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ABSTRACT. Thermodynamic/electrostatic properties of H.O at high pressures and

. temperatures were calcalated from vegression equations representing dielectric constant
data reported by Oshry (ins). Owen and others (1961), and Heger (ms) for temperatures
and pressures from 07 to 550°C and 0.001 1o 5 kb together with finite difference deriva-
tives computed from specific velumes given by Burnham, Holloway, and Davis (1869b)
for 20° to Y00~C and 1 to 10 kb. Corrcsponding properties below a kilobar were com-
puted with the aid of the equation of siate developed by Keenan and others (1969),
which describes the thermodynmnic behavior of H.O in close accord with the wolerances
of the Internationul Skeletonr Tables of 1963, The results of the calculations ave given
in cquations, wables, and diagrams depicting isotherms, isobars, and isopleths of specific
volume, entropy, enthalpy,” internal encrgy, Helmholtz and Gibbs fvee encrgics, fu-
gacity, and heat capacity, together with the dielectric constant, cocfficients of isobaric
thenaal expansion and isothermal compressibility, the Born (1920) free energy func-
tion, and their partial dervivatives. Perturbation of the thermodynamic/electrostatic be-
havior of H,0 by the critical phenomenon leads o significant differences in the de-
pendence of its properties ‘on temperature, pressure, and density abeve and bLelow
~ 400°C and ~ 1 to 2 kb. The calculations permit prediction of the conscquences of
these differences on the chamical interaction of minerals and aqueous electrolyte solu-
tions in geochemical processes.
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INTRODUCTION

B . Recent advances in solution chemistry, thermodynamics., and com-
:; ‘ puter technology make it possible to describe quantitatively equilibriam
i and mass tansler among minerals and aqueous electrolytes in geochemi-
; 3“ cal processes involving large numbers of components, phases, and chemi-
: cal species at both high and low temperatures and pressures. The preseut

N I serics of communications is intended o provide a comprehensive set of
!  J equations and data to facilitate such calculations.

J Theoretical and experimental studies of hydrotirermal systems over
3 the past 50 vears leave little doubt that mineral solubilities and the

chemical and thermodynamic behavior of solute species in aqueous
clectrolytes are controiled to a large extent by the thermodynamic/elec

E wostatic properties of the solvent, which change dramatically with in- |
; creasing temperature and pressure. The equations, tables, and diagrams
3 presented below constitute an internally consistent summary of these
] properties, based on critical evaluation and regression of density and
¥ dielecuric constant data reported in the literature for temperatures and
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of the thermodynamic behavior of aqueous electrolytes: 1. 1091

1084; Keyes, Smith, and Gerry, 1936). These da.ta, together with ma‘{\y
others, were reported in Dorsey's (1940) exhaustive review anc:] compi ;1
tion of the properties of H.O, which has I?een complemente recclagéqy
by extensive critiques of the physical chemistry of water (Horne, 9,
1972; Franks, 1972). -

International conferences on the properties of steam have been hc!d
intermittently since 1934, but it was not .unnl the sixth con[crcncli: 1m
1963 that agreement was reached on a revised and enlarged sct of s[ cle-
ton tables extending from 0° to 800°C and from 0 to 1 kb. The ac :'gntl
of higlh-speed computers and the skeleton tables gomp:led at the l‘ur‘(l
and sixth international conferences on the properties ol steam gencratec
a myriad of regression and interpolation formulas, equations of stn'te(i
and steam tables, which have appeared in steady succession. since \'Vo:l :
War II (for example, Callendar and Egerton, 1914, 1953; Schall, 19.)9,
Dzung and Rohrbach, 1955; Vukalovich, 1958; Vuknloyjch and e%llcxs,
1959; Nowak and Grosh, 1961; Bain, 1964; juz, K1?1mm:ck,”:.md.mfncr,
1966; Meyer and others, 1967; Schmidt, 1969; Papetti and Fujisaki, 197!,
Barker and Henderson, 1972; Sengers and Greer, 1972). In rccent ycars
efforts have been made to extend the level of precision qf pressurc—vol-
ume-temperaturc measurements (for example, Owen,” White, and Smith,
1956; Kell, 1967; Kell and Whalley, 1965; Kell, McLaurin, :111(1 Wh:nllcy:
1968; Millero, Curry, and Drost-Flansen, 1969; Rowe and (,h.ou, ]?70:
Grindley and Lind, 1971; Gildseth, Habenschuss, and Spedding, 1)72:
Greene, Beachey, and Milne; 1972; Millero, 3(nox, :u.\(l En:mct, 1972;
Wang and Millero, 1973; Fine and Millero, 1973), and in 1965 the Inter-
national Formulation Committee reached agreement on the form of t]le
equations to be used by the International Conference on the Propc!'ucs
of Steam for computer representation of the skeleton tables (Internat.
Formulation Comm., 1967, 19G8). . .

Measurements of the spcciﬁc volume of H,O at high pressures and
low temperatures have been carried out since the turn of thcl ccn(L‘ury
(for example, Amagat, 1893; Bridgeman, 1918, 1951, 1985; Adams, 1931),
but it was not until Kennedy (1950) applied modern technology to (.:.hcck
and extend early reconnaissance measurements (Lamman and Riihen-
beck, 1032; Goranson, 1938) that reliable data became available for pres-
sures above a kilobar at high temperatures. Since then, numcrous expceri-
mental and theoretical studies of the density of H.O at high pressures
and temperatures have appeared (for example, KCI]HC(})’, 1957; Kennedy,
Knight, and Holser, 1958; Holser and Kennedy, 1958, .1959; Howard,

106i; Maier and Franck, 1966; Walsh and Rice, 1957; Rice nnsl Walsh,
1957: Al'tshuler, Bakanova, and Trunin, 1958; Sharp, 1962; Koster :m'd
Franck, 1969; Grindley and Lind, 1971), but none has been as systematic
and comprchensive as that reported by Burnham, Holloway, and Davis
(19692, and b). Repeated calculations of the [ugacity and other properties
of H.O at high tempcratures and pressures have been made from thes?
various data (for example, Holser, 1954; Pistorius and Sl}:n'p. ,1960' 1961;
Anderson, 1964, 1967; Burnham, Holloway, and Davis, 1969b; Haas,
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pressures from 0° to 900°C and 0.001 to 10 kb. These conditions bracket
those found in the Earth from its surface to a lithostatic depth of ~ 35
km, which is equivalent in pressure to a hydrostatic depth of ~ 100 km.
The temperature span ranges from the stability ficlds of ice I and VI to
the low-pressure melting temperatures of hydrous silicate rocks.

The thermodynamic properties of H,O have long been of interest to
engineers responsible for power generation and in recent decades to
geologists concerned with geochemical and geophysical processes at high
temperatures and pressures. As a consequence, a plethora of steam tables
and other compilations has appeared through the years, most of which
cater to engincers and are ‘too restricted in the scope of pressures, tem-
peratures, and/or the propertics considered to be generally applicable in
science. Many of the compilations are hased on conventions and expressed

in units that are inconvenient in a geochemical context, some are insuffi- -

ciendy detailed, and none includes all propertics of interest in solution
chemistry. Among the more important of these is the dielectric constant
and jts partial derivatives with respect to pressure and temperature, The
Iatter variables can be used in conjunction with expansibilities, com-
pressibilities, and other thermodynamic properties of H.O to compute
electrostatic parameters in the Debye-Hiickel theory, evaluate Born
charging equations, and formulate algorithms and cquations of state for
predicting and correlating the thermodynanic properties of aqueous
electrolytes at high pressures and temperatures.

CREVIEW OF PREVIOUS WORK

A multitude of experimental and theoretical studies of the thermo-
dynamic propertics of steam, water, and ice has accumulated in the cen-
tury and a half since Carnot (1824) published his famous memoir on the
power of heat, but only in the last 50 years have systematic and coordi-
nated clforts been made to compile accurate data ol high precision in a
comprehensive and organized program of research. Following the appear-
ance of the International Critical Tables in 1928, the First International
Conlerence on the Propertics ol Steam was organized to establish toler-
ances and compile a set of skeleton tables listing accepted values for the
thermodynamic properties of H,O. The skeleton tables compiled at this
conference provided the basis for the ASME steam tables of 1930
(Keenan, 1930). T'wo years later, Mollier's (1932) tables and diagrams
appeared almost simultancously with those of Knoblauch and others
(1932). At the Third International Conference on the Propertics of Steam
in 1934, agreement was reached on a revised and expanded set of skeleton
tables and tolerances {or temperatures = 550°C and pressures = 300 bars,
Shortly therealter, Keenan and Keyes (1936) produced the first compre-
hensive set of steam tables for temperatures and pressures from 0° to
871°C and 0 wo 380 bars. The latter tables, which proved to be highly
reliable and widely used, were based on a critical review of the literature
and an equation of state*derived from precise pressure-volume~tempera-
e measurements from 0° to 160°C and 0 1o 350 atm (Smith and Keyes,
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CONVENTIONS, UNITS, AND NOTATION

The standard state for H.O adopted in this study is one of unit fu-
gacity (f) of the hypothetical perfect gas at 1 bar :md_g_x}y__sug_ci(jgg.l_t_gul
perature. Accordingly, the compressil)im—;nd the' f..ugacny co-
efficient (x) of H,O approach unity as_P_— 0, and the activity (e) and
fugacity’of HLO are equal at all pressures and temperatures. Bc.cau'se the
fugacities and fugacity coefficients reported below: for both th.c liquid anc
gas phase regions are based on-the standard state properties 9'5. s}e;url
(that is, those of the hypothetical perfect gas at 1 bar), the activities o
H.Oyuia and H.O,,, are equal at saturation. At 1 bar and temperature:
below 100°C, the [ugacity coeflicient of H.O corresponds to that of meta
stable stcam, which becomes increasingly nonideal as temperature de
creases. However, as temperature increascs to ~ 600°C at 1 bar, x > 1 a5
H,O approaches ideality. )

Owihg to the critical phenomenon, no single standard state is equall
convenient for simultancous consideration of the liquid, g:ns,‘:md super
critical phases of H,O. Although designation of scparate stnl'?(!:nl'(l' state
for H.Oyuia ad H.Oy,, leads to dual activities and fugacitics 1n tl}
supcercritical region, such a distinction is nevertheless a;lvantngcou's i
many geochemical caleulations, For example, the st:md:sr(l state fl?sc?b(?-
above facilitates quantitative interpretation ol univariant e.qluln.l)'na i
the supercritical region, but solubility calculations can be smnuhhcd b
adopting a standard state convention which is unrestricted with respec
to both pressure and temperature, Under these circumstances, @ = 1 an
f = f° at all pressures and temperatures. .

The standard state for H;O most commonly encountered in solutio
“chemistry specifies unit activity of the pure liquid at 1 bar, Activities ¢
H.Oy,uiq consistent with this standard state can be computed from tk
apparent molal Gibbs free encrgies of formation (aG) given (and definee
below for 1 bar and temperatures < 100°C by first designating the co
responding Tugacity reported for 1 bar as f°, which requires the activit
of H.Oyiq to be unity at 1 bar. The activity of H.Oyuia at a high
pressure can then be computed from In @ = (AG — AG®)/RT Will.l AC
equal to the apparent standard molal Gibbs free energy of {ormation »
H.Oyjynia at unit pressure; that is, the values of AG reported below fi

1 Bar and temperatures < 100°C. In certain cases, it may be :l(lv:ml:.lgeo
to specify unit activity of H.O at 1 bar and any lcmpc‘r;'ltu.rc, Wh'lCll 1
quires 3G 1o be equal 10 3G, 5, at all temperatures. Similarly, it m
be convenicnt in solubility studies to adopt a standard state conventi
which requites.ethe activity of 11,0444 10 be unity at all saturation pre
sures and temperatures, Under these conditions, .\(’-°,,2.,' luid CQuitls t
values of 3G for steamsatueated liquid 10O, Values of AG° for the
vatious standand states can be taken from table 29 or computed frg
Guaticnss persented bebow, Aoy hiuid standard state is relatéd to o

i
1
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1970; Holloway, Eggler, and Davis, 1971), most of which are in general
(but not always close) agreement with one another.

In the same year that Burnham, Hoelloway and Davis’ data became
available, Keenan and others (1969) published an independent set of
steam tables for the thermodynamic properties of H,O to 1300°C and 1
kb bascd on critical evaluation of precise experimental data reported in
the literature and a remarkably versatile “fundamental™ equation for
the Ielmholtz free encrgy (relative to zero entropy of H.Oy,is at the
triple point) as a function of temperature and density. Also in the same
year, Heger (ms) reported his measurements of the diclectric constant of
H.O at high temperatures and pressures. All three of these outstanding
contributions have been of inestimable value to the present study.

The clectrostatic properties of 1,0 have received extensive experi-
mental and theoretical atrention through the years, particularly at low
temperatures and pressures (for example, Wyman, 1930: Akerlof, 1932;
Wyman and Ingalls, 1958; Kirkwood, 1939; Dorscy, 1940; Oster and
Kirkwood, 1943; Malmberg and Maryott, 1956; Gole, 1960; Hasted, 1961,
1972; Vidulich and Kay, 1962; Vidulich, Evans, and Kay, 1967; Kay,
Vidulich, and Pribadi, 1969). The dielectric constant of saturated water
from 100°C to the critical temperature was measured by Oshry (ms;
Akerlof and Oshry, 1950), and Fogo, Benson, and Copeland (1954) pub-

lished values for stcam from 877° to 395°C at densities from 0.1 to 0.5 -

g cm~% In recent years, measurements of the dielectric constant at high
pressures and low temperatures (for example, Kyropoulos, 1926; Lecs,
ms; Iarris, Haycock, and Alder, 1953; Scaife, 1955; Owen and others,
1961) have been extended to high temperatures (Gier and Young, 1963;
Heger, ms). Although considerable discrepancy exists among these various
sets of data, they alford close cstiinates of the clectrostatic hehavior of
H.O in the supereritical vegion (Franck, 1956; Quist and Marshall, 1965;
Franck, 1969: Jansoonc and Franck, 1972). These estimawes have heen
used in conjunction with viscosity and conductance measurcments to
compute activity product constimts ol 11,0, which are now available to
1000°C and 120 kb (David and Hamauan, 1959, 1960; Franck, 1961;
Dudziak and Franck, 10066; 'Ho.lzapfcl and Franck, 1966; Quist, 1970;
Fishier and Barnes, 1972; Whitfield, 1972;- Millero, Holl, and Kahn, 1972).
A number of the thermodynamic, transport, and electrostatic properties
of H.O at both low and high pressures and temperatures have been re-
viewed recently by Franck (1969), Kell (1972), and Tédheide (1972).

The outstanding progress made in the last decade toward document-
ing and expanding the state of knowledge concerning the thermody-
namic/electrostatic behavior of H.O at high pressures and temperatures
will no doubt be considered in depth at the 1974 International Con-
ference on the Propertics of Stcam. Hopefully, the membeérs of that con-
ference will expand the scope of the steam tables to include all propertics
of interest in solution chemistry, geology, and other scientific disciplines
concerned with H.O at high pressures and temperatures.

-,
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i gas standard state adopted in this study by RT In (a0, gar/01,0, tiquid)
¢ = (A(;ollg(\. Liguid =~ AGO“T‘,' g,m) at saturation.
The symbol P is used in this communication to designate pressure in

i
} o N = ' preference to its lower case equivalent, which is commonly employed in
,§ § é § g g - ; z i gas chemistry to designate pressure in a onc component system. A'll tem-
s Yls 12 |- | e ! peratures are thermodynamic (that is, the units are consistent with the
=l ||~ — - - ' . . . .
S 2 T é’ 3 : celsius scale of temperature rather than the international practical tem-
[~ . - . - .
els| ¢ ' perature scale) expressed in degrees kelvin (°K) or degrees centigrade
- R ER R T @ 212 | (°C) and designated by T and t, respectively. The symbols T, and P,
. . -— w - w0 E "
sslalgl] |F=1513(8 |8 S S|8f 2 f refer to a reference temperature and pressure of 298.15°K and 1 bar.
v o o~ < 'l e i=1 - v M
<, o A Y =13 . Similarly, Ty, and P, stand for the triple point temperature and pres-
-t ! bt . - ~ . .
2 fé‘ s|s - - “f1<s1Z] s i sure (273.16°K and 0.006113 bars). The subscript triple appended to a
2 E-E} 2lald zla R i symbol indicates that it pertainsto liquid H.O at the triple point. Other
. < ol|lm]o - S| o . . . o . . . g~
3 H=ilsle R el Il < |2 s ' subscripts include ¢ or critical to refer to the critical point (374.136°C
IR RS S - 2 : and 220.88 bars), sat to designate saturated liquid along the vapor pres-
= ~ o - T 8 N g [s I
> Brcls R N = 3 m 1 surc curve, and P, T, P, T,, Py, and T, to designate particular pressures
= I a1zl a v and temperatures. The superscript © denotes standard state properties of
_ Py - ~ 7 ] | . .
3 o . ssll)e N Bl A I A Bl - : H.O Tlor the convention adopted above. All other standard states dis-
vl [ 1 - : 3l-| 2 ' cusscd below are designated by the superscript © to preclude confusion.
2 [l 188 L I | 5 l
s |lewlZts la g le !l 2l e 2 The values of entropy (S) and heat capacity (Cp or Cy) given in the
2 ]j-e AR EREREAL -1 ! tables and diagrams Dbelow are expressed in thermochemical calorics
| W= .
§ _ ~ = N R 8l ‘:~ ‘ (1.184 calorics joule=') per mole per degree Kelvin (therm cal mole—?
= [IestslR “lele( = ‘ (°K)=1 or cal mole— (°K)—1). Similarly, enthnlpy (H) internal encrgy
& | "8]3] | z2le |8 al2 =12 s
o |lefls]s ‘o alg s g2 s|-| 2. (E), and Gibbs (G) and Helmholtz (A) free encergics are expressed in cal
S ||E€wfe]e - bl D D Rl 5% mole~1 or kilocalories per mole (kcal mole—1?), whlch can be converted to
Al - ]
o |7 : - 5| 58 joules per mole (j mole~1), joules per gram (j g—'), international calories
U ]l 2] N I A I A =|&] 2= . per mole (int cal mole=1), or int cal g=* with the aid of table 1. Volume
S il ezl2]s o A R 3—; 3 < el Bl ; (V) is expressed in cv® mole=! or em? =1, which can also he converted
P> - - - DR " ~ . . . . . . .
~ Sleqe e 1R FEY DR OeF ; to other units by applying conversion [actors in table 1. Density (p) is
= ¢ o v fo cfl @ |- es . . . g . . . -\
g . 2 “clE OEOEJE Mers| s i given in g em=3, and the cocllicients of isobaric thermal expansion (a)
w a8 i S el 5| € s and isothcermatl compressibilit in (°K)=" and bar—?, respectively. The
e . 3 © < s é’ ug . . I )'
g - e N derivatives of a, 8, and ¢ (the diclectric constant, which is dimensionless)
& - N 5 ! arc also expressed in reciprocal degrees kelvin and reciprocal hars to ap-
U ~ ~ o ~™ -] ~m 0 L 1
g A Tl | G122 ](.18]2] 2 | propriate powers. Fugacity (f) is given in hars or kilobars. The fugadity
| S 3 a1l 1a]|= Z(3] B% cocllicient (x) is dimensionless (x = f/D), as is the compressibility factor
pad = = . . - ‘ . W ‘ . . .
Y s °l=] e+ (z.= PV/RT) and activity (a = f/f°). All molal properties given in the
g - a glalzle]s - cs tables are referred to a molecular weight of H.O equal to 18.0153 g
- £3 . . e . .
O m gl2laj=2|as|ls]|= = ig ! molc—? consistent with the 1961 table of relative atomic weights based on
o ° el ]~z ]" L - 12 = 12 exactly. Values of the gas constant (R) withy various dimensions
== 50 g ao arc given in table 1 to facilitate thermodynamic calculations in alternate
vl P T R I @ T3 i .
3 O I A P R I ~[-~| 33 units. . .
N —E IR A AR YIS a2 { All values shown in parentheses in the tables or represented by
) BNl S Rl T T el B al%]| &= i dashed lines in the figures given below represent interpolated, extra-
- -3 - c b - o . . .
S > - |5 (Se|se »--§ “ o1 I ..fg polated, or otherwise more uncertain values. The number of decimal
digits specified in the tables does not necessarily imply an absolute level

i of numerical uncertainty, which is discussed in the text-accompanying the
' tables. In certain cases, relative uncertainties can be assessed from the

'S O e~

R 7 1 s .
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clements (AH, AE, AG, and 3A) consistent with their standard molal

counterparts at 298.15°K and I bar: that is,? ‘ .
AH = at®, + (H — H; 1) )
= aAH® + (H — Hyiue) — (Hp o1, — Heripre) (6)-
AE=AE®, +(E—E;.)

= aAE®, + (E — Eipie) — (Evpr, — Ervipte) (7

AG = AG®, + (G = Gp 1)
, = AG®; + (G — Guipe) = (Grpr, — Guripie) (8)

ang

AA = AAS + (A — Ap,r,)
= AA®, 4 (A = Augie) — (Ao, = Aurinie) 9)

where AH®9,;, AL®,, AG®;, and aA®, refer to the standard molal enthalpy,
internal energy, Gibbs [ree encrgy, and enthalpy of formation of liquid
H.O [rom its clements in their stable form at 298.15°K (T,) and onc bar
(P,). The superscript © is used in equations (6) through (9) rather than
° to distinguish the standard state properties given by Wagman and others
(1968) for liquid H.O from those of the gas standard state adopted in
this study. The values of AH®, and AG®, employed below are given in
table 2 together with corresponding values of AE®, and AA°, computed
from '

AE®; = AH®, — P, AVS, (10)
and

AA%, = AGe, — P, aVe, (11)

using Vo, = V5, = Videat gan = 24,465 cm® mole—*. The entropies and.
heat capacities reported below are third law molal properties consistent

with !
3G dAA !
§==— (2 =— (P22) —se 4 (s—s,,
( 6T )p ( aT )v = Sepm) |
=S* + (S - sfrlplc) - (Sl',.v'r,. - S(riple) (12)
and .
: oT hd T T.

where S® represents the standard molal third law entropy of liquid H,O
at 298.15°K and one bar given by Wagman and others (1968). {

Conversion of the apparent molal enthalpies, internal encrgics, and
frec energies as well as the third law molal entropies given below to cor-
responding values based on the steam table convention can be made with

*Use of the word apparent in referring to AH, AF, 3G, and 3A was suggested by
Benwn (1985 1o prechute -confusion with corresponding properties of formation from
the clemesinn st hugh pressures and temperatures such oy thine tbulsted by Robie and .
Waldbaum (1'#&) The latter propeaties include provision fur changes in the thermo-
drynams progwzties of the elements with increasing provsure amd tempesature, which
catmrel an chexumal teactivaia . !

i
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tables by noting dillerences in the number of decimals given for high
and low temperatures and pressures. The lubels sat or saturation refer to
steam-saturated licquid H,O.

Most steam tables published in the last 15 years, as well as the recent
compilation by Burnham, Holloway, and Davis (1969b), are predicated
on Sisipte = Guripte = 0, which is the convention adopted by the 5th Inter-
national Conference on the Properties of Steam. The values of H and §
reported in steam tables are thus actually H — Hy,e and S — Syippe. Al-
though the steam table convention facilitates engineering studies, it is not
particularly convenient for geochemical calculations because the stipula-
tion that Siipe = Gripe = 0 conllicts with standard state conventions
used to compute and tabulate thermodynamic properties of minerals and
gases in other widely used compilations (for example, Latimer, 1952;
Wagman and others, 1965, 1966, 1968, 1969; Wagman and others, 1971;
Parker, Wagman, and Lvans, 1971; Stull and Prophet, 1971; Robic and
Waldbaum, 1968). Entropies and enthalpies of H.O based on the steam
table convention can be converted to other reference systems simply by
adding values of Sy and Hy, e consistent with the desived convention
to the respective values of § and H reported in the steam tables. Similarly,
because densities and volumes veported in stcam tables are absolute
values, internal cnergics based on other conventions can be computed
directly from steam table data by specilying Ejpip. and cvaluating

E— Elrime =H - I-Ilripla + PV — Plr Vfril'lﬂ (l)

In contrast, calculation of corresponding Gibbs or Helmbholtz free ener-
gics from values of H and § reported in steam tables requires specification
of Sipipie as well as Gyippe Or Ay consistent with the desired convention.
The cxtent to which the free energies of H.O change with temperature
depends on the magnitude of the entropy at the relerence temperature
and pressure, which can be demonstrated by writing

G— G!riplc =H- PIlriylc — TS+ T, Str{ple ' (2)
and . o
A-— Atriplc =E- Elr(plc - TS + Tlr Str{pla .
=G~ Gln‘ple - PV 4+ Py, Vtriplc (‘3)
which are not equivalent to '
G=H-TS ' )
and '
A=E-TS (5)
unless

Strimc =0.

To facilitate geochemical calculations, the enthalpies, internal ener-
gies, and Gibbs and Helmholtz (ree energics of H.O given in the tables
and diagrams below are expressed as apparent molal enthalpies, internal
energies, and Gibbs and Helmbholtz free energics of formation from the
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The values shown for pressures = a kilobar were comput_ed' from the
Helmholtz function derived by Keenan and others-(1969), which can be
}

written as :
¢ =yo+ RT (Inp + pQ) (19
where
6
Yo = z Ci/#-1 )+ C,InT+ Cgln(T/7) - (15)
i1=1 )
and .

7 8
Q= (r—r1) (r— 7" Aiylp— pap)' ™
]=zl i=zl

10
4 e—%8 2 Ay b (16)
i=9
where p refers to the density of H,O in g cm—3, T denotes temperature
in °K, R stands for the gas constant in joules g—* (‘.’K)-1 (table 1), r =
1000/ T, 7 = 1000/ Tyiticm = 1.544912, 7y = 7, for j = i and 2.5 for 7 >
1, poy = 0.634 for j = 1 and 1.0 for j > 1, C; and 4, represent arrays of
coefficients given in table 4, and

v =A = Ayipie + Stripte (T — T4r) (17)

where A is the Helmholtz free energy in joules g—* of H,O at the tem-
perature and pressure of interest, Ay refers to the Helmholtz free
energy in joules g—* of liquid H,O at the triple point (273.16°K and
0.006118 bars), and Sy stands for the third law entropy in joules g—*
(°K)=* of the liquid at the triple point. It follows from equations (14),
(17), and the relation

‘ dA = — SdT — PAV = — SAT + —- dp (18)

[4]

that

(), (), ()
— A P dp /7 P dp /r

=pRT(l-_{-pQ+p2(aQ)T) (19)

o

where P refers to pressure in bars, V is the specific volume of H;O in cm?
g—* and (9Q/dp)r corresponds to the partial derivative of equation (16)
with respect to density at constant temperature (eq A-22 in the app).
Equation (19) represents experimental pressure-volume-temperature
data for H.O to 0.1 percent or better from 0° to 800°C and 0° to 1 kb,
but at temperatures below 220°C ‘the uncertainty is 0.01 percent (Keenan
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the aid of the properties of liquid H,O given in table 2 for the triple
point and 298.15°K and 1 bar. Corresponding values of heat capacity and
volume are also given in table 2 along with the respective differences in
the thermodynamic properties of liquid H,O caused by increasing tem-
perature and pressure from Ty, and Py, to T, and P,.

VOLUME

The volume of H,O in ¢cm® mole— is given in table 3 and plotted
in figures 1 and 2 for temperaturcs and pressures to 900°C and 10 kb.

. TABLE 2
Thermodynamic properties of liquid H,O at the triple point and
corresponding values of the properties at 298.15°K (T,) and 1 bar
(P,) consistent with the standard state for liquid H,O adopted by
Wagman and others (1968) and the definitions represented by
equations (6) through (9), (12), and (13)*

-1 therm cal RS TS | therm cal
Property Ja moles? Property io {*x} mole” !
oK} -15,866 {-68,315%  [lan; -12,962 -55,812¢
- d oL - €.9 .
M, Te " Miripte 104.89 451.63 [lAp, 1, < Acripie 92.28 397.32
Au", le ~15,971 -68,767 8 iote -12,870 -55,415
ag} -15,662 -67,436°  [lac} -13,165 -56,687°
e,h - e,f
EpL T, " Eriple 104.79%° 4si.20 GP_’.-T."_ Ciriple 92.18%" -396.89
Ac",E,e =15,766 -67,867 A iote =13,073 -56,290
5 3.8808" 16.71%" v 0.100296% 11 043186
d.2 o m . e,i J
PrTr ™ Seriple | O-3664 1.5776" e, ¥ = Vi i, | 000028 0.00119
|3 m T d,i . j
S“_i le 3.5144 15.132 V"; fe 0.10002 0.43067
c UREE KA TR TLI hanydet 17.83"
2
AHrrlpIe' AE(rlple' AAtriple' and Acg;lple correspdnd, respectively, to the standard
cnthalpy, internal energy, and Helmholtz and Gibbs free energies of formation of one
mole of liquid H20 from [t elements in their.stable form at 298.15°K and one bar (AH;,
A[i. AA}, and AG}) plus the change in the respective properties of liguid H0 (W, , -
- LA T
”trlnle' EFr.Yr B Elrigla' A"‘r.'r,- - Atriele' and cP,—.Tr - ctrizle) caused by decreasing
the temperature and pressure To 273.16°K and 0.006113 bars at the triple point (eqs 6
through 9). S“_' Je Fepresents the molal third jaw entropy of liquid H20 at the triple
point computed from equatlion (12) and the values of $° and SPL-TI. " Seripla Siven above.
bwagman and others (136%). Ccomputed from equations (10) and (11). Ycenan and others
(1963) and Schamidt (1969). Ccalculaoted from data given in the sources referenced in

footnote d. quualion {2). %equation {3). “equation (1). i_j g-| var-t. Jthern cal

wole™! por™l. kxent (1957). *

3 eV ()", "thern cal mole”! *x)"t,




. TABLE 5

Coefficients for the statement of equation (21) applicable to region 1
in figure 3 (for which r = 1 and { = 9) computed from those given

by Burnham, Holloway, and Davis (1969b)

o =g 00 dL

=1L =L
s
t
1
i
- [] ] 2 3 ] 5 6 7 8 9
0[-3.8106530 1.0568665 -7.6454683 7.0956600 |.0054935 -b.48B784S 9.05B6480 -9.8313225 5.5147402 -1.2547935
1] 6.6631473 -4.2654409 B.2193439 -54.6017503 1.54843B5 -3.0809442 3.L46261) -1.9805288 4.5366798
2]-8.9413365 8.9222030 1,9719748 -4.8796036 1.9017140 -2.7155343 1.551878) -2.9266747
3| 9.2076993 4.3805877 3.1779963 -1.411168% 1,9087901 -3.3016835 -2.0239777
4|-4,7887922 ~6,18914B7 1.9043321 -1, ¥15338h ~1,2650068 6.0544695
s| 1.3798565 ~1.3233046 -1.4943777 2.5569347 -3.4096098
6]-1.9886789 2.3912344 -7.5721292 -6.0823080
71 1.506L451 =1.2791592  §.784L9LB
8]-6.021130) 1.7501650
9] 1.ueB2110
*
2
; 1
- [} 1 2 3 4 S 6 7 8 9
o 1 ‘o -5 -10 -n -15 -19 -23 -27 -3
) -1 -N -7 -10 -13 =17 -2t -25 -30
H -3 -7 -0 ~13 =16 -10 -24 -9
) -5 -9 -13 =15 =19 -24 -28
1 -7 -12 -14 -18 .22 -27
S -9 =13 -17 =21 -26
6| -2 -16 - -25
7 { -is -19 -2
8 <13 -3
9] -2
TABLE 6

Coeflicients for the statement of equation (21) applicable to region 2
in figure 3 (for which r = —~1 and i = 8) computed from those given
by Burnham, Holloway, and Davis (1969b)

#

C e s senram om e e -

-3, x |o"‘ il N
7% :

&y

i EA
[J \ 2 3 & S 6 7 8

[ 2.5322920 -4.B726693  6,4561026 -5.4093771 2.5458337 -5.102CAS4
] 1 1.9531008  -5.9663E16  6.7292310 -3.695326% 7.9739676
2 I S.1510825  ~3.31209022  1,4545128  -2.3568834
3 -3 . ! “2.175%74)  1.A355051  «1.6687313
B LBESELTY 1L3A%ITN 2.627145)
5 1-3 COL17)1343 -6,4912023
6] -2.7133158
A K
8 {-A.E35417y

-

=i
N 13
A O U, ! ) s 3 ¢ 7 8
° ) . e " " n 1" 3 5
1 1] . . " " 1" 3 13 )
[ . ’ y » (1] 1 [}
v . . . ] "
. . 1] 1 ] ‘
L . . ('3 o
. s 1] .
. : v
‘. [ ] [} » :

N .
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TABLE 3
Molal volume (V) in cm? mole—! computed from equations (19)
through (21)—see figures 1, 2, and 4
LI | PRESSURE, K8
(o¢) rsu 0.5 1 2 3 4 5 6 7 8 ] [E]
2 18.0681 17.6886 17.3547 16.84 6.1 16.05 15.72 .IS.ES 15.22 15.01 t4.79 15,61
50 18,2300 17.8610 17.5303 17.02 16.59 16.2) 15.91 15.62 15.39 15.12 1,97 th.29
75 18,4820 18.0933 17.7526 17.22 16.18 16.42 16.09 15.80 15.55 15.34 15.13 14.96
100 18.7991  18.3778 180161 17.86  16.98  16.6t  16.28  15.98  15.73  15.50  15.30  15.M1
125 19.1851 18.7147 18.3211 17.70 - 12.n 16.82 16.48 i6.17 15.91 15.67 - 15,46 15.27
159 19,6858 19.107% 18.6697 18.00 17.%8 17.04 16.59 16.37 16.09 15.85 15.8) 15,82
175 20,1901 19.5606 19.0638 18.33 17.73 17.28 16.91 16.57 16.28 16.0) 15.79 15.%3
200 20.830 20.0807 19.5054 18.69 18.03 17.%3 17.13 16.78 16.48 19931 15.57 15,74
228 21.6039 20.6782 1§.9976 19,08 19.34 17.60 17.37 17.00 16.68 16.40 16,14 15.50
250 22.5416 21.3703 20.5457 19.50 16.68 18.08 17.62 7.2 16.89 16.59 16.32 16.07
275 23.722% 22.1850 21,1593 19.95 19.C5 18.38 17.88 17.46 17.19 16.79 16.51 16.25
390 25.2958 23.1669 21.8528 20,43 - 19.43 18.69 1814 17.70 17.32 16.99 16.73 16 42
325 27.5307 24,3870 22.6469 20.95 19.83 19,02 18.43 17.95 17.54 17.20 16.89 16.60
150 11.3508 25.9481% 2).5689 20,51 20.26 19.37 18.72 18.20 7.17 7.0 V2.69 16.7
378 28.0920 24,6538 22.12 w.n 19.73 19.02 18.47 18.0t tr.62 1.7 16.95
600 31328 25.9406 22.79 21.19 0.0 19.34 18.75 18.26 17.84 17.47 17.13°
&25 36.1590 27,4745 23.52 21.70 20.51 19.67 19.03 18.51 18.07 17.¢7 17.31
450 ko, 7854 29.303) 2831 22.26 20,93 20.02  19.33  18.77 i8.30  17.83  [7.k§
4715 $7.1878 31,4791 5.18 22.81 21.36 20,37 19.63 19.04 18.53 18.09 17.43
oo 70.1236 34.0536 26.13 23.41 21.82 20.74 19.95 9.3 18.77 18.30 17.86
525 8).8168 37.0572 22.15 24,05 22.29 21,12 20.27 19.5% 13.02 18.52 18.05
£5% 92.20318 40.468) 28.25 .71 2.717 21,52 20.60 19.87 19.27 18.73 19.24
575 1015571 861991 29.63 2540 23.28  21.52  20.95  20.37  19.52  16.96  1%.43
600 110.115) 48.1255 30.67 26.13 23.19 22.3) 21,29 20.45 19.78 15,18 18.63
625 118.0515 52.129) 31,98 26.83 24,33 22.75 21.6% 20.76 20.04 19,41 18.84%
650 125.4630 $6.1235 33.35 27.67 5.3 23.18 22.00 1.07 0.3 19.¢5 19.04
675 1325197 60.0537 34,77 28,48  25.44 23,63  22.36 2138  20.58  13.89  1%.25
700 139.2110 6).68202 36.24 29.31 26.02 24.08 22.74 21.70 20.8¢ 20.13 19.47
728 1656166 67.6192 37.7% 3o.16 26.62 26L.54 23.12 22.02 ) 20,37 19.69
7% 151.7790 71.2367 39.26 .ok 27.2) 5.0 2).50 22.35 2.4 20.62 19.9)
75 157.733¢ Th.70kbS Lo.81 31.9% 27.65 25.43 23.90 22.68 2.0 20.87 20,43
890 163.5079 78.1479 §2.36 32.86 28.49 25.98 24.30 2}.02 21,43 21,12 20.35
825 69,1279 81.4536  43.92  33.80 29.1k 26,47 270 2336 22,23 21,37 20.§7
8s0 174.6139 84,6635 &5.48 3675 29.79 26.97 25.10 3. 22.58 21.6) 20.80
815 179.9838 87.2033 42,03  35.71  30.bb 2766 25.51  2h.06  22.83  21.90  21.02
300 185.2535 90.8630  4B.57  36.66  31.09 27.9%  25.9) 261 2).20 22.18  21.26
TABLE 4
Ay, Ci, and I'; coeflicients for equations (15), (16), and (20)
alter Keenan and others (1969)
. i
i T
1 2 3 C b 5 6 7
)| 29.492937  -5.1985860  6.8335354.-0.1565104  -6.3972k05 -3.9561401 -0.69046554
2{-132.13917 7.7779182 -26.169751 -0.72546108 26.409282  15.453061  2.7L07416
3] 274.6h632 -33.301902 - 65.326396 -9.2734289 -47.740374 -29.142470 -5.1028070
4|-360.93828 -16.256622 -26.161978  4.3125840 §6.323130  29.568796  3.9635085
5| 34218431 -177.31074 0 0., 0 0 0
6]-244.50042 127.48742 0 0o 0 0 0
7] 155.18535 137.46153 0 o 0 0 0
8 5.9728487 155.97836 o 0 0 0 0
g{-410.30848 337.31180  ~137.46618 6.7874983 136.87317 79.847970 13.041253
10]-416.65860  -209.88866 -723.96848 10.401717  645.81880  399.17570  71.531353
€, = 1857.065 [P -20.5516 Fy = -741.9202 £y = 0.1094098
€, = 3229.12 & = 4.85233 | |F, = -29.72100 Fo = 0.439993
Ly - -hg.u65 €, - *46.0 £y - -11.55286 F, = 0.2520658
L, = 36.6649 Cg = -1011.249 £, = -0.8685635 Fg = 0.05218684
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Fig. 2. Molal volume (table 3) as a function of pressure at constant tcmperature

(labeled in °C) computed from cquations (19) through (21) and the coeflicients in tables
4 through 6.

nomial employed by Burnham, Holloway, and Davis (1969b), which can
be written as :

- - - a

i—i

V= lz z a;y t Pri—t (21

i=0;=0
where V is again the specific volume of H.O in am® g—*, P stands for
pressure in bars, t refers to temperature in °C, 7 is a switch constant equal
to 1 or —1 (see below), and ayy refers to the arrays of fit coefficients in
tables 5 and 6. Owing to the critical phenomenon and the extrapolation
procedure employed in computing volumes beyond the upper pressure-
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10
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Fig. L. Molal volume (table 3) as a function of temperature at constant pressure
(labeled in kb) computed from cquations (19) through (21) and the cocflicients in
tables 4 through 6.

and others, 1969) which is comparable to that reported by Kell and
Whalley (1965) and Fine and Millero (1973). Even more accurate repre-
sentation (to within 0.008 percent) of the saturation curve is afforded by

8 .
Pyt = Poexp( 10-%7(t. —t) 2 F; (0.65 — 0.0ty (20)

=1

where Pyq stands for saturation pressure, Po = P yica = 220.88 bars, 7 is
again 1000/T (where T is in °K), t represents temperature in °C, t, =
terwicy = 374.136°C, and F; refers to an array of coefficients in table 4
(Keenan and others, 1969).

Equations (19) and (20) were used together with iterative computer
techniques to calculate the molal volumes shown in table 8 and figures'1
and 2 for pressures = a kilobar. The volumes shown for pressures above
a kilobar were computed from a modification of the regression poly-

——————
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temperature limits of their measurements (8100 bars and 900°C),
Burnham, Holloway, and Davis (1969h) used separate statements of
equation (21) to represent the specific volume of H.O in different pres-
sure-temperature regions. These regions (numbered 1, 2, and 3) and the
values of # and » in the statement of cquation (21) appropriate to each
are shown in figure 8. The a;; cocflicients for regions 1 and 2 are given
in tables 5 and 6, respectively, but the corresponding coefficients for
region 3 were omitted from this communication because they are based
entirely on extrapolation of measurcments at lower temperatures.

Specific volumes computed from cquation (21) are reported to be
within 0.3 percent of the measured volumes (Burnham, Holloway, and
Davis, 1969D), but more recent measurements indicate that the uncer-
tainty at high pressures and temperatures may be as high as = 0.6 per-
cent (C. W. Burnham, personal commun.). Comparison of specific vol-
umes computed from equation (21) with those reported by Grindley and
Lind (1971) for temperatures from 25° to 150°C reveals discrepancics
ranging from 0.2 percent or less at 2 kb to 0.6 percent or less at 8 kb.
The values given by Grindley and Lind are consistently lower than those
computed from equation (21). Similarly, the specific volumes reported
Ly Burnham, Holloway, and Davis (1969b) at high pressures and tem-
peratures are slightly lower than those'measured recently (C. W. Burnham
and V., Wall, personal commun.), but at temperatures below 150°C, the
latter measurements are in close agreement with those reported by
Grindley and Lind (V. Wall, personal commun.). It thus appears that a
slight (= 0.6 percent) but systematic error is inherent in densities com-
puted from equation (21) and the cocfficients in tables 5 and 6. The
possible effect of this error on the calculations presented below is in-
cluded in the overall uncertainties assigned to the results of the cal-
culations.

It can be seen in figures 1 and 2 that the volume of H,O forms a
hyperbolic surface in pressure-volume-temperature space. However, at
10 kb the volume ol H,O increases only of the order of 7 cm?® mole—* as
temperature increases from 302 to 1000°C, which is approximately twice
the increase associated with decreasing pressure from 10 kb to 1 bar at
~ 80°C. Note in figure 4 that the isochores for water take on a slight
sigmoid shape as temperature decreases, and their curvature increases as
they approach the melting:curves of the ice polymorphs.

COMPRESSIBILITY AND THERMAL EXPANSION

The cocllicient of isothermal compressibility (8) of H.O can be com-

puted for pressures = a kilobar by diflerentiating equation (19) with re-

spect to density at constant temperature. The resulting expression ap-
l')Clll'S as

P
A= =p (-a——
. % Jx
mreeRT(Qes () e (33) ) @
vp /e op’ Jx .

10

PRESSURE, KB

/ -
SATURATION CRITICAL POINT
oL ded o
0 200 400 600 .800 1000

TEMPERATURE.°C

Fig. 3. Rcgions of pressurc and tempcrature represented by aliernate statements
of cquation (21) with the values of i and r shown above (Burnham, Holloway, and
Davis, 1969).
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Fig. 4. Isochores (labcled in em® mole™) as a function of pressure and tempera-
ture (table 8 and figs. 1 and 2).



http://tlio.se

of the thermodynamic behavior of aqueous electrolytes: 1. 1107

s (aQ :
“on d

+ s\l /r P (_g> (@7)
a1 P 2 dp /o

o2 — 2pta \ — 21T
aT P aT p

where (9Q/9T)p, (3(3Q/8T)p/0T)r, (3(6Q/d0)r/dT)p, and (3(3(2Q/e)x/
aT)p/aT)p represent additional partial derivatives of equation (16) given
in the appendix (eqs A-43, A-45, A-46, and A-47). Equations (19), (20),
(22), and (25) were used to compute the values of « and B for pressures
= a kilobar in tables 7 and 8, which are represented by the curves in
figures 5 through 8.

TAsLE 7
Coefficient of isobaric thermal expansion (&) in (°K)—1 X 10°
computed from equations (25), (33), and (39) and the values
of V in table 3—see figures 5, 6, and 16

t ) PRESSURE, KB
(°c) SAT 0.5 1 2 3 b 5 6 7

W34 43.9°

25 25.53 30.99 34.30 38.4 40.6 42.3 9 44y .2
50 46.24 45.80 h5.76 44,5 L4, 6 44.8 447 44 .5 44,3
75 61.39 57.21 54.79 50.4 48.8 47.7 46.7 5.8 45.0
100 74.86 67.55 63.03 56.1 52.9 50.6 48.8 47.2  L46.0
125 88.36 77.84 71.27 61.6 56.7 53.5 50.9 48.7 47.0
150 102.71 88.36 79.51 67.0 60.4 56.1 52.8 50.1 48.0
175 118.70  99.24 87.61 72.% 63.9 58.5 54.5 St.b 48.8
200 137.62 110.87 95.60 77.8 67.2.60.7 56.1) 52.4 49.6
225 161.75 124.03. 103.80 83.1 70.4 62.7 57.4 53.3 50.1
250 195.13 139.93 [12.71 88.3 73.5 64.6 58.6 54.1 50.6
275 24S.37  160.30 123.00 93.5 76.5 6€6.4 59.8 54.8 51.0
300 329.48 187.56 135.41 98.7 79.4 68.2 60.9 55.5 51.4
325  499.05 225.16 150.64 103.9 82.4 70.0 62.0 56.2 51.8
350 1038.30 278.55 169.21 109.4 85.5 7i.9 63.2 57.0 52.2
375 - 368.22 191.25 115.3 88.6 73.8 6u.5 57.9 52.8
400 4L88.47 216.32 121.5 9.8 75.8 65.9 58.8 53.4
425 715.91 243.57 128.0 95.1 77.9 67.3 59.8  54.0
450 973.36 272.09 134.9 98.4 79.9 68.7 60.8 54.7
475 923.47 300.82 141.9 101.5 81.8 70.0 . 61.8 55.4
500 707.36 327.40 148.9 104.3 83.4 71.) 62.6 55.9
525 537.73 347.20 156.7 107.2 85.7
550 h26.21 354.86 161.6 109.8 87.0
575 350.40 348.44 165.3 111.9 88.0
600 298.71 331.01 167.7 113.5 83.8 (74.8) (65.6) (58.2)
625 259.87 307.74 168.8 1i4.6 89.3
650 - 230.18 2B82.87 168.5 115.2 89.6
675 206.79 258.89 167.1 115.2 89.7 .
700 187.93 236.91 164.5 114.8 89.7 (75.3) (66.1) (58.4)
725 172,44 217.29 161.1 114.2 89.7
750 159.52 200.01 157.0 113.3 89.8
775 148.61 184.87 152.5 112.4 B89.8
800 139.29 171.64 147.6 111.4 89.9 (76.1) (67.7) (60.2)
825 131.26 160.06
850 124.28  149.92
875 118,18 141,02
900 112.80 133.17

* ’ L
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which can in turn be differentiated to give

98 —g 8.3 99
(aP)T ﬂ<2ﬁp 3 ”BRT<4(ap)T

@@, @) @

(@), =), ool

and

emr((3), +o k)
)

where (3Q/dT)p, (0Q/dp)r, (9°Q/3p%)r, (3'Q/3p%)r, (H(9Q/Ip)x/dT)r, and
(9(92Q/9p*)x [0 T)p correspond to partial derivatives of equation (16) given
in the appendix (eqs A-8, A-22, A-23, A-24, A-35, and A-39), and « repre-
sents the coefficient of 1solnr1c thermal expansion, which can be com-
puted for pressures =< a kilobar from

== (35), %
+pRTB\ (£> +p? % (25)

oT oT P

Equ'ltIO'l (25) is the result of combining the partial derivative of equa-
tion (19) with respect to temperature at constant density with the identity,

) a
<3T>p, -5 (26)
which leads to )
(L), =—=(2) -2,
oT /p B T T2

Q
3 =
+ pRTﬁ P (% - pa (::—'(rz—
P

T

- (1.- T + BP)
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A 4 g%’ ég Fig. 5. Cocflicient of isobaric thermal cxpansion (table 7) as a function of tem-
o g TELS peratare at constant pressure (labeled in bars and kb) computed from cquations (19)
8 W = 8‘-‘5::‘, through (21), (25), (38), and (39) and cocflicicuts in tables 4, 5, 6, 9, and 10‘ (n.jur\'c:c).
wE S o0 The symbols represent values taken from the literature or computed from finite dif-
B o =z forence derivatives of specific volumes given by Schimidt (1969), Burnham, Holloway,
ﬁ ] TEd , and Davis (1969D), mud Keenan and others (1969).
[=2]
@ o~ E'U
o RTE:Z
© s . .
e Z2E= g Because equation (19) so closely represents the dependence of density
] P .
£.88 on pressurc and temperature below a kilobar (Keenan and others, 1969),
A o e . . . -
gag_:a ; minimal uncertainties :mcn(l‘ calculation of ,B,.(aﬁ/(')l-‘)T_. @8/9T)p, a, and
S Z’;f@f:’, (/' T)p for pressurcs = a kilobar from equations (22) through (25) and
g 2% (27). It can be seen in figures 5 through 8 that the caleulated values of
"g?oé . a and g are in close agreement with corresponding cocflicients of iso-
E-S2 | thermal compressibility and isobaric thermal expansion reported in the
S 522 | literature. Values of B computed from equation (22) fér temperatures
S LE=& from 25° to 100°C and pressures from 1 to 1000 bars are within 1 percent
EPE--] ' . or less of those derived from sound velocity data by Fine and Millero
3 —é?’: S (1973), except for pressures at or near, a kilobar where the diflerence is
< § N S Lelg 4 percent or less. Similar comparison of expansibilities computed from
= S z . _ . . - S . - .
o 2 i ° ..'g 52 cquation (25) with those repoited by Fine and Millero (1973) yiclds
3 b SZE2 corresponding dillerences ol 1 percent and 2 percent. respectively. . The
= - 4 -~ i by eqesr ey e, N e o .
A ' g2, expansibilitics and compressibilitics given by Fine and Millero are with-
. =otE ex l : :

[T ] === AR , o OCEfZE . in ~ | percent or less of those reported by Kell and Whalley (1965). It
o o 3 o o o > g S -3 can also be seen in figures 5 through 8 that the values of « and g com-
§ § S 3 3 3 3 ~ zz= puted from equations (22) and (25) are in close agreement with corre-
- ~ - “| “ £3- sponding values calculated from finite differences in specific volume

v L % 2 &5 =4 -
PO T0) = ((AV/AT)p/V and (—AV/aP);/V). As shown below, equations (23), (24),

and (27) afford similar agreement with their finite difference counterparts
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However, evaluation of equations (28) and (29) with the fit coeflicients in
tables 5 and 6 (which were derived [rom those obtained by Burnham,
Holloway, and Davis, 1969b) [rom regression of their experimental spe-
cific volume measurements. with equation 21) yields, partial derivatives
that difter significantly from correspordling finite difference derivatives
((AV/aP)r and (aV/AT)p) computed directly from the smoothed specilic
volumes generated by the regression polynomial. Lquations (28) and (29).
and the -coeflicients in tables; 5 and 6 also yield values of (dV/dDP)y, and
(8V/dT ) between 1 and 2 kb. which are inconsistent with those. com-
puted from equatjons (22) and (25) for pressures =-a kilohar. Regression
of the experimentil «lata with equation (21} apparently led to an overfit
of the specific' volume measuréments in certain parts of the regions de.
picted in figure 3, and an underfit in others. Lincar regression of asymp-
totic_surfaces may lead to errors in derivitives caused by overfitting:
which ate not manilést in the fits of the integral function. In this case.
the fit coefllicients for equation (21) in tables § and 6 yield specific volumes
10 within 0.6 percent of the measured values (seeabove), but uncertainties
it the partial devivatives generated by equations (28) and (29) are as
much as fwo or more orders of magnitude greater at the houndaries of
the fit regions.

The coeflicients of isotliermal compriss.;{ihilityf and . isobaric thérmial
expansion of H:Q exhibit dramatic saddle-shapéd préssure-température
-configurations with “pommels™at the.critical poiit, where —{(aV]aPy, =
(@V/oT) = a = B = w. To ovetcome difficultics inherent in achieving
decurate algebraic representation of these complicated surfaces with
analytic dérivatives of specific: volume regression polynomials, finite «if
ference derivatives were first computed from specific volmes: gencrated
by equation (21} at closely spaced intervals from 0,001 to 10 kly and 20°
to 900“(]_. The computed values of 'V were used in preferenge to the ex:
perimental measurements to minimize the e{fect ol experimental nunger-
tainty on the finite difference devivatives. The spacing of tlie inteirvals
was determined by the requirement that the. pereent. change in specilic
vol_ume be substantially greater tlian the percent uncertainty in the spe--
cific volumes but small enough to yicld elose approximations of the true .
"derivatives at the midgoints of thé intervals. After sorting 1o eliniinate
obvious.aberrations caused by asymmetry in a numbéi'of the finite dif-
fevences,. the values of Loth (AV/AP): and (AV/AT), (or corresponding
values of o and B computed fiom the finite difference derivatives) were
regressed simultancously with appropriate derivative polynominls gen- .

erated Trom a single integral equation. In an cflort. to identify the best .
algebraie expression for this purpose, various polynomials were used to

regress the finite difference values as a function of pressure and tempera- -
ture or density-and temperature, but none fit all the values adequately |
over the entire pressure-temperature range represented by regions 1. and
2 in figure 3. The best fit for the combined regions was obtained by in-
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c(h(t;aw»af’)?/xf)‘zamb (A(~aV/AP)/V)/AT)p, and (8(AV/AT)p/V)/
AT)). | o

In principle, the compressibility and thermal expansion of H.O at
pressures above a kilobar can be computed from the isothermal and iso-
baric partial derivatives of equation (21), which can be written as

a -
i, 11—l

i=0;=
and
T S O :

FAY ‘

—] =V«e= 3\ 2 fay =1 Pri—t (29)

(BT)p- 2 . i

: 1=07=0
"Taniy B - .
Cocflicient of isothermal compressibility () in bar—* %, 10°
computed from equations (22), (32), and (38) and the values,

ol V'in tiable 3—see figures 7,8, and 17*
t PRESSURE,. K8’
{oc) | shr 0.5 ] 2 3 4 s 6 7 8
25 45.60 ,39.9) 36,57 30.0 35,3 21.6 18.8 [5.7 152 141
50 4h.36  38.95 16,07 29.8 5.1 zl.6 18,8 6.7 1s.2 1h1
75 W5.89  39.86 3644 0.0 25.2  21.7 189 6.8 153 .2
100 49.50 L2, 37.70 30,8 256 220 19.2 Yy, 155 k&
125 &5.12  h5.60  39.B2 32.0 26,4 2206 9.7 7.5 159 4.6
150 £1.09  50.41 b2.83 34,0 27.5 23.7 2003 13.0 163 15.0
175 7.2 5682 46.82 36.6 29.0 ‘20,3 1.0 18.6 16.8 15.4%
200 90.09  65.35 52,02 39.7 30.9 25.% 2t.9 9.3} V%3 (5.8
225 113,08 76.87 58,73 436 33.1 27,0 23,0 20 18,0 16.4
‘250 149.96  92.75  67.4%5 481 35,7 286 Z4t N0 187 17.0
9750 211.5%  115.26 0 78.84  53.3 386 30.4 25.4 22.0. 13.5 17.7
300 329.06 148,27  93.85 59.3 419 325 26,9 21} 20,4 184
325 607.65 198.70 113.72  66.3 45.6 3k.B 28.5 -24.3 .4 39,2
3500 1698.85 zBo.16  1ho.04 7.3 C49.8° 37.3 30.2 25.6 2.5 .
375 423,17 174.66  83.6 543 400 3701 27.1 236 21.]
Loo- 707.68  219.66 9.3 54.3 4y 3401 28,6 248 22.1
§25 A3k 0% 277.43 106.7 64,8 kb1 36.2 30,2 26,1 23.2
Lo’ 2525.76 350,85 120.3 70.7 . 49.k 38,5 3.9 0.5 244
475 3289.09 4271 137.01  77.t 0 53.0 40,9 33.7 29.0  25.6
500° 3266.80 553,10 1554 BR.0 56,7 434 356 305 26.9
525, JUk118 675,90 . N
550 2839.08 792,51 189.8 99.9 67.7 4B.6 %9 {(3331) (29.2)
575 268023  889.54 , -
600. 2556.34  938.68 230.0 6.5 76.3 56.0 438 (36.5) (31:9)
625 2463.48 1002.28 Lo ) .
650 2388.27 1026.73 269.1 1339 ,85.5 59.5 47.8 (39.7) (3h.5}
675 12327.61  1038.30 . i
700 2277.93 |0k1.66 305.5 151.2 "gh.7 5.1 51.8 (k3@ (37.%)
725 . 223674 1040.0Y 7 - .
750 2202.21 1035.45 337.3 167.3 103.8 70.5 .55.7 (6.1} -(49.0)
775 z173.01 1029.28 ) S
800 2148.12 1022.36 363.7 1B1.6 1126 75.8 59.5 (49.3) (43:0)
825 2126.74 1015.20 .
850 2708.27 tooB.1%
B75 2092.22 1001.3}
900 2078.18  934.87

Byalues given for tmﬁcratures and pressures above 500°C and' 6 kb ars- based on

graphlc interpolation {see text). -
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where By; stands for the coefficients given in table 9 for region A in figure
9. Differentiating equation (32) with respect to pressure at constant tem-
perature leads to

a8 5 8—j
(5)T SRS By T (85)
: 1=0:=0
and the corresponding partial derivative with respect to temperature at
constant pressure can be written as

. 5 8—j
B L_ (=) __g B (1=t — T8
- D 1By (T4 ¢ = T pla)
oT /% P /) .
1=0:i=0 o
(36)
: TABLE 9 )
Coefficients for equations (32) and (33) in region A of figure 9
Bh
A - _j_l
By =By x 10
Y
_ L
- o 1 2 3 4 5
. i 1.391084523  9.314051406 ~4.224085781
o AEINEa 5'2“Z§9“3"‘ -4.149778955 B.284235229 -3.173272705
1} 2.001619452 -6.4B0330829 7.80U635059 T+ [ STV 323735003 3. A LaRTAl0
21-8.uh5248783  2.59908) 364 -2.99705335% _2.327295430 4.123082012 -1.650956925
3| 1.849203613 -5. 126544377 5.215914752 "1 0120239 - 12304202
4[-2.30k156348 5.544129599 -h.597168845 21 fan03 <
5| 1.782166279 -3.321663465 1.982307354 3
6|-8.063473576 1.021229414 -3.272068272 .
7] 2.064415341 ~1.237172220
8-2.498805152
¥y
= 0 1 2 .3 4 5
0 0 6 6 6 5 5
1 4 4 i 4 3 !
2 1 2 2 2 1
3 -1 -1 -1 -1 -2 -3
i -4 -4 -4 -4 -5
5 -1 -7 -7 -8
6 -1 -10 -1
7 =14 =14
8 -18
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dependent nonlinear regression of the finite difference « and g values
with exponential functions of the form

3 7
B =exp z z by, T Pi (80)
i=0;=0 ’
and
3 7—i
a = exp E.c;,- Tt P 31)
i=0;=0

which for the most part rendered residuals in a of less than 1 percent and
residuals in 8 of less than 5 percent. However, dt pressures < 1500 bars
the residuals increased and reached 10 to 15 percent at the low-pressure
boundary of the fit region. The [failure of these functions at pressures
from 1000 to 1500 hars together with unacceptable discrepancies in the
cross derivatives and correspondingly large uncertainties in (98/9P)7 and
(9a/dT) computed frem the partial derivatives of equations (30) and
(31) forced rejection of these expressions as adequate representatives of
aand . :

Further numerical analysis with other functions of temperature and
deusity led to the decision to subdivide the region of pressure and tem-
perature in a fashion similar to that chosen by Burnham, Holloway, and
Davis (1969b) for specific volume (fig. 3). Comparative overlapping re-
gression of (AV/AP)y and (AV/AT), in alternate subdivisions with and
without including data f[or pressures = a kilobar indicated that all the
finite difference derivatives and corresponding values of « and B could
be represented with adequate accuracy by separate polynomials describ-
ing these variables in the three regions of pressure-temperature space
labeled A, B, and C in figure 9. The best fits in region A were obtained
with

5 8—j )
-1 = . 1
B =3 > iBy Ty (32) .
7=0:=0
and
5 8—j
a=g ZZiB,-,T‘-‘p! , (33)
7=0:=0
which are consistent with
5 8—j . .
P= By Tt (34)
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The coeflicients in equations (32) through (87) for region A in figure
9 (table 9) and those in table 10 for alternate statements of equations (38)
through (43) for regions B and C were obtained by simultaneous lincar
regression of (— A\’/AP)T/V and (AV/AT), /V with equations (32) and
(33), and (AV/aP)y and (AV/AT); with equations (38) and (39). The values
of V employcd in the calculations were computed from cqudtxon (21). The
number of finite difference derivatives considered in the regression analysis
of the regions varied from 100 to 300, depcnding on the region. The
limits of the summation terms in equations (32) through (37) and (38)
through (43) were defined by comparative regression of the finite dilfer-
ence data with polynomials of alternate degree in an effort to preclude
overfit and insure partial derivatives consistent with their finite difference
counterparts. Overlapping regression of the fit reglons and mcorpontlon
of data for pressures below a kllobar in ﬁmng regions A and C in figure
9 minimized inter-regional discontinuities in the computed values of a,
B, and their partial derivatives as functions of temperature and’ pressure.
In most cases the inter-regional discrepancies in « are less than 1 percent,

TABLE 10
Coeflicients for equations (38) and (39) in regions B and C of figure 9
(i=9and k=0 for region B, and i = 5 and k = 1 for region-C)

3
o
2
by
.G.”_ for region & " §” for reglon C
; 1 ; i 1
Sl e | 1 ) \ ~ ] t 1 )
L] ~1.506913791  1.A07973492 ~7.507671325 2.%71604532 L] 4.66828756% -7.08586B59% 2.111356062
1 -| 787555820 2.810037816 7.031625811 -5.954375822 2.223B30868 1 70&15!3:!1 2.955659758  2.779240900 -1.768464908
2| V523625682 ~7,193725721  5.15672917% -1.997843686 5.202016232 2| 2.151508359 -1,525348185 A, 132847536 $.2001)9tkh
3 1.936537012 ~1.133016027 $.703056875 +1.410070499 1.207Bk9N26 3{-2.773357282 2.067B17826 -2.526689074 -1.0198797%)
L5-3.376132969 -1.072516191  ).308370107  3.521399890 «9.238)3711) & 1.650048239 -1.1373527%5 1.051203720
51 9.460433010 -3, 483262250 ~6.1)8323613  7.391600365 -1.171172904 $|-3.7302745%6  2.162263875
611026323620 7.5790B130) 1.27272)65) -).546134385
7]-8.592127755 -8 ,)!lssslo 1.368240982
8] 1.459760213 6.9146849)9
91-4.on321088) l
1
N 5 6
f i
S 3 7 8 K] ? 7.93':):;:1: -h.uzm‘mn 6. 177984362
o]-s.20:838231 7013751300 5. besetnsey z.757ma7ss 5. 5rasrey | 3|3 dnaeeens 1RO
1[0 058175301 A.957012120 -2.879)52320 6.815947672 E
2[-4.7028)9663 2.61725095) -5.675263050
3[-2.017582894 -1,207488002
4] 3.676616803
'!L for region 8
N 1 p-!! far reglon €,
6 1 1 3 A 3 6 7 8 9
L3 LIRS T T RNETT ST IS TS TS T R
; b c8 -¥g et} eIb =20 -1V .78 o)) i i
LR LT BT R T I T R TS 11 =
1Y I R IR R I L LI B S
L3 RELINERL JECE] JEEYY SRR Y 1 o s - N . NYESTEET)
L RIIR R g™ ) I S B S
L BRI BT R ) 3 -) -4 1 .y .1y
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0f & . -y 2 7Y
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Similarly, the partial derivative of eqlnuon (33) with respect to tempera-

ture at constant pressure is given by
da B
—_— —_ . - o
(6T>P _B(8T>p ”ZOZVtB.,«z YTy T
(37)

The finite diflerence derivatives in regions B and C of figure 9 can
be represented closely by equations of the form

5 8—j

sV Cod k- -
(%), =—#v=3'S DT e
=0 j= 0
and
_ﬂ - ve i i+h—t . ‘ ‘
7). TV S S T @)
=0 j=0
which are consistent with
i i+h—i
v=3'S' p,Tm (o
i=0 7=0 ‘ .

where D,,, #, and k refer to the arrays ‘of fit coefficients and integer con-
stants given in table 10 for regnons B and C in figure 9. It follows from
equation (38) that we can write

" i ith—i , .
(“aF)T =Fe 3 % Iy TR (41)
i=0 =0
and
' i i+h—i
B __ BN\ __ N _ ,
(OT)p (aP)T B ”.Z; 20 Dy T PImi(42)
. 1= =

Similarly, the partial derivative of equation (39) with respect to tempera-
ture at constant pressure leads to

3 i i+h—i :

a —_ ... n )

(55), ==*r D
=0 j= .

-
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for accurate representation of g in this region of temperature-pressure
space.

The dependence of 8 on pressure above 10 kb is depicted in the
upper right insct diagram of figure 8, where finite differcnce values of g
computed from specific volumes generated by Sharp (1962) from shock
" wave data are plotted for pressures to 225 kb at 500° and 1000°C. The
curves in the upper right inset diagram of figure 8, like those for 600° to
900°C at pressures above 6 kb in figures 7 and 8, were not computed but
- represent smooth graphic interpolations of the finite difference values
of 3.

It can be seen in figure 5 that the logarithm of & exhibits a reverse
sigihoid isobaric dependence on temperature at pressures and tempera-
tures below ~ 2 kb and the critical temperature; that is, as temperature
increases at constant pressure from 0° to 374°C at low pressures, log a
first increases to a decreasing degree and then to an increasing degree.
At the critical point, a approaches infinity. For pressures greater than the
critical pressure, the isobars in figure 5 exhibit extrema that dampen
and shift progressively to higher temperatures with increasing pressurc to
~ 6 kb, above which the extrema disappear. At pressures from ~ 2 to 5
kb, log a increases to a decreasing degree as temperature increases iso-
barically from 0° to ~ 700°C, but at higher pressures the isobars exhibit
minima below 100°C. At temperatures below ~ 50°C, « increascs as pres-
sure increases isothermally, but between ~ 50°C and the critical tempera-
ture o decreases with increasing pressure at constant temperature (fig. 6).
The difference in the dependence of « on pressure above and below ~
50°C can be attributed to the effect of temperature on the structural order
of liquid H,O. At temperatures above the critical temperature, the iso-
therms in figure 6 exhibit extrema below ~ 2 kb, which dampen and
shift to higher pressures with increasing temperature.

In contrast to the behavior of «, # decrcascs monotonically as pres-
sure increases isothermally at all temperatures (fig. 8), changing from
> 4 X 10-* bar—* at 1 bar to <1 X 10~° bar~! between 200 and 300 kb.
Wihere the extrema in the isobaric temperature dependence of g dampen
with increasing pressure and disappear above a kilobar (fig. 7), the ex-
trema in the « isobars persist to much higher pressurcs (fig. 5). Neverthe-
less, the magnitude of the change in « and g is ol the same order of mag-
nitude for a temperature increase from 0° to 900°C at high pressurcs
(figs. 5 and 7).

Partial derivatives of @ and 8 calculated for pressures = a kilobar
from cquations (23), (24), and (27) together with those for higher pres-
sures computed from alternate statements of equations (35) through (37)
and (t1) through (43) for the various regions in figure 9 are given in
tables 11 through 13 and plotted as curves in figures 10 through 15, where
they can be compared with their finite difference counterparts (designated
by the symbols). The values of V, «, and g required for the calculations
were computed in the manner described above.

- et e ot s e e+ in = et b o
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and those in 8 are less than 4 percent. However, corresponding discrepan-
cies in the partial derivatives of « and 8 are generally Iarger (sce helow).

Equations (32) and (88) fit the finite diflerence values of @ and 8 in
region A of figure 9 to within 3 percent, except for three residuals Iess
than 4 percent and four less than 8 percent. With the exception of two
residuals less than 4 percent, equation (38) represents (aV/aPl); in region
B of figure 9 to within 2 percent at pressures = 6 kb. Above 6 kb in region
B, the regression equation yields residuals in excess of minitmal require-
ments for dependable partial differentiation. Most of the residuals above
6 kb in region B are of the order of 5 percent or less, seven are between
5 and 10 percent, and onec is greater than 10 percent. Although tlicse
Iatter residuals are not excessive, their distribution is nonrandéom, which
precludes general application of cquation (38) and the fit cocfficients in
table 10 for pressures above 6 kb in region B. The uncertainty in both
a and B in region C is less than 4 percent, except four residuals in g
which are less than 8 percent. Equation (39) reproduces the values of
(AV/AT)p in both regions B and C to within 1 percent [rom 1 to 10 kb,
with the exception of ten residuals which are less than 3 percent. Except
as noted above and in the vicinity of the region boundarics, the residuals
in all of the fits approximate random distributions. Values of « and g
calculated from cquations (32) and (33) for temperatures = 150°C and
pressures > a kilobar are within 4 pereent of those computed by Grindley
and Lind (1971). The two sets of values diverge from one another with
increasing pressure above — 3 kb, At higher pressures, the values ol «
computed by Grindley and Lind are slightly lower and thosc of g slightly
higher than the corresponding values computed in this study. Although
cepuintions (34) and (10) yield values of V in good accord with those gen-
erated by equation (21), the Litter expression is more convenient to use
and affords more accurate representation of the experimental specific
volumes of H.O rcported by Burnham, Holloway, and Davis (1969a).
Simultancous regression of B=1, a, and P with cquations (82) through
(31), and V, (AV/AP)y and (AV/AT), with equations (38) through (10)
rendered essentially the same results as those obtained without including
P, V, and equations (31) and (10). :

Values of « and g computed from equations (21), (32), (33), (88), and:
(39) for pressures greater than a kilobar in regions A, B, and C of figure
9 are given in tables 7 and 8 together with those calculated from equa-
tions (22) and (25) for pressurcs = a kilobar. The close agreecment of the
computed values (solid curves) with their finite difference counterparts
and those calculated by Grindley and Lind (1971) is apparent in figures
5 through 8, where « and g are plotted as functions of. temperature and
pressure. The cocfficients for region A were used to compute the values
for a and B at 500°C and pressures > a kilobar. The dashed curves in
figure 8 and the parenthetical values in table 8 above 500°C and 6 kb
represent graphic extrapolations of the computed values below 6 kb, ex-
tended through the high-pressure finite difference B values. As indicated
above, equation (38) and the fit coefficients in table 10 are not suitable


file:///vave
http://tho.se

of the thermodynamic behavior of aquecous electrolytes: 1. 1121

sure at temperatures = 650°C, where the uncertainty in (da/dT)p is large
For- this reason, values of (da/dT)p arc not given in table 13 for tempera-
tures > 500°C at pressures > a kilobar. The appearance of the isobars
for 2, 5, and 10 kb in figure 12 also suggests overfit, but the similar con-
figurations of the isobars_for 1 and 2 kb imply that all the undulations
in (9a/dT)p as an isobaric function of temperature cannot be ascribed to
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It can be scen in figures 10 through 13 that the calculated depen-
dence of (3B/P); and (da/dT ) on temperature and pressure is in reason-
ably close agreement with that defined by the finite difference derivatives
(figs. 10 through 13), which are uncertain to a comparable extent. The
computed values of (98/3P)r and (da/dL)p differ from their finite difler-

ence counterparts by less than ~ 10 to 20 percent, which corresponds to

the maximum intervegional discrepancy in the calculated values of
(8B/aP)¢ at the boundary separating regions A and B in figure 9 above
4 kb (indicated by the zigzag segments of the 4.5 and 5.5 isobars in the
inset diagram of fig. 10). For the most part, uncertainties in the values of

(08/3P)r and (8a/dT ) computed for region A of figure 9 are of the order .

of 5 to 10 percent or less, which also corresponds to the uncertainty in the
cross derivatives in all of the regions (figs. 14 and 15).
T'he configuration of the 850°C isotherm in the inset diagram of

- figure 13 is apparently the result of an overfit of a as a function of pres-

Tanre 11
Partial derivative of thc cocflicient of isothermal compr cssibilicy
* with respect to pressure at constant temperature in har=—2 X 10
computed from equations (23), (35), and (11) and the values of V
and g in tables 8 and §—sce figures 10 and 11

¢ PRESSURE, K8

(°c) SAT 0.5 1 2 3 4 5 [3 7 8
25 -15.66 -8.32 -5.48 -5.2 ~4.5 -3.4 -2.4 -1.8 -1.3 -1.0
50 -15.17 -7.61 -4.33 -5.5 4.4 -3.3 -2.4 -1.7 -1.3 -i.0
75 -16.66 -8.73 -5.38 -5.8 -4.4 3.3 =2.4 -1.7 -1.3 =-1.0

100 -20.20 -10.95 ~7.23 -6.3 ~4.6 ~3.3 -2.4 1.8 1.4 -1,

125 -26.18  -14.19 ~9.58 -7.0 -4.8 -3.5 2.5 1.9 -i.b -t

150 -35.71  -18.72  -12.49 -7.9 -5.3 -3.7 -2.7 =-2.0 -1.5 -1.2

175 -51.18  -25.14  -16.17 -9.2 -5.9 4,0 -2.8 -2.1 -1.6 -1.3

200 -77.56 34,48 -20.99 -11.0 -6.6 4 =30 -2.2 -1.7 1.3

225 -126.08 . -48.67 -27.52 -13.2 -7.6 -4.8 -3.4 -2, 1.8 -1.4

250 -225.07 -71.26 -36.64 -16.1 -8.8 -5.4% -3.7 -2.6 -2,0 -).§

275 -458.96 -109.23 -49.69 -19.8 -10.2 6.1 k0 -2.9 -2,1 -1.7

300 -)149.85 -177.26 -68.70 -24.3 -11.9 -6.8 -4.5 3.1 -2.3 -1.8

325 -4157.99 -309.25 -96.73 -30.0 ~-14.0 -7.7 49 -3.4 -2.5 -i.9

350 -36533.97 -593.80 -138.31 =37.1 -16.3 -8.7 -5.5 -3.7 -2.7 -2.)

375 -1301.64 -200.02. -46.0 -19.% -9.9 =6.0 4.1 -3.0 -2.2

400 -3h08.99 -291.82 ~-57.0 -22.2 -1l.1 -6.7 -4.5 3.2 -2.4

428 -10301.90 -428.97 -70.7 -25.8 -12.5 -72.4 -4.9 -3.5 -2.6

450 T -21635.72 -632.16 -87.5 -29.9 -14.0 -8.1 -5.3 -3.7 -2.8

475 -17449.07 -919.65 (-107.8) (-34.6) (-15.7) (-8.9) (-5.7) (-4.0) (-2.9)

500 -9634.83 -1281.11 (-131.9) (-39.8) (-17.5) (-9.7) (-6.2) (-%.3) (-3.1)

525 -6409.38 -1642.09 .

550 -5247.95 -1868.38

575 -4771.15 -1964.67

600 -4540.93 ~1913.62

625 -4412.99 -1806.70

650 -4333.65 -1690.38

675 -4280.30 -1584.32

700 -4242.27 -1494.07

725 -4214.01 -1419.5)

750 ~4192.36 -1358.69

775 -4175.38 -1309.26

800 -4161.80 -1269.07

825 -4150.78 -1236.26

850 . ~4141.68 -1209.35

875 ~4135.06 -1187.13.

* 300 ~4127.57 -1168.66
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perature at constant pressure = 3 kb, and the temperature corresponding
to the minimum in the isobars increases with increasing pressure (fig. 10).
Note in figures 14 and 15 that (98/9T)p is small and negative at all pres-
sures below ~ 30° to 50°C but increases rapidly and maximizes with

increasing temperature at constant pressure. At pressures = a kilobar,”

further increase in temperature at constant pressure causes (98/dT)p
again to pass through zero and minimize at high temperatures. At higher
pressures the high-temperature minimum disappears, as does the low-
pressure extremum in the isothermal pressure dependence of (98/471)p
as temperature decreases (fig. 16). In contrast, it can be seen in figure 12
that the isobaric maxima in (da/dT)p as a function of temperature at
pressure = 2 kb are complemented by minima at higher temperatures, all
of which dampen and disappear at higher pressures where (9%a/0'T%)p
becomes small. As pressure increases isothermally, (3e/dT)y = (3(da/

Tanre 12
Partial derivative of the cocflicient of isothermal compressibility
with respect to temperature at constant pressure in bar—1 (°K)=1.x 108
computed from equations (24), (36), and (42) and the values of V,
a, and B in tables 3, 7, and 8—see figures 14 and 15

PRESSURE, KB

t
(°¢) SAT 0.5 1 2 3 4 5 6 7 8
25 -12.38 -9.11 -3.75% 2.1 -2.2 =1.4 -0.8 =0.4 -0.2 -0.2
50 1.33 0.46 -0.29 0.2 -0.3 -0.1 0.1 0.2 0.3 0.2
75 10.53 6.48 3.26 2.2 1.4 .1 1.0 0.8 0.7 0.6
100 18. 44 N9 6.77 4.2 2.8 2.1 1.7 1.4 1.2 .0
125 27.00 16.47 10.22 6.2 4.1 3.0 2.4 1.9 1.5 1.3
150 37.95 22.18 13.91 8.3 5.3 3.9 3.0 2.4 1.9 1.6
178 53.72 29,45 18.21 10.6 6.6 4.7 3.6 2.8 2.3 1.9
200 78.49  39.39 23.55 13.2 7.9 55 L1 3.2 2.6 2.1
225 120.67  53.64 30.48 16.0 9.3 6.3 4.6 3.6 2.9 2.4
250. 199.64 74.87 39.68 19.1 10.7 7.0 5.1 4.0 3.2 2.6
275 368.11 107.72 52.08 22.6 12.1 7.8 5.6 4.3 3.5 2.9
300 808.94% 160.75 63.82 26.3 13.7 8.6 6.1 47 3.8 3.
325 2474.81 251.22 9]1.23 30.4 15.2 9.3 6.6 5.0 4.0 3.4
350  17421.98 .419.05 120.56 34.9 16.9 10.1 7.1 5.4 4.3 3.6
375 772.55 157.77 ‘4.0 18.5 10.9 7.6 5.8 4.6 3.9
Loo 1639.66 203.81 45.6 20.3 11.8 8.1 6.1 4.9 4.2
42s 3741.13  260.33.  52.0 22.2 12.6 8.6 6.5 5.2 4.4
450 4831.26 329.07 59.3  24.1 13.4 9.1 6.8 5.5 4.7
475 1076.18 406.24 (67.2) (26.0) (14.2) (9.5) (7.2) (5.8) (5.0)
500 -770.92 472.33 . (75.8) (27.9) (14.9) (9.9) (7.5) (6.1) (5.2)
525 -900.62 491.07
550 -723.48 438.04
575 -554.18 333.40
600 -427.69 221.75
625 -336.07 131.55
650 -268.95 68.35
675 -218.72 27.26
700 -180.33 1.73
725 -150.40 -13.52
750 -126.63 -22.16
775 -107.60 -26.60
8co -92.08 -28.43
825 =79.33 -28.64
850 -68.76 -27.87
875 -59.95 -26.55
560 -52.56 -24.93

1122  H. C. Hclgeson and D. H. Kirkham—Theoretical prediction

regression vagarics. In contrast to the higher pressure isobars, the 1 kb *
curve was calculated from equation (27). Although no evidence of over-
fit is apparent in the computed curves of (AB/dT)p in figures 14 and 15,

- values of (98/07T)p for temperatures > 500°C at pressures > 1 kb have

been omitted from table 12 because of the failure of cquation (38) to
represent adequately the finite difference values of B at high pressures
and temperatures (see above). This obscrvation, coupled with the inter-
regional discrepancies in (98/9P)y in figure 10, also required omission of
values of (98/9P)r from table 11 for temperaturcs > 500°C at pressures

- > a kilobar.

It can be scen in figure 11 that (d3/9P); increases dramatically-with
increasing pressure at constant temperature. As pressure approaches 10
kb, (88/dP)y — (0°8/aP*); — 0 at all temperatures. Similarly, (68/3P)r
becomes a small ncgative number and (3(98/dP)r/dT)p — 0 as tempera-
ture decrcascs isobarically below ~ 200°C at all pressures (fig. 10). The
critical phenomenon causes (98/dP)r to minimize with increasing tem-
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Fig. 11. Partial derivative of the cocflicient of isothcrmal compressibility with re-
spect to pressurc at constant temperature (table 1) as a function of pressure at con-
stant temperature (labeled in °C) computed from equations (19) through (23), (32),
(35), and (41) and cocflicients in tables 4, 5, 6, 9, and 10 (curves). The symbols in the
insct .diagram represent finite difference derivatives calculated from the finite differ-
ence values of B plotted in figures 7 and 8.
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pressure and temperature. At the critical point, « = B = (9afdT)p =
(8B/aP)r = (8B/9T)p = — (da/dP)r = . However, as the thermody-
namic behavior of H.O approaches ideality with decreasing pressure, and
a— 1/T, 8 = 1/P. Hence, as P = 0, 8 = (38/0P)r = . As a conse-

quence, the isopleths for g = 10— bar~* in figure 17 do not close around -

the infinite critical peak as the isopleths for « do in figure 16. Instead, the
isopleths at high temperatures and low pressures in figure 17 coincide
with isobaric contours along an infinite “cliff” at low pressures and high
temperatures. The infinite critical peak is perched on the slope of the
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Fig. 13. Partial derivative of the cocflicient of isobaric thermal expansion with

Teapect Lo temperatuie at constant pressure (table 13) as a function of pressure at con-

stang temperatwie (labelal in ©C) computad from equations (19) through (21), (25), :
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mimladsy o the inset dagiam cpresent finite difference derivatives calculated from the ;
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d71)p/aP)y — 0 at all temperatures (fig. 13). Below ~ 500°C, (3a/dT)y is
positive, except at high pressures and low temperatures. ’

The effect of the critical phenomenon and low-temperature structural
contributions to the expansibility and compressibility of H.O are also
apparent in figures 16 and 17, where isopleths of « and 8 are plotted as
functions of pressure and temperature. It can be seen that (6P/9T)q is
negative at low temperatures for « < 4.3 X 10—+ (°K)~*, but at higher
temperatures the isopleths curve around the “infinite peak” of the critical
point in an elliptical pattern which widens progressively with incrcasing
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Fig. 12. Pardial dcrivative of the cocfficient of isobaric thermal expansion with
respect to temperature at constant pressure (table 13) as a function of temperature at
constant pressure (labgled in kb) computed from equations (19) through (21), (25), (27),
(33), (37), (39), and (43) and cocflicients in tables 4, 5, 6, 9, and 10 (curves). The sym-
bols in the insct diagram represent finite difference derivatives calculated from the
finite difference values of a plotted in figures 5 and 6.
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tion curve to intervals of 50°C and. 250 bars ahove the critical point in
the shaded pressure-temperature region of figure 18. Of the many low
temperature data in the literature, the values of the dielectric constant
given by Owen and others (1961) from 0° to 70°C and 0.001 to 1 kb ap-
pear to be most consistent with those measured by Oshry (ms) along the
saturation curve and Heger (ms) at high pressures and temperatures. For
this reason, the data of Owen and others (1961) were “accepted” in this
study in preference to those of Malmberg and Maryott (1956) and others.
The experimental data given by Oshry in his dissertation were used in-
stead of the smooth values generated by Akerlof and Oshry (1950) from
Oshry’s data because the latter paper contains several errors and incon-
sistencics.

Numerous attempts were made during the coursc of the present
study to fit the data taken from Oshry (ms), Owen and others (1961),
and Heger (ms) at close pressure-temperature intervals in the shaded
region of figure 18 with the Kirkwood cquation (Kirkwood, 1939; Oster
and Kirkwood, 1943), which Kirkwood derived from an extension of
Onsager’s theory of dielectric polarization to compute dielectric con-
stants of polar liquids. The Kirkwood equation can be written as

o 1490422+ (1 491y
4

(44)

where

47rN°p lO'"“/J.’“'g
r= + 45
3N, (“’ KT ) : (#5)

in which = = 8.14159265, N° stands for Avogadro’s number (6.02252 X
10> mole=1), p again refers to the density of H,O in g cm—3, M, desig-
nates the molecular weight of H,O (18.0153 g mole—?), k is Boltzman's
constant (1.38054 X 10— erg (°K)~1), » represents the polarizability
(1.58 X 10—=* cm3® mole~1) and p the dipole moment of the H.O mole-
cule, T stands for temperature in °K, and g is the Kirkwood correlation
factor (which provides for molecular orientation).

Franck’s (1956) carly estimates of the dielectric constant at high
pressures and temperatures are based on graphic fits of the Kirkwood
equation to data given by Wyman (1930), Wyman and Engalls (1938),

— -—Akerlol- and Oshry (1950), and Fogo, Benson, and Copeland (1954).

Franck’s graphic fits have since been superseded by regression calculations
with the Kirkwood equation (Quist anc Marshall, 1965).

Because the dependence of p°g on tempcraturc and pressure (or
density) cannot be determined independently, u*g must be represented by
an empirical function of these variables-to obtain fits of dielectric con-
stant data with equation (39). In fitting equation (44) to the values of
the dielectric constant given by Fogo, Benson, and Copeland (1954),
Wyman and Ingalls (1938), Owen and others (1961), Leés (ms), Akerlof

1126 H. C. Helgeson and D, H. Kirkham—~Theorelical frediction

cliff and separated from its summit by a minimum corresponding to g >
10—2 bar—?. As a conscquence it [ails to show up in ligure 17.

The minimum in the isobaric temperature dependence of g at low
temperatures (fig. 7) caused by structural ordering of the water dipoles
results in corresponding minima in the isopleths for g below 100°C and
~ 2 kb in figure 17. No such minima occur in the case of a, but the latter
variable becomes negative in the vicinity of the triple point, where g is
positive and equal to its value at ~ 500°C and 5 kb. Increasing orienta-
tion of water dipoles with decreasing temperature thus has a dramatically
different effect on « and 8, and this difference persists to high pressures.

DIELECTRIC CONSTANT

Experimental valués of the diclectric constant (¢) of H.O are avail-
able at intervals ranging from a few degrees and bars along the satura-

TanLs 13 :
Partial derivative of the cocfficient of isobaric thermal expansion
with respect to temperature at constant pressure in (°K)—2 x 107
computed from equations (27), (37), and (43) and the values of V
and « in tables 3 and 7—sec figures 12 and 13

t PRESSURE, KB

(oc) | sav 0.5 1 2 3 4 5 6 )i 8
25 101.96 69.82 51.56 24.1- 15.4 8.7 3.9 0.6 -1.6 -3.4
50 68.17 50.48 39.88 " 24.2° 16.8 11.2 7.0 4.0 1.9 0.2,
75 55.57 42,42 33.64  23.4 16.7  12.0 8.3 5.6 3.6 2.0
100 53.29 40.93  32.79 22.4 6.1 11.8 8.6 6.1 4.2 2.8
125 55.46 bi.sh  33.05 21.6 15.3  11.2 8.2 5.9 4.2 2.8
150 60.54 42.65 32.73 20.9 4.4 10.4 7.6 5.5 3.8 2.5
175 69.80 L. 66 32.08 20.5 13.5 9.6 6.9 4.8 3.3 2.1
200 86.69 48.93  32.11  20.3 12.8 8.7 6.1 4.2 2.7 1.6
225 117.28 57.15  33.81 .20.3 12,1 8.0 5.4 3.6 2.2 1.1
250 173.68 7119 37.93  20.5 n.7 7.5 4.9 3.2 1.8 0.8
275 285.40 93.38 44,90 20.8 1.4 7.1 4.6 2.9 1.6 0.6
300 S47.08 126.95 54.83 2).3 1.4 7.0 4.5 2.8 1.6 0.5
325 1415.93 177.30 67.37- 22.1 1.6 7.0 4.6 2.9 1.7 0.6
350 8078.16 256.26 B81.34 23.0 1.9 7.3 4.8 3.2 1.9 0.8
375 396.13  94.69  24.1 12.2 7.5 5.1 3.4 2.1 1.1
400 680.35 105.24 25.2 12.5 7.7 5.3 3.7 2.4 1.3
425 1137.94 M2.11 26.2 12.6 7.8 5.4 3.8 2.5 1.4
450 $69.16 115.44  26.9 12.3 7.5 5.2 3.6 2.5 1.4
475 -775.34 112,92 (27.0) (11.5) (6.7) (4.6) (3.2) (2.1) (1.2)
500 -81h.69 96.58 (26.0) (9.9) (5.5) (3.6) (2.4) (1.5) f(0.7)
525 -547.52  57.91 .

550 -360. 14 1.93

575 -247.84% -50.99

600 -179.01 -84.80

625 ~134.70 -98.50

650 -104.72 ~-98.82

675 -83.55 -92.36

700 -68.06 -83.26

725 -56.38 -73.71

750 “47.36 -64.69

775 -4o.24 -56I58

800 -34.53 -49.46

825 -29.86 -43.29

8so . -26.05 -37.97

875 -22.87 -33.39

900 -20.20 -29.45
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Fig. 15. Partial derivative of the cocflicient of isothermal compressibility with
respect to temperature at constant pressure (table 12) as a function of pressurc at con-
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The symbols represent finite diflerence derivatives calculated from the finite difference
values of o and B plotted in figures 5 through 8.

o .2 3

gression, Quist and Marshall permitted f(T) to take any of three alternate

forms (f(T) = T—%#, (1) = T_“I‘, or {(T) = c_A‘T), each of which
rendered cquivalent fits of the data. ' -
Regression of Heger's (ms) data in the present study with cquations
(41) through (16) using the alternate forms of f(T) suggested by Quist
and Marshall iesulted in acceptable fits of the data at high temperatures
and pressures. which is not surprising because Quist and Marshall's com-
puted values of ¢ are in remonable agreement with Heger's experimental
data. However, as might be expoected from Quist and Marshall's experi-
ence and the facr that ahiernate regression of Heger's data in the present
study wing ditfesent exprensions for f{'T) failed w identily any one of
the functiony av better than another, compaosite fits of equations (44)
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Fig. 14. Partial derivative of the cocflicient of isothermal compressibility with
respect to temperature at constant pressure (table 12) as a function of temperature at
constant pressure (labeled in kb) computed from equations (19) through (29), (24), (25),
(32), (33), (36), (38), (3%, and (42) and coeflicicnts in tables 4, 9, and 10 (curves). The
symbols represent finite difference derivatives calculated from the finite difference
values of @ and g plotted in figuves 5 through 8.

and Oshry (1950), and Gicer and Young (1968)2, Quist and Marshall (1965)

represented p°g with a power function of density and temperature of the
form

128 = 3.50 + p(dy+ A p + A, o) (1) (16)

where 4,, 4., and 4, represent fit coefficents, and f(T) stands for a den-
sity-independent power function of temperature. In trial and error re-

*All these data, which apply to pressures ranging up to ~ 12 kb at 50°C and be-
Iow, 2 kb from 50° to 850°C, and a few hundred bars from 350° (o 393°C, are not con-
sistent with one another. Many of them have since been superseded by Heger's (ms)
study, which is internally consistent. '
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through (46) to all of the data reported by Owen and others (1961), Oshry '

(ms), and Heger (ms) resulted in relatively poor . fits with nonrandom
trends of residuals. The magnitude and distribution of the residuals in-
troduced unacceptable uncertainties in the partial derivatives of the di-
electric constant computed from the partial derivatives of equation (44).
Repeated attempts to obtain close fits of both the high- and low-tempera-
ture data with the Kirkwood equation Ly representing p’g with higher
order power functions of density, with and without cross terms in density
and temperature as well as modified alternate f(T) functions, led to little

improvement in the fits and eventually to the conclusion that (despite its .

theoretical origins) the Kirkwood equation is not isuitable for compre-
hensive and accurate representation of the dielectric constant and its
partial derivatives over the range of pressures and temperatures con-

sidered in this study.
In contrast to the Kirkwood equation, a simple fourth degree power

function of temperature and density rendered close fits of all the experi-
mental data as well as a random distribution- of residuals over the entire
shaded region of figure 18. This expression can be written as

4 4—i
o= S St ey T (47)
i=07=0

where ¢;; stands for the array of fit cocflicients given in table 14. Values
of the dielectric constant computed from equation (47) and the values
of V calculated above are given in table 15 and plotted as solid curves
representing e or In ¢ in figures 19, 20, and 22 through 24, where they
can be compared with the experimental values represented by the
symbols. .

Equation (47) fits the -experimental data obtained by Oshry (ms),
Owen and others (1961), and Heger (ms) to within 1 percent over most

_of the shaded region shown in figure 18. Only at the high temperature

end of the saturation curve where Oshry’s data exhibit excessive scatter
(fig. 19) is the uncertainty greater, approaching 5 percent near the critical

~point where the dielectric constant is small. The maximum experimental

uncertainty in the data ranges from < 0.1 percent for those of Owen and:
others to < I percent for the values of ¢ > 10 and < 3 percent for the
values of ¢ < 10 given by Heger (ms). The maximum experimental un-:
certainty in Oshry's data for temperatures < 350°C is of the order of 1{

- to 2 percent.

It is apparent in figures 19, 20, and 22 through 24 that equation (47)}

not only affords accurate representation of the experimental data, but it; -

also permits reasonable extrapolations of ¢ from 100° to 0°C at pressures%

TaApLE 14
Coefficients for equation (47)
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It can be seen in figure 19 that the dielectric constant of H.O de-, N

creases rapidly from values ranging from 88 to 100 at 0°C to < 20 at ¢ i 1
600°C as temperature increases at constant pressure. In contrast, as o - .
pressure increases to 5 kb.at constant temperature (fig. 20), the diclectric ' x |

constant increascs of the order of 10 to 15 units. Isopleths of the dielectric | w ]
constant are shown in figure 21, where it can be deduced that (3P/dT)e . x 3 -
changes from ~ 500 bar (°K)~* at 0°C to < 5 bar (°K)~* at high tempera- o L R

tures and low pressures. ! v

~ The dashed curves in figures 19, 20, and 22 through- 24 were drawn a o =
through interpolated values of the dielectric constant computed by Quist | 4 e i

and Marshall (1965) at high temperatures and pressures; they do not. i % //f/,/ .
represent extrapolations computed from equation (47) and the cocfhicients ///é Z ////'}3%/22%2 _
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Fig. 18. Pressurc-temperature region represented by dielectric constant data (Oshry,
ms; .Owen and others, 1961; Heger, ms) regressed with cquation (44) to define the fit
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yields an unacceptable fit of equation (47), and fipite difference deriva-
tives ((Az/aT)p and (Ae/AP)r) calculated from Quist and Marshall's
values are not consistent with those computed from Heger’s experimental

data at lower temperatures. Partial derivatives obtained by dillerentiating .
the functions used by Quist and Marshall (cqs 44 through 46) are similarly
inconsistent, but, in contrast, partial differentiation of equation (47)
yields derivatives in close agreement with their finite difference counter-

parts below 550°C (see below).

The dependence of In ¢ on temperature and pressure is depicted in -
figures 22 and 23. The solid curves in these figures were generated by .
equation (47), and the symbols represent experimental data (or computed

values in the case of those taken from Quist and Marshall). It can be

seen in figure 22 that the near linear dependence of In ¢ on tempcrature

at constant pressure below ~ 100°C (Gurney, 1953) becomes substantially
nonlinear at higher temperatures. In contrast, In ¢ as a function of pres-

sure at constant temperature approaches linearity at high pressures and |

temperatures, but it is also nearly linear at low temperatures (fig. 23).
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Fig. 21. Isopleths of ¢ (indicated by -the labels on the curves) as a fufiction of
pressure and tempcerature (table 15 and figures 19 and 20).
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14 (solid curves). The symbols correspond to values taken
dashed curves represent smooth graphic interpolation of

Quist and Marshall’s (1965) values for pressures > 5 kb and temperatures > 600°C.
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Partial differentiation of equations (48) and (49) leads to

4 4—;
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The relation of the dielectric constant to specific volume is depicted
in figure 24, where it can be seen that (9 In £/d In V), is essentially inde-
pendent of both density and temperature. Under these conditions (9 In

- ¢/dP)y is nearly proportional to the coefficient of isothermal compressi-

bility.
The partial derivatives of equation (47) with respect to temperature
and pressure can be written as

3 - aln ; 4 4—;
il —3 ____._E._ = y t
(aP)T ( op ) 32)2)”"“ (48)
‘: l: N

] aln 4 4-i . ‘

e E .
fond —_— —1 F sy TE—1 — 3 { 49

< a’r)l. "’( T )p > eus (T = jaT ) )

1==0;=0

where « and g again stand for the coeflicients of isobaric thermal expan-
sion and isothermal compressibility. Values of (8 In ¢/dP)r and (8 In
¢/d1), computed [rom cquations (48) and (4) using values of ¢, 8, and a
given above are shown in tables 16 and 17 and plotted as curves in figures
25 through 28, where it can be seen that the predicted values are in close
agreement with their finite difference counterparts ((A In e/aP)y and
(& In ¢/AT)p) calculated directly from the experimental data. Uncer-
tainties in the values of (8 In £/dT)p and (@ In ¢/dP)r computed from
cquations (18) and (19) are of the order of a few percent or less, which
corresponds to the uncertainties in the values of « and g employed in the
calculations, )

It can be seen in figure 26 that (9 In /D)y like B decreases dramati-
cally and monotonically with increasing pressure at constant temperature
= 200°C, but unlike 8, (@ In ¢/aP)r increases monotonically, with increas-
ing temperature at all (constant) pressures (fig. 25). At high pressures,
(0 In £/9P)y — (0% In £/dP%); — 0 as pressurc increases at any given tem-
perature (figs. 26 and 29). Similarly, as temperature decrcasces below ~
100°C at all pressures, (9 In e/oP)r — (8(9 In ¢/0P)/0T)p — 0 (figs. 25
and 33). ) .

The strong influcnce of the critical lﬁhcnomcnoﬁ on the temperature
and pressure dependerice of (9 In £/0T)p is appavent in figures 27 and 28.
Note that the isobars for pressures = 2 kb in the stcam phasc region pass
through a minimum with increasing temperature, as do the isotherms for
temperatures above the critical temperature. In the vicinity of the criti-
cal point, (3 In ¢/dP)r is large and positive and (8 In £/9T)p is large and
negative. At the critical point, (8 In ¢/dP)y = — (3 In ¢/0T)r = o, but
as the thermodynamic behavior of H.O approaches ideality with decreas-
ing pressure, ¢ - 1.
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It can be scen in figure 32 that a large discrepancy in (82 In ¢/0T%)r
arises between 1 and 2 kb at 25°C, which is outside the fit region in figure
18. Similar discrepancies occur above ~ 500°C, which is near the upper
limit of the fit region. Erroneous values of (9% In ¢/dT?)p and (9% In
e/0P?)p, may arise from errors in (da/dT)p and (B/9P)y, which is ap-
parently the case at 25°C above a kilobar in figure 32. Although compara-
tive calculations for pressures and temperatures within the fit region in-
dicate that errors of the order of 5 to 20 percent in (9a/dT)p and (98/
dP); have a minor effect on (9? In £/9T?)p and (8% In ¢/9P?)y, the second
partial derivatives of In ¢ are nevertheless highly uncertain near the
boundaries of the fit region. For this reason, equations (52) and (53) as
well as equations (56) and (57), which are derived below, should not be

used for temperatures above ~ 500°C or pressures above ~ 500 bars at

temperatures = 100°C.
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Fig. 25. Partial dcerivative of In ¢ with respect to pressure at constant temperature
(table 16) as a function of temperature at constant pressure (labeled in bars) computed
from equations (19) through (22), (32), (38), (47), and (48) and cocflicients in tables 4,
5. 6.9, 10, and 14 (curves). The symbols represent corresponding finite difference de-
rivatives computed from daa given by Oshry (ms), Owen and others (1961), and/or
Heger (ms). :
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which were used together with equations (47) through (49), values of V,
a B, (0a/dT)p, (3B/3P)7, (8 In £/dP)r, and (8 In ¢/dT)p given above, and
the identities,

z 2
(azlne .= 1 (ae .. 1 (ae) (52) -
6P2 T 4 aPz T 52 OP T

2 2 2
(alne> _ l(ae) _ 1 05) (53)
6T2 P £ E)T” r €2A aT P .

to compute the curves shown in figures 29 through 32 and the partial
derivatives in tables 18 and 19. The close agreement of the values of
(0 In g/aP)y and (@ In £/dT); computed from equations (48) and (49)
with their finite difference counterparts in figures 25 through 28 suggests
that the partial derivatives computed from equations (50) through (53)
arc reasonably accurate representations of (92 In ¢/aP?)y and (9% In ¢/9T?)p
within the fit region shown in figure 18. This conclusion is further sub-
stantiated below (fig. 33) by the agreement of computed values of (9(9 In
efdP)/01)p with finite difference derivatives calculated directly from
the curves in figures 25 and 28.

and

® Heger (1969)
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A Owen, of al. (I964) 4
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Fig. 24, Logarithm of the diclectric constant as a function of In V at constant
temperature (solid curves) and constant pressure (dashed curves) computed, from equa-
tions (19) through (21) and (47) and cocl%cicrits in tables 4, 5, 6, and 14. The symbols
correspond to valucs taken from the literature, and the dashed curves represent smooth
graphic interpolation of Quist and Marshall’s (1965) valucs at pressures > 5 kb and

temperatures > 600°C.
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TaAnLE 17
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Tanur 15

Partial derivative of the natural logarithm of the dielectric constant

. . Diclectric constant (£) computed from equation (47% and the values
with respect to temperature at constant pressure in (°K)—1 x 10

of V in table 3—sece figures 19 througt 21

computed from equations (47) and (19) and the values of V and «
in tables 3 and 7—sce figures 27 and 28
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i Partial derivative of the natural logarithm of the dielectric constant
with respcect to pressure at constant temperature in bar—t x 10°
TanLe 18 computed from equations (47) and (48) and the values of Vand g

Partial derivative of (9 In £/aP); with respect to pressure at constant
temperature in bar—2 X 10° computed from equatjon (50) and the

in tables'3 and 8—sce figures 25 and 26
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° : H .3 . . . . . . . . .
Ce) e 9.5 ! 2 25 3 35 4 hs 5 i 125  7.48 &1 5.3 Az 3.7 3.3 3.0 2.7 2.5 ({(2.3)
25 -1s.42 -84 : 150 9.02 7.1 6.0 4.6 4.0 3.6 3.2 2.9 2.7 (2.4)
;‘5’ ';g?g ~;g-g : 175 11.10 8.4 6.8 5.1 4.4 3.9 3.5 3.1 2.8 Ez.s;
9. -10. : 4, 10.0 .8 . . 4.2 . . 0 (2.
100 s -l (410,00 (-8.8)  (-7.5) (-6.8) (-5.5) (-h.7) (-4.00 (-3.5) : 53‘5’ :e.gg 12.1 ;.o e 22 4.6 ot ;; ;.z (z.;)
125 -36.64 -20.3  -14.1  -10.3 -8.6 -7.2  -6.1 -5.2  ~4.4 (-3.8) i 250 24.66 1h.9 0.6 71 9 5.0 43 3.8 33 (3.0
EF R A S O Y 3 S S 0 SRS S o S o S ¢ O i 275 35.40 18.8 125 8.0 6.5 54 4.6 ko 3.5 (3.1)
200 -125.2) -56.5 306 184 -1kl -1l -89 b 03 (-5.9) j00° ss.52 245 15.0 © 8.9 7.2 59 kg b2 37 (3.2)
225  -209.40 -B1.9  -46.5 -22.7 -17.0 -13.0 -10.3 -8.3 6.9 (-5.8) 325 101.95 33.0 18.3 10.0 7.9 6.4 5.3 4.5 3.8 (3.8
250 -380.92 -122.2 -63.0 -28.1 -20.4  -15.2 -)1.8 -a.4 -7.7  (-6.8) 350  274.99 46.4 22.5 .t 8.6 6.9 5.6 4.7 4.0 (3.5
275 -783.27 -189.3  -86.4  -34.7  -2b4.6 -17.9 -13.6 -10.7 -8.6 (-7.1) 1 375 69.1 28.0 12.5 9.5 7.4 .6.0 - 5.0 h.2  (3.6)
300  -1953.83 -307.7 -119.9  -42.8  -29.4 -20.3 -15.5 -12.0 -9.6 (-7.9) . oo - 1.5 34.9 145.0 10.4 8.0 6.4 5.2 bt (3.7)
325 -6917.75 -532.3 -168.4 -52.6 -35.1 =244 17,8 -13.5 -10.7 (-8.7) 425 197.2 43.5 15.7 1.4 8.7 6.8 5.5 b6  (3.9)
350 -57594.10 -1000.3 -238.5 -64.5 ~41.7  -28.3 -20.2 -15.2 -1.9 (-9.6) 450 319.6 54.0 17.7 12.6 9.4 7.3 5.9 4.8 (4.0)
375 -2108.2  -339.0  -79.0 -49.4 -32.8 -23.0 ~-17.0 -13.2 (-10.5) 75 349.5  66.5  20.1 1.0 10.3 7.9 6.3 5.1 (4.2)
:gg -5157.3 -482.0  -96.6 -58.3 -37.8 -26.} -19.0 -1h.6 (-11.6) 500 309.1 80.5 22.8  I5.5 11.2 8.5 6.7 5.4 (4.4)
as0 Comdl) ol dhronas s 3 e (en 525 (94.7) (25:0) (16.k) (12.4) (38) (7.6) (5.9) (4.7)
475 . ) Rere —gh. <7 Rt ey 19, RYY 550 (106.7) (28.0) (18.3) (13.6) (10.6) (8.2) (6.3) (5.1)
500 8 Gl Sy (&R &0 S G e 575 (116.7) (31.0) (z0.3) (16.9) (11.5) (8.8) (6.8) (5.4)
- . - . - . -65. 42, -29. -21. -16. . . . . . . . N
3 600 (118.2) (33.9) (22.2) (16.2) (12.4) (9.5) (7.4) (5.9)
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¢/9T?)p increases dramatically with increasing temperature at constant
pressure. Note that (3% In ¢/9T?)p is negative at low pressures and posi-
tive at high pressures. As a consequence of the relations. depicted in
figure 24, the behavior of (9% In ¢/dP?), in figures 29 and 30 is similar to
that exhibited by (98/0P)+ in figures 10 and 11, respectively.

Because
de de )
I} d

(a’r)P = ( oP /o (59

aP T aT P
and
a(alne) a(alne)
oT /» = P /g (55)
aP ) T . BT r ‘

it follows that the partial derivative of equation (48) with respect to
temperature at constant pressure is equivalent to that of equation (49)

) SATURATION o
-5 | T
|
-20 4 1 i | 1 A
o] 100 200 ' 300 400 500 600
TEMPERATURE, *°C

Fig. 27. Pactial derivative of In ¢ with respect to temperature at constant pressure
(table 17} as a funciion of wmperature at constant pressure (labeled in bars) computed
from cquations (19) through (21), (25), (33), (39), (47), and (49) and cocflicients in
tables 4, 5, 6, 9, 10, anid 14 (curves). The symbols represent corresponding finite dif-
ference derivatives computed from data given by Oshry (ms), Owen and others (1961),
and/or Heger (ins).
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It can be scen in figure 30 that (8° In ¢/dP?)¢ increases rapidly with
increasing pressure = 2 kb at all (constant) temperatures = 200°C, but
like (0B/aP); in fgure 10, its isobaric dependence on temperature is
characterized by minima in the low pressure isobars. Note also that
(9® In ¢/8T?)p minimizes as an isothermal function of pressure at high
temperatures and low pressures (fig. 32). In contrast, the isobaric tem-
perature dependence of (9* In ¢/9T?)p depicted in figure 31 exhibits an
extremum in the vicinity of 75° to 150°C, which is flanked by a mini-
mum on either side at pressures < 2 kb; as pressure increases, the low-
temperature minimum disappears and at high temperatures, (9% In

-

SATURATION

((«agpﬁlr..em" ) x10®

o ] 2 3 4 5
PRESSURE. KILOBARS

Fig. 26. Partial derivative of In ¢ with respect to pressure at constant temperature
}(ablé 16) as a function of presyure at constant temperature (labeled in °C) computed
rom cquations (19) through (22), (32), (38), (17), and (48) and cocllicients in tables 4,
5,6, 9, 10, and 14 (curves). The symbols represent corvesponding finite difference de-
rivatives computed from data given by Oshry (ms), Owen and others (1961), and/or
Heger (ms). .
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Taste 19
Partial derivative of (9 1 ¢/aT), with respect to temperature

at consiant pressure in (°K)—* % 10° computed from cquatlon (":1')
and the values of V, a, (9a/dT)p, & and (8 in¢/dT)p in tables 3, 7,

TasLe 21
Finite difference partial detivative of (22 In E/JP)T/&T)P with respect
to lcmpel ature at constant pressure in bar~"1(°K)—2 x 10

= PrT—— 13; 15, and 17—see figures 31 and 32
e k SURE, KB - i
) SAT 0.5 1 2 2.5 3 3:5 4 h.5 5 PRESSURE, KB .
-2 -8 . i ot - -
5{5; Esg ;g (o) SAT 0.5 [ 2 2.5. 3 1.5 4 4.5 5
75 435 2.7 ) ) ! . : 25 ~h0g -1.3
108 4.91 2.8 (1.8) (0:8) {0.7)» (0.5) (0.4} {0.3) <{o0:2) (0,2 ?g -;g;’ ?;
1o ey i3z e Gr 08 03 02 0z () oo 685 13 (2.8 (1B} (k2 (s () (b9 (5.0 (5.1).
150 B.92 &2 2.4 1.1 0.7 0.5 @.3 0.2 0.1 (6.1} i : 2.5 by by 4§ 5w 5.2 5.1 {5.3)
175 13.66 56 2.9 1.3 08 0.5 0.3. 0.1 o.F  (0:0) ; 125 -).08 :};1 z-g g .,;3 0 5.2 5.3 5 (5.4)
200 2260 7.9 3.7 1.h 0% 04 02 0 0.8 {-0.1) ;52 RNy ORIy Wb o Y o2 i3 G
225 40.78. ab5 48 1.5 0.8 obh 0.2 o1 0.0 {=0.1) : 233 -2'93 -o"g' 23 4o W5 48 ka9 5o AP 4
250 82.46 173 6.3 16 08 04 0.2 0.0 -0 (0.1} : 225 -l2.8) =21 1.6 35 40 w4 45 hé  hE (b.6)
275 196.55  27.1 8.8 1.7 09 o4 0.2 p.0 -0.1 {-0.1} 250 .22.30  -4.9 0.5 2.9 35 3.8 3.3 3.9 3.9 {1.9)
300 6)12.38 K1 11.9 1.8 0.9 0.% 0.2 0.0 -0.1 ({=0.1} 5 : 275 S41:38 .90 -1z 2.0 2.7 %0 3 3.2 . 3.2 (3.1}
325 314917 75.7 15.6° 2.0 .0 0.5 0.2 Q.1 0.6 (-0.1) | ~360 :Bh.56 +15.0 -3.5 1.z 1.8 2.2 2.3 2.3 2.3 (2.9
350 22725,69° 141.3  19.6 2.3 1Ll 0.6 0.3 0.t 0.0 {:0.9} | 375 -p22.63 -23.4 -6.2 0.2 0.9 1.3 1.4 1.5 1.5 (1.5}
375 (23.6) 2.8 1.4 0.8 0.4 6.3 0.l {0.1} 350 -1232.61 =35.5 -9.1 ~-0.7 O} 0.5 0.7 0.8 0.8 {0.8)
4ao . (2z7.1} 3.3 1.7 1o 6.6 o4& 03 (0.2) ! 375 -5h.b  -il.6 -1.5 -0.6 -0.1 0.2 0.3 o4 (0.4)
bzs {30.4) 4, 2.1 1.2 0.8 9.6 0.4 (0.3} Log -87.1  -13.2  -2.1 -0.9  -0.3 o u.3 0.4  lo.8)
Lsg (3.9} 49 2.6 1.6 1.0 0.8 0.6  {0.5) 43 (-13.5) -2:6 =-0.7 o©0.1 0.6 0.9 1.2 (1.3)
475 (25.7) (5.7} (3.0 (1.8 (1.3) (1.0 {0.8) (0.7) ‘ . 450 {<12.4) -1.2 ok 1§ 206 25 2.8  (3.1)
500 (1.8) (3.6} (a6} (1.8) (1.3} (n.4) (i) (0.9) i 475 {-9.0) (o.9) (2.8) (4.0} (&.7) (5.3) (5.7) (6.1}
' 500 (-1.9) (4.8) (6.9) (8.2} (g.0) (9.6) (lo.1) "(10.6}
' Tance 20 .
TABLE 22 ' Partial derivative of (3 In #/8P)r with respéet (0 temperatine
' .. L . L. : : —_1 O Y—1 H
Y (eq 65) in (°K)~1 X 107 coniputed.from valiieé of £ and (¢ In £/8T)y _ at constant pressire in bar—1 (°K) i X 10 compu:ed fr Oim eilmtm’i] (56)
in tables 15 and 17—see figitte 34 . and the values of V, & 8, (88/9T ) & (@ I ef0P)y, and (@ In £/ T),
: in‘tablés 3, 7, 8, 12, and 15 thiough 17—see hgure 33 )
t PRESSURE, KB
{ac)| saT 0.5 [ 2 2.5 3 3.5 4 h.g 5 ' " ) PRESSURE, KB
25 -5:80  -5.65 {-5.51) (-5.27} {-5.47) [(-5.07F (°6.89) {-h.91} (-484) (-k7D) .1 . (°c) | SAT 0.5 1 2 2.5 3 3.5 A h.5 §
50 -6.60. -6.35 {-6.13) (-5.80) (-5.68) {-5.55) {-5.45) {-5.35) {-5.26) {-5.18) p 4 ) '
75 -7.45 -7.0B (=6.79) (-6v34) (-6.17) (-6.03) (-5.90). (-5.79) (-5.69) ({-5.35) 25 0.39 0.
o -8.33 -7.87 -7.48 -6.83 . -6.68  -6.51. -5.36 -6.2] 2601 (-5.89) : 50 1.89 1.3 ]
125 -%.h7  -B.74  -8i22 7.6 -7.20  -6.98  -6.81  -6.65  -6.51 {-6.38) ( 75 z.80 2.0 . ' . .
150 -10.73° -9.71  -9.01 . -B.06 - -7.73  -7.46  -7.25  -7.07  -6.91  (-6.76) : 100 3.94 2:7 (1.9 - (3 () to.er (6.8) {o.7) (0.6 (0.5)
175 -12.25 -10.80 -9.87 -8.68 -8.26 -F.94¢ -7.68 -7.47 -7.29 {-7.13) ! 125 5,32 3.5 2k 1.5 1.2 1.0 0.9 0:8 0.7 (0:6)
200 -14.17 -12.05 -l0.73  -9,33 -8.82 8.k -8.y2 7,87 7.8 (-7.49) ! 150 77 By 3.0 1.8 %4 1.z d.0 08 D7 {0.8)
225 -16.75 -13.56 ~-13.81  -10.01 ~9.39.  -8.92 -B.s6 |, -B.28 =8.05 {-7.85) ¢ 175 'g : 'g, '3'5 . 2'1 1.6 1.3 1.00 0.9 0.7 (0.6}
50 -20.48 1546 12099 -lo.75 -12.01  -9.45  -9.63  -8.721  ZBL45  (<B.24) ; A : 418 B 03 0.7 (0.5)
75 -26.52 -17.99 -Ih, 40 -11.56 -10.68° -10.03  -9.55  -9:18  -8i90  {-8.67} i 200 14.17 7.3 b b 2.4 1 1. N . . 5
300 -37,09 -21.59 <1618 1248 -1l ~10,63  -10.13 - -§,72 -9.41  {-9.18) i 225 21.45 9.7 5.5 2.8 2.0 1.5 1.1 9.3 0.7  (0.6)
25 -60.h3 <26.93 -1B.48  -¥3.5h  -1Z.32. -84 -)10.8)F 10,34 -9.99  ({-9.72) | T 250 35.00 13.2 6.9 3.2 2.2 1.6 1.2 0.9 0.7 {0.5)
350 -1k1:66 -35.28 -21.51 -14.80° -13.3%  -12.32  -11.60 11,07 ¢10.6B  (-10.38) i 275 63.63 18.7 4.8 3.6 Z.4 1.7 1.¢ 6.9 0.7 (0.5}
375 ~49.15 -25.54  -16,29  -id.gh <133 <1250 1190 -10.W6 [-11,13) ! 300 137.25 27.4 114 4.0 2.6 1.8 .3 0.9 0.7 (0.5)
oo -74.56 -30.7% 18,040 -15:91  ~1h4g L13.51 -12,827  -12:32  (-11754) { 325 4o7.74  4t.9 (4.8 P 2.9 t 9 1.3 5.9 0.7 (0.5
425 126,84 137:33 -20.05 -17.h3  -15.76  -14.58 1377  -13.19 (~Y2.76) . o 2716.07 8.0 19.2 5.0 3.1 2.0 &k 1.0 0.7 {0.4)
450 -157.96 -h5.h6  -22.26. -15.01 -16.97 -15.61 -14.66 -13.98 (-12.48) : 35 : g & ; 36 sz 1 1.0 6.7 (0.5)
475 s220:61. -55:00 -z4.51 ~20.47 -18.62 -16.40 -15.28 -lh.49 {-13.91) ki 375 1198 24. 5.7 3.5 2. .5 - . -5
500 -20). 03 -R5.B4  -26.43 -21.47 18,55 -16.65. -35.386 -I4.bk (-13.78) i Loo 235.9 31.0 6.4 3.8 2.4 1.6 1.1 0.7 {0.5)
525 1-75.10) {-27.55) {~20.85) (~18.14) (16,00} {-)h:56} (<I7.83) (~13.78} i k25 (38.2} 1.3 5.3 2.7 .8 .2 0.8 {o.5)
550 (-79.80) (-26.53) {-19.30) (-16.36) (~13.B4} {-12.26} (-11.18) (-10.37} i 450 (46.0) B.5 3 3.1 2.0 L4 0.9 [(0:6)
3?5 [+24.23) (-22.35) {-15.71) (-#1.38) {-9.6B) (-8.16} (-7.09) (-6.30) . . 475 {53.5} (9.8} t5.6) (3.5) (2.3) (i.6) (1.1) 70.5)
0o (-53.20) (-13.98) (-8.38) {-5.23) (-3.33} (-2.07) (-1.19] (-0 11.3) (6.4) (4.0) (2.8) 01.8) (r.3} (1.0)

S4 g 500 (57.8)
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4 4—i

+8 2 S jeys ( ja(jaTH— 20T 1) +
1=0 )= 0
-i(i—1)T*~2 — jT* ( aT) > 57)

It can be seen in figure 33 that the values of (#{@ In ¢/dP);/dT)p in table
20, which were computed from equation (56) and values of V, « B,
@B/, (0 In ¢/0)p, and (9 In £/3P)y given above, are in close agree-
ment with finite difference derivatives calculated from the values of (6 In
e/dP)r and-(d In ¢/0T), in figures 25 and 28. However (as noted above),
for temperatures = 500°C and pressures = 500 bars at temperaturcs
= 100°C, the pr0\1m1ty of the fit region boundary in figure 18 introduces
inconsistencies in the values of (8(d In ¢/dP)/dT)p computcd from the
values of V, a, B, (8/8T)p, &, (8 In &/8 1)y, and (8 In £/dP)y in tables 3,
7, 8, 12, and 15 through 17. For this reason, equations (56) and (57)
should not be used to calculate values of (3(d In &/aP)r/dT)p and (8% In
ef/dP)r/0T)p for T > 500°C or P > 500 bars at T < 100°C. Because

0

.
-zo\ L | —1 I L

(o] ! 2 3 4 5 6
PRESSURE, KILOBARS

Fig. 28. Partial derivative of In ¢ with respect to temperature at constant pressure
(table 17) as a function of pressure at constant temperature (labeled in °C) computed
from cquations (19) through (21), (25), (33), (89), (17), and (49) and cocflicicnts in tables
4.5.6,9, 10, and i4. The symbols represent corvesponding finite difference derivatives
computal from data given by Oshiry (ms), Owen and others (1961), andjor Heger (ms).
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with I'CSPCCI to pressure at constant temperature. Hence,

(), ~(5)
()

dlne dlneg )
+.< oT ),,< ap ).T
_f o¢ dInp
__<_3-P_)T< oT )P
4 4—;

+8 >N jeu s (T = jaT) (56)
1=0;=0

[rom which it follows that

aT? oT?

+2 alne <
+(81n£> (a]nr) (191“6)2
aTz P BP | 4
<alnr \ (ae (azlnﬂ
ar )1- OP) oT? )p
3 de ‘
+2< (BP)T) (alnﬁ)
aT r aT r
_.(88‘> <alnﬁ>’+
oP /o T P

P
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to the change inn Gibbs free energy attending its transfer from a vacuun
to a medium of dielectric constant ¢, can be written as

AG,, = uy <—1 - 1) (58
4
where .
07 2a2
oy =04 (59
27','!

AG, denotes the molal Gibbs free energy of transfer for the jth ion, N¢
stands for Avogadro’s number (6.02252 X 10?® mole~?), e represents the

o
12
-20
T
-40-‘ ado / ]
' /
so—i 4
- 500 -
cog : Il
| I ~
— | SAWRATIION
‘e -100H ' ]
- ’I A
/‘\"-I20~i | _
£ % | \
| © -140[- l N
-160}] , |
l
wg] |1 .
]
-200_{ : —
1 L |
- L
2205 ) 2 -

PRESSURE, K8

Fig. 0. Partial detivative of (3 In o 51 with respect to pressure at constan
(cmpﬂuuuc'(umc 1¥%) av 3 fundtion of presiure at comtant temperature (labeled i
°C) computend frosn epuatiean 1Y) thicugh 2%, (32, (33), (35 (AN, (47). (1K), an
(50) amud vewrthiients in tsbileed, Y6 9 10, et 18, '
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evaluition of equation (57) requires values of (9* In 8/d7T?),, which can-
not be computed with confidence from the partial derivatives ol cqua-

tions (36) and (42), the values of (9*(d In £/aP):/9T?), given in table 21
correspond to finite difference derivatives calculated from the values of
(8(3 In e/aP)¢/dT)p in figure 33.

BORN FUNCTIONS

Continuum theories of liquid H,O and electrostatic models of ion
solvation in aqueous solution require values for the partial derivatives of
e~ with respect to temperature and pressure. Because e=* and its partial
derivatives, which are designated here as Born functions, are used ex-
tensively in solution chemistry, they are tabulated and plotted below as
functions of pressurc and temperature.

The Born equation (Born, 1920), which relates the. effective clectro-
static radius of an incompressible ion (with spherical charge symmetry)

I I I 1 1 1 I | i | |
0 m— T S ot
\ * \ 3-.{--""
-20(— , . . ]
-40(~ -~
@ -60(— 3 -
e \ 1
o~ o \ B
‘a
B!
@ o \ —
. | |
<l a . \ .
| \/'SATURATION
. a0~ ' -
— H
|- \ i
|
1
-'IBO"- \ . \ H
/
' ‘oo
-200]— J \‘/ —
220 | | ] | | ] ] B I I

0 50 100 50 200 250 300 350 400 450 S00 550 600
TEMPERATURE, *C ’

Fig. 29. Partial derivative of (§ In ¢/gP)r with respect to pressure at constant
tempcrature (table 18) as a function of temperature at constant pressure (labeled in
kb) computed from equations (19) through (23), (32), (35), (38), (41), (47), (48), and
(50) and coefficients in tables 4, 5, 6, 9, 10, and 14.
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TasLE 25
U (eq 68) in bar—2 (°K)—* X 10° computed from values of ¢, (3 In /8P)z,
(8 1n ¢/8T)p, and (3(d In ¢/dP);)/dT)p in tables 15 through 17
and 20—see figure 35

t PRESSURE, K8
(ec) ' SAT 0.5 1 2 2.5 3 3.5 &4 4.5 5
25 3.20 2.9
50 .68 4.6 _
75 8.59 6.6
100 12.42 9.0 (6.8) (5.7) .00 (3.5} (3.0) (2.72) (2.4) (2.1)
125 17.86  12.2 8.9 5.9 4.9 41 3.6 3.4 2.7 (2.4)
150 26.01 16.6 11.6 7.3 5.9 49 4.2 3.6 3.0 (2.7)
¥y75 . 38.95 22.8 15.2 9.1 7.1 5.8 4.8 4. 3.5  (3.0)
200 60.80 32.0 20.0 1.3 8.6 6.8 5.5 4% 3.9 (3.3)
225 100.62 46.0 26.6 13.9 10.3 7.9 6.3 5.1 4.3 (3.6)
250 180.75 68.1 35.9 17.1 123 9.2 7.1 5.7 4.7  (3.9)
275 365.68 105.4  49.3° 20.8 14.5 10.6 8.0 6.3 5.1 (4.1)
300 892.43 171.2  69.1 26.3 17.2 12.2 9.0 7.0 5.5 (4.B)
325 3075.19 295.2  98.4 30.8 20.% 141 10.2 7.7 6.0 (4.8)
350 24995.05 550.5 141.8 37.6 2.2 16.4 1.7 8.7 6.6 (5.2)
375 1146.1  205.5 46.3 28.3 19.2 13.4 9.8 7.4 (5.7)
400 2774.6  297.6 57.5 34.8 22.7 15.6 11.2 8.4 (6.4)
425 (429.4)  (71.9) (42.2) (27.0) (18.4) (13.1) (9.7) (7.3)
450 (615.1)  (50.6) (51.5) (32.3) (21.7) (15.4) (11.2) (B.5)
475 (863.2) (114.1) (62.8) (38.6) (25.6) (18.0) (13.1) (9.8)
500 (1149.6) (142.3) (75.8) (45.6) (29.8) (20.8) (15.1) (11.3)

TABLE 20
N (eq 69) in bar—2 X 10'° computed from values of ¢, (9In &/dP)r,
and (97 In £/9P?)z in tables 15, 16, and 18—see figure 36

-

t PRESSURE, KB
(oc) SAT 0.5 1 2 2.5 3 3.5 4y 4.5 5
25 -2.24 1.2
50 -2.73 -1.5
75 -3.n -2.0
100 -5.43  -3.1 (-2.1) 1.7} (-1.8) (-1.2) (-1.0) (-0.8) (-0.7) (-0.6)
125 -8.56  -4.7 -3.2 -2.1 -1.8  -1.5 -1.2 ~-t.0 -0.9 (-0.7)
150 -13.9) -7.3 -4.8 -2.9 -2.2  -1.8 .-l1.5 -t.2 -1.0 (-0.9)
75 -23.55 -11.4 -7.2 -3.9 3.0 -2.3 -1.9 -1.5 <13 (-1.1)
200 -41.85 -18.1 -10.6 -5.3 -3.9 -3.0 -2.& -1.3 =-1.6 (-1.3)
225 -79.30 =-29.4  -15.8 7.2 -5.2- -39 -3.0 -2.3  -1.9 (-1.6)
250 -164.37  -49.3 -23.8 -9.8 -6.9 -4.9 -3.7 -2.9 -2.3 (-1.9)
275 -388.63  -86.1 -36.1 -13.3 -9.0  -6.3 -4.6 -3.5 -2.8 (-2.3)
300 ~1134.44 -158.9  -56.0 -18.0 -11.7 -8.0 -5.7 -4.3  -3.4  (-2.7)
325 -4798.85 -315.6 -88.0  -24.2 -15.3 -l0.1 -7.1 5.2 =40 (-3.1)
350 -50615.56 -691.9 -140.5 -32.4 -19.8 -12.8 -8.7 -6.3 -4.8 (-3.8)
375 -1740.3 -227.3  -43.5 -25.5 -16.0 ~-10.8 -7.7 5.7 (-4.5)
400 -5276.1  -371.1 -58.5 -32.8 -20.1 -13.2 -9.2 -6.8 (-5.3)
428 (-610.0) (-78.6) (~82.3) (-25.1) (-16.1) (-11.1) (-8.1) (-6.2)
450 (-1003.5) (-105.8) (-s54.4) (-31.3) (-19.7) (-13.4) (-9.7) (-7.3)
LY (-1627.9) (-142.3) (-63.9) (-39.1) (-24.1) (-16.1) (-11.5) (-8.6)
500 (-2528.7) (~190.6) (-83.8) (-48.7) (-29.3) (-19.3) (-13.6) (-10.1)

LX)
»
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) TasLE 23
X (eq 66) in (°K)—2 X 10" computed from values of ¢, (3 In ¢/3T)y,
and (9% In ¢/dT*)p in tables 15, 17, and 19—see figure 34

¢ PRESSURE, KB ,
(°c)  sat 0.5 1 2 2.5 3. 3.5 Y 4.5 s
25 -3.16  -2.7
50 -3.28 -2.8
|gg -2.55 -3.0 ( )

-4.01 -3.3 -2.8) (-2.3) (-2.1) (-1.9) (-1.8) (-1.7) (-1.7) (-1.6)
125 -4.65  -3.7  -3.1 -2.3  -2.1 -1.9  -1.8  -1.7 -1.6 (-1.6)
150 =5.53 b} -3.3 2.4 .20 -1.9  -1.8 -1.7  -1.6 (-1.5)
175 -6.84 4.7 -3.5 2.4 -2.} 1.9 -1.7 -1.6 -1.5 {(-1.5)
200 -8.95 .-5.4 -3.9 ~2.6 ~2.2 -1.9 -1.8 -1.6 =-1.5 (-1.5)
225 -12.63  -6.7  -4.3 -2.8  -2.3 -2.0  -1.8 -1.7 -1.6 (-1.5)
250 -19.57  -8.7  -5.1 -3.0  -2.5 -2.2  -1.9 ~-1.8 -1.7 (-1.6)
275 -34.02 -11.9  -6.3  -3.4  -2.8  -2.4 -2.2  -2.0 ~1.9 (-1.8)
300  -69.80 -17.3 -8.0 -4.0 -3.2 -2.8 -2.5 2.3 -2.2 (-2.1)
325 -194.82 -26.3 -10.6 -4.7  -3.8  -3.2  -2.9 -2.7 " -2.5 (-2.4)
350 -1215.87 -42.0 -t4.0  -5.5 -4 -3.7  -3.3  -3.1  -2.9 (-2.8)
375 -72.5 -18.3 -6.5  -5.1 -4.3 -3.8  -3.5 -3.3 (-3.1)
400 -139.1  -23.5 -7.5 -5.8 -4.8 bl <37 3.5 (-3.3)
:25 (-29.4) (-8.4) (-6.2) (-5.0) (-4.2) (-3.7) {(-3.4) (-3.1)
hSO (-35.7) (-8.9) (-6.2) (-4.7) (-3.7) (-3.1) (-2.7) (-2.%)
75 (-41.1)  (-8.4) (-5.1) (-3.3) ({-2.3) (-1.6) (-1.1) (-0.8
500 (-42.0) (-6.1) (-2.3) (-0.4) (o0.6) (1.3) (1.8) (2.2)

TABLE 24

Q (eq 67) in bar—* X 10° computed from values of ¢ and (0 In ;;/.al’)T
in tables 15 and 16—scc figure 35

t . PRESSURE, KB
(°c) SAT 0.5 ) 2 2.5 3 3.5 4 4.5 5
25 0.60 0.51 0.46  (0.36) (0.33) (0.30) (0.27) (0.24) (0.22) (0.20)
50 0.71 0.6} 0.55 (0.43) (0.39) (0.35) (0.32) (0.29) (0.26) (0.24)
75 0.88 0.75 0.66  (0.52) (0.46) (0.41) (0.37) (0.34) (0.31) (0.28)
100 1.4 0.94 0.81 0.62 0:55° 0.49 o0.4% 0.40 0.36 (0.33)
125 1.52 1.20 1.0l 0.76 0.66 0.58 0.52 0.47 0.42 (0.38)
150 2.05° 1.56 1.26 0.92 0.79 0.69 0.6) 0.55 0.49 (0.45)
175 2.85 2.05 1.60 1.14 0.96 0.83 0.72 0.64 0.57 (0.52)
200 boo5 2.72 2.03 .40 1.16 0.98 0.85 0.75 0.66 (0.59)
225 5.95 3.68 2.61 1.72 1.4 1.17 1.00 0.87 0.76 (0.68)
250 9.18 5.09 3.39 2.12 1:70 1.39  1.17 1.00 0.87 {0.77)
275 15.06 7.22 LW 2,59 2,04 1.6h 1.36 1.15 0.99 (0.87)
300 27.77 10.59 5.90 3.16 2.44 1.93  1.57 t.32 1.12 (0.97)
325 61.49 16.25 7.97 3.85 2.91 2,27 1.8 1.50 1.27 (1.09)
350 213.62 26.41 10.9% 469  3.47 2,66 2,10 1.77  1.43 (1.21)
375 46.50 - 15.23 5.73 4,14 3.10 2,42 1,95 1.6 (1.35)
400 91.93  2).45 7.03 4.94 3.64 2.80 2.22 1.8 (1.5%)
425 210.24%  30.44 8.66 5.91 4.28 3.23 2.53 2.04 (1.68)
450 469.90 43.37 10.72  7.10 5.03 3.75 2.0 2.31 (1.88)
47s 702,10 61.73 13.32  8.55 5.93  4.35 3.33 2.62 (2.12)
500 785.14 86.87 - 16.57 10.30 7.00 5.06 3.82 2.99 (2.39)
525 (118.81) (19.90) (11.82) (8.32) (6.19) (4.61) (3.46) (2.70)
5§50 (1s4.72) -(24.20) (14.13) (9.7V) (7.10) (5.24) (3.92) (3.04)
575 (188.81) (28.71) (16.57) (11.15) (8.04) (5.89) (4.38) (3.38)
600 . (213.77) (32.87) (18.84) (12.48) (8.89) (6.47) (4.80) (3.70)
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Fig. 31. Partial derivative of (9 In ¢/9T) with respect to temperature at constant
pressure (table 19) as a function of temperature at constant pressure (labeled in kb)
computed from cquations (19) through (21), (25), (27), (33), (87), (39). (48), (17), "(49),
and (51) and cocfficients in tables 4, 5, 6, 9, 10, and 14.

Values of Y, X, Q, U, and N computed from equations (65) through
(69) and values of (3 In ¢/0T)p, (3% In £/0T%)p, (@ In £/dP)y, (4@ In
e/IP)2/dT)p, (0 In ¢/dT)p, and (8° In ¢/dP?); given above are shown in
tables 22 through 26 and plotted in figures 34 through 36. Owing to the
high sensitivity of X, U, and N to small errors in the partial .derivatives
of ¢ and V, values of these variables are not given in tables 28, 25, and
26 for temperatures > 500°C or pressures > 500 bars at temperatures
< 100°C.

It can be scen in figure 34 that the isobars for both Y and X exhibit

A
minima at high temperatures. In contrast, Q and U increase and N de-
creases monotonically with increasing temperature at constant pressure
(hgs. 35 and 36). Becanse cach of the Born functions depends on the ex-

pansibility andfor compressibility of H.0, =Y, =X, Q. U, and —N all
approach s at the aitical pointof H.O: As 1 consequence, the standard
thenmomhianic patial molal propesties of agueous clectrolyvies also ap:
proach jenite or nesative inhinity at the ritical point of H,0 (Helgeson
and Kubloaas, 19710 - : ) :
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clectronic charge (4.80298 esu), and Z; and r,; refer to the charge and
effective electrostatic radius of the subscripted ion. If r.; is independent
of temperature and pressure, it follows from equation (58) that the change
in the molal entropy (aS, ), heat capacity (ACp,,5), volume (AV,,), ex-

pansibility (AE,,;), and compressibility (Ax,,5) for the transfer process
can be expressed as .

A8,y = w;Y , (60)
- aAS,,, — aAHa.j
ACp,;=T T ). " \ar . =9,TX , (61)
AVy=—oQ, (62)
0AV
AE,,, = —21_ =—u U, 63
58,4 ( aT )P wj ( )
and
- 8AV,, .
- A = [ ~—2 =—oy N, 6
o= (L), == (6)

where AH, ; is the molal enthalpy change for the transfer process, and Y,

X, Q, U, and N stand for various Born functions given by

Y= 1 dlne
— ’ 65
€< GT )P ( )
x=_! «___‘92 ”“‘) - <___" Ine \* 1, (66)
€ aT’ P . ar P’
~ 1 dln¢ ’
o= ( s ) : (©7)

) 3 ( dlne .' .
U= 1 aP )1‘ _ ( dlne ) ( dlne ) (68)
/P T

e oT P aT P

N = l(<621n5> _(alne 2 L
: \\.aP¢ /., P ). | (69)
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Fig. 33. Pavial deriyvative of (9 In ¢/gP)r with respect to temperature at constant
pressure (table 20) as a function of temperature at constant pressure (labeled in kb)
computed from equations (19) through (22), (24), (25), (32), (33), (36), (38), (39), (12),
(47), (18), (19), (50) through (53), and (56) and cocflicients in tables 4, 5, 6, 9, 10, and 14
ﬁcurvcs). The symbols represent corresponding finite diflerence derivatives computed
rom the finite difference derivatives of In ¢ plotted in figure 25.

where S,,,, refers to the third law molal entropy .of liquid H;O at the '
triple point in joules g=* (table 2), and (3Q/dT)p and (8y-/dT)p repre- .

sent partial derivatives of equations (15) and (16) given in the appendix

(eqs A-43 and A-48, respectively). Entropies above a kilobar were com-

puted from

P

Sp.r = Sp—1000,T — f VadP (71)
P=1000 T

. where Spr stands for the third law molal entropy at the pressure and
temperature of interest, Sp..joa0,r Tefers to the corresponding entropy at
I kb, and V and « represent the molal volume and coeflicient of isobaric

4

.

thermal expansion as a function of pressure at the temperature of in- -
+ terest. The integral in equation (71) for region A in figure 9 was evalu- .

ated numerically using equations (21), (33), and (39) together with an

i

equal-interval integration routine adapted from Arden and Astill (1970). i

1154  H. C. Helgeson and D. H. Kirkham—Theoretical predi.ction
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Fig. 32, Partial derivatives of (g In ¢/gT)e with respect to temperature at con-
stant pressuve (1able 19) as a funciion of pressure at constant temperature (labeled in
°C) computed from cquations (19) through (21), .(25), (27), (33), (37), (39). (13), (47),
(49), and (71) and cocflicients in tables 4, 5, 6, 9, 10, and 14,

ENTROPY
Computed values of the third law molal entropy of H.O are given
in table 27 and plotted in figures 37 and’'38. Entropies for pressures = a
kilobar were obtained by first evaluating the combined partial derivatives

of equations (14) through (17) with respect to temperature at constant
density; that is, s ’

ay oA
—_— T —_— ""Sr G—S_S”.c
(aT)p <0T)p frivt frivt

- (3_¢T)P —R(Inp + pQ) — RT, (aiTQ.)p 0
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where D;; and Dy represent the arrays of fit coefficients for regions B and

C, respectively, in table 10. For temperatures = 550°C in region B, Dy, in
equation (72) is set to zero, and Sp_ o001 is Yeplaced by Sp_igeer in ve-
gion A. Similarly, for temperatures and pressures in region C, Dy in
equation (72) is set to zero, and (1800) is replaced by P.

The entropies computed in this study for pressures above a kilobar
are generally in close agreement with those calculated by Burnham,
Holloway, and Davis (1969b); those for pressures below a kilobar are
identical (except for the unit conversion and difference in conventions)
to those given by Keenan and others (1969). Estimated uncertainties in
the entropies given in table 26 for pressures above a kilobar are of the
order of 0.5 percent or less.

It can be seen in figure 37 that the entropy of H.O in the liquid
phase region decreascs only slightly and exhibits a near-linear dependence

TanLe 27
Third law molal entropy (S) in cal mole—* (°K)—* computed {rom
equations (70) through (72), values of V and a in tables 3 and 7,
and data in table 2—see figures 37 through 39

¢ PRESSURE, K8

(°c) | sar 0.5 1 2 3 4 .5 6 7 8
25  16.71 16.65 16.58 16.4 16.2 16.1 15.9 15.8 15.6 (15.5)
50 18.16 18.06 17.97 17.8 17.6 17.4 17.2 17.1 16.9 (16.8)
75 19.50 19.38 19.26 19.0 18.8 18.6 18.5 18.3 18.1  (17.9)
100 20.76 20.60 20.46 20.2 20.0 19.3  19.6 19.4 19.2  {19.0)
125 21.84 21.75 21.59 21.3 21.1 20.8  20.6 20.4 20.2 (20.1)
150 23.06 22.84 22.66 22.3 22,0 21,8 21,6 21,4 2t.2  (21.0)
175 2414 23.38 23.67 23.3 23.0  22.8 22. 22,3 22.1  (21.9)
200 25.17 24.88 24.64  24.2 23.9 237 23.4  23.2  23.0 (22.8)
225 26.17 25.84 25.56  25.1 24.8 24.5 24.2 24.0 23.8  (23.6)
250 27.16 26.76 25.45 26.0 25.6 25.3 25.0 24.8 ‘24,6 (24.4)
275 28.\4 27.67 27.3V 26.8 26.4 26.1 25.8 25.6 25.3  (25.1)
300 29.14 28.57 28.14  27.6 27.1 26.8 26.5 26.3 26.1 (25.8)
325 30.20 29.46 28.95 28.3 27.9 272.5 27.2 27.0 26.7 (26.5)
350  31.40 30.38 29.75 29.0 28.6 28.2 27.9 27.6. 27.4  (27.2)
375 31.34% 30.54  29.7 29.2 28.8 28,5 28.2 28.0 (27.8)
400 32.37 31.33  30.% 29.9  29.5  29.1 28.9 28.6 (28.4)
u2s 33.53 32.11  31.) 30.5  30.1  29.7 29.4  29.2 ({29.0)
450 34.89 32.90 31.7 31 30.7  30.3 30.0  29.7 {29.5)
475 36.27 33.67 32.4 31.7  31.2  30.8 ' 30.5 30.2 (30.0)
500 37.40 34,44  33.0 32.2 3.7 31.3 31.00  30.7 (30.5)
625 38.30 35.20 33.5 32.8 32.2 31.8 31.5 3.2 (30.9)
550 39.02 35.94 34,1 33.3 327 32.3  32.0 317 (31.4)
575 39.64 36.65 34.6  33.7  33.1 32,7 32.3 32.0 (31.8)
600 40.18 37.31  35.2 34.2 33.6 33.2 32.8 32.5  (32.3)
625 40.67 37.93 35.7 34.7 3417 33.7  33.3  33.0 (32.7)
650 41,V 38.50  36.2  35.2  3h4.6  3h.) 33.8  33.4 (33.2)
675 41,53 39.03 36.8  35.7  35.1 34,6 35.2  33.9 (33.6)
700 41.9% 39.52 37.2 36.2 35.5 35,0 346  34.3 (34.0)
725 62.27 39.98 (37.7) (36.6) (35.9) (35.4) (35.0) (34.7) (34.%)
750 . h2.61 Lo.41 (38.1) (37.0) (36.3) (35.8) (35.4) (35.1) (34.8)
75 42.9% 40.81 (38.5) (37.4) (36.7) (36.2) (35.8) (35.4) (35.1)
800 43.28 1018 (38.9) (37.8) (37.1) (36.5) (36.1) (35.8) (35.5)
azs 23.54 41,54

8so 43.82 4).87

815 ML10 A2.19

900 44,36 M2.50

e b e Same
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. For temperatures > 550°C in region B of figure 9, equation (71) was
combined with the pressure integral of equation (39) to give

5 6—i-
Se.r = Speioo0n — i Dy Tt ((1800)+1 — (1000)i+1)/(j-+1)
i=07=0
9 9—;
- 2 z i D;; T (PS4 — (1800)/+2) /(j+1) (72)
1=0j=
‘o T T T T T
S LiQuID /]
N y
-8 \ ///
D -2 S // BN
g ’5‘\'//// £
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Fig. 34. Dependence of Y (table 22) and X (table 23) on temperature at constant
pressure (labeled in kb) and pressure at constant temperature (labeled in °C) com-

puted from equations (65) and (66) and values of e, (3 In £/9T)p, and (§? In ¢/9T%, in
tables 15, 17, and 19.
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. As entropy and temperature increase at a given pressure, (9P/9T)y de-
creases asymptotically, reaching values < 1 bar (°K)—! in the steam phase
region.

HELMHOLTZ AND GIBBS FREE ENERGIES

The values of the apparent molal Helmholtz free energy of forma-
tion (AA) of H,O for pressures #= a kilobar in table 28 and figures 40 and
41 were coinputed from equations (9) and (14) through (17) using data
given in table 2. Corresponding apparent molal Gibbs free energies of
formation (table 29 and figs. 42 and 43) were then calculated from equa-
tions (3) and (8) using data in table 2, values of A — Ay, computed from
equations (14) through (17), and specific volumes calculated from equa-
tion (19). For pressures greater than a kilobar, apparent molal Gibbs
free energies of formation were computed from

. P
AGpr = AGP—u;oo,'r + j vdp ' (73)
| P=1000 .

with the aid of equation (21), which can be integrated for region 1 in
figure 3 to give

| . 8
vdp — Z éi, U In (P*/1000)
=1000 . i=0
8—i
- 3 e gy
=1
9 9—i
+_Z; @i t!In (P/P*) + zlaut‘(P’-—P")/f G
1= ]:

where ay. designates the array of fit coefficients for region 1 (table 5), 4;; ;-

stands for the array of fit coefficients for region 2 (designated as ay in
table 6), and P* = 1000 bars for temperatures = 410°C but corresponds
to the upper pressure limit of region 2 in figure 3 for 410°C = t < 800°C
where P* = 1300 + 1.22449 (t — 110). For pressures and temperature in
region 2 of figure 3, a;; in cquation (71) is set to zero and P* is replaced
by P. Values of AA at pressurcs above a kilobar were computed from

AApx = AApaiooer + (AGr 1 — AGpaioo,1)
b PVP.T + looovl‘-looo.'r ’ (75)
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on pressure as pressure increases isothermally from 0.001 to 10 kb, In the
stcam phase region the entropy of H.O increases rapidly and asymptoti-

cally with decreasing pressure at constant temperature. With increasing

pressure above ~ 2 kb, the effect of the critical phenomenon on the
entropy of H,O diminishes and disappears (fig. 38). Isentropes are plotted
in.figure 39, where it can be seen that (3P/dT)g (which is equal to
Cr/TVa) at 25°C decreases from ~ 550 bar (°K)~! at low pressures to
~ 330 bar (°K)—* at 5 kb, and then increases to ~ 380 bar (°K)—* at 10 kb.

@.8ar 1108
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Fig. 35. Dependence of 6_ (table 24) and U (table 23) on temperature at constant
pressure (labeled in kb) and pressurc at constant temperature (labeled in °C) com-
puted from equations (67) and (68) and values of ¢, (9 In ¢/gP)r, (9 In &/gT);, and
(39 In &/@P)z/dT)y in tables 15 through 17 and 20.
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The results of the free cnergy calculations are summarized in tables 28
and 29 and figures 46 through 45. Estimated uncertaintics in the values
given in tables 28 and 29 for pressures > a kilobar are of the order of
0.1 percent or less. ) A

As indicated above, the Gibbs free energies of H.O calculated by
Burnham, Holloway, and Davis (1969)) are not consistent with those
computed in this study, which also differ from those reported by Pistorius
and Sharp (1960, 1961). The latter authors referred their values to the
internal energy of an ideal gas at absolute zero. Burnham, Holloway, and
Davis used equation (4) to calculate Gibbs free energies for pressures be-
low a kilobar from values of H and S given by Bain (1964), which are
actually equal to H—H, ;. and S—S8;,i,,, respectively. The Gibbs free
energy values reported by Burnham, Holloway, and Davis thus contravene
the third law properties of H.O in other compilations by requiring

G- Glr(plc =H- Hln‘))lc - T(s - Sh'iple) - (76)

Equation (76) is valid only if temperature is held constant or Sy, = 0,
which is the convention (S¢;ipe = Giripte = 0) adopted by Bain in accord
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with the 5th International Conference on the Propertics of Steam.
Burnham, Holloway, and Davis then used equation (73) to compute
Gibbs [ree encrgics of H.O at higher. pressures. The Gibbs [ree encrgies
computed in this study difler fromn those given by Burnham, Holloway,
and Davis by AGyipe — Seripte (T — T4p).

It can be scen in figure 40 that the apparent molal Helmholtz free
encrgy of formation of H,O is relatively insensitive to isothermal changes
in pressure compared to its Gibbs counterpart (fig. 42), except in the
stecam phase region where the two variables decrease rapidly with de-
creasing pressurc and approach each other. at Jow pressurcs. At high prés-
sures, both AG and AA approach linear functions of pressure at constant
temperature, but -as temperature increases at constant pressure, AA be-
comes increasingly more scnsitive to pressure than AG (figs. 41 and 43).
At 900°C, an increase in pressure from 1 to 10 kb causes a change of
motrc than 7 kcal mole—! in AG compared to <5 kcal mole=? in AA; in
contrast, at 30°C- the same pressure change results. in ~ 3.5 kcal mole—?
of change in AG but < 0.5 kcal mole—? in AA. Isopleths for these two
functions are shown in figures 44 and 45 where (9P/9T), (which is equal
to (S + PVa)/PVB) can be compared with (9P/dT)g (that is, §/V), which

is considerably more positive throughout the pressure-temperature range
considered.

. ACTIVITY AND FUGACITY
The activity (a) of H,O is defined as
a={/f° (77)

where fe stands for the [ugacity of H.O in the standard state (whiclf is
specified at 1 bar). The fugacity of H.O is related to its pressure by

f=xP (78)
where y is the fugacity coefficient. Taking account of the relation,
na=S=%" (79)
RT,
it follows that
7
alna) =(alnf> 1 (80)
P Jr P /i RT _
and we can write
a1n y v o1 )
_ = —_— - — 81
( oP ),. RT P &)
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TARLE 28

1165

Apparent melal Helmholtz free encrgy of formation (AA)
in keal mole—1 computed [rom equations (3). (8), (9), (14) through (17),
and (73) through (75), data in table 2, and valucs of V in table 3—
see figures 40, 41, and 44

t PRESSURE, KB
(°¢) SAT 0.5 t 2 3 4 5 6 7 8 9
25 ~55.812 -55.809 -$5.804 -55.78 -55.76 -55.73 -55.69 -55.66 -55.62 -55.58 -55.54
50 ~56.248 -56.246 -56.240 -56.22 -56.19 ~$6.16 -56.13 -56.09 -56.06 -56.02 -55.98
75 ~S6.719 =-56.717 -66.711 -56.69 -56.66 <-56.63 -56.60 -56.56 <-56.52 -56.48 -56.44
109 ~-57.222 -57.220 -57.213 =-57.19 . ~57.17 ~-57.13 -57.10 -57.06 ~-57.02 -56.98 -56.%%
125 ~57.756 -57.754 -57.747 -57.72 -57.69 -57.66 ~57.63 -57.53 -57.54 -57.50 -57.46
150 ~58.319 -58.316 -58.308 -58.28 -58.25 -58.22 -58.18 -58.14 -58.09 -58.05 -58.01
175 ~58.9309 -58.%05 -58.897 -58.87 -58.83 -58.80 -58.76 -58.71 -5B.67 -58.62 -58.58
200 -59.526 -59.521 -59.511 -59.48 -59.44 -59.40 -59.36 -59.31 -59.26 -59.22 -59.17
226  -60.168 -€0.162 -60.150 -60.12 -60.07 -60.03 -59.98 -59.93 -59.88 -59.83 -59.78
250 ~60.835 -60.828 -60.814 -60.78 -60.73 -60.68 -60.63 -60.58 -60.52 -60.47 -60.42
275 ~61.528 -61.518 -61.500 -61.46 -61.40 -61.35 -61.29 ~-61.24 -61.18 -61.13 -61.07
300 -62.246 -€2.233 -62.210 -62.16 -62.10 -62.04 -61.98 -61.92 -61.86 -61.81 -61.74
325 ~62.994 -62.973 -62.943 -62.88 ~-62.82 -62.75 -62.69 <-62.62 -62.56 -62.50 -62.44
350 ~63.776 -63.740 -63.693 -63.63 -63.55 -63.48 -63.41 -63.34 -63.28 -63.2) -63.)4
375 -64.537 -64.479 -64.39 -64.3) -64.23 -6L.15 -64.08 -64.01 -63.94 -63.87
400 -65.370 -65.283 -65.17 -65.08 -64.99 -64.91 -64.83 -64.75 <-64.68 -64.6Q
425 -66.253 -66.112 -65.98 -65.87 <65.77 -65.08 -65.58 -65.52.-65.44 -65.36
Lso “67.21t -66.969 -66.80 -66.68 -66.57 -66.47 -66.38 -66.30 -66.21 -66.13
475 -68.249 -67.853 -67.64 -67.50 -67.38 -67.28 <~67.18 -67.09 -67.00 -66.9)
500 -69.325 -68.766 -68.50 ~68.35 -68.21 -68.10 -67.99 -67.90 -67.80 -67.70
525 -70.41) -69.708 -65.38 -69.20 -69.06 -68.93 -68.82 -68.72 -68.61 -68.51
550 -71.502 -70.679 -70.28 -70.08 -69.92 -69.78 -69.66 -69.55 -69.44 -69.33
§75 -72.597 =71.676 -71.20 -70.97 -70.79 -70.65 -70.52 -70.40 -70.28 -70.17
600 -73.697 -72.69% ~72.14 -71.87 -71.68 -71.52 -71.39 -71.26 <-71.14 -71.02
625 -74.803 -73.73% -73.08 -72.79 -72.58 -72.41 ~-72.27 =-72.13 -72.00 ~-71.87
650 -75.914 -74.78} -74.05 -73.72 -73.49 -73.3) -73.16 -73.01 -72.88 -72.74
675 ~77.03F -75.845 -75.03 -74.67 -74.42 <7h.22 -74.06 -73.91 -73.76 -73.62
700 -78.154 -76.918 -76.03 -75.63 =-75.36 +75.15 ~-74,97 -74.81 -74.66 -74.51
725 -79.283 -78.001 -77.04 =-76.60 -76.30 -76.08 -75.90 -75.73 <75.57 -75.41
750 -80.418 -79.092 -78.06 -77.58 -77.27 -77.03 -76.83 -76.65 -76.49 -76.32
775 -81.558 -80.19t -79.09 -78.57 -78.24 -77.99 ~-77.78 -77.59 ~-771.41 -77.24
800 -82.705 -B1.298 -80.13 -79.58 -79.22 -78.95 .-78.73 -78.54 -7B.35 -78.17
825 -83.857 -82.411
850 -85.014 -83.530
875 -86.177 -84.656
900 -87.346 -85.788 .
which can be combined with equation (82) to give

. P
1 = 2 (99 dinP 85
nxpr = PR+ — n (85)
. /o
0

The integral on the right side of equation (85) differs insignificantly from
the corresponding integral for P = 0.001 to P = 1, which yiclds the values

of X, per shown in table 25. Below 100°C, the values of x, ,,, in table 30 .

correspond to those of metastable steam,

For the standard state adopted in this study, the fugacity coefficient
of H:O at 1 bar is related to the apparent molal Gibbs free energy of
FLO in the stindird state (AGP) by |

AGe = -3("1 ter = Rl In X:bur o (SG)

Shhe sslues of 3, .., and y, .. in 2bley W and 31, respectively, are consistent
with 3G°, - ... SO cal medet wlodh Gottesieands to the atandard Gibbs free
evvigy of Pornianma ot BOOY bz s elerrnty dn thens statle fonm a 25 G oand | Lar.
Thie valor o 2.0, o0 L Grenjuted an s woedy aoengutes faverably with that given
Ly MWegiinans arsl wtdony 100wy fegeet - Y050 (af tumte b .

[PPSO
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Hence, for a given temperature,

P
Iny= .l.
foT

0

I

P

)dP:}(z-—l)dlnP (82)
%

where z is the compressibility factor defined by
z=PV/RT (83)

For pressures = a kilobar, the fugacity coefficient of H,O can be
computed by first rearranging equation (19) as

) ]
z—l=pQ+p2( Q> (84)
ap T
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INTERNAL ENERGY AND ENTHALPY

The apparent molal internal energies of formation of H,O (AE) °

given in table 32 and plotted in figures 49 and 50 were computed from

AE = AEgp. + (A — AAyie) + TS — Tor Stripre (87)
using data in table 2 and the values of $ and AA computed above. Cor-
responding values of the apparent molal enthalpy of formation of H,O
(table 83) were then calculated in a similar mannér from

AH = AH!r{plc + (AE - AEtr(ple) + PV - Ptr Vtr(plc (88)

It can be seen in figure 49 that (JAE/dP), is negative throughout the
pressure-temperature region considered ((JAE/6P)y = V(PR — Ta)), which
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of temperature at constant pressure (labeled in kb) computed from equations (3), (8), -
(9). (13) through (17), (19), (20), (73), and (74). data in table 2, and cocflicients in tables
4,5, and 6. . .
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which permits calculation of the fugacity and fugacity coefficient of F,O
at higher pressures from equations (78) and (79). Values of f and x com-
puted in this manner (tables 50 and 31) are in close agreement with cor-
responding values given by Burnham, Holloway, and Davis (1969b), Haas
(1970), and Anderson (1964, 1967). Estimated uncer¢ainties in the values
of f and yx given in tables 30 and 31 are of the order of 1 percent or less.

The fugacity of H.O is plotted in figures 46 and 47, where it can be
scen that H,O exhibits relatively large negative departures from ideality
at low temperatures and pressures which diminish with incrcasing pres-
surc and temperature toward line A’ in figure 48. At pressures and tem-
peratures along this line, H,O bchaves as an ideal supercritical phase,
but at higher pressures and temperatures it exhibits positive departures
from idcality which increase with increasing pressure and tcmperature,
Although not shown in figure 48, line A’ reverses its trend at higher

temperatures and swings back toward the steam phase region at low

pressures and high temperatures, where H;O behaves as an ideal gas.
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Fig. 42. Apparcent molal Gibbs free energy of formation (table 29) as a function
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Fig. 46. Fugacity (table 31) as a function of temperature at constant
pressure (fabeled in kb) computed from equation (78) and the fugacity
cocthcients in table 30.
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of the thermodynamic behavior of aqueous electrolytes: 1. 1173

In contrast, the analogous curves for AE in figure 53 have positive slopes
((9P/8T)r, = — (Cp ~ PVa)/(PVB — TVa)) at all the pressures and tem-
peratures considered. Taking account of the difference in units and con-
ventions, the values of AH and AE computed in this study are closely
consistent with the enthalpies and-internal energies rcported by Keenan
and others (]969) and Burnham, Holloway, and Davis (1969b). Estimated :
uncertainties in the values of AH and AL given in tables 32 and 33 for
pressures > a kilobar are of the order of 0.2 percent or less.

HEAT CAPACITY

The heat capacity of H,O at constant volume (Cy) or pressure (Cp)
can be computed by first taking the partial derivative of equation (70)
with respect to-temperature at constant density, which leads to

co=(2Y) =T aS) ——T(az‘b)
oT /» oT /r aTz/e

—T ( ‘ZT¢2 ),, — 2RT, (%%)P —RT% (ngQz)p (89)

where (aQ/aT)p, (8°Q/3T2)p, and (8%y,/dT?) refer to the partial deriva-
tives of equations (15) and (16) numbered (A-43), (A-14), and (A-49) in
the appendix. The heat capacity at constant volume is related to the heat
capacity at constant pressure by

3 2
Cr:("’AH) =T<_"E’_> =C, +-2VT (90)
R P’ P B

aT T

which was used together with equation (89) and the values of V, q, and |
B computed abO\e to calculate the heat capacities given in tables 34 and’
35 and those plotted in figures 55 and 56 for pressures = = a kilobar. The ;
values of Cp in the tables and diagrams for pressures above a lulobar
were computed from

P
Vv dP
Cp,-r = Cy-xooo.’l‘ -T T2 P ¢ ’

P=1000 T
P . I
. dee ’ .
= Croiro0r— T f v (c'2 + ( oT /, ) dp (9l)’3
P=1000 T ;
!

which follows by partial diffcrentiation of equation (80). The integral
on the right side of Lqu.niun (1) was evaluated for region A in figure 9
with the aid of ulumuns (21), (33%). and (37) and an equal- mlcr\:\l
numerical integration soutine adapted from Arden and Astill (1970).¢
Corresponding calculations for regions B and C were carried out by first:
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contrasts with (JAH/aP)y. The latter function (which is equal to V(1 —
Ta)) is negative in the steam phasc region as well as in the liquid phase
region above ~ 300°C at pressures less than ~ 1 to 3 kb (depending on
the tcmper:nture) but positive at high pressures and all tempcratures
(fig. 51). The minima in the isotherms in figure 51 dampen with decre*qs-
ing temperature and disappear below ~ JOO°C where (daH/aP), f
liquid H,O is positive at all pressures.

The isobaric temperature dependence of AE is shown in figure 50,
where it can be scen that the family of isobars fans out to an increasing
degree with increasing temperature. At high temperatures, (9aE/oT)p
(which is cqual to Cp — PVa) decreases with increasing temperature at
constant pressure. In contrast, (JAE/dT)p incrcases as temperature in-
creascs isobarically below ~ 400° to 500°C. Similar behavior is evident
in figure 52, where the isobars for the apparent molal enthalpy of forma-

. tion exhibit a sigmoid curvature which dampens and disappears with

mcre"mng pressure. As a conscquence, the slopes of the isenthalps in
ﬁgurc 54, which are delined by the 1cc1proc1] of the Joule-Kelvin coeffi-
cient ((TVa — V)/C,), change from posmvc to negative values as pres-
sure increases across the Joule-Kelvin inversion curve (figs. 51 and 54).

TasLg 29
Apparent molal Gibbs [ree encrgy of formation (AG) in keal mole—!?
computed lrom cquations (3), (8), (9), (11) through (17), (73) and (74),
data in table 2, and values of V in table 3—sce figurces 42, 43, and 45

PRESSURE, KB
CO 7o - com 0.5 1 2 3 ) 5 6 7. 8 9

25 -56.687 -56.687 -56.47) -56.263 -55.85 -55.46 -55.07 -54.69 -54.32 -53.95 -53.59 -53.23
50 -57.122 -57.122 -56.907 ~56.695 =-56.28 -55.88 -55.49 -55.10 -Sh.73 -S4.36 -53.99 -53.63
75 -57.593 ~57.593 ~-57.375 -57.161 -S56.7% -56.34 -55.94 -55.55 -S55.17 -54.80 -54.43 -S54.06
100 -58.096 -58.105 -57.B75 -57.657 -57.23 ~-56.82 -56.42 -56.03 -55.64 -55.26 -54.89 -S54.52
125 -58.630 -59.283 -s58.404 -58.183 -57.75 ~-57.34% -56.93 -56.53 -S6.14 -55.76 -55.38 -55.C1
150 -59.191  -60.475 -58.962 -~-53.736 -58.30 -57.87 -57.456 -57.06 -56.66 -56.28 -55.89 -55.52
176 -59.779 -61.679 -59.546 ~-59.316 -58.87 -58.44 -58.02 -57.61 -57.2)1 -56.82 -56.43 -56.0S
200 -60.392 -62.89% -60.156 -59.919 -59.46 -59.02 -58.60 -58.19 ~57.78 -57.38 --56.995 -%6.61
225 -61.0z29 -64.122 -60.790 -60.547 -60.08 -59.63 -59.20 -58.78 -5B.37 -57.97 -57.57 -S7.18
250 -61.688 -65.359 -61.4u7 -61.197 -60.72 -60.26 -59.82 -59.40 -58.98 -58.57 -58.17 -57.78
275 -62.369 -66.608 -62.128 -~61.869 -61.38 -60.91 -60.47 -60.03 -59.61 -59.30 -58.79 -58.k0
300 -63.069 -67.855 -62.831 -62.562 -62.06 -61.58 -61.13 -60.69 -60.26 -59.8h -59.43 -59.03
325 -63.789 -69.133 -63.556 =-63.276 -62.76 -62.27 ~61.81 -61.36 -60.92 -60.50 -60.09 -59.68
350 -64.527 -70.409 -64.304 -64.010 -~63.47 -62.98 -62.50 <-62.05 -61.61 -61.18 -60.76 -60.34

375 =71.694 -65.076 -64.764 -64.21 -63.70 " -63.22 -62.75 -62.30 -61.87 -61.44 -61.03
400 ~72.988 -65.872 -65.537 -64.96 -6b.44 -63.94 -83.47 -63.02 -62.58 -62.14 -61.72
425 - -74.230 -66.695 -66.330 -65.73 -65.19 -64.69 -6L.21 -63.75 -63.30 -62.B6 -62.4)
450 -75.600 -67.550 -67.143 -66.51 -65.96 -65.45 -64.96 -64.49 -64.03 -6).%3 -63.16
475 © -76.918 -68.440 -67.975 -67.32 -66.74 -66.22 -65.72 -65.24 -64.78 -64.33 -63.89
500 -78.24k  -69.361 -68.827 -68.13 -67.5h -67.00 -66.50 -66.01 -65.54 -65.09 -6u.64
525 -79.577 -70.308 -63.637 -~68.96 -<6B.35 -67.80 -67.28 -66.79 -66.31 -65.85 -£5.40
550 -80.917 -71.275 -70.587 -69.81 -69.18 -68.61 -6B.09 -67.58 -67.10 -66.63 -£6.18
575 -82.264 -72.258 -]!.QS& -70.67 -70.02 -69.44 -68.90 -68.33 -67.90 -67.42 -66.96
600 -B3.618 -73.2%6 -72.419 -71.54 -70.87 -70.28 -69.73 -69.21 -68.71 -68.23 ~67.76
625 -B4.979 -74.267 -73.359 -72.43 ~70.73 -71.13 -70.56 -70.03 -69.53 -69.0% -68.57
650 -86.347 -75.289 -74.315 -73.33 -72.61 -71.99 -71.k) -70.87 -70.36 -63.86 -69.39
675 ~B7.721 -76.322 -7%5.284% -74.24 -73.50 -72.86 -72,27 -71.72 +71.20 -70.70 -70.22
700 -89.102 -77.365 -76.266 -75.17 -74.50 -73.7% -73.14 -72.58 -72.05 -71.54 -71.06
725 -G0.488 -78.417 -77.260 -76.1t ~75.31 -74.63 -74.02 -73.46 ~-72.92 -72.40 -71.90
750 -91.881 -79.479 -78.264 -77.05 -76.23 ~-75.54 -74.91 -7h.3% -73.79 -73.2] -72.76
175 -93.280 -80.548 -79.280 -78.01 -77.16 -76.45 -75.81 -75.23 -74.67 -74.14 -73.63
800 -94.685 -81,625 -80.30h -78.98 -7B.10 -77.37 -76.72 -76.12 -75.56 ~-75.02 =74.51
‘825 -95.096 <82.710 -B1.338

850 -97.513 - -83.802 -82.38)

875 -98.935 -84.901 -83.432

900 -100.363 -86.007 -84.491
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~ differentiating equition (39) with respect to femperaturé at constant

pressure, which leads to
O

Vv _
A = Y {(i—1)D;; T2 PJ
(ﬁw) 2 =Dy
{E ey ;g;)

Hence; for temperatures > 550°C in region B of figure 9,

(92)

P v B 6—i
i =V
(&), ®) =33 wop,r-
\dT2/,
P=1000 " i=0j=0
( (1800y+1 — (1000)f+1)/(;+1)
9—
z i(i=1)D;, T1= (PJ+1—(1800)£+1)/(;+1) (93)
TasLe 30
Fugacity coelﬁaent (x) computed from’ cqu'mons (77) through (79),
(82) (SJ), and! (86) and values of V and AG in'tables 3 and 29
‘t PRESSURE, k&
°cy SAT  0.00] 6.5 1 2 3 b, s 3 7 8 3
25 0.9%95 0.9331 0.0000 0,000 ©/000 0.000 0.000 0.000 ©0:000 0.000 0.00) O.001
50 0.9368 0.1270 0.0003 0.0002 0,060 0.000 0,000 .00l 0.001 .00l 0002 0.003
75 0.3925 .0.3912 D.6070. 0.0007 0,001 0.001 0.001 o0.00i 0.002 ©0.003 ©.005 0.007
100 0.9838 "0.9851 06627 ©0.0018 0,002 0.002 ©£.002, 0.003 '0.00% 0.006 ©0.009 0.0t4
125 0,973 0.9888 0.0060: 0.0040 0003 0.004 0.005 0.006 U.009. 0.0)2 0.017 0:02h
150 0.9587 0.9905 0.0120 0.0078 0.007 0,007 0:00% 9.0/l ¢.015 0.021 0.029 0.0hD
175 0,937 0,993% 0.0218 0:0141 0.012 0.013 0015 :0.019 0.025 0.033 0.045 0.05)
200 D0.3165 0.9550 0.0366 0.0216 0.019, 0,020 0.024 0.030 0.038 .0.050 0.066: 0.083
225, 0.8889 0. 3960. 0.0577 0.0363 0.025 ©0.031 0.036 0.044 0.055 0.071 0.093 0.122
250 08572 0;5566- 0,0859 .0,0546 0,043 0.045 0.051 0.062 0.677 0.097 0.125 0.162.
5 pigin 0;9911 0. |z;9» 0.0773 0.061 0:062 0.070. 0.08) 0.102 0:128 0.16¥% 0. 708
00 0,764 0.9575. D.7658 ©.1050 0,082 0.683 0.092 0.109 0,132 ©0.163 0.205 0,259:
125 0;7431 00,9978 0.2176 0.1377 0,106 D.107 0.118 £.138 D0.166 .0.203 @.252 0:315
350, 046990 2.9362. £.2763 0.1752 0.0135 0.135 0.148 0.17) 0.203 ‘0,246 0.303 0375
175, 0.998%  ©0.3406 0°2169 0©.167 0Q.165 0.1B0° 0,207 C.2%4 0,293 0.357 -0.433
4p0 0.9987° 0.4083 0.2622 0.202 0.199 0.216. ©.245 ©0.287 O34T o.41b 0.504
428 0I9589 0.4766 0.3100 D0.239 0.235 ©0.253 02286 0.333 0.334 0473 0.571
0] T0.9991  0.5416 00359% 0.274 .0.273 0.293 0.329 0.380 O kh7 0,531 0u64Q
475 0.9592 0.5930 0.40%4 0.319 0312 0.334 0.373 0.429 0.50] 0Q.593 ‘0.700
500 0.9995 0.64B1 :0.4589 ©.36] '0.353 0.376 0.41B 0,478 0.556 0.654% D.776
525 0.99%% 0.685% 05070 0.403 0,394 0,45 0.464 6.578 Q.611 0,715 0.843
550 . 8.99395 0.7259 ©.5528 O.445 Q.435 0.48% -0.510 0.577 '0.665 0.775 05309
575 1.0000 9.7575 0.5960 0.4B& 0.%76 0.504.°G,555 0.627 0:719 0.833 01973
L1 R 1.0000 Q7848 0,6358 ©.527 0,517 0.546 0.600 0.675 ©0.77) 0:890 1:0D34
625 1.0000 0.8087 0.6724% 0.565 0.557 O©.5B7 0.6% 0.722 0.821 .94 1.033
650 y.0008 0.B297 ©.7657 C.603 0:595 0.628 Q.6BE 0.767 0.B70° 0.957 1,150
&7% 1.0000 0.8462 0.7359. 0.639 0.637 0,667 0.717° 0.811 0.917 1.047 1,203
700 1.0000 0.B646 0.7633 .0.673 0.668 0.704 ©.767 ©.853 .0.362 1,085 [.25h
715 1.0660 0.67901 0,7830 0705 0,703 0.7%0 0.B05 ©0.69% 1.005 3,142 ;302
759, 10060 0.B923 6.810) 0.735 0.735 0.775 ©.852 0:932 1.0M6 ILIBA 1,347
775 1,030 6.90)% 0.83C5 0.763 O.766 0©.PoE 0.B7F 0.56% 1,085 1.225 ).3%0
- 800 1.0033 0.9313) C.EA37 0.789 0.795 0539 0.3 1.00h h.122 1.263 1:429-
415 L0033 0.9138 4.BbW
VELD * 2941 &.%253
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sensitivity of Cp to ervors in (da/dT)p calculated from equation (37).
Inter-regional (hsmepduaes in the computcd values ol this derivative at
thie boundary separating regions A and B in figure 9 also pleclude cal-
culation of accurate values of Cp in the tempcl ature interval ~ 450° to
550°C above a kilobar, 'The valiés of Gp given for ihis interval in table

29 were obtained by graphic interpolitiom of the dashed segmenis:ol the -

cutves in ﬁgurc 55. The heat capacitics computed in this study for pres-
sures > a kilobar compare favorably with tliose reported by Jira,
Kmonitek, arl Sifver (1966) and Tadheide (1972)

meg 1o the drastic effect of the critical phenomenon on the heat

capacity of H,O, the. isobars. in figure 55 exhibit extrema that d'lmpen .

progressively and shift to higher temperatures as pressure increases from
the critical point (where Cp = ‘o). The amplitude of the extrema in the
isobars for pressures > 5 kb is < 1 cal mole—? (°K)-‘ (hg. 55); but at
high temperatures Gy decneases npully with increasing temperatute at all
(constant) pressures. It is-apparent in figure 56 that the high-temperature

TapLe: 52 ]
Appatent molal iniernal energy of.form:ition (Arj in keal mole—1
computed from équiition (87), data in table 2, and values of AA
in table 28-—see figurés 49, 50, and 53

t PRESSURE, KB

or) | sat 0.5 I z k] 4 '5 6 7 8
25 -§7.436 -67.u452 -67.466 -67.5 <E7.5 -B7.5 =67.§ -67.6 676 (-67.6)
50 -86.986 -67.016 ~-67.041 -87.1 ~67.1 <621 -b7.2 -bj.2 -6J.2 (-67.2)
75 -66.536 -66.579 -66.61% -66.7 -66:7 -66.B  -66.B° -66.B -66.8 (-66.8)
100 -66.084 -66.140 -$5.186 -66.3 -66.3 -66.3 BG4 -66.4 -£6.5 (-56.5)
125 -£5.628 -65.700 -65.758 -65.8. -65.9 -66.0 -66.0 -66.1 -66.1 (-E6.1)
150 -65. 168, -6%5.257 -65.329 -65.% -65.5 -65.6 -65,6. -65.7 -65.7 (-65.8)
175  =64.701 -6h.810 -64.897 -65.0 -65.) -65.2 65,3 -65.3 -65.% {-65.0)
700  -64.225 -64.358 -64.463 -64.6 -6H.7 -E4.B  -gh. % -Bh9 65,0 (;65.0)
225" -63.738 -63.900 -64.025 -Bk.2 264.3 644  -ghi.5  -64.6 -BN.6 {-B4.7)
250 -63.236 -63.435 -63.584 -63:8 <63.9 =64.0 -64:3 642 -64.3 (-60:3)
275 -62.711 =62.953, -63.1318 -63.4 -63.5 -63.7 -63.8 -61.8 -63.9. (-64.0}
300 62,152 :62.468 -62.688 -6%.00 -63.]1 -631.3 -63.4 -61.5 ~63.5 (-61.6)
325  -6).539 -61.956° -62:231 -62.6 -62.8 -62.9 -83 -61.1  +63.2 (-€3.2)
350 -60.808 -¢1.41S -&1.766 -62.1 -62.h -62.5 -62,7 ~-62.7 =608 {-62.9)
315 -60.832° -61.283 -61.7 6.0 -62.1 =62, 62,4 -62.5 {-62.5)
4oo -60.189 -p0.B00 -61.3 -61:6° -61.8 -p].9 -62.0 =621 (-82.2}
425 -59.650 -60.300 -60.8 <61.2 :6l.& -6L.5° -61.7 -61.8 (-br.d}
450 -58.589" -59.788 -60.5 -60.8. -61.0 -61.2 -61.3 -61.4 (-6).5}
475 -57. 724 -59:268 -60.0 -60.4 -60.6 - -60,8 -61.0 -61.1 (-61.2)
500 ~57.013 -58.743 -59.6 -60.0 -60.3 -60.5 -60.6 -60.7 {-60.8)
525 -56.453 -58.218 -59.2 -59.7 -59.9 -60.1 60,3 -60.4 (-60.5)
550 -55.988 -57.702 -58.8 ~59.3 -59.6 598 -59.9 -60.1 ({-60.2}
575 -55.584 -57.201 -58.5  -59:0 <59.3 -59.5, -5%8.7 -59.8 {-59.9}
400 ¢ «55.220 -Sh.724 -58.0 .-5Bi6 -SB.% -59.1 ~59.3 -59.4 {-59.8}
625 -84 B84 -56.273 -57.6 -58.2 -38,5 -58.8 -58.9 -59.1 ([-59.2)
650 ~5h.567 ~-55.B48 -57.2 -57.8 -58,1 -5B.% -58.6 -58.7 (-58.9}
675 -5h.266 -55.446 -56.8 534 -57.8  -s8,00 -58,2 -58.%4 ([-58.5)
.760 -53.978 -55.066 -56.4 -57.0. -57.% <57, 557.% -5B.¢ (-58.2)
725 -53.698. "~5h. 704 (~56.0) (-56.7) (-57.0) {(-57.3) {-57.5) {-57.7) (-57.B)
750 -53.427 -54.359 (-55.6)} (-56.3) {*56.7) {-57,0) (-57.2) (-57.4} (-57.5}
775 -53,161 -54.029 (-53.3) {-55.9) (-56.4} (-56.7} (-56.9 (-57.0} (-57.2}
ey -52.90k =53.71} {-54.9) (-55.6) (-56.0} (-56.3} (-56.5} (-56.8} (-56.9})
825 ~52.650 -53.405

850 82400 -53.108°

875 -52.155 =-52.820

500 514tz -52.54)

2 n mmbiaa satn = mmian =

1178 H. C. Helgeson and D, H. Kirkham—Theoretical prediction

where D;; and D,j again§tand for thé drrays of fit cocMcients foi regions

Band € chpccuvely, in tiblé 10. Tor températures = 350°C in region.

B; l),; i cquat’ioh (93).is sét 1o zero, and Cpoyan.r in cquation (91) is re-
Placed by Cp_gqor in Iegmn A. Tor temperaturés nnd pressutres in region
G, Dy, in equation (‘]3) is set to zero, and (3800} is replaced hy P '
The heat capucities computed in this study for pressures = a kilobar-
are in close: agreement with those given by Schmidt (19()9) and (graphi-
cally) by Keenan: and others {1969}, Estimated uncertainties in the values
of Gy shown in table 34 for pressures > a Kilobar are of the order af: 2
pereent or less. Values of Cyat pressures > a kilobar are not given in
table 85 owing to the h]gh sensitivity of Cy to small eirors in « and .
Evrars of a [cw pereent in these coclficients may lead to ervors > 10 per-
cent i Gy, Becanse the uncértdinty in the values of ¢ and g ¢computed
abiove are of -this order of magnitude, -the values of Cy coniputed for
pressures 2> a kilobar exhibit inconsisteniciés with those for piessurés
below a kilobar. Accurate values of Cp.aliove 700°C and a kilobar cannot
be computed from equations (91} and (93) owing to the relatively high

Tasre 81
Fugacity (f) in bars compiited from equatioh (78) and tlie fugacity
coclficients in table 30—seé figures 46 through 18

t i FRESSURE, kA .

%) [ SAT 9.001 0.5 ) .3 4 5 6 7 ] q
25 0.03}7 0.0331  0.045  0.06h o o 0 1 2 3 6 1
- 50 01231 0.1270  0.132  0.239 o t 2 1 5 9 16 28
75 ©.3829 0.1%12  0.52%  O0.7¥5 | 2 i 713 22 a7 83
100 '0,9970 09851 I3k 1. 802 3 6 15 16 FY 2 TR 12i
125 22584 0.9988  3.m02 1037 7k 13 32 52 BS 131 2w
150 45615 6.9915 5.99) 7835 11 .22 3% 58§92 146 230 35%
175 8.3819 o 9934 FO:BBY 14,109 23 38 60 96 150 213 359 550
200 7h.zheb 03950 18315 2355 3B &1 96 rhe 229 350 330, 797

225 22,6454 g:9360  28.840 36,053 59 83 14), 219 332 . A3 73 Qdgi
250 _3*-505’50 0.9966  h2.938 51{.620 86 rak 205 308 Ueo 681 1001 11
275 WBBLEZ 0:997)  60.931  77r2ss 120 136 283 W17 614 897 1301 1875
30 67.2731 -0.9975  E/930 104962 163 EAB 370 Shh 793 1)L5 164D 2336
315 89.4572 0.5¢78 ICO.BOI 13696 213 331 474 630 995 1422 2016 2Bho
350 1154150 0.9382 1387163 175,200 270 Db 592 854 1220° 1726 .2h13 3382

378 0.9384 170,279 2t6.901 33k . 496 722 1033 TheY ‘2052 @6t 3IuR
hoo 20,9987 20h.161 252.155 ho} 597 86} 1227 172k 2359 M1 k539
k25 0.9389 238,320 30989, 473 05 1013 4% 1587 2759 3981 51kh
450 09591 2701720 359,488 556 818 1170 1645 281 3131 iZel 57Re
475 079392 2991522 H09. 4% 638 936 1334 1065 2572 3510 A7UE B3I
500 0.9393 324041 458:917 721 1058 I502 2091 2869 3893 5294 G983
525 0.3034 34h.953 506.973° BOS 11BY 1673 2319 3167 k276 5715 7588
550 0.9395 362:5E5 552.790° BB9 1305 185, 25hE 3465 AESE 6197 &I
575 1:0000 3781758 596.028 973, 1423 2016 3776 3760 5C3z 6667 4748
600 1.0000 392:388 635.628 1053 1551 2185 2999 4Ok $337 7120 9311
625 1.0000 404336 672.363 1131 1670 2350 32)8 4330 5750 7F557 9B
650 1.0000 414, B4%  705.680 (206 1786 2510 3431 4603 6093 7676 10347
675 1.0000 hZk. 108 735.925 1278 1838 2666 3637 GBE7 642) B37B odag
700 1.0000 H32.296 763.300 1346 2005 2A17 3836 5120 ‘6737 8762 I\uB&i
725 1.000C 439,548 78B.030 Ikio 2108 2961 4026 5363 7038 916 11718
750 110000 45,938 810.343 I47o- 2206 3099 4209 5595, #3zb G471 1212
775 110000 451,720 B30 4BE 1526 2298 3231 4381 SBI6 7596 3797 12506
Boo 1,0000 456:837 BLS.561 1578 2366 3356 4sho 6026° 785% 10105 12855
825 1,0000 461:418 865,082 .
B850 1.0000 465.533 &79.938

a5 1.0000 - 469,254 893,407

950 1.0000 472,597 905.645



http://-66-.il

of the thermodynamic behavior of aqueous electrolytes: 1. 1181

(ms) and Owen and others (1961). In contrast, the logarithmic partial
derivatives of ¢ in table 36 differ from those computed for 1 atm by
Owen and others, who derived their values by regressing diclectric con-
stant data from 0° to 70°C and 1 to 1000 bars with a quadratic power
function of temperature-and pressure. The partial derivatives of In £ in
table 36 also differ somewhat from the estimates computed by Sen and
Cobble (1974).

CONCLUDING REMARKS ‘

The equations presented above permit calculation of a large number
of thermodynamic/electrostatic properties of H,O in addition to those
discussed in the foregoing pages. Owing to space limitations, many of
these could not be included in this summary, but some are the subject of
the following communication (Helgeson and Kirkham, 1974a). The cal-
culations make it possible to predict the consequences of geochemical

TarLe 34
Isobaric molal heat capacity (Cp) in cal mole—! (°K)—* computed from
equations (89) through (93) and values of V, , 8, and (da/dT),
in tables 3, 7, 8, and 13—sec figures 55 through 57

¢ PRESSURE, KB
(°c) | sAT 0.5 I 2 3 4 5 6 7 8

25 18.01 17.46 17.09 16.7 16.5 16.3 16.2 16.2 6.2 (16.2)
50 17.99 17.56 17.24 16.8 16.5 16.3 16.2 16.1 16.1  (16.0)
75 18.05 17.65 17.35 16.9 16.6 16.h 16.2 16.1 16.0  (15.9)
100 18.15 17.72 17.39 16.9 16.6 16.3 16.1 16.0 15.9  (15.8)
125 18,32 17.83 17.46 16.9 16.6 16.3 16.1 16.0 15.9  (15.8)
150 18.57 17.99 17.57 17.0 16.6 16.3 16.1 16.0 15.9 (15.8)
175 18,90 18.20 17.72 17.1 16.7 16.4 16.2 16.0 15.9  (15.8)
200 19.35 18.45 17.89 . 17.1 16.7 16.4 16.2 16.0 15.9  (15.8)
225 19.97 18.76 18.07 17.2 16.7 16.4 16.2 16.1 15.9  (15.9)
250 20.89 19.16 18.27 17.3 16.8 16.4 16.2 16.1 16.0  (15.9)
275 22.34 19.72 18.52 7.4 16.8 16.5 16.2 16.1 15.9  {15.9)
300 24.78 20.51 18.84 17.5 16.9 16.5 16.2 16.1 15.9  (15.9)
325  29.52 21.65 19.26 17.7 17.0 16.5 16.3 16.) 16.0  (15.9)
350 &3.45 23.25 19.79 17.9 17.1 16.6 16.3 16.1 16.0  (15.9)
375 25.57 20.43 18.1 17.2 16.7 16.4 16.1 16.0  (15.9)
409 29.18 21.13  18.3 17.3 16.7 16.3 16.1 15.9 . (15.8)
425 35.15 21.86 (18.6) (17.6) (16.8) (i6.4) (16.1) (16.0) (15.8)
Lso 41.20 22.56 (18.9) (17.8) (16.9) (16.4) (16.1) (16.0) (15.9)
473 38.26 23.19 (19.2) (18.0) (17.0) (16.5) (16.2) (16.1) (i5.9)
500 30.98 23.70 (19.6) (18.2) (17.1) (16.6) (16.2) (16.1) (i6.0)
525 25.46 23.96 (19.9) (18.5) (17.2) (16.8) (16.3) (16.2) (16.1)
550 21.69 23.83° (20.1) (18.8) (17.8) {17.0) f{(16.b4) {(16.3) (15.2)
575 19.52 23.26 (20.2) {19.0) (i7.5) {(17.1) (16.5) (i6.4) (16.3)
600 17.68 22.38 (19.7) (18.2) (¥7.5) (i7.1) (16.8) (16.6) (16.5)
625 16.63 21.36 {19.6) (18.2) (17.5) (17.1) (16.8) (16.6) (16.5)
650 15.77 20.32 (19.3) {(18.0) (17.3) (16.9) (16.7) (16.5) (16.4)
675 15.05 19.33 (18.8) (17.7) (17.1) (16.7) (16.4) (16.2) (16.})
700 1.4y 1843 (18.3) (17.4) (16.8) (16.4) (16.1) (15.8) (15.6)
728 14,00 17.63

750 13.60 16.950

175 13.26 16.26

800 12.97 15.69

81$ 12.72 1.7

850 12,53 .

813 - 12.32 N30

200 12.16 13.9)
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isotherms maxinize between 1 and 2 kb. The relations shown in figures
55 and 56 lead to the conliguration of isopleths depicted in figure 57,
where it can be seen that the isopleths ring the “infinite peak” of the
critical point in an elongated pattern.

SUMMARY OF THE PROPERTIES OF HyOjiguia AT SATURATION

The thermodynamic and electrostatic properties of sieam-saturated
liquid H.O at closely spaced intervals from 0° to 350°C are given in
tables 36 through 40. The numerical data in these tables were computed
in the manner described above. The values of P, V, AE, AH, and S cor-
respondl (after unit and convention conversion) to those. given by Keenan
and others (1969). The fugacities and fugacity cocfficients shown in the
tables are in close agreement with those computed by Haas (1970), as are
the values of « and g with those calculated for 1 atm by Kell (1967). The
heat capacities are in accord with Schmidt's (1969) tabulation, and the
values of the diclectric constant arc consistent with those given by Oshry

Tamr 33
Apparent molal enthalpy of formation (AH) in keal mole—1
computed from cquation (88), data in table 2, and values of AE
in table 32—sce figures 51, 52, and 54

t PRESSURE, KB
(°c) | sav 0.5 1 2 3 4 5 6 7

8
25 -68.315 -68.119 ~67.930 -67.6 -67.2 -66.9 -66.5 -66.2 -65.9 (-65.6)
50 -67.865 -67.681 -67.501 -67.1 -66.8 -66.5 -66.1 -65.8 -65.5 (-65.2)
75  ~67.415 -67.241 -67.069 -66.7 -66.4 -66.1 -65.7 -65.4 -65.1 (-64.8)
100 -66.962 -66.799 -66.635 -66.3 -66.0 -65.7 -65.3 -65.0 -64.7 (-64.4)
12§ -66.506 -66.355 -66.139 -65.9 -65.6 -65.2 -64.9 -64.6 -64L.3 (-64.0)
150  -66.044 -65.907 -65.761 -65.5 -65.1 -64.8 -64.5 -64.2 -63.9 (-63.6)
175  -65.575 -65.455 -65.320 -65.0 -64.7 . -64.4 -64.1 -63.8 -83.5 (-63.2)
200 -65.096 -64.997 -64.875 -64L.6 -64.3 -64.0 -63.7 -63.4 -63.1 (-62.8)
225 -64.604 -64.532 ~64. 40 -B4.2 -63.9 -63.6 -63.3 -63.0 -62.7 (-62.4)
250  -64.093 -64.058 -63.971 -63.7 -63.5 -63.2 -62.9 -62.6 -62.3 (-0:.0)
275  -63.556 -63.572 -63.512 -63.3 -63.1 -62.8 -62.5 -62.2 -61.9 (-61.6)
300 -62.979 -63.070 -63.045 -62.9 -62.6 -62.4 -62.1 -61.8 -61.5 (-61.2)
325 -62.338 -62.544 -62.569 -62.4 -62.2 -62.0 -61.7 -61.4 -61.1 (-60.8)
350 -61.573 -61.984 -62.081 -~62.0 -61.8 -61.5 -61.3 -61.0 -60.7 (-60.4)
375 -61.375 -61.579 -61.5 ~61.4 -61.1 -60.9 -60.6 -60.3 (-50.0)
400 -60.695 -61.059 -61.1 -60.9 -60.7 -60.5 -60.2 -59.9 (-59.6)
425 -59.896 -60.522 -60.6 -60.5 -60.3 -60.! -53.8 -59.5 (-59.3)
4s0 -58.932 -59.966 -60.2 -60.1 -59.9 -39.7 -59.4 -53.1 (-58.9)
L7s -57.919 -59.39% -59.7 -59.7 -59.5 ~59.3 -59.0 -58.8 (-58.5)
500 -57.054 -58.808 -59.3 -53.2 -59.1 -58.9 -58.6 -58.4 (-58.1)
525 -56.354 -58.211 -58.8 -58.8 -58.7 -s8.5 -58.3 -68.0 (-57.8)
550 -55.765 -57.613 -58.3 -5B8.4 --58.3 -§8.1 -57.9 -57.6 (-57.4)
575 -55.243 -57.024 -57.9 -s8.0 -58.0 -§7.8 . -57.6 -57.3 (-57.1)
600 -54.783 -56.453 -57.5 -57.6 -57.5 -57.3 -57.1 -56.9 (-56.8)
625 -54.352 -55.906 -57.0 -57.) -§7.1 -57.0 -56.7 ~-56.5 (-56.3)
650 -53.947 -55.385 -56.5 -56.7 -56.6 -56.5 -56.3 -56.1 (-S55.9)
675 ~53.562 -54.830 -56.0 -56.2 -56.2 -56,1 -55.9 -55.7 (-S55.4)
700 -53.193 -54.418 -55.5 -55.8 -55.8 -55,7 -55.5 -55.3 (-55.0)
725 -52.837 -53.957 (-55.1) (-55.4) (-55.4) {-55.3) (-55.1) (-54.9) (-54.7)
750 -52.492 -53.536 (-54.6) (-54.9) (-55.0) (-54.9) (-54.7) (-54.5) (-54.3)
757 -52.157 -53.12) (-54.2) (-54.5) (-54.6) (-s4.5) (-54.3) (-54.2) (-53.9)
. 800 -51.829 -52.722 (-53.8) (-54.1) (-54.2) (-54.1) (-54.0) (-53.8) (-53.6)
825 -51.508 -52.337
850 -51.193 -51.963
875 -50.883 -51.601

900 =50.577 -51.248
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TABLE 36
Summary of the electrostatic properties of steam-saturated H;Oyqui4

18s

g e ! 9 h

2 b < a B~ (38/3P),” (38/37)," (3a/3T) "
t P v 5 9 9 P . P

x 10 x 10 x 10 x 10 x 10

0 0.006 18.0194 -5.46 50.67 -11.93 =247.17 1320.85
5 0.009 18.0175 1.30 49,48 -14.48 -252.51 1362.61
10 0.012 18.0217 8.o01 48,26 -15.57 =230.02 1310.78
15 0.017 18.0318 14,35 47.19 -15.89 -196.16 1219.72
20 0.023 -18.0474 20.19 46.33 -15.87 ~159.55 1118.08
25 0.032 18.0681 25.53 bs5.60 -15.66 -123.83 1019.58
30 0.042 18.0934 30.40 45,06 -15.44 -90.81 930. 14
35 0.056 18.1230 34.85 Ly 69 -15.27 -60.85 851.81
4o  o.074 18.1564  38.94  44.46  -15.16 -33.73  784.79
45 0.096 18.1935 42.72 L4 .35 -15.12 -9.13 728.42
50 0.123 18.2340 46,24 44,36 -15.17 13.32 681.714
55 0.158 18.2777 49,55 44,48 ~15.30 34.02 643.55
60 0.199 18.3245 52.69 Ly, 69 -15.52 53.28 612.84
65 0.250 18.3742 55.69 L45.01 -15.82 71.42 588.57
70 0.312 18.4267 58.58 45,41 -16.20 88.68 569.80
75 0.386 18.4820  61.39  45.89 -16.66 105.28  555.69
80 0.474 18.5400 64. 14 L6 .46 -17.20 121.40 545.51
85 0.578 18.6008 66.85 47.10 -17.83 137:22 538.64
90 0.701 1B.6642 69.53 47.82 -18.53 152.90 534.53
95  0.845 18.7303  72.20  48.62 -19.32 168.57  532.73
00 1.013 18.7991 74.86 49.50 -20.20 184,37 532.88
05 1.208 18.8707 77.52 50.46 -21.18 200.44 534.66
10 1.433 18,9450 80.20 51.50 -22.26 216.90 537.87
15 1.691 19.0222 82.89 52.62 -23.44 233.88 5h2.32
20 1.985 19.1022 85.61 53.83 -24.75 251.51 547.92
25 2,321 19.185) 88.36 55.12 -26.18 269.95 554.60
30 2.701 19.2710 91. 1k 56.51 -27.75 269.32 562.35
35 3.130 19.3599  93.96  57.99 -29.47 309.78  s571.21
40  3.613 19.4519  96.82  59.58 -31.36 331.52  581.25
b5 4.1sh 19.5470  99.74  61.28 -33.43 354.70  592.59
50  4.758 19.6455 102.71  63.09 -35.71 379.53  605.37
55 5.431 19.7473 105.75 65.03 -38.22 406.23, 619.76
§0 6.178 19.8525 108.85 67.10 -40.99 435.06 635.97
55 7.004 19.9613 112,04 69.32 -44 .05 466.28 654,25
70 7.916 20.0738 115.32 71.69 -47.43 500.22 674.86
75  8.920 20.1901 118,70 74,2k -51.18 537.23  698.09
30 10.021 20.3104 122.19  76.96 -55.35 577.72  724.30
35 11.226 20.4347 125.81 79.89 -60.00 622.15 753.84
30 12.543 20,5634 129.58 83.04 -65.19 671.06 787.13
35 _13.978 20.6966 133.51 86.43 -71.02 725.08 824.63
20 15.537 20.8344  137.62  90.09 -77.56 784.91  866.87
25 25.476 21.6039 161.75 113.48 -126.08 1206.73 1172.77
50 39.728 22.5416 195.13 149.96 -225.07 1996, 44 1736.78
75 59.415 23.7224  245.37 211.54 ~-458.96 3681.11 2854.08
00 85.805 25.2858 329.48 -329.06 -114y.55 8039.35 5470.84
25 120.387 27.5307 499.05 607.65 =4157.99 24748.10 14159.30
50 165.125 31.3508 1038.30 1698:85 -36533.97 174219.75 80781.59
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reactions among minerals and aqucous electrolyte solutions at high
pressures and temperatures (Helgeson and Kirkham, 1975a and b). The
tables afford numerical values for such predictions, and the diagrams
facilitate correlation of the thermodynamic/electrostatic behavior of
H.O with geologic observations and thcoretical models of geochemical
processes. )
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Tanme 35 .
Isochoric molal heat capacity (Cv) in cal mole—! (°K)—! computed from
cquation (89) and the values of V in table 3

R PRESSURE, - KB
-(°c) | sat 100 200 300 400 500 600 700 800 900  .1000
25  17.83 17.67 17.53 17.40 17.27 17.16 17.05 16.95 16.69 16.77 16.86
50 17.31 17.20 17.09 17.00 16.90 16.82 16.74 16.66 16.46 16.52 16.59
75 16.78 16.70 16.62 16.55 16.48 16.41 16.35 16.29 16.13 16.18 16.24
100 16.25 16.18 16.12 16.06 16.00 15.95 15.90 15.85 15.70 15.75 15.80
125 °15.74 15.67 15.62 15.56 15.51 15.46 15.42 15.37 15.23 15.28 15.33
150 15.25 15.19 1S.14 35.09 15.04 15.00 14.96 14.91 14.78 14.83 14.87
175 14.80 14,74 14,69 14.65 14.61 14.57 14.53 14,49 14.37 441 14,45
200 14.39 14.34 14,29 14.25 14,21 14,18 14,15 14.12 14,01 14.05 14,08
225 14.04 13.99 13.93 13.89 13.86 13.83 13.81 13.78 13.70 13.73 13.76
250  13.73 13.68 13.62 13.57 13.54 13.52 13.50 13.49 13.44% 13.45 13.47
275  13.50 13.44 13.35 13.29 13.26 13.24 13.23 13.22 13.20 13.21 13.2!
300 13.35 13.32 13.14 13.05 13.01 12.98 12,98 12.98 12.99 12.99 12.98
325  13.39 13.53 13.06 12.87 12.78 12.75 t2.74% 12.75 12.80 12.78 1i2.76
350 13.82 10.00 13.34 12.80 12.61 12.54 12.52 12.53 12.6} 12.58 12.55
375 9.12 14.65 13.06 12.54 12.37 12.32 12.32 12.43 12.39 12.35
400 8.61 11.62 14.85 12.66 12.26 12.14 12.12 12.24 12.19 12.15
425 8.30 10.25 12.9) 13.04 12.23 11.99 11.93 12.06 11.99 11.95
450 8.12 9.50 11.17 12.43 12,16 11.85 11,75 11.87 11.80 11.75
475 8.02 9.07 10.24 V1.31 11.74 11.65 11.56 11.68 11.61 11.56
500 7.96 8.80 9.70 10.55 11.13 11.33 11.35 11.50 11.43 11.37
T 525 7.94 8.65 9.37 10.07 10.63 10.96 11.'% 11.33 1i.25 11.18
550 7.93 8.55 9.17 9.77 10.28 10.65 10.87 11.18 11.09 10.99
575 7.94% 8.49 9.04 9.57 10.04 10.40 10.66 11.03 10.94 10.82
600 7.96 8.4 8.96 9.43 9.86 10.22 10.48 10.30 10.80 10.67
625 7.99 8.44 8.89 9.33 9.73 10.07 10.34 10.78 10.67 10.53
650 8.02 8.43 8.85 9.25 9.63 9.95 10.21 10.66 10.55 10.40
675 8.05 B8.43 8.81 9.19 9.54 9.84 10.09 10.55 10.43 10.28
702 8.09 8.43 8.79 9.13 9.45 9.74 9.8 10.43 10.31 10.17
725 8.13 8.44 8.76 9.08 9.38 9.64 9.87 10.30 10.13 10.05
750 8.18 8.45 8.75 9.03 9.31 9.55 9.76 10.17 10.07 9.93
775 8.22 B8.47 8.73 8.99 9.24 9.46 9.66 10.04 9.94 9.81
800 8.27 8.49 B8.72 8.96 9.18 9.38 9.55 9.9t 9.82 9.70
825 8.32 8.51 8.71 8.92 9.12 9.30 9.46 9.78 9.69 9.59
850 8.37 8.53 8.71 8.89 9.07 9.22 9.36 9.64 9.57 9.48
875 8.42 8.56 B8.71 8.87 9.02 9.15 9.27 9.52 9.45 9.37
900 8.47 8.59 8.72 8.85 8.97 9.09 9.19 9.39 9.34 9.27
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‘ TanLe 38
Summary of thermodynamic properties of steam-saturated HyOjquiq TABLE 37

Summary of thermodynamic properties of steam-saturated H:Ouiqua

¢
!
!
f
a b c g d b i
— — — f ’
‘ i P X - | 2 b [3 d d d d
0 0.006 0.,9998 18.08 18.08 o.sssﬁ 0.0061 t t P s AA 4G AE oM
0.009 0.9999 18.10 18.10 1.000 0.0087 i
13 0.0!2 0.3996 18.09 18.07 1.0000 0.0123 ! 0 0.006 15.13 -55.413 -56.288 -67.888 -68.766
15 0.017 0.999) 18.06 18.01 1.0003  0.0171 ‘ 5 0.009 15.46 -55.490 -56.364 -67.797 -68.676
20 0.023 0.9982 18.03 17.92 0.9995  0.0234 E 10 0.012 15.78 -55.568 -56.442 <~67.707 -68.585
26 0.032 0.9971 18.01 17.83 0.9995  0.0317 : 15 0.017 16.10 -55.648 -56.522 -67.616 -68.495
30 0.042 0.9957 17.99 17.72 0.9986  0.0424 ! 20 0.023 16.41 -55.729 -56.603 -67.526 -68.405
35 0.056 0.9941 17.98 17.62 0.9985  0.0562 | 25  0.032 16.71 -55.812 -56.686 -67.436 -68.315
4  0.074 0.9922 17.98 17.52 0.9977  0.0737 i 30 0.042 17.00 --55.896 -56.770 -~67.346 -68.225
4s 0.096 0.9902 17.98 17.41 0.9976 0.0957 : 35 0.056 17.31 -55.982 -56.856 -67.256 -68.135
50  0.123 0.9880 17.99 17.31 0.9968  0.1231 . ko  0.074 17.60 -56.069 -56.944 -67.166 -68.045
55 0.158 0.9856 17.93 17.20 0.995h 0.1568 . ' ks 0.096 17.88 -56.158 -57.032- -67.076 =-67.955
60 0.139 0.9831 18.00 17.10 0.9948  0.1984 50 0.123 18.16 -56.248 -57.122 -66.986 -67.865
65 0.250 0.9805 18.02 16.99 0.9937  0.2487 _ 55  0.158 18.44 -56.339 -57.214 -66.896 -67.775
70 0.312 0.9777 18.03 16.89 0.9934 0.3098 : 60 0.199 18.71 -56.432 -57.307 -66.806 .-67.685
75 0.386 0.9747 18.05 16.78 0.9925 0.3829 ! . 65 0.250 18.98 -56.526 =-57.401 -66.716 -67.595
80 0.474 0.9717 18.06 16.68 0.9911 0.4697 ' 70 0.312 19.24 -56.622 -57.496 -66.626 -67.505
86 0.578 0.9685 18.08 16.57 0.9893  0.5721 ; 75 0.386 19.50 -56.719 -57.593 -66.536 -67.415
90  0.701 0.9652 18.10 1316.47 0.9883  0.6932 i 80  0.474 19.76 -56.817 -57.691 -66.446 -67.32h
95  0.845 0.9618 18.13 16,36 0.9869  0.83ub i 85  0.578 20.02 -56.917 -57.79! -66.355 ~67.234
100 1.013 0.9583 18.15 16.25 0.9838  0.9970 : : 90 0.701 20.27 -57.017 -57.891 -66.265 -67.143
105  1.208 0.9547 18.18 16.15 0.9821  1.1865 i 95  0.845 20.51 -57.119. -57.993 -66.174 -67.053
110 1.433 0.9509 18.21 16.04 0.980} 1.5041 i 100 1.013 20.76 -57.222 -5B8.096 .-66.084 -66.962
115 1.691 0.9471 18.25 15.94 0.9780  1.6533 , 105 1.208 21.00 -57.327 -58.201 -65.993 -66.871
120 1.985 0.9431 18.28 15.84 0.9758  1.937) 5 1o 1,433 21.24 -57.432 -58.306 -65.902 -66.780
125  2.321 0.9390 18.32 15.74 0.9732  2.2584 115 1.691 21.48 -57.539 -58.413 -65.811 -66.689
130 2.701 0.9348 18.36 15.64 0.9707  2.62i6 . ] : 120 1.985 21.71 -57.647° -58.521 -65.720 -66.598
135 3.130 0.9305 1B.41 15.54 0.9679  3.0295 i 125 2.321 21.94 -57.756 -58.630 -65.628 -66.506
140 3.613 '0.9261 18.46 15.44 0.9650  3.486I) i 130 2,701 22.17 -57.867 -58.740 -65.537 -66.414
145 4,154 0.9216 18.51 15.34 0.9619  3.9955 | 135 3.130 22.40 -57.978 =-58.851 ~-65.445 -66.322
150 4,758 0.9170 18.57 15.25 0.9587 4.5615 : 140 3.613 22.62 -58.091 -58.963 -65.353 -66.230
155  5.431 0.9123 18.63 15.15 0.9552 5.1878 i 145 L.1sk 22,84 -58.204 -59.077 -65.260 -66.137
160  6.178 0.9075 18.69 15.06 0.9516  5.8788 ! 150 4,758 23.06 -58.319 -59.191 -65.168 -66.044
165 ' 7.004 0.9025 18.76 14.97 0.9478  6.6388 : 155 5.431 23,28 -58.435 -59.307 ~65.075 -65.95)
170 7.916 0.8975 18.83 14.88 0.9439  7.4720 ‘ 160 6.178 23.50 -58.552 .-59.423 -64,982 -65.858
175  8.920 0.8923 18.90 14.80 0.9397  8.3819 ; 165 7.004 23.7) -58.670 =~59.541 -64L.888 -65.764
180 10.021 0.8370 18.98 14.71 ,0.9355  9.3742 ' 170 7.916 23.92 -58.789- -59.660 -64.795 -65.670
186 11.226 0.8816 19.06 14.63 0.9310 10.4516 : lgS 8.920 24.\4 -58.909 -59,779 -64.701 -65.575
150 12.543 0.8761 19.15 14.55 0.9263 11.6189 . ‘80 10,021 24.34 -59.030 -59.900 -64.606 -65.480
195  13.978 _0.8704 19.25 14,47 0.9215 12.8806 , 185 11.226 24.55 --59.153 . -60.022 -64.511 -65,385
200 - 15.537 “0.8647 19.35 14.39 0.9165 14.2406 ! 190 12,543 24.76 -59.276 =-60.144 -6L.416 -65.289
225 25.476 0.8339 19.97 1i4.04 0.8889 22.6454 o 195  13.978 24.96 -59.400 =-60.268 -64.321 =-65.193
250 39.728 0.7992 20.89 13.73 0.8572 34.0550 . 200 15.537 25.17 -59.526 -60.392 -64.225 -65.096
275 59.415 0.7594% 22.34 13.50 0.8221 48,8462 225 25.476 26.17 -60.168 ~61.029 -63.738 -64.604
300 85.805 0.7125 24.78 13.35 0.7840 67.2733 ! 250 39.728 27.16 -60.835 -61.688 -63.236 -64.093
325 120.387 0.6544 29.52 13.33 0.7431 89.:572 { ggg gg-gég gg.:z —2;.2§2 -gg.ggg -25.{;; -23.556
0 165.125 0.5746 43.45 13.82 0.6990 115.4150 . . . -62. -63. -62, -62.979
3 515 57 3 i a ) 325 120.387 30.20 -62.994 -63.789 -61.539 -62.338
a b c d : 350 165.125 31.40 -63.776 -64.527 -60.818 -61.573
e, Tbar. Ty en 3. “cal mole”! ('K)-'.

2. b 3 lpey-1 d -1
C. “bar., “cal mole (°K) '. “kcal mole

ikt e hre st
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. TasLe 40
Summary of Born functions (eqs 65 through 69)
for steam-saturated H,Opqyia
a b c d e f

Sl or 08| k107 | & x108| 0T x 10°] At x 100
0.00 .006 -5.04 =2.77 0.54 1.98 -1.37
5.00 .003 -5.18 -2.97 0.55 1.83 -1.73
10.00 .012 -5.33 -3.07 0.56 1.99 -1.94
15.00 .017 -5.49 -3.12 0.57 2,33 -2.07
20.00 .023 -5.64 © -3.15 0.58 2.75 ~2.17
25.00 .032 -5.80 -3.16 0.60 3.20 t-2.24
30,00 - .042 -5.96 -3.18 0.6! 3.68 -2.32
35,00 .056 -6.12 -3.19 0.63 417 -2.40
40,00 .074 -6.28 -3.2) 0.65 4,66 -2.49
45,00 .096 -6.4L4 -3.24 0.68 5.16 -2.60
50.00 123 =6.60 -3.28 0.71 5.68 -2.73
55,00 .158 -6.77 -3.32 0.74 6.22 -2.88
60.00 .199 -6.94 -3.37 0.77 6.77 -3.05
65,00 .250 -7.11 -3.42 0.80 7.35 -3.24
70.00 312 -7.28 -3.48 0.84 7.95 -3.46
75.00 .386 -7.45 -3.55 0.88 8.59 -3.7
80.00 47k -7.63 . -3.63 0.93 9.27 -3.99
85.00 .578 -7.82 =3.71 0.98 9.98 -4 .31
30.00 .701 -8.00 -3.83 1.03 10.74 ~4 .66
95.00 .845 -8.20 -3.90 1.08 11.55 -5.05
100.00 1.013 -8.39 -4.0} 1.14 12.42 -5.49
105,00 1.208 -8.60 -ha2 1.21 13.35 -5.98
110,00 1.433 -8.81 -4.24 1.28 14.36 ° -6.52
115,00 1.691 -9.02 -4.37 1,35 15.43 =7.13
120.00 1.985 -9.24 -4.50 1.43 16.60 -7.80
125,00 - 2.321 -9.47 -4.65 1.52 17.86 -8.56
130.00 2.701 -9.71 -4.80 1.61 19.22 -9.40
135.00 3.130 -9.95 -4.97 | A 20.7) -10.34
140.00 3.613 ~10.20 -5.14 1.81 22.32 -11.40
145.00 4.154 -10.46 ~5.33 1.93 24.09 -12.58
150.00 4.758 -10.73 -5.53 2.05 26.01 -13.91
155,00 5.431 -11.01 -5.75 2.19 28.13 -15.40
160,00 6.178 -11.30 -5.99 2,33 30.45 -17.08
165.00 7.004 -11.61 -6.25 2.49 33.01 -18.98
170.00 7.916 ~11.92 -6.53 2.66 35.83 -21.12
175.00 8.920 -12.25 -6.84 2.85 38.95 -23.55
180.00 10.021 -12.60 -7.18 3.05 42 k2 -26.31
185,00 11.226  -12.96 -7.56 3.26 46.27 -29.45
190.00 12,543 -13.34 -7.98 3.50 50.58 -33.03
195,00 - 13.978 -13.75 -8.44 3.76 55.39 -37.13
200.00 15.537 -14.17 -8.95 4. o5 60.80 -41.85
225.00 25.476 -16.75 -12.63 5.95 100.62 -79.30
250,00 39.728 -20.48 ~-19.57 9.18 180.75 -164.37
275.00 59.415 -26.42 -34.02 15,14 365.68 -388.63
300.00 B85.805  -37.09 - -69.80 27.77 892,43 -1131.44
325.00 120.387 - -60.43 - -194.82 61.49 3075.19  -4798.85
350.00 165.125 -141,66 -1215.87 213.62 24995.05 -50615.56

-8

a3

™¢. Thar.

d
E'('x)". ~(°k)"2.

e

. f
“bar™! Tbar™! e, 9'bar.z.
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TABLE 39
Summary of thermodynamic properties of steam-saturated H,Oy:4
2 b 3 g el ! 1t ho-
3 P e ((1iogy (3 n € (3225 €\ (azzn €\ (3(3 tn Clap)r\a la (@ tn Elap)r\
Y slr X e o ’1 ) /P \ af 7o¥ =) IP
10 * 10 x 107 « 1% %107 ! x 108

0 0.006 87.79 4,72 ~h. 42 -9.8 -4.79 -0.35

5 0.009 85.86 h.70 =445 -12.6 -5.73 -0:52 -0.13
10 0.012 B83.97 h.68 -4.48 -14.1 -5.75 -0.42 3.64
15 0.017 82.10 4.66 -4.50 -14,8 -5.34 -0.19 5.30
20 0.023 80.27 4,68 -4.53 -15.2 =4.74 0.0 S.84
25 0.032 78.47 4.67 -b.55 -15.4 -4.09 0.33 5.85
39 0.042  76.70 4.70 -4’57 -15.6 -3.47 0.67 5.63
35 0.056 74.96 b74 -4.59 -15.7 -2.89 0.95 5.35
40 0.074  73.26 4.79 -4.60 -16.0 -2.38 1.21 5.08
45 0.036 71.59 4.86 -4.61 -16.3 -1.94 1.46 4,84
50 0.123 69.96 4.94 -4,62 -16.7 -1.57 1.69 4.65
S5 0.158 60,36 5.03 -4.63 -17.2 -1.26 1.92 4,51
60  0.199 66.79 5.13 -4.63 -17.7 -1.02 2.15 4. b1
65 0.250 65.26 5.24 -4 64 -18.4 -0.82 2.36 4.36
70 0.312 63.77 5.37 -4.64 -19.2 -0.67 2.58 4,34
75 0.386 62.30 5.50 =4,64 . =20.1 -0.57 2.80 4.35
80 0.47%  60.87 5.64 “hi, 65 ~21.) -0.5) 3.02 b4
85 0.578 53.48 5.89 -4.65 -22.2 -0.48 3.24 4.49
90  0.701  58.11 5.97 % -4.65 -23.5 -0.47 3.47 4,60
95  0.845  56.77 6.1 -4 .65 -28.9 -0.50 3.79 4. 74
100 °  1.013  55.47 6.34 -4.66 °  -26.4 «0.55 3.84 .91
105 1.208 54,19 6.54 -4.66 -28.1 -0.62 I'mt) 5.2
10 1.433 52.94 6.75 -4.66 -30.0 -0.7 4.45 5.36
15 1.691 51.73 6.98 -4.67 =-32.0 -0.82 h.72 5.63
120 1.305  50.53 7.23 -4.67 -36.2 -0.9% 5.01 5.95
128 oz 49,37 7.48 -4.67 ~36.6 -1.08 5.32 6.3
130 2.700  48.23 7.76 -4.68 -39.3 -1.24 5.64 6.72
135 3.130 4711 8.04 -4.63 | -h2.3 -1.42 5.93 7.17
10 3.613  46.02 8.35 -4.69 -45.5 -1.62 6.35 7.69
145 bosh 44,96 8.68 -4.70 “49.0 -1.84 6.75 8.27
150 4,753 4391 9.02 -4.71 -52.9 -2.09 7.17 8.92
155 5.431 42,89 9.39 -4.72 -57.2 -2.37 7.63 9.66
160 6.178 41.89 9.78 -4.73 -62.0 -2.68 8.13 10.48
165 7.004 40,91 10.19 -h.75 -67.3 -3.02 .8.66 11,42
170 7.916 39.96 10.63 -4.76 -73.1 -3.41 *9.2% 12.47
175 8.920 39.02 11,10 -4.78 -79.6 -3.8% 9.89 13.66
180 10.02¢ 38.10 11.60 -4, 80 -86.8 -4.33 10.53 15.00 .
185 11.226 37.20 12,14 ~-4,82 94,8 -4,.87 11.36 16.55
199 12.543 36.32 12.72 -4.85 -103.8 -5.48 12.20 18.30
195 13.973 35.45 13.33 ~4.87 -113.9 -6.16 13,14 20.30
200 15.%37 3%.60 1%.00 ~4.50 -125.2 -5, 14,17 22.60
225 25.476 30.58 18.20 ~5.12 -2G9.4 -12.41 21,458 40.70
250  39.728  26.87  24.66 -5.50 -380.9 -22.30 35.00 82.44
275 59.415 23,38 35.40 -6.18 -783.3 -41.38 €3.63 196.55
300 B5.805 19.99  $5.52 -7.42 -1953.8 -84.56 137.2 612,38
325 120.387 16,58 101.95 «10.062 -6917.8 -222.63 407.7% 3149.17
350 165,125 12.87 274.99 -18.2.‘! =57594.1 -1232.61 2716.03 45593.00
2 b [ d e .. f . . . A
e TSvar. Thae e e Tt s'bar Ve St (o2,
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and

where

in which

and

Also,

(A-31)

(A-32)

(A-33)

(n-34)

(a-35)

(A-36)

(r-37)

{a-38)
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(), -0

Simllarly, we can write

“Slo~
3B
-

]
I,
'EK"N
<
wl o™
of I~
S——
-

-

and .
a’:.
adg S
3] "X ZJ_ 3
3 Jr J=l p’ /T

where
(- (2, 2
— + =
)y "\ T E\m )y T EL\Te
2 2
() () . 8,
= + 2 +w | —
wt J; \eo? [ of/y \90 /¢ " =L /¢
and
3 3
20 () 6,
= — + 33— + w. |—5
a0 Jp \ed i T\ep?/ N\ /v TL\ad
where

a3,
) ‘z’ (-1(-2)(1-3) &, (p - p_ )L
203 g =TT = aj

(A-21)

(A-22)

(a-23)

(A-24)

-(A-25)

(A-26)

(A-27)

(A-28)

(A-29)

(a-30)
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() -1, 106D, . v
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The first and second partial derivatives of equation (15) with respect to

temperature can be written as

3 6 .
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Thermal Stability of Chloritoid at High Pressure
and relatlvely High Oxygen Fufracny |

by 3. GANGULY and R. C. NEWTON

Department of Geological Sciences, Yale University and Department of the Geophysical
Sciences, University of Chicago

ABSTRACT

The equilibrium conditions for the oxidation reaction of chloritoid to staurolite, magnetiie.
quartz, and vapor have been determined experimentally in the pressure range 10-25 kb using
the hematite-magnetite buffer. At 10 kb total pressure the reaction is in equilibrium at
575° C. At 5 kb a value of 544° C was obtained by extrapolation of the high pressure resulis

with an adjustment for the changing thermodynamic propertics of water in the low pressure
range.

At oxygen fugacities along the nickel-nickel oxide buffer, the thermal stability of chloritoid
is promoted by 50-60° C above the hematite~-magnetite values. Here the breakdown products
staurolite, almandine, and magnetite are probably more stable.

The recently produced petrographic evidence for the oxidation breakdown of chloritoid
and the relative lack of sensitivity of the reaction to moderate changes in total pressure and
oxygen fugacity indicate that it may have potential as an important indicator on the tempera-
ture scale of progressive metamorphism. Scveral independent temperature estimates of the
chloritoid breakdown cvent by workers in the field agree very well with the present value of
about 550° C for thc oxidation reaction of chloritoid to staurofite, magnetite, quartz, and
vapor at the hematite-magnetite bufler in the pressure range 5-10 kb.

INTRODUCTION

CHLORITOID, H,FeAlSiO;, has long been recognized as an important marker
mineral in the low and middle grades of metamorphism (Winkler, 1963, p. 78).
It is found principally in pelitic schists and has interesting genetic and reaction
relationships with other important iron-bearing silicate minerals, as deduced
from petrographic evidence. It occurs in either a triclinic or monoclinic structure
type. The two structures are closely related (Halferdahl, 1961), with probably
only a small energy differénce between them. Many occurrences are a mixture
of the two polymorphs.

The present knowledge of the stability relations of chloritoid lags behind
that concerning many other important rock-forming minerals largely because
of the tardy recognition that oxygen fugacity plays a major role in determining
which of the many proposed chloritoid reactions are stable. Experimental
techniques for controlling oxygen fugacity in iron-bearing systcms have been
developed only in the last fow years. Only one other extensive experimental
investigation involving chloritoid has made use of oxygen-fugacity buflers.
that of Richardson (1968).

1 Research supported by National Science Foundittion Grant GAS73.
{Journal of Petrology, Yol. 9, Part 3, pp. 444-66, 1968)
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In the review of some of the proposed simple chloritoid breakdown reactions
that follows, the following mineral formulae will be adhered to: chloritoid
{ (Chd)—H,FeAl,SiO, (Halferdahl, 1961); staurolite (St)—HFe,Al,S1,0,,
1 (Naray-Szabo6 & Sasvari, 1958); cordierite (Crd)—Fe,Al,Si;O,4; hercynite
(Her)—FeAlLO,; almandine (Alm)—Fe,;Al,Si,0,,; kyanite (Ky), andalusite

FeO (F8203)
"
(Mt, Hem)

Her
\
\-4\‘
Co\r\_
N EaY N Fa) N

Fi1G. 1. Ternary diagram showing anhydrous molectillar compositions of the major crystalline

phases involved in the discussion of equilibrium relations. Chd = chloritoid, Crd =

cordierite, Alm = almandine, St = staurolite, Mt = magnetite, Hem == hematite, Her ==
hercynite, Cor = corundum, Qz = quartz.

. (And), or sillimanite (Sil)—Al,SiO;; quartz (Qz)—SiO,; magnetite (Mt)—
" Fe,0,; hematite (Hem)—Fe,O,; and corundum (Cor)—Al,O,. Hydrous
alumina-rich low-temperature phases such as kaolin, diaspore, and pyrophyllite
(Kerrick, 1968) need not be considered in a discussion of chloritoid breakdown
reactions at elevated temperatures and pressures. The formula HFe,Al,Si,0,,

. for staurolite has been criticized by several recent workers (Juurinen, 1956;

Schreyer & Chinner, 1966; Richardson, 1966). Many analyses show somewhat

- more water and -less silica than implied by the formula of Naray-Szabd &

Sasvari: there may be some solid solution of protons for silicon atoms (Schreyer
& Chinner, 1966). This reservation must be kept in mind in terps of the pro-
posed reactions involving staurolite.

Consideration of oxidation state is crucial in discussing the stability relations
of various possible breakdown products of chloritoid. Fig. 1 shows the ideal
anhydrous molecular compositions of the important phases in the triangle
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FeO-Al,O4~Si0,;. An axis of increasing oxygen fugacity may be imagineg
extending perpendicularly into the page. Progressively more oxidized assen
blages are favored as fp, increases. Certain amounts of Fe,O; may be incor.
porated into the structures of Chd, Crd, St, Her, and, to a lesser extent Alm.
Major amounts of ferric iron are present when Mt and Hem become stable

The most reduced possible assemblage corresponding to Chd composition i;

Alm-Cor. The assemblages Crd-Her and Alm~St-Her may contain some ferrie
iron. It is not evident which of these can be the more oxidized. At greater oxyeen
fugacity magnetite appears, and the sequence of possible assemblages is, with
increasing fo, Alm-St-Mt, Crd-St-Mt, St-Mt-Qz, and Ky (And, Sil)~-Mt. The
relative oxidation order among the magnetite-bearing assemblages is deter-
mined by the amount of magnetite in the assemblage. The most oxidized possiblc
assemblage is Ky (And, Sil)-Hem.
A few experimental investigations of chloritoid stability have been under-
taken previously. Halferdahl (1961) experimentally deduced the reaction:
1. 5Chd = Crd-+3Her--5H,0
in the pressure range 1-7 kb total pressure and the reaction:
2. 31Chd = 4St--5AIm+8Her-+29H,0
in the pressure range 7-30 kb. Halferdahl's experiments were made with
metastable starting materials such as siderite and y-alumina and, in a few runs.
natural chloritoid. Chloritoid was found to break down according to reaction |
in the range 570-700° C and at 700° nearly indepcndently of pressure according
to reaction 2. The brcakdown recactions were not reversed.
Ganguly (1968) approximately located the reaction:
3. 23Chd+8Qz = 5AIm-+4St+21H,0
at 600° C and 10 kb total pressure using a Ni-NiO buffer. He considered, on
theoretical grounds, that the equilibrium would not show much dependence on
oxygen fugacity but that it should become metastable with respect to rcactions
involving magnetite at f, somewhat higher than the Ni~NiO bufter. Hoschek
(1967) experimentally dctermined the P-T curve of the rcaction:
4. 4Chd+5And = 2St4-Qz+3H.,0
in the water-pressure range 4-8 kb. The curve he presented lies at about 545° C
independently of the pressure. Although oxygen fugacity buffers were not used
the fo, may have been nearly stable throughout the long (up to 120 days)
duration of the runs by virtue of a buffering action of the metal pressure vessel.
The reaction was reversed using synthetic crystalline starting materials. Very
recently, Richardson (1968) has investigated the same reaction (with sillimanite
as the AlSiO; polymorph) using oxygen fugacities controlled by fayalite-
magnetite--quartz buffers. His result, based on reversals of the reaction using
synthetic crystalline starting materials, is very similar to that of Hoschek.
Richardson also undertook a reconnaissance of chloritoid reactions involving
Crd. An important finding was that breakdown reactions of Chd involving Crd
are stable only at low pressures, below 3-5 kb.
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CHLORITOID AT HIGH PRES_SURE

None of the previous experimental studies has considered oxidation break-
down of chloritoid. Several recent workers have indicated, however, that in
some geological situations chloritoid may have yielded magnetite as a break-

* down product (Card, 1964; Schreyer & Chinner, 1966; Hoschek, 1967). For

instance, Schreyer & Chinner found staurolite pseudomorphous after chloritoid
in quartzite lenses containing magnetite at Big Rock, Rio Arriba Co., New
Mexico. They considered oxidation breakdown as a possibility. The reaction

" can be written:

5. 54Chd-+50, = 12St+10Mt+6Qz+48H,0
(Hoschek, 1967). This reaction would presumably take place under conditions
of fo, somewhat higher than in the case of the non-oxidation reactions. In-
stability of the assemblage almandine plus H,O at the more elevated /g, condi-
tions is implied in reaction 5, the alternative assemblage being staurolite,
magnetite, and quartz. At still higher oxygen fugacities the assemblage stauro-
lite and quartz also should become unstable, and should be superseded by
magnetite or hematite and kyanite, which event would probably take place
only at fo, closely approaching or greater than that defined at a given tempera-
ture and total pressurc by the magnctite-hematite buffer. The breakdown
reaction of chloritoid then becomes:

6. 6Chd+0, (or $0,) = 6Ky+2Mt (or 3Hem)--6H,0.

The chloritoid brcakdown reactions involving magnetite are considered in
the present study. Cordicrite may be eliminated from consideration in the phase
relations because its appearance is confined to the low-pressure limits of geo-
logical interest. Thus, the breakdown reactions of interest are 3, S, and 6. In
addition, a breakdown of chloritoid to yicld almandine, staurolite, and magne-
tite should be considered:

7. 19Chd 410, = 4St-+Alm+5Mt+-17H,0.
The probable disposition of these equilibria in the oxygen fugacity versus
temperature plane at a constant total pressure of 10 kb has been analyzed by
Ganguly (1968), largely on theoretical grounds. The detailed arguments need
not be repcated here. Fig. 2 shows the expected relations.

The present experimental study was undertaken to determine accurately the

~ upper temperature limits of stability of chloritoid according to reaction 5 under

conditions of controlled oxygen fugacity at high total pressure, with the hope of
capitalizing on the fact that reactions among silicates often run with relatively

_ great rapidity at very high water pressures. If a long base-line of experimental

brackets of the dehydration of chloritoid at high pressures can be produced,
a short extrapolation to probable pressures of deep-seated metamorphism
(5-10 kb) is warranted. The magnetite-hematite (HM) buffer was used for
most of the high-pressure, high-temperature runs. The question of whether
reaction 5 is more stable than reaction 6 at the HM buffer is not really germane
to the present issue: reaction S was found to proceed quite reversibly starting
from synthetic crystalline materials, whether metastably or not. If the effect of
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i decreasing fo, on the dehydration temperature can be determined, the petro. the runs-and so ¢
logic usefulness of a determination of reaction 5 on the HM buffer is not limirq | of the capsule, ab!
by experimental determination in a possibly metastable region. packed with about
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FiG. 3. Diagram of
Fic. 2. Logfo, vs. T diagram at 10 kb for part of the system FeO-Al,0;-Si0,-H.,0-0,

showing probable range of reaction of chloritoid and oxygen to staurolite, magnetite, and Iip of the gold ca
' quartz. Taken from Ganguly (1968).
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EXPERIMENTAL METHODS

Apparatus and sample geometry:

All experiments in the present study were performed in the piston—cylinder and the pl.uunu(;ﬂ 3
apparatus (Boyd & England. 1960), using a 1-in. diameter pressure vessel. tale were considere \V"
pressure medium, and graphite-tube resistance furnace. The runs were made and shown in FI"T!
with an oxygen-fugacity bulfer arrangement, -prepared in the following way. Ph.D. degree at “:;

Approximately 10 mg of starting material were sealed with water into a length of
platinum tube about 035 in. long. 4 in. diameter, and 0-005 in. wall thickness. !
The thin-walled platinum tube is very permeable to hydrogen at the conditions ot

i Temperature measi
Chromcl~u|umc\'
thermocouple junct
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lhe runs and so served as thie osmotic membrane. The flatteried, empty portion
of the capsule, about half its length, was folded over. The p]atmum capsule was
§ packcd withabout 200 mg of the buffer mixtureinto a length of gold tube of % in.

L g dlametef andO -005 in.-wall thickness. Excesswater was added. Care wastaken to
.. keep the top surface of the platmum capsule-clean so that there was no’thickness

of buﬂ'er mix between the platmum capsule and the thermocouple. The flattened

D-8i0,-H;0-0.
L magnetite, and

: piston-cylinder
ssure vessel. tafc
runs were made
 following way.
" into-a length of
~wall thickness.
'he canditions of

Cr-Al Thermocouple.

Thermocoupie Ceramic

!

= ]

L/ Tres
Lz
{CARBIDE
PISTON a) Stainless Steel
" —f b) Pyrophylite
| Sample ¢) Brass Contact Ring
- in Pt Tube. d} Tote.

-8) Grdphite Heater

LBU”BF-Mix f} Grothl‘lie’ Disc.
in Au Tube g} 003" Steel Sheet

]-—1, ot—el h).002" Pb Foil

Fic. 3. Di: agram of high-pressure, hlgh templ.ruurc buffer-capsule experiméntal arrangemient.

lip of the gold capsule was $ealed with a direct:current arc-welder and then
checked for pin-hole leaks by pinching with pliers. The buffer capsule was
smothered in powdered talc and londed into the high-pressure: assemibly. A
0-001 in.-thick platinum foil was placed an top of the gold capsule, at the point
where the thermocouple makes contact, to provide an éxtra méasuye of protec-
tion against puncturing. Only thosé cuns in which both the.gold buffer capsule
and the platinum sample capsule.contained water when cut‘epen after the run
were considered valid runs. The high:pressure buﬁér:tgchnique described here
and shown in Fig. 3 was developed by J. Ganguly while doing studies for the-
Ph.D. degree at the University of Chicago:

Teniperature measyrement.and control

Chromel-alumel thermocouples were used in all of the present runs, The
thermocouple juncture was ifi intimate touch contaet with the gold and platinum
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capsules, as revealed by the presence of a dent in both made by the therm,,.
couple tip, which fact insures that temperaturcs were accurately measured, T,
small dimensions of the platinum capsule rule out the possibility of largc
temperature gradients. The Pt-Rh foil does not contaminate the Cr-Al therm,,.
couple at temperatures below 750° C in run durations of.a few days (Newtoy,
1965). The temperatures quoted in Table 3 are believed to be accurate to +5° ¢
No correction was made for the effect of pressure on the e.m.f. of the therma.
couples. Temperatures were controlled to + I° C automatically. At the comple.
tion of a run, the sample was quenched to below 100° C in a few seconds I
turning off the furnace current. )

Pressure measurement

Determination of the sample pressure in the piston-cylinder apparatus i
always a difficult problem. It is not sufficient merely to quote a friction
correction’, which is usually given as a percentage subtracted from the nominul
pressure to give the sample pressure. Many qualifying statements must be made.
because most experimenters have different techniques of loading and heating
the sample. In the present runs the same l-in. diameter chamber was used
throughout. The carbide corc had an inner hard steel liner 0-060 in. thich.
The liner was shiny-smooth and had no cracks. Dry molybdenum sulfide powder
was sprayed out of a squeeze-bottle on to the liner wall as a solid lubricant
coating. A 0-002-in. Icad foil anti-friction liner surrounded the talc cylinder.
Only talc surrounded the buffer capsule: therc were no hard internal parts and
the temperatures were far below the firing temperature of talc. A 0-020-in.
thick graphite disk was placed at the bottom of the assembly, with a 0-005-in.
thick steel sheet between it and the face of the piston. Hot graphite at high pres-
sure was found to be injurious to the tungsten carbide.

The assembly was pressed at room temperature to the final desired nominal
pressure. For instance. if the final desired pressure was 10 kb, the gauge pressurc
was 100 bars (the ram had an effective diameter of 10 in.). The gauge pressurc
was read on a 350-bar Bourdon tube Heise gauge. The sample was then heated
to the desired temperature by supplying high electrical current'to the internal
graphite heater sleeve. The gauge pressure always rose immediately in response

to thermal expansion of the furnace assembly. For runs in the range 600-700° C -

the gauge pressure incrcase always levelled off at about 15 bars, or a nominal
increase of 1-5 kb. It was neccessary to use the method of press first and then
heat, rather than the reverse procedure, which produces true ‘piston-in’
conditions, because it was found that further pressing of the hot gold capsule
often resulted in ripping it. If the pressure conditions had been truly *piston-in .
a friction correction of about — 10 per cent would have been applicd and the
sample pressure (quite hydrostatic because of the water in the two capsules)
would have been known to within 4-0-4 kb (Newton & Smith, 1967). In the
present case, however, thermal expansion of the furnace assembly tends to
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offset the frictional pressure loss. It developed that the nominal-pressure

increase upon heating was always very nearly the amount which would be
subtracted in a friction correction, or about 10 per cent of the nominal pressure
before heating. [t was therefore assumed that the pressure increase of the furnace
assembly in the neighborhood of the sample capsule upon heating nearly
compensated for the frictional loss, and no correction was made. This is the
point of view taken by Boyd et al. (1966). In view of the lack of adequate pres-
sure calibration, a generous estimate of pressure uncertainty must be made. It is
thought that the pressure uncertainty in the present runs could not be any
greater than 410 kb under any conceivable set of hypotheses. The large

" magnitude of the pressure uncertainty did not hamper the present investigation,

however, because of the steep dP/dT slope of the equilibrium in question.

Preparation and properties of the starting material

All runs determining the equilibrium of reaction 5 werc made on a starting
mixture of synthctic chloritoid, synthetic staurolite, synthetic magnetite, and
patural quartz. The chloritoid was synthesized from ferrous oxalate, silicic acid,
and aluminum hydroxide, mixed in FeAlSiO; proportions and sealed with
excess water in a 5-in. diameter gold tube, at 20 kb and 625 C for 24 h. The
only product was chloritoid, in small, ragged clots and clusters of crystals too
fine grained for accurate optical measurecments. The mean index of refraction
was found to be 1:724-0-01 by the oil immersion method. No unknown lines
could be found in the Debye-Scherrer photograph. The chloritoid was mostly
or all the triclinic polymorph. Halferdahl (1961) synthesized a mixture of the
triclinic and monoclinic polymorphs in his runs. The powder X-ray photographs
of his quenched charges showed many lines due to undetermined phases. The
X-ray powder data of the present chloritoid is given in Table |. The evidence
supports the preponderance or entirety of the material being triclinic. The unit-
cell constants were refined using the IBM 7090 least-square cell edge program
written by Burnham (1963). The unit-cell constants of the chloritoid from the
oxalate synthesis closely matched those of a sample of natural triclinic chloritoid
from Chibougamau, Quebec, given by Halferdahl (1961). As a further check.
a Debye-Scherrer photograph made with filtered iron radiation was very
similar to the photograph of the Chibougamau chloritoid given by Halferdahl
(1961, fig. 6, p. 80) and quite different from the monoclinic chloritoid shown in
Halferdahl's fig. 6.

To test the eflect of oxidation condition during the synthesis, a run was made
on wiistite, aluminum hydroxide. silicic acid, and excess water in a sealed
platinum capsule inside a hematite-magnetitc bufler. The synthesis was made at
600° C and 20 kb total pressure for 24 h. Again the only discernible product
was triclinic chioritoid. The unit-cell constants scemed to be significantly
different from those of the product of the oxalate synthesis. The unit-cell
constants are shown in Table 2. A higher content of Fe,O, in the HM chioritoid
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might account for the slightly different cell constants. The structural reasons ror
the deviation are not apparent. The index of refraction was also 1-724-0-01.
The starting-mix staurolite was prepared from ferrous oxalate, aluminum
hydroxide, and silicic acid according to the dry formula Fe,A1,51,0,,.5. A truce

ettt A

of natural staurolite seed, and excess water were added and sealed into a goly

TABLE 1

Partial list of d-spacings of synthetic staurolite and chloritoid

Staurolite Chloritoid
hkl d I hkl d !
150 | 3056 | W | 1002 | 4449 | 10

1221 3015 7 1 2 ,

$002 2831 4 sz} 3258 we

+060 2771 7 | 1003 | 2965 9

+151 2693 9 | 1021y | ..

1132 240} 0 | 3ng | 6% 7
N 2.354 s | 310 | 2661 w*
260 2265 | 2 | 1032y ,

1171 2:109 5 T2 2456
062 19770 | 4 | 431y 2:399 4
400 19683 | W | t407) .

402 16156 | 2 | 221] | 3¢
460 16057 | W | 23
004 1-4151 1] 203

1462 3968 | S | 321 301 w*

10120 | 13840 | 3| 113

+401
22 ,
S| 2 4
313

1331 ‘

035 15804 | 4
223/

* Listed by Halferdahl (196)) as unique to triclinic pelymorph.
1 Used in unit-ccil refinement.

tube. The synthesis runs were made at 725° C and 15 kb for 24 h. The result
was 100 per cent staurolite, in crystals of average 10 p size, with marked yellow
pleochroism and abundant cruciform twins. The highest index of refraction
found was 1-750. The d-spacings of major reflecting planes are given in Table 1.
Table 2 gives the unit-cell constants resulting from a computer least-squares
refinement. The unit cell volume is slightly but significantly larger than that of
the staurolite from Pizzo Forno, Switzerland. used by J. V. Smith in hisstructural
redetermination (in preparation).

A staurolite synthesis was made with a hematite-magnetite buffer to test the
effect of high oxidizing conditions on-the kind of staurolite formed. The starting
material was wiistite, aluminum hvdroxide. silicic acid, and a small amount of
natural staurolite sced. Otherwise the conditions were the same as in the oxalate
synthesis. The result was a very pleochroic staurolite with somewhat larger
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crystals than before. The mean index of refraction may have been a shade higher
than for the oxalate synthesis. The unit-cell volume was slightly larger than that
of the oxalate synthesis (Table 2). The unit-cell constants of both synthetic
staurolites fall well within the range of values for natural staurolite (Juurinen,
1956). _

A starting mixture of the crystalline phases was prepared according to
reaction 5, with about equal amounts of products and reactants, as determined.
by X-ray diffraction peak heights. Variations of the peak height ratios of the
starting material were tested for by multiple scans and scans of mounts sprinkled

TABLE 2
Unit-cell constants of synthetic and natural chloritoid and staurolite

Material a(A) h(A) c(A) aldeg.) | Bldeg.) | y(deg) | V (A3)
Staurolite 7-888 16-618 5-661 742-13
(Oxalate synthesis) 20002 | 0002 | - 0001 016
Staurolite 7-896 16-623 5-661 743-03
(HM synthesis) +4:0-003 | .-:0-003 | %0003 -10-30
Staurolitc 7-871 16:620 5-656 739-94
(Pizzo Forno, Switz.) +0-002 | --0-003 | -1.0-00I +0-23
(J. V. Smith)

Chloritoid 9493 5480 9-165 96-47 102-27 89-94 462-76
(Oxulate syathesis) 210009 | -0019 | 0013 ) 037 4-0:15 026 :2-38
Chloritoid 9-552 5-440 9-153 97-34 101-57 89-45 462-05
(HM synthesis) 0027 | 0010 | 20005 ( =007 -.0-07 =007 <077
Chloritoid 9-50 - 548 9-16 96~ 53" { 101 49’ 90* 2’ 462-99
(Chibougamuu, Que.)

(Halferdahl, 1961)

upon a thin layer of petroleum jelly. There was some effect of preferred orienta-
tion apparent on the relative intensity of the 002 reflection of chloritoid. which
is the only reflection strong enough to use as an amount indicator with any
confidence. Because of this the technique of comparing peak height ratios of
starting material and quenched charges to determine the direction of reaction
could not be applied with as much sensitivity as is possible in other systems.

Detection of reaction

The direction of the reaction was detected by the changes in relative X-ray
spectral intensities of the phases involved. A 30-40 per cent change in the
relative amounts of the phases was probably necessary to be certain of the
direction of the reaction. The reaction was fast enough to make an unambiguous
decision in runs of no more than 2 days duration at temperatures above 600° C,
Fig. 4 shows X-ray spectrometer charts of the starting material and runs in which
chloritoid grew and chloritoid broke down.

Problem of buffer effectiveness

Equilibration of the oxygen fugacity of the bufter with that of the charge is
necessary for unambiguous interpretation of the results of experiments. That
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hydrogen diffusion equilibrium was swift compared to the reaction rates wi
. - . . - - - . ‘ ; \
indicated in several ways. The most decisive indication was the fact that there
was found to be a very large effect on the dehydration temperature of chloriiog

Starting Material

Mt Q,
1 St+Chd
St Chd
Mt+Chd
St Qz
J\J
RS drdeedtivd Rt
Q, Chd
) St"MthZ*Hzo
Mt SteChd —Chd +0,
Mt +Chd 600°C, 16.0kb
St ||St 86 hrs
NN LS o a1 il I
Q, Chd+0, —
Mt Sf"Mf+QZ+H20
St+Chd 650°C,16.0kb
50hrs

26 (CuK, ) degree

FiG. 4. Portions of X-r.uy diffraction spectrograms of starting material and products of high-
temperature, high-pressure runs in which chloritoid grew and broke down.

in going from the HM buffer to the NNO bufler: the breakdown boundary was
raised by about 60° C. Preliminary runs in this range made without a bufler, on
the other hand. never yielded clear evidence of chloritoid growth or decline.
Another indication was the growth of large, thin platelets of hematite inside
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the platinum in all runs with the HM buffer. This phenomenon occurred even
though the hematite-magnetite mixture of the buffer was strongly reduced.

" Originally the buffer was 90 per cent hematite, but after the runs the buffer had

. hembha AL o

typically reduced to about 70 per cent magnetite, in very large shiny crystals,
Since platinum is much more permeable to hydrogen than gold, there is no
alternative but to suppose that the sample charge was well buffered. The
nickel-nickel oxide buffers, originally containing 50 per cent of each substance,
were slightly oxidized in the longest runs, and hematite never developed inside
the platinum capsule. Finally, a special buffer check run was made at 700° C and
15 kb for 24 h, in which a platinum sample capsule containing hematite, magne--
tite, and water was placed inside an HM buffer capsule. The charge showed no
evidence of reaction, even though the buffer mix underwent strong reduction.
The foregoing evidence strongly indicates that buffer equilibration is attained
quite rapidly and that the condition of oxygen fugacity which develops spon-
taneously within a sealed gold capsule containing water and iron silicates is
somewhat more oxidizing than the NNO buffer and much less oxidizing than
the HM bufter.

A closely related problem is that of depletion of the iron in the charge by
the platinum capsule. Absorption of a significant amount of iron in the system

by a platinum buffer capsule at much more reducing conditions than those of-

the present experiments has been reported (Eugster & Wones. 1962). Increasingly
oxidizing conditions will have a powerful effect in preventing iron loss to the
capsule, however. Consider a simple alloying equilibrium such as

FcO = Fe(Pt.soln)--10,

The equilibrium relation is

Inalt = _éG_(_TR)TJ'“_PA_K_J_, Info,
where AG® is the standard Gibbs energy change in the rcaction at 1 atm. AV,
is the volume change of the solids involved in the reaction, «l is the activity
of Fe in solid solution with platinum, and f,,, is the oxygen fugacity. Using the
dilute solution approximation and the data compiled by Eugster & Wones (1962,

p. 90). XV{(HM buffer) — 10-47
XFUWI buffer) |ug w7001 -
Pt
and XLYNNO bufTer)! = 10-24

XTAWI bufler) Ly wnzo i

where X't is the fractional amount of alloying of iron into the platinum. It is
thus seen that the orders of magnitude increase in oxygen fugacity in going to
more oxidizing buffers results in orders of magnitude reduction in the depleting
power of the platinum capsule. Some staurolite synthesis experiments on
mixtures of wiistite. AI(OH), and silicic acid using iron-wiistite, NNO. and
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HM buffers confirmed this expectation. The runs were made at 700° C and |5
kb for 36 h. The wiistite-iron run resulted in staurolite plus a considerahle
amount of kyanite and corundum, indicating some depletion of iron from the
charge. The other runs yielded staurolite only. The starting mix and the wiistite--
iron run charge were analyzed spectrochemically by N. Suhr. There was 3

TABLE 3

Experimental conditions and results of runs at high pressure and high temperature
using starting material composed of synthetic chloritoid, staurolite, magneiire,
natural quartz, and water

Run no. Buffer P (kb) T(°C) Time (h) Result*
1 NNO 19-5 650 49 Chd only
2 NNO 19-5 665 48 Strong Chd growth;
Alm present
3 NNO 19-5 680 43 Strong Chd breakdown:
Alm strong:
Mt weak: Qz absent
4 HM 250 620 72 Very strong Chd growth
b1 HM 250 635 54 Strong Chd growth
6 HM 250 650 49) Strong Chd breakdown;
slight Alm present
7 HM 20-5 600 72 Strong Chd growth
8 HM 20-5 610 69 Strong Chd growth
9 HM 20-5 625 94 Chd breakdown
10 HM 20-5 675 67 St-+Mt-+Qz only
1 HM 18-2 605 718 Strong Chd growth
12 HM 182 620 96 Chd breakdown:
slight Alm present
13 HM 160 600 86 Strong Chd growth
14 HM 16:0 615 70 Chd breakdown
15 HM 16-0 625 67 Strong Chd breakdown
16 HM 160 650 50 St-+ Mt~ Qz only
17 HM 13-5 570 92 No appirent reaction
18 HM 135 590 7 Slight Chd growth
19 HM 13-5 615 74 Strong Chd breakdown
20 HM 10-5 585 103 Weak Chd breakdown
21 HM 10-5 600 50 Strong Chd breakdown

* Hem present in small amounts in all HM runs.

depletion of FeO by 16 per cent of the amount originally present in the charge
of the wiistite~iron run. According to the preceding calculation, the depletion
in a similar run with the NNO bufler should be about 0-1 per cent of the
amount present and about 0-002 per cent for the hematite-magnetite run. Thus
iron depletion of the charge is not regarded as a serious problem in the present
investigation.

EXPERIMENTAL RESULTS

The results of experiments are listed in Table 3 and shown in Fig. 5. The
reaction of chloritoid to staurolite, magnetite, quartz, and vapor (reaction 3)
was reversed over a narrow range of temperatures at scveral pressures with the
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!
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‘ l ' | |
S 550 600 650 700
Temperature Degq.C

FiG. 5. Experimental data for oxidation breakdown of chloritoid at high pressures. Filled
circle denotes chloritoid growth on HM buffer. Open circle denotes chioritoid breakdown
on HM buffer. Filled square denotes chloritoid growth on NNO bufier. Open sguare
denotes chloritoid breakdown on NNO buffer. Asterisk denotes that almandine appeuared
in the run. Number onc denotes data from Ganguly (1968). Uncertainty in temperature
and pressure of runs is bracketed by large rectangles surrounding experimental points. Line
(a) is 54Chd + 50, = 128t Mt-+6Qz-+-48H.O (HM buffer, stable). Line () is the approxi-
mate location of the same equilibrium on the NNO builer (metastable, see text).

HM bufler. Below 600° C and 16 kb the growth of chloritoid was not sufficiently
fast to prove reversibility in runs of a few days duration. The best fit of the data
in the range 10-5-25 kb yields an average slope of 233 bars/° C. The oxygen
fugacity along the curve can be obtained from the equation

4 a1orp
log fo, = ——2—]97'3+14-41+‘i'9_%’_’_')

(Eugster & Woncs, 1962, p. 90), where T is in degrees Kelvin,
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The only phase to appear in the HM bufier runs which was not among i,
starting materials was almandine. Almandine appeared in very slight amoun.
in the run at 18:2 kb and 625° C (Run no. 12, Table 3) and to a greater amoun
in the run at 25-0 kb and 650° C (Run no. 6, Table 3). The amount of almandiye
in the charge of the 18-2-kb run was on the lower limit of detectability wiy,
X-ray diffraction; the amount of almandine in the 25-kb run may have been
about 10 per cent. Occasional smalil equant isotropic grains of high index o
refraction were seen in the microscopic examination of these two charges. Boul,
were runs in which chloritoid broke down. The appearance of almandine suggeni«
that the very high pressures were suffice to stabilize it relative to staurolitc.
magnetite, and quartz, even at oxygen fugacities of the HM buffer. To determine
if almandine is a stable breakdown product of chloritoid at a high £, in the
pressure range of geological interest, runs were made on mixtures of almandine.
staurolite, magnctite, quartz, and water and 14-0 kb, 630° and 630° C and the
HM buffer for 24 h. Almandine was greatly reduced in quantity relative (o
staurolite, magnetite, and quartz. Therefore. if almandine becomes a stablc
phase at high /,, . it must be above the pressurc range of the metamorphic rocks.
The runs of the present investigation above 14 kb may be metastable reversals of
reaction 5. The very slight amount of almandine occurring in the two runs
could not have significantly altered the essential univariant condition of the
reaction. In any case, it is not probable that the breakdown of chloritoid
according to reaction 7 takes place at a temperature far removed from that of
reaction 3.

A reversal of reaction S on the NNO buffer was performed by Ganguly (1963
at 10-6 kb and 6354157 C. Additional runs with the starting mix for reaction 3
and with the NNO bufler were made in the present investigation in order to
produce a dP;dT slope. A series of runs at 19-6 kb showed that the decrease of
oxidation condition from the HM to the NNO buffer promoted the thermal
stability by at least 50° C. Breakdown of chloritoid took place at 630° C and
almandine appeared abundantly. Almandine also appeared in the run at 665° C.
but chloritoid grew greatly in this run. It is strongly indicated but not proved
by this result that reaction 7 is more stable with a NNO buffer than reaction 3.
The explanation for the fact that reaction 5 could be reversed metastably at
10-6 kb and could not be reversed metastably at 19-5 kb lies in the faster
kinetics at the higher temperature and pressure conditions, which made possible
the nucleation of almandine. The metastable equilibrium curve for reaction 3
on the NNO bufler may lie at an even higher temperature than 680° C at 19-5kb.
Geometrical arguments indicate that the P-T curves for reaction 5 on the two
buffers should be nearly parallel. The metastable reaction | in which hercynite

was a product, should lie at still higher temperatures. A value of 7007 C was
found by Halferdah! (1961).
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THERMODYNAMIC DISCUSSION

The enthalpy change, AH, for the reaction .
54Chd+-50, = 125t4 10Mt+6Qz+48H,0
can be calculated at any total pressure by:

&(AG(T)
AH = [GL__]
a1T),
where AG is the Gibbs energy change of the reaction. An isobaric plot of AG/T
versus 1/T thus yields AH as the tangent. AG at any (7, P) can be found by the
relation

AG(T, P) = AG(T, By,)+48[G"T, P)—G"(T, P,)]—

JodT. P)
/()»(Ts H\p)

Here P, is the determined equilibrium pressure for the reaction, f,, is the
fugacity of O, on the HM bufler and A}, is the solid volume change of the
reaction. Hence the first term to the right of the equals sign vanishes. The
second term can be evaluated from tables for the Gibbs energy of water.
such as that of Sharp (1962). Thc third term becomes (—35) (R) (2-303) (0-019)
(P—~P,,) with P in bars (Eugster & Wonces, 1962, p. 90). Using the molar
volumes of chloritoid and staurofitc given for the oxalate syntheses of Table 2
and the values from Robic (1962) for the other minerals, a AV, of —507-0 cm®
is obtained. The fourth term then becomes

- _-507(}) L\p)
N 41.31 ’

with units of calories. It must be remembered that the coefficient of the second
term depends strongly on the assumed amount of water in the staurolite formula
and that the coefficient of the third term assumed that a negligible quantity of
ferric iron is incorporated into the chloritoid and staurolite structures. The
accuracy of the resulting values of AH will suffer from the uncertainties imposed
by these considerations.

Plots of —AG/RT versus |, T were prepared for nine different pressures
including one atmosphere from the data for reaction S, assuming a constant
dP/dT slope of 233 bars/°C. Fig. 6 shows plots for four representative pressures.
The curves are linear in their high temperature portions. which is to be expected.
since their slopes. the —AH/R values. would not vary much over a 100° C
temperature interval. Below about 560 C. however. the curves become curved

—SRTI[ J FAV(P—EL).

. overa short temaperature interval. The only reasonable expluanation of this fact
‘is that the extrapolation of the constant 233 bars;°C slope of Fig. 5 is not

warranted to pressures lower than about 7 kb, where the thermodynamic
ih
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properties of water begin to change drastically with decreasing pressurc, an
hence some curvature obtains in the line of reaction 5.

The AH vaiues yiclded by the straight-line portions of the plots of Fig.
are shown in Table 4. The values are smallest at about 3 kb, which is dul‘ to

8O——T— T 71T T T T T T T T 1
140

100
60

20

-AG/RT

-100

1 i ] ] | L 1 1 ! ! }
.06 .10 114 .18 .22 .26 1.30
. /T (°K) x 103
FiG. 6. Calculated values of —AG/RT for reaction 6 versus 1/7 for various pressures,
The zero-points of the extrapolations of the straight-line portions of the curves for the two
lower pressures are marked X, They yicld improved estimates of the cquilibrium tempera-
ture for reuction 5.

TABLE 4
Thermodynamic data for the reaction 54Chd +- 50, = 128t 10Mt--6Qz-+48H.0
. dpP (f)_a_r) dP ’lzf_r)
P bars T°C AV en AH cal dT .. \°C AT pene. ("C
1 296 122, 630 1-260 % 10 0-75
1000 503 967 1-206 66-4
2000 518 640 1-093 893 69
3000 523 512 1-016 101 97
5000 544 415 1-062 130 132
7000 562 338 1-105 162 159
10 000 575 276 1:193 209 189
16 000 607 201 1-107 259 250
20000 621 170 1-206 327 264

the minimum of the enthalpy of water in this pressure range. The onc
atmosphere value for AH found in this calculation is 1:260 X 10¢ cal for 54 moles
of chloritoid, or 23-35 kcal per mole. Another calculation of AH® (at | atm) may
be made by the method of Orville & Greenwood (1965). This method makes
use of the expression:

—AH®  AV,P,

9 log, K = =2 e Fx
SR TS303 R 2303R
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! where P is some elevated solid pressure at which the plot of

48
Jogi K = log,, 048
810 B10 fo.5

versus 1/T is prepared. The value of the fugacity of H,O and O, are again taken
_from water tables and the Eugster & Wones (1962) expression, for points on the
equilibrium curve at P; = P,. logy, K is modified by the addition:

. A V,‘(Pg""R:xp)
Aloguk = ==y 33RT

(Eugster & Wones, 1962). Fig. 7 shows a plot of log,, K* = log,, K+A logy, K
versus 1/T for P; = 20 kb. The | atm value of AH by this methed is 1:086 x 10¢

33 T T m T T

32—

27 L 1 | L L
100 105 IO 115 120 125 130

1/ T (Deg.K) x 10°

FiG. 7. 20-kb plot of In K versus 1T for reaction 6 which is used to calculate AH™ for the
reaction.

cal for 54 moles of chloritoid, which is reasonable agreement with the value of
1-260 X 10° when the various sources of error such as difficulty in measuring
the slopes accurately and the approximations of incompressible solids and AH
independent of temperature are considered.

An estimate of the equilibrium curve of reaction 5 in the low temperature
and pressure rangc may be made which is more reasonable than the straight-line
extrapolation of the portion of the curve above 10 kb, by prolonging the
straight-line portions of the —AG/RT versus 1T curves to their zeros. This is
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shown for the 1 and 5 kb curves in Fig. 6. Fig. 8 shows the low-temperatyr,
continuation of the chloritoid breakdown curve estimated in this way. At | 4}
the dehydration temperature is down to 503° C, and the one atmosphere viy.
is 295° C. That this curvature in the low-pressure range is real and is nece.
sitated by the properties of water may be shown by approximate calculation.
of the dP/dT slope of the reaction based on the Clausius-Clapeyron equation,
The fluid volume change is difficult to evaluate exactly in the lack of data on i
partial molal volumes of oxygen, but, to a first approximation

AV, = 48V sy,

assuming that ‘water and oxygen have the same volume per mole at a given

P and T. The AH for the calculation was taken from the plots of —AG kT’

versus 1/T for each pressure. Table 4 shows a comparison of the siopes s
caiculated with those mcasured graphically with a straight-cdge from a carefuliy
least-squared plot of the 7 value from Table 4 on a large sheet of millimeter
paper. The gencral agreement of the measured and calculated slopes in the
range 2-16 kb verifies that the curvature is a real effect.

GEOLOGICAL APPLICATIONS

Some occurrcnces of chloritoid and staurolite-bearing rocks may be inter-
preted in the light of the present experimental work. provided that the necessar
amount of caution arising from uncertainty in total pressurc, watcer pressuie.
oxygen fugacity, and cHtiect of additional components in natural systems is
applied.

Many occurrences of chloritoid involve kyanite as a companion mineral.
This fact suggests that the range of total pressure to be considered is usually
greater than 5 kb, based on the stability diagram of the Al,SiO, polymorphs
given by Fyfe (1967). Over this pressure range the reaction of chloritoid to vield
staurolite, magnetite, quartz, and vapor varies from 540° C to 575° C in Fig. 3.
Since the equilibrium considered here involves a restricted range of oxygen
fugacities near the HM buffer, variation of oxygen fugacity during metamor-
phism would not have affected the breakdown temperature of chloritoid by
more than a few tens of degrees as long as the breakdown products were
staurolite, magnetite, quartz, and vapor. It is shown in the present investigi-
tion that decreasing oxygen fugacity promotes the thermal stability of chloritoid
somewhat. The assumption that water pressure did not depart significantly
from total pressure during progressive metamorphism of chloritoid schists is
necessary to the interpretations that will be attempted.

Only MgO and MnO could have significant effects as ‘impurity components’
on the present equilibrium. because the phases chloritoid and staurolite arc
very restrictive to other components such as CaO. Morcover, available analyses
suggest that Mg and Mn arc not likely to be strongly partitioned between
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staurolite and chloritoid (cf. Deer et «l., pp. 154, 165). Therefore the presence
of MgO is not believed to have a large influence on the temperature of reaction
5. The tentative indication is that reaction 5 may provide a useful point on the
temperature scale of progressive metamorphism, in that the total influence of
uncertainties in total pressure, oxygen fugacity, and additional components

CHLORITOID AT HIGH PRESSURE

is likely to be minimal.

Pressure - Kilobars

prepared by setting the calculated AG values for the reaction equal to zero.

Schreyer & Chinnér (1966) have described occurrences of thin concordant
bands of staurolite, quartz, and magnetite (partially martitized) with accessory
amounts of chloritoid, muscovite, apatite, and monazite in rocks from Big
Rock, New Mexico. The staurolite shows radial sicve texture caused by mimetic
recrystallization after chloritoid roscttes. Similar occurrences were described
by Espanshade & Potter (1960, p. 75) from the Kings district, North and South
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FiG. 8. An improved cquilibrium diagram for the reaction

54Chd+50, = 128

t+ 10Mt+6Qz+48H,0
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Carolina. In both occurrences kyanite is the only aluminum silicate poly-.
morph developed regionally. Allowing the maximum uncertainty from aj

causes other than water pressure much less than total pressure, the limits of

540° and 570° C may be assigned on the assumption of oxidation breakdown
of chloritoid, the basis of the present investigation. An alternative possibility.,
suggested by Schreyer & Chinner for the case of the Big Rock, New Mexico
occurrence, is that the chloritoid reacted with a hypothetical pre-existing kyanite
according to reaction 4 with Ky substituted for And. That the oxygen fugacitics
were close to those of the HM buffer is suggested by the absence of almandine
from both deposits (see Fig. 2). _

Naha (1956) described kyanite-chloritoid schists from South Dhalbhum
and North-eastern Mayurbhanj, India, containing staurolite, muscovite, biotite.
chlorite, and quartz. Thin sections of some of the rocks show staurolite, associa-
ted with granules of magnetite, in the process of incipient replacement by
chloritoid, These observations suggest rctrograde conversion of staurolite to
chloritoid by reaction 5. The indication from the present experimental work is
that temperatures in the range 530-570° C were recrossed before further retro-
grade reaction ceased.

Garlick & Epstein (1967, p. 203) suggested that some samples of regionally
metamorphosed pelitic schists containing kyanite and staurolite have crystal-
lized at temperatures in the range 520-600° C, on the basis of QO'/Q' ratios
in coexisting magnetite and quartz. Interpretation of the minimum temperature
for the cocxistence of staurolite, magnetite, and quartz based on the present
experimental work yiclds 540° C.

Card (1964, p. 1020) has suggested that, in the Agnew Lake area, Sudbury
District, Ontario, the conversion of chloritoid to staurolite in some of the
rocks involved the reaction 66Chd+8Qz+0, = 12St+12AIm-+2Mt+460H,0.
On the basis of the compositions of pyrrhotites which have supposedly equili-
brated with pyrite during mctamorphism, Card deduced 550° C as a likely
temperature for the event. The reaction postulated by Card is in reality the
combination of reactions 5 and 7 procceding simultaneously. Fig. 2 and the
present cxperimental work show that the composite reaction should define a
temperature of about 560-580° C and an oxygen fugacity about midway between
the HM and NNO bufler curves, if the pressures involved correspond 1o
Miyashiro’s estimate of the pressures of 5-10 kb for amphibolite facies rocks
(1961, p. 285). The present experimental evidence is thercfore in good agreement
with the independent temperature estimate of Card.

Albee (1965) described kyanite-zone pelitic schists from Vermont containing
chloritoid in association with garnet. magnetite, hematite, quartz, ete. The
temperature of crystallization of these assemblages has been deduced to be
550° C on the basis of O'¥/O'¢ ratio in coexisting quartz and magnctitc and
the compositions of coexisting Ca-free muscovite and paragonite (p. 297).
Garlick & Epstein (1967) believe that the temperature of 550° C should fall in
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_the zone of stability of staurolite, relative to.chloritoid, and note that the

apparent inconsistency might reflect ‘differences in rock pressure or the activity
of water prevailing at the time of metamorphism’ (p. 207). The present experi-
mental work, however, indicates that no abnormal situation is necessary, in that
chloritoid should be stable relative to staurolite, magnetite, and quartz at
550° C at pressures above 6 kb and oxygen fugacities near the HM buffer
curve.
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Vapor pressures of water at any tempercoture and pressure over a solution of a single strong electrolyte
involving ions 1 and 2 can be estimated by knowing at least one value of T2, the reduced activity coefficient |
at some specified temperature and pressure. The quantity T'1," is defined as «,,1/1®? where v)2 is the mean
activity coefficient of this electrolyte and z; and z; are the charge numbers on the ions. For solutions of
1:1 electrolytes, woter activities are presented graphically as a function of T and the ionic strength.
Values of water activities read from this figure can be easily corrected for higher electrolytes. It is shown
that data on water vapor pressure lowering or boiling point rise can be used for estimating reduced

wer— o

activity coefficients for electrolytes ot any desired temperature.

.

Wh(:n we deal with aqueous solutions of strong electrolytes,
it s aften necessary to evaluate the vapor pressures taetivi-
ties) of the wuivr as well as the actisvities of the electrolytes
preavni. The object here is to present a generalized procedure
for estimating such vapor pressures, applicable when experi-
mental data are not available,

Activity Coefficients of Strong Electrolytes

The magnitude of y12?, the mean acuivity coeflicient of a
single strong electrolyte 12 composed of ious | and 2 in
aquesus solution depends upon its minabriy gy (noles per
kilogram of wuater), upon the charges on the electrolyte’s
caticn and anion, namely z; and z, respectively, and upon- the
temperature. Except at very low coneentrations, activity co-
efficients for different electrolytes in their pure solutions at
any given temperature and concentration are usually far from
being equal. However, the general isothermal behavior of
these activity coefficients «t any temperniure between 0 and
150°¢" is conveniently represented by rhe corves of Figure !
showing the variation of the reduced nefivity coeflicient T'?
[namely (YY) with the ionic streseth w (Meissner and
Tester 1972). Each curve may be viewed as representing o
solution of a different electrolyte. sy vetion shows that all
curves start at a value for I'p® of unity at zero concentration,
and then diverge without crossover as roncentralion inereases,
Obviously, an entire isothermal curve e a particulo electro-
lyte can be loeated on Figure 1, knowing u single vidue of yp?
at an tonie strength of 2 or higher. and i the tempericiure of
interest. Thus, when we know that log 1 for NaNOy at a u
of 25 —0.32 at 25°C, then its value a4t 25°C and a u of 6
is determined from Figure | as —0.44 or 1.7 150,363, compured
to an expevimental value of 0.371. For eleetrolytes on which
no experimental data are available a method of predictingan
approximate value for v, at 25°C and an ionic strength of 2
has been proposed (Meissuer and Tester 1972).

! T'o whom-correspondence should be wldressed,

Activity of Water in Electrolyte Solutions

Asis customary, the activity of water (a,)z,, 15 expressed as
the ‘P, maely the mtio of the vapor pressures over the
single electrolyte solution and over pure wuter, all at the tem-
perature of interest. For a solution of a single strong electro-
Iyte, the isothermal relationship hetween (o3, 71, wnd con-
centration is expressed by the familizr Gibbs-Duhem equation,
conveniently written as follows in standard texts (e.g., Pitzer
and Brewer equation 22-27):

53.0 d In (a)yzy = —wiip d In M2 — wiiip d In yp® (1)

Here vz represents the moles of ions formed upon dissociation
of one mole of clectrolyte. The ionic strength pp of u single
electrolyte is related to its molality as follows:

we = 0.5 nzevimg, @)

[Note: 'This equuation is readily derived, in that u equals 0.5 m
(m22 4 pe2?), or 0.5 m(ei*2/vy -+ va?22%/v). Since mz, equals
vazz, pre equnls 0.5 mygmzipeza(py -+ va)/mpa. I we recognize that
(n + m) equals g, Equation 2 results upon canceling com-
mon terms in numerator and denominator. ]

Substituting 0 for (y")14% in Equation 1, combining with
Fquation 2, aied stmplif ying, we get

_ duys o wied log Tg®
(2.30:3)(27.75)2,22 27.75

dlog (aw)s,., = 3)
Fquation 3 can now be integrated between molality limits of
zern and m, equivalent to limits for the ionic strength of zero
and the final ionie strength of the solution p2; the correspond-
ing linits for the reduced activity coeflicient ave unity and Iy
Performing tlie integration gives us

o im

?

Iy?
log (a)z,z, = —0.0156 mf (2122) — (0.036) f ud log FHV
0 i i .

4

When we know zy, zg, and s, the first term on the right side
of Equafion 4 can be evaluated directly, while the second

v
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Inact 15 —0.06. When we correet 0 fempernture by meth-
ods livre\’iously discussed, usinr Trgne 1 oand Fguation 7,
(lo& Mnacr at p = Hand 25°C i .08, Thus, y 1< 0.94 com-
pared to a reported value of 0.874 tliobinson and Stokes, App.
8.10, 1959). :

Obviously, the above proceduri: can be reversed to prediet
(by a trial and error procedure) the hoiling point elevation
from a known activity coefficient or water vupor pressure
above the electrolyte at some other temperature.

Osmotic Coéfficient

The osmotic coefficient is given {or a single electrolyte, by
Robinson and Stokes, p 29 (1959).

’ 55.5-2.303 )
P12 = 2ot log (0u):2,2. K

viaiityz
which with Equations 2 and 6 can be transformed to
diz = 1 — 2125 — [63.9 2,22 log (@ el /s (10)

Thus at a given ionic strength, ¢z can be easily derived from
values of log @, from Figure 2 and substituted in Equation
10. : )

Precision

Errors=in estimating vapor pressure of waier for various
electrolyte solutions are generally within 209, Further errors

can be introduced when I' values are predieted from vapor.

pressure lowering, extrapolated over large ranges of ionic
strength in Figure 1 or large temperature ranges by Equation
7. Thus the relationships proposer! here should e used only
when direct experimental evidence is not available.

The extension of these developments to multicomponent
solutions is to be the subject of a subsequent paper.

Nomenclature

a, = activity of water

(A2, = activity of water in pure electrolyte 12

(ap')y = activity of waterina pure 1:1 cleetrolyte

nyz = molal coneentration of electrolyte (mol/kg of
water)

my, my = molal concentration of ions 1 and 2

24,2~ = cationic and anionic charge numbers

Greek LETTERS

vi® = mean activity coefficient in a solution containing
pure electrolyte 12

F® = reduced activity coefficient (y9)Varn

¢ = osmotic coefficient (Equation 9)

iz = lonic strength of electrolyte 12 (0.5 »uz* + 0.5
Maza?)

vi, 1, vz = number of ions 1, of ions 2, and ions 1 plus

ions 2 found in dissolving 1 mole of electrolyte 12
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