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ABSTRACT. Thcrmodynamic,'elcctrostatic properlies ot H.O at high pressures and 
tcmpci-alurc.< ueru calculalcd from regression equations representing dielectric con.siant 
dala rcporicd hy O.'iliry (iii.s). Owen and others (lOlil), and Hegcr (ms) for tempeiaturcs 
and pressures from 0" to fijO'C and 0.001 to 5 kb together with finiie dilfcrencc dori\a-
tives coinpuled from specific VHIUIIICS given by Burnham, Holloway, and Davis (IfiO'Jb) 
for 20° to 900'̂ -C aud 1 to 10 kb. Coircspondiiig properties below a kilobar "Cre com­
puted wilh lhe aid of the <-(|untioii ot state developetl by Keenan and others (1909), 
which describes the iherinodyuamic Ijchavior of H^O in close accord uiih the tolcninces 
of the liitcriiaiiiiual .Skeleioii Tables of liM)3. T h e results of the calculations arc given 
in C(|uatioiis. lables, and diagrams depictinij i.sothcniis, isobars, ami isnpleths of specific 
vohime, entropy, enlhalpy, iiiicrnal energy, Helmholtz aud Gibbs tree energies, fu­
gacity, and heal capacity, to.ijetlicr with the dielectric constant, coefncicnts of Isobaric 
ihcrmal expaiisiou aud isothermal compressibility, the Born (1920) free energy func­
tion, and their partial derivatives. Perturbation of the ilicrmodynamic/electrostaiic be­
havior of H:0 by the critical phcnoiiiciion Icad-i lo significam dlfTerencts in the dc-
pendeiice of il.s properties ou teinperature, pressure, aud density above and below 
— 400'=C and — I to 2 kb. The calculations permil prediction of the consoqueuccs cf 
these dilferences on the chemical interaction of minerals and aqueous electrolyte solu­
tions in geochemical processes. 

INTRODUCTION 

Recent advances in solution chemistry, thermodynamics, and com­
puter tcciiiiolo.qy make it possible to describe C[uantitatively equilibrium 
antl mass ininslcr among minerals and aqueous electrolytes in gcochemi-
cil proces.ses involving laige numbers of components, pliases, and cliemi­
cai s]jecies at boili high and low temperatures and pressures. The present 
series of comiiiimicatioiis is intended to provide a comprelicnsive set of 
equations and data to facilitate such calculations. 

Tlieoietical and experimental studies of liydrotliermal systems over 
the p;ist 50 yeiirs leave little doubt that mineral solubilities and the 
diciiiical and tliermodynamic behavior of solute species in aqueous 
clectrolyies arc controlled to a huge e.Ktent by die theimodynamic/elec-
irosiaiic properties of the solvent, which clian.ge dramaticaily uith in- . 
creasing teinpciaiure and pressure. The equations, tables, antl dingiams 
prcsetited l.iclow constiuite an internally consistent .summary ot tliese 
properties, based on critical evaluation and regression of density and 
dielectric coiistant data reported in the literature for temperatures and 
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1934; Keyes, Smith, and Gerry, 1936). These data, together with many 
others, were reported in Dorsey's (1940) exhaustive review and compila­
tion ot the properties of H.O, which has been complemented recently 
by extensive critiques of the physical chemistry of water (Home, 1969, 
1972; Franks, 1972). -

International conferences on die properties of steam have been held 
interinittently since 1934, but it was not until the sixth conference in 
1963 that agreement was reached on a revised and enlarged set of skele­
ton tables extending from 0° to 800°C and from 0 to 1 kb. The advent 
of high-speed computers and the skeleton tables compiled at the third 
and sixth international conferences on tiie properties of steam generated 
a myriad of regression and interpolation formulas, equations of state, 
and steani tables, which have appeared in steady succession, since World 
War II (for i^xample. Callendar and Egcrton, 1944, 1958; Sdiall, 1950; 
Dzting and Rolubach, 1955; Viikalovicli, 1958; Viikalovich and oilicrs, 
1959; Now;ik and Grosh, 1961; liaiu, 1964; Ju-/.a, Knionicck, and Sifiicr, 
1966; Meyer and others, 1967; Schmidt, 1969; Papetii and Fiijisaki, 1971, 
Barker and Henderson, 1972; Sengers aud Greer, 1972), In recent years 
efforts have been made to extend the level of precision of press it re-vol-
ume-tetiipcrattirc measurements (for example, Owen,'White, and Smith, 
1956; Kdl, 1967; Keil and Wlialley, 1965; Keil, Mc.Latirin, and Whallcy, 
1968; Millero, Curry, and Drost-Ilanscti, 1969; Rowe and Cliou, 1970; 
Grindley aud Lind, 1971; Gild.setli, Ihibeiischti.ss, and Spetlding, 1972; 
Greene, Bcaciicy, and Milnci 1972; Millero, Knox, ntid Emmet, 1972; 
Wang and Millero, 1973; Fine and Millero, 1973), and in 1965 tlte Inter­
national Fornuilation Committee leaciied agreement on the form ot the 
equations to be used by the Iiiternational Conference on tlie Properlies 
of Steain for computer representation of the skeleton tables (Internat. 
Formulation Comm., 1907, 1968). 

Measurements of the specific vplume ot HoO at high pressures .iiid 
low temperatures have been carried out since llie turn of the century 
(for example, Amagat, 1893; Bridgcman, 1913, 1931, 1935; Atlam.s, 1931), 
but it was not until Kennedy (1950) applied modern tcchuolot^y lo check 
and extend early reconnaissance mcastiremcnLs (Tamman and Riilien-
beck, 1932; Goranson, 1938) tiiat reliable data became avjiilable tor pres­
sures above a kilobar at higli temperatures. Since then, iiuinerous experi­
mental and theoretical studies of the density of H^O at high pressures 
and temperatutes have appealed (for example, Kennedy, 1957; Kennedy, 
Kniglit, and Holser, 1958; Holser and Kennctly, 1958, 1959; Howard, 
1961; Maier and Franck, 1966; Walsh and Rice, 1957; Rice and Walsh, 
1957; Artslutler, Bakniiova, and Trunin, 1958; Sharp, 1962; Rosier and 
Franck. 1969; Grindley and Lind, 1971), but none has been as systematic 
and coniprcheusivc as that reported by Burnham, Holloway, and Davis 
(1969a. and h). Repeated calculations of the fugacity and olher properties 
of f r ,0 ai high temperatures and pressures have been made from these 
various data (for example, Holser, 1954; Pistorius and Sharp, 1960, 1961; 
Anderson, 19GI, 1967; Burnham, Holloway, and Davis, 1969b; Haas, 
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pressures from 0° to 900''C and 0.001 to 10 kb. Tliese conditions bracket 
tho.se found in the Eartii from its surface to a lithostatic depth of ~ 35 
km, which is efiuiv:ilcnt in pressure to ;i Iiycliostatic depth ot ~ 100 km. 
The temperature span ranges ftom the st;ibility fields of ice I and VI to 
the low-pressure melting temperatures of hydrous silicate rocks. 

The theiniodynamic properties of H.̂ O have long been of interest to 
en.gineers resjionsible for power generation and in recent decades to 
geologists concerned with geochemical and geophysical processes at high 
tempeiatures and ]iressures. As a con.scqiience, a plethora of steani tables 
and other conijiilations lias apjieared through the years, most of which 
cater to engineers and are too rcstiicted in the scope of pressures, tem-
pcrntiires, and/or the properties considered to be generally apjilicable in 
science. M;iny of the compilations are baserl on conventions and ex]ire.sscd 
in units that are inconvenient in a geochemical context, some are insuffi-' 
cieiiily detailed, and none includes ;dl piopertics ot interest in solutioa 
chcniistry. Among tiie more important ot these is the dielectric const;int 
and its partial derivatives with respect to pressure and lemjicrature. The 
latter variables can be used in conjunction wilh expansibilities, coin-
press ibi I ities, and other thermodynamic jiioperties ot ff.O to compute 
eleciiostatic paiameters in the Debye-Hiickel tiieory, evaluate Born 
chargin.n; etpiations, and formulate algoritlinis and equations of state for 
predicting and corielaliiig tlic tliciinotlynaiiiic properties of aqueous 
electrolytes at high jiressurcs and temperatures. 

Rlf.Vir.W OI-- PRKVIOUS WOKK 

A mtiltituile of cx|)crimeiital and theoretical studies of the thermo­
dynamic pi-o|jci-ties of steam, water, tiiid ice lias acciimulnted in the cen­
tury ;ind a half since Cariiot (1824) published his f.iinoiis memoir on the 
jiowcr of heat, but only in tiic l.'ist 50 ye;n-s li:iv-e sy,stcni:ilic and coorrli-
n:itc(! clForts been made to compile accurate data of liifrh inocision in a 
CDinpiehensivc ami org;iiiized prot^-iam of research. Following the apjiear-
aiice of the liil.crnatioii:il Cailical Tables in 1928, tlic First Interntitional 
Coiifcieiice on the Properlies of Steain was organized to establish toler­
ances ant! compile ;i set ot skeleton tables listing accejitctl values for the 
tlicrmotlyiiainic pioiietties of H.jO. The skeleton tallies compiled at this 
confeiencc iirovidcd the basis for lite ASME steam tables ot 1930 
(Kectiau, 1930). Two yens later, Mollicr's (1932) tables and diagrams 
apjiearetl almost simiiit;ineously with those of Knoblauch and otliers 
(1932). At the Third International Cbnfercnce on the Pro]icrlies of Sleam 
in 1934, agieemcnt was reached on a revised and expanded set of skeleton 
tables and tolerances for tcmjieratuics ^ 550°C aud pressures ^ 300 bars. 
Shortly tliere;ifter, Keenan aud Keyes (1936) produced the first comjire-
heiisive set of sieaiii tables for temperatures anil jiressurcs from 0° to 
871''C and 0 to 380 bars. The latter tables, wliicii jirovcd to be highly 
reliable and widely used, were based on a critical review of the literature 
ami ail cijuatioii of statederivcd from jiicdsc jircssiirc-voluuie-tcmiicra-
luie iiunsureniciits from 0* to 4G0'»C uinl 0 to 350 aim (Smitli and Keyes, 
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CONVENTIONS, UNITS. AND NOTATION 

The standard state for H^O adopted in this study is one ot unit ju -
gacity (/) of die hypolhclical jierfcct gasat 1 bar andjuiy_s]2gcilied tem-
perature. Accordingly, the comjiressibiliiy'factor (z) and the fugacity co­
efTicient (v^of HoO approach unity as P -» 0, and the activitv (a) and 
fugacit\-'"6t H.O are eciu;il at all jiressurcs and tcmjieratures. Because the 
fugacities and fugacity coefticients reported below for both the liquid anc 
gas Jihase regions are based oii-ihe standard state properties of steair 
(that is, those ot the hypothetical jiertect gas at 1 bar), the activities o-
HL.O,(,,„,tf and HoO„,„ are equal :it saturation. At 1 bar and temjieraturc! 
below 100°C, die fugacity coelTicienl of HoO corresponds to that of meta 
stable steam, which becomes increasingly nonideal as temjieraturc de 
creases. However, as tenijieralure increases to ~ 600°C at 1 bar, ^ —> 1 ao 
HoO ajijiroaches ideality. 

Owing to the critical jihcnomenon, no single standard state is equal! 
convenient for siimiltaiieous consideration of the liquid, gas, and super 
critical jihases of HoO. Although designation of sejiarate standard state 
for HoO,i,,„(rf and H...Ojo., leads to dual activities and fugacities iu th 
sujietcritical region, such a distinclion is nevertheless advantageous ii 
many geochemical calculations. For examjile, the standard state describe 
above facilitates quantitative interpretation of univariant ecjuilibria i: 
the sujieicrilical region, but .solubility calculations can be simjilificd h 
adopting a staiidartl state convention which is iiuicslricied with rcsjiei 
lo botii jii-csstiic and temperature. Under these circiinisiances, a — 1 an 
f = f° :n. all pressures and temjicratures. 

The standard stale for HoO most commonly encountered in solutio 
chemistry sjiecifics unit activity of the pure liquid at 1 b;ir. Activities ( 
H=0,,.,,„;rt consistent with this standard state can be computed from ll 
ajiiiaient niolal Gibbs free eneigies of formation (AG) given (and definct 
below for 1 bar and temjicralurcs < 100°C by fiist designating the co 
rcsjioiidiiig fugacity reported for 1 bar as j°, which requires the activii 
of H.,.0„,,„id to be unity at 1 bar. The activity ot HoO,,-,„id at a liighi 
Jircssurc can then be computed from In a = ( A G — A G ' ' ) / R T witii AG 
equal lo the ajijiarcnt siamlartl niolal Gibbs free energy of formation • 
H.jO„,,„;,i at unit jnessuie; that is, the values ot AG rejiorted below fi 
l.li;ir and iciiii>er;iiures < 100°C, Iu certain Cases, it in:iy lie advaiuageo 
lo sjiccify unit activity of HoO at 1 b;ir aud any teinjicraturc, wiiicli i 
cjuires A G " to lie cijiial to AG, (,.,,. at all tcmjieratures. Similarly, it m: 
be convenient iu solubility siuiUes lo adojit a standard siaiccoiivcutii 
wliich i tqui ics thc activity of I I..O,i.;„i,, to be uuiiy ;it all s;ilur;itioii jiri 
Miifs ami icinj«ri.ituie%, Uiuier llie.se conditions, ACi",,,,, „,_,„î  eqii;ils t] 
vaUir% ol Af. lot Mcjtii v:itiu;ited liquid ILO, Values of A G " for th« 
v:aiioii« tijiii'.jfd \(4ir\ ijiii IKT uVcii (mm l.-ihlc 'Z'.t or tomjniied fro 
CTiliiituiit* j«ri«citlr»l tK-J-iK.-. , \ n y l i qu i i l v l jU ' l a rd Style is i c l a t i ' d t o t! 
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1970; Holloway, Eggler, ;ind Davis, 1971), mo.st ot u-hicli arc in gcncial 
(but not alw;iys dose) a.sjrcement ivilii one :inotlici-. 

Ill the same year that Burnliam, Holloway and Daiis' data iiccame 
av;iil:ible, Keenan and otliets (1909) jiiiblislied an iiulejiciuicnt set of 
ste:im t;ibles for the thermodynamic jirojienies of HoO to 1300°C nnd 1 
kb based on critical evaluation of jirecise exjierimental data reported in 
the literature and a remarkably versatile "tinid:imcntar" ctjuation tor 
tiie Hclmholt/ free energy (relative to zeio entrojiy of H:;0/,-.,„,(» at the 
trijile point) as n tunction of temiierature .and density. Also in the same 
ye:tr, Hegcr (ms) repoiied his measurements of the dielectric constant of 
HoO :it higli tcmjieratures and jiressurcs. All three of these outstanding 
contributions liave been of iiiestinKiiilc value to the jircsent study. 

l h e clectrostittic jirojiertics of HoO have received extensive exjieri-
nieiital and dieoretical attention dirough the years, jiarticularly at low 
temjieratures and jiressines (for example, Wyman, 1930: .Akciluf. 1932; 
Wym;in and Ingalls, 1938; Kirkwood, 1939; Dor.sey, 1940; Oster and 
Kirkwood, 1943; Malmberg and Maryott, 1956; Cole, 1960; Hasted, 1961, 
1972; Vithtlich and Kay. 1962; Vidtilich, Evans, and Kay, 1967; Kay, 
Vididicli, and Pribadi, 1969), The dielectric constant of sattti;itcd water 
froni 100°C to the critical tcnijieraturc w.is nieasured by Osiiry (ms; 
Akeih'if :tnd Osiiry, 1950), and Fogo, Benson, ami Cojielaiul (1954) jiiiii-
lisiicd values for slcam ftom 377° lo 395°C at densities ftom O.I to 0.5 -
g cm"''. In recent ye;it-s, measuremeuts of the dielectric con.stanl at liigii 
jiiessuies and low tcmjieratures (for ex:uniilc, Kyrojiotiios, 1926; Lees, 
ms; IfaiTis, I-l;iycock, and Alder, 1953; Scaifc, 1955; Owen ;iiul otliers, 
19()l) have been extended to hi};ii tcmjieratuics (Gier and Yottiig, 1963; 
Hefner, ms). Altiiougli consiiIcr;ilile tliscrc|)ancy cxisî s among these various 
sets of data, they alloi-d close csiiiiKites of the electrostjiiic behavior ot 
HoO in die sujicrcritical region (Franck, 1956; Quist and ;\IarsliaU, 1965; 
Franck, 1969: Jaiisoone aiid Franck, 1972). Tiiesc estimates iiave been 
used in conjunclioii wiiii viscosity and conduct;incc mea.siiicmcnts to 
comjnite activity jirodtict coiist;iuts ot H.^O, which arc now avaikible to 
1000°C and 120 kb (D:ivid and Hamann, 1959, 1960; Franck, 1961; 
Duil/.i:ik and Franck, 19(")6: Hol/apfcl and Franck, 1966; Quist, 1970; 
Fisiier and Barnes, 1972; Wiiitfieltl, 1972;-Milleio, Holf, and Kaiiii, 1972). 
A mmiber of tlie thermodynamic, transjiort, and electrostatic projicrties 
of HoO at both low and high pressuies and temjierjilures liave iiceii re­
viewed recenily by Franck (1909), Keil (1972), and Tc')dheide-(I972). 

The outstanding jirogrcss made in the last decade towartl document­
ing and exjiandiug tiic state of knowledge concerning tiie thermody-
namic/electrostatic beliavior of l-IoO at high jiressurcs and tem jicratures 
will no doubt be considered in depth at tiie 1974 International Con­
ference on the Properties of Steam. Hojicfiilly, the memliers of that con­
ference %vill exjiand the scojie of the steam tables to indude all jirojieriies 
of interest in solution cheniisti7, geology, and other scientific discifilincs 
concerned with HoO at higli jiressurcs and tcmjieratures. 
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gas standard state adojited in this study by R T hi (AHOO, gaflan.̂ o, uqnid) 
= (AG°„ ,O . liijuiii — AG°„2C, .on,) at saturation. 

Tlte symbol P is used in ihis communication to designate jiressure in 
piefcrence to its lower case etitiivalent, whicli is commonly emjiloycd in 
gas cliemistry to designate jiressure in a one eomjionent system. All tem-
per;itures are tliei-modyn;imic (that is, tiic units arc consistent with tiie 
Celsius scale of temperature rather th:in the international jiractical tem-
jieiature scale) exjircssed in degrees kelvin (°K) or degrees centigrade 
(°C) and designated by T and t, respectively. The symbols T,. and P,. 
refer lo a reference temjieraturc and pressure of 298.15°K and 1 bar. 
Similjtrly, T,r and P,,. stand tor the trijile jioint temjieraturc and jires­
sure (273.16°K and 0.006113 bats). The suliscript triple apjiended to a 
symiiol indicates that it pertains to licjuid HoO at the triple jioint. Other 
subscrijits indude c or critical to refer to the critical jioint (374.130°C 
antl 220.88 b;ii-s), .wi to designate satiiratetl liquid along the vajior pres­
sure curve, antl P, T , P,., T,., P,r, ;iiid T,,. to designate jiaiticular jiressures 
antl temiieratincs. The siijici-scrijit ° tienoles standard state jirojicrties of 
ILO for tiie convention .'idojitcd aliove. y\ll other st;intl;n-d states dis­
cussed below are design.iied by the sujicrscrijit ° to jirecliKie confusion. 

The values ot entrojiy (S) and heat cajiacity (Cp or Cy) .tjiven in the 
tables antl diagiams below arc exjiresscd in thermochemical calorics 
(4.184 calorics jotilc"') per mole jier dcgiee Kelvin (therm cal molc~* 
(°K)-^ or c:il m o l e - ' (°K.)-'). Similarly, enthaljiy (H) internal energy 
(E), and Giliiis (G) and Helmholtz (A) free energies arc exjires.scd in cal 
niolc" ' or kilocalories jicr mole (kcal iiiole~'), whicii can lie converted to 
joules Jicr mole (j mole" ') , joules jicr .grain (j g" ' ) , intern;itional calories 
Jicr mole (int cal mole- ' ) , or int cal g - ' with the aid of table 1. Volume 
(V) is exjiresscd in cm-' mule" ' or cm^ g - ' , whicii can also lie converted 
lo oilier units by ajiplyini^- conversion iaclois in t;iblc 1. Density (p) is 
given in g cm-,^, ;ind tiic coclhcicnts of i.sobaric tiiermal exjiansion (a) 
and i.sotiierm;il cotn|«-c.ssibility (^) in ( °K) - ' :ind ba r - ' , resjiectively. The 
deriv;ttives of a, ji, and e. (tlic dielectric constant, whicii is iliniensionless) 
are ;ilso exjircssed in iccijiiocal degrees kelvin and recijirocal l):irs to aji-
jirojiriate jiowcrs. Fugiicity (/) is given in bars or kiloliars. Tlie fugacity 
cociricient (x) is dimensionless (^ = / /P) , as is the comjiressibility factor 
(z = PV/RT) and activity (a — f/f°). All molal jirojierties given in tiie 
t;iblcs are, refen-ed to a molecular weight of HoO ctjtial to 18.0153 g 
mo le - ' consistent with tlie 1901 table of relative atomic weights based on 
'^C = 12 exactly. V;ilues of the gas constant (R) with' various dimensions 
are given iu talile 1 to facilitate thermodynamic calculations in alternate 
units. 

All values shown in jiarentiicses in tiie tallies or rejiresented by 
dashed lines in the figures given below represent interpolated, extra­
polated, or otherwise more uncertain values. The numlier of decimal 
digits specified in the tables does not necessarily imply an absolute level 
of numerical uncertainty, which is discus.sed in the text accomjianying the 
tables. In certain cases, relative uncertainties can be assessed from the 
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elements (All, AE, A(i, and A.\) consistent with tlieir standard molal 
coiuiierji:ut.s al 298.15'̂ K. ;ind I liar: tli:it is,' 

(Hp^.T, — H,rip(e) 

and 

A H = A H « , - f - ( H - H , . ^ , T , ) 

= A H V - H ( H - . H „ . , . „ „ ) 

A E = A E » , -t- ( E - Ep^.T,) 

= A E " / - -h ( E — E,,.jp,(.) — (Ep^.T,. — E,,.j,,|j) 

A G = A G » / 4- ( G - Gp^.T,) 

= A G ' / -f ( G — Gtrlplc) — (Gp^iTr ~ C„.j,,/c) 

(6): 

(7) 

(8) 

A A = A A O , - f (A - Ap ,̂,.,.) 
= A A » , 4- (A - A,r,i„c) (-'̂ IV'-Tr — ^ (̂i-i;Wc) (9) 

where AH"/, A E » / , A G « ; , and A A " / refer to tiie standard molal ciithaljiy, 
internal energy, Gibbs free energy, and entiialjiy ot formation of liquid 
HoO from its cleinents in tiieir stable form at 298.15°K (Tr) and one bar 
(P,.). Tlic sujicrscrijit • is used in equations (6) through (9) rather dian 
° to distinguish the standard state projicrties given by Wagman and others 
(1968) for liquid H.O from tliose ot liie gas standard state adopted in 
this study. The values of AH*/ and AG*/ employed below are given in 
table 2 together with cori-es|ionding values of A E * / and A A « / computed 
from 

A E « , = A H * / - P r A V « , (10) 
and 

AA»/ = A G * / - P r A V » / (11) 

using V o j = V°„2 = V„„„,,„, = 24,465 cm' mole- ' . The entropies and. 
heat capacities reported lielow are third law molal properties consistent, 
with j 

\ BT J r V 3T Jy 

and 

= S»-f (S - Sp^,x,) I 

= S« 4- (S - S,wp„) - (Sp .̂T, - S,H.t.) (12) 

•^-(m -(f). (13) 

where S* rcjiresenls the standard molal third law entrojiy of liquid HoO 
at 298.15°R and one bar given by Wagman and others (1968). • 

Conversion of the ajijiarcnt niolal enthalpies, internal energies, and 
free cucrKies as well as tlie third law molal entropies given below to cor-
rcsjKiiuliiig values ba.sed on the steam table convention can be made with 

' f « - of ihc woid apparent in referring to All, AE. .IG, ami A.-\ was su.nge.sicd by: 
BciiMMi (t'.'''Si to pm-hiiti--ci>iifu<ion ui th corroixiiiiliug pro]H-iiir* of foitiiaiiuii .from | 
thr rlriiiniK j i tif.;li |>irsMiic-> unit Irm|>«-raiiiri-\ j iuh as lliiisc ljliiilat<-<l by Rnliic and-. 
Wjl.llijum (l'."-.-ii. riu- IJlii-t pti>|>niir% include pio\i\ioii fur »-|ijii};c» in ihc Uii-rmi>-i 
d t t u m u |iit,|«-:tir< 1,1 ilir r inur i i i i wiih incirjiiiij; pir\>uir and Uiiipc:alurc, which! 
C-Jlurl Ul liiru^Mjl |r;Mti<tfk%. I 
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tables by noting dilferences in the number of decim;i]s given for high 
and low temper;itures and jiressures. The labels sat or snluralion refer to 
steam-saturated lirjuid HoO. 

Most steam tables piibli.shed in tiie last 15 years, as well as the recent 
comjiilation by Burnham, Holloway, and Davis (1969b), are predicated 
on S,r;;)ic = G,,.,,,,,. — 0, ^vhicii is the convention adopted by the 5th Inter­
national Conference on the Projicrties of Steam. Tlie values ot H and S 
rejiorted in steani tables are thus actually H — H„.,-,,,„ and S — S,rip(c- Al-
thouirh tlie steam l;iblc convention tacilit;itcs engineeting studies, it is nol 
jKirtictilarly convenient for geochemical calculations because the stijjuln-
tion that S,,.,̂ ,̂  = G„.,p;,, = 0 cotiflict;s with staiuiard state conventions 
used to comjiiitc and t;ibiilate thermodynamic projicrties of mincr;ils and 
g;ises in other widely used comjiik-itioiis (for example, L;itinici-, 1952; 
Wagman and others, 1965, 1966, 1968, 1969; Wa.irmnn and others, 1971; 
Parker, Wagman, and Evans, 1971; Stull ;ind Projihet, 1971.; Robie and 
W;ildiiaum, 1968), Entropies and enthaljiics of H.jO based on the steam 
lable convention can be converted to other reference systems simjily by 
adding values of S,,.ip,„ and H„.;p,„ consistent with the desired convention 
lo tlie icsjiective values of S and H rejiorted in the steam tables. Similarly, 
because densities and volitmes rejiorted in steam tables are absolute 
values, internal energies based on other conventions can be comjiutcd 
directly from slcam table dala by sjiccifying E/ri/iic im l̂ evaluating 

E — E(r,-p|e — H — Hfripie 4" P V — I tr ^triiile. (1) 

111 contrast, calculation of correspondin.g Gibbs or Helmholtz free ener­
gies from values ot H and S reported in steam tallies recjuires sjiecification 
of S,r(pie as well as G,r,p/e or A,r,-p(c consistent with the desired convention. 
The extent to which the free energies of FLO cliange with temperaiure 
dcjiends on the magnitude of the entrojiy at the reference temperature 
and pressure, whicii can be demonstrated by writing 

and 
G — GfripiB — H — H, rijlle TS 4- Ttr S triple 

A — A/r|p,<, — E — E/rtp,e — T S 4- T , r ^triple 

= G - G < H p , . - P V 4 - P , , V , H p , . 

which are not equivalent to 

and 

unless 

G = H - TS 

A = E - TS 

S/ri/i/e ^= 0. 

(2) 

(4) 

(5) 

To facilitate geochemical calculations, the ciuiialjiies, internal ener­
gies, and Gibbs and Helmholiz free energies of HoO given in the tables 
and diagrams below are cxiJresscil ;is ajiji.'ireiit molal enthaljiics, internal 
energies, and Gibbs and Hclmholt/. free energies of formation from the 
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The values shown for pressures =̂  a kilobar were computed from the 
Helmholtz function derived by Keenan and others (1969), which can be 
^vritten as ' 

^ = ^ „ 4 - R T ( l n p 4 - p Q ) 
where 

and 

jfo = [ 2 ^*/^*"' I -^ C, In T 4- Ce In ( T / T ) 

7 / 8 
Q = ( r - r c ) ^ i r - r a j ) ' - ' l ^ A , , i p - p j « - ^ 

(14) 

(15) 

7=1 , i = l 

10 V 

i=9 / 

(16) 

where p refers to the density of HoO in g cm- ' , T denotes temperature 
in "K, R stands for the gas constant in joides g - ' ( ° K ) - ' (table 1), T = 
1000/T, Tc = 1000/T„u,r,i = 1.544912, r„, = T„ for ;' = i and 2.5 for ;' > 
1, p„j = 0.634 for ;• = 1 and 1.0 for ;' > 1, C, and A„ represent arrays of 
coefficients given in table 4, and 

^ = A — A(rjpie 4- Striple ( T — T t r ) (17) 

where A is the Helmholtz free energy in joules g - ' of HjO at the tem­
perature and pressure of interest, A,ripte refers to the Helmholtz free 
energy in joules g - ' of liquid HoO at die triple point (273.16''K and 
0.006113 bars), and Strtpu 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 

that 

dA = - SdT - PdV = - SdT 4- dp (18) 

(19) 

where P refers to jiressure in bars, V is the sjiecific volume of FLO in cm' 
g - ' , and (C)Q/3P)T corresponds to die partial derivative of equation (16) 
with resjiect to density at constant tcmjicralure (eq A-22 in the app). 

Ecjuation (19) rcjiresenls exjierimental prcssure-volume-tcrapcratiire 
data for H ; 0 to 0.1 jiercent or better from 0" to SOO^C and 0° to 1 kb, 
but at tcnijperaiurcs below 220''C die uncertainty is 0.01 percent (Keenan 
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the aid of the jirojierties of liquid FLO given in talile 2 for the triple 
point and 298.15°K and 1 bar. Corresjiontiing values of heat cajiacity and 
volume are also given in table 2 along ^vith the resjieciive differences in 
the thermodynamic jirojierties of liqiiid HoO caused by increasing tera­
perature and pressure from T,r and P,^ to Tr and Pr. 

VOLUME 

The volume of H.̂ O in cm' mo le - ' is given in table 3 and plotted 
in figures 1 and 2 for temperatures and jiressurcs td 900°C and 10 kb. 

TABLE 2 

Thermodyiiiimic jiroperties ot licjuid H , 0 at the trijile jioint and 
corresjiond ing values ot the jirojierties at 298.15°K (T,.) and 1 bar 
(Pr) consistent witli the st;indard state for liquid HoO adoptetl by 

Wagman and others (196S) ;ind the definitions rejiresented by 
equations (6) tlirough (9), (12), and (13)" 

1 Property 

4Hf 

" ^ , T ^ • " . r . p l , 

t r i p l e 

" I 
f ' " r ,T r - ^ r I p l e 

' ' ^ t r i p l e 

S* 

^ • ' r , T r • t r i p l e 

^ t r i p l e 

^; 

J 9 - . 

-15.866 

IO'i.89'' 

-15,371 

-15,662 

IO'i .79' '" ' ' 

-15,766 

3.8808^ 

0,366I i" ' ' * 

3 .51 ' ' ' i ' 

I . . I83^-^ 

cncrm cal 
mole- ' 

-68,315'' 

1.51.63 

-68,767 

-67 , ".36' 

'151.20 

-67,887 

1.5776'" 

15.132'" 

18.01"" 

Property 

4A£ 

*Pr ,Tr - * t r l p l e 

' ^ t r i p l e 

kQ-f 

'^Pr,Tr " "^ t r ip le 

'^ '^tr iple 

. " " r .T r - ^ r t p l . 

t r i p l e 

\'' 

J 9 - C K ) -

-12.962 

-92.2B«-9 

-12,870 

-13,165 

- 9 2 . I 8 « - ' 

-13,073 

0.100296" ' ; ' - ' ' 

0 .00028" ' ' 

0.10002' '• ' 

i . l M " - ^ 

therm cal 
mole" ' 

-55,812'^ 

-397.32 

-55," l is 

-56.687' ' 

-396,89 

-56,290 

0.1.3186^ 

0.00119-* 

'O.'i3067-' 

17.83" 

AH , , , AE^ , , , AA, . , , and AC , , correspdnd. respectively, to the standard triple triple triple triple r * r t • 

enthalpy. Internal energy, and- Helmholtz and Gibbs free energies of formation of one 

mole of liquid HjO from Itj elements in their.stable form at 298.I5*K and one bar (AHJ, 

&Ct-, AAf, and AG|] plus the change in the respective properties of liquid H2O (Hp - -

H , , , Ep T ~ E. . , , A» T * *. • 1 t and C D T " C , . , ) caused by decreasing 
triple '̂ r* r triple' '^r«'r triple* '^r^'r triple ' " 

the temperature and pressure to 273-l6*K and O.OO6II3 bars at the triple'point (eqs 6 

through 9 ) . S . . represents the molal third taw entropy of liquid HjO at the triple 

point computed from equation (12) and the values of S* and Sp j - S . . given above. 

Uagnan and others (ISbb). ^computed from equations (10) and (11). Keenan and others 

(1969) and Schmidt (1969)* ^calculated from data given In the sources referenced in 

footnote d. Equation (2). ^Equation (3). ^Equation (I). *j g"* bar'^. •*therm cal 

^^lo"' bar'*. "̂ Kell (I9ti7). 'j gm'' C K ) " ' . "therm cal mole"' C K ) ' ' . 



TABLE 5 

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

by Burnham, Holloway, and Davis (1969b) 

. , , - S, , « 10 J i 
-JJ. - I J . 1 

hi -
I 

0 

0 -3 .8106590 
t 6 . 6 » 3 H 7 3 
2 -8 .5*1336$ 
3 9.J076993 
<i -k.7887922 
5 1.3798565 
6 -1 .9886789 
7 1.5061.151 
8 -6 .021130) 
9 1.1)682110 

1 

1.056V665 
-I1.265I1I109 

8.9722030 
* .J805877 

-6.I89K1B7 
- l . ) J J } 0 l i 6 

2 . 3 9 1 2 3 " 
-1 .2791592 

1.7501650 

I 3 

-7.6 ' i5 ' i683 7.0956600 
e.2193li39 -* .6017503 
1.97197118 -4 .8796036 
3.1779S63 - l . » l 116811 
1.90*3321 -1 .115338* 

- I . l > 5 ' ' m 7 2.55633li7 
-7.5721292 -6 .0823080 

5.78H191I8 

* 5 

l.015'i93S -11.118878115 
I.5I16I13B6 -3.08O9Hi2 
1.90171110 -2.71553113 
1.9087901 -3 .3016835 

-1.2650068 6.05<>li69S 
-3 .M9609B 

6 

9.05861180 
3.lili626ll 
1.5518783 

-2.0239777 

7 8 

-9 .8313225 5.51*7'i02 -
-1 .9805288 t .5366798 
-2 .92667*7 

9 

1.25117995 

^'iL 
•̂  

0 

0 1 
1 - 1 
J - 3 
) - 5 
* - 7 
5 -9 
6 -12 
7 -15 
e -19 
9 -72 

1 

•k 
. 7 
- 9 

-12 
- 1 3 
-16 
-19 
- 2 3 

2 3 

- 5 -10 
-7 - 1 0 

-10 - 1 3 
- I J - I S 
- | ! i - 18 
-17 -21 
-21 -25 
- 2 * 

ll 5 

-11 -15 
-13 -17 
-16 -20 
-19 -2I1 
-22 -27 

6 

-19 
-21 
-2« 
-28 

7 8 

-23 -27 
-25 -30 
- 2 9 

9 

-31 

TABLE 6 

Coeflicients for the statement of ecjuation (21) apjilicable lo region 2 
in figure 3 (for which r = —1 and i = 8) computed from those given 

by Burnham, Holloway, and Davis (1969b) 

^il- ' ' i i , 10- i i 

1 

6. : )333Sl i 
-1 .5 i sE i59 

i . c ; , to :o ' . 
-3.-5i;."D.-) 

fc.-C6!»5}2 
-3 .5«.61S9: 

k . 5 1 r l ) l 3 
l.C''.,S-.37 

- k . f c i J k W j 

. lU: ' ; ' . i 

. c ^ f ! . i ^ i 

!'«-;??:'j 
.605-!Sl7 
• r3:i.-E5.-
. l i . - U ' . ' j 

-I.C71-3139 
:.ovi:;:3 

-i . i i ' j-: ,r , i 
l . l i - ' ; i ' i i 

- l . f t : t i 7 J 
I . 1 7 J ! ! ' 3 

- : . ] i y i ' i i 

; . 5 3 ! 2 0 ! O 
l . S i J l U S 
5 .15136:5 

- : . i ; - > 7 W 
I . ) l . i 617 i 

- 6 . ' . 9 i 2 o ; j 

-!•.6726693 
- 5 . 9 6 6 i i ! t 
- 3 . j i ; o i : : 

Ll-iSSOSl 
2.62711.53 

6.1.561026 -5. '093771 
t.725E31l> -3.655326i 
H S ^ J l l S -2.3563334 

-1.6667313 

2.51.35337 
7 .93 .9676 

•S.IOrciiS'. 

, 
— • 

> 4 
1 < 

• - • 

: , 

1 

,. 
) 

,| 
i | 

• i 

^"ii 
j . 

i 

l l 
I t 
•1 

1 
t 

I 

21 
• I 
• i 

t 

I t 
>i 
I J 

7 

:; 
. . '1 

8 

29 

l....: 

TABLE 3 

Molal volume (V) in cm-i m o l e - ' computed from equations (19) 
through (21)—.see fi.i^nres 1, 2, and 4 

I 
K ) 

IS 
50 
75 

IOO 
125 
ISO 
175 
200 
225 
250 
27S 
300 
325 
ISO 
375 
koo 
'25 
»50 
'75 
500 
S2S 
650 
575 
600 
625 
650 
675 
700 
725 
750 
775 
800 
82$ 
850 
875 
900 

PRESSURE, KB 

18 
18 
18 
18 
19 

WT 

0681 
1) '0 
'820 
7991 
ISSl 

19.6'SS 
20 IHOI 
20.83'* 
21 
22 

6019 
5*16 

23.722* 
25.2958 
27 
!1 

5507 
SS08 

0.5 

17.6886 
17.8610 
18.0933 
18.3778 
IB.71*7 
19.1075 
19.5606 
20.0307 
20.6762 
2 I . )70) 
27.1850 
23.1669 
2».3871 
25.961' 
28.0920 
31.132* 
36.1590 
" . 7 8 9 ' 
57.1878 
70.12)6 
81.8168 
92.20)8 

ICI.5571 
110.115! 
I18.0S1S 
\ ! 5 . ' 6 3 l . 
1)2.5197 
1)9.2110 
1*5.6166 
151.7790 
157.73)1 
I63.S079 
169.1279 
17».6138 
179.58)8 
185.25)5 

1 

1 7 ) S ' 7 
17.530) 
17.7526 
18.0161 
18.3211 
18.6697 
19.0638 
19-505* 
19.9576 
20.5*57 
21.159) 
21.8528 
22.6'69 
2).5689 
2 ' .65)5 
25.9*06 
27. '7*5 
29.30)3 
)1 . *79 l 
) ' .0536 
37.0572 
' o . ' c S i 
" . 1 9 9 1 
'B.12SS 
52.129) 
56.12)5 
60.0537 
63.8!02 
67.6192 
71.2367 
7 « . 7 " 5 
78.1'79 
81 . ' 5 )6 
8 ' .6 (95 
87.83)) 
90.86)0 

2 

16.8 ' 
17.02 
17.22 
1 7 . " 
17.70 
18.00 
18.33 
18.69 
19.08 
19.50 
19.95 
2 0 . ' ) • 
20.95 
21.51 
22.12 
22.79 
2).52 
2*.)1 
25.18 
26.1) 
!7.15 
:8.2s 
2 9 . ' ) 
30.67 
31.98 
) ) . ) 5 
) ' .77 
36 .2 ' 
37.7* 
39.26 
'0 .81 
*2 . )6 
* ) .92 
' 5 . ' 8 
*7.03 
*8.57 

) 
16. '1 
16.59 
16.18 
16.98 

• 17.21 
17.*6 
17.73 
18.0) 
13.)* 
16.68 
19.05 
19. '3 
19.83 
20.26 
20.71 
21.19 
21.70 
22 .2 ' 
22.81 
23. '1 
2 ' . OS 
2 ' .71 
25 . '0 
26.1) 
26.89 
27.67 
28. '8 
29.)1 
)0.16 
31.D' 
31.9* 
)2.86 
33.80 
J*.75 
35.71 
36.66 

' 
16.05 
16.2) 
16.42 
16.61 
16.82 
17.0* 
17.28 
17.5) 
17.60 
18.08 
I8. )8 
18.69 
19.02 
19.37 
19.73 
20.11 
20.51 
20.9) 
21.)6 
21.82 
22.29 
22.77 
2 ) . 28 
2).79 
2 ' . ) 3 
I ' . t S 
2 5 . " 
26.02 
26.62 
27.2) 
27.65 
28. '9 
29 .1 * 
29.79 
3 0 . " 
31.09 

5 

15.72 
15.91 
16.09 
16.28 
16. '8 
16.69 
16.91 
17.13 
17.37 
17.62 
17.83 
1 8 . 1 ' 
13.*3 
18.72 
19.02 
1 9 . ! ' 
15.67 
20.02 
20.)7 
20 .7 ' 
21.12 
21.52 
21.52 
22. )3 
22.75 
23.16 
23.6) 
24.08 
2 ' . 5 ' 
25.01 
25.*9 
25.98 
26. '7 
26.97 
27.46 
27.9* 

6 

15. '5 
15.62 
15.80 
15.98 
16.17 
16.)7 
16.57 
16.78 
17.00 
17.23 
17.45 
17.70 
17.95 
18.20 
18.47 
18.75 
19.03 
19-3) 
19.6) 
19.95 
20.27 
20.60 
20 .9 ' 
21.28 
J l . C 
22.00 
22.)6 
22 .7 ' 
2).12 
2).50 
2).90 
2 ' . ) 0 
2 ' .70 
25.10 
25.51 
25.91 

7 

15.22 
15.)9 
15.55 
15.7) 
15.91 
16.09 
16.28 
16.48 
16.68 
16.89 
17-10 
17.)2 
17.54 
17.77 
18.01 
18.26 
18.SI 
18.77 
19.04 
19.) l 
19.59 
19.87 
20.17 
20.»5 
20.76 
21.07 
21.)8 
21.70 
22.02 
22.)5 
22.68 
2).02 
2 ) . )6 
23.71 
24.06 
24. '1 

8 

15.01 
15.17 
IS.)4 
15.50 
15.67 
15.85 
16.03 
16.21 
16 . '0 
16.59 
16.79 
16.99 
17.20 
17.*1 
17.62 
17.8* 
13.07 
18.)0 
13.53 
18.77 
13.02 
19.27 
19.52 
19.78 
20 .0 ' 
20.)1 
20.58 
20.85 
21.1) 
21.* l 
21.70 
21.59 
22.23 
22.58 
22.89 
23.20 

9 

14.79 
1*.97 
15.13 
15.30 
15.46 
15.63 
15.79 
15.57 
1 6 . 1 ' 
16.32 
16.51 
16.;3 
16.89 
17.03 
17.27 
17.'7 
17.17 
17.83 
18.09 
IS.30 
18.52 
18.73 
IS.96 
15.18 
19.*1 
19.65 
1J.89 
: o . i ) 
20.37 
20.62 
20.87 
21.12 
21.37 
21.6) 
21.90 
22.18 

10 

l ' . 6 1 
l ' . 7 9 
l * .96 
15.11 
15.27 
15.42 
15.53 
1 s. ;4 
15.90 

• 16.07 
16.25 
16.42 
16.60 
16.77 
16.95 
17.1) 
17.)1 
17.45 
17.63 
17.86 
13.05 
13.2 ' 
13 . ' ) 
18.f.) 
18.8* 
19.0* 
19.25 
19.47 
19.69 
19.91 
: o . i 3 
20.)5 
20.57 
20.80 
21.02 
21.26 

TABLE 4 

t,j, d , and /•'; coefTicients tor equations (15), (16), and (20) 
after Keenan antl others (1969) 

^ 

1 
2 

3 
ll 
5 
6 
7 
8 
9 

10 

i 
1 2 

29.'192937 -5.1985860 
-132.13917 7.7779182 

27ii.6'i632 -33.301902 
-360.93328 - I6.25' '6?2 

3' i2. l8 ' i3 l -177.3107'! 
-2lil|.500'i2 127.'187112 

155.18535 137.116153 
5.97281187 155.97836 

-1(10.308118 337.31180 
-l<16.03860 -209.88866 

£ , - 1857.065 L J -

c , - 3229.12 c^ -

£ j - -I i l9.1i65 i , j • 

C^ - 36.£6Ii9 C^ -

3 

6.833535'! 
-26.169751 

65.326396 
-26.181978 

0 -
0 
0 
0 

-137.116618 
-733.966ii8 

-20.5516 

11.85233 

• ' 1 6 . 0 

-IOII.2li9 

- ii 

-O. I 561. I d 
-0.725116108 
-9.273'!2e9 

'!.31258'!0 
0 
0 
0 -
0 
6.787'!983 

10.1.01717 

f.1 - -7' '1 

f j . -29 

F J . - n 

L , - -0 

5 6 7 

-6.39721105 -3.95b|i iOI -0.69Ci855ii 
26.I1O9282 l5.ii530GI 2.7i'07l!l6 

-117.71103711 -29.1'!2ii70 -5.1028070 
56.323130 29.568796 3.9636085 
0 0 0 
0 0 0 
0 0 0 
0 0 0 

136.8731-> 79.8117970 13.01.1253 
615.81880 399.17570 71.531353 

.92ii2 r . . 0.10911098 

.72100 F^ - 0.1139993 

55286 l y . 0.2520658 

8685635 Fg . O.052I868I1 

. 
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1 1 

iCE-n 
J_ I _L 
3 4 5 . 6 

PRESSURE. KB 

10 

rig. 2. Molal volume (table 3) a.s a function of pressure at constant temperature 
(labeled in "C) computed from equations (19) through (21) and the coefTicients in tables 
4 through 6. 

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

I — I 

V = V V «(> t* P'^-' 
,-=0;'=0 

(21) 

wliere V is again the specific volume of H^O in cm^ g^S P stands for 
pressure in bars, t refers to teniperature in °C, r is a switch constant equal 
to 1 or —1 (see below), and a,j 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-

] 102 H. C. Helgeson and D. H. Kirkham—Theoretical prediction 

90 | f 

100 200 300 400 500 600 

TEMPERATURE. " C 

TOO eoo 900 IOOO 

Fig. 1. Molal volume (table ?i) as a function of temperature at constant pressure 
(labeled in kb) computed from cqualions (19) through (21) and lhe coeincients in 
tables 4 throucli G. 

and others, 1969) which is comparable to that reported by Keil and 
'Whallcy (1965) and Fine and Millero (I97.'5). Even more accurate repre­
sentation (to within 0.008 percent) of the saturation curve is afforded by 

/ ^ 
P.ai = Pcexp[ 1 0 - = r ( t . - i ) 2 ^ F i ( 0 . 6 5 - 0 . 0 1 t ) < -

\ i'=i 

(20) 

where P,„( stands for saturation pressure, Pc = ^critical = 220.88 b.irs, T is 
again lOOO/T (where T is in °K), t rcjiresenls tcmjierature in °C, t̂  = 
'crKicoi = 374.136°C, and /"« refers to an array of coefficienls in table 4 
(Keenan and others, 1969). 

Equations (19) and (20) were used together with iterative computer 
techniques to calculate the molal volumes sliown in table 3 and figures 1 
and 2 for pressures =̂  a kilobar. The volumes shown for pressures above 
a kilobar were computed from a modification of the regiession jioly-
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tcmjierature limits of their measiiremetits (8-100 bars and 900°C), 
Burnham, Holloway, antl Davis (1969b) used separate statements of 
equation (21) to rejiresent tiie sjiecific volume ot f-LO in dilTerent jires-
sure-tenijierature regions. These regions (numbered 1, 2, antl 3) and the 
values of « and r in the statement of equation (21) apjiropriate to each 
are shown in figure 3. Tiie fl|j coeflicients for regions 1 and 2 are given 
iu tables 5 and 6, resjiectively, but the corresjioiiding coefficients for 
region 3 were omitted from tiiis communication because they are based 
entirely on extra jiol at ion of measurements at lower tem jicratures. 

Specific volumes comjiuted from equation (21) are rejiortetl to be 
within 0.3 jiercent of the measured volumes (Burnham, Holloway, and 
Davis, 1969li), but more recent measurements indicate that die imcer-
taiiity at higli jiressurcs and tcmjieratures may be as high as ± 0.6 jier­
cent (C. W. Buriihaui, jicrsonal commun.). Comjiarison of sjiecific vol­
umes computed from equation (21) with diose rejiorted by Grindley and 
Liud (1971) for temperatures from 25° to 150°C reveals discrepancies 
ranging from 0.2 jiercent or less at 2 kii to 0.6 jiercent or less at 8 kb. 
The vahies given by Grindley and Lind are consistently lower Uiaii ihose 
computed from equation (21). Similarly, tiie sjiccilic volumes rejiorted 
by Biiriiliam, Holloway, and Davis (19691i) at high ptessures and icni-
jiciatures are slightly lower than tlio.se meastnetTi-ecently (C. W. lUiinliam 
and V. Wall, jicrsonal commun.), but at temjicralurcs below 150°C, the 
latter measurements are in close agreement witii those rejjoited by 
Grintlley ancl Lind (V. ^Vall, jicrsonal commun.). It thus ajiiicars that a 
slight (— 0.6 percent) but systematic error is inheicnt in densities com­
jiuted from equation (21) and the coefficients in tables 5 and 6. The 
possible effect of this error on the calculations presented below is in­
cluded in the overall uncertainties assigned lo tiie results of tlie cal­
culations. 

It can be seen in figures 1 and 2 lhat the volume of H.jO forms a 
hyjierbolic surface in jiressure-volume-teinjierature sjiace. However, at 
10 kb the volume of H ; 0 increases only of the order of 7 cm' m o l e - ' as 
lemperature increases from 30°- to 1000°C, which is approximately twice 
the incicasc associatcil wilh decreasing jiressure from lO kb to 1 bar at 
'- ' 30''C. Note in figure 4 that the isocliores for waler take on a slight 
sigmoid shajie as tcmjierature decreases, and their curvature increases as 
they ajijiroach the ineliing;curves of the ice jiolymorphs. 

CO.\tPRh:SSiniLITY AND TIlIiRM.AI. EXPANSION 

The coelTicicnt of isoiiicrmal comiiressiliility (̂ 3) of H::0 can be com­
puted for Jiressurcs ^ a kilobar by dilfcrcntiating equation (19) with re-
sj)eci to dcir^iiy at constant teinjicraturc. The resulting exjiression aj> 
j-)cars as 
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- P ^ ^ = R T ^ Q 

SATURATION-. ^CRITICAL POINT 
I I - i V I I ' I I L 

0 200 400 600 800 IOOO 
TEMPERATURE.'C 

Fig. 3. Regions of pressure and temperature represented by altei-nate statements 
ot equation (21) with the values of » ami r shown above (Burnham, Holloway, and 
Davis, 19G9). 

(CM'MOLE'') 

(fX - ( l?U <-̂  
0 IOO 200 300 400 SOO 600 700 800 900 IOOO 

TEMPERATURE.'C 
Fig. 4. Isochores (labeled in cm' mole"') as a function of pressure and lempera­

ture (lable 3 and figs. 1 and 2). 
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-1-
V a p ) . 

dT 
dT 

-2p=« 
(27) 

where (dQ/dT)p. (a(aQ/3T)p/3T)p, (d(dQ./dp)r/dT)p, and (d(d(dQ,/dp)r/ 
dT)p/dT)r represent additional partial derivatives of equation (16) given 
in the apjiendix (eqs A-43. A-45, A-46, and A-47). Equations (19), (20), 
(22), and (25) were used to compute lire values of a and /3 for pressures 
^ a kilobar in tables 7 and 8, which are rejiresented by the curves in 
figures 5 through 8. 

TABLE 7 

Coefficient of isobaric thermal expansion (a) in ( ° K ) - ' X IO' 
comjiutcd from equations (25), (33), and (39) and the values 

of V in table 3—see figures 5, 6, and 16 

t 
(°c) 

25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 
300 
325 
350 
375 
iiOO 

^•25 
ASO 
'.75 
500 
525 
550 
575 
600 
625 
650 
675 
700 
725 
750 
775 
800 
825 
850 
875 
900 

PRESSURE, KB 

SAT 

25 
116 
61 
7'! 
88 
102 
118 
137 

161. 

195. 

.53 

.21. 

.39 

.86 

.36 
-71 
.70 
.62 
75 
13 

21(5.37 
329. ii8 
'•99.05 
1038.30 

0.5 

30.99 
115.80 
57.21 

67.55 
77.81. 
88.36 
99.21. 

110.87 
121..03. 
139.93 
160.30 
187.56 
225.16 

278.55 
358.22 

1.88.1.7 
715.91 
973.36 
923.'.7 
707.36 

537.73 
1.26.21 
351.".0 

298.71 
259.87 
230.18 

206.79 
187.93 
172.(.1. 
159.52 
11.8.61 
139.29 
131.26 
12(1.28 
1)8.18 
112.80 

1 

3"..30 
(.5.76 

5't-79 
63.03 
71.27 
79.51 
87.61 
95.60 
103.80 

112.71 
123.00 

135.Ill 
150.61. 
I69.2I 

191.25 
216.32 

21.3.57 
272.09 
300.82 
327.(.o 
31.7.20 
351..86 
3'.8.1.1. 
331.01 

307.7'. 
282.87 
258.89 

236.91 
217.29 
200.01 
181..87 
171.61. 
160.06 

11.9.92 
li.1.02 

133.17 

2 

38.1. 

'.'..5 
50.A 
56.1 
61.6 
67.0 
72.1. 
77.8 
83.1 
88.3 
93-5 
98.7 
103.9 
109.'. 
115.3 
121.5 
128.0 

13*..9 
11.1.9 
l'i8.9 
156.7 
161.6 

165.3 
167.7 
168.8 

168.5 
167.1 
161..5 
161.1 
157.0 
152.5 
l'.7.6 

3 

1.0.6 
1.1..6 
'.8.8 

52.9 
56.7 
60.'. 

63.9 
67.2 
70.4 

73.5 
76.5 
79.1. 
82.1. 

85.5 
88.6 
91.8 

95.1 
98.1. 
101.5 
10'..3 
107.2 
109.8 

111.9 
113.5 
n't.6 
115.2 
115.2 
ll'l.8 
114.2 

113.3 
112.1. 
III.4 

1* 

'.2.3 
'.'..8 

1.7.7 
50.6 

53.5 
56.1 

58.5 
60.7 
62.7 
6'<.6 
66.1. 
68.2 
70.0 

71.9 
73.8 
75.8 

77.9 
79-9 
81.8 
83.'. 
85.7 
87.0 
88.0 
83.8 

89.3 
89.6 

89.7 
89.7 
89.7 
89.8 
89.8 

89.9 

5 

1.3.'. 
'.'..7 
1.6.7 
1.8.8 

50.9 
52,8 

5'..5 
56.1 

57.4 
58.6 
59.8 
60.9 
62.0 
63.2 

6'..5 
65.9 
67.3 
68.7 
70.0 
71.1 

(74.8) 

(75.3) 

(76.1) 

6 

43.9 
44.5 
45.8 
47.2 

48.7 
50.1 
51.4 
52.4 

53.3 
54.1 
54.8 

55.5 
56.2 
57.0 

57.9 
58.8 
59.8 
60.8 
61.8 
62.6 

(65.6) 

(66.1) 

(67.7) 

7 

44.2 

44.3 
45.0 
'46.0 
47.0 
48.0 
48.8 
49.6 
50.1 
50.6 
51.0 
51.4 
51.8 
52.2 
52.8 
53.4 
54.0 

54.7 1 
55.4 

55.9 ! 
1 

i 
1 

(58.2) 

(58:4) 

(60.2) 

' 
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which can in turn be tlifliercntiated to give 

(23) 

and 

in - (̂ ) 
_^VR-r.((i«)^ 

- Spa (-
dpji 

(24) 

where (dQ/dT)p. {dQ/dp)^. (a^Q/5p=)T, (d'Qfdp%, (d(dQ/^dp)TfaT)r. and 
(a(d^Qldp')T;/dT)p corresjiond 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 isobaric thermal expansion, which can be com­
puted for pressures ^ a kilobar from 

P \ d T j p 
- - P L 

T 

d Q \ 

-"^^"('(fX^'-l^^., (25) 

Equation (25) is the result of combining the partial derivative of equa­
tion (19) widi respect lo temperature at constant density with the identity. 

\dTjp. p (26) 

which leads to 

\ d T j p fi \ d T j p T= T ^ " 
fip) 

+ pRT/3 -H^ . + 

file:///dTjp
file:///dTjp
file:///dTjp
file:///dTjp
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i t 

IOO 

IOO 200 300 400 500 

TEMPERATURE. "C 

• GRINDLEY S LIND 11971) 
O SMITH a KEYES 0934) 
O KELL a WHALLEYII965),KELL(I9671 
A COMPUTED FROM 

FINITE DIFFERENCE DERIVATIVES 
J L 

600 700 800 

l-ig. 5, Coeflicient of i.sobaric: thermal expansion (table 7) as a funclion of tem­
perature al coiisiaiit piessiirc (labclcul in liais and kb) compiuccl fioin equations (19) 
through (21), (25), (3!}), and (S'.l) and cocdicicnls in tables 4, .""i, G, 0, and 10 (curves), 
'I'lie symbols rcpi-c.-scnt values taken from the lilcialurc or computed from linite dif­
ference derivatives of spcctific volumes given by ,Scliiiiiilt (19()9), nuniliain, Holloway, 
and Davis (19G91)), and Keenan and others (1909). 

Becau.se etjuation (19) so closely rejircsent.s the dejiendcnce of density 
on jii-cssurc and tcnijieratiiic below a kilobar (Keenan and others, 1969), 
minimal uncertainties attend calculation of j3, (t)/?/c)P)T.. (i)ft/dT)p, n, ancl 
(dn/il'T)i. for Jiressurcs — a kilobar fiom etjiiations (22) tliiougli (25) and 
(27). It can be seen in figures 5 througii 8 that the calculated values of 
a antl /j are in clo.sc agreement wiili conesjjoiuling coeincicnis ot iso-
tlieriiKil coni])rc.ssibilily and isobaric thermal cxjiau-sion rejiorted iu tiie 
litciaturc. Values ot ft comjiutcd from cc|iiation (22) fdt- tcmjieratures 
from 25° to 100°C and jiressurcs from 1 to 1000 bars arc within 1 jicrccut-
or less of tiiose derived from sound velocity tiata liy Fine and Millero 
(197ci), cxcejit for jii-essuics at or near a kilobar wiiere tiie difference is 
4 Jiercent or less. .Similar comjiarison of exjiansiliiliiies conijiuted from 
ctjitalioti (25) witli those reiioited by Fine :iiul' Millero (1973) yields 
toircsjioiKling dilferences of I jiercent and 2 jiercent, resjiectively. .Tiie 
exjiansiiiilitics and compressibilities given by Fine and iMillcro are witii-
in ^ 1 Jiercent or less of tiiosc rejiorted by Keil antl Wlialley (1905). It 
can also be seen in figures 5 liirough 8 that tiie values ot a and j3 com­
puted from equations (22) and (25) arc in close agreement %vith corre­
sponding values calculated from finite differences in specific volume 
( ( A V / A T ) P / V and ( - A V / A P ) T / V ) . AS shown below, equations (23), (24), 
and (27) afford similar agieement with their finite difference counterparts 

http://Becau.se


of the thcrmodyiiumic behavior of acjiieous etectrolyl.cs_: I. 1H1 

However, eval u at ton of equations (28) and (29) with tlie fit coelficients in 
tables 5 and 6 (which wei'e derived from those obtained by Burnham, 
Hol]ow,-iy, and Davis, I9G9b) from regression of their cxjicrinicutal spe­
cific volume measurements., ivith equation 21) yields, jiartial derivatives 
that differ significantly from corresponding; rtnite dilTcrence derivatives 
({S.V/AP)^ and. (-iV/AT)x.) conijiuted directly from the smoothed sjiceific 
volumes generated by the regiession polyiiomial. Equations (28) and (29) 
and the coeflicients in tables:;3' and 6 also yield vahies of (dVldV)^, and 
{dV/dT)i, between 1 and 2 kb which are inconsistent witli those, com­
puted frpm equations (22) and (25) for jiressures ^ a kiloliar. Rcgressltin 
of the exjierimental data with equatipn (2]) ajiparently led to an bverfit 
of lhe sjiecific volume tneastii-ements in Gcrtain jiarts of the regions de: 
picted in.figuie 3, and an undei'fit in otliers. Linear regixsSion of-asymji-
tpttc surfaces may lead lo errors in denviitives caused by'̂  ovcrfitting 
which aie not manifest in the fits of the integral fin iction. In this case, 
the fit eoefTicients for equation (21) in tables 5 and 6 yield sjiecific volumes 
to with in OXi pereent of the measured values (see above), but, uuccrtai nties 
ill tlic jiarti,il derivatives generated by equatipns (28) and (29) are as 
much as two or inpre orders of magiiitude greater at die iioundarics of 
the fil regions. 

The coefficients of isothermal Gomiiressiliility and isobaric tlieniial 
exjiansion of H.O exhibit dramatic s:iddlc-s!ia]icd j>rcsstit-e-tcm[)cniturc 
configurations with "jiommels" at the.critical jioint, where ~{dVJdl% = 
(flV/fll)!. = a = fj ~ 00. T o overcome difriciiltics inlicrcnt in acliieving 
accur.'itc algeliraic rcjircKei itation of tliese com jil ica tect surfaces witli 
analytic derivatives of sjieci fie-volume regress ion jiolynpnitals, finite dtf-
fcrehce derivatives were fii-st computed fi-om .sjiecific; volnmcs gcticiatcd 
by equation (21) at closely sjiaced intervals honi 0.001 to U) kli and 20° 
to 900°C. Tlie cpniputed values, of V were, u^cd in jireferevice; tp the CXT 
perimeittal measuremeiits to winiinizc the effect of exj.)erimciital uncer­
tainty on the finite diffeieiice deriv.ltives. The sjiating of the intci:vals 
was determined by tJie requirement that ttie percent Gliange in .sjiecific 
voltinie be sub;st.i nti ally greater tlian die jiercent iiiTcertainty in tlie .sjie- • 
cific volumes, but small enough to yield close ajipr'bximiuions ot tlte true . 
derivatives at the midpoints of the intervals. After sorting to Gliminate 
olivioiis,.aberrations cai'ised by asymmetry in a number'of die finite dif­
ferences,, die values of both ( A V / A P ) ^ and (iV/AT),. (or conesjionding 
values of ff and .ft conijiuted fi-om the finite diOerence derivatives) were 
regressed simitltaiicously with ajijirojiriate derivative polynomials gen- • 
eratcd from a single intcgi-al ecjuation. In an eflort. to identify the best . 
algebraic expression for this purpose, various jiolyuomials were used to. 
regress the fitiiie cHOerencc values as a function of jiressure and tempera-
t u j c o r density and lemjicrature, but none fil all the values adequately ' 
over die entire lircssurc-tcmjieraturc range represented by regions 1 ancl '[ 
2 in figure 3. The best fit for the combined regions was obtained by in I 
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{ ( A ( ( - A V / A P ) ^ / V ) " / A P ) T , (A((-AV/AP).i,/V)/AT)i,. and (A((AY/AT)r/V)/ 

In princijile, the 'compressibility and thermal exjiansion of H:.6 at 
pressures above a kilobar can be cpinptited fi-pm the isotJiermal and iso­
baric partial derivatives of equation (21), which can be written as 

and 

( 

3 V \ 

dV J, 
~Vft= - y 2 ^ (rj-\) ai, t< P?i-? 

1=0 7^0 

l ~ t 

I'^oy^o 
•TAni.r a 

Coefficient'of isothermal coinjiressibility (j8) in bar-^ X̂  10" 
contputed from ccjuntions (22), (32), and (38) and the v.-ilues. 

of V in talile 3—see figures 7, 8, aiid 17" 

(28) 

(29) 

c 
CO 

25 
50 
75 

100 
l i i 
150 
175 

700 
225-
250 

• i 7 5 ' 
300 
325-
350 
375 
400 
425 
450 ' 
475 
500 
525 
550 
575 
600. 
625 
650 
675 
706 
725 
750 
775 
800 
825 
OSO 
875 
900 

1 SAT 

• 45 .60 
44 .36 
(15-89 
49.50 
55-17 
63.03 
74.24 
90.03 

113.48 
149.96 
211,54 
329 .06 
607.65 

1698.85 

0 .5 

i 3 9 . 9 ) 
33.95 
39.86 
42,11 
45 .60 
50.41 
56.82 
65.35 
76 .87 
92 .75 

115.26 
i.ie.z; 
I9B.70 
2B0 . I6 
423.17 
707.68 

1349.14 
2525.76 
3289.09 
3266.80 
3043.18 
'2839.p8 
2680.'23 
2558.34 

i 2 « J . 4 8 
2383.27 

'2327-61 
2277.93 
2236-7.4 
2202.21 
2173-01 
2148,12 
2126-74 
2108.27 
2092.22 
2078.18 

1 

36,57 
36.07 
36.4*1 
37.70 
39.82 
42.83 
46.82 
52.02 
58 .73 
67.45 
78,84 
93.85 

113.72 
Il iO.Oli 
174.66 
219.66 
277.'(3 
350,85 
442.71 
5'53.M 
674 .90 
792.51 
889.54 
958.68 

1002.28 
3026.73 
1038,30 
101(1.66 
iOiiO.Ol 
1035.45 
1029.za 
1022.36 
5 015.20 
1008.12 
1001.31 
994.87 

PRESSJRE, 

• 2 

3 0 . 0 
29-8 
30 .0 
30 ,8 
3 2 . 0 
3 4 , 0 
3 6 . 6 
39 .7 
43 .6 
48 ,1 
53.3 
59.3 
66 .3 
74 .3 
8 3 . 6 
94 .3 

106.7 
120.9 
137.1 
155.1. 

189.8 

230.0 

269.1 

3 0 5 . 5 

337 .3 

363.7 

;3 

25.3 
2 5 . 1 -
:25.2 
25 .6 
26,4 
27.5 
29.1} 
3 0 . 9 
3 3 . 1 
35-7 
38.6 
4!.9 
45.6 

•49.a 
54.3 
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-^Vjilucs given for teniperatufes and pressures above JOO'C and-6 kb are based 
graphic Interpolatlcin (see t e x t ) . 
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where Bt, stands for the coelRcients given in table 9 for region A in figure 
9. Differentiating equation (32) wilh respect lo pressure at conslant tem­
perature leads to 

and the corresponding partial derivative with respect to temperature at 
conslant pressure can be written as 

; = 0 i = 0 
(36) 

TABLE 9 

Coefficients for equations (32) and (33) in region A of figure 9 

- • 3 " - ! l " " ' ' " 

"" 1 
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dependent nonlinear regression of the finiie difference a and ft values 
wilh exponential functions of tlie form 

aud 

/ 3 7 - i 

ft = expl 2 Vfe.^T'P^ 
\, '=0;'=0 

/ 3 7-i 
a = exp I V V'^w'T'P^ 

\ i=Oj=0 

(30) 

(31) 

which for the most part rendered residuals in « ot less than 1 percent and 
residuals in ft of less than 5 percent. However, at pressuies < 1500 bars 
the residuals increased and reached 10 to 1.5 percent at the low-pressure 
boundary of the fit region. The failure of these functions at pressures 
ftom IOOO to 1,500 bars together with unacceptable disctepancics iu the 
cross derivatives and correspondingly huge uncertainties iu (dftldV)^ and 
(da/oT),. computed frcm the partial derivatives of equations (30) and 
(31) foiccd icjcction of these exjMCssions as adequate repi-cscntativcs of 
a aiul/J. 

Tin ther numerical analysis with other functions ot temiierature and 
density led to the decision to subdivide die region of pressiitc and tem-
])ci-atiiic in a fashion similar to that chosen by Burnliam, Holloway, and 
Davis (I'JOOb) for specific volume (fig. 3). Comparative overlapping re­
gression of ( A V / A P ) T a n d - ( A V / A T ) , . in alternate subdivisions with' and 
without including data for pressures ^ a kilobar indicated that all the 
finite difference derivatives and corresponding values of a and ft 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 besl fits in region A were obtained 
Willi 

and 

5 8-y 

ft-^= - V ^ j B i j T ' p i 
j=Oi=0 

5 8 - ; 
a = ft "^^iB.jT'-^pl 

(32) 

whicli are consistent with 

7=01=0 

5 8 - ; . 

; = 0 / = 0 

(33) 

(34) 
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The coefficients iu equations (32) through (37) for region A in figure 
9 (table 9) and those in table 10 for alternate statements ot equations (38) 
through (43) for regions B and C were obtained by simultaneous linear 
regression of ( - A V / A P ) T / V and ( A V / A T ) , . / V with equations (32) aud 
(33), and ( A V / A P ) T and ( I \ V / A T ) P with equations (38) and (39). The values 
of V employed in the calculations wete computed from equation (21). The 
number of finite difference derivatives considered in the regreiision analysis 
of the regions varieil from 100 to 300, depending on the region. The 
limits of the summation terms in equations (32) through (37) ancl (38) 
through (43) were defined by comparative regression ot the finite differ­
ence data with polynomials of alternate degiee in an effort to preclude 
overfit and insure partial derivatives consistent with their finite difference 
counterparts. Overlapping re,grcs5ion of the fit regions and incorporation 
of data for pressures below a kilobar in fitting regions A and C in figure 
9 minimized inter-regional discontinuities in the computed values of a, 
ft, and their partial derivatives as functions of temperature and pressure. 
In most cases the inter-regional discrejjancies in a are less than 1 percent. 

TABLE 10 

Coefficients for equations (38) and (39) in regions B and C of figure 9 
(i = 9 and ft = 0 for region B, and i = 5 and h = \ for region-C) 
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Similarly, the partial derivative of equation (33) with respect to tempera­
ture at constant pressure is given by 

5 8—; 

7=01=0 
(37) 

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

I i-hk-i 

f=0 7=0 
(38) 

and 

i = 0 7 ^ 

which are consistent with 

(39) 

i i-'t-k—i 

V = V V DjyT'P^ 
2'=0 7=0 

(40) 

where Dy, i, and k refer to the arrays of fit coelficients and integer con­
stants given in table 10 for regions B and C in figure 9. It follows from 
equation (38) that we can write 

i i+k- i 

(-f), =^'-'' 2 2 *'--)A,T.p-
, '=0 7=0 

(41) 

. ind 

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

( 7 F ) P = " ' ^ ' " ' ' ' 2 2 '('-^)^'>T-P>-. (43) 
, = 0 7=0 
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for accurate representation of ft in this region of temperature-pressure 
space. 

The dependence of ft on pressure above 10 kb is depicted in the 
upper right inset diagiam of figure 8, where finite difference values of ft 
computed from specific volumes generated by Sharp (1962) from shock 
\vave data are plotted for pressures to 225 kb at 500° and 1000°C. The 
ctirves in the upper right inset diagram ot figure 8, like those for 600° lo 
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,Q. 

It can be seen in figure 5 dial the logaridim of a exhibits a reverse 
sigmoid isobaric dependence on temperaiure at pressures and temiDera­
tures below ~ 2 kb and the critical temperatine; 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 de.gicc. 
/\t the critical point, a appioachcs infinity. For pressures gieater than the 
critical pressure, the isobars in figute 5 exhibit extrema that dampen 
and shift progicssivcly to higher temperatures wilh increasing pressuie to 
~ 6 kb, above which the extrema disappear. At pressures fiom ~ 2 lo 5 
kb, log a increases to a decre.ising degree as temperatiire increases i.so-
barically from 0° to ~ 700°C, but at higher pressures the i.sobars exhibit 
minima below 100°C. At temperatures below ~ 50°C, a increases as pres­
sure increases isotliermally, but betv/een ~ 50°C and the critical tempera­
ture a decreases with increasing pressure ;it constant teniperature (fig. 6). 
The difference in the de]3endence of « on pressure above and below ~ 
50°C can be attributed to the effect ot tenipciaturc ou 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 tlampen and 
shift to higher pressures with increasing temperature. 

In contrast to the behavior of a, ft decreases monotonically as pres­
sure increases isotliermally at all temperatures (fig. 8), changing from 
> 4 X 10--' b a r - ' al 1 bar lo < 1 X 10"° b a r - ' between 200 and 300 kb. 
Where the extrema in the isobaric lemperalure dependence of ft dampen 
with increasing pressure and disappear above a kilobar (fig. 7), the ex­
trema in the « isobars persist to much higher pressures (fig. 5). Neverthe­
less, the magnitude of the change in a and ft is of the same order of mag­
nitude for a temperature increase from 0° to 900°C at high pressures 
(figs. 5 aud 7). 

Partial derivatives of a and ft calculated for pressures — a kilobar 
from equations (23), (24), and (27) together with tho.se for higher pres­
sures computed from alternate statements of equations (35) through (37) 
and (41) through (43) for the various regions in figure 9 are given in 
tables 11 tluough 13 and plotted as curves in figures 10 througii 15, where 
ihey can be compared with their finiie difference counterparts (designated 
by the symbols). The values of V, o, and ft required for the calculations 
were computed in the manner described above. 
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and those in ft are less than 4 percent. However, corresponding discrepan­
cies in the jiartial derivatives of a and ft are generally larger (see below). 

Ecjuations (32) and (.̂ 3) fit the finite difference values of a and ft in 
region j \ of figure 9 to withiii 3 percent, except for three residuals less 
than 4 jiercent and four less than 8 jDercent. With the exccjuion of two 
residuals less than 4 jjcrccnl, ecjuation (38) represeiits (AV/AP) , - in region 
B of figui-e 9 to within 2 jiercent at jiressures — 0 kb. Above G kb in region 
B, the regression ecjuation yields residuals in excess of minimal rccjuire-
mcnts for dcjjcndable partial differentiation. Most of the residuals above 
6 kb in region B are of the order of 5 j>crceni or less, seven are betucen 
5 and 10 jjcrcent, and one is greater tliaii 10 jjcrcent. Although tlicse 
latter residuals arc not excessive, their distribution is noniandom, which 
jsrccludcs general ajjjjlication of ecjuation (38) and the fit coefficients in 
table 10 for jiressurcs above 0 kb in region B. Tlie uncertainty in both 
a and ft iu region C is less than 4 jiercent, exccjJt four icsidtials in ft 
which are less than 8 jiercent. iLcjuation (39) rcjiroduces the values of 
(AV/Ar)[. in both regions B and C to within 1 jiercent hom 1 to 10 kb, 
with the exc;cjilion ot ten residuals which are le.ss than 3 jiercent. Excejit 
as iioiccl above and iu the vicinity of the region boiindatics, the residuals 
iu all of the fits ajijiroximate random dislribuiions. Values of a and ft 
calculated ftom cc|iiatiotis (32) and (.'jS) for tcmjieratures — 150°C. and 
jircssincs > a kilobar arc within 4 jiercent of those comjiutcd by Grindley 
and l,iiid (1971). The two .sets of values divcigc from one another with 
inctcasing jiressuie tibovc f—" 3 kb. At higher jiressures, the values of « 
comjiutcd by Grindley and Lind are slightly lower ancl those of ft slightly 
higher than the concsjionding values com|iuted iu this study. Although 
ctjtiations (34) and (40) yield values of V in good accord with those gen­
erated by ecjuation (21), the l.-itter exjiression is more convenient to use 
ancl .ifforcls more accurate rcjircscntation of the experimental sjiecific 
voliniics ot HMO rejiorted by Burnhani, Holloway, and Davis (1969a). 
Simultaneous regression of ft-^, n, and P with ecjuations (32) tlirough 
(34), and V, ( A V / A P ) T aud ( A V / A T ) I . wilh equations (38) through (-io) 
rcndcrecl essentially the same results as those cibtaincd without including 
P, V, and equations (34) and (40). 

Values of n and ft computed from cqualions (21), (32), (33), (38), and 
(39) for jircsstiics greater than a kilobar in regions A, 15, and C of figure 
9 are given in tables 7 and 8 together with those calculated from cqu.a-
tions (22) aud (2,5) for jiressurcs ^ a kilobar. The close agiccmcnt of die 
conijiuted values (solid curves)-with their finite dilFcrence cotinterjiaits 
and those calculatecl.by Grindley and Lind (1971) is ajijiatcnt in figuies 
5 tluough 8, where a and ft arc plotted as functions of-temjieratme and 
Jircssurc. The coefficients for region A were used to comjittic the values 
for a and ft 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 
rejiresent graphic extrapolations of the conijiuted values below 6 kb, ex­
tended through the high-pressure finite difference ft values. As indicated 
above, equation (38) and the fit coefficients in table 10 are not suitable 

file:///vave
http://tho.se
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sure at temperatures — 650°C, where the uncertainty in (dctjdT)v is large. 
For-tiiis reason, values of (dn/dT)p arc not given in table 13 for temjiera-
turcs > 500°C at jiressurcs > 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 antl 2 kb imply that all the undulations 
in (5«/clT)p as an isobaric function of temperature cannot be ascribed to 
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It cau be seen in figures 10 through 13 that die calculated dejicn-
clencc of (dft/dP)r and ((ln/<)T)y on temjicratuie and jiressiiic is in rcason-
alily clo.sc agrccnicut with that defined by the finite didcrciicc derivatives 
(figs. 10 through 13), tvhicli arc uncertain to a comjiaralilc extent. The 
comjiuted values ot (dftlOi')r and (0rt/5T),. differ from their finite differ­
ence coiintcrjiarts by less than —' 10 to 20 jiercent, which corresjionds to 
the muximiim inter-regional discrejiancy in the calcvdaied values of 
(dft/dV)-! at the boundary sejiarating regions A and B iu figure 9 above 
4 kb (indicated by the iig-/-.ig segments of the 4.5 and 5.5 isobars in the 
inset diagram ot fig. 10). For the most pait, uncertainties in the values of 
(3/3/aP)T and (dajdT),. computed for region A of figure 9 are of the order . 
of 5 to 10 percent or less, whicii also corresjionds to the uncertainty in the 
cro.ss tlerivatives in all of the regions (figs. 14 and 15). 

' lhe configuration of the 850°C isotherm in the inset diagram of 
figure 13 is ajijiarcntly the result of an overfit of a as a function ot pres-

T A I I I . K 11 

Partial derivative of the coefficient of isothermal compressibility 
with respect to jircssiirc ;it constant lemjicrature in bar- - X 10" 
comjiuted from ecjuations (23), (35), and (41) and the values of V 

and ft in tables 3 and 8—.see figures 10 and 11 

J 

(°C) 

25 
50 

75 
IOO 

125 
150 

175 
200 

225 
250 

275 
300 

325 
350 

375 
400 

1.25 
<<50 

'.75 
500 

525 
550 

575 
600 
625 
650 

675 
700 

725 
750 

775 
BOO 
825 

eso 
875 
SOO 

SAT 

-15 
-15 
-16 
-20 
-26 

-35 

-51 
-77 

0.5 

66 -8.32 
17 -7.61 

66 -8.73 

20 -10.95 
18 -14.19 
71 -18.72 
18 -25.14 
56 -34.48 

-126.08 . -1.8.57 

-225 07 -71.26 

-458.96 -109.23 
-1149.55 -177.26 

-4157.99 -309.25 
-36533.97 -593.80 

-1301.64 

-3'.08.99 
-10301.90 

• -2I635.72 

-17'. "19.07 
-9531..83 
-61.09.38 

-521.7.95 
-•.771.15 
-45'i0.93 
-4412.99 
-4333.65 
-1.230.30 

-1.21.2.27 
-li21l(.0l 

-4192.36 
-4175.38 
-I1I6I.6O 

-4150.78 
-4II.I.68 
-4134.06 

-4127.57 

1 

-5.1.8 

-4.33 
-5.38 

-7.23 
-9.58 

-12.49 

-16.17 
-20.99 

-27.52 
-35.64 

-49.59 
-68.70 

-96.73 
-138.31 
-200.02 
-291.82 
-428.91 
-632.16 

-919.65 
-1281.11 

-161.2.09 
-1868.38 

-1951..57 
-igi3.62 
-1806.70 
-1690.38 
-1581..32 
-11.94.07 
-11(19.51 
-1358.69 
-1309.26 

-1269.07 
-1236.26 

-1209.35 
-1187.13. 
-1168.66 

PRESSURE, 

2 

-5.2 

-5.5 
-5.8 

-6.3 
-7.0 

-7.9 
-9.2 

-11.0 

-13.2 
-16.1 
-19.8 

-21..3 
-30.0 

-37.1 
-46.0 
-57.0 

-70.7 
-87.5 

(-107.8) 

t-131.9) 

3 

-1..5 
-4.4 
-4.4 
-4.6 
-4.8 

-5.3 

-5.9 
-5.6 
-7.6 
-8.8 

-10.2 

-11.9 
-14.0 

-16.3 
-19.1 
-22.2 
-25.8 

-29.9 
(-34.6) 
(-39.8) 

KB 

4 

-3.4 

-3.3 
-3.3 
-3.3 
-3.5 

-3.7 
-4.0 
-4.4 
-4.8 
-5.4 
-6.1 
-6.8 

-7.7 
-8.7 
-9.9 

-11.1 

-12.5 
-14.0 

(-15.7) 
(-17.5) 

5 

-2.4 
-2.4 
-2.4 
-2.4 

-2.5 
-2.7 
-2.8 

-3.1 
-3.4 

-3.7 
-4.0 

-.4.5 
-4.9 
-5.5 
-6.0 

-6.7 
-7.4 
-8.1 

(-8.9) 
(-9.7) 

• 

6 

-1.8 

-1.7 
-1-7 
-1.8 

-1.9 
-2.0 
-2.1 
-2.2 

-2.1. 
-2.6 

-2.9 
-3.1 
-3.4 

-3-7 
-4.1 

-4.5 
-4.9 
-5.3 
(-5.7) 
(-6.2) 

7 

-1.3 

-1.3 
-1.3 
-1.4 
-1.4 
-1.5 

-1.6 

-1.7 
-1.8 
-2.0 

-2.1 

-2.3 
-2.5 
-2.7 
-3.0 
-3.2 

-3.5 
-3.7 
(-4.0) 

(-4.3) 

8 

-1.0 

-I.O 
-I.O 

-I.l 
-1.1 
-1.2 

-1.3 
-1.3 
-1.4 

-1.5 
-1.7 
-1.8 

-1.9 
-2.1 
-2.2 

-2.I1 
-2.6 
-2.8 

(-2.9) 
(-3.1) 

. - < • " ' 
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perature at constant jiressure — 3 kb, ancl the temjieraturc corresjiond ing 
lo the minimum in the isobars increases with increasing pressure (fig. 10). 
Note in figures 14 and 15 lhat (dft/dT)p is small and negative at all pres­
sures below ~ 30° to 50°C but increases rajiidly and maximizes with 
increasing lemjicrature a.t constant pressure. At pressures — a kilobar, 
further increa.se in temperature at constant pressure causes (dft/dT)p 
again to pass through zero and minimize at high temperatures. At higher 
pressures the high-temperature minimum disajijiears, as does the low-
pressure extremum in the isothermal jiressure clependence of (dft/dT)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 comjilementcd by minima at higher tcmjieratures, all 
of which dampen and disappear at higher pressures where (d-a/dT^)p 
becomes small. As pressure increases isoihcrmally, (da/dT)p —> (d(da/ 

TAni.ii 12 

Partial derivative of the coefficient of isothermal comjiressibility 
widi resjiect to temperature al conslant pressure in b a r - ' ( °K)- ' . X 10* 

computed from equations (24), (36), and (42) and die values of V, 
a, and ft in tables 3, 7, and 8—sec figures 14 and 15 

t 
(°C) 
2S 
50 
75 
IOO 
125 
150 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 
1.75 
500 
525 
550 
575 
600 
625 
650 
575 
700 
725 
750 
775 
800 
825 
850 
875 
SOO 

SAT 
-12 
1 
10 
16 
27 
37 
53 

.38 

.33 
53 
44 
00 
95 
72 

78.49 
120.67 
199-64 
368 II 
808.94 

2474. 
17421. 

81 
98 

0.5 
-9.11 
0.46 
6.48 
11.49 
16.47 
22.18 
29.45 
39.39 
53.54 
74.87 
107.72 
160.75 
251.22 
419.05 
772.55 
1639.66 
3741.13 
4831.26 
1076.18 
-770.92 
-900.62 
-723.1.8 
-554.18 
-427.59 
-335.07 
-258.95 
-218.72 
-180.33 
-150.40 
-125.63 
-107.60 
T 9 2 . 0 3 

-79.33 
-58.76 
-59.95 
-52.56 

I 
-3.75 
-0.29 
3.26 
6.77 
10.22 
13.91 
18.21 
23.55 
30.48 
39.68 
52.08 
63.82 
91.23 
120.56 
157.77 
203.81 
260.33 
329.07 
406.24 
472.33 -
491.07 
438.04 
333.40 
221.75 
131.55 
58.35 
27.26 
1.73 

-13.52 
-22.16 
-26.60 
-28.43 
-28.64 
-27.87 
-26.55 
-21..93 

PRESSURE, 

2 
-2.1 
0.2 
2.2 
4.2 
6.2 
8.3 
10.6 
13.2 
15.0 
19.1 
22.6 
26.3 
30.4 
34.9 

-40.0 
45.6 
52.0 
59.3 
(67.2) 
(75.8) 

3 
-2.2 
-0.3 
1.4 
2.8 
4.1 
5.3 
6.6 
7.9 
9.3 
10.7 
12.1 
13.7 
15.2 
16.9 
18.5 
20.3 
22.2 
24.1 
(26.0) 
(27.9) 

KB 
4 
-1.4 
-O.I 
1.1 
2.1 
3.0 
3.9 
4.7 
5.5 
6.3 
7.0 
7.8 
8.6 
9.3 
10.1 
10.9 
11.8 
12.6 
13.4 
(14.2) 
(14.9) 

5 
-0.8 

o.r 1.0 
1.7 
2.4 
3.0 
3.6 
4.1 
4.6 
5.1 
5.6 
6.1 
6.6 
7-1 
7.6 
8.1 
8.6 
9.1 
(9.5) 
(9.9) 

6 
-0.4 
0.2 
0.8 
1.4 
1.9 
2.4 
2.8 
3.2 
3.6 
4.0 
4.3 
4.7 
5.0 
5.4 
5.8 
6.1 
6.5 
5.8 
(7.2) 
(7.5) 

7 
-0.2 
0.3 
0.7 
1.2 
1.5 
1.9 
2.3 
2.6 
2.9 
3.2 
3.5 
3.8 
4.0 
4.3 
4.6 
4.9 
5.2 
5.5 
(5.8) 
(6.1) 

8 
-O.i 
0.2 
0.6 
1.0 
1.3 
1.6 
1.9 
2.1 
2.4 
2.6 
2.9 
3.1 
3.4 
3-6 
3.9 
4.2 
4.4 
4.7 
(5.0) 
(5.2) 
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regression vagaries. In contrast to die higher iiressure isobars, the 1 kb * 
curve was calculated from equatioii (27). yMthough no evidence of over­
fit is ajijiarent in the computed curves of (dft/dT)p in figures 14 ancl 15, 
values ot (dft/dT)p for tenijicratiires > 500°C at jiressurcs > 1 kb have 
been omitted from lable 12 because of the failure of equation (38) to 
rejiresctit adequately die finite diffeience values of ft at high jiressurcs 
and tcmjieratures (see above). This observation, coujiled with the inter­
regional discrejiancics in (dftldP)r in figure 10, also requited omission of 
values of (dft/dP)r from table 11 for tcmjieratures > 500°C at pressures 
> a kilobar. 

It can be .seen in figure 11 that (dft/dP)r incrca.scs dramatically with 
increasing pressure at constant lemiiciature. As pressure approaches 10 
kb, (dftldV)-r -> (d''ft!rlP-)T -> 0 at all tcmjieratures. Similarly, (dft/dV)T 
becomes a sniall negative number and (d(dft/dP)T/dT)p -^ 0 as tempera­
ture dccrca.ses isobarically below ~ 200°(i] at all pressures (fig. 10). The 
critical jihcnomenon causes (5)3/5P)T to minimize wilh increasing lem-

' D C 

< 

Q. 
rt) 

5S 

-90 4 5 6 
PRESSURE. KB 

10 

Fig. 11. P.nrtial dcrivativc'of the coclTiciciu of isoiiicrmal compressibility wilh re­
spect to pressure ac constant temperature (tabic 11) as a funtiion of pressure at con­
stant temperature (labeled in "C) computed from equations (19) through (23), (32), 
(35), and (41) and coclTicicnts in lables 4, 5, 6, 9, and 10 (curves). T h e symbols in the 
inset diagi-am represent finiti; difference derivatives calculated from the finite differ­
ence values of p plotted in figures 7 and 8. 
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Jiressure and lemperature. At the critical point, a = ft = (da/dT)p = 
(dft/dP)T = idft/dT)p = - (da/dr)T = oo. However, as the thermody­
namic behavior of H^O apjiroaches ideality with decreasing jiressure, and 
a - ^ 1/T, ft -^ 1/P. Hence, as P ^ 0, yS -» (dft/d?)r - * co. As a conse­
quence, the isojiletlis for ft =̂  10-^ bar-^ in figure 17 do not close around 
the infinite critical peak as the isopleths for a 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 

1124 H. C. Helgeson and D. H. Kirkham—Thcoreticnl jneiliclion 

9T), . / ( ' )P)T -^ 0 at all temperatures (fig. ,13). Below ~ 500°C, (da/dT)p is 
jiositive, cxccjit at high jiressurcs and low tcmjieratures. 

The effect of the critical jihcnomenon and low-temperature strtictur.il 
contributions to the exjiansibility and compressibility of H...O are also 
ajijiarcnt in figures 16 and 17, where isojileths of a and ft are jilottcd as 
functions of pressure ancl temperature. It can be seen that (o'P/3T)a is 
negative at low tcmjieratures for a < 4.3 X IO--* (°1<.)-', but at higher 
temperatures the isopleths curve around the "infinite peak" of the critical 
point iri an elliptical pattern which widens progiessively with increasing 
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Fig. 12. Partial derivative of the coclTicient of isobaric thermal expansion with 
respect to lemperature at constant pressure (table 13) as a function of temperature at 
constant pressure (labcjed in kb) computed from equations (19) througii (21), (25), (27), 
(33), (37), (39), and (43) and coefficienls in tables 4, 5, 6, 9, and 10 (curves). T h e sym­
bols in the inset diagram represent finite dilfercnce dcrivaiives calculated from the 
finite difference values of a plotted in figures 5 and G. 
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tion curve to intervals ot 50°C and. 250 bars above the critical point in 
the shaded jiressure-lcmjierature region ot figure 18. Of the many low 
tcmjierature data in the literature, the values of the dielectric constant 
given by Owen and othcis (1901) from 0° to 70°C and 0.001 to 1 kb ai> 
jiear to be most consistent with those measured by Oshry (ms) along the 
saturation curve ancl Hegcr (ms) at high jiressures and temjieratutes. For 
this reason, the data of Owen ancl others (1961) were "accejited" in this 
study in preference to those of Malmberg and Maryott (1956) and others. 
The exjierimental 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 pajier contains several errors and incon­
sistencies. 

Numerous attemjits were made during the course of the present 
study lo fit the data taken from Oshry (ms), Owen and others (1961), 
and Heger (ms) at close jiressure-temperature intervals in the shaded 
region of figure 18 wilh the Kirkwood ecjuation (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 

_ 1 -t- 9r -f- 2(2 -K (1 4- 9r) ' ) ' / ' 
(44) 

where 

r = 
4,rN° 

3M„ 
-f-

10- "/^=g 
SAT 

(45) 

in which TT = 3.14159265, N° stands for Avogadros number (6.02252 X 
10-'-̂  mole- ' ) , p again refers to the density of H.O in g cni-^, M„. desig­
nates the molecular weight of H.O (18.0153 g mole"') , k is Boltzmaii's 
constant (1.38054 X 10- ' " erg (°K)- ' ) , o. rejiresents the jiolarizability 
(1.58 X 10-=-" cm^ mole- ' ) and p the dijiolc moment of the I-LO mole­
cule, T stands for temperature in °K, ancl g is the Kirkwood correlation 
factor (whicii provides for molecular orientation). 

Franck's (195(i) early estimates of the dielectric constant at high 
pressures and temjieratiires aie based on graphic fits of the Kirkwood 
equation to data given by Wyman (1930), Wyman and Eiigalls (1938). 

-Akerlof and Oshry (1950), and Fogo, Benson, and Cojiciand (1954). 
Franck's graphic fits have since been sujierseded by regression calculations 
with die Kirkwood equation (Quist and Marshall, 196.5). 

Because the dependence of p'̂ g on tcmjierature ancl jiressure (or 
density) cannot be determined independently, ;i=g must be rejiresented by 
an empirical function of these variables to obtain fiu of dielectric con­
stant data with equation (39). In fitting equation (44) to the values of 
the dielectric conslant given by Fogo, Benson, and Copeland (1954), 
Wyman and Ingalls (1938), Owen and others (1961). Lees (ms). Akerlof 
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cliff and separated fiom its summit by a minimum corresjioiiding to ft > 
10-' ' ba r - ' . As a consequence it fails to show iiji in figure 17. 

The minimuin in the isobaric tcmjieratiii-e dcjiencicncc of ft at low 
tcmjieratures (fig. 7) caused by structural ordering of the water dijioles 
results in corresjioiiding minima in the isojileths tor ft 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 trijile point, where ft is 
positive and ecjual to its value at ~ 500°C and 5 kb. Increasing orienta­
tion of water dijioles with decreasing lemperature thus has a dramatically 
different effect on a and ft, and this difference persists to high pressures. 

DIELECTRIC CONSTANT 

Exjierimental values of the dielectric constant ((•) of H.O are avail­
able at intervals ranging from a few degrees and bars along the salura-

TAIILF. 13 

Partial derivative of the coefficient of isobaric thermal expansion 
with resjiect to lemjicrature at constant pressure in ( ° K ) - ' x 10' 
computed from ecjuations (27), (37), and (43) and die values of V 

and a in tables 3 and 7—see figures 12 and 13 

t 
(°c) 
25 • 
50 
75 
too 
125 
ISO 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 
1.75 
500 
525 
550 
575 
500 
525 
550 
675 
700 
725 
750 
775 
800 
825 
850 
875 
900 

SAT 

101 
68 
55 
53 

95 
17 
57 
29 

55.46 
50.54 
59.80 
85.59 
117 
173 

28 
68 

285.40 
547.08 
1415.93 
8078 16 

0.5 
69.82 
50.48 
42.42 
40.93 
41.54 
42.55 
44.66 
1.8.93 
57.15 
71.19 
93.38 
126.95 
177.30 
255.25 
396.13 
580.35 
1137.94 
569.16 

-775.34 
-814.69 
-51.7.52 
-350.14 
-21.7.84 
-179.01 
-134.70 
-104.72 
-83.55 
-58.06 
-56.38 
-47.36 
-40.24 
-34.53 
-29.86 
-26.05 
-22.87 
-20.20 

'l 

51.56 
39.88 
33.64 
32.79 
33.05 
32.73 
32.08 
32.11 
33.81 
37.93 
44.90 
54.83 
57.37 
81.34 
94.69 
105.24 
112.11 
n.5.44 
112.92 
96.5fi 
57.91 
1.93 

-50.99 
-84.80 
-93.50 
-98.82 
-92.36 
-83.25 
-73.71 
-51..59 
-55:58 
-49.46 
-43.29 
-37.97 
-33.39 
-29.4S 

PRESSURE, 

2 
24.1 
24.2' 
23.4 
22.4 
21.6 
20.9 
20.5 
20.3 
.20.3 
20.5 
20.8 
21.3 
22.1 
23.0 
24.1 
25.2 
26.2 
26.9 
(27.0) 
(26.0) 

3 
15.4 
16.8 
16.7 
16.1 
15.3 
14.4 
13.5 
12.8 
12.1 
11.7 
11.4 
11.4 
11.6 
11.9 
12.2 
12.5 
12.6 
12.3 
(11.5) 
.( 9.9) 

KB 

4 
8.7 
11.2 
12.0 
11.8 
11.2 
10.4 
9.6 
8.7 
8.0 
7.5 
7.1 
7.0 
7.0 
7.3 
7.5 
7.7 
7.8 
7.5 
(6.7) 
(5.5) 

5 
3.9 
7.0 
8.3 
8.6 
8.2 
7.6 
6.9 
6.1 
5.4 
4.9 
4.6 
4.5 
4.6 
1..8 
5.1 
5.3 
5.4 
5.2 
(4.6) 
(3.6) 

6 
0.5 
4.0 
5.5 
6.1 
5.9 
5.5 
4.8 
4.2 
3.5 
3.2 
2.9 
2.8 
2.9 
3.2 
3.4 
3.7 
3.8 
3.6 
(3.2) 
(2.4) 

7 
-1.6 
1.9 
3.5 
4.2 
4.2 
3.8 
3.3 
2.7 
2.2 
1.8 
1.6 
1.6 
1.7 
1-9 
2.1 
2.4 
2.5 
2.5 
(2.1) 
(1.5) 

8 
-3.4 
0.2. 
2.0 
2.8 
2.8 
2.5 
2.1 
1.6 
1.1 
0.8 
0.6 
0.5 
0.6 
0.8 
l.l 
1.3 
1.4 
1.4 
(1.2) 
(0.7) 
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Fig. 15. Partial derivative of the coefTicient of isothermal compressibility with 
respect to lemperature at constant pressure (table 12) as a funclion of pressure at con­
slant temperature (labeled in "C) computed from equations (19) through (22), (24), 
(25), (32), (33), (36), (38), (39), and (42) and coelTicienis in tables 4, 9, anil 10 (curves). 
The symbols represent finite dirTerence dcrivaiives calculated from the finite difference 
values of a and /? plotted in figures 5 through 8. 

gression, Quis t a n d Marshall jicrmitted / (T ) to lake any of three a l te rna te 

forms (/(T) = T-"• .^ / (T) = T - ^ ^ \ or / (T) = c " ' ^ ' ' ^ ) , each of which 
r ende red equiva lent fits of the data. 

Regression of l lcgcr 's (ms) data in the jircsent study with ecjuations 
(44) th rough (40) using the al ternate forms of / (T) suggested by Quist 
a n d Marshal l i fsul ied iu acccjitablc fits of the data at high temperatures 
a n d jirc^MUt's. which is not siirjiriNiug because Quist and .MarshaHs com­
puted v a h i o of I are iu tc.iMiuabIc a;.;i-ccmeut wilh H eg c r s exjierimental 
d.nta. Ilowi-vir. as iiiii;ht be ix |n- t icd from Quist and Marshall 's cxjicri-
c iuo ami llic l.iii ih.ii a l i r rua tc ri->;ri-\sion of llf.i^cr's tlaiti iu the jircsent 
>iudy u%iiT.; tlilicicui cvl•n•^M<'ll» ("r / f l ) failcil to iilc-iiiify any one of 
llic lu iu i i . i in u> Ixritrt t lu t i su.ithcr. ci>tujM>\iic fiin of cqiLttions (44) 
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i;. 14. Partial derivative of the coctlicieiil of isothermal compressibility wiih 
._ , to temperanire al coii.stant pressure (table 12) as a finiciioii of icmpciature at 
coiistaiii pressure (labeled in kb) coinpuled from e(|uaiinns (19) through (22), (24), (25), 
(32). (33), (30), (38), (39). and (42) and coefncicnts in tables 4, 9, and 10 (curves). The 
syinbots represent finite diffcrciice derivatives calculated from the finite difference 
values of a and /3 plotted in figures 5 through 8. 

and Oshry (1950), and Gicr and Young (1963)=, Quis t and Marshall (1965) 
rejiresented p-g wi th a jiower function of density ancl l empera ture of the 
form 

p ' g = 3.50 -f- p(A^••\-A._p-\- A , p=) / ( T ) (46) 

where A^, A^, and ^ 3 represent fit cocfficents, a n d / ( T ) s tands for a den-
sity-indejiendent poWer function of t empe ia tu re . In trial and error re-

"All these data, which apply to pressures ranging up lo ~ 12 kb at 50°C and be­
low, 2 kb from 50° to SSCC, and a fciv hundred bars from 350» to 3'J3'C, are not con­
sistent wilh one another, Mdny of them have since been superseded by Hcgcr's (ms) 
study, which is internally consistent. 

file://��/-A._p-/
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through (46) to all of the data reported by Owen and odiers (1961), Oshry 
(ms), and Heger (ms) resulted in relatively jioor-fits with nonrandom 
trends of residuals. The magnitude and distribution ot the residuals in­
troduced unacceptable uncertainties in the partial derivatives of the di­
electric constant computed from the partial derivatives of equation (44). 
Rejieated attempts to obtain close fits of both the high- and low-tempera­
ture data with the Kirkwood equation by representing p-g with higher 
order power functions of density, with and without cross terms in density 
and tcmjierature as well as modified alternate /(T) functions, led to little 
improvement in the fits and eventually to the conclusion that (despite its 
theoretical origins) the Kirkwood equation is not:suitable for compre­
hensive and accurate representation of the dielectric conslant and its 
partial derivatives over the range of pressures and tcmjieratures con­
sidered in this study. 

In contrast to the Kirkwood equation, a simple fourih degree power 
function of temperature and density rendered close fits of all the experi­
mental dala as well as a random distribution-of residuals over the entire 
shaded region of figure 18. This expression can be written as 

TADLE 14 

Coefficients for equation (47) 

4 4 - i 

1=0 y=o 

(47) 

where e,-y stands for die array of fil coefficients 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 e in figures 19, 20, and 22 through 24, where they 
can be compared with the experiinental values rejiresented by the 

symbols. 
Equation (47) fits the exjierimental data obtained by Oshry (ms). 

Owen and odiers (1961), and Heger (ms) lo within 1 percent over most 
of the shaded region shown in figure 18. Only at the high lemperature 
end of the saturation curve where Oshry's data exhibit excessive scatter 
(fig. 19) is die uncertainty greater, apjiroaching 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 e > 10 and < 3 percent for the 
values of c < 10 given by Heger (ms). The maximum exjierimental un-; 
certainty in Oshry's data for temperatures < 350°C is of the order of 1 j 
to 2 Jiercent. j 

It is apparent in figures 19, 20. and 22 througii 24 diat equation (47) j 
not only affords accurate representation of the experimental data, but itj 
also permits reasonable extrapolations of e from 100° to 0°C at pressures: 

e.. = e.. X 10 

-ii -11 

e' . . 
•- 'i 

e. . 

j. 
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-6.13542375 

1 

-2.33277't56 
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Fig. 16. Isopleths of a (labeled in ("K)"') as a function ot pressure and tempera­

ture ftable 7 and fies. -•> anrl R\ • • 
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Fig. 19. Dielectric constant (table 15) a.s a function of tempcrauirc at constant . 
pressure (labeled in bar.s) computed from eiiualions (19) through (21) and (47) and co-
cfiicients in tables 4, 5, 6, and 14 (curves). T h e symbols rcpre.'icnl values taken from , 
the lilcralurc. 

from 1 to 5 kb, and from 550°C to 600°C at pressures from 250 bars to 
5 kb. However, such is not the case above 600°C, whicii jirccludcs use of 
equation (47) and the fit coefficients in table 14 to coihjiute extrapolated , 
dielectric constants al higher tcmjieratures. 

It can be seen in figure 19 that die dielectric constant of H..:0 de- , 
creases rapidly from values ranging from 88 to 100 at 0°C to < 20 at | 
600°C as teniperature increases al constant pressure. In contrast, .as ' 
pressure increases to 5 kb at constant temperature (fig. 20), the dielectric ' 
constant increases ot the order of 10 lo 15 units. Isopleths of the dielectric 
constant are shown in figure 21, where it can be deduced that (dV/dT)t . 
changes from ~ 500 bar (°K)-> at 0°C to < 5 bar (°1<.)-' at high tempera- , 
tures and low jiressures. 

T h e dashed curves in figures 19, 20, and 22 through 24 were drawn 
through iiiicrjiolatcd values of the dielectric constant computed by Quist , 
and .Marshall (1965) at high tcmjieratures and pressures; they do not , 
rcprcNciH cxti-ajKilations comjiutcd from ecjuation (47) and the coefficients 
iu labU- M, which arc inajijilicablc above 600='C. It can be seen that 
Qiiivt and Marvliall's values arc reasonably consislciit with lU-i;cr's data 
and till- cuinj-uied luivcs below (•iO(l''C:. Ncvcrthclos. owing to .Miiall ili.s-' 
tirjiJiuii,-*, u.iiij.^.viii- ri".;u-\siiiii of ihcir valiii-s with lliOvc bcl'iw liOU'C 
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Fig. 17. I.sopletlis ot ft (labeled in bai—') as functions of pressure and temperature 

(table 8 and Iigs. 7 and 8). 
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Fig. 18. Pressure-temperature region represented by dielectric constant data (Oshry, 
ms; .Owen and others, 19G1; Hegcr, ms) regrcs.std wiih equation (44) to define ilic fil 
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yields an unacceptable fit of equation (47), and finite difference deriva­
tives ( ( A E / A T ) , . and (AE/AP)T) calculated from Quist and Maishall's 
values are not consistent with those comjiuted from Heger's experimeiital 
data at lower temperatures. Partial derivatives obtained by differentiating 
the functions used by Quist and Marshall (ccjs 44 through 46) are similarly 
inconsistent, but, in contrast, partial differentiation of equation (47) 
yields derivatives in close agieement with their finite difference counter­
parts below 550°C (see below). 

The clependence of In e on tcmjierature and pressure is dejiicted in 
figures 22 and 23. The solid curves in these figures were' generated by 
equation (47), and the symbols rejiresent exjierimental data (or computed 
values in the case of those laken from Quist antl Marshall). It can be 
seen in figure 22 that the near linear dependence of In e on tcmjierature 
at conslant pressure below ~ 100°C (Gurney. 1953) becomes substantially 
nonlinear at higher temjieratures. In contrast. In e 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). 

STEAM 
RITICAL POINT 

ÂTUiyVTICXH 
200 300 400 
TEMPERATURE. ^C 

6 0 0 

Fig. 21. Isopleths of e (indicated by the labels on the curves) as a function of 
pressure and temperature (uble 15 and figures 19 and 20). 

aJMBKCUSiV^^ . . 

11?4 H. C. Helgeson and D. H. Kirkham—Theoretical prediction 

80 

70 

6 0 -

w 

1 ^ I I I 1 r 

25 

O QUIST a MARSHALL (1965) 

A HEGER (1969) 

O OSHRY (1949) 

4 6 8 

PRESSURE. KB 
10 

Fig, 20. Dielectric constant (lable 15) as a function of pressure at constant tem­
peraiure (labeled in °C) computed from equations (19) through (21) and (47) and co­
efficients in tables 4, 5, 0, and 14 (solid curves). The symbols correspond to values laken 
from the literature, and the dashed curves represent smooth graphic interpolation of 
Quist and Marshall's (1965) values for pressures > 5 kb and temperatures > COO-'C 
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Partial differentiation of equations (48) and (49) leads to 

m,H'^)A'¥). --22''--''« 
and 

i =0 ;=0 

{w). = 'zyy''' ' '"'^ 
4 4- t 

, '=0;=0 

4-.(i-l)T--,T.(^)J (51) 
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The relation of the dielectric constant to sjiecific volume is depicted 
in figure 24, where it can be seen that (d In e.jd In V)T is essentially indc­
jiendent of both density and temperature. Under these conditions (3 In 
e/dP)j is nearly jiroportional to the coelficieni of isothermal compressi-
bihty. 

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

iW),H-m,yy''^ 
i = 0 ; = 0 

(TF).. ='(-^). v2;2-^<--'---> 

(48) 

(49) 

where « and ft again stand for the coefficients of isobaric thermal expan­
sion and isothermal comjiressibility. Values of (d In £ /3P)T -ind (d In 
r./c7T),. computed from ecjuations (48) ancl (4) using values of e. ft, and a 
given above are shown in tables 16 and 17 and jilotted as curves in figures 
25 tlirough 28, where it can be seen that the jiredicted values arc in close 
agreement with their finite difference coiintcrjiarts ((A hi »-/AP)T and 
(A hi r/AT)i.) calculated diiectly from the exjierimental data. Uncer­
tainties in the vahies of (d In E / 3 T ) , . and (d In E/f)P)T computed frora 
ecjuations (48) ancl (49) are of the order of a few jicicent or less, which 
corresjionds to the uncertainties in the values of a and ft cnijiloyed in the 
calculations. 

It can be seen in figuie 26 lhat (d In /;/C)P)T like ft decreases dramati­
cally and monotonically with increasing jircssurc at constant temjieraturc 
^ 200°C, but unlike ft, (d In E/C)P)T increases monotonicalIy_ with increas­
ing temjieraturc at all (constant) pressures (fig. 25). At liigli jiressures, 
(d In / ; /3P)T —> (0'- In (•/(•)P-')T —> 0 as jiressure increases at any^iven tem­
jieraturc (fi.gs. 26 and 29). Similarly, as temjieratttre decreases below ~ 
lOO^C al all prcssiu-cs, (d In B/aP)r -> (d(d hi e/aP)T/3T),, -^ 0 (figs. 25 
and 33). 

' Ihe strong inlluence of the critical jihcnomenon on the tcmjierature 
and jji-cssure clejicndciice of (d In F./dT)p is ajiparent in fi.gtircs 27 and 28. 
Note that the i.sobars for jiressures — 2 kb in the steam jiliasc region pass 
lhrough a minimum with increasing tcmjierature, as do the isotherms for 
tcmjieratures above the critical temperature. In the vicinity of the criti­
cal Jioint, (d In £ /5P)T is large and positive and (d In e/5T)p is large and 
negative. At the critical point, (3 In e/3P)T = — (3 In e/dT)p = oo, but 
as the thermodynamic behavior of H ; 0 approaches ideality with decreas­
ing pressure, e -* 1. 
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Il can be seen in figure 32 lhat a large discrepancy in (d̂  In elST-)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 upjicr 
limit of the fit region. Erroneous values of (3^ hi e/dT^^ and (3^ In 
e/3P=)p may arise froni errors in (3a/3T)p and (3)8/3P)T. which is aj> 
parently the case at 25°C above a kilobar in figure 32. Akhough compara­
tive calculations for jiressures and temperatures within the fit region in­
dicate that errors of the order of 5 to 20 jiercent in (da/dT)p and (3/3/ 
3P)T have a minor effect on (3=* In e/3T=)p and (3^ In £/3P=)T. the second 
partial derivatives of In e 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 — IGCC. 

100 200 300 400 

TEMPERATURE,'C 
500 600 

Fig. 25. Partial derivative of In t wiih respect to pressure at conslant temperature 
(table Iti) as a funclion of temperaiure at constant pressure (labeled in bars) computed 
from cqualions (19) through (•.̂ 2), (32), (38). (47), and (48) and coefficients in tables 4, 
5. C, 9, 10, and 14 (curves). The .symliols represent corresponding finite difference de­
rivatives coinpuled (rum data given by Oshry (ms), Otven and others (1961), and/or 
Heger (ms). 
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which were used together with equations (47) through (49), values of V. 
a, ft, (3a/3T)p, (3JS/3P)T, (3 In E/3P)T. and (3 In e/3'r)p given above, and 
the identities, 

and 

/ 3= Ine Y ^ 1 / 3'e\ \_(jL,y 
\ 3P= / T ~ i ~ \ 5 P V T 6=* V c )P /T 

V 3T^ / p e \ 3 T ^ j p e ^ V 3 T / p 

(52). 

(53) 

to comjiute the curves shown in figures 29 through 32 ancl the partial 
derivatives in tables 18. and 19. The close agieement of the values of 
(3 In e/3P)T and (3 lu c/3T),. computed from equations (48) and (49) 
with their finite difference counterparts in figures 25 througii 28 suggests 
that the jiartial derivatives computed from equations (50) through (53) 
arc reasonably accurate rcjiresentations of (3^ In £ /3P-)T ^nd (3- In £/3T-)p 
within the fit region shown in figure 18. This conclusion is furiher sub­
stantiated below (fig. 33) by the agreement of comjiuted values of (d(d In 
eldV)rld'T)p with finite difference derivatives calculated directly from 
the curves in figures 25 and 28. 
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Fig. 24. Logarilhm of Ihe dielectric constant as a function of In V at conslant 
temperature (solid curves) and constant pressure (dashed curves) computed, from equa­
tions (19) through (21) and (47) and coeflicients in tables 4, 5, 6, and 14. The s)'mbols 
correspond to values taken from the literature, and the dashcxi curves represent smooth 
graphic interpolation of Quist and Marshall's (1965) values at pressures > 5 kb and 
temperatures > 600°C. 
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TAni.E 17 

Partial derivative of the natural logarithm of die dielectric conslant 
with resjiect lo tcmjierature at constant jiressure in ( °K) - ' X 10' 
computed from equations (47) and (49) and tlie values of V and n 

in tables 3 ancl 7—see figtucs 27 and 28 
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(-2.7) 
(-2.3) 
(-1.6) 
(-0.7 

' 3.5 
(-4.4) 
(-4.3) 
(-*.2) 
-4.1 
- 3 9 
-3 .8 
-3 .7 
-3 .5 
-3 .4 
-3 .3 
-3 .2 
-3 .2 
-3 .1 
-3 .1 
-3.1 
-3.1 
-3 .1 
-3 .1 
-3 .0 
-2 .8 

(-2.5) 
(-2.1) 
(-1.4) 
(-0.5) 

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

( -2 .4) 
( -1 .9) 
( -1 .2) 
( -0 .3) 

4.5 
(-'1.3) 
(-4.2) 
(-4.1) 
-4 .0 
-3 .9 
-3 .7 
-3 .6 
-3 .5 
-3 .3 
-3 .2 
-3.1 
-3.1 
-3 .0 
-3 .0 
-3 .0 
-3 .0 
-3 .0 
-2 .9 
-2 .8 
-2 .6 

(-2.3) 
(-1.8) 
(-1.1) 
(-0.2) 

5 
(-"..3) 
( -4 .2) 
( -4 .1) 
(-"..0) 
(-3.8) 
(-3.7) 
(-3.6) 
(-3.4) 
(-3.3) 
(-3.2) 
(-3.1) 
(-3.0) 
(-3.0) 
(-3.0) 
(-3.0) 
(-2.9) 
(-2.9) 
( -2 .9) 
(-2.8) 
(-2.6) 
(-2.2) 
(-1.7) 
(-1.0) 
(-0.1) 

TADI i 18 

Parti.il derivative of (3 In e/3P)T. with resjiect to jiressure at constant 
lemjicrature in bar~= X 10" computed from ecjuation (50) and the 
values of V, ft, (3 /? /3P)T. £. and (3 In e/3P)T iu tables 3. 8, 11, 15, 

and 16—see figures 29 and 30 

CO 
25 
50 
75 

IOO 
124 
ISO 
Wb 
200 
22!, 
2i,0 
275 
300 
325 
350 
i / i 
WOO 
'.25 
WSO 
"./i 
500 

PRESSURE, KB 
SAT 

-15.".2 
-16.66 
-20.10 
-26.>.l 
-36.64 
-52.91. 
-79.55 

-125.21 
-209.WO 
-380.92 
-783.27 

-1953.83 
-6917.75 

-5759'!. 10 

0.5 

-8.1. 
.-8.5 
-10.8 
-11..? 
-20.3 
-28.3 
-39.7 
-56.5 
-81.9 

-122.2 
-I89.3 
-307.7 
-532.3 

-1000.3 
-2108.2 
-5157.3 

1 

(-10.0) 
-n . l 
-19.2 
-25.8 
-3"..6 
-46.5 
-63.0 
-86.1. 

-119.9 
-168. ' . 
-238.5 
-339.1 
-1.82.0 

(-682.7) 
(-958.1.) 

(-1311.9) 
(-1695.6) 

2 

(-8.8) 
-10.3 
-12.3 
-15.0 
-18.1. 
-22.7 
-28.1 
-34.7 
-1.2.8 
-52.6 
-61..5 
-79.0 
-96.6 

-117.9 
-11.3.6 

(-WW.2) 
(-210.1) 

2.5 

(-7.5) 
-8.6 

-10.0 
-11.8 
-n. l 
-17.0 
-20.4 
-21..6 
-29.1. 
-35.1 
-1.1.7 
-49.4 
-58.3 
-68.7 
-80.7 

(-ai-.B) 
(-111.0) 

3 

(-6.4) 
-7.2 
-8.2 
-9.5 

-11.1 
-13.0 
-15.2 
-17.9 
-20.9 
-24.4 
-28.3 
-32.8 
-37.8 
-43.5 
-49.9 

(-57.2) 
(-65.5) 

3.5 

(-5.5) 
-6.1 
-6.9 
-7.8 
-8 .9 

-10.3 
- I I . 8 
-13.6 
-15.5 
-17.8 
-20.2 
-23.0 
-26.1 
-29.5 
-33.3 

(-37.5) 
(-42.3) 

4 

(-4.7) 
-5.2 
-5.8 
-6 .5 
-7.4 
-8.3 
- g . w 

-10.7 
-12.0 
-13.5 
-15.2 
-17.0 
-19-0 
-21.3 
-23.7 

(-26.4) 
(-29.4) 

I..5 

(-4.0) 
-4.4 
-4.9 
-5.5 
-6.2 
-6.9 
-7.7 
-8.6 
-9.6 

-10.7 
-11.9 
-13.2 
-14.6 
-16.1 
-17.8 

(-19.7) 
(-21.7) 

5 

(-3.5) ' 
(-3.8) I 
(-4.2) •; 
(-4.7) ) 
(-5.2) 
(-5.8) 
(-6.4) 
(-7.1) 
(-7.9) 
(-8.7) 1 
(-9.6) 

(-10.5) 
(-11.6) i 
(-12.7) • 
(-14.0) 
( -15.4) . 
(-16.9) 
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TAni-K 15 

Dielectric constant (r.) comjiuted from equation (47N and the values 
of V in table 3—see figures 19 througii ^1 

t 

l°C) 

25 
50 
75 

IOO 
125 
ISO 
175 
200 
225 
250 
275 
300 
325 
350 
175 
400 
425 
4S0 
475 
500 
525 
550 
575 
600 

SAT 

73.47 
69.96 
62.30 
55.47 
49.37 
43.91 
39.02 
34.60 
30.58 
26.87 
23.38 
19.99 
16.58 
12.87 

0.5 

80.20 
71.59 
63.91 
57.10 
51.05 
45.68 
40.90 
36.63 
32.79 
29.31 
26.12 
23.15 
20.32 
17.57 
14.86 

(12.13) 
t 9.38) 
( 6.80) 
( 4.90) 
1 3.94) 
( 3.30) 
1 2.87) 
1 2.56) 
1 2.39) 

1 

81.78 
73.09 
65.38 
58.55 
52.53 
47.19 
42.46 
38.27 
S't. 54 
31.20 
28.20 
25.46 
22.94 
20.58 
18.37 
16.27 
14.30 
12.46 
10.78 
9.27 
7.97 
6.89 

(6.08) 
(5.53) 

1.5 

(83.05) 
(74.23) 
(66.56) 
59.78 
53.76 
48.42 
43.69 
39.51 
35.82 
32.55 
29.63 
27.00 
24.61 
22.40 
20.35 
18.42 
16.63 
14.95 
13.41 
12.01 
10.78 
9.74 

(8.91) 
(8.33) 

PRESSUni, 

2 

(84.38) 
(75.51) 
(67.78) 

- 60.98 
54.97 
49.64 
44.92 
40.75 
37.06 
33.79 
30.88 
28.27 
25.90 
23.74 
21.74 
19.88 
18.16 
16.56 
15.08 
13.75 
12.57 
11.58 

(10.81) 
(10.30) 

2.5 

(85.56) 
(76.64) 
(68.87) 
62.06 
56.04 
50.73 
46.03 
41.88 
38.20 
34.94 
32.03 
29.41 
27.05 
24.88 
22.89 
21.06 
19.35 
17.78 
16.33 
15.03 
13.90 
12.95 

(12.24) 
(11.80) 

KB 

3 

(86.63) 
(77.65) 
(69.84) 
63.00 
56.98 
51.68 
47.00 
42.87 
39.21 
35.95 
33.04 
30.43 
28.05 
25.88 
23.89 
22.05 
20.34 
18.77 
17.34 
16.05 
14.94 
14.03 

(13.36) 
(12.98) 

3.5 

(87.62) 
(78.58) 
(70.72) 
63.85 
57.82 
52.52 
47.85 
43.73 
40.07 
36.83 
33.92 
31.30 
28.92 
26.74 
24.74 
22.88 
21.17 
19.59 
18.16 
16.88 
15.78 
14.90 

(14.26) 
(13.93) 

4 

(88.57) 
(79.48) 
(71.57) 
64.65 
58.60 
53.28 
48.61 
44.48 
40.83 
37.58 
34.67 
32.05 
29.56 
27.47 
25.45 
23:59 
21.86 
20.27 
18.83 
17.55 
16.46 
15.59 

(14.99) 
(14.70) 

4 . 5 ' 

(89.48) 
(80.34) 
(72.38) 
65.43 
59.34 
54.00 
49.3/ 
45.17 
41.51 
38.25 
35.33 
32,70 
30.29 
28.09 
26.06 
24.18 
22.44 
20.84 
19.39 
18.11 
17.02 
16.16 

(15.58) 
(15.32) 

5 

(90.35) 
(81.16) 
(73.17) 
66.17 
60.05 
54.68 
49.96 
45.81 
42.13 
38.86 
35.92 
33.27 
30.85-
28.63 
26.58 
24.68 
22.92 
21.31 
19.85 
18.56 
17.48 
15.63 

(16.06) 
(15.83) 

TAII I -E 10 

Partial derivative of the natural logarithm of the dielectric constant 
with resjiect to jircssurc at conslant temperature in b a r - ' X 10'' 

computed from ecjuations (47) and (48) and the values of V and ft 
in tables-3 and 8—see figures 25 and 26 

(°c) 
25 
50 
75 

100 
125 
150 
175 
200 
225 
250 
275 
300 -
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 

SAT 

4.67 
4.94 
5.50 
6.34 
7.48 
9.02 

11.10 
14.00 
18.20 
24.66 
35.40 
55.52 

101.95 
274.99 

• 

0.5 
4.1 
4 .3 
4 .8 
5.4 
6.1 
7.1 
8.4 

10.0 
12.1 
14.9 
18,8 
24.5 
33 .0 
46.4 
69-1 

111.5 
197.2 
319.6 
349.5 
309-1 

I 

3.8 
4 .0 
4 .3 
4 .8 
5.3 
6.0 
6.8 
7.8 
9.0 

10.6 
12.5 
15.0 
18.3 
22.5 
28.0 
34.9 
43.5 
54.0 
66.S 
80 .5 

(94.7)-
(105.7) 
(114.7) 
(118.2) 

2 

(3 .1) 
(3 .3) 
(3.5) 
3.8 
4 . 2 • 
4 .6 
5.1 
5.7 
6.4 
7.1 
8.0 
8 .9 

10.0 
I I . 1 
12.5 
14.0 
15.7 
17.7 
20.1 
22 .8 

(25.0) 
(23.0) 
(31.0) 
(33.9) 

PRESSURE 

2.5 

( 2 . 8 ) 
( 3 . 0 ) 
( 3 . 2 ) 
3.4 
3.7 
4 .0 
4 .4 

. 4 . 9 
5.4 
5.9 
6.5 
7 .2 
7 .9 
8.6 
9.5 

1 0 . 4 
1 1 . 4 
1 2 . 6 
1 4 . 0 

1 5 . 5 
( 1 6 . 4 ) 

( 1 8 . 3 ) 
(20.3) 
(22.2) 

. K8 

3 

(2.6) 
(2 .7) 
(2 .9) 
3.1 
3 .3 
3 .6 
3.9 
4 .2 
4 .6 
5.0 
5.4 
5.9 
6.4 
6.9 
7 .4 
8.0 
8.7 
9.,4 

10.3 
11.2 

(12.4) 
(13.6) 
(14.9) 
(16.2) 

3.5 

(2.3) 
(2.5) 
(2.6) 
2.8 
3.0 
3 .2 
3.5 
3.7 
4 .0 
4 .3 
4 .6 

•' 4 .9 
5.3 
5.6 

- 6 .0 
6,4 
6.8 
7.3 
7 .9 
8 .5 

(9-8) 
(10.6) 
(11-5) 
(12.4) 

4 

(2.1) 
(2.3) 
(2.4) 
2 .5 
2.7 
2 .9 
3.1 
3.3 
3.5 
3 .8 
4 .0 
4 .2 
4 .5 
4 . 7 
5.0 
5.2 
5.5 
5.9 
5.3 
6 .7 

(7.6) 
(8.2) 
(8 .8) 
(9.5) 

4 .5 

(2.0) 
(2.1) 
(2.2) 
2.4 
2-5. 
2.7 
2.8 
3.0 
3.2 
3.3 
3.5 
3.7 
3.8 
4 .0 
4.2 
4.4 
4.5 
4.8 
5.1 
5.4 

(5.9) 
(6.3) 
(6.8) 
(7.4) 

5 

(1.8) 
(1.9) 
(2.0) 
(2.2) 
(2.3) 
(2.4) . 
(2.6) 
(2.7) 
(2.9) 
(3.0) 
(3.1) 
(3.2) 
(3.4) 
(3 .5) 
(3.6) 
(3.7) 
(3.9) 
(4.0) 
(4.2) 
(4.4) 
(4.7) 
(5.1) 
(5.4) 
(5.9) 
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£/3T-)p inaeases dramatically with increasing tcmjierature at conslant 
pressure. Note that (d~ In £/3T=)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 (3= In e/3P^)T in figures 29 and 30 is similar to 
that exhibited by {dft/dP)r in figures 10 and 11. respectively. 

Because 

and 

dP J , 

\ ap / T I 
dT / p 

/ 31ne \ 

\ 3P / T 

(54) 

(55) 

dT 

it follows that the partial derivative of ecjuation (48) with respect to 
temperature at conslant pressuie is ecjuivaleni to that of equation (49) 

2 0 0 300 400 
TEMPERATURE.'C 

500 600 

Fig. 27. Partial derivative of In e with respect lo lemiieratiire at constant pressure 
(lable 17) as a fiinciion of temperaiure at constant pressure (labeled in bars) compuled 
from eqiiaiions (19) through (21). (25), (33), (39), (47), and (49) and coenicicnts in 
tables 4, 5, 0, 9, 10, ami 14 (cur\-es). The symbols represent corresponding finite dif­
ference derivaiivi-s computed from dala given by Oshry (ms), Ouen and others (1961), 
and/or Ilcgcr (nii). 
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It can be seen in figure 30 that (d- In C/3P-)T incrca.scs rapidly with 
increasing presstire =̂  2 kb at all (constant) lempcrattircs ~ 200°C, but 
like (3/3/3P)x iu figure 10, its isobaric dejiendcnce on temperature is 
characterized by mininia in the low jiressure isobars. Note also that 
(3- In e/dT-)p niinimizes as an isothermal function of jircssurc at high 
temjieratures and low jiressures (fig. 32). In contrast, the isobaric tem­
perature deiicndence of (d- In £/3T2)p clepicted in figure 31 exhibits an 
extremum in die vicinity of 75° lo 150°(i;, which is flanked by a mini­
mum on either side at pressures < 2 kb; as pressure increases, the low-
temperature minimum disajipears and at high temjieratures. (3' In 

2 3 
PRESSURE. KILOBARS 

Fig. 26. Partial derivative of In e «-ilh respect to pressure at constant temperaiure 
(table 16) as a function of pressure at constant lemperature (labeled in "C) computed 
from equations (19) through (22), (32), (38), (47).-and (48) and coeincients in tables-4, 
5, 6, 9, 10, and 14 (curves). T h e symliols represent conesponding finite difference de­
rivatives computed from data given by Oshry (ms), Ou-en and others (1961), and/or 
Heger (ms). 
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Finite difference jiartial det-ivative ,oE (3(3 in e/3P)T/3T)p witli resjiect 
to temperature at coristant jiressure in b a r - ' •(°K)-== X 10^ 

c 
(°c) 
25 
SO 
75 

t oo 
1^5 
ISO 
175 
ZOO 
225 
250 
275 
JOO 
3Z5 
350 
37 S 
4ao 
425 
450 
475 
500 

SAT 

S-SS 
4.65 

-4.35 
4.91 
6.31 
8.92 

13.66 
22.60 
40.78 
82,44 

196.55 
612.33 

3149:17 
227ZS.69 

0 . 5 

4.5 
3 . 0 
2 - 7 
2 , 8 
3.3 
4.2 
5.6 
7.9 

^1,1.5 
) 7 . 3 
Z7. , l 
44 J 

7S.7 
141.3 

-
1 

(1.8) 
2 . 0 
z,4 
2.9 
3.7 
4.9 
6.5 
8.8 

1 1 . 9 
15.& 
19-6 

(Z3.6) 
(27.1) 
(30.4) 
(31.9) 
(Z5.7) 

(I.S) 

2 

( 0 , 9 ) 
1 .0 
1.1 
1.3 
1.4 
1.5 
1.6 
i.7 
I.e 
Z.O 

2 . 3 
Z .8 
3.3 
4.1 
'1.9 

(5.7) 
(3.6) 

PRESSURE, KB 

Z . 5 

(0,7) 
6,7-
0.7 
,0,8 
0.8-
o.a. 
0V8-
0 . 9 
0.9 
1,0 
1.1 
1.4 
1.7' 
2.1 
Z.6 

(3.0) 
(4,'6) 

3 

(0.5) 
0.5 
0.5. 
0.5 
,0.4 
0.4 
0.4 
0;4 
0.4 
O.S 
0,6 
0.8. 
1.0 

i:.2 
1.6 

(1.8. 
0.8) 

3;5 

( 0 . 4 ) 
0.3 
0.3 
0.3 
0 , 2 
0 , 2 
0 . 2 
0 . 2 
0 . 2 
0 . 2 

0.3 
0.4 
0.6 
0.8 
F.O 

(1.3) 
(1.3) 

4 • 

(6.3) 
0 . 2 
O.Z 
0 .1 
0 . 1 
o-.i 
0 . 0 
0 . 0 
0 , 0 
0 . 1 
O . I 
0 . 3 
0,4 
0 . 6 
0 . 8 

(i.O) 
(1.4) 

4.5 

(0.-2) 
O.Z 
0 ,1 
o . t 
0 , 0 
0 . 0 

- 0 . 1 
- 0 . 1 
- 0 . 1 

0 . 0 
0 . 0 
o.t 
0 . 3 
0 . 4 
O.fl 

(O:B) 
( i .4) 

5 

( 0 , 2 ) 
( 0 . 1 ) 
( 0 , 1 ) 
(0.0) 

( - 0 . 1 ) 
(-=0.1) 
( - 0 . 1 ) , 
(-0.0 
( - 0 . 1 ) 
( - 0 . 1 ) 
( - 0 . 0 ) 

( 0 . 1 ) 
( 0 . 2 ) 
( 0 . 3 ) 
( 0 . 5 ) 
( 0 . 7 ) 
( 0 . 9 ) 
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V (etj 05) in (oK)- ' ;x 10-̂  comiittted.froiii vahies of E and (3 lu £/3T)p 
in tables 15 and 17̂ —.see figure 34 

t 
(oc) 

25 
SO 
75 

100 
125 
15b 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
4S0 
475 
SOO 
525 
5S.0 
575 
COO 

SAT 

-SiSO 
-5 .60 ; 
-7 .45 
-8 .39 
-9 ,47 

-10.73 
-12,25 
•14.17 
-16.75 
-20.48 
-26,42 
-37.09 
-50.43 

-141.66 

O.S 

-5 ,55 
-6 ,35 
-7 .08 
-7 .87 
-B.74 
-9.71 

-10.30 
-1J .05 
-13-56 
-15.45 
-17.99 
-21.59 
-25.93 
-35.28 
-49.15 
-74,46 

-124.54 
-197-96 
•220:51. 
-203,18 

1 

(-S..SI) 
-5VT3) 

- 6 . 7 9 ) 
-7. ( i3 
- 8 ^ 2 -
T 9 . 6 I 

-9 .87 
-10-79 
- i t . a i 
-12.99 
-14 .40 
-15-: IB 
- IB ,43 
- M . S 3 
-35.54 
-30-74 
-J7;33 
-45.45 
-55^10 
-55.64 

( -75 . I M 
1-73.80) 
1-74-23) 
(-53.20) 

2 

1-S.27) 
l-S.BO) 
l -6;34) 
-6.Sg 
-7 .46 

, -3 ,05 
-3.6B 
-9.33 

-10'. 01 
-10.75 
- n . 5 5 
-12.43 
-1'3.54, 
-14,80 
-16.29 
-13-,04 
-20.05 
-22.25. 
-24.51 
-26.43 

( -27.55) 
(-26-53) 
(-22.35) 
(-13.93) 

PRESSURl 

2.S 

(-S.17) 
( -5 .66) 
( - 5 . i 7> 

. -6.68 
-7.20 
-7-73 
-8 .25 
-3.B2 
-9.39. 

•10-01 
-10.63 
- M . 4 4 
- I 2 . 3 i . 
-13.34 
-14,S4 
-15:91 
-17,43 
-19.01 
•20.47 
-21.47 

1-21.55) 
1-19.90) 
(-15.71) 

(-8.3S) 

, KB 

3 

.1-5.67) 
,1-5.55) 
1-6.03) 
- 6 . 5 1 : 
-6.98 
-7.45 
-7.94 
-3.42 
-a . 92 
-9.45 

-10.03 
-10,59 
-11.44 
-12,32 
-13.34 
-14,49 
-15.74 
-16.97 
-18.02 
- IB,55 

(-18.14) 
(-16.15) 
( -M.3E) 
(-5.23) 

3.E 

(•1..9S) 
1-5-liS) 
(-5.90) 
-5-36 
-6.B1 

- 7 . 2 5 
-7.5S 
-6 .12 
-8 .55 
-9.03 
-9.55 

-10.13 
-10.81-
-11.60 
-12.'50 
- i 3.SJ 
-14.58 
-15.51 
-15,40 
-15.65 

( T 1 5 , 0 0 ) 
1-13.84) 

(-9.68) 
( -3.33) 

.4 

(-4,91) 
(-S.3S): 
( -5.79) 
-6.23 
-6 .55 
-7.D7 
-7.47 
-7.87 
- B l l B 
-8.71 
- 9 . IB 

- -9.72 
-10.34 
-11,07 
-11.JO 
-1*2,82 
-13.77 
-14,56 
-15.28 
- IS .36 

( - I4 ;S5) 
1-12.26) 
(-8.15): 
( -2.07) 

" . - s 
(-4.84) 
(-5.-26) 
(•-5.69) 
-6 .11 
-6.51 
-6 .91 
-7 .23 

- 7 . e ? 
-8 .05 
- a . 4 ; 
-3 ;90 
-g .w i 
-9 .99 

-lO.GB 
- n . 4 6 
-12.32 
-13.19 
-13.58 
-14,49 
-14.44 

1-̂ 13-. 53) 
1-1118) 

(-7.09) 
(-1.19) 

S 

[ -4.77) 
( -5 .18) 
(-5.5S) 
( -5.99) 
( -6.38) 
( -5 .75) 
( -7 .1J) 
( -7 .49) 
( -7.05) 
(-B.24) 
( -8.57) 
C-9'. 16) 
( -9.72) 

1-10.38) 
1-11.13) 
1-11/94) 
1-12.76) 
l - l 3 . 4 8 ) 
1-13.91) 
1-1-3.73) 
M 2 . 7 B ) 
( -10.37) 

( -5;3b) 
( -0.54) 
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TABLE 19 

Partial derivative of (3 lh e/3T),. with resjiect to temjieratuie 
at const.itit pressure in (''K)-= X- 10" computed frcim e'qiiation.(5,l) 
and the values of V, «, (3«/3T)i., K, and (3 In s /3T)pin tables'3, 7, 

13i 15, and 17—see figures 31 and 32 

l?c) 
25 
so 
7S 

loo 
125 
150 
175 
ZOO 
Z25 
Z50 
275 
300 
325 
350 
375 
400 
425 
4sd 
475 
500 

SAT 
- 4 - 0 9 
- 1 . S 7 
- 9 - 5 7 
- 0 , 5 5 
- i . oa 
- 2 , 0 9 
-3.84 
-6-93 

- 1 2 . 4 1 
- Z 2 . 3 0 
-41.-38 
•^84.56 

- 2 2 2 . 6 3 
-1Z3Z.61 

o:s 
- 1 . 3 

0 .3 
1-2 
1.3 
1-2 
0';9 
0 ,5 

-0- '5 
- 2 . 1 
-4 ,9 
- 9 - 0 

•^15.0 
- 2 3 . 4 
- 3 5 . 5 
-54.4 
-87'; 1 

1 

( 2 - 5 ) 
2--5 
Z.S 
Z-S 
2-3 
1.6 
0-5 

- 1 . Z 
-3-5 
- 6 , Z 
- 9 . 1 

- i l . 6 
- 1 3 . 2 

( - 1 3 . 5 ) 
( - 1 2 . 4 ) 

( - 9 - 0 ) 

( -1 . -9) 

Z 

(3.8) 
4.1 
4-3 
4-Z 
4 , 0 
3 .5 
2 .9 
2 . 1 
1,2 
0 . 2 

• 0 - 7 
- 1 - 5 
- 2 - 1 
- 2 . 0 
- 1 - 2 
( 0 . 9 ) 
( 4 . 8 ) 

PRESSUR5 

2 .5 

(4-. 2) 
4-,-5 

- 4 . 7 -
4 .7 
4-^5 
4.1 
3.5 
2-7 
1,8 
0.9 
0 .1 

- 0 , 6 
- 0 . 9 
- 0 - 7 

0 -4 
( 2 . 8 ) 
16-5) 

, KB 

3 

( 4 - 5 ) -
4.8 
S.O 
5.6 
4-B 
4-11 
3-8 
3-:0 
2 . 2 
1:3 
O.S 

- 0 . 1 
- 0 . 3 

0,1 
1.4 

( 4 . 0 ) 
( 8 . 2 ) 

• 3 . 5 

( 4 . 7 ) 
5-0 
S,2 
5-1 
4 . 9 
4 ,5 
3-9 
3.1 
2 ,3 
1,4 
0 -7 
0 -2 
0-1 
0 . 6 
2 . 0 

( 4 . 7 ) 
( 9 . 0 ) 

4 

( 4 . 9 ) 
• 5 - 2 

5-3 
5.Z 
5 . 0 
4 . 6 
•3.9 
3 . 2 
2.3 
1.5 
0.3 
n.3 
0 . 3 
0 . 9 
2 . 5 

(5-3) 
(9.6) 

4.5 

(5-0) 
5.-3 
5:4: 
5.3 
5.0 
4 - 6 
3 -9 

. 3-2 
2-3 
1.5 
0 . 8 
0 .4 

6,4 
1.2 
2 .B 

(S.7) 
(10 .1 ) 

5 

( 5 . 1 ) . 
( 5 . 3 ) 
( 5 . 4 ) : -
( 5 . 3 ) 
( 5 . 0 ) 
( 4 - 6 ) 
(3.9) 
(3 -1 ) 
(Z .3 ) 
( 1 . 5 ) 
( 0 - 8 ) 
(0 -4 ) 
( 0 . 6 ) 
( 1 . 3 ) 
( 3 . 1 ) 
( 6 . 1 ) 

( 1 0 . 6 ) 

TAIILE 20 

Partial deiivativc of (3 ]n C/3P)T witli respcic-t to teiuiierature 
at constant jircssitre in bar-^' (°R)-^ X 10^ computed from equatiion (5(3) 

and the values of V„«, ft, (3J8 /3T)P , e, (3 Ih E/3P)T, and (3 lu £/3T)p 
intablc^s 3, 7, 8, 12, and 15 throiigh 17—see figiiic 33 

(°c) 
25 
50 
75 

100 

ns 
150 
175 
200 

225. 
250 
Z75 
300 
325 
350 
375 
400 
425 
450 
475 
500 

SAT 

6.39 
1.69 
Z.BO 
3 . 9 4 
"5.3Z 
7 . 1 7 
9 . 8 9 

l 4 - 1 7 
21.45 
35.06 
6 3 . 6 3 

137 .25 
4 0 7 . 7 4 

Z716.07 

0 . 5 

0 . 4 

l. '3 
2 . 0 
2 . 7 
3 - 5 
4 . 4 
5 - 6 
7.3 
9.7 

13.Z 
18.7 
27-4 
4 t . 9 
6 8 . 0 

1 1 9 . 8 

2 3 5 . 9 

1 

(1 - 9) 
2.4 
3.0 
3.6 
4,4 
5.5 
6.9 
8-8 

11-4 
14.8 
19-2 
Z4.6 
31.0 

(38.zJ 
(46.0) 
(53.5) 
(57.6) 

PRESSURE 

2 

( 1 - 3 ) 
1.5 
1-S 

. 2 . 1 
2 . 4 
2 , 8 
3 . 2 
3.6 
4.0 
4.5 
5.0 
5.7 
6.4 
7.3 
B.5 

(9.8) 
f i r . j ) 

2 . 5 

( f . t ) 
1,2 
1,4 
1 . 6 
1 : 8 
z .O 
2 , 2 
2 . 4 
2 ,6 ' 
2.9 
3 . 1 
3 . 5 
3 . 8 

4 . 3 
. 4 . 9 

t 5 . 6 ) 
(6.4) 

KB 

3 

( 0 - 9 ) 
1-0 
I . Z 
1.3 
1.4 
1.5 
i-6 
1.7 
1.8 
1-9 
2 . 0 
2 . 2 
2 . 4 
2.7 
3.1 

(3.5) 
(4.0): 

3.5 

( 0 , 8 ) 
0 - 9 
1.0 
1-0 
1 . 1 . 
1,1 
T . Z 
1 .2 
1.3 
1.3 
i . 4 
1 .5 
1.6 
t . S 
2 . 0 

(2.3) 
(Z.6) 

4 

( 0 . 7 ) 
0 : 8 
0 . 8 
0 , 9 
0 . 9 
0 . 3 

-0,-9 
0 - 9 
0 - 9 
0 . 9 
1-0 
1-0 
l . l 

.1 -2 
1.4 

( J - 6 ) 
( I . S ) 

4-S ' 

( 0 - 6 ) 

0.7 
0 - 7 
0 , 7 
0 .7 
0 .7 
0 .7 
0 . 7 
0 ,7 
0 . 7 
0 . 7 
6-7 
0 . 7 
0 . 8 
0 - 9 

( 1 - 1 ) 
( 1 - 3 ) 

S 

( 0 , 5 ) 
( 0 : 6 ) 
( 0 . 6 ) 
( 0 : 6 } 
(O .b ) 
(0.6) 
(0.5) 
(0.5) 
(0.5) 
( 0 , 5 ) -
( 0 . 4 ) 
( 0 - 5 ) 
( 0 . 5 ) 
( 0 . 5 ) 
, ( 0 ,6 ) 
( 0 . 8 ) 
( 1 . 0 ) 
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4 4-1 
-̂  j3 V V ;• e,, p/ ( /«(;aT« - 2iT'-') -f 

1147 

. • ( . • - i ) T - - ; T . ( - ^ ) ^ ) (57) 

It can be seen in figiite 33 that die values of (d(d hi e/3P)T/3T)p in table 
20, which were computed from equation (56) and values of V, n, ft, 
(dft/dT)p, (3 In £/3T)p, and (3 In £ /3P)T given above, are in close agree-
nieiit with finite difrerence derivatives calculated from the values of (3 In 
e/dP)-t and (3 In e/3T)p in figures 25 and 28, However (as noted above), 
for temjieratures ^ 500°C and pressures — 500 bars at temperatures 
^ 100°C, the jiroximily of the fit region boundary in figure 18 introduces 
inconsistencies in the values of (3(3 In £ / 3 P ) T / 3 T ) P computed from the 
values of V, «, ft. (3/3/3T)p, e, (3 In E / 3 T ) P , and (3 In £ /3P)T in tables 3, 
7, 8. 12, and 15 througii 17. For this reason, equations (56) arid (57) 
should not be used to calculate values of (d(d In £ / 3 P ) T / 3 T ) P and (3^(3 In 
e/3P)T/3T=)p for T > 50000 or P > 500 bars at T < lOO^C, Because 

0 -

- 5 r-

1 
1 

10 -

15 -

20 . 

1 ' ' 
a ^225 

i /V-JTS 

• ^ 4 2 5 
1 1 
1 

^^—SATURATION 

1 

1 1 

„ - ^ 
^ 225 

1 

1 1 

" / - 3 7 5 

^325 \ 

V.425 

1 1 

-

0 1 2 3 4 5 6 
PRESSURE. KILOBARS 

Fig. 28. Partial dcrivaiive of In i wiih respect lo temperature at constant pressure 
(lable 17) as a function of pressure at consianl temperaiure (labeled in °C) Cuiiipuled 
from n|uaii(iiis (19) lhrough (21), (25). (33), (39), (47), and (49) and coeincients in tables 
4, 5, 6, 9, 1*1. and 14. The »>-nitx)U reptcseiit concsiHiniling finite difference dcrivaiives 
coinpuinl frum data given by 0\hry (ms). Owen and others (1961), and/or Heger (ms). 
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wilh resjiect to pressure at constant temperature. Hence, 

\ d p ) , 
3T 3P J l 

-î my. 
/ 3 In E \ / 3 lnE \ j 

"*• .V 3T Jp \ 3P / T / 
_ / 3fi \ / 3 l n y 8 \ 

\ W J ^ \ dT Jp 
4 4 - j 

i ^ j ^ O 

(56) 

from which it follows that 

i y -.((yy) 
3T* /p W ax^ /p 

/_3ĥ \ ( y y ^ y y 
\ dT J p \ dT Jp 

/ 3- In £ \ / 3 l n £ \ / 3 In e V 

V 3T== Jp \ 3P ).r V 3T Jp 

-t-2 

3- In £ 

3T2 

/ 3 In e \ \ _ / 3e \ / 3' In j9 \ 

\ dP J^ j V 3P / T V d T A 

4- 2 
\ dT Jp 

_. /_de\ (_dln£_y ^ 
V 3 P / T \ AT Jp 
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to the change iii Gibbs free energy attending its transfer from a vacuuir 
to a medium of dielectric constant e, can be vn-ilten as 

AG,,, = U i 

( ^ - ' ) 

where 

m, 
_ ^°Zi^e^ 

I r 

(58: 

(59 
I . i 

A G , J denotes the molal Gibbs free energy of transfer for the ;th ion, N ' 
stands for Avogadro's number (6.02252 X lO''̂  mole-^). e represents lh< 

2 3 
PRESSURE, KB 

Fig.-J'). I'ailial i!rtix-aii%e df l,'! In •/,',I')r *»ilti rr-«[xtt to prr" i i rc at cnnsian 
lcmpcrj l i i i r ' ( i j ! ' ! r ll'l *• i (utmii.ii ti( (ur tu i ie- i t ri.iiiijiil iriii |>rijtuir (lalH-lcd il 
•C) fimij.ui'st <i..-.i> f->i<iiiu.ii. .17) thu.u!;h I'.'.V. (J'.'i. \ \ ' J ) . (Jii). (11). (-17). (4.'<), ani 
(50) iiuj li«-tt< irtiH ir> ul.l '-«4. %. C,'>, 10. »Jt:! I t . 
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evaluation of ecjuation (57) requires values of (d- In ft/dT-)i; whicii can­
not be comjiutcd with confideticc from the jiartial derivatives of equa­
tions (36) and (42), the values of (d'-(d In £ / 3 P ) T / 3 T = ) P given in table 21 
corresjiond to finite difference derivatives calculated from the values of 
(d(d lu e/3P)T/3T)p in figure 33. 

BORN FUNCTIONS 

Continuum theories of liquid HjO and electrostatic models of ion 
solvation in acjueous solution require values for the jiartial derivatives of 
£—* with respect to tcmjierature and pressure. Because e~^ and its jiartial-
derivatives, whicli are designated here as Born functions, arc used ex­
tensively in solution chemistry, they are tabulated and jilottcd below as 
functions of pressure and lemjicrature. 

The Born equation (Born, 1920), %vhich relates the effective electro­
static radius of an incomjiressible ion (with spherical charge symmetry) 

-220, 50 100 ISO 200 250 300 350 400 450 500 550 600 
TEMPERATURE. 'C 

Fig. 29. Partial derivative of (3 In e f d ^ h '^''th respect to pressure at conslant 
temperature (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 
(5()) and coelliciencs in tables 4, 5, 6, 9, 10, and 14. 
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TADLE 25 

U (eq 68) in bar-» (°K)-> X 10" computed from values of e, (3 In e/3P)T. 
(3 In E / 3 T ) P . and (3(3 In E / 3 P ) T ) / 3 T ) P in tables 15 through 17 

and 20—see figure 35 

t 

(°C) 

25 
50 
75 
100 
125 
ISO 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 
475 
SOO 

PRESSURE, KB 

- SAT 

3.20 
5.68 
8.59 
12.42 
17.85 
26.01 
38.95 
60.80 
100.52 
180.75 
365.68 
892.43 
3075.19 
24995.05 

0.5 

2.9 
4.6 
6.6 
9.0 

12.2 
16.6-
22.8 
32.0 
46.0 
68.1 
105.4 
171.2 
295.2 
550.5 
1146.1 
2774.6 

1 

(6.8) 
8.9 
11.6 
15.2 
20.0 
26.5 
35.9 
49.3 • 
69.1. 
98.4 
141.8 
205.5 
297.6 
(429.4) 
(615-1) 
(863.2) 

(1149.6) 

2 

(4.7) 
5.9 
7.3 
9.1 
11.3 
13.9 
17.1 
20.8 
25.3 
30.8 
37.6 
46.3 
57.5 
(71.9) 
(90.6) 
(114.1) 
(142.3) 

2.5 

(4.0) 
4.9 
5.9 
7.1 
8.6 
10.3 
12.3 
14.5 
17.2 
20.4 
24.2 
28.9 
34.8 
(42.2) 
(51.5) 
(62.8) 
(75.8) 

3 

(3.5) 
4.1-
4.9 
5.8 
6.8 
7.9 
9.2 
10.6 
12.2 
14.1 
16.4 
19.2 
22.7 
(27.0) 
(32.3) 
(38.6) 
(45.6) 

3.5 

(3.0) 
3.5 
4.2 
4.8 
5.5 
6.3 
7.1 
8.0 
9.0 
10.2 
11.7 
13.4 
15.6 
(18.4) 
(21.7) 
(25.6) 
(29.8) 

4 

(2.7) 
3.1 
3.6 
4.1 
4.6 
5.1 
5.7 
6.3 
7.0 
7.7 
8.7 
9.8 
11.2 
(13.1) 
(15.4) 
(18.0) 
(20.8) 

4.5 

(2.4) 
2.7 
3.1 
3.5 
3.9 
4.3 
4.7 
5.1 
5.5 
6.0 
6.6 
7.4 
8.4 
(9.7) 

(11.2) 
(13.1) 
(15.1) 

5 

(2.1) 
(2.4) 
(2.7) 
(3.0) 
(3.3) 
(3.6) 
(3.9) 
(4.1) 
(4.4) 
(4.8) 
(5.2) 
(5.7) 
(6.4) 
(7.3) 
(8.5) 
(9.8) 

(11.3) 

TABLE 26 

N (eq 69) in bar-= X IO'" computed from values of e, (3ln £ /3P)T. 

and (d- In £/3P=)T in tables 15, 16, and 18—see figure 36 

(OC) 

PRESSURE, KB 

0,5 2.5 3.5 4.5 

25 
50 
75 
IOO 
125 
ISO 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
1.50 
475 
$00 

-2.24 
-2.73 
-3.71 
-5.49 
-8.56 

-13.91 
-23.55 
-41.85 
-79-30 
-164.37 
-388.63 

-1131.44 
-4798.85 

-50615-56 

-1.2 
-1.5 
-2.0 
-3.1 
-4.7 
-7.3 

-11.4 
-18.1 
-29.4 
-49.3 
-85.1 

-158.9 
-315.6 
-691.9 
-1740.3 
-5276.1 

(-2.1) 
-3.2 
-4.8 
-7.2 

-10.6 
-15.8 
-23.8 
-36.1 
-56.0 
-88.0 

-140.5 
-227.3 
-371.1 
(-510.0) 

(-1003-5) 
(-1627.9) 
(-2528.7) 

(-1.7) 
-2.1 
-2.9 
-3.9 
-5.3 
-7.2 
-9.8 

-13.3 
-18.0 
-24.2 
-32.4 
-43.5 
-58.4 
(-78.5) 
(-105.8) 
(-1*2.3) 
(-190.6) 

(-1.4) 
-1 .8 
-2 .2 
^ . 0 
-3 .9 
-5.2 
-5.9 
-9.0 

- I I . 7 
-15.3 
-19.8 
-25.5 
-32.8 

(-1.2) 
-1 .5 
-1 .8 
-2 .3 
-3 .0 
-3 .9 
-"..9 
-6.3 
-8.0 

-10.1 
-12 .8 
-16.0 
-20.1 

(-42.3) (-25.1) 
(-S*.*) (-31.3) 
(-53.9) (-39.1) 
(-89.8) (-48.7) 

( - 1 . 

. - i ! 
- 1 , 
-2 
-3 
-3 
-4 
-5 
-7 
-8 

-10 
-13 

(-16 
(-19 
(-24 
(-29 

(-0.8) 
-1 .0 
-1 .2 
-1 .5 
-1 .9 
-2 .3 
-2 .9 
-3 .5 
-4.3 
-5 .2 
-5 .3 
-7.7 
-9 .2 

) ( - I I . I ) 
7) (-13.M 
I) (-16.1) 
3) (-19-3) 

(-0.7) 
-0 .9 
-1 .0 
-1 .3 
- 1 . 5 
-1 .9 
-2 .3 
-2 .8 
-3 .4 
-4 .0 
-4 .8 
-5.7 
-5 .8 

(-8.1) 
(-9.7) 

(-11.5) 
(-13.6) 

(-0.6) 
(-0.7) 
(-0.9) 

1.1) 
1.3) 
1.6) 
1.9) 
2.3) 

(-2.7) 
(-3.1) 
(-3.8) 
(-"..S) 
(-5.3) 
(-6.2) 
(-7.3) 
(-8.5) 

( - I 0 . I ) 
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TABLE 23 

X (eq 66) in (°K)-^ X 10' computed from values of c, (3 In e/3T)p, 
and (3= In £/3T")p in tables 15, 17, and 19—see figure 34 

(̂ c) 
25 
50 
75 
IOO 
125 
150 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 
475 
500 

SAT 

-3.16 
-3.28 
-3.55 
-4.01 
-4.65 
.-5.53 
-6.84 
-8.95 

-12.63 
-19.57 
-34.02 
-69.80 

-194.82 
-1215.87 

0.5 

-2.7 
-2.8 
-3.0 
-3.3 
-3.7 
-4.1 
-4.7 
.-5.4 
-6.7 
-8.7 

-11.9 
-17.3 
-26.3 
-42.0 
-72.5 

-139.1 

1 

(-2.8) 
-3.1 
-3.3 
-3.5 
-3.9 
-4.3 
-5.1 
-6.3 
-8.0 

-10.6 
-14.0 
-18.3 
-23.5 
(-29.4) 
(-35.7) 
(-41.1) 
(-42.0) 

PRESSURE, 

2 

(-2.3) 
-2.3 
-2.4 
-2.4 
-2.6 
-2.8 
-3.0 
-3.4 
-4.0 
-4.7 
-5.5 
-6.5 
-7.5 
(-8.4) 
(-8.9) 
(-8.4) 
(-6.1) 

r 

2.5 

(-2.1) 
-2.1 
-2.1 
-2.1 
-2.2 
-2.3 
-2.5 
-2.8 
-3.2 
-3.8 
-4.4 
-5.1 
-5.8 
(-6.2) 
(-6.2) 
(-5.1) 
(-2.3) 

AliLE 24 

KB 

3. 

(-1.9) 
-1.9 
-1.9 
-1.9 
-1.9 
-2.0 
-2.2 
-2.4 
-2.8 
-3.2 
-3.7 
-4.3 
-4.8 
(-5.0) 
(-4.7) 
(-3.3) 
(-0.4) 

3.5 

(-1.8) 
-1.8 
-1.8 
-1.7 
-1.8 
-1.8 
-1.9 
-2.2 
-2.5 
-2.9 
-3.3 
-3.8 
-4.1 
(-4.2) 
(-3.7) 
(-2.3) 
( 0.6) 

f 
-4 

(-1.7) 
-1.7 
-1.7 
-1.6 
-1.5 
-1.7 
-1.8 
-2.0 
-2.3 
-2.7 
-3.1 
-3.5 
-3.7 
(-3.7) 
(-3.I) 
(-1.6) 
(1.3) 

4.5 

(-1.7) 
-1.5 
-1.6 
-1.5 
-1.5 
-1.6 
-1.7 
-1.9 
-2.2 
-2.5 
-2.9 
-3.3 
-3.5 
(-3.4) 
(-2.7) 
(-1.1) 
(1.8) 

5 

(-1.5) 
(-1.6) 
(-1.5) 
(-1.5) 
(-1.5) 
(-1.5) 
(-1.6) 
(-1.8) 
(-2.1) 
(-2.4) 
(-2.8) 
(-3.1) 
(-3.3) 
(-3.1) 
(-2.4) 
(-0.8 
(2.2) 

Q (eq 67) in bar-^ X 10" computed from values of e and (3 In e/3P)T 
in tables 15 tiiid 16—.sec figure 35 

t 

(°C) 

25 
50 
75 
IOO 
125 
150 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 

SAT 

0.60 
0.71 
0.88 
1.14 
1.52 
2.05-
2.85 
4.05 
5.95 
9.18 
15.14 
27.77 
61.49 
213.6Z 

0.5 

0.51 
0.61 
0.75 
0.94 
1.20 
1.56 
2.05 
2.72 
3.68 
5.09 
7.22 
10.59 
16.25 
26.41 
46.50 
91.93 
210.24 
469.90 
702.10 
785.14 

1 

0.46 
0.55 
0.66 
0.81 
1.01 
1.26 
1.60 
2.03 
2.61 
3.39 
4.44 
5.90 
7.97 
10.94 
15.23 
21.45 
30.44 
43.37 
61.73 
86.87 

(118.81) 
(154.72) 
(188.81) 
(213.77) 

. PRESSURE, 

2 

(0.36) 
(0.43) 
(0.52) 
0.62 
0.76 
0.92 
1.14 
1.40 
1-.72 
2.12 
2.59 
3.16 
3.85 
4.69 
5.73 
7.03 
8.66 
10.72 
13.32 
16.57 

(19.90) 
(24.20) 
(28.71) 
(32.87) 

2.5 

(0.33) 
(0.39) 
(0.45) 
0.55-
0.66 
0.79 
0.96 
1.16 
1.41 
1:70 
2.04 
2.44 
2.91 
3.47 
4.14 
4.94 
5.91 
7.10 
8.55 
10.30 
(11.82) 
(14.13) 
(16.57) 
(18.84) 

KB 

3 

(0.30) 
(0.35) 
(0.41) 
0.49 
0.58 
0.69 
0.83 
0.98 
1.17 
1.39 
1.64 
1.93 
2.27 
2.66 
3.11 
3.64 
4.28 
5.03 
5.93 
7.00 
(8.32) 
(9.71) 

(11.15) 
(12.48) 

3.5 

(0.27) 
(0.32) 
(0.37) 
0.44 
0.52 
0.61 
0.72 
0.85 
1.00 
1.17 
1.36 
1.57 
1.82 
2.10 
2.42 
2.80 
3.23 
3.75 
4.35 
5.05 
(6.19) 
(7.10) 
(8.04) 
(8.89) 

4 

(0.24) 
(0.29) 
(0.34) 
0.40 
0.47 
0.55 
0.54 
0.75 
0.87 
1.00 
1.15 
1.32 
1.50 
1.71 
1.95 
2.22 
2.53 
2.90 
3.33 
3.82 
(4.61) 
(5.24) 
(5.89) 
(6.47) 

4.5 

(0.22) 
(0.26) 
(0.31) 
0.36 
0.42 
0.49 
0.57 
0.66 
0.76 
0.87 
0.99 
1.12 
1.27 
1.43 
1.61 
1.81 
2.04 
2.31 
2.62 
2.99 
(3.46) 
(3.92) 
(4.38) 
(4.80) 

5 

(0.20) 
(0.24) 
(0.28) 
(0.33) 
(0.38) 
(0.45) 
(0.52) 
(0.59) 
(0.68) 
(0.77) 
(0.87) 
(0.97) 
(1.09) 
(1.21) 
(1.35) 
(1.51) 
(1.68) 
(1.88) 
(2.12) 
(2.39) 
(2.70) 
(3.04) 
(3.38) 
(3.70) 
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too 150 200 250 300 350 400 450 500 550 600 
TEMPERATURE. •€ 

Fig. 31. Partial dcrivaiive of (3 In E / 3 T ) I . wilh respect to temperature at coii.stant 
pressure (lable 19) as a function of temperaiure at constant pressure (labeled in kb) 
compuied from cciuations (19) through (21), (25), (27), (33), (37), (39), (43), (47), (49), 
and (51) and coefTicients 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 E / 3 T ) P , (3= In £/3T-)p, (3 In e/3P)T, (3(3 In 
e/3P)T/3T)p, (3 In £/3T)p, and (d- In E/3P=)T given above are shown in 
tables 22 through 26 and plottetl in figures 34 througii 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 23, 25, and 
26 for temperatures > 500°C or jiressures > 500 bars at lempcralures 
< 100°C. 

It can be seen in figure 34 that the i.sobars for both Y and X exhibit 

minima at high tcmjieratures. In contrast, t^ and U increase and N de-
crc.iscs monuiunically wilh increasing lemjieralurc at constant jiressure 
(figs. :K'» and 36). Because each of the Horn functions dejiciids on the ex-

Itau>.il»ilil> and or comj.ifNsibiliiy of 1 KC), —Y, —X, Q. U, and —N all 
:i|>I>ni.ii ll X ;ii iho <iitii;d jxMUi ot I IA). .\s a conseiiucncc, the standard 
tliciiii.Mlvti.imii j.aitial tii.iljl iiiu|<itic^ of aijufoiis tlccticiKtes also ajV 
|.ti..i. ll j . , . i t i i r ..I ur-/,4ii\.c iiiliiiiiy j t the a i l i ta l jHiiiit of H . b (Helgeson 
j i i t l k i i l.l.1111.. 1''7 U-j 

* 
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electronic charge (4.80298 esu), and Z,- and r^,, refer to- the charge and 
eflicctive electrostatic radius of the subscripted ion. If r<,,y is independent 
of temperature and jiressure, it follows from equation (58) that the change 
in the molal entrojiy (AS.y), heat cajiacity (ACp,,,,). volume (AV,. ,) , ex­
pansibility (AE^,, , ,) , and compressibility (AK,,,) for the transfer process 
can be expressed as 

AS,,,= a,yY, (60) 

A C p . . . , _ T ( ^ - ^ : ^ j ^ - ( " l ^ j , = : - i T X . (61) 

- AV,., = - „̂  Q , 

and 

- ' = ( ^ ) , 
= - a ) / N , 

(62) 

(63) 

(64) 

where AH,,, is the molal enthaljiy change for the transfer process, and Y. 

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

Y = 1 

X = 

•• 1 / 3 l n £ \ 

e \ dT J p ' 

I / / 3Mn e \ _ / _ 3 _ l n j _ y 

e \ \ 3T= J p , \ 3T / p 

1 / 3 Ine \ 

^=y[—^). ' 

(65) 

(66) 

(67) 

U = \ dP J r j / g l n e \ f d i n e \ 1(68) 
dT J p \ dT J p \ 3P / T / 

and 

ivj - I / / 3Mn £ \ _ / 3 Ine V 

e VV • aP^ / T V dP J , (69) 
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200 300 

TEMPERATURE. ' C 
?o5" 

Fig. 33. Partial der»,vative of (3 In e l d ^ h '*''ih respect lo temperature at conslant 
pressure (tabic 20) as a function of tcnipcialurc al constant pressure (labeled in kb) 
computed from eiiiiaiions (19) througii (22), (2-1), (25). (32), (33), (;!6), (88), (39). (42), 
(47), (48), (49), (50) through (53), and (56) and coenicienls in tables 4, 5, 6, 9, 10, and 14 
(curves), l h e symbols represent corresponding finiie dilfercnce derivatives compuled 
from lhe finite difference dcrivaiives ot In e plotted in figure 25. 

wliere S„.,p,j refers to the third law molal entropy of liquid HjO at the 
triple point in joules g~* (table 2). and (3Q/3T)p and (3^»/3T)p repre­
sent partial derivatives of equations (15) and (16) given in the appendix 
(eqs A-43 and A-48, respeclively). Entropies above a kilobar were com­
puled from 

-•P,! = s P=:1000,T X VadP (71): 

P=1000 

where Sp.x stands for the third law niolal entropy at the pressure and , 
tcmjierature of interest, Sp,=,,orio,T refers to the coriesjionding entrojiy al • 
1 kb, and V antl a rejiresent the molal volume and coefficient of isobaric 
thermal exjiansion as a function of jiressure at the temperaiure of in­
terest. Tiie integral in equation (71) for region A in figure 9 was evalu- > 
ated numerically using ecjuations (21). (33). and (39) together with an ! 
equal-interval integration routine adapted from Arden and Astill (1970). . 

2 4 0 

2 0 0 

160 

120 

soh 

CM 

• 

^ ^ . ^ ^ O . 

U) 
c 

40 

0 

-40 

- 8 0 

-120 

-160 

-200, 
2 3 

PRESSURE. BARS 

Fig. .32. Partial tlerivatives of (Q In r /3T), . with respect lo lemperature at con­
stant inessuie (lablc 19) as a funclion of pressure at constant Icmpcralnre (labeled in 
"C) compuled from eipialions (19) thiough (21), (25). (27), (33), (37), (.39), (43), (47). 
(49), and (51) and cocllkicnls in tables 4, 5, 6, 9, 10, and 14. 

ENTROPY 

Comjiuted values of the third law molal entrojiy of HoO are given 
in table 27 and jilottcd in figures 37 and 38. Entropies for pressures ^ a 
kilobar were obtained by first evaluating the combined jiartial derivatives 
of ecjuations (14) through (17) with resjiect to temperature at constant 
density; dial is. 

~i'W)> " ' i w ) , -*"«• = 5-«•"". 
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where Dj, and D,, represent the arrays of fit coefficients for regions B and 

C, resiicciivcly, in table 10. For temperatures =̂  550°C in region B. D,j in 
equation (72) is set to zero, and Sp,= ,poo.T is rejilaccd by Sp,=,Bon.T >" re­
gion A. .Similarly, for temjieratures and pressures in region C, Dy in 
equation (72) is set to zero, and (1800) is rejilaccd by P. 

The entropies comjiuted in this study for jiressures 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 jiressures above a kilobar are of the 
order of 0.5 jiercent or less. 

It can be seen in figure 37 lhat the entrojiy of H^O in the liquid 
phase region decreases only slightly and exhibits a near-linear dependence 

TABLE 27 

Third law molal entrojiy (S) in cal mo le - ' ( °K) - ' comjiuted from 
equations (70) through (72), values of V antl a in tables 3 and 7, 

and data in lable 2—see figures 37 through 39 

(°c) 
25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
525 
650 
675 
700 
725 
750. 
775 
BOO 
825 
850 
87S 
900 

PRESSURE. KB 

SAT 

16 
18 

71 
15 

19.50 
20.76 
21 
23 
24 
25 
26 
27 
28 
29 
30 
31 

94 
05 

20 
40 

0.5 

16.65 
18.06 
19.38 
20.60 
21.75 
22.84 
23.38 
24.88 
25.84 
26.75 
27.67 
28.57 
29.1.6 
30.38 
31.3'. 
32.37 
33.53 
3^.89 
36.27 
37."lO 
33.30 
39.02 
39.64 
40.18 
40.67 
41.U 
41.53 
41.91 
42.27 
42.61 
42.94 
43.24 
43.54 
43.B2 
U.IO 
kk.ik 

1 

16.58 
17.97 
19.25 
20.45 
21.59 
22.56 
23.67 
24.54 
25.56 
25.45 
27.31 
28.14 
28.95 
29-75 
30.54 
31.33 
32.11 
32.90 
33.67 
34.44 
35.20 
35.94 
36.55 
37-31 
37.93 
38.50 
39.03 
39.52 
39-98 
40.41 
40.81 
41.18 
41.54 
41.87 
42.19 
.W.50 

2 

16.4 
17.8 
19.0 
20.2 
21.3 
22.3 
23.3 
24.2 
25.1 
26.0 
25.8 
27.6 
28.3 
29.0 
29.7 
30.4 
31.1 
31.7 
32.4 
33.0 
33.5 
34.1 
3'..6 
35.2 
35.7 
35.2 
36.8 
37.2 
(37.7) 
(38.1) 
(39.5) 
(38.9) 

3 

16.2 
17.6 
18.8 
20.0 
21.1 
22.1 
23.0 
23.9 
24.8 
25.6 
26.4 
27.1 
27.9 
28.6 
29.2 
29.9 
30.5 
31.1 
31.7 
32.2 
32.8 
33.3 
33.7 
34.2 
•34.7 
35.2 
35.7 
36.2 
(36.6) 
(37.0) 
(37.4) 
(37.8) 

4 

15.1 
17.4 
18.5 
19.8 
20.8 
.21.8 
22.8 
23.7 
24.5 
25.3 
26.1 
25.8 
27.5 
23.2 
28.8 
29.5 
30.1 
30.7 
31.2 
31.7 
32.2 
32.7 
33.1 
33.5 
34.1-
34.5 
35.1 
35.S 
(35.9) 
(36.3) 
(36.7) 
(37.1) 

. 5 

15.9 
17.2 
18.5 
19.6 
20.6 
21.5 
22.5 
23.4 
24.2 
25.0 
25.8 
26.5 
27.2 
27.9 
28.5 
29.1 
29.7 
30.3 
30.8 -
31.3 
31.8 
32.3 
32.7 
33.2 
33.7 
34.1 
34.5 
35.0 
(35.4) 
(35.8) 
(36.2) 
(36.5) 

6 

15.8 
17.1 
18.3 
19.4 
20.4 
21.4 
22.3 
23.2 
24.0 
24.8 
25.6 
26.3 
27.0 
27.6. 
28.2 
28.9 
29.4 
30.0 
30.5 
31.0 
31.5 
32.0 
32.3 
32.8 
33.3 
33.8 
3"..2 
34.5 
(35.0) 
(35.4) 
(35.8) 
(36.1) 

7 

15.6 
16.9 
18.1 
19.2 
20.2 
21.2 
22.1 
23.0 
23.8 

•24.5 
25.3 
25.1 
26.7 
27.'. 
28.0 
28.5 
29.2 
29.7 
30.2 
30.7 
31.2 
31.7 
32.0 
32.5 
33.0 
33.4 
33.9 
34.3 
(34.7) 
(35.1) 
(35.4) 
(35.8) 

8 

(15.5) 
(15.8) 
(17.9) 
(19.0) 
(20.1) 
(21.0) 
(21.9) 
(22.8) 
(23.6) 
(24.4) 
(25.1) . 
(25.8) 
(26.5) 
(27.2) 
(27.8) 
(28.4) 
(29.0) 
(29.5) 
(30.0) 
(30.5) 
(30.9) 
(31-4) 
(31.8) 
(32.3) 
(32.7) 
(33.2) 
(33.5) 
(34.0) 
(34.4) 
(34.8) 
(35.1) 
(35.5) 
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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 
Sp,T = Sp„,ooo,T - 2 2 ' ^'1 ^'~^ ((1800)/+! - (1000)<+i)/(y+i) 

9 9-1 

" 2 2 ' ^ " "^'^ ^ '̂̂ ^ ~ (1800)̂ +0/(7+1) (72) 
,=0;'=6 

200 SOO 4 0 0 

TEMPERATURE. ' C PRESSURE, KB 

H 

X -s 

~\ 1 1 r 

STEAM 

200 300 400 
TEMPERATURE, 'C 

2 9 

PRESSURE. KB 

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 «/3T)p, and (Q' In e/3T')p in 
tables IS. 17, and 19. 
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As entropy and tcmjierature increase at a given pressure. (3P/3T).q de­
creases asymjitotically, reaching values < 1 bar (°K)-i in the steam phase • 
region. i 

H E L M H O L T Z AND GlllBS FREE ENERGIES 

The values of the ajiparent molal Hclmholt/. free energy of fornia- ' 
tion (AA) of H.O for jiressures ^ a kilobar in table 28 and figures 40 and 
41 ivcre coinpuled from equations (9) and (14) througii (17) using data : 
given in table 2. Corresponding apparent molal Gibbs free energies of 
formalion (lable 29 and figs. 42 and 43) were then calculated from equa­
tions (3) and (8) using data in lable 2, values of A — Atrtpie compuled from : 
equations (14) through (17), and specific volumes calculated from equa­
tion (19). For pressures greaier than a kilobar. apparent molal Gibbs ' 
free energies of formalion were computed from 

AGpx = AGp„,ooo,T -I- I I VdP 

.P=1000 
J (73) 

wiUi the aid of equation (21), which can be integrated for region I in -. 
figure 3 to give 

j 

i \ VdP ) = ^l&^,i^\n(P*l\m) . 
\p=iooo /T i=o\ - ; 

i 

s-i \ ; 
- 2«ut'(P*-'-(iooo)-V; ; 

A / I 
9 / 9 - i \ 

+ v f a i o t ' l n ( P / P * ) - h V ' ' i > t ' ( P ' - P * ' ) / / (74) i 

where fl;,. designates the array of fit coefficients for re.gion 1 (table 5), (l,) 
stands for the array of fit coefficients for region 2 (clesignated as a-̂  in 
lable 6), and P* = 1000 bars for tern jicratures ^ 410°C but corresponds 
to the upjicr jiressure limit of region 2 in figure 3 for 410''C ^ t < 800°C 
where P* = 1300 4- 1.22119 (l — 410). For jiressures and temperature in 
region 2 of figure 3, «,, in ecjuation (71) is set to zero and P* is replaced 
by P. Values of A.'\ at pressures above a kilobar were comjiuted from 

AAp,x = AAP_IOOO,T + (-^GpT — AGr„,ooo,T) 
- PVp.T-f 1000Vp_,oo„.T • (75) 
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on pressure as pressure increases isotliermally from 0.001 to 10 kb. In the 
steani phase region the entrojiy ot I-I^O increases rapidly and asymptoti­
cally with decreasing jircssurc at constant temperature. With increasing 
pressure above ~ 2 kb, the ctTect of the critical plienomenon on die 
entrojiy of H , 0 diminishes and disapjiears (fig. 38). Isentropes are plotted 
in. figure 39, where il can be seen that (3P/3T)g (which is equal to 
Cp/TVa) at 25°C decreases from ~ 550 bar (°K)- i at low pressures to 
~ 330 bar (°K)-» at 5 kb, and then increases to ~ 380 bar ( ° K ) - ' at 10 kb. 

IOO 200 300 400 soo coo 0 

TEMPERATURE. 'C 
I 2 3 

PRESSURE. KB 

IOO 2 0 0 300 4 0 0 5 0 0 6 0 0 
TEMPERATURE, ' C 

2 3 4 
PRESSURE, KB 

Fig, 35. Dependence of Q (table 24) and U (lable 25) on temperature at constant 
pressure (labeled in kb) and pressure at constant temperature (labeled in °C) com­
puted from cqualions (67) and (68) and values of r, (Q In C/3P)T, (3 In c/Sl')i: and 
(3(3 'n e/3l')T/3T),. in tables 15 through 17 and 20. 
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The results of the free eneigy calculations are summarized in tables 28 
and 29 and figures 40 througii 45. Estimated uncertainties in the values 
given in tables 28 and 29 for jiressures > a kilobar are of the order of 
0.1 Jiercent or less. 

As indicated above, the Gibbs free energies of H-O calculated by 
Burnham, Holloway, ancl Davis (1969b) 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 dieir values to the 
internal energy of an ideal gas al absolute zero. Burnham, Holloway, and 
Davis used equation (4) lo 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/rixn and S—S/rip(e. 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 — Gtrtplc — H — Hfripi, — T ( S — S„.jp|e) (76) 

Equation (76) is valid only if temperature is held conslani or Strtpie = 0. 
which is the convention (Stripie = G,ripie = 0) adopted by Bain in accord 
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with the 5th International Conference on the Properties of Steam. 
Burnham, Holloway, ancl Davis then used equation (73) to conijiute 
Gibbs free energies of l-L.O at higher, j-ncssurcs. The Gibbs free energies 
comjiiilcd in this study dilTer front those given by Burnham, Holloway, 
and Davis by i^Gtripu - ^inpu (T — T,^)-

It can be seen in figure 40 that the ajijiarcnt molal Helmholtz free 
energy of formalion of FLO is relalively insensitive to isothermal changes 
in Jiressure comjiared to its Gibbs counterjiart (fig. 42), cxccjit in the 
steam Jihase region where the two variables decrease rajiidly with de­
creasing Jiressure ancl apjiroach each other at low jiressurcs. At high jires-
sitres, both A G and A A ajijiroach linear functions of pressure at constant 
lemjicrature, but as tcmjierature increases at constant jiressure, S.\ be­
comes increasingly more sensitive to jiressure than. AG (figs. 41 and 43). 
At 900°C, an increase in jiressure from 1 to 10 kb causes a change of 
more than 7 kcal inole~' in AG compared to <5 kcal m o l e - ' in AA; iu 
contrast, at 30°C the same jircssurc 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 ( 3 P / 3 T ) A (which is equal 
to (S -f- PVa)IPVft) can be comjiared with ( 3 P / 3 T ) G (that is, S/V), which 
is considerably more positive throughout the pressure-temjperature range 
considered. 

ACTIVITY AND FUGACITY 

The activity (a) of H.jO is defined as 

(77) 

where j° stands for the fugacity of H^O in the standard state (which is 
specified at 1 bar). The fugacity of HoO is related to its pressure by 

/ = xP (78) 

where ;!̂  is the fugacity coefficient. Taking account of the relation, 

G - G ° I n a = • 
R T 

(79) 

it follows that 

/ 3 In fl \ ^ / 3 l n / \ 

V 3P A \ dP J 
_ V 

T ~ R T 

and we can write 

/ 3ln,y \ ^ _V 1_ 

V 3P A RT P 

(80) 

(81) 
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TAOLE 28 

Apparent molal Helmholtz free energy of formalion (AA) 
in kcal mole-> computed ftom equations (3), (8), (9), (14) dirough (17). 

and (73) through (75), data in table 2, and values of V in table 3— 
see figures 40, 41, and 44 
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-57.02 
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-58.09 
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. 
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which can be combined with equation (82) to give 

^n XP,T = J( pQ + InP (85) 

T h e integral on the right side of equation (85) differs insignificantly from 
the corrcsjioiicling intt-gial for P = 0.001 to P = 1, which yields the values 
of X, 8,„r shown in table 25, Below 100°C, the values of x, i„, in table 30 
correspond to those of metastable steani. 

For lhe standard st.-iie adojitcd in (his sludy, ihe fugacity coefficient 
of H : 0 at 1 bar is itlattcl to ihc ajijiarcnt niolal Gibbs free energy of 
I-I.X) iu lhe Manilaid state (ACi") by= . 

A C - : A ( i , 1^, - R T h i X> Kr . (86) 
• "1 h i - t j i u r t I I I 

w i t h . ! • • • . . »-. . w . 
n . . - i v % ••! I " ^ ' - I I I <• 
T h<- «i l" j«- <-t . ' • > . - , » . 

;<- . , , . , i i v l 1 , . . . ill 1.-1.Ir> -.•• i i i d i \ , n - p r t - l i \ r l v . an - (Kiivi-cieiu 
j i . f - i : 111 tn..!<•••. wl , : .h (••fic>;>.i;iU (,. i l ,r tijii'<!-aiil (;il)|)s free 

I i( " . . . i l . s - . 1:1 r.-i-T r! . ; i in (!:,,, , i j ' , ; , (,.,,;, j , -_;-, (; .,,,,1 j i,^^ 
<-...-.;-iii».*. i n l i i i . nif'.y >. (n;,uif-< |jt, . |A!>ly «.t ih l ha t given 
.* % >-. , 1>;«.^ l . *. I •:.l ' i I i t c.̂ ™,> ' . 
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Hence, for a given temperature, 

P P 

l n x = J ' ( - ^ - — - ) c l P = J ( z - l ) d l n P (82) 

0 0 

where z is the compressibility factor defined by 

z = P V / R T (83) 

For pressures ^ a kilobar, the fugacity coefficient of HjO can be 
computeci by first rearranging equation (19) as 

z - 1 = pQ -I- p-
\ d p ) . 

(84) 
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Fig. 41. Apparent molal Helmholtz free energy of formation (lable 28) as a func­
tion of temperature at constant pressure (labeled in kb) compuled from equations (3), 
(8), (9), (14) through (17), (19). 20), and (73) through (75), data in table 2, and coeffi­
cients in tables 4, 5, and 6. 
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INTERNAL ENERGY AND ENTHALPY 

The apparent molal internal energies of formation of HjO (AE) 
given in table 32 and jilottcd in figures 49 and 50 were computed from 

AE = AE,„-p„ -1- ( A A - A A , , „ „ ) 4- T S - T „ S,, iple (87) ; 

using data in lable 2 and the values of S and A A compuled above. Cor­
responding values of the apparent molal enthalpy of formation of HjO 
(table 33) were then calculated in a similar manner from 

AH = AH,Hpi. -I- (AE - AEfrtpie) 4- PV - P„ V, triplo (88) 

It can be seen tn figure 49 that ( 3 A E / 3 P ) T is negative throughout the 
pressure-tenijierature region considered ( ( 3 A E / 3 P ) T = V(P)3 — Ta)). which 
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Fig. 43. Apparent molal Gibbs free energy of formalion (table 29) as a funclion 
of temperature at conslani pressure (labeled in kb) computed from equations (3), (8), 
(9), (14) through (17). (19), (20). (73). and (74), dala in lable 2, and coenicicnts in tables 
4. 5, and 6. 
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which jiermits calculation of the fugacity and fugacity coefficient of H ; 0 
at higher jiressures from equations (78) and (79). "Values of / and x com­
puted in diis manner (tables 30 and 31) are in clo.sc agieement with cor­
resjioiiding values given by Burnhani, Holloway, and Davis (1909b), Haas 
(1970), and Anderson (1904, 1967). Estimated uncei-<ainties in the values 
of / and Y given in tables 30 ancl 31 are of the order of 1 jiercent or less. 

The fugacity of H.̂ O is jilottcd in figures 40 and 47, where il can be 
seen that 14,0 exhibits relatively large negative dejiartures from ideality 
at low temperatures and jiressures which diminish with increasing jires­
sure and temperature toward line A' in figure 48. At pressures and tein-
pcrattires along this line, HoO behaves as an ideal supercritical phase, 
but at higher jiressures and temperatures it exhibits positive departures 
from ideality which increase with increasing pressure and tcmjierature. 
Akhough not shown in figure 48, line A' reverses its trend at higher 
temjieratures and swings back toward the steam phase region at low 
pressures and high temjieratures, where HjO behaves as an ideal gas. 

ICE VI I 
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10 

Fig. 42. Apparent molal Gibbs free energy of formalion (lablc 29) as a function 
of pressure at constant temperature (labeled in "C) computed from equations (3). (8), 
(9). (14) through (17), (19), (20). (73), and (74), daia in table 2, and coeincients in tables 
4, 5. and 6. 
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Fig. 46. Fugacity (table 31) as a function of temperature at constant 
pu-^^UIe (h.bc'li-d in kb) computed from equation (78) and the fugacity 
(iH-lliciriits in table 30. 
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Fig. 47. Fugacity (table 31) as a funclion of pressure at constant 
teraperature (labelccl in kb) computed from equation (78) and the 
fugacity coeflicients in table 30. 
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Fig. 45. Isopleths of the apparent molal Gibbs free energy of for­
malion (labeled in kcal mole—') as a funclion of leinper-aiure and 
pre.ssure (table 29 and Iigs. 42 and 43). 
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Fig. 50. Apparent molal internal energy of formation (table 32) as a 
function of leiupcrauire al constant pressure (labeled in kb) computed 
from equation (87), daia in table 2, and the values of S and .iA in 
tables 27 and 28 and figures 37, 38, 40, and 41. 
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Fig. 51. Apparent molal enthalpy of formation (lablc 33) as a 
funclion of pressure at conslant temperaiure (labeled in °C) computed 
from equation (88), data in table 2, and the values of V aud £IE in 
tables 3 and 32 and figures 1, 2, 49, and 50. 
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puled from equation (87), dala in lable 2, and the values of -S and i A 
in tables 27 and 28 and figures 37, 38, 40, atid 41. 
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In contrast, the analogous curves for AE in figure 53 have positive slopes 
((3P/3T)p. = - (Cp - PVa)/(Pyft - TV«)) at all the pressures and tem­
peratures considered. Taking account of the dilTerence in units and con-
ventioii.s, the values of AH and AE computeci in this sludy are closely 
consistent with the enthalpies and-internal energies reported by Keenan 
and others (1969) and Burnham, Holloway. and Davis (1969b). Estimated; 
uncertainties in the values of AH and AE 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 HoO at constant volume (Cv) or pressure (Cp) ^ 
can be comjiutetl by first taking the partial derivative of equation (70) 
with resjiect to tcmjierature at constant density, which leads to j 

c,=f^\ =T( -^ ) =-T(m 
\dTjp \dTjp V ^ T V P 

= - T ( ^ ^ ) -2KTp(m -RT^pfm 
\dT'Jp \dTjp ^ V ^ T V ' 

(89) 

where (3Q/3T)p, (3=Q/3T^)p, and (3=^o/3T=') refer to the partial deriva­
tives of equations (15) and (16) numbered (A-43). (A-44), and (A-49) in 
the apjiendix. The heat capacity at constant volume is related lo the heat 
capacity al constant jiressure by 

- = (^),--(l), Cv-t--
2 V T 

P 
(90) 

which was used together with ecjuation (89) and the values of V, «, and 
ft comjiuted above to calculate the heat capacities given in tables 34 and 
35 and those plotled in figures 55 and 56 for pressures ^ a kilobar. The ; 
values of Cp in the tables and diagrams for pressures above a kilobar ' 
were compuled fiom ; 

Cp,T — Cp_jooo,T — T J(f), dP 

,P=1000 

= c, ri.:iiooo,T -A J 'i"<W),.y' 
\ P = 1 0 0 0 

(91)1 

which follows by jiartial dilfcreniialion of equation (80). The inlcgial 
on the right side of c-(|uaiiuu (91) was evaluated for region A in figure 9 
wilh ihc aid of equaiiuns (21), (S.S). and (.S7) and an oqiial-inicrvar 
numerical inugvauon luuiiuc lulajiied from .-^rdon and .-Xsiill (1970).; 
C4irre>jM>nding c;tlrula(ii>ii% (or regiuiis li aud (.'. were c.-irried out by first! 
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contrasts with ( 3 A H / 3 P ) T - The latter function (which is equal to V(l — 
Ta)) is negative in the steam jihaise region as well as in the licjuid jihase 
region above ~ 300°C at jiressurcs less than ~ 1 to 3 kb (clcjicnding on 
the tcmjierature) but positive at high pressures ancl all temperatures 
(fig. 51). The minima in the isotherms in figure 51 dampen with decreas­
ing temperature ancl disappear below ~ 300°C, where ( 3 A H / 3 P ) T for 
licjuid HjO is Jiositive at all jiressures. 

The isobaric temjieraturc dependence of A E is shown in figure 50, 
where it can be seen that the family of isobars fans out to an increasing 
degree with increasing temjieraturc. At high icmjieratures, (3AE/3T)p 
(which is ccjual to Cp — PV«) decreases with increasing temperature at 
constant jiressure. In contrast, (3AE/3T)p increases as temperaiure in-
cre.Tscs i.sobarically below ~ 400° to 500°C. Similar behavior is evident 
ill figure 52, where the isobars for the apparent molal enthalpy of forma­
tion exhibit a sigmoid curvature which dampens and disappears vvitli 
increa.sing jiressure. As a consequence, the slopes of the isenthaljis in 
figure 54, which are defined by the reciprocal of the Joule-Kelvin coeffi­
cient ((TVor — V)/Cp), change from jiositive to negative values as pres­
sure increases acro.ss the .Joule-Kelvin inversion curve (figs. 51 and 54). 

TAIU.!-; 29 

Ajijiarcnt molal Gibbs free energy of formation (AG) in kcal mole - ' 
coinpuled from equations (3), (8), (9), (14) through (17), (73) and (74), 
data in table 2, and values of V in table 3—see figures 42, 43, ancl45 
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SAT -

-56,687 

-57.122 
-57.593 
-58.096 
-58.630 

-59.191 
-59.779 
-60.392 
-61.029 
-61.688 

-62.369 
-63.069 
-63.789 
-64.527 

0. 301 

-56.687 
-57 
-57 
-58 

122 
593 
105 

-59.283 
-60.475 
-61 679 
-62.894 
-64 
-65 
-66 

122 
359 
608 

-67.865 
-69 133 
-70.409 

-71 
-72 
-74 

694 
983 
290 

-75.600 
-76.918 
-78 
-79 
-80 
-82 
-83 
-84 

244 
577 
917 
264 
618 
979 

-86.347 
-87 
-89 

-so -91 
-93 

721 
102 
488 
881 
280 

-94.685 
-96.096 

-97 513 
-98.935 

-100.36} 

0.5 

-56.473 

-56.907 
-57.375 
-57.875 
-58.404 
-58.962 
-59.546 
-60.156 

-60.790 
-61.447 
-62.128 

-62.831 
-63.556 
-64.304 
-65.076 
-65.872 

-66.695 
-67.550 
-68.440 
-69.361 
-70.308 

-71.275 
-72.258 
-73.256 

-74.267 
-75.289 
-76.322 

-77.365 
-78.417 

-79.479 
-80.548 

-81.625 
-82.710 
-83.802 
-84.901 
-86.007 

-56 263 
-56.695 
-57 161 
-57.657 
-58 183 
-53.736 

-59 316 
-59.919 
-60 
-61 
-61 
-62 
-63 
-64 
-64 
-65 
-66 
-67 
-67 
-6S 

547 
197 
869 
552 
276 
010 
764 
537 
330 
143 
975 
827 

-69.697 
-70.587 
-71 
-72 
-73 
-74 
-75 
-76 
-77 

454 
419 
359 
315 
284 
266 
260 

-78.264 
-79.280 
-80.304 
-Bl 338 
-82.381 
-83.432 
-84.491 

-55 
-56 
-56 
-57 
-57 
-58 

PRESSURE, 

! 
85 
28 
74 
23 
75 
30 

-58.87 
-59 46 
-60.08 
-60 
-61 
-62 
-62 
-63 
-64 
-64 
-65 
-66 

72 
38 
06 
76 
47 
21 
96 
73 
51 

-67.32 
-68 
-68 

13 
96 

-69.81 

-70.67 
-71 
-72 
-73 
-74 
-75 
-76 

54 
43 
33 
24 
17 
II 

-77.05 
-78.01 
-78.98 

3 
-55.46 
-55.88 
-56.34 
-56.82 
-57.34 
-57.87 
-58.44 
-59.02 

-59.63 
-60.26 

-60.91 
-61.58 

-62.27 
-62.98 
-63.70 
-64.44 

-65.19 
-65.96 
-66.74 
-67.54 

-68.35 
-69.18 
-70.02 

-70.87 
-71.73 
-72.61 
-73.50 
-74.40 

-75.31 
-76.23 
-77.15 
-78.10 

KB 

4 

-55.07 
-55.49 

-55.94 
-56.42 

-56.93 
-57.46 
-58.02 
-58.60 
-59.20 
-59.82 

-60.47 

-61.13 
-61.81 
-62.50 
-63.22 
-63.94 

-64.69 
-65.45 
-66.22 
-67.00 
-67.80 
-68.61 
-69.44 
-70.28 

-71.13 
-71.99 
-72.86 
-73.74 

-74.63 
-75.54 
-76.45 
-77.37 

S 

-54.69 

-55 
-55 
-56 
-56 
-57 
-57 
-58 
-58 
-59 
-60 

10 
55 
03 
53 
06 
61 
19 
78 
40 
03 

-60.69 
-61 
-62 
-62 
-63 
-64 
-64 
-65 
-66 
-67 
-68 
-68 
-69 

36 
05 
75 
47 
21 
96 
72 
50 
28 
09 
90 
73 

-70.56 
-71 
-72 
-73 

41 
27 
14 

-74.02 
-74 91 
-75.81 
-76.72 

6 

-54.32 
-54 
-55 

73 
17 

-55.64 

-56 
-56 
-57 
-57 

14 
66 
21 
78 

-58.37 
-58.98 

-59 
-60 
-60 
-61 
-62 
-63 
-63 
-64 
-65 

61 
26 
92 
61 
30 
02 
75 
49 
24 

-66.01 

-66.79 
-67 
-68 
-69 
-70 

58 
39 
21 
03 

-70.87 

-71 
-72 
-73 

72 
58 
46 

-74.34 

-75.23 
-76 12 

-53 
-54 

1 

95 
36 

-54.80 

-55 
-55 
-56 
-56 
-57 
-57 
-58 
-59 
-59 
-60 
-61 
-61 
-62 
-63 
-64 
-64 

26 
76 
28 
82 
38 
97 
57 
20 
84 
50 
18 
87 
58 
30 
03 
78 

-65.54 
-66 
-67 
-67 
-68 

31 
10 
90 
71 

-69.53 
-70.36 

-71 
-72 
-72 
-73 
-74 

20 
05 
92 
79 
67 

-75.56 

-53 
-53 

3 

59 
99 

-54.43 

-54.89 
-55.38 

-55.89 
-56 43 
--56.S3 
-57 
-53 
-58 
-59 
-60 

57 
17 
79 
43 
09 

-60.76 
-61 
-62 
-62 
-63 
-64 
-65 

44 
14 
86 
59 
33 
09 

-65.85 
-66.63 
-67 
-68 

42 
23 

-69.04 
-69.86 
-70 
-71 
-72 
-73 
-74 

70 
54 
40 
27 
14 

-75.02 

-53 

3 

23 
-53.63 
-54.06 
-54 
-55 
-55 

52 
Cl 
52 

-56.05 
-56.61 

-57 
-57 
-58 
-59 
-59 

18 
78 
40 
03 
68 

-60.34 
-61 
-61 
-62 
-63 

03 
72 
43 
16 

-63.89 
-64 
-65 
-66 

64 
40 
18 

-66.95 
-67 
-68 

76 
57 

-69.39 
-70.22 

-71 
-71 

06 
90 

-72.76 

-73.63 
-74.SI 
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O IOO 200 300 400 5(X) 600 -700 800 900 IOOO 

TEMPERATURE, "C 
Fig. 54. I.senthalps, (lalioled in kcal mole—'). as a function of pres-

surc-and temperature (table 33 and figs. 51 and 52). 

IOO 200 300 400 500 600 TOO 800 SOO IOOO 

TEMPERATURE. "C 
Ftg. 55. Isobaric molal heat capacity (table ;34) as a fiiiiction of 

temperaiure at constant pressure (labeled'in kilobars) compiilctl from 
equations (TO) thrnttgJi {21), (23), (27), (33), (37), (f3), and (S9) thrpugh 
(93) and cpefricieius in tables 4, 5, G, 9, and 10 (solid curves). The dashed 
curves.fioiii 400=' tij--Q0O,'C rcpieicrft graphic'intei-polation across the 
boiftidary benveen regions ,-V and B in figure 9 (^cc; text). 

- 5 0 

- 5 8 

- 6 4 

- 6 6 

-70 

-SATURATION 

y STEAM 

J I - - I \ L I I [ 
100 200 300 400 500 600 700 

TEMPERATURE. ' G 
8 0 0 SOO 1000 

AE(KCAL 
MOLE, y 

Fi(,'. 52, Appareiit iri6!;U eiuhaljjy of fdrni<itipii (table 33) as a fimc-
iiD'ijf lempciattne at conslniit pie.s.surc (hibeled in kli) 'cmiipulcti frcim 
iiiLilion (HfJ), flaui ill lahle 2, and the vaiucs of V and AE^in-lablis 3 
ill -J'J ami fisjuies 1, 2, 4D, and 50. 

0 IOO 200 300 4 0 0 500 600 700 B!X) 900 IOOO 

• TEMPERATURE, ' t 

Fig, 53. Isopleilis of the apparent nioliil ihteinal cnci-gy ot fdrma-
lipii (labclecl in kc.il UIOIL—') .'is a fiiiiclioii o[ prcs^cne-and It'iiipcratiirc. 
(table 32 and Iigs, 49 and 50)*, 
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differentiating equation (39) with respect to temperature at constant 
pressure, which leads to 

i—0 J—0 

Hence, for temperatures > SSO^C in region B of figure 9, 

,P=1000 / T i = 0 ; ^ 0 

( (I800)J+i~ (1000)>+M/(/+l) 

9 9^i', 
-H V S} (H^On T'-= y - - (1800)/+A/(y+i) (g )̂ 

TABLE 30 

Fugacity Gpeificient (x) computed from equations (77) tlirough (79). 
(82), (85), anil (86) and values of V antl AG in tables 3 and 29 

~ (O " " " 

t 

(Pc) 
25 
50 
75 

100 
125 
150 
175' 
ZOO 
225. 
250 
275 
JOO 
)2S 
350. 
375, 
4oo 
425 
450 
47,5 
500 
525 
550 
575 
600 
625 
650 
675 
700 
725 
7 5 0 , 
775 

-800 
%JS 

,153 
875 
yso 

PRESSUFIE. KB 

SAT 

0.9995 
0.596E 
0.9925 
0,9838 
0,9732 
Oi9587 
0,9397 
0.9165 
0.8389 
0,'e572 
0'8221 
0,7640 
0,-7'i31 
O-;6990 

. 

• V 

,•*-

0,001 

0.0331 
6.1270 
0.-3312 
0.9851 
0.9388 
0.9915 
0.9934 
0.99*50 
0.9960-
0.-9966. 
0;'9971 
0.9'97S 
0.9978 
3.9982 
0.9934. 
0.9937-
o:9989 

- 0.9991 
0.3592: 
0.9993 
0,9994 
0.959S 
1.0000 
1.OOOO 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
I.OOCO 
1.0000 
1, sc-:.o 
1.0,105 
I . OK-) 
•t.tOSM 

0.5 

0.0001 
0.0003 
0.0010. 
D:OO"27 
0.0060 
0.0120 
0.0218 
0.0366 
0.057? 
0,0659 
0.1219-
0. i m 
0.2176 
0.2763 
0.3406 
0.4083-
0.4766 
0.5416 
0.5990 
0.64BI 
0..6859 
0.7259 
0.7575 
0.7848 

-,6.8o87 
0:6297 
0.3462 
-0.8646 
0,6791 
0.892) 
e.903li 
0.91)? 
o . 9 : : i 
3.5J11 
o . l n i i 

, e.-u,!..' 

1 

o.-oooi 
.0.6062 
0.6607 
0.0018 
0.004O 
0.0078 
0-:.0l41 
,0.0236 
0.0369 
0.0546 
0:0773 
0.1056 
0.1377 

,,0;i752 
,0.2169 
0.2622 
0.3106 
0.3594 
O,4094 
;0.4589 
0.5070 
0.5528 
0.59*0 
0.6J5B 
0.6724 
0.7C57 
0.7159; 
0.7613 
0.7830 
O.aiDl 
0.8)05 
0.5457 
0 .H5V 
o . ! ; ? } 
i . i i y * 
.0 1.;^,* 

2 

o.'ooo 
o.'ooo 
O.OOl 
0.'002-
0.'003 
0.007 
0,012 
0 .0 )9 , 
6,029 
0.043: 
0.061 
0,082 
0,106 
0. 135-
0,167 
O.20Z 
0.239 
0.278 
0,319 
O.36I 
0.403 
0,445 
0.4B6 
0.527 
0.566 
O.603 
0.639 
0.67J 
0,70s 
0.735 
0.76 J 
0.7BS 

3 

0.000 
0.000 
0.601 
0.062 
0.004 
0.067 
6.013 
0,020 
0.631 
0.045 
0.-062 
0.083 
0.107 
0.135 
o : i65 
0.199 
0.235 

.0.273 
0-312 
0.353 
6,394 
0.435 
0.476 
6.517 
0:55? 
0.595 
0.632 
0.663 
0,703 
0:735 
0.766 
0.73S 

4. 

0.000 
0.066 
0.001 
0.002, 
0,06s 
o;oo9 
0:015 
0.O24 
0.036 
0.051 
0.070-
0.092 
O. I IB 
0.143 
0.180-
0.216 
0.253 
0,293 
0.334 
6.376 
0,418 
0.461 
0.504. 
0.54"6 
0.587 
0.623 
0,667 
6.704 
O-TiiO 
Oi775 
D.80S 
0.639 

5 

0,000 
6 ; 001 
O.OOl 
0,003 
Oi006 
o . b i i 
iO.oig 
0.030 
0,044 
0.062 
0.0B3 
0:109 
0.138 
,0.17) 
0.207 
0.245 
0:286 
0,329 
6.373 
0,418 
0.464 
0.516 

•6.555 
0:660 
0.644 
0.-686 
0.727 
0.767 
0,805 
0.842 
0,677 
o . s t o 

6 

0.-006 
0.-061 
0.002 
0,00.4 
6.069. 
6.015, 
0.025 
6.038' 
0.055-
0.677 
0.102 
0,132 
0.166, 
0.203 
6.244 
0.237 
0.333 
O,j80 
0.429: 
0,478, 
6.S2B 
0.577 
0.627 
0.675 
0.722 
0.767 
0.811 
O.B53 
0.654 
6:932 
0.969 
1.004 

7 

0.000 
0.001 
0.003 
D . 6 D 6 

0,012 
0.621 
0.033 

.0.056 
0.07f 
6:097 
0.128 
0:163 
:o.203 
0.246 
0:233 
o:3' i3 
0.394 
0.447 
0.561 
0,556 
0.'611 
0". 665 
0.719 
0.771 
0.821 
0.870 
0.317 
0.962 
1.005 
1.046 
1.085 
1.122 

s 
0.001 
0.002 
0.005 
0.009 
0 .0)7 
6.023. 
0.645 
0.066: 
6.093 
0. 125 
0.163' 
0.205 
6,252 
0.3.03 
0 . 3 5 f 
0:414 
0:473 
0,533 
0.533 
0.654 
0.715 
0.775 
0.833 
0;89O 
0.945 
0.997 
1.047 
1.095 
1,141 
i ' . l i l i 
1.225 
1.363 

,9 

0.001 
0.003 
0,607 
0.6I1I 
0:024 
0:040 
0.061 1 
0.089 
0.-122 
6.162 
O.-ftB 
0,259: 
o ; 3 i s 

,0:375 
0.433 
0:504 
0.571 
0''64o 
0.708 ; 
6,776 •• 
0.843 
o.^gos 
0.-;973 
1:034 
1,093 
1.150- . 
I : J O 3 
1:254 
i 7 302 
1.347 
1.390 
lv429 

! 
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of the thermodynamic bchavioY oj aqueous elcctr(?lyles: 1. 1179 

sensitivity of Cp to errors in (Sa/5T)p Garculated from equation (37). 
Inter-regional discrej>ancies in tlie comjjuted values ot this derivative at 
the iwundaty sGjjaiating regions A .anil B\iii figtire 9-also preclude cal-
cul.Ttion of accinate values of Cp in tlie tetivjaerature interval •~' 450° to 
SSCC above a kilobar. The"vahies of Cp given for this interv.il in lable 
29 were obtained by grapliic iiiterpolation<of the dasiied segments-.of the 
curves in figure 55. The heat capacities cbmjiiited in this-study for pres­
sures > a kilobar corn pare favorably witli those reported by Ja/a, 
Kmonicek, and Siftier (;i96C), and Todheide (1972). 

Owing -to the drastic effect of the critical plienomenon on the lieat 
capacity of H2O, thCr isobars, in-figure 55 exhibit extrema that dampeii 
prbgressivety and shift to liigher temperatures as pressure increases from 
the critical jioint (where Cp — 00). The amplitude of the extrema in the 
isobars for jiressures > 5 kb is < 1 cal mole-:^ ("K)- ' (fig, 55), but at 
high temperatures Cp-decreases rapidly with increasing, tem peratu î e at all 
(constant) pressures. It is-ajiiDarent in figure 56' that the'lugh-temperature 

TARLE;: S 2 

Ajjpafent molal internal energy of.format ion (AE) in kcal mo le - ' 
computed from ecjuation (87), data in table 2, and values of A A 

in table 28—see figiiies 49, 50, and 53 

t 

(°c) 
25 
SO 
75 

100 
125 
ISO 
175 
260 
225-
250 
275 
300 
325 
350 
375 
460 
42S 
450 
'175 
500 
SZS 
550 
575 

,600 
62S 
650 
675 
700 
725 
750 
775 
800 
825 
850 
875 
SOO 

SAT 

-67 . ' i 36 
•66.966 
-66 
•66 

536 
034-

-65.626 
-65 
-64 
-64 
-63 
-63 
-62 
-62 
-61 

166, 
701 
225 
738 
236 
7 1 ! 
152 
539 

-£o.eia 

O.S 

-67.452 
-67.016 
-66.579 
-66.140 
-65.7^00 
-65:257 
•64.810 
-64.358, 
-63 .-900 
- 6 3 . "13 5-
-62 :953 ; 
^62.468 
-61.956 
-61 .415. 
-66 .832 
-60.189 
- 5 3 . "iSO 
-58 .,589 
-57 :72 ' i 
-57-OJ3 
-56.453 
-55.338 
-55.534 
-55.220 
^54.684 
-54.567 
-54.266 
-53 .978 
-53.693. 
-53.427 
-53.163 
-52-904 
-52.650 
-52 .401 
-S2.1SS 
- s r - s i i 

1 

-67.466 
-67.041 
-66."6I4 
-66.136 
-6S.758 
-65.329 
-64.897 
-6;4.1i63 
-64.625 
-63.584 
-63.138 
-62.683 
-62;231 
-61.766 
-61.269 
-60,800 
-60.300 
-59;738 
-59-. 268 
-,56.743 
-5B .2 t3 
-57.702 
-57-201 
-56-72*1 
-56.273 
- 5 S . M 3 
-SS-W^ 
•55.666 
-S' i .704 
-54,359 
-54-029 
-53-71,1 
-53.405 
-53-103-
-52-820 
-S2.541 

f'RESSUnE, 

2: 

-67 .5 
-67 . 1 
- 6 6 . 7 
-66 .3 
-65 .8 
- 6 5 . ' ! 
- 6 5 . 0 
- 6 4 . 6 
-64 -2 
-63 :8 
-63.V 
•63'. 0 
- 6 2 . 6 
-62 ,1 
- G t . 7 
.61 .3 . 
- 6 0 , 9 
-60 , 5 
- 6 6 ; 0 
- 5 9 . 6 
-53 .2 
- 5 8 . 8 
-58 .5 
-58-O 
- 5 7 . 6 
- 5 7 . 2 
-56 -a 
- 5 6 . 4 

tTS6.0) 
( -55 .6 ) 
( -55 .3 ) 
t -S^-S) 

3 

-67 .5 
-67 -1 
-66.-7 
-66 .3 
- 6 5 : 9 
•^65.5 
-65 .1 
-6> ,7 
-64.3 
-63 .9 
-63 .5 
-63 .1 
-62.8 
-62 .4 
-'62,0 
-61 :6 
-61-2 
-66,8 
-60.4 
-66 :0 
-59.7 
- 59 .3 
-59 .0 
- 5 6 : 6 
-53-2 
-.57-8 
-57,.4 
-57 .0 

t - 56 .7 ) 
( -56 .3) 
( -55-9) 
t -5S.6) 

KB 

4 

-67.5 : 
-67 .1 
-66 .8 
-66.3 
-66 .0 
-65 .6 
-65 .2 
-64 ,6 
-64 ,4 
-64 ,0 
-63 .7 
-63 .3 
-62 .9 
-62 .5 
-62 ,1 
- 6 1 . 8 
-61 .4 
-61 .0 
-60 .6 
-60 . J 
-59 ,9 
-59 .6 
-59 .3 
- 5 8 . 3 
-58 . S 
-58 ,1 
-57 .8 
-57.11 

( -57 .0) 
( -S6.7) 
( -56 .4) 
( -56 .0) 

'5 

^-67-. S 
-67 .2 
-66 .6 
-66-.il 
T 6 6 . 0 

- 65 .6 . 
-65 .3 
-64 ,9 
-64 ,5 
-64.- ! 
-63.8 
-63.4 
-63 :0 
-62 ,7 
-62,3 
-61 .9 
-61.5 
-61.2 
-60 .8 
-66:5 
-60 .1 
-59.'8 
-59.5-
-59 . t 
-SB. a 
-SB.4 
. 5 6 , 0 
^57.7 

(-57.J) 
1-57.0) 
( -56 .7) 
( -56 ,3) 

6 

-67-6 
-67 .2 
-66 .6 
-66 .4 
•66 .1 
•65-7 
-65 .3 
- 6 4 . 9 
- 6 4 . 6 
-64 .2 
-63 .8 
-63.S 
-63 .1 
•62 .7 
-62,4 
-62 ,0 
-61 .7 
•%i .3 
- 6 1 . 0 
-60 .6 
-60 .3 
- 5 9 . 3 
-59 .7 
-53.3 
- 5 8 . 9 
- 5 8 . 6 
•58,,2 
-57 .9 

( -57 .5) 
( -57 .2) 
( -56.9 
( -56 .5) 

7 
-67.-6 
-67-2 
-66 ,8 
-66 -5 
- 6 6 . 1 
-65.-7 
- 6 s : i i 
-^65.0 
- 6 4 ; 5 
-64 .3 
- 6 3 . 9 : 
- 6 3 . 5 
^63.2 
- 6 2 : 8 
-62 ,5 
- 6 2 . 1 
-61-8 
-61-4 
- 6 1 , 1 
-60 .7 
- 6 6 . 4 
- 6 0 : 1 
- 5 9 . 8 
- 5 9 . 4 
-59 .1 
-58 ,7 
-58 .4 
-S6 ,0 

( -57-7) 
(-57-11) 
( -57 .0 ) 
( -S6.8) 

8 

( -67 .6 ) 
( -67 .2 ) 
( - 6 6 . 8 ) 
( - 6 6 : 5 ) 
( - 6 6 . 1 ) 
( - 6 5 . 8 ) 
{ - 6 5 . I ) 
( r 6 5 : 6 ) 
(-61.-7) 
( -64 -3 ) 
( • 64 .0 ) 
( - 6 3 . 6 ) 
( - 6 3 . 2 ) 
( - 6 2 . 9 ) 
( - 6 2 : 5 ) 
( - 6 3 . 2 ) . 
(-6.1.8) 
( - 6 1 . S) 
( - 6 1 . 2 ) 
( - 6 0 . 8 ) 
( - 6 0 . 5 ) 
( - 6 0 . 2 ) 
( - 5 9 . 9 ) 
( - 5 9 - 6 ) 
( - 5 9 . 2 ) 
( -58 -9 ) 
( -58 ,5> 
( -58 .2 ) 
( -57-6> 
( - 5 7 : 5 ) ! 
( - 5 7 . 2 ) 
( - 5 6 . 9 ) 

,| 
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wliere /J,j .-itid Df̂  again stand for the arrays of:fit coenicictrts foi- regions 
B aiitl C resjiectively, in tabic; lp. For tctupc;ratures ^ 5y0°G in region, 

B; l>;y in ccjiiat-ioh (93) is sc't-tb zero, and €;.„„„,„,T iu equation (91) is re­
placed by Ci.„,5fif,,rr ill regipn A. Foi-temjieratures and [jiess 1 ires in region 
(j, /Jyj in equation (93;) is set to î ero, and (iSOO) is rejjiaced by P. 

The heat cajsacities eprapiited in this .study tot- pressnr.es — a kilobar 
arc^in close: agreement with tliose given by Schmidt (]9()9) and (gi-ajjhi: 
cally) by Keenan and others (19(39). Estiinatecl iinccrtainties in the values 
ot (.ij. shown in table 34 for jjiessiiics >" a liilobar are of tlie 01 tier of 2 
ijciccnt or less, Vahies of Cy at jiressures > a kilobar are not given in 
table 35 owing tb the high sensitivity of Cy to small ci-rois in .a and ft. 
Eirors ot.a tew jjcicent in these' eocllicietiis may lead to enors > 10'i:)cr-
cctit ill Cy. Because tlie uncertainty in the values of a and ft eomjiuted 
above are of this order of iiiagnittide, tlie values of Cv coniJKIted for 
pressures > a kilobar exhibit iiictmsisle 11 cies with those for [iiessiires 
below [1 kikibar. Accurate vtdites of Cj,. above 700''C and a kilobar cannot 
be comjiutcd from equations (91) and (93) owing to the relatively high 

TMSUE 31; 

Fugacity (/) iti bars compiitcd from etjuatioii (78) and the fugacity 
coctrieients in- table 30:—see figui:es 46 through 48 

t 

!°c) 
25 
50 
75 

100 
125 
150 
175 
200 
225 
2S6 
275 
30D 
325 
350 
•37S 
.400 

425 
450 
47 ; 
500 
525 
556 
575 
660 
625 
650 
675 
700 
725 
750 
775 
SOD 
B2S 
B50 
87S 
960 

0 
0 
0 
0 
2 
,4-
8 

14 
22 
34 
48 
67 
89 

115 

>AT 

•03,1? 
'1231 
3829 
9970 
•2584 

5615 

3819 
2406 

6454 

0550 
'6462 

2733 

4572 
4150 

0.001 

0.0331 
0.1270 
0.3912 
0.9a51 

^o.,9as3 
0.:99I5 
0.9934 

,0,9950 
6.-9"966 
0,9966 
0.'397l 
0.9975 
0,9S78 
0:9382 
O;9904 

-,0,99"E7 
0.59B9 
0:9991 
•n;9992 
0.9393 
0,9394 
0.9995 
1;0000 
1.0000 
1.0000 
1,0000 
1.0600 
1.0606 
t.oooc 

"1 :000D 
1:0000 
l-OOM 
1;0000 
1,0000 
1.0000 
1-0000 

• .-5. 

0.045 
0. 172 
0,524 
r.344 
3.002 
5.991 

10:889 
le:. 315 
23.8,40 
42.,538 
60.931 
B2i,-930 

lca:B6l 
136 .'163 
170,279 
204,161 
233,320 
276'.7a0 
2g9-522 
324: 041 
344.353 
362r,365 
3?B'753 
392:338 
404:-J36 
4l'4,a4'4 
424,103 
432.296 
439:548 
445:988 
451.720 
456:837 
461:418 
465-533 
469.241 
472.597 

PRESSURE. KB 
1 

0,064-
0.239 
0,715 
1.802 
3..'97,1 
7.835 

l 4 . 109 
23.551 
36.359 
54.62b 
7?.-255 

104,962 
137'. 696 
i75.?.ol 
216.311 
262,. 155 
30'3;33,4 
359.'i'i6 
469.424 
458:917 
506:973 
552.790-
596,026 
635.828 
672.363 
705:680 
731.'925 
7 63'. 300 
78B.030 
810.343 
830.486 
843.661 
865.682 
879:938 
893.407 
905.646 

2 

0 
0 
1 
3 
7 

13, 
23 
38 
59 
86 

121 
163 
213 
270 
334 
403-
473 
556 
638 
711 
605 

m$ 
'973, 

l o s r 
1131 
1206 
1278 
1346 
1410 
1470 
1526 
1578 

,.3 

0 
1 
2 
6 

12 
.22 
38 
61 
93 

134 
136 
I4B 
321 
464 

, 496 
597 

v7.65 
818 

936 
1058,. 
i i B i ; 

-1305 
1429 
1551 
1670 
1786 
1898 
2005 

'2108 
2206 
2293 
23 B6 

4 

0 
2 
4 

16 
19 
36. 
60 
96 

14'3. 
205 
230 
37.0 
474 
592 
722 
863 

l o t ] 
1171 
1334 
i502 
1673 
1845, 
2016 
2135 
2350 
2510 
2666 
2817 
2961 
3099 
3231 
3356 

5 

1 
3 
7 

16 
32 
58 
96-

149 
;219 
308 

"417 
;4'4 

•690 
854 

1033 
1227 

,1431 
I6.V5 
1865 

12091 
•2319 
•2548 
2776 
2999 
3218 
.3431 
3637 
3B36 
4026 
4209 
4383 
4549 

6 

2 
5 

13 
n 
52 
,92 

150 
229: 
332-
Ko -
€\k 
733 
9"95 

1320' 
1463-
i 724 
1,597 
2281 
1572' 
2369 
3167 
3465-
3^61 
4049 
4330 
4663 
4S67 
5120 
5363 
5595. 
5SI6 
6026-

J 

1 

7 

3 
9 

22 
"fS 
85 

146 
•233 
350 

, 4-33 
631 
397 

1 I4S 
• 422 
1726 

:-2052 
2399 
i759 
,31-31 
!35IO 
3333 
4276 
4656 
5632 
5337 
5751 
6093 
6J12I 
6737 
703B 
7324 
7596 
7854 

3 

6' 
16 
37 
75 

137-
236 
359 
530-
.74'3 

1001 
1301 
16'in 
20 1 6, 

.2423" 
2S56-
3311 
3731 
4261 
474-6: 
5234 
5719: 
6197 
6667 
7120 
7557 
7976. 
8J7B 
8762-
3'126' 
9471 
9797 

10105 

9 

11 
28 
63 

124-
219, 
359 
550 
797 

IIO'I 
1461 
I87"5 
2336-
2840 
3380 
3348 
4533 
5144 
5756-
6371 
6383 
7583 
8180 
3758: 
93 iT 
9841 

10347 
10329 
11286; 
11718 
12124, 
12506 
12665 

http://-66-.il
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(ms) and Owen and others (1961). In contrast, the logarithmic partial 
derivatives of E in table 36 differ from those computed for 1 atm by 
Owen and others, who derived their values by re.gressing dielectric con­
stant data from 0° lo 70°C and 1 to 1000 bars with a quadratic power 
function of temjieralure-and pressure. The partial derivatives of In e in 
table 36 also differ somewhat from the estimates computed by Sen and 
Cobble (1974). 

CONCLUDING REMARKS 

The equations presented above jiermit calculation ot a large number 
of thermodynamic/electrostatic projierties of HjO in addition to those 
discussed in the foregoing pages. Owing to sjiace limitations, many of 
these could not be included in this summary, but some are die subject o£ 
the following communication (Helgeson and Kirkham, 1974a). The cal­
culations make il possible to predict the consequences of geochemical 

TABLE 34 

Isobaric molal heat cajiacity (C,.) in cal molc-^ ( °K) - ' computed from 
equations (89) through (93) and values of V, «, ft, and (da/dT)r 

in tables 3, 7, 8, and 13—see figures 55 through 57 

{°C) 
25 
50 
75 
too 
125 
150 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 
1.75 
500 
525 
550 
575 
600 
625 
650 
675 
700 
725 
750 
775 
eoo 
825 
eso 
87$ 
»00 

PRESSURE. KB 

SAT 
18 
17 
18 
18 
18 
18 
18 
19 

01 
99 
05 
15 
32 
57 
SO 
35 

19.97 
20.89 
22.3ii 
24.78 
29.52 
113.«i5 

0.5 
17.1.6 
17.56 
17.65 
17.72 
17.83 
17.99 
18.20 
18.45 
18.76 
19.16 
19.72 
20.51 
21.65 
23-25 
25.57 
29.18 
35.15 
41.20 
38.26 
30.58 
25.46 
21.B9 
19.52 
17.63 
16.63 
15.77 
15.05 
14.47 
14.00 
I 3-60 
ij.:6 
12.97 
11.72 
i:.50 
«I.)J 
ll.li 

I 
17.09 
17.24 
17.35 
17.39 
17.ii6 
17-57 
17-72 
17.89 
18.07 
18.27 
13.52 
18.84 
19.26 
19.79 
20.43 
21.13 
21.86 
22.56 
23.19 
23.70 
23.96 
23.83-' 
23.26 
22.38 
21.36 
20.32 
19.33 
18.43 
17.63 
16.50 
16.26 
15.69 
IS.17 
14.71 
U.IO 
l).9) 

2 
16.7 
16.8 
16.9 
16.9 
16.9 
17.0 
17.1 
17.1 
17-2 
17-3 
17-1. 
17.5 
17.7 
17.9 
18.1 
18.3 
(13.6) 
(18.9) 
(19.2) 
(19-6) 
(19-9) 
(20.1) 
(20.2) 
(19-7) 
(19-6) 
(19-3) 
(18.8) 
(18.3) 

3 
16.5 
16.5 
16.6 
16.6 
16.6 
16.6 
16.7 
16.7 
16.7 
16.8 
16.8 
15.9 
17.0 
17.1 
17.2 
17.3 
(17.6) 
(17.8) 
(18.0) 
(18.2) 
(18.5) 
(16.B) 
(19.0) 
(18.2) 
(18.2) 
(18.0) 
(17.7) 
(17.4) 

4 

16.3 
16.3 
16.4 
16.3 
16.3 
16.3 
16.4 
16.4 
16,4 
16.4 
16,5 
16.5 
16.5 
16.6 
16.7 
16.7 
(16.8) 
(16.9) 
(17.0) 
(17.1) 
(17.2) 
(17.4) 
(17.5) 
(17.5) 
(17.5) 
(17.3) 
(17.1) 
(16.8) 

5 
16.2 
16.2 
16.2 
16.1 
16.1 
16.1 
16.2 
16.2 
16.2 
16.2 
16.2 
16.2 
16.3 
16.3 
16.4 
16.3 
(16.4) 
(16.4) 
(16.5) 
(16.6) 
(16.8) 
(17.0) 
(17.1) 
(17.1) 
(17.1) 
(16.9) 
(16.7) 
(16.4) 

6 
16.2 
16.1 
16.1 
16.0 
16.0 
16.0 
16.0 
16,0 
16,1 
16,1 
16,1 
16,1 
16,1 
16,1 
16.1 
16.1 
(16.1) 
(16.1) 
(15.2) 
(16.2) 
(16.3) 
(16.4) 
(15.5) 
(15.8) 
(16.8) 
(16.7) 
(16.4) 
(16.1) 

7 
16.2 
16.1 
15.0 
15.9 
15.9 
15.9 
15.9 
15.9 
15.9 
15.0 
15.9 
15.9 
16.0 
16.0 
16.0 
15.9 
(15.0) 
(15.0) 
(15.1) 
(15.1) 
(16.2) 
(16.3) 
(16,4) 
(16,6) 
(15.6) 
(16.5) 
(16.2) 
(15.8) 

8 
(16.2) 
(16.0) 
(15.9) 
(15.8) 
(15.8) 
(15.8) 
(15.8) 
(15.8) 
(15.9) 
(15.9) 
(15.9) 
(15.9) 
(15.9) 
(15.9) 
(15.9) 
(15.3) 
(15.8) 
(15.9) 
(15.9) 
(16.0) 
(15.1) 
(15.2) 
(15.3) 
(15.5) 
(16.5) 
(15.4) 
(16.1) 
(15.6) 
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isotherms maximize between 1 and 2 kb. The relations shown in figures 
55 aud 56 lead to the configuration of isopleths depicted in figure 57, 
where it can be seen lhat the isojileths ring the "infinite jieak" of the 
critical point in an elongated jiattcrn. 

SUMMARY OF TIIF. PROPKRTIF.S O F H o O , , , , , , ^ AT SATURATION 

The thermodynamic ancl electrostatic jirojierties of steam-saturated 
liquid I-LO at closely sjiaced intervals from 0° to 350°C are given in 
tables 30 througii 40. The numerical data in these tables AVCIC computed 
in the manner described above. The values of P, V, AE, A H , ancl S cor­
respond (after unit ancl convention conversion) to those, given by Keenan 
and others (1909). The fugacities and fugacity coefficients shown in die 
tables are in close agreement with those comjiuted by Haas (1970), as are 
the values of a and ft with those calculated for 1 atm by Keil (1967). The 
Ileal capacities are iu accord with .Schmidt's (1909) tabulation, and the 
values of the dielectric constant are consistent with those given by Oshry 

T A B L K 33 

Apjiareiil molal enthaljiy of foimation (All) in kcal molc-^ 
conijiuted from equatioii (88), data in table 2, and vaiucs of A E 

in table 32—.see figures 51, 52, and 54 

t 
(°c) 
25 
50 
75 
IOO 
125 
150 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
625 
650 
675 
700 
725 
750 
757 
800 
825 
850 
875 
900 

PRESSURE, KB 

5 

-58 

\̂  
315 

-57.865 
-67.415 
-66.962 
-65.506 
-66,044 
-65 575 
-55.096 
-64 604 
-64.093 
-63 556 
-62.979 
-62.338 
-61 573 

0.5 

-68.119 
-67.681 
-67.241 
-66.799 
-66.355 
-65.907 
-65.455 
-64.997 
-64.532 
-64.058 
-63.572 
-63.070 
-52.544 
-61.984 
-61.375 
-60.695 
-59.896 
-53.932 
-57.919 
-57.054 
-56.354 
-55.765 
-55.249 
-54.783 
-54.352 
-53.947 
-53.562 
-53.193 
-52.837 
-52.492 
-52.157 
-51.829 
-51.508 
-51.193 
-50.883 
-50.577 

1 

-67.930 
-67.501 
-67.069 
-56.635 
-66.139 
-65.761 
-65.320 
-64.875 
-54.4?;. 
-63.971 
-63.512 
-63.045 
-62.569 
-62.081 
-61.579 
-61.059 
-60.522 
-59.965 
-59.394 
-58.803 
-53.211 
-57.613 
-57.024 
-56.453 
-55.906 
-55.385 
-54.830 
-'54.413 
-53.957 
-53.536 
-53.121 
-52.722 
-52.337 
-51.963 
-51.601 
-51.248 

2 

-57.6 
-67.1 
-66.7 
-65.3 
-55.9 
-65.5 
-65.0 
-64.6 
-64.2 
-63.7 
-63.3 
-62.9 
-62.4 
-52.0 
-61.5 
-61.1 
-60.6 
-60.2 
-59.7 
-59.3 
-58.8 
-58.3 
-57.9 
-57.5 
-57.0 
-55.5 
-56.0 
-55.5 
(-55.-1) 
(-54.6) 
(-54.2) 
(-53.8) 

3 

-67.2 
-56.8 
-55.4 
-56.0 
-65.5 
-65.1 
-64.7 
-54.3 
-63.9 
-53.5 
-63.1 
-62.5 
-52.2 
-61.8 
-61.4 
-60.9 
-60.5 
-60.1 
-59.7 
-59.2 
-53.8 
-58.4 
-53.0 
-57.6 
-57.1 
-56.7 
-56.2 
-55.8 
(-55.4) 
(-54.9) 
(-54.5) 
(-54.1) 

4 

-66.9 
-65.5 
-65.1 
-65.7 
-65.2 
-54.8 

• -64.4 
-54.0 
-63.6 
-63.2 
-62.8 
-52.4 
-62.0 
-61.5 
-51.1 
-50.7 
-60.3 
-59.9 
-59.5 
-59.1 
-58.7 
-58.3 
-58.0 
-57.5 
-57.1 
-55.6 
-56.2 
-55.8 
(-55.4) 
(-55.0) 
(-54.6) 
(-54.2) 

5 

-65.5 
-56.1 
-65.7 
-65.3 
-64.9 
-64.5 
-64.1 
-63.7 
-63.3 
-62.9 
-62.5 
-52.1 
-61.7 
-61.3 
-50.9 
-60.5 
-60.1 
-59.7 
-59.3 
-58.9 
-53.5 
-53.1 
-57.8 . 
-57.3 
-57.0 
-56,5 
-55.1 
-55.7 
(-55.3) 
(-54.9) 
(-54.5) 
(-54.1) 

6 

-66.2 
-65.8 
-55.4 
-65.0 
-64.6 
-54.2 
-63.3 
-63.4 
-63.0 
-52.6 
-62.2 
-51.3 
-61.4 
-51.0 
-50.6 
-60.2 
-59.8 
-59.4 
-59.0 
-58.6 
-58.3 
-57.9 
-57.6 
-57.1 
-56.7 
-56.3 
-55.9 
-55.5 
(-55.1) 
(-54.7) 
(-54.3) 
(-54.0) 

7 

-65.9 
-65.5 
-65.1 
-64.7 
-64.3 
-63.9 
-53.5 
-63.1 
-62.7 
-52.3 
-61.9 
-61.5 
-61.1 
-60.7 
-60.3 
-59.9 
-59.5 
-53.1 
-58.8 
-53.4 
-58.0 
-57.5 
-57.3 
-55.9 
-56.5 
-56.1 
-55.7 
-55.3 
(-54.9) 
(-54.5) 
(-54.2) 
(-53.8) 

3 

(-65.6) 
(-55.2) 
(-64.8) 
(-54.4) 
(-54.0) 
(-63.6) 
(-63.2) 
(-52.8) 
(-62.4) 
(-62.0) 
(-61.6) 
(-61.2) 
(-50.8) 
(-60.4) 
(-50.0) 
(-59.5) 
(-59.3) 
(-58.9) 
(-53.5) 
(-58.1) 
(-57.8) 
(-57.4) 
(-57.1) 
(-56.3) 
(-56.3) 
(-55.9) 
(-55.4) 
(-55.0) 
(-54.7) 
(-54.3) 
(-53.9) 
(-53.6) 



oj the thermodynamic behavior of aqueous electrolytes: I. 1183 

TABLE 36 

Summary of the electrostatic properties of steam-saturated HjOji^jia 

X I0- ' 

B 
f a h 

( 3 B / 3 P ) T ~ Oe/3T)p Oa/3T) " 
q ' Q ' - A " 

X l o ' X l o ' X 10 
0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
BO 
85 
90 
95 
00 
05 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
io 
is 
70 
75 
30 
35 
30 
35-
30 
25 
50 
75 
00 
25 
50 

0.006 
0.009 
0.012 
0.017 
0.023 
0.032 
0.042 
0.056 
0.074 
0.096 
0.123 
0.158 
0.199 
0.250 
0.312 
0.386 
0.474 
0.578 
0.701 
0.845 
1.013 
1.208 
1.433 
1.691 
1.985 
2.321 
2.701 
3.130 
3.613 
4.154 
4.758 
5.431 
6.178 
7.004 
7.916 
8.920 

10.021 
11.226 
12.543 

. -13 .978 
15.537 
25.476 
39.728 
59.415 
85.805 

120.387 
165.125 

18.0194 
18.0175 
18.0217 
18.0318 
18.0474 
18.0681 
18.0934 
18.1230 
18.1564 
18.1935 
18.2340 
18.2777 
18.3245 
18.3742 
18,4267 
18,4820 
18,5400 
I8.6UO8 
18.6642 
18.7303 
18.7991 
18.8707 
I8.y450 
19.0222 
19.1022 
19.1851 
19-2710 
19.3599 
19.4519 
19.5470 
19.6455 
19.7473 
19.8525 
19.9613 
20.0738 
20.1901 
20.3104 
20.4347 
20.5634 
20.6966 
20.8344 
21.6039 
22.5416 
23.7224 
25.2858 
27.5307 
31.3508 

-5 .46 
1.30 
8.01 

.14.35 
20.19 
25.53 
30.40 
34.85 
38.94 
42.72 
46.24 
49.55 
52.69 
55.69 
58.58 
61.39 
64.14 
66.85 
69.53 
72.20 
74.86 
77.52 
80.20 
82.89 
85.61 
88.36 
91.14 
93.96 
96.82 
99.7I1 

102.71 
105.75 
108.85 
112.04 
115.32 
118.70 
122.19 
125.81 
129.58 
133.51 
137.62 
161.75 
195.13 
245.37 
329.48 
499.05 

1038.30 

50.67 
49.48 
•48.26 
47.19 
116.33 
45.60 
45.06 
44.69 
44.46" 
44.35 
44.36 
44.48 
44.69 
45.01 
45.41 
45.89 
46.46 
47.10 
47.82 
48.62 
49.50 
50.46 
51.50 
52.62 
53.83 
55.12 
56.51 
57.99 
59.58 
61.28 
63.09 
65.03 
67.10 
69.32 
71.69 
74,24 
76,96 
79.09 
83.04 
86.43 
90.09 

113.48 
149.96 
211.54 
329.06 
607.65 

1698.-85 

-11.93 
-14.48 
-15.57 
-15.89 
-15.87 
-15.66 
-15.44 
-15.27 
-15.16 
-15.12 
-15.17 
-15.30 
-15.52 
-15.82 
-16.20 
-16.66 
-17.20 
-17.83 
-18.53 
-19.32 
-20.20 
-21.18 
-22.26 
-23.44 
-24.75 
-26.18 
-27.75 
-29.47 
-31.36 
-33.43 
-35.71 
-38.22 
-40.99 
-44.05 
-47.43 
-51.18 
-55.35 
-60.00 
-65.19 
-71.02 
-77.56 

-126.08 
-225.07 
-458.96 
-1149.55 
-4157.99 

-36533.97 

-247.17 
-252,51 
-230,02 
-196.16 
-159.55 
-123.83 

-90.81 
-60.85 
-33.73 

-9 .13 
13.32 
34.02 
53.28 
71.42 
88.68 

105.28 
121.40 
137:22 
152.90 
168.57 

• 184.37 
200.44 
216.90 
233.88 
251.51 
269.95 
289.32 
309.78 
331.52 
354.70 
379.53 
406.23 
435.06' 
466.28 
500.22 
537.23 
577.72 
622. 15 
671.06 
725.08 
784.91 

1206.73 
1996.44 
3681.11 
8039.35 

24748.10 
1711219.75 

1320.85 
1362.61 
1310.78 
1219.72 
1118.08 
1019.58 
930.14 
851.81 
784.79 
728.42 
681.71 
643.55 
612.84 
588.57 
569.80 
555.69 
545.51 
538.64 
534.53 
532.73 
532.88 
534.66 
537.87 
542.32 
547.92 
554.60 
562.35 
571.21 
581.25 
592.59 
605.37 
619.76 
635.97 
654.25 
674.86 
698.09 
724.30 
753.84 
787.13 
824.63 
866.87 

1172.77 
1736.78 
2854.08 
5470.84 

14159.30 
80781.59 

•c. 
b. 
- b a r . £cm3 mole •1 ^ { • K ) - ' . S ta r - ' . 4 a r - 2 . a b a r " ' C K ) " ' . ^ ( ' K ) ' ^ 

1182 H. C. Helgeson and D. H. Kirkham—Theoretical jncdiction 

reactions among minerals and acjueous 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 
HnO with geologic observations and theoretical models of geochemical 
processes. 

ACKNOWLF.DGMENTS 

During the course of this study, many jieople contributed helpful 
suggestions, discussion, programming cxjiertise, and critical comment, 
but we are especially indebted lo Philijipe Lehot. We are also giateful to 
Professor J. H. Keenan and his colleagues for jiermission to program and 
publish calculations based on ecjuation (14), to C. W. Burnham and A. J. 
Ellis for critical reviews of the manuscript, and to Scott Cornelius, Robin 
Reid, John Dalton, Yo.shi Hidaka, Richard Weiss, D.avid Bice, Robert 

TABLE 3.'> 

Isochoric molal heat cajiacity (Cy) iu cal m o l e - ' ( °K) - ' comjiuted ftom 
equation (89) and the values of V in table 3 

t 
(°c) 
25 
50 
75 

100 
125 
150 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
625 
550 
675 
700 
725 
750 
775 
800 
825 
850 
875 
900 

SAT 

83 
31 
78 
25 

'15^74 
25 
80 
39 
04 
73 
50 
35 
39 
82 

too 
17.57 
17.20 
15.70 
15.18 
15.57 
15.19 
14.74 
14.34 
13.99 
13.68 
13.44 
13.32 
13.53 
10.00 
9.12 
8.61 
8.30 
8.12 
8.02 
7.95 
7.94 
7.93 
7.94 
7.95 
7.99 
8.02 
8.05 
8.09 
8.13 
8.18 
8.22 
8.27 
8.32 
8.37 
8.42 
8.47 

200 

17.53 
17.09 
16.62 
16.12 
15.52 
15.14 
14.59 
14.29 
13.93 
13.62 
13.35 
13.14 
13.05 
13.34 
14.55 
11.62 
10.25 
9.50 
9 0 7 
8.30 
8.65 
8.55 
8.49 
8.46 
8.44 
8.43 
8.43 
8.43 
8.44 
8.45 
8.47 
8.49 
8.51 
8.53 
8.56 
8.59 

300 

17.40 
17.00 
15.55 
15.06 
15.55 
15.09 
14.65 
14.25 
13.89 
13.57 
13.29 
13.05 
12.87 
12.80 
13.06 
14.85 
12.91 
11.17 
10.24 
9.70 
9.37 
9.17 
9.04 
8.95 
8.89 
8.85 
8.81 
8.79 
8.76 
8.75 
8.73 
8.72 
8.71 
a . 7 i 
8 .71 
8.72 

PRESSURE, 

400 

17.27 
15.90 
16.48 
15.00 
15.51 
15.04 
14.61 
14.21 
13.85 
13.54 
13.26 
13.01 
12.78 
12.51 
12.54 
12.65 
13.04 
12.43 
11.31 
10.55 
10.07 
9.77 
9.57 
9.43 
9.33 
9.25 
9.19 
9.13 
9.08 
9.03 
8.99 
8.96 
8.92 
8.89 
8.87 
8 .85 

500 

17.16 
15.82 
15.41 
15.95 
15.46 
15.00 
14.57 
14.18 
13.83 
13.52 
13.24 
12.98 
12.75 
12.54 
12.37 
12.26 
12.23 
12.15 
11.74 
11.13 
10.63 
10.23 
10.04 
9.36 
9.73 
9.63 
9.54 
9.45 
9.38 
9.31 
9.24 
9.18 
9.12 
9.07 
9.02 
8.97 

KB 

500 

17.05 
.15.74 
16.35 
15.90 
15.42 
14.96 
14.53 
14.15 
13.81 
13.50 
13.23 
12,98 
12.74 
12.52 
12.32 
12.14 
11.99 
11.85 
11.65 
11.33 
10.96 
10.65 
10.40 
10.22 
10.07 
9.95 
9.84 
9.74 
9.64 
9.55 
9.46 
9.38 
9.30 
9.22 
9.15 
9.09 

700 

16.95 
16.56 
16.29 
15.85 
15.37 
14.91 
14.49 
14.12 
13.78 
13.49 
13.22 
12.98 
12.75 
12.53 
12.32 
12.12 
11.93 
11.75 
11.55 
11.35 
11.11 
10.87 
10.55 
10.48 
10.34 
10.21 
10.09 
9.38 
9.87 
9-75 
9.66 
9.55 
9.46 
9.36 
9.27 
9.19 

800 

15.59 
15.45 
16.13 
15.70 
15.23 
14.78 
14.37 
14.01 
13.70 
13.44 
13.20 
1.2.99 
12.80 
12.61 
12.43 
12.24 
12.05 
11.87 
11.68 
11.50 
11.33 
11.18 
11.03 
10.90 
10.73 
10.65 
10.55 
10.43 
10.30 
10.17 
10.04 
9.91 
9.78 
9.54 
9.52 
9.39 

900 

16.77 
15.52 
16.18 
15.75 
15.28 
14.83 
14.41 
14.05 
13.73 
13.45 
13.21 
12.99 
12.78 
12.53 
12.39 
12.19 
11.99 
11.80 
11.61 
11.43 
11.25 
11.09 
10.94 
10.80 
10.67 
10.55 
10.43 
10.31 
10.19 
10.07 
9.94 
9.82 
9.59 
9.57 
9.45 
9-34 

.1000 

15.86 
15.59 
16.24 
15.80 
15.33 
14.87 
14.45 
14.08 
13.76 
13.47 
13.21 
12.98 
12.76 
12.55 
12.35 
12.15 
11.95 
11.75 
11.55 
11.37 
11.18 
10.99 
10.82 
10.57 
10.53 
10.40 
10.28 
10.17 
10.05 
9.93 
9.81 
9.70 
9.59 
9.48 
.9.37 
9.27 
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TABLE 38 

Summary of thermodynamic jiroperties of steam-saturated HjOjijaji 

a_ 
t 

0 
5 
10 
15 
20 
25 
30 
35 
40 
115 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
IOO 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
180 
185 
190 
195 
200 
225 
250 
275 
300 
325 
350 

b 
P 

0.006 
0.009 
0.012 
0.017 
0.023 
0.032 
0.042 
0.056 
0.074 
0.096 
0.123 
0.158 
0.199 
0.Z50 
0.312 
0.386 
0.474 
0.578 
0.701 
0.845 
1.013 
1.208 
1.1133 
1.691 
1.985 
2.321 
2.701 
3.130 
3.613 
4.154 
4.758 
5.1*31 
6.178 
7.004 
7.916 
8.920 
10.021 
11.226 
12.543 
13.978 
15.537 
25.476 
39.728 
59-415 
85.805 
120.387 
165.125 

£ 
P 

0.9998 
0.9999 
0.9996 
0.9991 
0.9982 
0.9971 
0.9957 
o.ggifi 
0.9922 
0.9902 
0.9880 
0.9856 
0.9831 
0.9805 
0.9777 
0.97ii7 
0.9717 
0.9685 
0.9652 
0.9618 
0.9583 
0.95117 
0.9509 
0.9471 
0.9431 
0.9390 
0.9348 
0.9305 
0.9261 
0.9216 
0.9170 
0.9123 
0.9075 
0.9025 
0.8975 
0.8923 
0.8870 
0.8816 
0.8761 
0.8704 
0.8647 
0.8339 
0.7S92 
0.7594 
0.7125 
0.6544 
0.5746 

S 
18. 
18. 
18. 
18. 
18. 
18. 
17. 

d̂  

08 
10 
09 
06 
03 
01 
99 

17.98 
17.98 
17-
17. 
17. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18, 
18, 

98 
99 
99 
00 
02 
03 
05 
06 
,08 
.10 
.13 
.15 
,18 
,21 
.25 
,28 
.32 

18.36 
18 
18 
18 
18 

.41 

.46 

.51 

.57 
18.63 
18.69 
18.76 
18 
18 
18 
19 
19 
19 
19 
19 
20 
22 
24 
29 

.83 

.90 

.98 

.06 

.15 

.25 

.35 

.97 

.89 

.34 

.78 

.52 
1*3.45 

^ 

d 

18.08 
18. 
18. 

10 
07 

18.01 
17.92 
17.83 
17. 
17. 
17. 
17. 
17. 
17. 
17. 
16. 
16. 

72 
62 
52 
41 
31 
20 
10 
99 
89 

16.78 
16. 
16. 

68 
57 

16.47 
16.36 
16. 
16. 
16, 

,25 
.15 
,0lt 

15-9i| 
15 
15. 
15, 

.8I( 
• T* 
,6ii 

15.5lt 
15 
15 
15 
15 
15 
14 
14 
14 
14 

.41. 

.3i| 

.25 

.15 

.06 

.97 

.88 

.80 

.71 
14.63 
14 
14 
14 
14 
13 
13 
13 
13 
13 

-55 
.47 
.39 
.04 
.73 
.50 
.35 
.39 
.82 

X 

0.9996 
1.0004 
1.0000 
1.0003 
0.9995 
0.9995 
0.9986 
0.9985 
0.9977 
0.9976 
0.9968 
0.99511 
0.99118 
0.9937 
0,9934 
0.9925 
0.9911 
0.9893 
0,9883 
0.9869 
0.9838 
0.9821 
0.9801 
0.9780 
0.9758 
0.9732 
0.9707 
0.9679 
0.9650 
0.9619 
0.9587 
0.9552 
0.9516 
0.9478 
0.9439 
0.9397 

.0.9355 
0.9310 
0.9263 
0.9215 
0.9165 
0.8889 
0.8572 
0.8221 
0.7840 
0.7431 
0.6990 

b 

0.0061 
0.0087 
0.0123 
0.0171 
0.0234 
0.0317 
0.0424 
0.0562 
0.0737 
0.0957 
0.1231 
0.1563 
0.1984 
0.2487 
0.3098 
0.3829 
0.4697 
0.5721 
0.6932 
0.83411 
0.9970 
1.1065 
1.4041 
1.6533 
1.9371 
2.2584 
2.6216 
3.0295 
3.4861 
3.9955 
4.5615 
5.1878 
5.8788 
6.6388 
7.'•720 
8.3819 
9.3742 
10.4516 
11.6189 
12.8806 
14.2406 
22.6454 
311.0550 
48.8462 
67.2733 
89.4572 
115.1*150 

b 
- b a r . 

S. . t '̂  -« - I 
g e« ^ . " ca l mole ' ('K) ' . 
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TABLE 37 

Summary of thermodyn.amic properties of steam-saturated H2O. 
2^nguia 

a 
t 

0 
5 
10 
15 
20 
25 
30 
35 
40 
1̂5 
50 
55 
60 
65 
70 
75 

- 80 
85 
90 
95 
IOO 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
180 
185 
190 
195 
200 
225 
250 
275 
300 
325 
350 

a 
— C . 

b 
P~ 

0.006 
0,009 
0,012 
0.017 
0.023 
0.032 
0.042 
0.056 
0.071* 
0.096 
0.123 
0.158 
0.199 
0.250 
0.312 
0.386 
0.474 
0.578 
0.701 
0.845 
1.013 
1.208 
1.433 
1.691 
1.985 
2.321 
2.701 
3.130 
3.613 
4.154 
i*.758 
5.431 
6.178 
7.004 
7.916 
8.920 
10.021 
11.226 
12.51*3 
13.978 
15.537 
25.476 
39.728 
59.415 
85.805 
120.387 
165.125 

b 
"bar. 

c 
S 

15.13 
15.'*6 
15.78 
16.10 
16.41 
16.71 
17.01 
17.31 
17.60 
17.88 
18.16 
18.411 
18.71 
18.98 
19.24 
19.50 
19.76 
20.02 
20,27 
20,51 
20.76 
21.00 
21.24 
21,48 
21.71 
2I.9I1 
22.17 
22.40 
22.62 
22.84 
23.06 
23.28 
23.50 
23.71 
23.92 
24.14 
24.34 
24.55 
24.76 
24.96 
25.17 
26.17 
27.16 
28.111 
29.111 
30.20 
31.4(5 

c 
"cal moi 

d 
M 

-55.1.13 
-55.490 
-55.568 
-55.648 
-55.729 
-55.812 
-55.896 
-55.982 
-56.069 
-56.158 
-56.248 
-56.339 
-56.432 
-56.526 
-56.622 
-56.719 
-56.817 
-56.917 
-57.017 
-57.119 
-57-222 
-57.327 
-57.1*32 
-57.539 
-57-647 
-57.756 
-57.867 
-57.978 
-58.091 
-58.204 
-58.319 
-58.435 
-58.552 
-58.670 
-58.789-
-58.909 
-59.030 
-59.153 . 
-59.276 
-59.400 
-59.526 
-60.168 
-60.835 
-61.528 
-62.246 
-62.991* 
-63.776 

le"'CK)"' 

d 
AG 

-56.288 
-56.364 
-56.442 
-56,522 
-56.603 
-56.686 
-56.770 
-56.856 
-56.91*4 
-57.032 
-57.122 
-57.211* 
-57.307 
-57.1*01 
-57.1*96 
-57.593 
-57.691 
-57.791 
-57.891 
-57.993 
-58.096 
-58,201 
-58.306 
-58.413 
-58.521 
-58.630 
-58.71*0 
-58.851 
-58.963 
-59.077 
-59.191 
-59.307 
-59.1.23 
-59.541 
-59.660 
-59.779 
-59.900 
-60.022 
r60.l44 
-60.268 
-60.392 
-61.029 
-61.688 
-62.369 
-63.069 
-63.789 
-6I1.527 

1 d 
'. -kcal 

d 
6E 

-67.888 
-67.797 
-67.707 
-67.616 
-67.526 
-67.436 
-67.31*6 
-67.256 
-67.166 
-67.076 
-66.986 
-66.896 
-66.806 
-66.716 
-66.626 
-66.536 
-66.446 
-66.355 
-66.265 
-66.171* 
,-66.084 
-65.993 
-65.902 
-65.811 
-65.720 
-65.628 
-65.537 
-65.445 
-65.353 
-65.260 
-65.168 
-65.075 
-64.982 
-64.888 
-64.795 
-64.701 
-64.606 
-64.511 
-64.416 
-64.321 
-64.225 
-63.738 
-63.236 
-62.711 
-62.152 
-61.539 
-60.818 

mole . 

d 
an 

-68.766 
-58.676 
-68.585 
-68.495 
-68.405 
-68.315 
-68.225 
-68.135 
-68.045 
-67.955 
-67.865 
-67.775 
-67.685 
-67.595 
-67.505 
-67.415 
-67.324 
-67.234 
-67.143 
-67.053 
-66.962 
-66.871 
-66.780 
-66.689 
-66.598 
-66.506 
-66.414 
-66.322 
-66.230 
-66.137 
-66.044 
-65.951 
-65.858 
-6^.764 
-65.670 
-65-575 
-65.I180 
-65.385 
-65.289 
-65.193 
-65-096 
-64.604 
-64.093 
-63.556 
-62.979 
-62.338 
-61.573 
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TABLE 40 

Summary of Born functions (eqs 65 through 69) 
for steam-saturated H,0,,-,„id 
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a_ 
t 

0 .00 
5 .00 

10.00 
15.00 
2 0 , 0 0 
25 .00 
30 ,00 
3 5 . 0 0 
4 0 . 0 0 
4 5 . 0 0 
50 .00 
55 .00 
6 0 . 0 0 
6 5 . 0 0 
70 .00 
75 .00 
8 0 , 0 0 
8 5 . 0 0 
90 .00 
95 ,00 

100,00 
105,00 

.110,00 
115.00 
120,00 
125.00 
130,00 
135,00 
140,00 
145,00 
150,00 
155,00 
160,00 
165,00 
170,00 
175.00 
180,00 
185,00 
190,00 
1 9 5 , 0 0 -
200,00 
225.00 
250.00 
275.00 
300.00 
325.00 
350.00 

a b 
~ ' C . b 

b 
P 

.006 

.009 

.012 

.017 

.023 
.032 
.042 
.056 
.071* 
.096 

.123 
.158 

.199 

.250 

.312 

.386 

.471* 

.578 

.701 

.8115 
1.013 
1.208 

l . ' *33 
1.691 
1.985 
2.321 
2.701 
3 .130 
3.613 
i*.15i* 
' * .758 
5.1*31 
6 .178 
7.OOI1 
7 .916 
8 .920 

10.021 
11.226 

12.51*3 
13.978 
15.537 
25. '*76 
39.728 
59.1*15 
85.805 

120.387 
165.125 

a r . - ( • 

- , 5 Y_ X 1 0 ' 

- 5 . 0 4 
- 5 . 1 8 

- 5 . 3 3 
- 5 . ' * 9 
- 5 . 6 1 . 
- 5 . 8 0 
- 5 . 9 6 
- 6 . 1 2 
- 6 . 2 8 
- 6 . 4 1 . 

- 6 . 6 0 

- b . 7 7 
- 6 . 9 1 . 

- 7 . 1 1 
- 7 . 2 8 

- 7 . ' . 5 
- 7 . 6 3 
- 7 . 8 2 
- 8 . 0 0 
- 8 . 2 0 

- 8 . 3 9 
- 8 . 6 0 
- 8 . 8 1 
- 9 . 0 2 
-9 .2 I1 

-9.1*7 
- 9 . 7 1 
- 9 . 9 5 

- 1 0 . 2 0 
- 1 0 . 4 6 

- 1 0 . 7 3 

-n.oi 
- 1 1 . 3 0 
- 1 1 . 6 1 
- 1 1 . 9 2 
- 1 2 . 2 5 
- 1 2 . 6 0 
- 1 2 . 9 6 
-13 .31* 
- 1 3 . 7 5 
- 1 4 . 1 7 
- 1 6 . 7 5 
- 2 0 . 4 8 
- 2 6 . 4 2 
- 3 7 . 0 9 
- 6 0 . 4 3 

- 1 4 1 . 6 6 

- .„7 
X̂  X 10 ' 

- 2 . 7 7 
- 2 . 9 7 
- 3 . 0 7 
- 3 . 1 2 

- 3 . 1 5 
- 3 . 1 6 
- 3 . 1 8 

- 3 . 1 9 
- 3 . 2 1 
-3 .21* 
- 3 . 2 8 
- 3 . 3 2 
- 3 . 3 7 
-3.1*2 
-3.1*8 

- 3 . 5 5 
- 3 . 6 3 
- 3 . 7 1 
- 3 . 8 1 
- 3 . 9 0 
- l i . O I 
- k . \ 2 
-4 .21* 

- ' * .Z7 
-k .SO 
- 4 . 6 5 
- 4 . 8 0 

- i * .97 
-5 .11* 
- 5 . 3 3 
- 5 . 5 3 
- 5 . 7 5 
- 5 . 9 9 
- 6 . 2 5 
- 6 , 5 3 
- 6 . 8 4 
- 7 . 1 8 
- 7 . 5 6 
- 7 . 9 8 
-8.1.4 
- 8 . 9 5 

- 1 2 . 6 3 
- 1 9 . 5 7 
-31*.02 
- 6 9 . 8 0 

- -191*.82 
-1215 .87 

K) ' . ~ C K ) ^ . - b a r 

n - . 6 g X 10° 

0.51* 
0 .55 
0 .56 
0 .57 
0 .58 
0 .60 
0 .61 

0 .63 
0 .65 
0 .68 

0.71 
0.74 

0.77 
0.80 
0.84 
0.88 

0.93 
0.98 
1.03 
1.08 
I . I I . 
1.21 
1.28 

1.35 
1.1*3 
1.52 
1.61 

1.71 
1.81 

1.93 
2 .05 
2 .19 

2 .33 
2.1*9 
2 .66 
2 .85 
3.05 
3.26 
3.50 
3.76 
I1.05 
5.95 
9 .18 

15.11* 
27 .77 
61.49 

213.62 

- \„-< 

- , j U^ X 1 0 ^ 

1.98 
1.83 
1.99 
2.33 
2.75 
3.20 
3.68 

1*.I7 
i( .66 
5.16 
5.68 
6.22 

6.77 
7.35 
7.95 
8.59 
9.27 
9.98 

10.711 
11.55 
12.42 

13.35 
14.36 

15.1*3 
16.60 
17.86 
19.22 

20 .71 
22.32 
24,09 
26.01 
28.13 
30.45 
33.01 
35.83 
38.95 
42.42 

46.27 
50.58 
55.39 
60 .80 

100.62 
180.75 
365.68 
692.43 

3075.19 
24995.05 

( ° K ) - ' . 

3- . „ 1 0 
N^ X 1 0 

- 1 . 3 7 
- 1 . 7 3 
- 1 . 9 4 
- 2 . 0 7 
- 2 . 1 7 

• -2 .21* 
- 2 . 3 2 
- 2 . 4 0 
-2.1.9 
- 2 . 6 0 

- 2 . 7 3 
- 2 . 8 8 

- 3 . 0 5 . 
- 3 . 2 4 
-3.1*6 

- 3 . 7 1 
- 3 . 9 9 
- 4 . 3 1 
- 4 . 6 6 

- 5 . 0 5 
-5.1*9 
- 5 . 9 8 
- 6 , 5 2 

- 7 . 1 3 
- 7 . 8 0 
- 8 . 5 6 
-9-1*0 

- 1 0 . 3 4 
- 1 1 . 4 0 
- 1 2 . 5 8 

- 1 3 . 9 1 
-15.1*0 
- 1 7 . 0 8 
- 1 8 . 9 8 
- 2 1 . 1 2 

- 2 3 . 5 5 
- 2 6 . 3 1 
-29.1*5 
- 3 3 . 0 3 
- 3 7 . 1 3 
- 4 1 . 8 5 
- 7 9 . 3 0 

- 1 6 4 . 3 7 
- 3 8 8 . 6 3 

-1131. i * ! * 
- 4798 .85 

-50615 .56 

^ a r - ^ 
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TABLE 39 

Sumniary ot thermodynamic projicrties ot steam-saturated HjO,,,,,,-^ 

C 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

IOO • 
105 
no 
115 
120 
125 
130 
I J5 
140 
145 
150 
155 
160 
165 
170 
175 
leo 
185 
190 
195 
200 
225 
250 
275 
300 
325 
J50 

b 
r 

0.006 
0 .009 
0 .012 
0 .017 
0 . 0 2 J 
0 .032 
0 .042 
0 .056 
0 .074 
0 .036 
0 . I 2 J 
0 .158 
0 .199 
0 .290 
0.312 
O.3B6 
0 . 4 7 4 
0 .578 
0 .701 
O.B45 
1.013 
1.208 
1.433 
1.691 
1.905 
2 .321 
2 .701 
3 .130 
3.613 
4 .154 
4 .753 
5.431 
6 .178 
7.004 
7 .916 
8 .920 

10.021 
11.726 
12.54J 
13.973 
15.537 
25 .476 
39 .723 
59.415 
85.805 

120.387 
165.125 

c 

87 .79 
8 5 . 6 6 
83 .97 
8 2 . 1 0 
80 .27 
78 .47 
76 .70 
74 .96 
73 .26 
71 .59 
6 9 . 9 6 
60 .36 

66 .79 
6 5 . 2 6 
6 3 . 7 7 
6 2 . 3 0 
60 .87 
59 .48 
58 .11 
56 .77 
55 .47 
54 .19 
52 .94 
51 .73 
50 .53 
49 .37 
48 .23 
47 .11 
46 .02 
44 .96 
43 .91 
42 .89 
41 .89 
40 .91 
39 .96 
39.02 
38 .10 
37 .20 
36.32 
35 .45 
34 .60 
30 .58 
2 6 . 8 7 
23 .38 
19.99 
16.58 
12.87 

(5 I n E\ -
( - 5 - 1 - ) , 

« 1 0 5 ' 

4 . 7 2 
4 . 7 0 
4 .68 
4 .66 
4 . 6 5 
4 .67 
4 . 7 0 
4 .74 
4 .79 
4 .86 
4 .94 

5 .03 
5 .13 
5 .24 
5 .37 
5 .50 
5 .64 
5 .80 
5 .97 
6 . 1 5 
6 .34 
6 .54 
6 .76 
6 . 9 8 
7.23 
7 .48 
7 .76 
8.04 
8 .35 
8 .68 
9 .02 
9 .39 
9 . 7 8 

10.19 
10.63 
1 1.10 
11.60 
12.14 
12.72 
13.33 
14 .00 
18.20 
24 .66 
35 .40 
55 .52 

101.95 
274.99 

(3 t n c \ ~ 
(-Ti—)p 

X 1 0 ' 

- 4 . 4 2 
- 4 . 4 5 
- 4 . 4 8 
- 4 . 5 0 
- 4 . 5 3 
- 4 . 5 5 
-4.-57 
- 4 . 5 9 
- 4 . 6 0 
- 4 . 6 1 
- 4 . 6 2 
- 4 . 6 3 
- 4 . 6 3 
- 4 . 6 4 
- 4 . 6 4 
- 4 . 6 4 
- 4 . 6 5 
- 4 . 6 5 

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

-10 .02 
- 1 8 . 2 4 

9 ' 
« 1 0 ' 

- 9 . 8 
- 1 2 . 6 
- 1 4 . 1 
- 1 4 . 8 

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

- 2 3 . 5 
- 2 4 . 9 
- 2 6 . 4 
- 2 8 . 1 
- 3 0 . 0 
-32 .0 
- 3 4 . 2 
- 3 6 . 6 

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

- 1 0 3 . 8 
- 1 1 3 . 9 
- 1 2 5 . 2 
-2C9.4 
- 3 8 0 . 9 
- 7 8 3 . 3 

- 1 9 5 3 . 8 
- 6 9 1 7 . 8 

-57594 .1 

/ 3 ^ t : . e\ -

( 3rO^ 
» 1 0 ' 

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

- 1 2 . 4 1 
- 2 2 . 3 0 
- I 1 I . 38 
- 8 4 . 5 6 

- 2 2 2 . 6 3 
- 1 2 3 2 . 6 1 

^3(3 I n c / 3 P ) , ^ a 

I or 1̂  
t 

» 10-

- 0 . 3 5 
- 0 : 5 2 
- 0 . 4 2 
- 0 . 1 9 
0.(19 
0 .33 
0 . 6 7 
0 . 9 5 
1.21 
1.46 

1.69 
1.92 
2 .15 
2 . 3 6 
2 .5B 
2 .Bo 
3 .02 
3 .24 
3 .47 
3-70 
3 .94 
4 .19 
4 . 4 5 
4 . 7 2 
5 .C I 
5 .32 
5 .64 
5 .9a 
6 .35 
6 . 7 5 
7 .17 
7 .63 
8 .13 

.8 .66 
• 9 . 2 5 

9 . 8 9 
10.59 
11.36 
12 .20 
13.14 
14.17 
2 1 . 4 s 
3 5 . 0 0 
6 3 . 6 3 

137.25 
407 .75 

2716 .03 

p ' O tn c/3P)^^-

. 10* 

- 0 . 1 3 
3.64 
5 .30 
5 .84 
5 .85 

. 5 .63 
5 .35 
5 .08 
4 .84 
4 . 6 5 
4 .51 
4 .41 
4 . 3 6 
4 .34 
4 .35 
4 . 4 1 
4 .49 
4 .60 
4 .74 
4 .91 
5.12 
5 .36 
5 .63 
5 .95 
6 .31 
6 .72 
7 .17 
7 .69 
8 .27 
8.92 
9 .66 

10.48 
11.42 
12.47 
13.66 
15.01 . 
16.55 
13.30 
20 .30 
22 .60 
110.78 
82 .44 

196.55 
612 .38 

3149.17 
4559J.OO 

- f i t ) -(•K)- t t r ' C K ) " (V.) 
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and 

where 

(y)p ' S ' 

r aj 

WP a p j ^ (1-1) A , j _ { p - p ^ ^ } I - ' . 

(S\-i(;?i((i?),-.') 
-2-2 

l-l I i °J-
1-3 

®, 4.Bpaw, 

p)^ ••-•(» (4'•X(S),-P4 . 

(A-))) 

CA-12) 

(A-13) 

,<A-I<*) 

(A-15) 

(A-16) 

- ^ ^ d l 

(A-17) 

(AHfl) 

(A-19) 

tA.-20) f 
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APPENDIX 

The p a r t i a l de r i va t i ves o f equation (16) can be expressed In simple 

no ta t ion by f 1 r s t w r l t l n g 

i - l J- -L 

where 

and 

I , - U , -V V H , 

where 

1-1 

and 

( t then fo l lows that 

to 
i l i ' ° I ^11 f̂ ' 

•1- i=9 I L 
i-9 

ahd 

-where 

(A-1) 

(A-2) 

tA-3) 

(A-4) 

(A-5) 

(A-6) 

{A-7) 

(A-8) 

lA-9) 

(A-10) 
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and 

lOj. 

By cross p a r t i a l d i f f e r e n t i a t i o n i t a lso fol lows that 

(A-31) 

(A-32) 

(A-33) 

(A-34) 

3z., 

where 

•).-!fta-.j, «.©,-»#'). 

m.(^U%-&.si. 

(A-35) 

-36) 

in which 

Aa 
qnd 

3P 

T T 

' /3v\ 

/-2 \ 

pal 
\3p 

(A-37) 

m - ( f t ) . (A-38) 

A l s o , 2 

l*).-i©i,(a.-.J,(#).-ffl.(&)). •39) 
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S i m i l a r l y , we can w r i t e 

and 

where 

and 

where 

Q^-p.,oif^-(i?i) 

(4"-j.^i(^)T ' 

i&)ylM 

(a-(a-<i,(a-Ma 

V^/T""^V-/P 

- r " I ( i - ' ) ( i -2) A... (p - P , . ) - ^ 
' T -^ 

(A-21) 

3p ' / T ' • ' 
I ( i - l )( i -2)( i-3) A (p - p j i - " , 
-1 l i 51 

(A-22) 

(A-23) 

(A-24) 

(A-25) 

(A-26) 

(A-27) 

(A-28) 

(A-29) 

(A-30) 
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(M^lm,a-4..mi,- (A-46) 

front which I t fo l lows that 

/.I 

'S'),-i(4(::^)/i(si((% • 

. '(%-iC4(4) 

The first and second partial derivatives, of equation (15) with respect to 

temperature can be written as 

P ) p - j,h)V(T^^-^-''))MC,.2C,)/T. 

{A-47) 

(A-48) 
p J I ; 

and 

1 ^ ) - j,(a-oa-»v<'''^-»i) 

(£y * 2C^)/T^ (A-4S) J 
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S|,.(i).-«Q, 
-M.-&.&. (A-40) 

In which 

-J-1 

J Z 
3T ^3P^ I J 

(A-1.1) 

and 

/ 3 ^ \ 

\3o' 
"3T~ 

4 .81 
i 

3T 
(A-42) 

The first and second isochoric partial derivatives of equation (16) can be 

written as 

{i?)/(i?i-^i^i(-l 
and 

\ /p r .J 

* >L I £ , ( - 2 - ) 

(A-43) 

(A-44) 

Fur ther , 

(%-$)yMm.-î )) 
-4M(ymH) (A-45) 

and 
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Thermal Stability of Chloritoid at High Pres.siire 
and relatively High Oxygen Fugacity^ 

6y J . G A N G U L Y anrf R. C. N E W T O N 

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

ABSTRACT 

The equilibrium conditions for the oxidation reaction of chloritoid to staurolite, magnetiic, 
quartz, and vapor have been determined experimentally in the pressure range 10-25 kb using 
the hematite-magnetite buffer. At 10 kb toial pressure the reaction is in equilibrium ai 
575° C. At 5 kb a value of 544° C was obtained by extrapolation of the high pressure results 
wilh an adjustment for the changing thermodynamic properties of water in the low pressure 
range. 

At oxygen fugacities along the nickel-nickel oxide buffer, the thermal stability of chloriioiu 
is promoted by 50-60" C above the hcmatite-magneiite values. Here the breakdown products 
staurolite, almandine, and magnetite arc probably more stable. 

The recently produced petrographic evidence for the oxidalion 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. Several independent temperature estimates of the 
chloritoid breakdown event by workers in the field agree very well with the present value of 
about 550° C for the oxidation reaction of chloritoid to staurolite, magnetite, quartz, and 
vapor at the hematite-magnetite buffer in the pressure range 5-10 kb. 

INTRODUCTION 

C H L O R I T O I D , H^FeAloSiOj, has long been recognized as an important marker 
mineral in the low and middle grades of metamorphism (Winkler, 1965, 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 difTere'nce 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 
ofthe 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 systems have been 
developed only in the last few years. Only one other extensive experimental 
investigation involving chloritoid has made use of oxygen-fugacity buflers, 
that of Richardson (1968). 

* Research supported by National Science Foundation Grant GA573. 

[Journal o l Pclrology, Vol. 9 , Pari 3 , pp, 444-66, 1968) 
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In the review of some ofthe proposed simple chloritoid breakdown reactions 
lhat follows, the following mineral formulae will be adhered to: chloritoid 
(Chd)—HaFeAlgSiO^ (Halferdahl, 1961); staurolite (St)—HFe2AlaSi4024 
(Maray-Szabo & Sasvari, 1958); cordierite (Crd)—FcgA 1481.50,8; hercynite 
(Her)—FeAl204; almandine (Aim)—FeaAlaSijOij; kyanite (Ky), andalusite 

FeO(Fe203) 
R 

(Mt.Hem) 

SiO A l j O j 

FIG. 1. Ternary diagram showing anhydrous molecular compositions of the major crystalline 
phases involved in the discussion of equilibrium relations. Chd = chloritoid, Crd — 
cordierite. Aim = almandine, St — staurolite, Mt = magnelite. Hem -- hematite. Her == 

hercynite. Cor = corundum, Qz = quartz. 

(And), or sillimanite (Sil)—ALSiOj; quartz (Qz)—SiO.,; magnetite (Mt)— 
Fe304; hematite (Hem)—Fe.,03; and corundum (Cor)—AI2O3. 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.2AI,jSi,iO.,4 
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-Szabo & 
Sasvari: there may be some solid solution of protons for silicon atoms (Schreyer 
& Chinner, 1966). This reservation must be kept in mind in terms 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. I shows the ideal 
anhydrous molecular compositions of the important phases in the triangle 
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446 J. GANGULY AND R. C. NEWTON—THERMAL STABILITY OF 

FeO-AljOg-SiOa. An axis of increasing oxygen fugacity may be imacincd 
extending perpendicularly into the page. Progressively more oxidized assem­
blages are favored as fo., increases. Certain amounts of Fe^Oj may be incor­
porated into the structures of Chd, Crd, St, Her, and, to a lesser extent. Aim 
Major amounts of ferric iron are present when Mt and Hem become stable. 
The most reduced possible assemblage corresponding to Chd composition is 
Alm-Cor. The assemblages Crd-Her and Alm~St-Her may contain some ferric-
iron. It is not evident which of these can be the more oxidized. At greaier oxygen 
fugacity magnetite appears, and the sequence of possible assemblages is, with 
increasing/o, Alm-St-Mt, Crd-St-Mt, St-Mt-Qz, and Ky (And, Sil)-Mt. Tlu-
relative oxidation order among the magnetite-bearing assemblages is deter­
mined by the amount of magnetite in the assemblage. The most oxidized possible-
assemblage is Ky (And, Sil)-Hem. 

A few experimental investigations of chloritoid .stability have been undci-
taken previously. Halferdahl (1961) experimentally deduced the reaction: 

1. 5Chd = Crd-l-3Her4-5H.,0 
in the pressure range 1-7 kb total pressure and the reaction: 

2. 31Chd = 4St-|-5Alm-i-8Her-F29H.,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 i 
in the range 570-700" C and at 700" nearly independently of pressure accordini; 
to reaction 2. The breakdown reactions were not reversed. 

Ganguly (1968) approximately located the reaction: 
3. 23Chd-)-8Qz - 5Alm-}-4St-F2IH.,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 reactions 
involving magnetite at/o., somewhat higher than the Ni~Ni0 buffer, Hoschek 
(1967) experimentally determined the P - r curve ofthe reaction: 

4. 4Chd-i-5And = 2St-i-Qz-f3Ho0 
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 
t h e / o . may have been nearly stable throughout the long (up to 120 days) 
duration ofthe runs by virtue of a buffering action ofthe metal pressure vessel. 
The reaction was reversed using synthetic crystalline starting materials. Very 
recently, Richardson (1968) has investigated the same reaction (with sillimaniic 
as the ALSiOs polymorph) using oxygen fugacities controlled by fayalite-r 
magnetite-Fquartz buffers. His result, based on reversals of the reaction using 
synthetic crystalline starting materials, is very similar to lhat of Hoschek. 
Richardson also undertook a reconnaissance of chloritoid reactions involving 
Crd. An important finding was that breakdown reactions of Chd involving Crci 
are stable only at low pressures, below 3-5 kb. 
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I None of the previous experimental studies has considered oxidation break-
f 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-!-502= 12St-i-10Mt+6Qz-{-48H2O 
(Hoschek, 1967). This reaction would presumably take place under conditions 
of/o, somewhat higher than in the case of the non-oxidation reactions. In­
stability ofthe assemblage almandine plus H.jO at the more elevated yba 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/o„ closely approaching or greater than that defined at a given tempera­
ture and total pressure by the magnetite-hematite buffer. The breakdown 
reaction of chloritoid then becomes: 

6. 6Chd-{-02 (or {!0.J = 6Ky4-2Mt (or 3Hem)-|-6H.A 
The chloritoid breakdown reactions involving magnetiic are considered in 

the present study. Cordierite may be eliininated 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, 5, and 6. in 
addition, a breakdown of chloritoid to yield almandine, staurolite, and magne­
tite should be considered: 

7. 19Chd^:^02 = 4St-f Alm4-^Mt-i-I7H.,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 repeated 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 lo 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 5 was found to proceed quite reversibly starting 
from synthetic crystalline materials, whether metastably or not. If the effect of 
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decreasing/oj on the dehydration temperature can be determined, the petro­
logic usefulness of a determination of reaction 5 on the HM buffer is not limiicd 
by experimental determination in a possibly metastable region. 

u 
o 
3 

C 
<v 
>« 
K 

O 

cr> 
o 

2 - 2 0 -

500 600 700 
Temperature, °C 

FIG. 2. Log/o, vs. T diagram at 10 kb for part of the system FeO-Al.j03-Si0.j-H..,0-Oi 
showing probable range of reaction of chloritoid and oxygen to staurolite, magnetite, and 

quartz. Taken from Ganguly (1968). 

EXPERIMENTAL METHODS 

Apparatus and sample geometry 

AH experiments in the present study were performed in the piston-cylinder 
apparatus (Boyd & England, I960), using a l-in, diameter pressure vessel, talc 
pressure medium, and graphite-tube resistance furnace. The runs were made 
with an oxygen-fugacity buffer arrangement,-prepared in the following way. 
Approximately 10 mg of starting material were sealed with water into a length ol 
platinum tube about 0-35 in. long. -,'„ in. diameter, and 0005 in. wall thickness. 
The thin-walled platinum tube is very permeable to hydrogen at the condilions ĉ t 
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' [he runs and so served as the osmotic membrane. The flatteried, empty portion 
of the capsule, about half its length,, was fdlded over. The platinum.capsule was 

;. i-p^Gked with.about 200 mg of the buffer mixture.into a length of gold tube of I in. 
"J ^iam^fer'aiiid 0-005 in, wail thickness. Excess water was added. Care was taken to 
.! keep the .top surface of the platinum capsule clean so that there was no thiekness 
• of buffer mix between the platinum capsule and the thermocouple. The flattened 

Cr - AI Thermocouple 

Mico 
Insulotion 

Thermocouple Ceramic 

-̂ Toic 

Buffer .Mix 
in Au Tube 

a) Stoinless Steel 
b) Pyrophyllite 
c) Brass Contact Ring 
d) Tolc. 
e) Graphile Heater 
f) Grophite Disc. 

g) .003" Steel Sheet 

h) .002" Pb Foil 
• FlG. 3. Diagram of high-pressure, high-temperature buffer-capsule experimental arrangement, 

lip of the gold capsule was sealed with a direct current are-welder and then 
cheeked for pin-hole leaks by pinching with pliers. The buffer capsule was 
smothered in powdered talc and ioa;ded into the high-pressure assembly. A 
O-OOI in,-thick platinum foil was placed on top of the gold capsule, at the point 
where the thermocouple makes contact, to provide an extra measure of prGfec-
tion against puncturing. Only those runs iii which both the.gold buffer capsule 
and the platinum sample capsule,contained water when cut open after the run 
were considered valid runs. The high^pressure buffer technique 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. 

Teinperature. measitrcinen t, and control 

Chromci-alumel thermocouples were used inal! of-the present runs. The 
thermocouple juncture was iii intimate touch contact with the gold and plStiinim 
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capsules, as revealed by the presence of a dent in both made by the thermo­
couple tip, which fact insures that temperatures were accurately measured, TIK-
small dimensions of the platinum capsule rule out the possibility of laVec 
temperature gradients. The Pt-Rh foil does not contaminate the Cr-Al thermo­
couple at temperatures below 750° C in run durations of.a few days (Newton 
1965). The temperatures quoted in Table 3 are believed to be accurate to ±5'- f 
No correction was made for the effect of pressure on the e.m.f. of the thermo­
couples. Temperatures were controlled to ± T C automatically. At the compk-. 
tion of a run, the sample was quenched to below 100° C in a few seconds h\ 
turning off the furnace current. 

Pressure measurement 

Determination of the sample pressure in the piston-cylinder apparatus iv 
always a difficult problem. It is not sufficient merely to quote a 'friction 
correction', vi'hich is usually given as a percentage subtracted from the nominal 
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 u.sed 
throughout. The carbide core had an inner hard steel liner 0-060 in. thick. 
The liner was shiny-smooth and had no cracks. Dry molybdenum sulfide powder 
was sprayed out of a squeeze-bottle on lo the liner wall as a solid lubiicani 
coating. A 0-002-in. lead foil anti-friction liner surrounded the talc cylinder. 
Only talc surrounded the buffer capsule: there were no hard internal parts aiul 
the temperatures were far below the firing temperature of talc. A 0-020-iii. 
thick graphite disk was placed at the bottom of the assembly, with a 0-005-in. 
thick steel sheet between it and the face ofthe 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 pressure 
was 100 bars (the ram had an effective diameter of 10 in.). The gauge pressure 
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 internul 
graphite heater sleeve. The gauge pressure always rose immediately in response 
to thermal expansion ofthe furnace assembly. For runs in the range 600-700'' C 
the gauge pressure increase always levelled offal about 15 bars, or a nominal 
increase of 1-5 kb. It was necessary 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 applied and the 
sample pressure (quite hydrostatic because of the water in the two capsules) 
would have been known to within ±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. It was therefore assumed that the pressure increase ofthe furnace 
assembly in the neighborhood of the sample capsule upon heating nearly 
compensated for the frictiorial 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 ± 1 0 kb under any conceivable set of hypotheses. The large 
magnitude ofthe pressure uncertainty did not hamper the present investigation, 
however, because of the steep dPjdT slope of the equilibrium in question. 

Preparation and properties of the starting maicriat 

All runs determining the equilibrium of reaction 5 were made on a starting 
mixture of synthetic chloritoid, synthetic staurolite, synlhclic magnetite, and 
natural quartz. The chloritoid was synthesized from ferrous oxalate, silicic acid, 
and aluminum hydroxide, mixed in FeAl.̂ Si0« proportions and sealed with 
excess water in a -i-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 measurements. The mean index of refraction 
was found to be l-72±0-0l by the oil immersion method. No unknown lines 
could be found in the Dcbye-Schcrrer photograph. The chloritoid was mostly 
or all the triclinic polymorph. Halferdahl (1961) synthesized a mixtute 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 1. The evidence 
supports the preponderance or entirety ofthe 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 ofthe chloritoid from the 
oxalate synthesis closely matched those of a sample of natural triclinic chloritoid 
from Chibougamau, Quebec, given by Halferdahl (1961). As a furiher check, 
a Debye-Scherrer photograph made with filtered iron radiation was very 
similar lo the photograph ofthe 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 effect of oxidation condition during the synthesis, a run was made 
on wustite, aluminum hydroxide, silicic acid, and excess water in a sealed 
platinum capsule inside a hematite-magnetite buffer. The synthesis was made at 
600° C and 20 kb total pressure for 24 h. Again lhe only discernible product 
was triclinic chloritoid. The unit-cell constants seemed 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.̂ Oa in the HM chloritoid 
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ĵjilnaifffpi i •y'fMUfM^f^r-'-^-^''¥''^^f^'"^^" ••̂ •̂ •̂  

452 J. GANGULY AND R. C. NEWTON—THERMAL STABILITY OF 

might account for the slightly different cell constants. The structural reasons lor 
the deviation are not apparent. The index of refraction was also l-72±0-0|. 

The starting-mix staurolite was prepared from ferrous oxalate, aluminum 
hydroxide, and silicic acid according to the dry formula FeoAI;,Si40.vi.5. A trace 
of natural staurolite seed, and excess water were added and sealed into a gold 

TABLE 1 

Partial list of d-spacings of synthetic staurolite and chloritoid 

Staurolite 

hkl 

150 
t22l 
t002 
t060 
tl5l 
tl32 
311 
260 
tl7l 
062 
400 
402 
460 
004 
t462 

to 12 0 

d 

3056 
3015 
2-831 
2-771 
2-693 
2-401 
2-354 
2-265 
2-109 
1-9770 
1-9683 
1-6156 
1-6057 
1 4151 
1-3968 
1 -3849 

/ 

W 
7 
4 
7 
9 
10 
5 
-2 
5 
4 
W 
2 
W 
1 
5 
3 

Chloritoid 

hkl 

t002 
IT21 
Tl2/ 

t003 
t02l| 
31 lj 
310 

t0221 
312) 

t3ll 
t40T| 
22Tf 
22n 
203 
221 
I13J 

t40n 
221 
023 
3l3J 

t33Ti 
025 
225) 

d 

4-449 

3-251 

2-965 

2-696 

2-661 

2-456 

2-399 

2-369 

2-301 

2-139 

1-5804 

/ 

10 

W* 

9 
7 

W* 
5 

4 

4 

W* 

4 

4 

• Lisicd by Halferdahl (1961) as unique lo triclinic polymorph, 
t Used in unit-cell rclincment. 

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/i<. 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 his structural 
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 starling 
material was wiistite, aluminum hydroxide, silicic acid, and a small amount o\' 
natural staurolite seed. 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 
stauroiites 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 

Material 

Staurolite 
(O.xalale synthesis) 
Staurolite 
(HM synthesis) 
Staurolite 
(Pizzo Forno, Svviiz.) 
(J. V. Smith) 
Chloritoid 
(Oxalate .synthesis) 
Chloritoid 
(HM synthesis) 
Chloritoid 
(Chibougamau. Que.) 
(Halferdahl. 1961) 

a l k ) 

7-888 
• 0-002 

7-896 
±0003 

7-871 
-0002 

9-493 
-; 0009 

9-552 
-: 0027 

9-50 

synthetic and natural chloritoid and staurolite 

A (A) 

16-618 
-±0-002 

16-623 
-0003 
16-620 

±0-003 

5-480 
- 0-019 

5-440 
iiO-OlO 

5-48 

c(A) 

5-661 
±0-001 

5-661 
.--0-003 

5-656 
±0001 

9-165 
: 0-013 

9-153 
±0-005 

916 

a (deg.) 

96-47 
±0-37 
97-34 
:-0-07 

96'- 53" 

^ Uleg.) 

102-27 
±015 
101-57 
±007 
101 49' 

y (deg.) 

89-94 
;: 0-26 
89-45 

±007 
90" r 

V(A^) 

742-13 
±016 
74303 
±0-30 
739-94 
±0-23 

462-76 
±2-38 
462-05 
-- 0-77 
462-99 

upon a thin layer of petroleum jelly. There was some effect of preferred orienta­
tion apparent on the relative intensity ofthe 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 ofthe reaction. The reaction was fast enough tp 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 t f hujfcr cfjcctivencss 

Equilibration ofthe oxygen fugacity of the buffer 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 wax 
indicated in several ways. The most decisive indication was the fact thai there 
was found to be a very large effect on the dehydration temperature of chloritiuM-

M 

St •Chd 

y\j 

Starting Material 

Chd 

^} St*Chd 
Mt+Chd 

Chd 
I St + MttOa-^HzO 

—Chd+02 
600*C, 16.0 kb 

86 hrs 

Chd + Og — 
St^Mt + O^^HgO 
650"C,l6.0kb 

50 hrs 

30 25 
20 (CUKQ) degree 

FlO. 4. Portions of X-ray diffraction spectrograms of slarling 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 bufl'er: the breakdown boundary was 
raised by about 60° C. Preliminary runs in this range made without a buffer, on 
the other hand, never yielded clear evidence of chloritoid growih 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 

, 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 
4 alternative but to suppose that the sample charge was well buffered. The 
• nickel-nickel oxide buffers, originally containing 50 per cent of each substance, 
i 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 bulTer. 

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 & Woncs. 1962). Increasingly 
oxidizing conditions will have a powerful effect in preventing iron loss to the 
capsule, however. Consider a simple alloying equilibrium such as 

FeO :- Fe(Pt.soln)---.10.. 

The equilibrium relation is 

n:v.-,*. = — 7̂= •• — l lnjo. 

where AC° is the standard Gibbs energy change in the reaction at 1 atm. AK, 
is the volume change of the solids involved in the reaction, «{,•{. is the activity 
of Fe in solid solution with platinum, and/,,„ is the oxygen fugacity. Using the 
dilute solulion approximation and thedala compiled by Eugster & Wones(1962, 
p. 90), 

and 

A î:!.(HM buffer) 
A'R.(WI buffer) .,„ ,„,V.,3MC 

A'K(NNO buffer)! 

10-

= lO-^-J 
Zi:KWI buffer) !,oui.,7-«Mc 

where A'J",': 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 bufl'ers results in orders of magnitude reduction in the depleting 
power of the platinum capsule. Some staurolite synthesis experiments on 
mixtures of wustite, Al(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 15 
kb for 36 h. The wiistite-iron run resulted in staurolite plus a considerahlc 
amount of kyanite and corundum, indicating some depletion of iron from the 
charge. The other runs yieldeci. staurolite only. The starting mix and the wiistite -
iron run charge were analyzed spectrochemically by N. Suhr. There was a 

TABLE 3 

Experimental conditions and results of runs at high pressure and high temperature 
using starting material composed of synthetic chloritoid, staurolite, magiwii/e. 

natural quartz, and water 

Run no. 

1 
2 

3 

4 
5 
6 

7 
8 
9 

10 
II 
12 

13 
14 
15 
16 
17 
18 
19 
20 
21 

Buffer 

NNO 
NNO 

NNO 

HM 
HM 
HM 

HM 
HM 
HM 
HM 
HM 
HM 

HM 
HM 
HM 
HM 
HM 
HM 
HM 
HM 
HM 

Pikb) 

19-5 
19-5 

19-5 

25-0 
25-0 
25-0 

20-5 
20-5 
20-5 
20-5 
18-2 
182 

160 
160 
160 
160 
13-5 
13-5 
13-5 
10-5 
IOS 

TC'C) 

650 
665 

680 

620 
635 
650 

600 
610 
625 
675 
605 
620 

600 
615 
625 
650 
570 
590 
615 
585 
600 

Time (li) 

49 
48 

43 

72 
54 
49J 

72 
69 
94 
67 
71.J 
96 

86 
70 
67 
50 
92 
72 
74 

103 
50 

Result* 

Chd only 
Strong Chd growth: 

Aim present 
Strong Chd breakdown: 

Aim strong: 
Mt weak: Qz absent 

Very strong Chd growih 
Strong Chd growth 
Strong Chd breakdown; 

slight Aim present 
Strong Chd growih 
Strong Chd growih 
Chd breakdown 
Sl-^Mt-^Qzonly 
Strong Chd growth 
Chd breakdown: 

slight Aim present 
Strong Chd growih 
Chd breakdown 
Strong Chd breakdown 
St-fMl-fQzonly 
No apparent reaction 
Slight Chd growth 
Strong Chd breakdown 
Weak Chd breakdown 
Strong Chd breakdown 

• Hem present in small iimouiits in all HM runs. 

depletion of FeO by 16 per cent ofthe amount originally present in the charge 
ofthe wiistite-iron run. According to the preceding calculation, the depletion 
in a similar run with the NNO buffer should be about 01 per cent of the 
amount present and about 0002 per cent for the hematite-magnetite run. Thus 
iron depletion ofthe 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 5) 
was reversed over a narrow range of temperatures at several pressures with ihe 
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FIG. 5. Experimental data for oxidalion breakdown of chloritoid at high pressures. Filled 
circle denotes chloritoid growth on HM bulfer. Open circle denotes chloritoid breakdown 
on HM buffer. Filled square denotes chloritoid growth on NNO bulTer. Open square 
denotes chloritoid breakdown on NNO buffer. Asterisk denotes lhat almandine appeared 
in Ihe run. Number one denotes data from Ganguly (1968). Uncertainty in teniperature 
and pressure of runs is bracketed by l;irgc rectangles surrounding cxpcvimcnial points. Line 
(a)is54Chd + 50. = l2St+Mt+60z+48H.,O(HM buffer, .stable). Linei/;) is the approxi­

mate location of the same equilibrium on the NNO buffer (nielastable, see text). 

HM buffer. Below 600° Cand 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 frorh the equation 

,„g/„.= _?l|12+,4.41+»512^) 

(Eugster & Wones, 1962, p. 90), where 7 is in degrees Kelvin. 
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The only phase to appear in the HM buffer runs which was not among the 
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 amoum 
in the run at 250 kb and 650° C (Run no. 6, Table 3). The amount of almandine 
in the charge of the I8-2-kb run was on the lower limit of detectability with 
X-ray diffraction; the amount of almandine in the 25-kb run may have becii 
about 10 per cent. Occasional small equant isotropic grains of high indc.v o; 
refraction were seen in the microscopic examination of these two charges. Both 
were runs in which chloritoid broke down. The appearance of almandine suegcM--
that the very high pressures were suffice to stabilize it relative to staurolite-. 
magnetite, and quartz, even at oxygen fugacities ofthe HM buffer. To detenu ine 
if almandine is a stable breakdown product of chloritoid at a high /i,_ in IIK-
pressure range of geological interest, runs were made on mixtures of almandine. 
staurolite, magnetite, quartz, and water and 14-0 kb, 630° and 650° C and ihc 
HM buffer for 24 h. Almandine was greatly reduced in quantity relative ui 
staurolite, magnetite, and quartz. Therefore, if almandine becomes a stable 
phase at high /, , , it must be above the pressure range ofthe metamorphic rock.s. 
The runs ofthe present investigation above 14 kb may be metastable reversals ut 
reaction 5. The very slight amount of almandine occurring in the two rull̂  
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 thai o\' 
reaction 5. 

A reversal of reaction 5 on the NNO buffer was performed by Ganguly (196S) 
at 10-6 kb and 635± 15° C. Additional runs with the starting mix for reaction 5 
and with the NNO buffer were made in the present investigation in order to 
produce a dPidT s\opc. A series of runs at 19-6 kb showed that the decrease ot" 
oxidation condition from the HM to the NNO buffer promoted the thermal 
stability by at least 50° C. Breakdown of chloritoid took place at 680° 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 :>. 
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 nucieation of almandine. The metastable equilibrium curve for reaction :> 
on the NNO buffer may lie at an even higher temperature than 680° C at 19-5 kb. 
Geometrical arguments indicate that the P-T curves for reaction 5 on the iwo 
buffers should be nearly parallel. The metastable reaction 1 in which hercynite 
was a product, should lie at still higher temperatures. A value of 700'̂ ' C wns 
found by Halferdahl (1961). 
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The enthalpy change. A//, for the reaction 

54Chd±502= l2St+10Mt+6Q2±48H2O 

can be calculated at any total pressure by: 

^ ^ = l̂ î GIT}] 

where A(7 is the Gibbs energy change of the reaction. An isobaric plot of AG/T 
versus l/Tlhus yields A// as the tangent, AC at any (T, P) can be found by the 
relation 

AC(r, P) = AC(r, ^,„)±48[C Il.O (r,/')-c"-"(r,/^.,„)]-
fidT.P) 

- 5 R T \ n 
folT,P.s,) 

±Al/.(/'--^..„.). 

Here P,.̂ ,̂ is the determined equilibrium pressure for the reaction, f,̂_ is the 
fugacity of O., on the HM buffer and Al:̂  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). The third term becomes ( -5 ) (/?) (2-303) (0019) 
(P-Psv) with P in bars (Eugster & Wones. 1962, p. 90). Using the molar 
volumes of chloritoid and staurolite given for the oxalate syntheses of Table 2 
and the values from Robie (1962) for the other minerals, a Al^ of -507-0 cm'' 
is obtained. The fourth term then becomes 

-507(/>-/^.,„) 
41-31 

with units of Calories. It must be remembered that the coefficient ofthe second 
term depends strongly on the assumed amount ofvvater 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 AW will suR'er from the uncertainties imposed 
by these considerations. 

Plots of —A(j//?r versus 1,T were prepared for nine different pressures 
including one atmosphere from the data for reaction 5, assuining a constant 
dPjdTslope of 233 bars/°C. Fig. 6 shows plots for four representative pressures. 
The curves are linear in their high lemperature portions, which is to be expected, 
since their slopes, the —A////? values, would not vary much over a 100° C 
temperature interval. Below about 560° C. however, the curves become curved 
.oyer a short, teraperature interval. The only reasonable explanation 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 

II h 

i 

^ 

I 

.: 
11 

M 

mm>'H'ym*}i^^g^'' '^^-y>^s>ma^AMHmmi^mP!*m%m!m)^^ "SIW^ 



,..^^^^^afe^£:^;;.-i^^.^..^.^..^fy%^>T:....gy^^ 

4*0 J. GANGULY AND R. C. NEWTON—THERMAL STABILITY OF 

properties of water begin to change drastically with decreasing pressure, and 
hence some curvature obtains in the line of reaction 5. 

The AH values yielded by the straight-line portions of the plots of Fin, (̂  
are shown in Table 4. The values are smallest at about 3 kb, which is due i>> 

I/T (°K)x 10' 
FIG, 6. Calculated values of —SCjRT for reaction 6 versus \iT for various pressures. 
The zero-points of ihe extrapolations of the straight-line portions of lhe curves for the two 
lower pressures are marked .X. They yield improved eslimates of the cguilibrium lempera­

ture for reaction 5. 

TABLE 4 

Thermodynamic data for the reaction 54Chd-[-50... = 12St-!- lOMt-f 6Qz-r48H.O 

P b a r s 

I 
1000 
2000 
3000 
5000 
7000 

10000 
16000 
20000 

T ° C 

296 
503 
518 
523 
544 
562 
575 
607 
621 

Isycni^ 

122,630 
967 
640 
512 
415 
338 
276 
201 
170 

S H c a l 

1-260x10" 
1-206 
1093 
1016 
1062 
1105 
1193 
1107 
1-206 

dP ltiar\ 

dT„,.., \'CI 
0-75 

66-4 
89-3 

101 
130 
162 
209 
259 
327 

dP /bar-\ 

dT„„„.. V C I 

69 
97 

132 
159 
189 
250 
264 

the minimum of the enthalpy of water in this pressure range. The one 
atmosphere value for A//found in this calculation is l-260x 10" cal for 54 moles 
of chloritoid, or 23-35 kcal per mole. Another calculation of A/y° (at 1 atm) mav 
be made by the method of Orville & Greenwood (1965). This method makes 
use of the expression: 
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where P is some elevated solid pressure at which the plot of 

Jo,^ 
versus 1 jT is prepared. The value of the fugacity of H2O and O.̂  are again taken 
from water tables and the Eugster & Wones (1962) expres.sion, for points on the 

; equilibrium curve at P^ = P^. log,o K is modified by the addition: 

^K(P.-P,:,,d 
AlogioA' = 

2-303^r 

(Eugster & Wones, 1962). Fig. 7 shows a plot of Iog,„ K' = log^ AT-f A logio ^ 
versus l / r for/^v = 20 kb. The 1 atm value of A// by this method is 1-086X I0« 
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FIG. 7. 20-kb plot of In K versus l,'7" 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 
1-260X 10* when the various sources of error such as difiiculty in measuring 
the slopes accurately and the approximations of incompressible solids and A// 
independent of temperature are considered. 

An estimate of the equilibrium curve of reaction 5 in the low temperature 
and pressure range 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 —IGIRT versus I/T curves to their zeros. This is 
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shown for the I and 5 kb curves in Fig. 6. Fig. 8 shows the low-temperauire 
continuation ofthe chloritoid breakdown curve estimated in this way. At 1 kh 
the dehydration temperature is down to 503° C, and the one atmosphere value 
is 295° C. That this curvature in the low-pressure range is real and is neces­
sitated by the properties of water may be shown by approximate calculations 
ofthe dPjdT s\ope of the reaction based on the Clausius-Clapeyron equation. 
The fluid volume change is difficult to evaluate exactly in the lack of data on UK-
partial molal volumes of oxygen, but, to a first approximation 

assuming that water and oxygen have the same volume per mole at a given 
P and T. The Af/ for the calculation was taken from the plots of —AC A'V 
versus \jT for each pressure. Table 4 shows a comparison of the slopes so 
calculated with those measured graphically with a straight-edge from a carefullv 
least-squared plol of the T value from Table 4 on a large sheet of millimeier 
paper. The general agreement of the measured and calculated slopes in the 
range 2-16 kb verifies that the curvature is a real effect. 

G E O L O G I C A L A P P L I C A T I O N S 

Some occurrences of chloritoid and staurolile-bcaring rocks may be inter­
preted in the light ofthe present experimental work, provided that the necessarv 
amount of caution arising from uncertainly in total pressure, water pressure. 
oxygen fugacity, and effect 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 slability diagram of the AloSiO.̂ , polymorphs 
given by Fyfe (1967). Over this pressure range the reaction of chloritoid to yield 
staurolite, magnetite, quartz, and vapor varies from 540° C to 575° C in Fig. 8. 
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, magnelite, quartz, and vapor. It is shown in the present investiga­
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 lhat vvill be attempted. 

Only MgO and MnO could have significant effects as 'impurity components" 
on the present equilibrium, because the phases chloritoid and staurolite aic 
very restrictive to other componenis such as CaO. Moreover, available analyses 
suggest that Mg and Mn are not likely to be strongly partitioned between 
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staurolite and chloritoid (cf. Deer et al., 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 
is Ukely to be minimal. 
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FIG. 8. An improved equilibrium diagram for the reaction 

54Chd+50j= l2St+IOMt+6Qz+48H..O 

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

Schreyer & Chinner (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 sieve texture caused by inimetic 
recrystallization after chloritoid rosettes. Similar occurrences vvere described 
by Espanshade & Potter (1960, p. 75) from the Kings district, North and South 
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Carolina. In both occurrences kyanite is the only aluminum silicate polv-
morph developed regionally. Allowing the maximum uncertainty from all 
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 kyaniie 
according to reaction 4 with Ky substituted for And. That the oxygen fugacities 
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 quarlz. Thin sections of some ofthe rocks show staurolite, associa­
ted with granules of magnetite, in the process of incipient replacement by 
chloritoid. These observations suggest retrograde conversion of staurolite to 
chloritoid by reaction 5. The indication from the present experimenlal work is 
that temperatures in the range 530-570° C were recros.sed before further retro­
grade reaction ceased. 

Garlick & Epstein (1967, p. 208) 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 O'-VO"* ratios 
in coexisting magnetite and quartz. Interpretation of the minimum temperature 
for the coexistence of staurolite, magnetite, and quartz based on the present 
experimental work yields 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-f 8Qz+0.j = I2St-f-12Alm+2Mt-f 6OH2O. 
On the basis of the compositions of pyrrhotites which have supposedly equili­
brated with pyrite during metamorphism. 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 proceeding simultaneously. Fig. 2 and the 
present experimental 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 buffer curves, if the pressures involved correspond to 
Miyashiro''s estimate of the pressures of 5-10 kb for amphibolite facies rocks 
(1961, p. 285). The present experimental evidence is therefore in good agreement 
with the independent tempeiature estimate of Card. 

Albee (1965) described kyanite-zone pelitic schists from Vermont containing 
chloritoid in association with garnet, magnetite, hematite, quartz, etc. The 
temperature of crystallization of these assemblages has been deduced to be 
550° C on the basis of 0"*/0'*' ratio in coexisting quartz and magnetite and 
the compositions of coexisting Ca-free muscovite and paragonite (p. 297). 
Garlick & Epstein (1967) believe that the temperature of 5,50° 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 temperature 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 F i i " , the reduced oclivify coefficient 

at some specified temperature and pressure. The quantity Tn" is defined as yi- '^ ' '^ ' ' where Y12 is 'he mean 

activity coefficient of this electrolyte and 21 and Z2 are the charge numbers on the ions. For solutions of 

1 :1 electrolytes, water octivities are presented graphically as a function of F" 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 

activity coefficients for electrolytes ot any desired temperature. 

SUBJ 
GCHM 
VPW 

W„ ' hen w-e deal with aiiiieous .solutions of sti-oiie; elfi-ii-oI.-\-tes, 
it i.s .'it'teii iieco.---s;u-.v to evaluate (he i';i|)or |)i-e.-;-.s'iu-<.'.s (activi­
ties) of the waii-r as well ns the ac(.i\iiie.s of the electrolytes 
prt'.-i.-ni. The oliject here is to iiic.sciil a j-'oiicralizeil iiroi-ediirc 
for estiinatiii}.' such vapor (iressiires, aiifilieablc when e.s-|ieri-
mental data are not availalile. 

Activity Coefficients of Strong Electrolytes 

TiiC ni.igiiitiide of 712", the mean iiiiivitv cociliiiciit of a 
single strong tileotrolytc 12 coniposof! of ions I an<i 2 in 
a(iii'--'iis solution dejiends upon its ni-n.uny iiii-< (incilci per 
kilogram of water), upon the cliargi.̂ - on the electrolyte's 
cation and anion, namely i-i and i->, n'spt (.-lively, ;iiid upon the 
teniperature. E.xcept at very low eoin'cmi.-ii.ions, activity co­
efficients for different eleiitrolytcs in IIKMI- pure .solutions at 
an.y !i;iveii tem peratu re and coiiecnti-.ition .iru iisiiall.v iar from 
being equal. However, llu; .neneral i.SDlhcinial behavior of 
these activity coenicicnts al, any tenipciaiiiie lictwopii 0 and 
J50°t' is eonveiiieiitl.v ipjiresented In- liio lui-Nes of J-'i.ijm-e 1 
showing the variation of the leduceil .-ii-livit.y eoelliciont Ti;" 
[namely (T")"^ '" ' ] with the ionic streivjili î (Mei.ssii(;r and 
Tester l!)72). L'aoli curve in.iy be lii-wcd ,-is repi-osciiting ,-i 
.solution of a dirferciit eicclrolyte. In.̂ -.i i-elloii shows that all 
curve.-, start at a value for Vyi" of uiiiiy at zi.'io coiii-uniration, 
and then diverge willioiii, i-i-o.s.sovera.s (•oiieontr.ition inrrc-i.ses, 
OIn Iously, (in eiitiie isoUiermal oiirve I .-r a particillai- elui-lro-
lyte ran be located on Figiiiu 1, knowing, a single value of 712" 
a t an ionic stretigtli of 2 or lii.glipr. .iiid ,(, ilie (einiicraiiiie of 
iiileiest. 'J'liiis, when we know th.-it lo.i; I',./ lor NaXO:, ;il a n 
of'2 is -0 .32 at 25°C, then its value (il 2.')°C and a ^ of G 
isdeierniiiied ftom Figure I as —0.44 or \\-;"it~0.'.i(')3, compared 
to an ex|->ei-iinental value of 0.371. ]'"oi- electi-olytes on wliich 
no e.xperimental data are available a metliod of priMliciingan 
appi-o.\iinate value for ^i-;":!! 2,5°C and au ionic strength of 2 
has been proposed (Mei.ssiier and 'I'estvr 197-2). 

' To whom-eorrespoiidciu'e should lu- iiildi('-.-.-i-(l. 

Activity of Water in Electrolyte Solutions 

,-Vs is cusloinaiy, the activity of w-ater (nrr).-ii, i-s e.xpie.ssed as 
I'rr'Vw", nanu'iy the ratio of the vapor iire.ssui-es ovnr the 
single electrolyte .solution and over |iiire water, all at the tein-
pcralnre of iiiiorest. For a solution of a single strong electro­
lyte, the i.soUit-rinal relationshiii between (VJ,_.)., j , , 7,./, and coii-
ccnlratioii isfxpic.s.sed by the fainiliarGibliS-lJiihem e'liiatioii, 
f-onveiiiently written as follows in standard texts (e.g., l-'itzer 
and Brewer equatioii 22-27); 

5.5.5 d In (<.iv\i.t. •v-iiiiin d In mi2 — vi-jWii d In 71-/ (1) 

Jlere i'i: i-epre.senls the moles of ions formed njion di.s.soeiation 
of one mole of electrolyte. The ioiiie strength /in oi, a single 
electrolyte is related to its molality as follows: 

M12 = 0 .5 ilJ»l'l2"'l2 (2) 

(Note: This equation is readily deiiveil, in that /J equ.-ils 0.5 m 
("iJi" -^ I'-ĵ -j'), or 0.5 7»»(>'|-ii'"'/''i -h "2̂ -22V"?)• Bince i-iZi equals 
iV-j, lin equals 0.5 Wi2>'î ii"ĵ -j(i-i -\- ''•i)/vivi. If we recognize that 
(''I -f I'-:) equals s'jj, Equation 2 results upon canceling com­
mon terins in niinierator and denominator.] 

Substituting T" for (y'')>i'>H in l:;quat.ioii I, combining with 
J'lqiiation 2, an i sim|>lifyiiig, wc get 

d log (a„)j 
(2.3(W)(27.7.5)2,i2 

Piid log ri2° 

27.75 
(3) 

l-!qiuition 3 eiiii now be inti.-gralcd lielween molality limits of 
zi'in and 111, equivalent to liinits for the ionic strength of zero 
and the final ionic strength of the .--oliilion p^; the correspond­
ing limits for the lediiced activity coeHieient are unity and ri2°. 
Performing the integration gives us 

r r„» 
log (aj,„.. = -O.OI5G;i,2/(j,^2) - (0.036) pd log P,™" 

Jo 

When wo know z,, 22, and MCJ, the first term on the right side 
of Eciiiaiion 4 can be evaluated directly, while the second 
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FNUCI i-S —O.Oti. When wc eorp'-t fn *ein)iei-aiiu-i' by meth­
ods previously di.seu.ssed. iisim: I IL̂ UK- I and l'!(piation ". 
(log r)NnCi at/J = 5 and 25°C î  :).i':i. Thus. 7 1- 0.9-1 coin-
pared to a i-e|)orted value of 0.S7 I 1 lioinii.soii and Stokes, .-Vpp. 
8.10, 1959). 

Obviously, the above procedure can lie levcrsed to predict 
(by a trial and error procedure) (he boiling point elevation 
from a known activity coefficient .'ir water vapor pressure 
above the electrolyte at some other teinperature. 

Osmotic Coefficient 

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

* 1 ! = 
55.5-2.303 

vuniu 
log (P,Jj,2. 

w-liich with Equations 2 and G can be transformed to 

</>12 = 1 — 2l?2 - [63 .9 21^2 log ( O W ' ) I 2 | / M I 5 

(9) 

(10) 

Tims at a given ionic strength, <!i2 can be easily derived from 
values of log OT„' from Figure 2 and substituted in Equation 
10. " . • • 

Precision 

Eri-oi-s'in estimating vapor pie.'suie of water for various 
electrolyte .solutions are generaily withiii 20%. rtntlicr errors 
can be introduced when F values are predicted from vapor. 
Iiressure lowering, extrapolated over large ranees of ionic 
strength in Figure 1 or large temperature ranges by Equatioii 
7. Tims the relationships proposed licie .should liC used only 
when direct e.xpeiimental evidence is not available. 

The extcn.sion of these develo))nients to niiilfcicomjwnent 
solutions is to be the subject of a subsequent paper. 

Nomenclature 

(7„ = .activity of w.-iter 
(<̂ w)i,zz = activity of water in iiiire electrolyte 12 
(«u)')ii = activity of water in a pui-e 1:1 electrolyte 
111)2 — molal concentration of electrolyte (mol/kg of 

water) 
vii, iii'i = molal concentration of ions 1 and 2 
z+,z- = cationic and anionic charge numbers 

GREKK LETTERS 

7i2° = mean activity coefilcient in a solution containing 
pure electrolyte 12 

,.0 _ reduced activity coefficient (7'')"'i'» 
<j!> = osmotic coefiicient (Equation 9) 
1̂2 = ionic strength of electrolyte 1-2 (0.5 7?iiZi' -f 0.5 

ni,222-) 
I'l, f-i, j'12 = number of ions I, of ions 2, and ions 1 plus 

ions 2 found in dissolving 1 mole of electrolyte 12 
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