be cωarr 
in alb> ltC Slll口m】丑1 1l1 arized above is c口onsistent 飞with all thc expcrin口l1cntal data rcpOl"tcd by 
飞Wal巾au川I口川n (υ1968创)， Hollll and Kleppa (1968) , and Thompson , 飞Valdballlll ， 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 0 C. The observation that displacive dis喃
order affected H Oz - H OZ =l at 698 0 C only after the samples annealed at 
10450 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 mla would be expected to inhibit 
the displacive transformation at higher temperatures. Note that the in­
crease in HOz - HOZ=l of 860 cal mole-1 after ,..., 14 days of heat treat­
ment is nearly equal to the separation of the curves in fìgure 50. 

The change in the standard molal enthalpy of displacive disorder 
(ilHO dt) can be expressed as 

啊。dt) = (坐匹马 dT + (a(ilHO d~ ') dZ, (152) 
\ aT } z \δZ JT 

which can be used to calculate the standard molal heat capacity of dis­
placive disorder (ilCOp川ι The drop calorimetry exp町iments reported 
by Holm and Kleppa (1968) indicate that HOpγ>，971 一 Hpr，Tr for high 
albite is 790 ::!:: 320 cal mole-1 (OK)一 1 greater than that for low albite.14 

However, if the abrupt increase in HOz - HOZ=l represented by the 
dashed line in fìgure 52 corresponds to the heat of displacive disorder in 
high albite at 971 0 K (which seems likely), it should also be equal to the 
difference in H。鸟.971 - H。鸟，Tr for high and low albite. The fact that 
this increase in ilHoz - ilHoz=l (860 cal mole- 1 ) falls within the uncer­
tainty range of the value of H。鸟，971 - ilHop川、r obtained by drop calori­
metry supports the conclusion that the abrupt increase in H Oz - H OZ=l 

after ,..., 14 days of annealing corresponds to the heat of displacive dis­
order in high albite at 971 OK. 

The samples of high albite used by Holm and Kleppa in their drop 
calorimetry experiments were obtained from 认Taldbaum 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 mla = 12380 K) in both 
çases. It thus appears that 860 cal mole-1 is a reasonable estimate of 
HOpγ， 971 - H。鸟，Tr for Z - 0.06. Because this value is consistcnt with 

H Recent measurements of the hcat 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 calorimctry cxpcriments. 
However, this may be due to kinetic constraints on displacive disorder , \vhich are 
co咀币led to annealing time and the rate at which the Z ordering paramcter changes 
with increasing temp凹 ature (肥c above). The heat capacities of low albite reported 
by_ Hemingway, Krnpka, and Robie are in close agrcement with those given by Kelley 
(1960) , which were adopted in the prcsent 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 AHo dt 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 fìgure 50 suggests that displacive disorder is negligible 
below 3500C (see belo叫. 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 temp盯atures below 3730K. 
If we take 3500C as the temperature at which displacive disorder be­
comes appreciable and assume (a(AHO dt)1δT)z to be independent of 
temperature (which is likely), it follows from the value of HO Pr,971 -

H。鸟，T，.for Z=0.06 adopted above that 

1 = ~_.~""~~n = 2.47 calmole-1 (OK)-l (仰。~) Z=O.06 = 9718~~ 0丁 J Z=O.06 971 - 623 
(153) 

Because (a(AHO àt)/aZh is apparently independent of Z (fìg. 50) we can 
write for 623 0K < T < T m/a' 

AHOrlt ，pρ= (2.47 - 2.63(Z - 0.06)) (T - 623) (154) 

and 

了(?) ) T 二二一斗2μ2.63臼町3 (155) 

where -2.63 corresponds to the slope of the curve in fìgure 53 and 10-3 

of that of the curves in fìgure 50. Eq (152) can now be written as 

AC。川三 {δ(AHO
dtL) = 2.47 - 2 阳- 0.06) 

I 飞。T J Pr 

/δZ\ 
-2.63(T - 623) r.一::. ) (156) 

飞。T J Pr 

where AC。鸟， rlt refers to the standard molal heat capacity of displacive 
disorder. Values of AHo dt calculated from eq (154) are shown as a func­
tion of temperature in fìgure 54A, where it can be seen by comparison 
with 且gure 51D that the temperature dependence of AHo rlt is similar to 
that of AHo rl8' 

Finite difference derivatives of AHo rlt are plotted in fìgure 54B to 
illustrate the extent to which ACopγ， rlt changes with increasing tempera­
ture. The curve in fìgure 54B exhibits the "classic" confìguration of a 
lambda transition. It can be seen by comparison of this curve with that 
in fìgure 55B that AcoPr,rlt is only slightly smaller than AcoPr,d8 at the 
respective lambda points. 

The total standard molal heat capacity of disorder (ACOpγ， t) in albite 
is depicted as a function of temperature in fìgure 56. The values of 
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LlCOpγ t represcnted hy the symb01s were computcd by taking fìnite dif­
ferencc clerivatives of LlH飞， which is defincd by 

LlHO t === LlH o ds 十 Ll l fO dt (157) 
ancl consistent with 

LlCOp"t 三三LlCo l' r ， (!S 十LlCO]飞 ， dt (158) 

It can be seen in 且gure 56 that LlCol'川 increases dramatically from 500。

to 700oK, where it reaches 7 cal rno1e- 1 (OK)-l at the 1amhda poin t. T1山
sharp increase in LlCoPr.t is a consequence of the fact that the disp1acive 
and substitutional orclerjdison1er tra llSformations are superimposed on 
one another. Because the 1ambda points for the two transitions occur at 
low and high temperat町凹， rcsp巳ctive1y (figs. 54B and 55B) , the slope 
of the curve in 且gure 56 changes 0111y slightly [roJ1l ~ 7500 to ~ 10000 K. 
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It is not surprising in vicw of the configurations of the curves in 
ftgures 54ß, 55ß, and 5G that so much cünfusion has arisen over phase 
transitions in albite. For cxample，且olm and Kleppa (1968) consiclered 
the low/high albite transition to be ftrS t-onler, and Orville (1974) esti­
mated the tcmperature üf transition as 575 0 C , which is not far from the 
lambda point in figure 56. 

The separation of the two curves shown in figure 50 is proLably a 
consequence of metastable cooling of intermecliate alLitcs. This can be 
cIemonstratecI with the aid of 且gure 57. The solid curvc in 且gurc 57A 
represents albite in a statc of stablc hümogeneolls equilibrium at a11 
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temperatu1'es. The dashed curves designate displacive equilibrium cool­
ing paths for albites with constant Z. 1n cont1'ast, the dashed curves in 
且gure 57B correspond to mctastable cooling paths for constant Z, which 
have thc same slope as the equilib1'ium cooling path fo1' Z = 0.06. If an 
intermediate albite cooIs rapidly so that Z remains constant , it l1lay not 
follow the dashed lines of constant o1'der in figure 57 A , which corres­
pond to path abc in figurc 57B. 1nstead, the kinetic obscrvations notecl 
above suggest it l1lay foIlow a l1letastable cooling path like thosc labeled 
ad in figu1'e 57B. As a consequcnce , H Oz - HOZ~l at low te l1lpe1'atu1'es 
would be smaller than the cquilibrium value for constant Z by an 
al1lount cor1'esponding to cd in figure 57B. The l1lagnitude of cd in 
figures 50 and 57B , which is inclepenclent of Z, depends solely on 
(ß(ßHO dt)fßT)z for Z 二 0.06.

The heat capacity powe1' function coefficients givcn in table 8 for 
albite (which refers in the presentωl1lmunication to NaAlSi 30 g in its 
stable state of substitutional ancl clisplacive clisorcler) above 473 0 K were 
obtainecl by first acldìng ßHo ds ， 飞，T and ßHo'lf ,ProT to values of HOPr ,T -
HOp户 473 caIculatecl from eq (26) ancl the heat capacity coefficients rcported 
by Kellcy (1960) for albi te. This procecl旧e is basec! on the assumption 
that the high-te l1lperature enthalpy clifferences given by Kelley and others 
(1953) for albite fro l1l Varuträsk, Sweclen, cIosely approximate those of 
low albite with Z Y = 1. The heat capacity coe丘icients 1'eported by 
Kelley (1960) co1'1'esponcl to those shown in tablc 8 [01' low albite. The 
sa l1le coef且cients are given in thc table for albite in the tel1lperature 
range 298.15 0 to 473 0 K, ,,yhere both ßCo l'r ,dt and ßC 0

1'r , d8 = O. Regres­
sion of finite di fIerence derivatives of thc calculated values of HOPr ,T -
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HO l',., 473 generated the second sct ofωefflcicnt吕 for albite in table 8. The 
corresponding set of heat capacity coe面cients for high albite shown in the 
table were calculatecl by adcling 2..17 to the a coe而cient for low albite 
in the temperature range T > 350 0 C. Thc heat capacity coef且cients for 
high albite at temperatures < 350 0 C (where ßC。矶 ， dt ""'" 0) correspond to 
those for low albite. Consequently, the heat capacity coefficients for high 
albite do not represent accurately CO Pr [or high albitc from 3500 C to ~ 
4500 C , but the effect of this disparity on the accuracy o[ computecl vallles 
of HOr斗 ， T - HOpγ.Tr for high albite is negligible. Calculated values of 
HOProT - H。鸟，Tγfor albite , low albite, ancl high albite are shown as a 
function of temperature in figure 58. 

Finite clifference clerivatives of HOPr ,T - HOpγ， 173 for albite are plottecl 
rn 且gure 59B , where they can be comparcd with the cllrves generated 
from the heat capacity coefficients in table 8. It can be seen that the 
calculations closely approximatc the finite di fIerence clerivatives below 
the lambda poin t. Howevcr, thc clashecl curve above Tm/α， which corres四
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ponds to calc1l1atecl va11les of C。飞， dilfers significantly from that repre­
sented by tbe solid cllrve connecting the 且nite di旺erence derivatives 
above the 1ambda point.广rhis discrepancy 1imits the app1icabi1ity of the 
heat capacity coe ft1cients for a1bite in tab1e 8 to tcmperatures < 12000K. 

Extrapo1ation of SOp ,..,200 - SOl飞 .Tγcomputed from eq (27) ancl the 
coe而cients for albite in table 8 to T m / a (1238 0K) yie1ds 97.74 ca1 mo1e-1 
(OK)-1 for SOPr. 143S - SO l',..'r ,.. Simi1ar extrapolation of ßS o dg from 12380 to 
1473 0K (T d8 ) resu1ts in 0.13 ca1 mole• (OK)-1. The di lIerence in the 
sllm of these va1ucs (97.87 ca1 mo1e-1 (OK)-1) and SOPr.1238 - SOPr，Tγfor 

10w a1bite (92.95 cal l1lo1e-1 (OK) •') corresponds to ßS飞.Pγ.1473' which is 
the tota1 standard mo1al cntropy of displacive and substitutiona1 dis­
orcler in albite caused by a tcmperatllrc increase from T Z~1 to T Z~O' 
However, bccause thc stanclarcl mola1 heat capacity of high a1bite is 
1arger than that of 10w a1bite , this va11le (1.92 ca1 mo1e-1 (OK)-1) is 
climinishecl by 2.13 cal mo1e-1 (OK)-l as temperaturc 出creases to 
298.15 0K. It follows that the difference in thc stanclarcl mola1 entropies 
of high ancl 10w albite at 25 0C and 1 bar‘ is 2.79 ca1 mo1e-1 (OK)- l, 
which is close to thatωmputed recent1y by Mazo (1977) from statistica1 
mechanica1 consiclerations of Al/Si disorde盯r二 (β3.1 ca址1 mo1e-1 (俨。 K)-l可) bu川t 

s饥川ubs沾川stan川tia址II忖y less th，旧二an th比c icl【clea址1 cωonfìgu 

(OK) 一 1吁) adopt忧E仅cl by 飞w气V飞v且址1dωIbau山m (1968) , Robie ancl Walclba 山n (1968) , 

ancl Hemi吨way and Robie (1977a). Adding this clifference to the calori­
metric third law entropy of low albite obtained by Opcnshaw (ms) 
leacls to thc value o[ SO l'r.T given in table 8 for high albite. The vλlue 
of VOPr ,Tr for albite is ap沪、oximated in table 8 by thc mcan of th巳

corresponding values for high and low al lJitc. 
The calculations sllmmarized above inclicatc that displacive clisorcler 

accounts for about a third of the total contribution of clisorder to the 
thermoclynamic behavior of albitc. The maximum contribution by ßHo ds 

for Z = 0 (2630 cal mole-1) corresponds to al lJite in its equilibrium 
orclering statc at temperaturcs 二~ T ds (1473 0K) , which is abovc the melt. 
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ing point of albite. Because there is no evidence of a fìrst-or c1er transition 
at Tm/α， the total heat of clisplacive ancl substitutional clisorcler at the 
melting point (1391 0 K at 1 bar , where Z = 0.01) is > 4000 cal mole- 1 • 

Orcler / disorder in K-feldsþar.-The standarcl molal enthalI巧 of for­
mation from the elements of high sanicline given by Robie ancl Walcl­
ba川n (1968) was taken from \Valdbaum's (ms ancl1968) calorimetric stucly 
of the alkali felclspars. Although this value was obtainecl using a sample 
of stoichiometric high sanidine (vValclbaum ancl Robie , 1971) , it appears 
from the relation between the Z orclering parameter ancl the lattice con­
stants for monoclinic potassium felclspar given by Hovis (1974) that the 
sample was not completely clisorclerecl. The Z orclering parameter is re­
lated to the b ancl c lattice constants by 

Z = 2(XA1 ,Tj - X A1•Tz ) = 7.6344 - 4.3584b 十 6.8615c (159) 

wh巳re X AI •Tj ancl XAI,T2 refer to the mole fractions of aluminum on the 
T} ancl T 2 sites , respectively. Combining eq (159) with the cell para­
meters reportecl by 飞的lldbaum (1968) for the sample of high sanicline 
usccl in his calorimetric experiments yielcls Z = 0.098. Taking account 
of the linear clepenclence of the heat of solution of K-felclspar on Z at 
49.7 0 C (Hovis, 1974), the stanclarcl molal entl时py of clisorc1er (ßH o ds) 

in cal mole-' l can be expressecl as (fig. 60) 

MP ds = 2650(1 - Z). (160) 

It follows that the stanclard molal enthalpy of formation from the ele­
ments at 25 0 C ancl 1 bar of high sanicline for which Z 0.098 is more 
negative than that of its completely clisorclered counterpart by ,.." 260 
cal mole-1 • 

It can be seen in figure 51 that the Z orclering parameters for K­
felclspar ancl albite are nearly equal at equivalent temperatures. As in 
the case of albite, th巳 clependenc巳 of Z on temperature is a function of 
th眨e s钊tan血nd盯d molal he巳eat Gωa叩lψpa缸川【cit叮y 0叫f reaction (忡ßCO巧。飞r飞υ、飞，.) for intr、~a正acαrysta二A址二allin
exchangεof AI ancl Si among the energetically distinct tetrahedral sites 
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Fig. 60. Standard mol气1 cnthalpy of suhstitlltional clisorder (LlH O d') in K仕ldspar
as a fUllction of the Z orclcring paramctcr at 49.7 0 C ancl 1 bar. 
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in K-feldspar. The intracrystalline exchange reaction for monoclinic 
potassium feldspars can be written as 

AITj + SiT2 :;;:::: AlT2 十 Si'l' j (161) 
for which 

a'\1.1'2 a Si ,Tl K 

G 入 I ， Tj aSi ,Tz 

(162) 

wl町e K refers to the equilibrium constant for reaction (161) , If as a 
且rst approximation we regard the activityιoefIìcients [or Al and Si 
on the tetrahedral sites as unity, it [ollows [rom the stoichiometry of 
KAISi 3 0 s ancl eq (162) that we can write (Thompson, 19(9) 

l/l-zl/3-z 、n( 二→一) + ln (--;;--;- -= ) = -2(arcta l1 h Z 十 arct川h (Z/3)) 二 ln K. 
\ 1 十 Zj 飞 3 十 Z j 

(163) 

lf ð.Co r，飞二 o for reaction (161) , which seems likely, ln K in eq (163) is a 
linear function of T-\ ancl we can write , 

K 二一气气十一去) (164) 

wherc ð.H 0 r refcrs to the stanclanl molal enthalpy of reaction (which is 
indepemlent of temperature) and T ds clesignates the temperature in oK 
at which Z 二 o (1432 0 K). Eq (164) is representccl by the curve in figure 
61 , which was gencratecl from eq (163) ancl the curve shown in figure 51 A. 
The slope of the curve in figure 61 is consistent with 

AHOds 以 2650
M-J 。γ 二 」一一一二一一一= 5300 cal mo!c-l (165) 

v_口，Tj.Z~l - V'\I ,1' j ,Z 0.5 

14320 K(Z=O) K-FELDSPAR 

SLOPE=-.6. H~/R=266rK 

-7 
0.5 

/ 

Fig. 61. Logarithm ()f the equilibriulll COllstant for reaction (161) as a function of 
temperature-1 at 1 bar. 



138 Na20-K20-Al203-Si02-H20 

c where ν A川I ， T盯1 ， Z~1 and v"，λ飞\1 ，'1'盯r川J'Z refe创r、 tωo the numb ε臼盯r嘈 of mo叶le臼s of Al on th陀
T , site臼s (倍gral1l fo町rmu川1让山1，且1 ur旧 t)-l 0叫f K-feωelds叩p川t乱盯1

The va址l时 of ð.S。飞γfor reaction (161) collsistent with the linear curve in 
且gure 61 is 5400 cal molc-1jl4320K = 3.7 cal mole-1 (OK)- r, which 
corresponds to that uscd by Hovis in his calculation of Z as a function of 
tcmperature. 

Eqs (163) through (165) describc 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. As Z • 0, ln K • 
0, but as Z • 1, ln K →∞. 

vValdbaum and Robie (1971) report 一 116 ， 698 cal mole-1 for the 
heat of solution at 19.70C o[ thc slightly ordcrcd sample of high sanidine 
discussed above. In contrast, Hovis' (1971) data indicate -148,200 cal 
mole-1 for the heat of solution of high sanidine with Z 0.098. The 
two cωon川tra瓜adi
pr陀es优ent study tωocωomput忧e ð.Ho j of hi让igh san旧1让idωine - see below) a汩r‘e p抖10川tt，忧ed

in figure 62 , which was generated by taking account of the temperature 
dependence of the Z orclering para l1leter for monoclinic potassium felcl­
spar (且g. 51A). Hovis (1974) ancl Hemi吨way and Robie (1977a) attribute 
the bulk üf the discrepancy betwcen the results of the two calorimetric 
studies to systematic di旺erences in the data acquisition systems cl1lployed 
in the two investigations. Each system apparently yields accurate relative 
heats of solution as a function of composition ür substitutional orderj 
disorder, but the absolute heats of sülution generated by the two systems 
are not comparablc. It is of intercst to note in this rcgarcl that the heats 
of solution reported recently by Hemi吨way and Rol由 (1977a) for Amelia 
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albite in a 20.1 wt percent hydrofluoric acid solution at 49.7 0 C are only 
,_, 500 cal mole-1 more negative than comparable values measured by 
Waldbaum and Rol由 (1971).

Because the calorimetric clata given by Hovis (1974) are internaIly 
consistent and represent a range of Z from 0.093 to 0.590 for XKAlSi308 
> 0.9734 , the temperature dependence of the standard molal enthalpy of 
substitutional order/disorder in K仕ldspar (ßHo ds) can be ωmputed 
from his heats of solution and the curve representing Z as a function of 
temperature in fìgure 51A. Calculated values of ßHo ds for K-feldspar 
are plottecl in 且gure 51C , whcre they can be compared with corresponcl­
i吨 valllcs for‘ albite (fig旧e 5 lD). The c旧ve shown in figure 51 C was 
generated from eq (160) and values of Z corresponding to a s优阳阳e创町r巾、

perat川ur陀es from 298.15 0 K (where Z 二 1) to I432 0 K (where Z - 0) in 
fìgure 51A. 

Finite clifference derivatives of ßHo ds for K-feldspar and albite can 
be comparecl in fìgure 55. Althollgh the curves representing ßCopγ.ds as 
a function of temperature are similar in configuration, it can be seen 
that ßCo l'r,dS of albite exceeds that of K-feldspar by more than a cal 
mole-1 (OK)• at the respective lambda points. 

The standarcl molal heat capacity of K-feldspar can be calculated 
by first combining the values of ßHo d8 computed above with correspond­
ing values of HO鸟，T - H。飞.1'r calculated from eq (26) ancl the heat 
capacity power function coefficients for maximum microline in table 8. 
Regression of the fìnite clifference clerivatives of these values of H Op,,1' 

HOPr. Tγ for K仕lclspar in its stable or由ring state with eq (19) generated 
the heat capacity coefficients shown for the mineral in table 8 ancl the 
curve clepicted in 且gure 59A. It can be seen in this fìgure that eq (19) 
affords close approximation of the fìnite di fIerence derivati飞res.

It is evident in figure 59 that the curves for K-feldspar ancl albite 
differ signifìcantly, which is clue primarily to the displacive transforma­
tion in albite. The corresponding change from triclinic to monoclinic 
symmetry in K-feldspar has no apparent efIect on its thermoclynamic be­
havior. Hovis (1974) estimated the triclinic/monoclinic temperature of 
transition for potassium feldspar to be 451 0 士 47 0C at I bar, which 
corresponds to Z 用。.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仕ldspar，
it appears that the triclinic/monoclinic transition in potassium feldspars 
is accompanied by a negligible heat of transition. 

Values of ßHo ds ancl ßSo d8 for Z 二 I to Z 二 o calculatecl from 

ßH。由二 (H。凡山2-HOPr， 2忧日)K./eZds阳俨

一 (HOPr ， 1432 - HOp川98.15)川crocZine (166) 
and 

ßSO d8 = (SOpγ，山2 - SOp，， 298.15)K.teZd叩旷

一 (S。鸟，日32 - SO l'，， 298.15)川旷叫附 (167) 
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using eqs (26) ancl (27) together with the heat capacity coe侃cients given 
in table 8 for K-felclspar ancl maximum microcline compare favorably 
with eq (160) ancl the value of .lS。由 estimatecl by Hovis for Z = 1 to Z 
= -l. Eqs (26) ancl (160) generate the same value of .lH o d8 (2650 cal 
mole- 1 ) , but eq (27) yields a value of .lSO ds (3 .4 cal mole• (OK)-l) for 
Z = 1 to Z 二 o which falls at the lower encl of the uncertainty range 
given by Hovis for the estimate (3.7 ::!:: 0.3 cal mole-1 (OK)-l) he usecl 
to calculate Z as a function of temperature. Note that the value of .lSo ds 

for Z 1 to Z 0 is substantially less than the ideal configurational 
entropy of clisorder (4.47 cal mole- 1 (OK)-l) aclopted by Walclbaum 
(1968), Robie ancl Walclbaum (1968), and Hemingway ancl Rol由 (1977a).

The heat capacity power function coeffÌcients given in tabIe 8 for 
high sanicline are the same as those for maximum microcline. The co­
ef且cients 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 sanicline at 25 0 C and 1 bar differ by only 0.06 cal 
mole- 1 (OK)- l, ancl the clifference in the corresponding heat capacities 
is only 0.07 cal mole- 1 (OK)-l (Openshaw ancl others, 1976). Accorcli吨ly，

the stanclarcl molal entropy of high sanicline in table 8 was calculated 
by adding .lSo ds = 3.4 cal mole- 1 (OK)-l to the standard molal third 
law entropy of microcline (5 l. 13 cal mole- 1 (OK)-l) reported by Open­
shaw (ms). 

Paragonite, muscovite, K-feldspar, and albite.-The values of ÂGo, 
ancl .lHo f given in table 8 for these minerals were calculatecl from 
equilibrium constants cler甘ed from high pressurejtemperature experi­
mental data for 

and 

pyrophyllite + albite ~ paragonite + 4 Si02(aq) , (168) 

albite 十 K+ ~ K-felclspar + N肘 (169)

2 muscovite + 6 quartz + 2 H + ~ 3 pyrophyllite 十 2 K+ , 
(170) 

muscovite + quartz ~主 K卡lclspar + anclalusite + H 20 (171) 

using equations ancl data for the aqueous species given by Helgeson and 
Kirkham (1974a, 1976, and in preω) and 飞Nalther ancl Helgeson (1977) , 
ancl the values of VOPr，斗， SOPr.Tr, ancl the stanclard molal heat capacity 
coe面cients 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 computecl values of .lG O f ancl ÂHO f with 
both low ancl high-temperature solubility and phase equilibrium data 
ancl the compositions of interstitial waters in sediments. The experi­
mental data usecl in the calculations are shown in figures 63A ancl B , 
64, 65C, ancl 66A, where they can be comparecl with equilibrium con-
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stants and univariant curves generated [rom thermodynamic data given 
in table 8. 

Calculation of activity coefIìcients at high pressur、es and tempera­
tures (Helgeson ancl Kirkha l11. in press) inclicates that cliffere旺es a l110ng 
于J(+， 'ÿXa+, ancl 于H+ are negligible (compareù to experi l11enta1 uncertainty) 
at the re1ative1y 10w "true" ionic strellgths of the e1ectrolyte solutions 
consiùered by J. J. Hem1ey (1973 , 1977 , written cOl11l11 un.) anù Montoya 
ancl Hel111ey (1975). lt has a1so been demonstrated (Orville, 1963; J. J. 
Hem1ey, 1973 , written commun.) that the activity coefIìcient of Si02 (α q) 
ancl the ratios of the activity coe伍cients of po1ar neutra1 species such as 
KCl , N aC1 , and HCI in high temperature aqueous e1ectro1yte solutions 
can be regardecl as unity without introùllcing unacceptab1e uncertainties 
in computed equi1ibrium constants. Accorùingly, all activity coe伍cients
were set to one in the retrieva1 calculations. 

The va11les of .:lGo f anù .:lHo f for low a1bite in tab1e 8 corresponcl 
to those for a1bite in its equi1ibrillm state of orcler at 25 0 C ancl 1 bar, 
but the standarcl molal enthalpy of für l11ation from the elements given 
for high albite is equa1 to the sllm of .:lH of of low albite ancl .:lHo d8 

for Z = 1 to Z = 0 (2630 ca1 mo1e- 1 ). TI山 clifference l削ween the va1ues 
of .:lHo f for high ancl 10w a1bite is consistent with a corresponcling cliffer­
cnce of 2.79 ca1 mo1e- 1 (OK)-l and 1799 ca1 mo1e- 1 in SOPr,T r and .:lG勺，

respectively. Simi1ar1y, the same va11les of .:lG o f and .:lHo f are given in 
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clata givcn in table 8, hllt thc dashed curve 飞\'as generated using data rcportcd by 
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tab1e 8 for maximum microcline and K-fcldspar in its equi1ibrium state 
of order at 25 0C and 1 bar, but those for high sanidine wcre computed 
by adding LlH。由= 2650 ca1 mo1e to LlH o f of microcline. The difference 
in thc standarcl mo1a1 cntropy of maximum microcline and high sani­
cline in tab1c 8 corresponcls to the va1ue of LlSd8 for Z = 1 to Z = 0 com­
put忧ed above (β3 .4 ca址1 mo1长e-10K 可

De臼spμit忧e t1山h比e fact tha川t r陀e1ative1忖y few expe创r‘-1m，εnta1 clata were uscd in 
the r‘etriev正a1 calcu1ations , it can be deduceù from 且gures 63 through 68 
that (with a fcw exceptions discussecl be1ow) the thermodynamic data 
given in tab1e 8 are consistent with experimenta1 equi1ibrium constants 
and univariant clata for a 1arge number of reactions at high pressures 
and temperatures. Separate curves are shown in fìgures 63A and D , 66, 
and 67 for maximum microcline, K-fe1dspar, high sanicline, 10w a1bite, 
a1bite , and high a1bite to illustrate the effects of orcler/clisorder on solu­
tion compositions ancl reversa1 temperatures for reactions invo1ving a1ka1i 
fe1clspar. 15 

'\Tith a few exceptions (for examp1e, Che1ischev ancl Borutskaya, 
1972; Chatterjee and Johannes, 1974) , order/disorder in fe1dspars has 
receivecl 1itt1e attention in experimenta1 studies of phase equi1ibria. 
N everthe1ess, it appears 1ike1y from the clistribution of the curves in 
figures 66 and 67 r巳presenting different states of order in fe1dspar , that 
discrepancies among experimenta1 rcversal temperatures reported by dif­
ferent investigators for the reactions shown in the fìgures can be attrib­
utecl to di旺erent states of order in the feldspars produced and destroyed 
in the various 1aboratory studies. lt can be secn that the decomposition 

13 As indicatcd in prcvious discllssion , the terms K-feldspar and albitc arc Ilscd in 
the prcsent cO ll1lllllnication to designatc KAlSi，O刷 and NaAlSi,Os in thcir slable states 
of order at any temperature and pressurc. Similarly. the nalllCS high sanidine and 
high albitc connote cornplete clisorder, whereas lllaXillllllll microcline and low albite 
refcr to thc complctely ordered phascs. 
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curves for muscovite gencrated from the thermodynamic calcu1ations 
agree close1y with the experimenta1 reversa1s reported by Chatter叶jee an(叫d l 
Jo1川mes (1974) , who calc 
parameter in their reactant fe1dspars. The curve in figure 51A indicates 
that these va1ues of Z correspond to equi1ibrium states of disorder for K­
fe1dspar at tempcratures ranging from ,_, 8000 to 950。巳 Univariant

curves representing reactions invo1ving fe1clspars with these va1ues of Z 
wou1d thus 1ie between those for K-fe1clspar and high sanidine in figures 
66 and 67C. In contrast, curves passing through Day's (1973) reversa1s 
and Ve1de's (1966) bracket at 2 kb wou1d correspond to a more ordered 
state approaching that in mctastab1e maximum microcline. It can be 
seen in figure 69 that .:lH op •T of a metastab1e ordered K-fe1dspar at 6500 C 
is ,_, 1 kca1 mole- 1 1ess negative than its stab1e counterpart. 

Note that no provision for disorder in 2M muscovite is necessary 
to satisfy a11 the experimenta1 data shown in 且gures 66 and 67C, which 
contraclicts arguments and conclusions expressed by Ulbrich ancl Wald­
baum (1976) , Zen (1977) , and Hemingway and Robie (1977吟， who ad­
vocate adding an idea1 mixing contribution to the standard mo1a1 third 
1aw entropy of muscovite. lf in fact such a configurationa1 contribution 
(4.47 ca1 mo1e- 1 (OK)-l) were added to the ca10rimetric standard mo1a1 
entropy of muscovite in tab1e 8, the C1apeyron slopes of the curves in 
figures 66 ancl 67C wou1d be inconsistent with the experimenta1 reversa1s. 
It can a1so be seen in 且gure 67A and B that no provision for disorder 
in paragonite is necessary to reproduce Chatterj巳e's (1970, 1972) experi-
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mental revcrsals. However, it appears frorn figure 67B that the synthetic 
albite used in Chatterj时's (1970) experiments did not achieve its equi­
libriurn statc of disorcler at high ternperatures. This conclusion is sup­
portecl by the sornewhat erratic pressUI、c distribution of the experimental 
temperature brackets in figure 67B ancl the relatively short clllration of 
Cl川te巾c's (1970) experiments, which rangecl from 17 to 152 clays at 1 
ancl 2 kb, but (with 3 exceptions) from 10 to 45 clays at higher pressures. 
The fact that both 1M and 2M paragonite appeared in these experiments 
also introclllces ambiguities in the rcsults. In the case of figure 67 A, the 
cell parameters reportecl by Chatterjee (1972) ancl eq (148) inclicate a 
state of equilibrium disorder corresponcling to ~ 750oC. Taking these 
observations into acωunt， together with the nonstoichiometry of the 
albite in Chatterj町's (1972) experiments with albite, paragonite, and 
andalusite, the curves gcnerated in the present stucly appear to be in 
exccll巳nt agreement with the experimental data. 

The symbols shown in figures 63A ancl D , 61, and 65A represent 
equilibrium with aclularia or microcline, ancl those shown in 且gures
63A ancl B and 68B refer to low albite. lt is apparent in these figures 
that (with a few exceptions discussed below) the equation of state for 
aqucous species given by Hclgeson ancl Kirkham (1976 ancl in press) 
ancl the thermoclynamic properties of low albite, maximum microcline, 
high saniclinc, ancl K-felclspar in table 8 af[orcl closc approximation of 
the equilibrium constants clerived from cxperimental clata ancl the com-
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positions of natural waters. ln contrast, it can be seen in 且gure 64 and 
deducecl by comparison of 自gures 63A and 64 that the values of .ilGo! 
and .ilHo f given by Hemingway ancl Robie (1977a) for low albite and 
microcline are inconsistent with both Merino's (1973 , 1975) data and 
those reportecl by Mo川oya and Hemley (1975) and J. J. Hemley (1973 , 

1977, written commun.). Hemi吨W叫 and Robie report -948 ,301 :::!::: 805, 
-940，515 士 816 ， and -1 ,428,475 :::!::: 773 cal mole- 1 for .ilHot of micro­
cline, low albite , and muscovÏte. These calorirnetric values of .ilHO t differ 
from those generated in the present stucly (table 8) by 887, 835, and 1067 
cal mole • 1 respectively, which are only slightly larger than the uncer­
tainty limits given by Hemingway and Robie. 

The small discrepancies bctwcen the curves in figure 63 ancl the 
symbols reprcsenting Mo I1toya ancl Hemley's (1975) calculatecl values of 
aNa+/ aK+ almost certainly arise from the relatively large uncertainties in 
the dissociation constants for N aCl and KCl ernployed in their calcula­
tions. For exarnple, it can be deduced from consideration of figures 63C, 

65B, and 68B that Mo川oya and Hemley's (1975) log K value for the 
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reaction shown in fìgure 65B is inco Ilsistent with J. J. Hemley's (1973 , 
1977, written commun.) values of log K for the reaction shown in fìgm它
63C. 1n most instances the curves shown in 且gures 65 and 68 are in 
excellent agreemcnt with thc experimcntal equilibrium constants shown 
in the 且gures ， but rclatively large discrepancies are apparent in fìgures 
65A, B , and D and 68D. Owing to the iact that these discrepancies are 
1imited to certain reactions at a few temperatUl、es ， it seerns un1ike1y that 
they can be attributed to noncompensating activity coefficients or errors 
in the cquation of state coe而cients emp10yed in the present study to 
calcu1ate ßGop ,T.Na+ and ßGo l'.T ,K+' Large uncertainties in the va1ues 
adopted by !\Iontoya and Hemley (1975) for the dissociation constant of 
KCI at 300 0 and 5000 C (see Helgeson and Kirkham , 1976) are probab1y 
responsible for most of thc clisagreement in fìgures 65B ancl D. However, 
the fact that the cliscrepallcies in fìgurcs (ì5D anc! 68D do not appear in 
fìgure 63C suggcsts compcnsating errors ill !\[ontoya ancl Hemley's cal­
culation of 11n+ for the t wo 1 巳lctions at 500。ιThis calcu1ation is scnsi-
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Fig. 70. Logarithmic acti, ity diagrams for thc system K,O-AI,O,-HCI-H,O at high 

prcssures ancl tl'mpcraturcs. Thc positions of thc stability ficld bOllndaries were com­
putccl for aH 2 () 二 1 usillg thcrmodynamic cqllations and data for minerals sumlllarized 
in the text and those for a'lueous species given by Hclgcson ancl Kirkham (1974a , 
1976, ancl in press) and 飞\'althcr ancl Helgesoll (1977). 
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tive to the value adopted for the dissociationωnstant 01 HC1, which is 
uncertain to thc exte川 of a log unit or more at 5000 C and 1 kb (Chou 
aml Frantz, 1977). 

Activity cliagrams generated from the thermoclynamic clata given in 
table 8 for minerals in the systems K20~A1203~Si02~HC1~H20 and 
Na"O~K20~A1203~Si02~HC1~H20 are depicted in figures 70 and 71 for 
pressures and temperatures to 500 0 C and .1) kb. The thcrmoclynamic 
properties of the aqueous spccies shown in the diagrams were computed 
from equations ancl data summarizecl by Helgeson ancl Kirkham (1974a, 
1976, ancl in press) ancl '<Valthcr and Helgeson (1977). It can be seen 
that the stability 且eld of paragonite in the presence of quartz appears 
only at high pressures or intermediate temperatures at low pressures. ln 
the absencc of quartz, the stability fields of kaolinite, kyanite, ancl ancla­
lusite arc rcstrictecl to a few tenths o[ a log unit in aSi02CaQ) at high 
pressures ancl temperatures. Notc also that at high temperaturcs and low 
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prcssures, thc stability 且eld of mllscovi te cleιreases clramatically in size 
with increasing temperature andjor decreasing pressure. Observations 
such as these undersco1'e likely callscs of the many di面【 ulties cncollntered 
in both experimental and theo1'etical investigation of stabili ty relations 
among al l1minosilicatcs and aqueous solutions at high p 1'essu1'es and 
tem pe1'a tu1'es. 

J\lthollgh it might appear at fmt glance that the values of log 
{1 K , j aW and log (1 S;Ü2C叫) corrcsponcling to the muscovitejkaolinite and 
K-[elclsparjpyrophyllite boumla1'ies in figure 70A are inconsistent with 
the compositions of natural waters p 1'esumcd to bc in equilibrium with 
montmorillonite and Illixed layer cl叫飞 thermodynamic correlations of 
this kind clepend on the o1'dering states and COlllpositions of the min­
e1'als in thc sediments and soils being considered. Fo1' cxample , if clay 
mineralsιocxist with metastable disordered [eldspar, montmo1'illonite 
叭'ould be stable at much higher values o[ {1 K+jaw [or a given aS;ü2C叫)
than those shown for thc pY1'ophyllitcjK-[eldspar bounclary in figure 
70A. Considerations o[ this kind (Aagaard, Hclgeson, and Benson, 1978) 
suggest tbat the phase relations shown in figure 70A are generally com­
patible with analytical data fo1' clay minerals and ground waters in 
natllral systems. 

Kal.s ilite, analcime, nePhcline, and jadeite.-High pressllrejtempe1'a­
ture experimcntal data reported by Hemley (1973 , written cωommun且叫.), , 
Gr陀eCln口1叭、叮叭叭v飞飞(ω;

Birc川句℃甘ch ， ancl MacDonald (1957) , and Bell (1%<1) for 

muscovite ;:主 kalsilite 十 corundum + 2 Si0 2 (aq) + H 20 , (172) 

analcime + Si02 (α q) ~ albitc 十 H20， (173) 

2 analcime ~ nepheline + albite 十 2 H 20 , (1 74) 
and 

2 jacleite ;:主 nepheline + lowalbite (175) 

werc used to 1'ctricve valucs o[ L'l.G o f and L'l. H o f fo1' kalsilitc, analcime, 
口ephelinc， and jacleite. It can be dedu出d [1'om 且gure 72 tl川 the stan 
da川1r吨吐dm丑10叫L‘al让1 Gibbs刘s free enε町rgies anc叫d ent山ha址11μ}对le白s 0叫f fo创l'句丁ma川tion r陀咱'ct盯riev飞ve仅dl 
foωr 、 th比e 且趾r且叫t t山hrε e of the巳S忧e l11 i川ne创ra址als (table 8) are consistent with Hemley's 
(1973 , writtenω1111llUn.) solubility data. However, those [01' analcime 
generate log K valllcs for 1'caction (173) at tcmpcratures ancl pressures 
ωrrespomling to the vaporjliquicl equilibriumιurve [or H 20 that 
differ slightly [rom those reported by Apps (ms). The latter discrcpancy 
is probably a conseqllencc of solid solution in the salllples of analcime 
lIsed by Apps. 

Thc composition of bo!h synthetic and natm、al <l nalcime is highly 
variable (Saha, 1959, 1961; Greernωod， 1961; \飞'ilkinson and \Vhcttcn, 
1964; Coombs ancl 飞\'hetten ， EJ67; Thompson, 1971). Phasc relations in 
the system NaA1SiOιSiO"-H"O are depictcd in figure 73，叭.'here i t can 
be seen that stoichiometric analcime cannot coexist with albite at any 
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temper二ttll 1'e. The compositional 1'elations shown in figu 1'e 73 a1'e based 
on clata 1'eportecl by Saha (1959, 1961). Mackenzie (1954) , ancl Kim ancl 
Burley (1971), which were also used to const1'llct the cliagram shown in 
figure 74. 

The extent to which analcime dehydrates with inc1'easing tempe1'a­
ture is shown in figure 75. The curves in figure 75A 1'ep1'esent equilib1'illm 
constants pertal I1lng to 

analcime ~ clehyd1'ated analcime + H 2 0 (176) 

fo1' which the Iaw of mass action can be w1'itten as 

1- Xα λ。K

XαaH20λd 

叭whe1'陀e t山he subs泊s以crα:r‘t勺iptsαand d 1'efe1' tωo r、、归、

( 177) 

1'es叩pe匹ctivel忖y. The values of ilGo f and ilHof [01' dehycl1'ated analcime in 
table 8 we1'e computed [rom the value of ilH。γ 1'eported by Ba1'any (1962) 
fo1' reaction (176) at 25 0 C ancl 1 bar. A臼uml吨 λα=λd 二 1 in eq (177), 
which seems likely , calculation of log K for reaction (176) as a function 
of tempe1'atu1'e using the the1'modynamic clata given in table 8 fo1' anal­
cime ancl clehyd1'ated analcime indicates that the activity of the 
NaA1Si2 0 6 • H 20 component in analcime dec1'eases from unity at 25 0 C 
and 1 ba1' to - 0.9 at 5000 C and 1 kb (fig. 75). 

Taking accollnt of the clehydration of analcime ancl the temperature 
dependence of the equilib1'ium compositions of coexisting albite and 
nepheline (fig. 74) pe1'mits calculation of the equilib1'ium constant fo1' 

reaction (174) , which can be exp1'essecl as 

XnXα b Kλrz2 

XJ (l H2()λnλαb 

800 

.1 KB , MACKENZIE (1954) 
450'- .1阻， SAHA(1961)

.ð. 5KB丁
;:::; ;::;;;;) KIM AND BURLEY 

4001υE2KBJ(|970ll 
o 0.2 0.4 0.6 0.8 1.0 

N口AISi04 XN口 AISi308 NaAISi308 

(178) 

Fig. 74. Tcmperaturc-composition diagram for thc system NaAISiO.-NaAISi,08 
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where the subscripts a, ab , anù n refer to NaA1Si 20 G • H 20 , NaA1Si30 s, 
ancl N aA1SiO垒， respectively. Although soliù solutions among nepheline 
ancl albite are obviously nonicleal (fig. 74), the extent to which these two 
minerals clissolve in each other at temperatures below ,_, 6500C is rela­
tively small. U nùer these conùi tionsλαb at X n < < 1 ancl λn at Xαb 
< < 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 ancl 75. 
It can be clcclucecl from figure 73 that analcimc can be regarcled as a 
solid solution of NaA1Si 2 0 G • H 2 0 日nd NaA1Si 20 G for the purpose of the 
calculation. It is evident in 且gure 76 that this proceclure ancl the thermo­
dynamic ùata for albite. analcime , anù nephelinc in table 8 yield equi­
librium constants consistent with experimental reversal temperatures for 
reaction (174) at high pressures and temperat旧时. As noted above , the 
values of ßHo t and ßGo t for analcime anù nepheline in table 8 are also 
consistent with J. J. Hemley's (1973 , written commun.) solubility data 
(且g. 72), which refer to stoichiometric analcime. 

Experimental reversal tempcratures reportecl in the literature for 

analcime 十 quartz :;::二 albite + H 2 0 (179) 

are shown in fìgure 77B. Unless soliù solution is taken into account, the 
experimental ùata plotted in figure 77B cannot bc reconciled with 
those shown for other reactions involving analcime in figures 72 and 
76. No inùication is givcn by Thompson (1971) or Liou (1971b) of non­
stoichiometry in the analcimc proclucc c1 in their experiments, but un­
ambiguous c1etermination of excess silica in analcimc by X-ray methocls 
requires evaluation o[ the anglc of the õ39 peak, which is 口ot part of 
the X-ray pattern normally usec1 to identify the phase. Liou usec1 cell 

B. 

A. 

};ig目 75. Equi1ib】川 ll lIl Cωon川S旧tan川l for rcacli 
Cω01口川I阳sla川川I口川II pr町es臼Sll山Ir、'C (la拍b】)cle叫【d in kb均) a川nd moω1e fra皿i旺ction is 【o平plctαths fo臼r a川1口】lalci川m比e.卡礼~dchy严川dra川tcd
analcime solid SOI11tiollS as a fUllction of prcssllre and tcmperature. The clashet( cur 飞 cs
in diagram A and lhe solid curves in diagram ß designatc' X".AISi 2 0G • H 2û' 
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m x 

Fig. 76. Univar山lt equilibrium curves (generated from thermodynamic data gi刊n
in table 8) and cxpcrimental observations of phase rclations (symbols) in the system 
Na20-Al,O ,,-Si02-H,O at high pressures and temperatures. The double-dot-dash curves 
represent isoplcths of analcime composition designated by XNaAlsI206 • HZO' 
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edge deten旧nations to monitor changes (or lack thereo句 in analcime, 
but the cell edgc 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 
expenments. 

Because LlSo r and Ll VO r for rcaction (179) are small, it is not sur­
prising that the reaction is SI11ggish and dif且Clllt to investigate experi­
mentally. The amollnt of solid solution in analcime required to satisfy 
the variolls experimental reversals along curves AB and AC in figure 
77B corresponds to that represented by curvcs AB and AC in figure 77 A, 
which were generated by assuming ideal solid solution of Si02 • 0.5H 20 
in NaA1Si2 0 6 • H 20. 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 differe旺es (of the order of 
0.01) in the mole fraction of Si02 • H 2 0 in the analcime prodllced 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) conclllded that the cqllilibrillm composition of analcime lInder 
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 withollt affecting 
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Fi~. 78. Univariant equilibrium curvcs (gellerated from thermodynamic data given 

in tilb1e. 8) and cxperimelltal observatiolls of phase rclaLiolls (symbols) in the systc ll1 

l'ìa,O-AI,O,,-SiO, at high pressures and tcmperaturcs. 
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Fig. 79. Univ盯lant e<juilibrium Cllrves (gencrated from thermodynamic data gi飞 en
in table 8) and experimenlal obscrvatiolls of phasc relatiolls (symbols) in lhc syslcrn 
Na,O-AI20 3-Si02 at high pressllres and tcrnperatures 

the rcversible nature of thc reaction. Jn fact , the relative gains aml losses 
in the weight of the albite and quartz crystals reported by T11ompson 
for a given incrcase 01' clecreasc in tcmperature at 2 kb (thc only pressure 
wherc I 川11 minerals were llloni torecl) are 且址lmost p咒阳E盯rfectly cωonsisten 

兀引wi、vit创ith th比e cωom丑叫I斗positional curve口s s址山h旧O叭wn in figllr陀巳 7η7A. 丁hese curves indi­
cate an eqllilibrium composition of NaA1Sie.8207.64. 1.41H20 for anal­
cime at Thompson's 2 kb reversal ternperatures, which would require 
destruction o[ ~ 1 x 1 Ü- G g o[ quartz to producc ~ 26 x 10-6 g of 
albite. This re Ia tive wcight gain and l05s is approximatcly equal to that 
observed by Thompson in thc vicinity o[ his reversal temperatures. 

Thc stanclanl molal Cibbs frec cncrgy and enthalpy of formation 
of jacleite in table 8 were gcnerated Iro l11 thc expcrimental data 5110wn 
in figure 78. Because these data , as well as thosc sl lOwn in figure 79 叭'ere

obtaincd frolll experilllents o[ short duration using low albite , thc thermo­
dynamic properties o[ the latter mincral werc uscd in the caJculations 
instcaù of those of albite in its e(luilibriu l11 state o[ ordcr. Howevcr, it can 
be clcduced lrolll the distrilHl tion o[ the CUl飞!cs in figure 79 that the c1 is 
crcpancies at pressures > 20 kb betwecn the calculatecl univariant cllrve 
for 

low albite ;;::::: jacleite + Cj llartz ( 180) 
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35, 
IIESSENE叶 BOETTCHER.
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X 
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~ 25 
(J) 
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w 

AND FURST( 1972) 

Fig. 80. Univariant equilibrium curvcs (generated from thermodynamic data given 
in table 8) and experimental observations of phase relations (symbols) in the system 
l\a20-Al,O,-Si02 at high pressures and temperatures. 

and the experim巳nta1 reversa1s reported by Essene, Boettcher, and Furst 
(1972) probab1y result from differences in orderjdisorder in the fe1dspars 
produced and destroyed in the high-pressure experiments. 

The effect of orderjdisorder in a1bite on equi1ibrium pressures and 
temperatures for reactions invo1ving nephe1ine, analcime, and jadeite 
can be assessed in figures 76 and 78 through 80. Note a1so in the 1atter 
figure that the univariant curve generated from the thermodynamic data 
in tab1e 8 for 

jadeite + kyanite ~ corundum + a1bite (181) 

is in close agreement with experimenta1 observations of equi1ibrium 
pressures and temperatures for the coexistence of these minera1s. Taking 
account of the difference in the va1ue of ßHo f for corundum adopted by 
Robie and Wa1dbaum (1968) and that shown in tab1e 8, the standard 
mo1a1 entha1py of formation from the e1ements of jadeite derived in the 
present study is _well within the uncertainty range of the va1ue calcu1ated 
by Robie and Wa1巾aum (1968). In contrast, the va1ues of ßHo t for 
nephe1ine , analcime, and ka1si1ite in tab1e 8 differ substantially from 
their ca10rimetric counterparts (see, for examp1e, Hemingway and Robie, 
1977a). 

CaO-A1203-Si02-C02-H20 

The thermodynamic properties of 11 calcium a1uminum si1icates are 
given in tab1e 8. In each case the va1ues of ßGo t and ßHo t were derived 
from experimenta1 high pressurejtemperature phase equi1ibrium data 
using the heat capacity coef五cients and va1ues of VOPT'Tr and SOpγ.Tr given 
in the tab1e for the minera1s in this system. 

A northite, grossular, zoisite , gehlenite, and Ca-A 1 pyroxene.-The 
standard mo1a1 entha1pies and Gibbs free energies of formation of these 
minera1s in tab1e 8 were ca1cu1ated in the manner described above using 
experimenta1 data for 

grossu1ar + quartz ~ anorthite + 2 wollastonite, (182) 
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4 zoisit优e 十 qua征川rt臼z~主 gro臼s臼m川s饥刊u山r + 5 ano町rt由h山i旧t优e + 2 H2ρ0， (183) 

2 grossu1ar ~ anorthite + 3 wollastonite + geh1enite, (184) 

grossu1ar + 2 kyanite + quartz ~ 3 anorthite, (185) 
and 

grossu1ar 十 2 corundum ~ 3 Ca-A1 pyroxene. (186) 

It can be seen in fìgures 81 and 82 that the univariant curves generated 
in the present study for these reactions are in close agreement with all 
the experimenta1 reversa1s taken from the 1iterature. Simi1ar agreement 
is apparent in fìgure 83 , where equi1ibrium pressures and temperatures 
are shown for the decomposition of zoisite to anorthite , grossu1ar, corun­
dum , and H 20 , and the reaction of zoisite , quartz, and kyanite or silli­
manite to give anorthite and H 20. 

Ca10rimetric standard mo1a1 entropies and heat capacities are avai1-
ab1e for all the minera1s other than Ca-A1 pyroxene appearing in the 
reactions shown in 且gures 81 through 83. With the exception of SOpγ，Tr 
for geh1enite and anorthite, these va1ues (tab1e 8) were used in the 
retrieva1 calcu1ations. In the case of geh1enite, a confìgurationa1 contri­
bution of 0.7 ca1 mo1e- 1 (OK)-l was added to the ca10rimetric entropy 
cited by Robie and Wa1dbaum (1968) to optimize the C1apeyron slope 
of the curve in fìgure 82B. This va1ue is considerab1y smaller than the 
idea1 entropy of substitutiona1 disorder (2.75 ca1 mo1e- 1 (OK)-l) assigned 
to geh1enite by Wa1dbaum (1973). In contrast, it appears that the con­
民gurationa1 contribution to S。鸟，Tr for Ca-A1 pyroxene is close to the 
idea1 va1ue. The standard mo1a1 entropy of Ca-A1 pyroxene shown in 
tab1e 8 (35.0 ca1 mo1e- 1 (OK)-l) , which was derived from the C1apeyron 
slope of the curve in 且gure 82A, is - 2 to 5 ca1 mo1e- 1 1arger than that 
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estimatecl from any of the algorithms cited above. These cli旺erences are 
consistent with cornplete disonler of AI and Si amo日g the tetraheclral 
sites in Ca-AI pyroxene (Okam旧且. Ghosc. ancl Ohashi, 1974). 

Repcatecl attempts were rnade in the present stucly to satisfy all the 
Clapeyron slope constraints representecl by the pressure distribution of 
the experimental reversals in 且gures 81 and 83 wi th the calorimetric 
standard molal entropics aml heat capacitics of all the minerals shown 
in the figurcs. Comparative analysis using alternate adjustments in the 
calorimetric cntropies ancl heat capacitics of thesc minerals lecl to the 
conclusion that all the calorimetric values of SOl、.Tγfor anorthi te are 
too small to satisfy thc high pressurejtcmpcrature phase equilibrium 
data. This conclusion is a conseq uencc of thc fact that anorthite is the 
only mineral that appears in all thc reactions, ancl its reaction coe值cient
is diffcrent in cach of them. Because the value o[ SOpγ，T， for aIIOIthitein 
table 8 (49.1 cal molc- 1 (OK)-l) optimizes the slopes of the curves in 
figures 81 and 83 , it was adopted in thc present study. 

Th巳 stanclarcl molal entropy of anorthite given in table 8 is 0.65 
cal mole- 1 (OK) • 1 larger than that given by Robie ancl Walclbaum 
(1968), which is 0.82 cal mole- 1 (OK)-l larger than thc val时 acloptecl

recently by Hemingway ancl Robie (1977a). However, it is 2 cal mole-1 

(OK)-l smaller than the estimate (5 1.0 cal mole- 1 (OK)-l) afforclecl by 
eq (75) for the refcrencc reaction, 

anorthite + Na20 十 4 quartz ~ 2 low albite 十 CaO (187) 

Similarly, the standard molal cntropy of grossular in table 8, which 
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Fig. 82. Univariant e'luilibrium curves (generated from thcrmodynamic data given 
in table 8) and experimental observations of phase rclations (巧 mbols) in the system 
CaO-Al，O，，-SiO二 H二o at high pressures and tempcratures. 
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was derived from calorirnetric measurcrnents by Perkins and others (1977) , 

diffcrs from the estimatc calculatcc1 from eq (73) by 1.8 cal mole- 1 (OK)-l. 
The valuc of 5 01斗，Tγfo1' zoisite reporte c1 by Dexter Perkins III (1977, 
written commun.) ancl adoptecl in the present study is nearly identical 
to that gi\'en by Kiseleva and Topor (1973). 

The vallle of LlHo t for anorthite dcrived in thc present stuc1y is 6435 
cal molc- 1 less negativc than that adopted by Hemingway and Robie 
(1977a) , which apparcntly reprcscnts a "cωrcction" of Bara町's (1962) 
calorimetric value. In contrast, the calclllatccl value of the standard molal 
entbalpy of fo1'mation of ano1'thite f1'om its oxides at 9700 K ancl 1 bar 
using thc1'moclynamic data taken f1'om table 8 is ~ 1670 cal mole- 1 

more negative than that for synthctic ano1'thite obtained calo1'imet1'ically 
by Charlu , Newton , and Kleppa (1978). However , it is only 876 cal 
molc- 1 more negative than the vallle thcy 1'eport for natural anorthite. 
The standarcl molal enthalpies of formation from thc oxi c1es of synthetic 
and natural anorthite rcported by Ch挝、lu ， Ncwton, and Klcppa are 
,..., 430 and ~ 1220 cal mole- 1 more negative, respectively, than tha川t 

obtair肘【clb】Y 51 
Thev川正a址tl山lue 0叫f LlH O t for anoωl'、， thit优e t山h二a川lt best satisf呻i且le臼s t山hc hi让igh pr咱E臼ss饥刊ur陀ej

temp>erature phase equilibriut口1Il clata shown in fìgures 81 through 83 
(table 8) is closer to that given by Hemi吨way and Robie (1977a) for hexa­
gonal anorthite (which is metastable with respect to its triclinic counte1'­

part) than it is to the value they report for anorthite. Furthermore, the 
value of 50ProTr fo1' anorthite in table 8 is almost identical to the calori­
metric valu巳 of 5 0 Pr,Tr for o1'cle1'ecl hexagonal anorthite, which can be 
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computed fr o.m that given fo.r its diso.rdered co.unterpart by Heming­
way and R o.bie (1977a). Thes巳o.bservati o.ns suggest that unquenchable 
displacive diso.rder may o.ccur in ano.rthite with increasing temperature. 
Altho.ugh the aluminum avo.idance principle requires ano.rthite to be in 
a state o.f co.mplete substituti o.nal o.rder at lo.w temperatures，正lisplacive
diso.rder co.rrespo.nding to subtle changes in b o.nd angles may permit 
substitutio.nal diso.rder in ano.rthite at higher temperatures. If So., b o.th 
kinds o.f diso.rder may co.ntribute to. the thermo.dynamic behavio.r o.f 
ano.rthite, even in the absence o.f o.bvio.us changes in symmetry. It sho.uld 
perhaps be emphasized in this regard that if the co.upled diso.rdering 
pro.cess is sluggish, it wo.uld be cli而cult to. detect in sho.rt-term labo.ra­
to.ryexpenments. 

The value o.f ilHO! fo.r Ca-Al pyro.xenc in table 8 differs by o.nly 
- 350 ancl - 600 cal m o.le- l, respectively, from tho.se calculated fro.m 
Charlu, Newton , and Kleppa's (1978) and Shear盯's (ms) calo.rimetric 
clata, but the standard m o. lal enthalpy o.f fo.rmatio.n o.f gehlenite derived 
in the present study is 1075 and 6167 cal m o.le- 1 less negative than the 
respective values given by R o.bie and Waldba旧n (1968) and Hcmingway 
and R o.bie (1977a). Although the value o.f ilHo f for grossular given in 
table 8 is in clo.se agreement with Shearer's (ms) calo.rimetric value as 
well as with that ado.pted by Perkins ancl o. thers (1977), it cliffers by -
2 kcal m o.le- 1 fr o.m the value fo.r synthetic grossular co.mputed fro.m 
Charlu, Newto.n, ancl Kleppa's (1978) calo.rimetric clata. The latter clif­
ference is o.f the o.rcler o.f magnitucle o.f the variatio.n in the heats o.f 
solutio.n o.f natural ancl synthetic garncts at 965 0 K (Shearer, ms). 
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Equi1ibrium temperatures and Huicl compositions computed from 
thermodynamic data taken from tab1e 8 can be comparecl with their 
expcrimenta1 counterparts for a 1arge number of reactions among ca1-
cite, wollastonite, corunclum , grossu1ar , anorthite, geh1enite, and CO2 

at 1 or 2 kb in figures 84 through 87. The solicl ancl uneven1y dashecl 
curves in these figures were gcneratecl assuming iclea1 mixing of CO 2 and 
H 20 , but the even1y clasheclζurves represent ca1cu1ations incorporating 
Holloway's (1977) provisions for noniclea1 mixi吨。f CO2 ancl H 20. It 
can be seen in figures 84 through 87 that in a11 but two of the cases 
(figures 85 ancl 86A) , the ca1cu1ated effects of nonidea1 mixing of CO2 

and H 2 0 have on1y a slight e旺ect on the predictecl cqui1ibrium tem­
peratures ancl Huid compositions. In contrast, provision for nonidea1 
mixing of CO2 ancl H 2 0 for the reactions shown in figures 85 and 86A 
e1iminates a11 the cliscrepancies bet wecn the experimenta1 reversa1s and 
the curves based on the assumption of iclea1ity in CO2-H2 0 mixtures. 
The fact that the efIects of providing for nonidea1ity in CO2-H20 mix­
tures are 1arge in figure 86A and slight in figure 86B and C is a con­
seq uence of the relative1y small va1ue of ð.H飞 for the reaction shown 
in figure 86A. 

In contrast to the close agreement between the calcu1ated ancl ex­
perimenta1 fluid compositions and equi1ibrium temperatures in 且gures

84A, 85, and 86A and B, 1arge discrepancies are apparent between the 
curves and experimenta1 data shown in 且gures 84B and 86巳 The cause 
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of thesc discrcpancies is not readily apparent, but they appear to repre­
sent inconsistencies in the experimental 巾ta reported by Hoschek (1974) 
for the reactions shown in fìgures 84, 86, and 87. On the other hand, 
the discrepancies between the solid curves and symbols in 自gure 87 can 
be attributed to the effects of solid solution in grossular. 

The unevenly dashed curvcs shown in fìgures 86 and 87 represent 
equilibrium temperaturcs ancl iluid compositions for reactions involving 
grossular with an activity of Ca3AI2SiaO'2 equal to 0.8. This activity 
is consistent with slight compositional variation with respect to hyclro­
grossl山r， which reporteclly occurred in Hoschek's (1974) ancl Gorclon 
and Greenwood's (1971) experiments. 

Hydrogrossular can be regarded as a solid solution of Ca3AI2Sia0 12 

and Ca3AI2Si20S(OH)4 (which corresponds to the mineral hibschite). 
Assuming ranclom mixing of atoms on energetically equivalent sites in 
a solicl solution of these components , it follows from eq (46) that an 
activity of Ca3A12Si30'2 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 deducecl from fìgure 87B ancl C that provision for this 
order of magnitucle of compositional variation is cIosely consistent with 
the experimental reversals shown in the fìgures. On the other hancl, 
resolution of the discrepancies in fìgure 87 A woulcl require a substan­
tially greater mole fraction of the hibschite component in the grossular 
soIicl solution. Owing to the relatively large standard molal entropy 
changes accompanying the reactions shown in 五gures 81 through 83A, 
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Fig. 88. Univariant cqu iIibrium curve (gcneratcd from thermodynamic data given 
in table 8) and expcrimcntal observations of phase rclations (symbols) i11 the system 
CaO-AI20 3-SiO,-H,O at high prcssures and tcmperatures. 
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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, H凸IzI，

and Lindh由er (1975) for 

grossular + 3 Ca-AI pyroxene ~ 2 anorthite + 2 gehlenite 
(186A) 

3 Ca-AI pyroxene ~主 anorthite + gehlenite 十 corundum

(186B) 
and 

grossular + 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 /:l.Go, and /:l.Ho t for clinozoisite in table 
8 were computed by taking the temperature of the clinozoisitejzoisite 
transition at 1 bar to be 9000 K on the basis of Hol出way's (1972) ex­
perimental observations. An estimated entropy of transition of 0.1 cal 
mole- 1 (OK)-l was then used together with the approximation 
C\'r ,T ,ClinOZOi8ite C O Pr,T ,zoi8ite to calclllate /:l.Ho t for clinozoisite from that 
of zoisite. The small differe配e between these values (90 cal mole- 1 ) is 
consistent with the sluggisfl nature of the transition, both in the labora­
tory and in natllral systems. 

Margarite and prehnite.-The values of /:l.Ho, and /:l.G o, listed in 
table 8 for these minerals were retrieved from the experimental data 
shown in figures 88 and 89A using the values of VOPr ,TT' SOPT， Tγand the 
heat capacity coef且cients [or 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 

5 prehnite ~ 2 zoisite + 2 grossular + 3 quartz 十 4 H 2 0 , 
‘
、
‘
，
，

D C0 06 

were used in the present study to retrieve values of /:l.H o, and /:l.G o, [or 
prelmite. 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 且gures 81A and 89B indi­
cates that curve A in the latter 且gure represents a metastable equi-
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librium state , which is consistent with the large differcnces 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 fìgure 89A, is of 
the order of 5 cal mole- 1 (OK)-l 日naller than correspondi吨 values esti四

mated from the various algorithms discussed above. This observation, 
together with the Clapeyron slope discrepancy noted above suggests that 
the values of SOPr.T r ' tlH Ot . and tlGOt given for prehnite in table 8 should 
be regarded as provisional approximations. Fortunately, calorimetric 
work currently under way (E. F. Westrum , .1r. , 1977, pe盯rsωona址1 cωommu旧un

should soon resolve these uncertainties. The curve labeled B in fìgure 
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 fìgure. The 
temperature interval between the curves in fìgure 89B represents the 
region where anorthite and wollastonite apparently persisted meta­
stably (relative to grossular and quartz) in Liou's (197Ia) experiments. 

It can be seen in fìgure 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 ~主 anorthite + andalusite + H 20 (186日
and 

4 margarite + 3 quartz ~ 2 zoisite + 5 andalusite + 3 H 20. 
(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 fìgure 90 would be thermo-
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dynamically inconsístent with the reversals they report for the reaction 
in figure 88, which was used to retrieve the val l1es of ÄH o f and ÄGo t 
for margarite ín table 8. 

TVairakitc, laumontitc， αnd 1αωsonitc.-Repeated efforts ín the 
present study to retríeve relíable values of ÄGo f and ÄH o f for these 
mínerals (as well as epístílbíte and dísorclered waírakíte) from experi­
mental data reported by Coombs and otl町s (1959), Koizumí and Roy 
(1960). Liou (19ïO, 19ï1c) , Thompson (19ïOb). and Newton and Kennedy 
(1963) using the 飞'alues of SOPT.Tγand YOp ,..Tr in table 3 were unsuccess 
ful , owíng to ambiguíties and uncertaintíes 正 oncerníng cornpositional 
varíatíon, partial dehydration, and the temperature and pressure depen­
dence of the standard molal volumes of the zeolítes. For example, the 
vallles of SOp ，..Tγand the standard molal heat capacity coef且cients of 
waírakíte, anorthíte, and quartz ín table 8, together wíth the values of 
yopγTγ given ín table 3 for wairakíte and table 8 for anorthíte and quartz 
require a Clapeyron slope correspondíng to that of curve A ín figure 
91A for 

waírakíte ""主 anorthite + 2 quartz + 2 H 20. (190) 

The díscrepancy between curve A and the curve that satísfies Liou's 
(19ïO) reversal temperatures is a fu旺tíon solely of Ä y飞 for the reaction 
Alternate calculations indicate that Ä yo r for reaction (190) must be 
5.3 cm3 mole- 1 more positive than that computed frorn the values of 
YOp,..Tr for wairakite , anorthite, and quartz in table 8 in ordcr to satisfy 
Liou's data and the assurnption that (aÄyorlap)T 二 (ayo 1l2olap)T and 
(aÄyorlaT)p 二 (aYOH201 aT)p for reaction (190). The diffin山les en-
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Fig. 90. Univariant equilibrium curves (generatcd from thermodynamic data given 
in tablc 8) and experimeIltaI observations of phase relatioIls (symboIs) in the system 
CaO-AI20 3-Si02-H,O at high pressures and temperaturcs. 
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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 20 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 91A , the value of SOPr， Tγand the heat 
capacity coefficients for wairakite in table 8 can be reconciled with Liou's 
experimental data by subtracting 5.3 cm3 mole-1 from the experimental 
value of YOPr ,Tr for wairakite in table 3. This procedure and Liou's 
(1971c) data lead to the values of yop川γ， ßG勺， and ßHo f for wairakite 
in table 8 and the univariant curve [or 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 ßGo f and ßHo f for laumontite and lawsonite in table 8 and the uni­
variant curves shown in the figure for 

laumontite ~ wairakite + 2 H 20 (191) 
and 

lawsor由e + 2 quartz + 2 H 20 ~ laumontite (191A) 

The experimental data shown in 且gure 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。鸟，Tγgiven 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 figllres 91B and C with the pressure distribution 
of the experimental clata represented by the symbols. The stanclarcl molal 
entropy of laumontite in table 8 cliffers from the estimate shown in 
table 3 by 1 cal mole- 1 (OK)- l, which is also the clifference between the 
value of SOPr， Tγaclopted in the present study for lawsonite ancl the calori­
metric vallle given by Robie and Waldbaum (1968). 

It can be seen in 且gure 91 that with the exception of the experi­
menta1 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 
且gure. Similar agreement is evident in 且gure 92B, but discrepancies are 
apparent in 且gures 92A and C between the curves and a number of the 
temperature brackets reportecl by Thompson (1970b) and Newton and 
Kennedy (1963). Comparison of the curves and experimental data in 
fìgures 92A and 9lA indicates that those in the latter fìgure represent 
a metastable assemblage, which mitigates to some extent the lack of agree­
ment between the curve and Thompson's data in 且gure 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). 

K20-MgO-AI203-Si02-H20 
Relatively large uncertainties attend retrieval of thermodynamic 

data for the minerals in this system from either calorimetric or high­
pressurejtemperature phase equilibrium data. These uncertainties, for 
examp1e, are manifested by the many experimental values of the heats 
of solution of anhyclrous cordierite, pyrope, and spinel in lead borate 
melts at 970oK , which vary considerably depending on the sample and 
ca10rimeter 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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Fig. 92. Univariant equilibrium curves (generated from thermodynamic data given 
in table 8) and experimental observations of phasc relations (symbols) in the system 
Ca。一A1203-Si02-H,O. 
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high pressurejtemperature phase equilibrium data for this system are 
inconsistent with one another. As a consequence, subjective judgement 
is required to retrieve values of .:lHo f and .:lGo f from these data. 

Cordicrite, hydrous cordierite) spinel, 14A-cliηochlore， 7 A-clinoch­
lorc, αnd phlogopite.-With the exception of 7A-clinochlore, the values 
of .:lG O t and .:lHo t for these minerals in table 8 were calculated from 
high pressurejtemperature experimental data for 

3 14A-clinochlore + 5 muscovite ~ 5 phlogopite 

十 8 kyanite + quartz + 12 H 20 , (192) 

14A-clinochlore 十 muscovite + 2 quartz ~ phlogopite 

+ cordierite + 4 H 2 0 , (193) 

5 14A-clinochlore ~ cordierite + 3 spinel + 10 forsterite + 20 H 20 , 

(194) 

2 14A-clinochlore + 6 enstatite ~ 7 forsterite + cordierite + 8 H 20 

(195) 
and 

hydrous cordierite ~ cordierite + H 20. (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 20 
in its 山ucture (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 2 0 content of 
cordierite synthesized at 6000 C and 2 and 5 kb after reaction times 
at 64 and 139 hrs, respectively. A third determination of H 20 in a 
sample synthesized over a period of 1 hr at 9500 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 0 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 SOpγ，斗'
VOPr,T r' and the heat capacity coefficients for hydrous and anhydrous 
cordierite in table 8. Assuming ideal solid solution between the two 
minerals leads to 

(1 - X h)aH2Û = K 
Xh 

(197) 

where X" stands for the mole fraction of hydrous cordierite, and K repre­
sents the equilibrium constant for reaction (196). Evaluation of eq (197) 
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yie1ds 3590 and 3178 ca1 mo1e- 1 for ßGo ,. of reaction (196) at 25 0 C and 
1 bar using the two ana1yses reported by Schreyer and Yoder (1964) for 
600 0 C at 2 and 5 kb. Thc mean of these, together with experimenta1 
va111es for ßGor.I'.T for reactions (192) throllgh (195) 1eacls to the va1ues 
of ßHo, ancl ßG o, given in tab1e 8 for conlicrite, anhyclrous corclierite , 
14A-clinoch1ore, spine1 , and ph1ogopite. 

The thermodynamic clata shown in the tab1e for corclierite and 
anhydrolls cordierite were usecl to generate the equi1ibrium constants 
and isop1eths p10tted in figure 93. The 1atter calcu1ations yie1d va1ues 
of X h for reaction (196) at 600 0 C and 2 ancI 5 kb tl川 are within the 
ana1ytica1 uncertainty o[ the compositiona1 cIata reportecl by Schreyer 
and YocIer (1964) , b川 a 吗nificant cliscrepancy occurs between the va1ue 
calcu1ated from their data at 950 0 C ancl 1 kb ancl the corresponding va1ue 
1n 且gure 93. This discrepancy is a1most certaint1y clue to nonequi1ibration 
in the 1 hr experimen t. 

It can be seen in figures 94 through 97 A that the thermoclynamic 
ca1cu1ations clescribecl above a旺ord close approximation of experimenta1 
clata for reactions (192) through (195). However , simi1ar calcu1ations for 
a number of 0川ωt1
且句g. 97B) among compl 山cl equi1ibrium constants ancl those generatecl 
from experimenta1 data taken from the 1iterature. It appears that these 
discrepancies can be attributed to formation of metastab1e cordierite­
hydrous cordierite solid solutions andjor clinoch1ore with basa1 spacings 
significantly 1ess than 14A. 

The re1ative stabi1ity of clinoch10re has receivecl consiclerab1e atten­
tion in recent years (Fawcett ancl Yoder , 1966; Seifert, 1970; Seifert and 
Schreyer , 1970; Bircl and Fa飞机ett， 1973; Bird ancl Anclerson, 1973; Zen , 
1973; Chernosky, 1974, 1975 , 1976a) , and it has been pointed out (Zen , 
1973) that experimentally determined reversa1 temperatures for uni-
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variant phase equilibria at high pressures anù temperatures are inco.n­
sistent with the value o.f ßGo t fo.r clino.chlo.re calculated by Helgeso.n 
(1969) fro.m lo.w-temperature so.lubility data repo.rted by Mackenzie and 
Garrels (1965). lt appears fro.m the calculatio.ns carried o.ut in the present 
study that this apparent inco.nsistency can be attributed to. di fIerent basal 
spacings in chlo.rites fo.rmed at high and lo.w temperatures. lt has been 
o.bserved repeatedly in experimental phase equilibrium studies that 7 A町

chlo.rite commo.nly fo.rms initially as a reactio.n product in the vicinity 
o.f 500oC, but it later inverts to. its 14A counterpart. At higher tempera­
tures, 14A-chlo.rite fo.rms immediately, but at lo.wer temperatures, o.nly 
7 A-chlo.rite fo.rms. lt is interesting to. n o.te in this regard that chlo.rites 
fo.und in m o.dern sediments and weathering pro.files are almo.st invariably 
o.f the 7 A variety. H o.wever, with burial anù increasing age , 7 A-chlo.rite 
apparently transfo.rms to. 14A-chlo.rite. This o.bservatio.n is co.nsistent with 
the o.ccurrence o.f 14A-chlo.rites in Mississippian sediments o.f the Cumber­
land Plateau (Peterso.n , 1962). 

The clino.chlo.re sample used by Mackenzie and Garrels (1965) in 
their so.lubility experiments had a 7 A basal spacing. The value o.f ßGO f 
fo.r clino.chlo.re computed by Helgeso.n (1969) thus refers to. the 7 A variety. 
This value was co.rrected in the present study to. be co.nsistent with the 
values o.f ßG O t fo.r the o. ther alumino.silicates in table 8 and co.mbined 
with the revised estimate o.f the standard m o.lal entro.py o.f 7 A-clino.chlo.re 
sho.wn in the table to. calculate ßHO f fo.r the mineral. The thermo.dynamic 
pro.perties o.f 7A-clino.chlo.re in table 8 affo.rd clo.se appro.ximatio.n o.f o.b-
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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
fìles , sedimentary environments, hydrothermal alteration zones, and labor­
atory experiments at temperatures < 4000 to 5000C. 

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

6 14A-clinochlore + 29 quartz ~ 3 cordierite + 8 talc + 16 H 20 
(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-Al"O,-SiO,-H20 at high pressures and temperatures. The dashed curves repre. 
sent isopleths of cordierite composition designated by X,r<2A14 Si 5018' H20' 
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Fig. 98. Univariant equilibrium curvcs (generated from lhermodynamic dala given 
in table 8) and cxperimental observations of phase relations (symbols) in lhe system 
MgO-Al,03-Si02-H,O at high pressures and temperatures. The dashed curvcs repre­
sent isoplelhs of cordierite composition designated by XMg2AJ4Si5018. HZO' 
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Fig. 99. Univariant equilibrium curvcs (generated from thcrmodynamic data given 
in table 8) and experimental observations of phase relations (symbols) in the system 
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f'ig. 100. Univariant cqllilibrillm clIrves (gcncrated from thermodynamic data 
given in table 8) and experimental observations of phase relations (symbols) in the 
system MgO-AI20 ,-SiO,-H,O at high pressures and temperatures. 

and the univariant curve generated frorn the data in tab1e 8 for the 
rninera1s in reaction (198) , that the experirnenta1 data shown in 且gure
97B are inconsistent with those in figures 96 and 97A. The discrepancies 
cannot be exp1ained by forrnation of lllctastab1e 7 A-clinoch10re, but they 
cou1d result from formation of rnetastable cordierite with excess H 20. 
Sirnilar disagreement between calculated and experimenta1 reversa1 tem­
peratures is apparent in 且gures 98 through 100. In each of these cases, 
the somewhat erratic pressure distribution of the experirnenta1 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 be10w ,_, 

4 kb, but serious discrepancies are apparent at higher pressures. The 
cause of these discrepancies is not obviollS, but it appears likely that 
stab1e equilibrillm was not achieved in the experimental studies at the 
higher pressures. 

It can be deduced from fig盯es 101 and 102 (where the effects of 
idea1 and nonidcal rnixing of CO2 and H 20 can be compared) that the 
thermodynamic data given in table 8 for phlogopite are in close agree­
ment with Hewit t's (1975) experimental data for 

5 phlogopite + 6 calcite 十 24 quartz 二 5 sanidine 

十 3 tremolite 十 6 CO2 十 2 H 2 0 , (198A) 
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which contradict Hoschek's (1973) measurements of X C02 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- 1 with respect to 
its natural counterpart (see above). In contrast, Hewitt used both natural 
and synthetic tremolite. The discrcpancies could also be a consequence 
of Al/Si disorder in the phlogopite formed in Hoschek's experiments, 
which probably accounts for the di旺erences between the three curves 
on the le[t si由 of figure 103 (which were generated using data taken 
from table 8) and the reversal reported by Wones and Dodge (1966, 
1977) for 

450 
0 

phlogopite + 3 quartz ~ 3 enstatite + high sanidine + H 20. 

。2

(199) 

1.0 

Fig. 101. CalcuJated (curves) and experimentaJ (symboJs) equilibrium temperalurcs 
and ftuid composition for coexisting tremolite, K-feldspar (or alterllateJy, maximum 
microclille or high sallidine), phlogopite, caJcite, quartz, and CO2-H,O soJutions at 
high pressures and temperatures. The curves were gencratcd assuming idcaJ mixing 
of CO2 and H 20. 
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Fig. 102. C:llculated .(curves) and experimental (symbols) equilibrium temper~tu.res 
and pressures for tremolite, high sanidìne, phlogopite, cafcite~ and quartz coexisting 
with a CO2- H主o f1 uid in which Xco .，臼 0.7. The calculations were carried out assum­
~I!g， alternately, ideal (solid curve) ~ncl llonideιal (clashecl curve) mixing of CO2 and 
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Fig. 103. Univariant equilibrium curves (generatecl from thermodynamic clata 

given in table 8 for phlogopite, quartz , enstatite , K.fchlspar , lllicrocIine, ancl sanidine 
and experimental observations of phase relations (symbol) in the system K,O-MgO­
AI,03-SiO,-H20 at high prcssures ancl temperaturcs (see text). 
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The extent to which phlogopitc 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) , a11 of which are consistent with one another. 

The values of ð_Ho t given in table 8 for spinel and cordierite are 
nearly equal to those computed from calorimetric data reported hy 
Charlu , N ewton, and Kleppa (1975) , Consequently, the corresponding 
values of ð_H 0 t for 14A-clinochlore and phlogopite derived above are 
also consistent wi th these data , 

PARGASITE 

Experimental reversal temperatures for the decomposition of par­
gasite to anorthite, nepheline, aluminous diopside, forsterite , spinel, and 
H 2 0 are shown in 且gure 104, where it can be seen that the recent data 
reported by Westrich, Navrotsky, and Ho11oway (1976) are in substantial 
agreement with eal们er observations by Boyd (1959) , 

The composition of aluminous diopside in equilibrium with for­
sterite and spincl at high pressures and temperatures has been cletermined 
experimentally by MacGregor (1965) , who reports the aluminum content 
of the diopside as weight percent A1 2 0 3, If aluminous diopside is regarded 
as a solid solution of CaMg(Si03)e, MgA120岳， and Mg2SiO全 with Mg2SiO全
部 a negative component, conservatiün of mass and charge for a unit 
framework of 6 oxygen atoms requires 

10001 I ~ BOYD (1 959) 
_ WESTRICH, NAVROTSKY, AND 
_ HOLLOWAY(1976) 0.8 

∞ ovvr 0.85 
~ I ，、 O^O户 ^CITC' I 

ANORTHITE 
+2 NEPHELlNE 
+3DIOPSIDE 
+2FORSTERITE 
+5PINEL + 2HíP 

Fig. 104. Univariant equilibrium cur刊 (gcllerated from thermodynamic data 
given in tablc 8) and expcrimental obscrvations of phase relations (symbols) ill the 
system l\'a ，O-CaO-MgO-Al，03-SiO，-H二o at high pressures and temperatures. The 
dashed curvcs represent activity isopleths for diopside-forsterite-spinel- solid sollltiolls 
designated by ([Ca >I g阳的内. The solid curve represents pargasite in equilibrium with 
aluminous diopside, but the dot.dash curvc rcfers to pargasitc coexisting with pure 
diopside (see text). 
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CaMg(SiOa)2 + nMgA120生- nMg2Si04 

二 CaMg(lη)Aln(Al(n/2) Si (1一 (n/2)) 0 3)2 (200) 

whcre n stands for the nllmber of molcs of the spinel compoll巳nt (mole 
of the aluminous cliopsidc solid solution)-l. The wcight percent of A120 3 

in the aluminous diopside (ω) can be expressed as 

100n1\1 .. 
J 一一一 (201 ) 

Mc 十 (1-n)Mrn + ηjì1a 十 (2-n)1\18

where 1\1a, 1ì1c, 1ì1", , and M8 stancl for thc mülecular weight of A12 0 3 , 
CaO, MgO, and Si02 , respectively , Re盯rangl吨 eq (201) and factoring 
n res llltS in 

η 二 Jì\1a
1\1", + M8 -Mα(1 一 (100/ω))

(202) 

where A1d refers to the moleclllar weight of CaMg(SiOa)2' lf the A1 and 
Si atüms mix randomly on büth tetraheclral sites in aluminous diopside, 
叫 (46) can be written for the activity of the diopside component (aa) as 

句 = X Mg,M(l) XSi， 7， 2 工」止71，) (2-n)2 (203) 

where X;lIg ,J[ (l) and X Si,\' refer to the molc fractions of magncsium ancl 
silicon on the octahedral (M(I)) and tetrahedra1 (T) sites, respectively. 
On thc other hand, if the Al and Si atoms mix ranclomly on only one kind 
of tetraheclral site, eq (203) becomes 

。

队』

占) - 0.10 
CI) 

Z-Q|5 
0 u 

O 
(!) 
O 
_J 

ad = X JlIg ,M(l) XSi， T 二(1-n) (2-nL (204) 
2 

CalVlg(Si03)2-MgA恒04-
M92Si04 SOLlO SOLUTlON 

- 0.25~.1 BARl ~~hÇ_l!.~f'T.~g， .~~~y~ING 
~RANOOIVI IVIIXING ON 

01 KB ~ ëÕTHTE:TRAHEOR'ÃL SITES 
-Q301 L____J I I I 

950 1000 1050 1100 1 巴o 1200 1250 1300 
TEIVIÆRATURE , oC 

Fig: ~05. Activity of CaMg(SiO ,,)" in aluminous diopsidc as a function of tempera­
ture at 1 b咀r (scc text). 
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where X Si .T refers to the mo1e fraction of si1icon on the tetrahedra1 sites 
where mixing occurs. Graphic extrapo1ation and interpo1ation of Mac­
Gregor's (1965) data yie1d va1ues of ωwhich can be combined with eqs 
(202) through (204) to calcu1ateαd as a function of temperature and pres­
sure. Comparative extrapo1ations, interpo1ations, and calcu1ations of this 
kind indicate that mixing of A1 and Si on both tetrahedra1 sites is most com胃

patib1e with the experimenta1 reversa1 temperatures shown in 且gure 93. 
According1y, eqs (202) and (203) were used to generate the curves in 
fìgure 105, where it can be seen that 10g aà exhibits a 1inear dependence 
on temperature at constant pressure. The curves in fìgure 105 are based 
on numerica1 ana1ysis of MacGregor's data to optimize agreement be­
tween the extrapo1ated va1ues of ωand the experimenta1 data p10tted 
in fìgure 104. Because pressure has a neg1igib1e effect on 10g aà at pressures 
be10w a ki1obar, va1ues of ad computed from the equation of the curve 
in fìgure 105 日n be used to calcu1ate equi1ibrium constants for the re­
action shown in fìgure 104, which can be expressed as 

αi 二 K (205) 

These calcu1ations, together with the experimenta1 reversa1 temperatures 
shown in the 且gure were used to compute the va1ues of t:.G o t and t:.Ho f 
for pargasite in tab1e 8. 

1t can be seen in 且gure 104 that the curves generated from the ther­
modynamic data in tab1e 8 using the solid solution mode1 described 
above for a1uminous diopside coexisting with pargasite, anorthite, nephe-
1ine, forsterite , and H 20 agree close1y with the experimenta1 reversa1 
temperatures at all pressures. Because t:.S。俨 for the reaction is of the 
order of 20 ca1 mo1e• at high temperatures and 10w pressures, calcu1ated 
equi1ibrium temperatures and pressures are high1y sensitive to small 
errors in ad' A1though not conclusive, this observation, together with the 
close agreement of the curve and experimenta1 data shown in the fìgure , 
strong1y supports the va1idity of the solid solution mode1 used in the 
calcu1ations. The effect of solid solution in diopside on the equi1ibrium 
temperatures can be assessed by comparing the two curves shown in the 
fìgure. The 10wer curve represents pargasite in equi1ibrium with anor­
thite, nephe1ine, forsterite, spine1, H 20 , and pure diopside. 

K20-CaO-FeO-Fe203-A1203-Si02-COrH20 
Re1ative1y few pub1ished experimenta1 data are suitab1e for calcu-

1ating reliab1e va1ues of t:.Go t and t:. H o t for a1uminosi1icates containing 
ferrous and/or ferric iron. 1n addition to ambiguities concerning the 
oxidation state of the iron in such minera1s, many of the pertinent equi-
1ibria that have been studied experimentally invo1ve mu1tip1e solid solu­
tions for which few compositiona1 data are avai1ab1e. 1n certain cases, 
it is not at all clear that the experimenta1 system was adequate1y buffered 
by the presence of such minera1s as magnetite and hematite or quartz, 
fayalite , and magnetite. 
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Magnetite) hematite) αnd 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 (且g. 106) to calculate the standard molal enthalpy and 
Gibbs free energy of formation of hematite from its elements at 298.15 0 K 
and 1 bar. The value of ,1Ho f for hematite retrieved in this manner (table 
8) is 370 cal mole-1 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-1 • The latter difference is only 120 
cal mole- 1 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 ,1Go f and ,1H o f 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 
(1 969). The latter temperature brackets have since been found to be in 
error (D. R. 认Tones， 1976, personal commun.). It can be seen in figures 
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106 and 107 that the curves generated from the thermodynamic data in 
table 8 agree closely with the experimenta1 observations reprcsented by 
the symho1s. The value o[ ßHo f for faya1ite given in the tab1e falls within 
the unccrtainty range of its ca10rimetric counterpart given by Robie and 
Wa1clbaum (1968). 

Ferrosilite.一-The transition of clinofcrrosi1ite to ferrosi1ite at high 
pressures and temperatures has been investigated experimentally by 
Limls1ey (1965) and Akimoto and others (1965) , b川 the resu1ts of these 
studies arc in serious disagreement with one another. lt can be seen 
in figure 108 that the C1apeyron slope of the univariant curve requircd 
by the distribution of clata reportecl by Akimoto and others (1965) is 
consiclerab1y smaller than that of the curve drawn through Linds1ey's 
(1965) experimenta1 rcversa1s. Taki鸣 account of the standard mo1a1 
vo1umes of the two po1ymorphs (B盯nham， 1965) , the 1atter curvc regl山es
a standard mo1a1 entropy of transition > 0.8 ca1 mo1e- 1 (OK) • 1 which 
is much 1arger than the corresponding entropy of transition for dino­
enstatitejenstatite at 1 bar‘ (0.18 ca1 mo1e- 1 (OK) 牛 1n contrast , the 
standanl mo1a1 cntropy of transition required hy these vo1ume data ancl 
thc slope of the univariant curvc in figure 108A is on1y 0.09α1 mo1e- 1 

(OK)-l. Because the 1atter va1ue is much 日lOrc reasonab1e than that 
calcu1ated frorn Linds1ey's observations, the clata reported by Akimoto 
and others (1965) were used to cornpute the thenno句namic properties 
of transition shown for clinoferrosi1itejferrosi1ite in tab1e 8. The va1ues 
of ßHo f and ßGo t for ferrosi1ite (which is uscd in the present communi­
cation to refer to FeSi03 in its stab1e structura1 confìguration at all 

80, 
O.AKIMOTO AND OTHERS (1965) 
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pressures and te叫咒ratures) were calculated from the experimental 
revc1'sal tempe1'atu1'es shown in 且gure 109 for 

fayalite 十 quartz :;;::: 2 ferrosilitc (206) 

using data taken from tablc 8. The heat capacity coefficients for ferro. 
silite above the transition tempe1'ature at 1 bar we1'e computed from 
Clapeyron slope const1'aints imposed by the experimental data. It can be 
seen in 且gu1'c 109 that the univariant cu1'ves generated f1'om the thermo­
dynamic data in tablc 8 arc in close agreement with a11 the expe1'imental 
tempe1'ature 1'eve1'sals. 

Armite.-• Oxygen fugaci ties calculatcd f1'om experimenta11y cleter­
mined hydrogen pressures for coexisting annite , high sanidine, magne­
tite, and H 20 are shown in figures 110 and 11 1. The equilibrium CÜl日­
positioll of the annite in threc of the fou1' mineral assemblages repre­
sented by thc symbols ill thcse 凸gures has been determined by D. R. 
'Vones (1976 , personal commun.) , who reports 0.58 at ~ 4400C ancl 2 kb, 

0.81 at - 631 oc and 1 J巾， and 0.89 a川t - 74(joC am叫d 1 kb for the mole fra川Iction1 

O叫f t由he aJ1l川111山llte cωompon ε nti讪n th陀c bi川i川I叮ys叮ys叭st忧旧el肚I

KFe十+ F、e+ 十+" (人ISi"Olo)02' The correspollding mole fractions of the 
anniteωmpone川 in the systel1l KFe++ 3 (AISi"Olo) (OH)2 - KFe+++ 3 
(AISi3010)02H_1' where thc latte1' component corresponds to proton cle­
ficient annitc (PD.oxyannite) , arc 0.72 , 0.87 , and 0.93. Activity coe伍­

cients of the annite compollcnt in the latte1' systel1l can be cO l1lpllted from 
Beane's (in p陀paratio叫 Margules parameters obtained by rcgression of 
experimental clata reported by Eugster and Woncs (1962) ancl ''Vones 
and E吨ster (1965) for annitc-phlogopite-PD-oxyannitc solid solutions. 
Beane's reg1'ession calculations were carriecl out llsing thermodynamic 
data taken from table 8, which insures compatibility of the mixing pa1'a­
meters generatecl in his stucly with the calculations summa1'ized below. 

Fig. 109. Ulli\'ariallt e'l llilil川1I 111 clIrves (gencrateù from thcrlllodynamic data 
given in tablc 8) anù experilllcntal obscrvalio l1s of phasc relatio l1s (symbols) in the 
system FeO• 5iO. at high pn、sS lI res al1d lcmpclλlures. 
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A1ternate regression of the experimenta1 data with parabo1ic atherma1 
and regu1ar solution equations resu1ted in (Beane, in preparation) 

and 
10g 儿"二 9.38XpD2 (207) 

-7799X"n2 

10g 入m 二 T ZU (208) 

whereλan refers to the activity coe伍cient of the anniteωmponent and 
X PD stands for the mo1e fraction of the PD-oxyannite component in the 
solid solution. Eva1uating eqs (207) and (208) for the three cωom叫pos引川ition

given above 1eads to 0.13 , 0.60, and 0.84 for the activity of the annite 
component in the case of the atherma1 mode1 and 0.10, 0.62, and 0.85 
for the regu1ar solution approximation at 440 0 , 631 0 , and 746 0 C , re­
spective1y. Note that both equations give essentially the same resu1ts, 
which can be compared with activities computed from eq (46) by assum­
ing (1) random mixing of Fe+ 十 and Fe+ + + among all the octahedra1 
sites in the solid solution, (2) random mixing of OH - and 0- -, and 
(3) no substitution of Fe十++ for A1+++ on the tetrahedra1 sites. Eq (46) 
can then be wri tten as 

ααη= X Fe+++3 X OH_2 (209) 

which yie1ds 0.13 , O.钮， and 0.64 for the three compositions determined 
by Wones. 

The va1ues of ÄGo! and ÄHo f for annite in tab1e 8 were retrieved 
from the experimenta1 clata shown in figure 110 by optimizing agreement 
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D. R. \VOllCS (1976, personal commlln.). 
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of the activities computed from the various solution models with the 
experimental revcrsal temperatures anù oxygen fugacities. It can be 
deduced from the distribution of the curves in figure 110, which werc 
generated from the thcrmodynamic data given in table 8 for annitc , 

high sanidine, and magnetite, that thc values o[ !l.Got and !l.H O t for 
annitc as we11 as the activities of annite computed for 631 0 and 746 0 C 
from a11 three solution models are consistent (within experimental lIn 
certainty) with the data reported by "\'Voncs , Burns, and Carro11 (1971). 
1n thc case o[ 且gure 111 , the calculations req uire slightly smaller activi­
tics of annite than those computeù above to satisfy the experimental 
obscrvation. This is not surprisillg in vicw 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 Bcane's regression calculations. The value of !l.Ho t for 
annite in tablc 8 is within the llncertainty o[ that calculatcd by Beanc 
(1978) , who reports -1 ,231 ,735 ::!::: 465 cal mole- 1 for th览e va山ι

!l.H。勺t，αn阳nit忖e generat忧cù f打r0111 his paraboωlic a川the町rma扎1 regression calcu川11a川tl旧ons.

A ndradite, hedenbergite, aηd epidote ,-The values of !l.G o t and 
!l. HO t for these minerals , together with the heat capacity power function 
coeffìcients given ill table 8 for cpidote (which is uscd in the present 
study to refcr to Ca2 FcAJ2Si3 0 12(OH) in its stable state of substitutional 
orclerjdisorder at any press Ul、e and tempcrature) were retrieved by Bird 
(ms) and Bird and Helg萨e怕son (1977) fr‘ 0111 hi堪igl回h 1凹}川r、e创S创圳S饥u盯I

per叫ime川a址1 data reported by Liou (1973, 1974) and Gustafson (1974) 
for 

6 andradite ~ 4 magnetite 十 18 ，叮ollasto川te 十 O2 ， (210) 

2 andraclite 十 4 qllartz ~ 4 hedcnbergite + 2 wollastonite 十 O2 ，

(211 ) 
anù 

2 epidote ~ grossular + anorthite 十 hematite + qllartz 十 II 20

(212) 

Compositional llncertainties in the experimcntal data reported by Chat­
terjee (1967) and Holdaway (1972) for the decomposition of epidot巳
and the rcaction of calcitc, wollastonite, and epidotc to give grosslllar 
amlraclite garnct preclllcles lIse of their data in retrieval calculations 
of the thermodynarnic propcrties of stoichiometric epidote , lt shollld be 
noted that reaction (212) representing the cocxistence of epidotc-clino 
zoisitc and grossular-andraclitc-almanclinc solicl sollltions can a150 bc 
叭Tltten as 

6 epiclotc ~ 2 andracli te 十 6 anorthitc 十 hematite 十 3H二。

(212A) 

Howcvcr , because the standanl lllolal entropy of this reaction is ~ 4 
timcs 1盯gcr than that o[ reaction (212) , it was not uscd to rctrieve 
values of !l.H 0 f and !l.G 0 f for cpiclotc aml 二mdradite.
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It can be seen ill figures 112 and 113 that the curves generated by 
Bird (ms) and Bird and HeIgeson (1977) are consistent with all the ex­
perimentaI data reported by G山tafson (1974) and Liou (1973, 1974). 
The calculations took account simultaneously of the thermodynamic 
consequences of bothιornpositionaI variation and orderjdisorder in 
epidotc, as well as the efIcct of grossuIar-andradite-almandine solid solu­
tion on the experimental reversal tcmperatures for reactions (210) 
through (212). 
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Three ene唔etically distinct octahedral (M) sites are occupied by 
Al+++ and Fe十+ + in epidole. Cl'ystal strllctllre refinements (Dollase, 
1971) and Móssballer spectral data (DeCoster , Pollack, and Amelinckx, 
1%3; Bancroft, I\lad山ιk. a川 Bl讪u盯I

Fe十十十 is preferer川iλllly dis仙lr、讪川Eαed 川lOng the 丸:Vl(β3) si山i让tes轧. Minor 、 amounts
ofFc+++ 川e also present 011 the ?vf(l) 山es ， b川 the M(2) sites contain 
only Al+++. 

Octahedral disordering of stoichiometl'ic epidotc (which < orres
ponds to Xpi的c ，扫= 0.33 Ca2Fe3Si30dOT f) in thc binary system , 1山ta­
cite-clinozoisite (Ca2AI3Si:,O'2(OH))) with increasi吨 temperature can b巳
represented by: 

Ca2λPf( I} API(Q) Fe1f (υSi j0 12(OI-I)→ 

(οrdered e户 idote)

Ca2(Al (1 _x川8才)Fe飞飞ιω"，)盯1)人;入l飞U飞
( disor♂dered e户idote叫r叶) 

where x stancls for the nllmher句 of moles of Fe+ 十十 Oll the M(I) sites in 
one mole (i..,rram forlllllla llllit) O[ stoichiolI1etric disonlered epidote. The 
intracrystalline exchange reaction rcpresenting equilibriu lI1 among 
Al+ 十+ aml Fe+++ on the 1\1(1) and M(3) siles can be written as 

Fc十十 +M(S) + Al十十 +M(1) ~ Fe+++M(1) 十 Al+++1f (3) (212C) 
Assuming rando lI1 mixing of Fe+++ aml Al+ 十十 011 each of the ener­
geticλlly distinct sites, the 1川V of mass action for reactioll (212C) rccluces 
to 

X Pc ,.1f(l) X A7 ,JI(3) _ TT 

X Fe,JI(3) X .. lI ,Jf(l) … 

D 
q
/『

9
『

where X Fe,Jf(3)' X Fc,]I(l) , X儿.1[ (3)' ancl X. 1I ,Jf(1) stancl for mole fractiolls 
clefìned by eq (47) , a川n阳HI K 陀fCI川's to th 巳 C叫【qψ巾l俨尸1I il川i川1)1川I川i川1 Cωonsta 川 for 咱 m旧wn 1 

(2盯12C斗). Be创旺c孔川川llse x 川d l-x are e创叫(1甲巾l俨尸1I山l
a 川 Al++ 十 on the 巳 M(1盯) a川!H川d M(β3句) 吕川山ites ill sloichiometric epidole, an 
orclcri IIg paramcler， σ， which apprü正lches 0 for complete disonler and 
unity for < omplete order , can bc deflllecl as 

σ 三 1 - 2x 

which permits cq (212D) to be writtcn as 

-'1 arctallhσ = ln K 

(212E) 

(212F) 

Note that x and K are hy clefillitioll i ll(lepenclent of comp(泊ition ， so that 
σis a fllllction only of telllpcratllre and press lI re. 

Experimental clistribution < oeffìcicnts for epidole-clinozoisite solid 
sollltions are shown ill ftgllre 1 H. Becallse the standanl molal heat 
capacity of re，川iO Il (212C) is probably 时gligible ， it wo川cl not be u口III
I阳e;川l汕50创lla正able tωo cxpect 1阳n K fo川r、 t由he exchλ川nge re;λlction tωo be a lin巳i川lr句 fu川Il山llC­
tiOll of T飞 • 1飞.T叮l lÌ s obs忧古记er\';且ltion ， together with the asslIrnption that substi­
tlltional ordcrjdisorcler in the solid solution is inclepenclent o[ composi-
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tion (which is supported by experimental evidcnce) , permits calculation 
of ln 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 depenclence of ln K computccl in this manner is depicted in 
且gurc 114, which is consistent with the experimental clata shown in 
且gure 113E. Note that x 臼 o at 25 0 C. Calculat忧ecl values 0时f K ancl σ 
(仲a忌 115) cαan be lI S优E仅ecl tωoget山hc盯r 认w川y→巾创i江川th ßHo f for t山he cxchar 
putecl from the slope of the curve in 且gur吨它e 114 tωo calculate the standard 
11101al heat capacity , enthalpy, Gibbs free cnergy, ancl entropy of clis­
orcler. CO l11putecl values of the first two of thcse properties (ßCopγ.ds and 
ßH 0 d8) are shown in figure 116. 

Thc standarcl molal heat capacities of clisorcler in 五gure 116B were 
aclcled to the calorimetric heat capacities of epiclotc reportecl by Kiseleva, 
Topor, and Amlreycnko (1974) , which were asslImecl to rcpresent the 
orclerecl phase. These values werc then regressed with eq (19) to generate 
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the heat capacity coe而cients shown for cpidote in table 8 and the h巳at
capacities of epidote plotted in fìgure 117 ß. The heat capacity coefficients 
given in the table for orclered epidole were obtainecl by regression of 
Kiselcva , Topor , and Anclrcycnko's (1971) clata (fìg. 117B) , but those 
for anclradite werc clerived by optimizing the col1lputed ancl experi 
l1lental equilibrium temperatures for reactions (210) , (21 月， and (212A) 
Stanclard molal heat capacities of andraclite computecl in this manner 
are shown in 且gure 117 A, whcre they can be compared with those esti­
mated from eq (85). 

Compositional variation in epiclote was taken into account in the 
retrieval calculations clescribed above by assu l1ling ranclom intrasite 
l1lixing of Al + + + ancl Fc十++ on the ]\[(1) and 1\1(3) sites in the 
epiclote-dinozoisite solid solution. Similarly, in the grossular-andraclite­
almancline solid solution , Ca +十 and Fe+ + on the X sites and Al + + + 
and Fe十+ + on the Y si tes were ass umed to mix icleally on the respec­
tive sites. These assu l1lptions, together with that implicit in eq (212C) , 
which requiresσto be inclependent of composition, permits calcula­
tion of the activities of the grossular and disordcrcd epiclote components 
in the two coexisti吨 solicl solutions from eqs (46) and (48) using com­
positional clata and ccll climensions reportecl by Liou (1973) for the 
experimental reversal temperatures shown in 且gure 113C. Calculated 
equilibrillIn compositions of coexisting epiclote ancl garnet solicl solu­
tions consistent with the Cllrve in fìgure 113C are shown in fìgure 
118. Activities and equilibrium constants consistent with these composi­
tions for the reversal temperatures shown in 且gure 113 C were usecl to 
retrieve the values of ~GOt ancl ~HOt for epiclote ancl its orclerecl COllnter-
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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 .:lG o t for hedenbergite in table 
8 differs by only 585 cal mole- 1 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 [rom - 550 0 to - 8000 C , the activity of the andra­
dite component (but not its 11l01e fraction - see 且g. 118) is essentially 
constant at pressures and temperatures corresponding to those along 
the curve shown in fìgure 113C. The activity of the epidote component 
of the coexisting epidote-clinzoisite solid solution is also nearly constant, 
h川 in contrast to tl川 of andradite (which is - 0.5) it di丘、ers only slightly 
from unity. At high temperatur口， the activity of epidote in epidote­
clinozoisite solid solutions is relatively insensitive to compositional 
v二lriation at Xpistacite > 0.3. 

Although estimated values of SO l'yoTγfor hedenbergite, epidote, and 
andradite , as well as estimated heat capacity coefficients for hedenbergite 
were used in the retrieval calculations, it can be seen in fìgures 112 
and 113 that the estimates alford close approximation of experimental 
equilibrium constants over a wide temperature interval (- 3500 to 
- 8000 C). The symbols representing Gustafson's (1974) data at 0.5 and 
1 kb in fìgure 113A were adj川ted to 2 kb by taki吨 account of the 
standard molal volumes of andradite, magnetite, and wollastonite in 
table 8. 

The e[fect of nonideal mixing of CO2 and H 2 0 on equilibrium tem­
peratures and fluid compositions for coexisting andradite, calcite, hema­
tite, and quartz can be assessed in fìgure 113B. It can be seen that the 
experimental reversalsλre bracketed by the solid curve representing 
ideal mixing and the d川hed curve, which was generated with the aid 
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of Hollow町's (1977) eql川ions describing nonideality in the system 
CO"-H20. 

BORNITE AND CHALCOPYRITE 
E Th 巳 va址dlle臼S of SOI飞，飞r. T飞r户， ð.I-JO t户， '川川t口nd ð.Got g型iven in ta且lble 8 foωl'‘ th览es忧

ml凶n时1e创r吨飞叶t

by Schneebe1'g (1973) am叫d Yu旧md a川I口H叫d Kullel创r川川、'ud (1966) fo1' 

5 chalωpY1'ite 十 S2 (g) 二 4 pyrite 十 bomitc (213) 
and 

chalcopyrite + 2 chalcocite ~ bornitc (214) 

wher 
we创l'、e carr丁1‘ïe仅d ou川lt a川ss阳S饥川uming idea址1让1m丑lXl山ng 0叫f Cll and Fe atoms among 
energetically eqllivalent sites in coexisting bo1'nite and chalcopyrite 
solicl sollltions. The stancla1'cl molal heat capacity coeffìcients fo1' bo1'nite 
ancl chalcopY1'ite in table 8 we1'e usecl in the calculations togethe1' with 
the the1'moclynamic p 1'operties of pyrite, chalcocite, and S2(g) sllmmarizecl 
in table 9. 

1 It can be secn in 且gll 1'吨'e 119 that equilibr‘'ium constants fo1' r、eaction

(β21η3) cωom叫n叫put优ed from t山he ther臼町en、'mocl由ynamic d山ata for chalcωop凹y叫I
b】01'、'nitc in table 8 are in close agreement with their experimental counter­
pa1'ts. The values of ð.Go f for these two minerals in table 8 are within 
the uncertainties given by Ba1'tholome (1958) for J山 estimates (Young, 
1967) of ð.Go f of bornite (-89 ， 000 士 6000 cal molc- 1 ) ancl chalcopyritc 
(• 45 ,000 :!:: 3500 cal mole- 1 ). Although the valuc 01 SOp ，..Tγshown in 
table 8 fo1' chalcopyrite is close to that estimatecl by Helgeson (1969) 
using Latimer's (1952) algo1'ithm , that shown for bornite cliffers by more 
than 9 calmole- 1 (OK)-l from thc corresponding cstimate calc川ated by 

ρ26 

N 0, 24 
O 

r<1 
(f) 
N 

d 
r<1 

.f} 0..20. ~ 3KB,681 oc __ 

。 16
0..26 。30. 。34 0,36 

Xc口2Fe3Si3o.I2( o. H)

I'ig. 118. Calculatcd compositiolls of cocxisting epidote :lIld garnct solid solutions 
in thc systcm CaO-FeO斗才乌O，-AI，OrSiO二 II，O as a function of tClllperature and 
pressurc. 
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He1geson. The 1atter difference a1most certain1y stems from ambiguities 
concerning the oxiclation state of the copper, iron , and sulfur in stoichio­
metric bornite, which must be knowll accurate1y to obtain a re1iab1e 
entropy estimate from Latimer、 a1gorithm.

Ca1cu1ation of the equi1ibrium constant for 

10 chalcopyrite 十 4H十 + CO 2 (g) ;;:::: 2 bornite 

十 6 pyrite 十 graphite 十 Fe+++ + H 2 0 (215) 

using data taken from tab1e 8, togethcr with thennodynamic equations 
and clata for H 2 0 and Fe++ given by He1geson and Kirkham (1974a, 
1976, ancl in press) yie1出 va1ues at high temperature which are inconsis­
tent with those determined experimentally by Crerar and Barnes (1976). 
In fact , the ca1Cl巾tecl va1 1les of LlH飞 (and thus (a ln K/aT)p) for re­
action (215) are opposite in sign to those rcqllirecl by Crerar ancl Barnes' 
experimenta1 data. The causc of this discrepancy is not clear, but it 
may be due to 1ack of graphite-C02 equi1ibration in the experimenta1 
study (D. A. Crerar, 1976 , written commun.). Jn any event, the thenno­
dynamic clata given for bornite and chalcopyrite in tab1e 8 are more 
时iab1e than those given by He1geson (1969). 

SUMMARY OF SELECTED CALORIMETRIC DATA 

Thermoclynamic clata are given in tab1e 9 for selected e1ements, 
oxicles , ha1icles. sulfates, carbonates, and su1fìdes which can be usecl to­
gether with those in tab1e 8 to ca1cu1ate equi1ibrium constants for a 
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large number of metasomatíc reactíons among these mínera1s and silícates 
at hígh pressures and temperatures. Because the thermodynamíc data 
gíven ín tab1e 9 were se1ected from a mu1títude of sources of varying 
re1iabi1ity and have not been subjected to crítíca1 comparison with 
other experímenta1 observations, they are sllbject to more uncertainty 
than those in tab1e 8. N everthe1ess , t山he叮y appear to be mor陀e cωon旧1刊叫sist优en川lt t 

wíth observed phase re1ations ín geo10gic systems than those adopted 
P严rε凹VlOU山1比s由 (He1g伊esωon叽1， 1969) . . 

ESTlMATION AND CORRELATION OF I1G O t and I1H O t OF MINERALS 

I\Iany a1gorithms have been used to estimate standard mo1a1 entha1. 
pies and Gíbbs free energies of formatíon of minera1s from the e1ements 
at 298.15 0 K and 1 bar (for examp1e, Latimer, 1952; Slaughter, 1966; 
Karpov and Kashik , 1968; He1geson , in Eugster and Chou, 1973; Chen, 
1975; Nriagu, 1975; Tardy and Garre1s, 1974, 1976, 1977). However, 
because such estimates are uncertain to the extent of ,..., 2 kca1 mo1e- 1 

or more, none of them affords sufficient accuracy to predíct equí1ibrium 
temperatures for univaríant reactions. Neverthe1ess, in the absence of 
experimenta1 data , all of them offer approximations of rea1ity that 
can be used to advantage ín estimatíng the chemica1 environment in 
whích various minera1 assemb1ag伊es fo创rr嘈-m

Perhaps the simp1est and most generally app1icab1e approach to 
estimatíng I1G。勺t for si1ícates ís that taken by Tardy and Garre1s (1974) , 
1年ho computed intracrystalline contributíons by oxíde and hydroxide 
formu1a groups to the standard mo1a1 Gibbs free energies of formation 
of 1ayer sí1ícates. This procedure can be genera1ized by writíng 

G。申=丁二阳 μ-4 申 (216) 

where G。申 stands for the standard mo1a1 Gíbbs free energy of the 中th

minera1，叭，ψrefers to the number of mo1es of the ith oxíde or hydroxíde 
formu1a group (gram formu1a unit)-l of the mínera1, andμ气。 repre­
sents the standard mo1a1 íntracrystalline chemíca1 potentía1 of th巳

formu1a group in the minera l. Takíng account ofωnstraínts imposed 
by conservatíon of mass , eq (216) can a1so be written as 

I1GOt ψ= 专阳 I1Goυ (217) 

where I1G Ot ， 巾 refers to the standard mo1a1 Gibbs free energy of forma­
tíon [rom the e1ements o[ the 中th minera1, and I1Go t ,i ,1jJ desígnates the 
íntracrystalline stanclard mo1a1 Gíbbs [ree energy of [ormation of the 
íth fornmla group in thc mínera l. lf we 1l0W assume I1Go t.i ,1jJ to be 
equa1 ín all mínera1s of a given structura1 class designated by the índex 
c (c 二 1 ， 2, . . . ê) ancl 1et 中 1 ， 2, . . . 'IJI and i = 1, 2, . . . î, 'IJI state­
ments of eq (217) can be solvccl sím山aneo旧1y to gencrate î va1ues of 



TABLE 9 

Summary of selected calorimetric data for minerals and gases at 298.15 0 K and 1 bar 

-
。A
F

f , m 
Transition Oata (1 bar)旦旦

Gram 
C" p Coefficients一一

Mi nera 1 Na隅主 I ndex s'一b Vo !:_ ~G. 一d ，一e d r 
Formula Formu la ~H' f-

C las5 t~umbe r f 
We ight一ρ一P a且 d以 10 3 c~x 10- 5 T 土，111_ ~S' 且，1 ~H. !!_,111_ ~Vt一c 

t t t 

I; lement Si1ver(c) 1101 Ag 107.870 10. 17!三 10.272l 。 。 5.09 2.0句 -0.36 123句

Go1 d(c) 1100 Au 196.967 门 .33主 10.21 s!:. 。 。 5.66 1.2 句 0.0 1336 

Copper (c) 1102 Cu 63.5 句 7. 923~ 7.113ι 。 。 5.41 1.50 0.0 1357 

Me rcury ( 且) 1552 Hg 200.59 18.17!巳 l 句 .822主 。 。 6. 句句 。 .0 -0.19 62~旦 22.48 14 ， 14。

句 .97 0.0 0.0 3000 

N i cke I 1553 Ní 58.71 7.1 1丘 6.58a!:. 。 。 句 .06 7.04 。 .0 633E. 。

6.00 1. 80 0.0 1725 

Graphi te 1103 c 12.011 1. 3 ]2~ 5.2982生 。 。 句 03 1. 14 2.0句 2500 

Oxygen (g) 1302 。2 3 1. 999 句9.003~ 2 鸟，岛6sS- 。 。 7.16 1.0 O. 句 3000 

Hγdrogen (g) 1303 H2 2.016 31.208主 2岛，电659. 。 口 6.52 0.78 -0.12 3000 

阿des Carbon Dioxide(g) 1305 CO2 句句 .01 51.0 ]2"- 2岛，岛659. -9句， 262 -9岛， 054"- 10.57 2.10 2.06 2500 

Steam 1301 H20 18.0153 ~5.10~ 2句，句659. -5岛， 63岛 -57 ， 796ι 7.30 2. 电6 0.0 2750 
Water 69 H20 18.0153 16.71且 18.068旦 -56 ， 687~ -68 ， 3l 卢
Bunsen i te 155电 NiO 74.7口9 9. 。在 10.97生 -50 , 573 - 57 ， 30卢 ·电 .9937.58 -3.89 525旦 。 。

13.88 0.0 0.0 565王 。 。

11. 18 2.02 0.0 2000 

Tenor i te 1111 CuO 79.539 10.1 a!:. 12.22主 - 30 , 568 -37 ， 200旦 1 1. 53~ 1. 8~ 1.7~ 1600~ 

Cupr i te 1112 Cu20 l 电 3.079 þ2.0~ 23. 句37主 -35 ， 38句 -40 ， 83~ 1 电 .O~ 5.8~ 0.7~ 1515~ 

阳古? Sy1vite 1107 KC1 74.555 19.73"- 37.52ι -97 , 735 -104 ,37o!:. 9.89 5.20 -0.77 10句3

Hal j te 1106 NaC 1 58. 电 43 17.24"- 27.01 s!:. -91 , 807 -98 ,26o!:. 10.98 3.90 0.0 1073 

Fluori te 1079 CaF2 78.077 16.3~ 2 句 .542主 -280 ，句93 -293 , 00o!:. 14.30 7.28 -0. 句7 142句



Gram 
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C P r Coe f f i c i en t si.旦 Trans i t io门 Data (1 bar) 旦旦
Mi nera 1 Name主 I ndex 

For rr..J I a Formula v'三
C lass Number 

We;9h f-ι 6S' 'è, a~ t)l_ x 10 3 c~Xl0-5 T .!....~ 6H' '!_，旦 v 丘
t t t t 

5ulfates Bari te 1080 BaSO句 233 句02 31. 在 52.1 0.':. -325 , 563 -352 , 10tt. 33.80 0 , 0 3. 也 3 1422 

Anhydri te 1078 Ca$O句 136.142 25.7王 与 5.94-" -315 , 925 -342 ， 760主 16 , 78 23.60 0.0 1453 

Anglesite 1081 PbS0 4 303.252 35.51ι 也 7.95主 -19勾， 353 219 ， 87让 10.96 31.0 -句 .20 1100 

Ce lest i te 1082 Sr$O句 183.682 28. 庐 乌6.25旦 -320 ，句 35 -3 句 7 ， 30。主 21.80 13.30 0.0 1500 

AI uni te 1083 陆 1 3 (OH)6(SO句 )2 句 14.220 1飞飞主L 293. r,!: 1 , 113 , 600 -1 , 235 , 6001- 153.45 0.0 5 句 .95 650 

C.1 rbonate Wi ther i te 108句 BaC0 3 197.3与9 26.8主 句 5.81 '二 -278 , 400 I -297 ， 500三 21.50 11.06 3.91 1079 

S ider i te 1076 FeC0 3 115.856 25.1主 29.37 s.'c 162 , 390""- -179 ， 172一~ 11.63 26.80 0.0 885 

Rhodachros i te 1085 MnC0 3 114.9句 7 23.9主 3 1. 075主 -195 ， 0与 5 -212.521ι 21.99 9.30 句 .69 700 

Ceruss Î te 1068 PbC0 3 267.199 31.3'é 40.59丰 -150.370 -168 ， 00~ 12.39 23.60 。 .0 800 

StrontÎanÎ te 1069 SrC03 147.629 23.2 'é 39.01 主 -275. 句 70 29鸟，已O ()Ó. 23.52 6.32 5.08 1197 

Smi thson i te 106句 ZnC0 3 125.379 19.7'é 28.275主 -17句 .850 -19句 .260主 9.30 33.00 0.0 780 

Ma lachite 1059 CU 2 (OH) 2C03 221.104 句句 5生 5'" 86主 -21 鸟 .20 马 -251.900:= 27.7 r}.一5 43.78一ff 1.3'•F 一F 7809.且

AzurÎ te 1060 CU 3 (OH) 2 (C0 3) 2 3句句 653 66.97ii 91.01主 33 句，与 17 -390.10tt. 36.88l'_f 77 句句一ff 0.92l'_f 7809.且
Hunt i te 1050 Ca问 9 3 (C03) 句 353.052 71 吵l一i 122.9ω..L -1 ， 00 鸟 .710 -l ， 082 ， 60~ 8乌 .17~ 与2.8ι二L 20. 句午c一c 10002.二

Nesquehon i te 1 )58 119C03 3 H20 13 日 367 句6.7&""队 74.7 ，，'2一k -与 12 ， 035 斗72 ， 57 r).一,', -157ι80己上 3899.173主王 -句 17.32 s!一? 306 乒i 0.60 18'•" 一
25.2峙，一, 91.289一tt e 勾 .222←t.! 3 句。?一? 

Art in i te 1053 例92(OH)2C03'3H20 196.693 55.67ιL 96.9~ I -613 , 915 -693 ， 043'-ι 70.87 'i!2 27.6&3-一c 7 .43~二 100~ 

Hydro咱gnes i te 1062 "与 (OH)2(吗)4， 4H 2飞鸟67.671 1 2 9 33• 也兄Eh - h 208.8~ 1-1 ，句 01 ， 687 -1 , 557 , 090"•'.'. 1 句 1. 句￠二 65.2岳t→E 21.67"二 100~ 

5u If ides Acanth i te 1501 Ag 25 I 2句 7.804 3与. 34.2.LL I 9 ，句句6 7 ， 55~一9 15.63.&! 8.ι。一0 O.~ 一~ 45~ 一E::. '~i 2.111 95岛9一9 

1.81~ 一9 53. 。立一1 0. 0-& 一E 62~ 一E::.，::丘 0.963 60 0-&一~
21. &! 一n 0. 0'。一。 o.~ 一~ 100~ 

Cha 1ιoc i te 15口也 Cu 25 159. "山 28.# 27 句 8.LL -20 , 626 -19 ， 00~ 12.63 旦1 18.82一tt O.~ 37 6f'.'主 2 句句7 92~ 一~
26.7ι~ 7.35一兄2 O.~ 717-'-' 且旦 0.4C_ 287"-旦旦一

20.32←兄一且 O.~ O.~ 一~ 140~ 
CO 'l e 11 j te 1086 CuS 95.60马 15. 于旦一旦 20.42~ -12 , 612 -12 ， 50~ 10.60 2.6句 0.0 1273 
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T ra 门当 ition DCl tJ (1 bJr) 
Gram 

5 。一b v.丘 ιE-f且，主 λH 。 f兰
「Minera I Name旦 lndex Formula Formu 1 a 

C lass Numbe r 
We j ght且且 b 

t>ll., 1 0 3 c~XIO-5 T 一'一 ~5. ~， ðH' 且，"'_ ðv. 丘a-
, t t t L 

$ulfides Pyrrhoti te 1555 FeS 87.92 !句句t!. 18.2~ -2 句， 08句 -2 句， ooog 5.19 26.40 0.0 411 E. 1.387 570 

17. 句。 0.0 。。 59&'- 0.201 120 

12.20 2.38 0.0 l 与 68

Pyri te 1093 FeS 2 119.98 12.6卢 23.9句。1 -38 , 293 -4l , ooog 17.88 1.32 3.05 1000 

Ga I ena 1087 PbS 239.25 21.aJ.i 31.49主 -23 , 115 -23 ， 5∞ H 11.1 7"-儿-且 2 .2-t-t 0 0ml二6且二一SJ• 138ιH 
!句 .019S且 23.830之 -句 9 ， 000ι工

rr rr Sphalerite 1088 ZnS 97 句3 句 -句 7 ， 947 11.77一 1.26- 1.16----130户
Wurtz j te 1089 Z 门 5 97 句 3与 !句 .06句旦且 23.846 .'0. -句句， 810 -句 5 ， 850之二 11.82 __r:__c_ 1. 16.__r:__c_ 1.0μ__C_ )30~ 
Cinnibar 1091 HgS 232.65 句 19.7 ..'_g 28 句 16ι -10 ， 9 句。 -12 ， 75民ι 10.4俨二 3.72主主 o. CP.L 61 sll. 
Me tacinnibar 1090 HgS 232.654 21.2~ 30.169生 -1 口，句 37 -11 ， 800立之 10.52li 3.63丛。出L 100oRf. 
A 1 aband i te 1092 问n5 87.002 19.20且且 21. 句6ι -52 , 178 -5I ， OO~ 
5ulfur(g) 1307 52 6句 128 5句 .51_!:: 24 ，句65旦 18 , 960 30 ， ι8 o.ló 8.721 0.161 0.90 13000 
Hydrogen sul fide(q) 130句 H 2 5 3句 .0799 句9.1~ 2句，句65且 -8 , 016 斗 ， 9W主 7.811 2.961 0 句 6 12300 

Hydrocarbons Methane(g) 1308 C问句 16.0句 3 句句句92旦旦 2 句，句 65~ -12 , 127 -17 ， 880且 5.651 11 .44 1 0 句 6 11500 

旦-5 ubscripts in this column refer to liquid 仰， 但 5 (g) and crystal1 ine (c) states. ~cal mole- 1 (OK)-l. 二号 tandard molal volume and volume of transition 

at 25"C and 1 bar i 门 cm3 mo 1 e -1. ica 1 mo 1 e -1 . 主王xcept where 门dicated otherwise , the values sh倒n ，门 this column were computed from f..Go f l>. H斗 - TASOf 

using values of lIH"f and $" show门 élbove together with standard molal third law entropies of the elements for Na(c)' K(c)' Ca(c)' 时 (c)' 6a(c)' Pb(c)' 5r(c)' 

AI (c)' 5(c)' Fe(c)' Mn(c)' Z 门 (c)' As(c)' CI 2 (g)' and F2 (g) (12.2鸟， 15.3与， 9.9 , 7.81 , 15 口， 15.49 , 12.50 , 6.769 , 7.60 , 6.529 , 7.65 , 9.95 , 8 句， 53.288 , a 们d

48.44 cal moJe- 1 (OK)-I , respectively) take门 from 'w'agman and others (1968 , 1969) , Parker ，阳 gman ， and Evans (1971) , and (in th巴 case of Fc(c)' Stul1 and 

Prophet , 197 1)，乌1aier-Ke 门 ey power function coefficients for equation (19). The upper temperature Jimit for the coefficients isdesignated by the value 

。 f Tt given for the minera 1. The lower limit corresponds to 298.15 0 K, except where more than one set of coefficients is given. ln the latter cases , the 



lower temperature limit of the first set is 298.15 0K, but those for subs叫uent sets corresponds to Tt for the preceding se t. Note that in the vicinity of 

Q • -1 10 ,, \-2 h the transition temperature , equation (19) fails to describe adequately the temperature dependence of COp (see text). ~al mole I (OK)-~ ~cal mole-' (OK). 
r 

i.Trans i t ion te叩erature at 1 bar in 气， except where no va 1 ues of ð.S 飞， .6HOt , and .6VOt are shown. In the Jatter cases Tt refers to the upper t凹perature

limit (in OK) for the heat capacity ~o\ Je r function coefficients for the mineral. 1ζomputed from equatjon (9) using the values of Tt and .6HOt sh倒n above . 

.2._ ,. _~ ,,' m 与agman and others (1968 , 1969); Parker , \lagman , and Evans (1971). ~obie and \laldbaum (1968). 叫Jnless indicated otherwise , the values shown Ln this 

column were taken from Kel1ey (1960). !!t iquid/gas transition. .E.α/自 transition. Ss tandard molal volu响。f an ideal gas. .!:..Stu 门 and Prophet (1971) 

~OOATA (1976). .!.ß!y transition. 与elgeson and Kirkham (1974a). 工州ah ， Pankra口， \leller , and King (1967). ::: King , Hah , and Pankratz (1973). 主5tern and 

~ise (1966). 工Kelleγ and others (19鸟的. ~dami and Conway (1 966). ~angmuir (1969). 坠{omputed from llH o f = llG o f - TllSOfusing values ~f llG o f 

and SO shown above together with standard molal third law entropies of the elements given in footnote e. 丘衣 ichardson and Brown (1974). 但-E st imated 
3 _.L-1 

from equation (62) for azurite :;;:::=且 malachite + CuC03 (c)υsing 50CUC03(C) = ZI.O cal mole- I (OK)-I (5tern and Weise , 1969) , VOCUC03= 30.95 cm3 mOle-'. 

(canputed from ce 11 parameters reported by Donnaγand Ondik , 1973) using the standard n-o lal entropy of 旧 lachite and the values of VO for malachit~ .3 nd 

~zurite shown above. ~in (1961). 丘Computed from equations (86) through (88) a55uming llC o n - 0 for Cu , (OH) , CO , + ZnO 事 ZnCO... + H...O 1 \ and P r V ，~， V"z ，~"， zv~3 . ."~ ~ ."V"3 • "Z"(5) 

Cu..(OH)...(CD .,)... + ZnO ~ Cu...(OH)... + CO ., + ZnCO ., + CuO using COn coefficients given above and in table 2. 盟-l imi t imp回国 by the lowest temperatu陀 1 imi t 3'...."'2'......3'2 . ....." ~ ......2\""'2 ......3 ...........3 '""...... ~~...!:1 '"" Pr 

hh_ . . 1 , ".,... ,,,.,..,\ i i 
for the heat capacity coefficients used to estimate a. b. and c for azurite and 旧 lachite. 一C!f\obie and Hemingway (197Z , 1973). -'-'-ti emingwaγand Robie 

(197Z , 1973).μ恨。b i e and others (1966). 坠Compu ted from dens i t i es repor ted i n re ferences 9 j ven i n footnotes h且 and i i .旦 Hi 115 (197的 ~ß!"

乞fanslt im22α/y transition. .EP.grams mole- 1• !n.Stuve (197的. .!:!:.pankratz and King (1965). ~sti旧ted from equat ions (86) through (88) assumi ng 

llC飞 .0 for the reaction5 CaHg 3 (C0 3)4 ~ CaC0 3 + 3HgC03 , H9 Z(OH)ZC0 3 • 3HZO ~ HgC0 3 +' Hg(OH)Z ... 3HZO(z)' and H9 S (OH)Z(C0 3 )4. 岛 HZO ~ 4HgC03 +时 (OH) Z + 

句时z) …9 heat capacity coefficients given in 叫es 2 and 8. .!!.generated from 呵ress i on of 叫川etric values taken 川 Robie and Hemingway (1973). 

uu 
一!.t hermodynamic properties given for lambda transitions correspond to the apparent properties (see text). 

-
。
叶



198 Estimation and Correlation 01 ilCo { and ilHo { 01 Minemls 

ilCo {, i,c if '1' = Î ancl '1' experimenta1 va1ues of ilC o f,l/J, c are known. The 
calcu1ated va1ues o[ ilCo t, i,c can then be usecl to estilllate ilCo t ,if;,c for 
other minera1s in the cth structura1 class for which experimental data 
are la< king.

As lllight be expected , the success of Tardy ancl Carre1s' approach 
is high1y sensitive to structura1 diftcrences among minera1s. For examp1e, 
叫 (217) and thermoclynamic data given in tab1e 8 for the minera1 pairs , 

gibbsite ancl brucite, kao1inite and chrysoti1e , pyrophyllite and talc, ancl 
muscovite ancl ph10gopite resu1t in signifìcantly cli旺erent va1ues of 
ilCo f ,A1 20;l'C - 3ilCo f ,)[gO,C (46.6 , 59.3 , 64.2 , ancl 5~).9 kca1 lllo1e-\ respec­
tive1y) for hypothetica1 intracrystalline excha吨e of trioctaheclra1 MgO 
and dioctaheclra1 A1"03 groups in c1 ay minera1s. The genera1 progrcssion 
of these va1ues is consistc川 with Chc山 (ms and 1975) stochastic esti­
mates , but not with the genera1izations advocatecl by Tarcly and Carre1s. 
The clifferences in the 1ast thrce va1ues of ilCo f , A1 203'C - 3ilCo {, MgO.c com­
puted above resu1t from subt1e strllctura1 difterences 1ike those responsi­
b1e for the clistinction between chrysoti1e ancl the strllctura1 ana10g of 
kao1inite, 1izardite. 

The a1gorithlll represented by eq (217) can be improvecl substantially 
by rep1acing the oxide and hydroxicle forlllu1a units clesignatecl by the 
subscript i with structura1 cOlllponents corresponding to lllinera1s in a 
given po1ysomatic series, which is dcfìned hy .1. R. Tholllpson (1970, 1977 , 
persona1 COlllmun. , 1978) 川 a series of minera1s composcd of difterent 
combinations of chelllically and structurally distinct 1ayers with a COlll­
mon structura1 p1ane. For exalllp1e, ilC o t ,tremolite wou1d be estimated by 
adding 2ilCo t ,diop8ide to ilCo t.tαlc' Simi1arly, ilC勺，αnthophyllite wou1d be taken 
as the sum of ilCo t ， tα lc and 4ilCo t ,en8Ialile' Thcse re1ations and the values 
of ilGo { [or trelllo1ite and anthophyllite in taL1e 8 resu1t in 2ilCo {, enRtatitc 
ilCo t.diop肌de = 27 ,628 ca1 mo1e , which is - 1490 ca1 mo1c- 1 greater than 
2ilC 0 {， cn8tαtite - ilGo {, di'Jp., idc (tab1e 8). The difference corresponds to the 
intracrystalline Cibbs free cnergy associated with bonding the enstatite 
and diopsicle structura1 colllponents in the minera1s. 

An a1tcrnate approach , and one consistc川 with eq (46) , i盯olves
ca1cu1ation of re1ative intracrystalline standard mola1 entha1pies of forma­
tion of clifferent cations or aniolls on encrgetically equiva1ent sites in min­
era1s of the same structura1 class. For example , ilHoιilHo pu: , _Uj_j_ f ,:E',.+-l- (c) - .Ll.j_.J.. (, Mg++(c) 
in olivincs can beωmputed by assuming the standard mola1 enthalpy 
of reaction to be zero for hypothetical intracrystalline exchange of M g+ + 
and Fe+ + representecl by 

0.5 fayalite + Mg+ + (c) 己 0.5 forsterite 十 Fc++(时 (218)

which leads to 

ilHo f ,FcH(c) - ilHo t ， Mg气c)=AEt。fJαyal们 ilHO {，f川t旷 dc (219) 

where Fe+ 十 (c) ancl Mg+ + (c) refer to pure Fe+十 and Mg++ in a hy 
pothetical crystalline state. Values of ilHo (， FC'气。- ilHo t , )Ig++(c) and 



Compositional variation in r月 ontrnorillonites， et cetera 199 

ÄH' f ， ~r俨(c) - ÄH' f ,Ca'+(c) computedin this manner fro~ clata ta~en f:om 
table 8 are' shown in figlíres 120 and 121 , where it can be seen that these 
di fIcrences exhibit a linear correlation with the ratio of the number of 
tetrahedral sites to the n旧nber of moles of oxygen (other than that in 
OH一) in minerals representing di fIerent structural grOllpS , The eqlla­
tions of the curves in figures 120 and 121 can be written as 

ÄH'川朴(c) - ÄH'川俨(c) = 78,780 + __!6 ,290 (芒l ， t + VSi !L (220) 

and 
_ '7 lì{)(\ I 54 ,600 (v Al , t + VSi,t) 

ÄH' [,1Ig++(c) - ÄH' {， Ca++ω= 7990 十 (221)

respectively, where VA1 , t and VS i,t stancl for the stoichiometric number 
of moles of tetrahedral Al and Si atoms (gram formllla llnit of the min­
erals)-l ancl Vo refers to the corresponding number of moles of oxygen 
(excllldi吨 that in OH-). 

Eqs (220) ancl (221) yield values of ÄH'川川(c) 一 ÄH'{ ，M盯gH十 (ωc) an 
ÄH' f ，~川M窝旷++气(c忖) - ÄH'勺{，C‘礼川俨ιJ卢+忏+(ωCω) within 150 cωal mole- 1 0旧r less of th阳os优e r陀epr陀e­
s优ent忧e<cl by th陀e s叮ymbols in 且gures 120 ;且川Inc叫d 12 1. Nevertheless, carc l11ust be 
exercised in llsing tbe eqllations to estirnate values of ÄH o ( for minerals. 
For exarnple, cq (220) and the val11e of ÄHo t in table 8 for diopsi世 yield
an estimate of ÄH o f for 1 
analog of diop严side a川t hi吐ig呼h t忧阳e臼mpe创r吨'at山tll汀re臼5叫 of 一68川1 ，388 cal mole 一→1. This 
estirnate cliffers by ,_, 2900 cal mole- 1 from the value of ÄH o f for heden­
bergite shown in table 8. Similarly, because wollastonite is not a py­
roxene, the estimate for wollastonite affordecl by eq (221) and the value 
of ÄHo f for enstatite in table 8ιliffer from the corresponcling value of 
ÄHO f for wollastonite shown in the table hy 6066 cal mole-1. Such dis , 

crepancies wOllld also be expected to result from estimates of ÄHo f for 
ferrotremolitc and minnesotaite, which are not exact structural analogs 
of tremoli te and talc, respectively. ln the case of minnesotaitc , the esti­
mate of ÄHo f generated from eq (220) and the value of ÄH o f for talc 
in table 8 is 一 1 ， 155 ， 032 cal mole- l, which can be combinecl with entropy 
data taken from table 3 to give ÄGof ， 111in肘80taite = -1 ,070,609 cal mole-1. 
The latter val11e is ,_, 650 cal mole-1 more negative than that given by 
Me l'nik (1972). 

Cornpositional variation in rnontmorillonites, illites, glauconites, 
chlorites, and amphiboles.-Althol时1 Helgeson (1969) , Tarcly and Gar­
rels (1974) , Nriagu (1975) , Nesbitt (1977) , and others generatecl estimates 
of ÄGo f for montmorillonites , illit时， and other minerals which have no 
stoichiometric compositions, this pl孔ctice leavcs much to be clesirecl. If 
stanclard molal Gibbs free energies of formation are to be assignccl to 
all such minerals , it would take an infìnite nllrnber to account aclequately 
for all the compositions of montmorillonitcs, illites, glauconites, chlorites, 

10 At high temperatllrcs the strllctllrc oE hedenbergite is 1110rC closcly rclatcd to 
that of bllstamite (Rutstein , 1971; Rapport and ßllrnham , 1973). 
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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 geochemica1 ca1-
cu1ations by computing the activities of the thermodynamic components 
of the minera1s from site mixing approximations , such as those repre­
sented by eq (46) or its nonidea1 counterparts. This approach permits 
calculation [rom lattice parametcrs and Mössbauer data of the activities 
o[ components corresponding in stoichiometry to pyrophyllite, muscovite, 
paragonite, phlogopite, margarite , clinochlore, anthophyllite, tremolite, 
ancl othcr minerals for which thermodynamic data are availab1e. The 
activities of these components can then be corre1atccl with the composi­
tions of the minerals and used as descriptive variables in activity clia­
grams, thereby obviating the practice of assigning 飞ra1ucs of f.Go t to 
one 0 1' another solid solution mineral with a specified composition. This 
l川、ocedure has been used recently to calculate activity/composition rela­
tions among aqueous solutions ancl montmorillonit凹， illit凹， ancl mixecl 
layer clays (Aagaard, Helgeson, ancl Benson, in preparation). Because it 
is comprehensive, simple, ancl offers far more versatility and rcliability 
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than the approach taken by Helgeson (1969), Helgeson and Mackenzie 
(1970) , Kittrick (197Ib, c, and d) , Weaver, Jackson, anù Syers (197 月，
Routson and Kittrick (1971) , Hua吨 and Keller (1973), Tardy and Garrels 
(1974, 1976, 1977), Nriagu (1975) , Nesbitt (1977) , anù others, no thermo­
dynamic data are given for these minerals in tal> les 8 anù 9. 

CONCLUDING REMARKS 

The equations and clata summarized above permit comprehensive 
calculation of the chemical and thermodynamic consequences of reactions 
among aqueous solutions and the bulk of the abunclant minerals in the 
Earth's crus t. Preliminaryιalculations of this kind (Delany and Helgeson, 
1978; Bircl and Helgeson, 1977) indic川e a close correspondence between 
predicted phase relations and those observed in nature. The agreement 
is clue primarily to the fact that the thermodynamic clata summarized 
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in table 8 are internally consistent and compatible with both laboratory 
and field observations, as well as with general eqllations of state for 
aqueous and gaseous species. It shollld 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 val l1es 
of !:lGo f and !:lH of 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 t山he创r、~m

s Eαu臼ss忧E仅d i阳n t山he pr陀εE臼edωing page臼s have been cωombined wi让th t由h沱时eir analogs 
for aqueous specie臼s (Helgeson and Ki让rkham ， 1974, 1976, and in press) 
to calculate hydrolysis constants for > 130 minerals at pressures and tem­
peratures to 5 kb and 600oC. These eqllilibrium constants will be used 
to generate comprehensive activity diagrams for a wide variety of geologic 
systems at high pressures and temperatures. The eqllations and data 
employed in the calclllations have been incorporated in a computer pro­
gram (SUPCR T) which provides for up to 5 solid/solid phase transi­
tions mineral- 1 ancl contains a univariant/divariant cllrve-且nding op­
tion. If only minerals , H 2 0 (l), ancl/or gases are involvecl in the reactions , 
the program can be used to compute equilibrium constants and fugacity 
coe伍cients at pressllres and temperatllres to 100 kb and 1000。巳 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 7600ωmputers) ， and data 且le are stored on magnetic 
tape: 7 track , 800 binary bits inch- l, 132 characters record- l, 1 record 
block- 1 • 

As more ancl better experimental data become available, the cal­
culations describecl above wiII undoubtedly require revision, which hope­
flllly will generate more accurate values of the thermodynamic properties 
of minerals. The flfSt such revision (to be unclertaken in 1979) will in­
corporate recent calorimetric measurements of the high-temperature heat 
capacities of talc, tremolite, clolomite, prehnite, lawsonite, and mar­
garite, none of which was available at the time the retrieval calculations 
reported in the present communication were carriecl Oll t. Although 
taking account of these and other new data may lead to values of !:lHo, 
ancl ÁGo f that differ from those computed above by several hllndrecl 
calories or more, the revised values (like those in table 8) wi1l be inter­
nally consistent and compatible with the experimental observations 
summarized in the preceding pages. Plans call for the reslllts of all 
future retrieval calculations to be incorporated in the SUPCR T data 
file , which will be upclated and distributecl periodically to intercsted 
laboratories. 1n this way we hope to accelerate scientific progress toward 
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a better and more cOlllprchellSive lInderstandillg of the chemical ancl 
thermodynamic behavior、 of mincrals in geochcmical proccsses. 
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cstimated stan cIard Illolal entropy, 54 
cstilllatccI stan cIarcI Illolal heat capacity, 

69 
:Forsterite, 51 , 58 , 89-100 , 104, 10R, 109, 

170, 173, 175 , 178180 
comparison of cxperimental an cI 

estimated standard molal hcat 
capacities, 58 , 61 , 62 

sunllnary of thcrlllodynallliιdata ， 

122, 123 
Fugacity, 38-41 , 79, 101 , 183 

Galcna , sllmlllary of thcrlllodynalllic cIata , 
196 

Garnet, 160, 185-191 
Gehlenite, 45 , 110, 112, 156-158, 160-165 

configurational entropy, 157 
slI llllllary of thcrlllodynalllic clata , 

120, 121 
Gibbs free energy, apparent standard 

1l10lal of forlllation from thc 
clclllcnts , 28 , 33 , 34, 43 

c旺ccts of crystλ lI inity ， 27 
estilllation , 193 , 198, 199 
of dcfcct fonnation , 24 
of mixing , 41 
rclativc standarcl molal , 33 
standard Illolal of forlllation fro ll1 thc 

clclllcnts , 13 , 28 , 29 , 33-36 , 40, 48, 66 , 
74 , 120-125, 194-196 

uncertaintics, 32. 75 , 76 , 79 
Gibbsitc , 66, 110-113 , 116, 147 

slI llllllary of thermodynalllic data , 
120, 121 

Glallconite, 199 
Glaucophanc, 

esti ll1 atcd standard Illolal cntropy , 54 
estimated standanl n lOlal hcat capacity, 

70 
Goethitc, 111 
Gold , SlItnlllary of thcnllodynalllic data , 

194 
Graphitc, 192 

sUllllllary of therlllodynalllic (Iata , 194 
Grccnalitc, 

cstilllatcd standard 1ll0lal cntropy , 55 
cstilllated standard Illolal hcat capacity, 

71 

Crosslllar , 65 , 156-166, 185 , 186, 190 
SlI llllllary of thenllocI ynalllic clata , 

120 , 121 
Gru I1eritc , 

csti ll1 atccl standard lllolal cntropy, 54 

11,0 , activity in clcctrolytc sol l1 tions, 35 , 36 
fllgacity cocflicient , 38 , 39 , 105, 107 

llnccrtaintics , 79 , 80 
hcat o[ solution , 111 
idcality , 39 
strllctllral , 4:; , 4日-50 ， 64

cntropy , 48 , 49 
heat capacity, 4R , 64 , 65 
盯，lu ll1 e ， 48 , 50 

zcolitic, 49 , 50, 64 
H ,O-CO" lllixtures , 38 , 39 , 67 , 79 , 80, 

10.';, 107 , 161 , 174, 176, 190 
Rccllich-K l\'ong algorithm f01 

ιIlclllation of fugacity cocflicicnts in 
lllixtllrcs of CO, an cI H二039， 40

Halitc, 31 
slln1mary of thcrlllodynalllic (lata , 194 

Halloysitc , I]() 
cstilllatcd standard 1I1 01al heat capacity, 

71 
Hastingsite , 

cstilllated standa> d lllo1al cntropy , 54 
csti III ated stand川 d Illolal hcat capacity , 

iì9 
Hcat capacity , standard ll1olal , 

cstilllatioll , 43 , 52-66 
intcgration , 29 
l\Iaicr-Kclley powcr functÏ<川， 29 ， 59 ， 60
of disordcr , 102 , 130-132 , 139, 188, 189 
of [onllation fro ll1 the elclllcnts , 30 , 35 
of l1I inerals, 17 , 29-30 , 52 , 58 , 59-65 , 

53-56 , 120-125, 194-1% 
。 f structllral H ,O , 64 , 65 
of tra l1sition , 16, 17 , lR , 19, 21 
。[ transition for andalllsite/kyanite/ 

sillilllanite , 19 , 21 
of tla l1sition forα/卢-quartz ， 16, 18 
of zcolitic H ,O , 64-66 
powcr fll l1ction , 29 , 30 , 33 , 4自
powcr fll l1ction coefficicnts , cstilllation , 

30 
po飞\，('r [lInction cocHìcicnts , 4R , 61 , 

68-73 , 120-125 , 194-196 
1Illccrtaintics , lR5 , 186 , 190 , 199 

IIcdcnhcrgitc , 185 , 186, 190, 199 
cstilllatcd standanl molal entropy, 53 
cstilllatcd standanl molal hcat capacity, 

。冉

sllllllnary of thcnnodynamic data , 
120 , 121 

IIc lI1 atitc , 4R , 180, 181 , 185 , 186 
Sll l111llary of thcnllodynamic data , 

120, 121 
IIelllanditc , 

cstilllatcd standanl lllolal cntropy, 55 
cstilllatcd sta l1danl Illolal hcat capacity, 

70 
Hihschitc , 164 
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Huntite, slllllmary of thermodynalllic 

data , 195 
Hydrogen , summary of thermodynamic 

data, 194 
Hydrogen sllllìde, snmmary of 

thermodynamic data , 196 
Hydrogrossular, 164 
Hydromagnesite, sllmmary of 

thermodynamic data , 195 
Hydrolls cordierite, 170, 171 , 172, 173 , 

174, 175 

Ill ite, 111 , 199, 200 
Interfacial energy, 27 
Ionic strength , 37, 41 

Jadcite, 46, 149, 154, 155 , 156 
comparison of experilllcntal and 

estimated standard molal entropy, 46 
sUlllmary of thcrlllodynalllic data , 

122, 123 

Kalsilite , 50, 110, 149 
sunllnary of thcrmodynalllic data , 

124, 125 
Kaolinite , 46, 49 , 110-118, 143, 147 , 148 

cOlllparison of expcrimcntal and 
estilllatcd standard 1l10lal cntropy, 46 

cstilllated stalldard molal heat capacity, 
71 

sUlllmary of thcnnodynalllic data , 
124, 125 

K-feldspar, 22, 140-149, 176 
hcat of solution , 24 
orderjdisorder, 23 , 24 , 127 , 132 , 

135-140, 142, 147 
sUlllmary of thenllodynalllic data , 

122, 123 
Kyan Îte , 110, 113 , 114, 116-118, 147 , 148, 

156, 157 , 159, 166, 167, 169, 170 , 172 , 
Iï4, 175 

sUllllllary of thermodynamic data, 
120, 121 

transition to andalusitc, 19, 21 , 114, 
117 , 118 

Lambda point , 16 
Lambda transitio口， scc phasc transition 
Laulllontite , 50, 167, 168, 169 

estimated standard molal cntropy , 54 
estimated standard molal heal capacit y, 

70 
slllnmary of thermodynalllic data , 

124, 12 ,5 
Law of mass action , 34, 36 , 37 , 39, 151 , 

170, 180 
for intracrystalline reactions , 42 , 137, 

187 
Lawsonite , 110, 167, 168 , 169, 202 

cstilllated standard 1ll01al hcat capacity, 
68 

summary of therlllodynalllic data , 
122, 123 

Leonhardite, 50 
estilllated standanllllolal heat capacity, 

70 
Leuci te, 110 
Lime, 48 

slllnlllary of thermodynamic data, 
120, 121 

Magnesiohastingsi tc , 
cstimatcd standard molal entropy, 54 
estilllated standard Illolal hcat capacity, 

69 
Magncsioriebeckite , 

cstilllatcd slandanl lllolal entropy, 54 
estilllatcd standanl 1ll01al heat capacity, 

70 
Magllcsite, 76 , 86 

slI llllllary of therlllodynalllic data , 
120, 121 

Magnetite , 66, 180, 181 , 184-186 
sllllllllary of therlllodynamic data , 

120, 121 
Maier-Kelly power fllnction , 29 
Malachitc, slllllmary of thermodyna ll1 ic 

data , 195 
孔1anganosite， 48 , 51 
Margarite, 164- Hì7, 200 , 202 

cstilllated standard lllolal entropy , 55 
eSlilllated standard lllolal hcat capacity, 

71 
sllllllllary of thcllnodynalllic data , 

124, 125 
Melilitcs , 10白， 109
Mercllry, sllllllllary of therlllodynalllic 

data , 194 
Mcrwinite , 46 , 58, 108, 109 

cOlllparison of expcrilllcntal and 
cstilllated standard lllo1al entropy , 46 

cOlllparison of cxpcrilllental and 
estilllatcd standard Illolal hcat 
capacity ， 5日， 61 ， 62

sllllllllary of therlllodynalllic data , 
122, 123 

Mctacinnibar , slllllmary of 
therlllodynalllic data , 196 

Metastahle c(juilibriulll , 165, 166, 169, 
171 , 173 , 174 

Mcthane , sllllllllary of thermodynamic 
data , 196 

Microcline, 50, 58 , 61 , 135 , 141-146, 178 
sllllllllary of thcrlllodynalllic data , 

122 , 123 
Millcrals , anncaling, 26 

apparcnt standard 1Il01al Gibbs free 
energy and enthalpy of fonnation 
frolll the elemcnts , 28 , 33 , 34, 43 

calorilllctric propcrtics , 12 
comprcssibility and cxpallsibility of 

trallsition , 15 , 20, 30-33 
crystallinity and its affcct on 

thermodynalllic propcrties, 14, 15 
26 , 27 , 86 

crystallochelllical properties, 13 , 15 
Debye tClllperatures, 30 
dcfect concentrations, 25 
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Minerals, anncaling (continued) 
di旺usion， 25
dislocations, 26 
c旺ccts of pressure and tempcraturc on 

volume, cxpansibility, and 
compressibility, 31 

εlastic constants, 31-33 
formulas , 8-11 
interfacial encrgy, 27 
lambda transitions, see phase transitions 
order /disorder, 43 
rclative standard molal Gibbs frec 

energy, cntropy, and enthalpy, 33 , 
34, 40, 43 

solid solution , order /disorder, and 
energetics, 40, 41 

solubilitics , 36 , 37 
standard molal enthalpy of formation 

from the clernents, 120-125 , 194-196 
standard molal cntropies, volumc, and 

heat capacity of structural and 
zeolitic H"O , 48-50, 64 , 65 , 168, 170 

standard rnolal heat capacities, 48, 
58, 62 , 68-73 , 120-125, 194-196 

standard molal heat capacity power 
function coeflìcients, 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 volumcs , 46, 48 
53-56, 120-125 , 194-196 

thermodynamic propcrtics, 20 , 23 , 
46, 48 , 53-56, 58, 61 , 62 , 68-73 , 120-125, 
194-197 

1、linnesotoite ， 199 
estimatcd standard molal entropy, 55 
cstimatcd standard molal heat capacity, 

71 
孔fonticcllitc ， 66, 108, 109 

estimatcd standard rnolal entropy, 53 
cstimatcd standard lllolal heat capacity, 

68 
summary of thermodynamic data , 

122, 123 
Montmorillonite, 111 , 199, 200 
孔fuscovite， 52 , 64, 110, 112, 140, 141 , 143 , 

144, 146-150, 161 , 170, 172, 200 
dehydrated , 64 
order / disorder, 143 
sUlllmary of thennodynamic data , 

124, 125 

Natrolite, 
estimated stanclarcl molal entropy, 55 
estirnated standard molal heat capacity, 

71 
Nesquehonitc, 17 

surnmary of thermodynamic data, 195 
Nephelinc , 46, 50, 149, 150, 151 , 153, 154, 

178, 180 
comparison of experimental and 

cstimated standard molal cntropy, 46 
summary of thennodynamic data , 

124, 125 

Nickel , sumlllary of thermodynamic data, 
194 

。livinc ， calcium , 46 
Ordcring parameter 

for albitc, 24, 119, 126, 128-130 
for dolomite, 98 , 101 
for epidote, 187 
for K-felclspar, 24, 136 

Orderfdisorder, 14, 22-24, 43 , 119, 126-141 , 
142, 143, 186-190 

and exchange of atoms among 
cncrgctically distinct sitcs , 23 , 40-42 , 
187 

and site cncrgctics , 40 
and site occupancy in solid solutions , 

40, 41 , 187 
ßragg-\叫ìilliams theory, 24 , 98 , 101 , 102 
heats of solution and , 24 , 126, 136 
in albite, 23 , 119, 126-135, 136 
in aluminous diopsidc, 179, 180 
in anorthite, 159, 160 
in clolornite, 98 , 101-107 
in epidote, 186-190 
in K-fclclspar, 23-29, 127, 132 , 135-140, 

143 
in m inerals, 23 , 43 
in III uscovite, 143 
in phlogophite, 176, 177 
intracrystalline cxchange reactions, 

23 , 42 , 137, 187 
long-range, 15, 23 
mctastable, 149 
octahedral , 186 
standard molal enthalpy, 24, 101 , 126 
standard molal heat capacity, 102 
substitlltional , 14, 23, 24, 40 , 42 , 44, 

119, 126, 186, 187 
tetrahedral, 24 
thennodynamic consequenccs, 41 

Orthoclasc , 139 
Orthopyroxene, 42 
OS I11otic coe而cients of electrolyte 

Sollltions, 37, 38 
Oxygen , summary of thcrmodynamic 

data, 194 

Paragonite, 140, 141 , 144, 145 , 150, 200 
estimated standard molal entropy, 55 
cstimated standard molal heat capacity, 

72 
ordcr /disorder, 117, 143, 145 
sllmmary of thermodynamic data, 

124-125 
Pargasite, 177, 178, 180 

estimaled standard molal cntropy, 54 
estilllaled standard molal hcat capacity, 

69 
sllllllllary of thcrmodynamic data , 

122, 123 
Particle sizc , cffcct on thermodynamic 

propertl凹， 27 ， 111 , 118 
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P-D oxyannite, 51 , 52 , 183, 184, 185 
estimatcd standard molal entropy, 55 
estimatcd stanclarcl molal heat capacity, 

72 
Periclase, 30, 31 , 44, 48 , 66 , 86 , 87 , 108 

summary of thennoclynalllic data , 
120, 121 

Phase transitions, 15-22 
α/卢-quartz ， 16-18, 82 
anclalusitejsillilllanite, 19, 21 , 114, 

117, 118 
apparent stanclarcl molal enthalpy, 21 
apparent standarcl molal cntropy, 21 
apparent stanclarcl lIlolal heat capacity 

21 
apparcnt standard lllolal volumc, 21 
Clapeyron slope , 17 , 20 
clinoenstatitejenstatite, 89 , 90 
clinoferrosilite j ferrosilite , 182 
clinozoisitejzoisite, 165 
compressibilities and expansihilities , 

15 , 16, 20 
displacive, 127-131 
enstatite j protoenstat山，佣l
[[rst order, 15-17, 20 
in albitc, 119, 126, 135 

kinetics , 127 
in K-fcldspar , 127, 132, 135-140 
kyanitcjanclalusite, 19, 21 , 114, 117 , 118 
kyanitejandalusitejsillimanite, 114, 

117, 118 
lalllbda, 14-17, 21-23 , 82 , 126, 127 
lambda points, 139 
quartzjcoesite, 85 , 86 
standanl molal enthalpy, 16-21 , 82 
stanclard molal entropy, 15-19, 20, 

21 , 28 , 182 
standard molal Gibbs free cncrgy, 23 
standanl molal heat capacity, 16-21 
standard molal volullle, 16-20, 32 , 47 , 

81-83 
telllperature , 19-21 
uncertainties in thennodynalllic 

propertics, 19-22 
Phenacite, 46 
Phillipsite, 154 

Ca- , estimatcd standard molal entropy, 
55 

cstimatcd standard molal hcat 
capacity, 71 

K- , estilllated standard molal cntropy, 
55 

estimatcd standard molal heat 
capacity, 71 

Na- , estimatccl stanclarcl molal cntropy, 
55 

estimated standard lllolal hcat 
capacity, 71 

Phlogopitc, 170-174, 176 
estimatcd standard molal cntropy, 55 
estimatcd standard lllolal hcat capacity, 

72 
order / disorder, 176, 177 
summary of thermodynalllic data, 

124, 125 
Pistacite, 187 , 189 
Plagioclasc, 42 

Polysolllatic series, 93 
Potassiu lIl oxide , 48 
Prchnite , 165, 202 

cstilllatcd standard lJlolal heat capacity, 
73 

sUllllllary of thennodynamic data , 
124, 125 

Pyritc, 191 , 192 
summary of therlllodynamic data, 195 

Pyrope, 169 
Pyrophyllite , 52 , 113-118, 140, 141 , 143, 

145 , 147-149 , 200 
sUllllllary of thermodynamic clata , 

124, 125 
Pyrrhotite, SU ll1111ary of therll10dynamic 

data , 196 

Quartz, 81-85 
α， 48 ， 52 ， 66 

standard molal expansibility and 
colllprcssibility, 30 , 31 , 33 

standanl ll10lal hcat capacity, 30, 48 
thermodynamic properties, 18 

α/βtransition， 16-18, 81 , 82 
αand β ， 63 
ß, 16-18, 33 , 48 

standard molal cxpansibility, 33 
sum ll1ary of thermodynamic data, 

120, 121 
thcrmodynamic propertics , 18 

I斗~eaction ratcs, 78 , 166 
Rhodachrosite , surn ll1 ary of 

therlllodynamic data, 195 
Richterite, 

cstilllatcd standanllllolal cntropy, 54 
estimated standard lllolal heat capacity, 

70 
Ricbcckite , 

estilllatcd standarcl molal entropy, 54 
csti ll1ated standard molal hcat capacity, 

70 

Sanidinc, high , 135, 140-146, 161 , 174-178, 
184 

sllmlllary of thennoclynamic clata , 
124, 125 

Sepiolitc, 9R , 99 
cstilllatcd stanclard lIlolal cntropy, 56 
estilllatcd standard Illolal hcat capacity, 

73 
slllllmary of thcrmoclynarnic data, 

124, 125 
Serpentine, 96 
Siderite, sUllllllary of thcrmodynamic 

data , 195 
Sillimanitc, 19, 21 , 110, 113-118, 144, 159, 

167, 169, 174 
sUllllllary of thermodynarnic data, 

120, 121 
Silvcr, sllllllllary of thennodynalllic data, 

194 
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Sodilllll oxide , 48 
sllmmary of thermodynalllÌc data , 

120, 121 
Sitcs , 23 , 25 , 42 

cncrgctically noneqlli飞'alent ， 23 
in minerals, 25 

Smithsonite, sllmmary of thcnnodynamic 
data , l% 

Solid state diffllsion , 26 
Solid sollltion , 40 

analcime-dchydrated analcirnc , 151 
andradite-grossular-ahnandinc, 186, 

189 , 190 
annite-phlogopitc-PD-oxyannitc, 

183 , 184 
cordierite-hydrolls cordierite, 170 
cpidote-clinozoisite , 187-190 
Mar胃llles expansions , 42 , 183 
reglllar sollltion eqllations , 184 
standard rnolal Gibbs frce energy of 

mixing, 41 
standard molal cntropy of Ill ixing, 

41 , 42 
site occllpancy, 40, 41 
substitlltional ordcr (disord凹， 40 ， 41
thcrmodynamic consequcnces , 40 

SpcssartÍl町，
cstimatcd standard Illolal entropy , 53 
estilllatcd standard Illolal hcat capacit y, 
6日

Sphaleritc , sll lIlmary of thennodyn ‘1I 111C 

data , 196 
Spinel , 169-171 , 175 , 178 , 180 

SlltI1lnary of thennodynalllic data , 
120-121 

Standanl Statcs , 2, 28 , 36-39 
for a 'l lleOllS speci凹， 2, 36, 37 
for gascs , 2, 38 , 39 
for H ,O , 2, 36 
for H ,O-CO , mixtllres, 38 
for liqllids , 36 
for minerals, 2, 28 

Staurolite , 
cstilllated standard molal entropy, 53 
estimated standard molal hcat capacity , 

68 
Steam , sUlllmary of therrnodynalllic data , 

194 
Stilbite, 

cstimated standard molal cntropy, 55 
estimated standard rnolal heat capacity, 

70 
Stishovite , 86 
Strontianitc , su t1l rnary of thermodynamic 

data , 195 
Sulfllr , Sllmtllary of thcrlllodynamic 

data , 196 
Sylvitc , sutntllary of thermodynalllic data , 

194 
Syrnbols, definitions, 2-7 

TλIc ， 49 , 89-100 , 104, 105 , 173 , 198 , 202 
cstilllatcd standard lI1 0lal hcat capacity, 

Tcnoritc, sllllllllary of thcnnodynalllic 
data , 194 

Tephroite, 46, 51 
con>parison of cxperirncntal and 

cstirnated standard Illolal cntropy, 46 
Thcrlllal di 旺ltsion ， 25
Trclllolitc , 33 , 45 , 46 , 98 , 100, 103 , 104, 

106, 108, 174, 176, 177 , 198, 200, 202 
cornparison of expcrilllcntal and 

estirnatcd standard molal entropy, 46 
cstilllated standard molal heat capacity, 

69 
SllnJlllary of thcnnodynarnic data , 

122 , 123 
Tridyrnitc, 86 

Cnccrtaintics, 12-13 , 43 , 74-81 , 167 , 169 
calclllation , 74-81 
calorilllctric , 12, 14, 43 
in apparcnt standard Illolal Gibbs 

free energics, 32 
in apparcnt standanl molal enthalpics, 

32 
in calorirnctriεheat capacities, 43 
in Clapcyron slopes, 19, 20, 76 
in cOlllprcssibilities , 20 
in cntropies of transitio日， 19

in Gibbs frce energics , 32 , 75 , 76 , 80-81 
in standard lllolal cnthalpics of 

formation , 12 , 75 , 80-81 
in standanl rnolal enthalpies of 

reaction , 75 
in entropy, 20, 32 , 47 , 75 , 77 
in entropy cstirnatcs , 44, 45 , 47 
in cqllilibrilllll tcmpcraturcs, 12, 19, 20, 

32 , 76-77 
in expansibility, 20 
in experimcntal rcvcr飞als ， 78 
in fllgacity cocftìcicnts , 79-80 
in GOp 伊 G'P ~ _ 47-48_ 63_ 64 

~r'~ ~r'~r' 

in 1-1 0 Pr ,T - H O勺，斗 ， 63

in hcat capacity, 20 , 43 , 59 , 60, 62 
in hcat capacity of transition , 19 
in heat of transition , 20 
in hcat capacity power function 

εocflicicnts ， 19, 43 , 48 , !,9-62 
in rclativc ll10lal Gibbs frce cncrgy , 47 , 

48 
in SO Pr ,T - SO Pr.Tr' 63 
in thc r1Jl odynamic propcrties of 

aluminollS minerals , 110-113, 116-117 
in transition temperaturcs, 19 
in VOIU IllC , 20, 77 
in VOllltlle of transition , 19 
rdative, 12, 13 

Units, 2 

71 飞了acancy defccts, 24-26 
sumlllary of thcrmodynalllic data , van't IIofI cquation , 80 

124-125 飞'apor pressure, 24 , 25 
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飞γOlllllle ， standard lllolal , cxpcrilllcntal , 46 
。fα-q llartz, 30 , 81 
of Ill incrals , 30-33 , 34, 43 , 48 , 53-57 , 

74 , 120-125 , 194-196 
of oxitlcs , 48 , 50 
of structural 飞\'ater ， 48-50 
of transition , 15-18 

apparcllt, 21 
alltlalusi t e jkyalli tc j s iI\ i川mitc ， 19-21 
first ord凹， 20
in Ill incrals , 20 , 21 

of water, 4日
。 f zeolitcs , 50 
of zeolitic 11,0 , 48 

Wairakitc , 50, 167, 168, 169 
disordcrcd , 167 
cstilllated standartl lllolal Ctltropy , 54 
cstilllatctl stalltlard Illolal hcat capacity, 

70 
SUll l1 nary of therlllotlynalllic data , 

124 , 125 
\\'atcr, Sl l1 lllllary of therllloclYllalllic data , 

194 
WiIIclllitc, 46 
1γitherite ， sUl lllllary of thcrmoclynalllic 

tlata , 195 

飞\'oIIastonitc ， 46, 58 , 98 , 101 , 104, 107 , 108, 
156, 157 , 1!'í 8, 160, 161 , 162 , 163 , 166, 
18"> , 186, 199 

cOlllparison of cxpcrilllcntal and 
cstilllatcd standanl lllolal cntropy, 46 

cOlllparison of cxperilllcntal and 
estilllatcd standard Illolal hcat 
ιapacitics ， 5白， 61 ， 62

sllllllllary of lhcrtllodyllalllic data , 
122, 123 

\\'llrllitc , sllllllllary of lhennodynalllic 
data , 196 

Zcolitcs , (ì4 , 65 
H ,O , 168 
standard Illolal VOlll IllCS, 50 

cffccts of prcssurc and tcmpcraturc, 
](ì7 , 168 

Zcolitic H,O , 49 , 50 , 168, 170 
stan<l anl Illolal cntropy, 48 , 49 
stan <lard Illolal VOlll IllC, 50 

Zincitc, 48 
χoisitc ， 6:> , 1,,6, 157 , 159, 165, 166, 167 

SUllllllary of thcrlnoclynalllic data , 
122, 123 




