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ABSTRACT. Chemical relations in hydrothermal systems can be described in terms
of the thermodynamic properties of minerals, aqueous species, gases, and concen-
trated sodium chloride solutions. Sufficient thermodynamic data arc available to permit
calculation of equilibrium constants for a large number of hydrothermal reactions
at high temperatures and pressures. Where these data are incomplete, the calcula-
tions involve entropy estimates, application of average heat capacities, and/or assump-
tions concerning the temperature dependence of thermodynamic variables and the rela-
tive importance of electrostatic and non-electrostatic interaction among the aqueous
species in hydrothermal solutions. High temperature stoichiometric activity coefhicients
for individual ions can be calculated using deviation functions computed from osmotic
coefficients for concentrated sodium chloride solutions. The results of such calcula-
tions, together with computed heat capacities, enthalpies, entropies, and equilibrium
constants for many hydrothermal species and rcactions at high temperatures are pre-
sented in tables and diagrams. The methods, assumptions, and equations employed in
the calculations are summarized in general notation. The numerical information con-
tained in the tables permits calculation of the solubilities of silicates, sulfides, car-
bonates, sulfates, and oxides in multicomponent hydrothermal solutions containing
high concentrations of sodium chloride at clevated temperatures, and evaluation of
the mass transfer accompanying irreversible rcactions responsible for metasomatism
and ore deposition in hydrothermal systems.

INTRODUCTION

The chemistry of electrolyte solutions at high temperatures has re-
ceived considerable attention in recent years, and it is now possible to
predict with confidence the thermodynamic characteristics of hydro-
thermal solutions to > 300°C (Criss and Cobble, 1964a and b; Cobble,
1964, 1966a and b; Helgeson, 1967a). It is the purpose of this paper to
summarize the equations and methods involved in applying such predic-
tions to hydrothermal equilibria and to compute an internally consistent
set of values for the thermodynamic properties of hydrothermal systems
at high temperatures. The results of the calculations are presented in
tables as well as diagrams to facilitate extrapolation to the supercritical
region and to enable the reader to use the numerical values in his own
investigations.

Most of the species and reactions considered below are important in
hydrothermal processes involving “acid” aqueous solutions containing
high sodium chloride concentrations. Electrolyte solutions of this kind
occur in the Salton Sea geothermal system (White, Anderson, and Grubbs,
1963; Helgeson, 1968a), and they are commonly found in fluid inclusions
in vein minerals (Roedder, 1963, 1965, 1967). Chloriderich acid solu-
tions are responsible for high temperature metasomatism (Orville, 1963;
Helgeson, 1967b) and hydrothermal rock alteration (Hemley, 1959; Hem-
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ley, Meyer, and Richter, 1961; Hemley and Jones, 1964; Meyer and
Hemley, 1967). In addition, both experimental (Barnard and Christopher,
1966; Hemley and others, 1967; Cloke, 1969) and theoretical (Helgeson,
1964, 1967c; Helgeson and Garrels, 1968; Helgeson, Garrels, and Mac-
Kenzie, 1969) evidence indicates that these solutions are capable of trans-
porting and precipitating metals and sulfides in ore-forming concentra-
tions at elevated temperatures.

Aqueous species contributing to hydrothermal processes involving
acid chloride-rich solutions include HCO,—, HSO,—, HS—, H,CO, and
CO,,, . H.S KC1, NaCl, HCI, CaSO,, MgSO,, H,S8i0,, and chloride

and sulfate complexes of the ore forming metals. There is little evidence
that polynuclear metal ion complexes are important, or that chloride
complexes of ferrous iron, calcium, magnesium, or aluminum form to sig-
nificant degrees below ~ 300°C (Sillén and Martell, 1964; Helgeson,
1964). Bicarbonate and bisulfate metal ion complexes and carbonate, bi-
carbonate, sulfate, and bisulfate complexes of sodium and potassium ex-
hibit minor association below this temperature (Quist and others, 1963;
Quist and Marshall, 1966; Helgeson, 1967a; Lafon, ms). Aluminum ion
forms stable complexes with fluoride and (to a much lesser extent) sulfate
ions in aqueous solutions. However, thermodynamic calculations indicate
that fluoride and sulfate complexes probably contribute only slightly to
the transport of aluminum in hydrothermal solutions at high tempera-
tures, even where the pH of the solution is low. At low temperatures,
aluminum fluoride complexes may be important in acid solutions (Hem,
1968). Aluminum hydroxide complexes appear to be the primary agents of
aluminum transport in “acid” as well as “alkaline” hydrothermal solutions
at high temperatures. Hydroxide complexes of calcium, sodium, potassi-
um, magnesium, and most other metal ions are important only in alkaline
solutions below 300°C, but ferrous hydroxide may associate to a signifi-
cant extent Iin acid solutions above 200°C. Of the several oxidation states
of gold, iron, and copper that form, aurous, ferrous, and cuprous ions
and complexes predominate in hydrothermal solutions. Zn++, Pb++,
Cu+, Cut+, Fet++, Ag+, Aut, and Aut++ jons associate primarily with
CI— in chloride-rich solutions. Although concentrations of metal-carbon-
ate, sulfide, bisulfide, and polysulfide complexes are negligible in acid
low-sulfide solutions, metal-sulfate complexes may be important contri-
butors to mineral solubilities in such solutions at temperatures below
~ 200°C.

For temperatures below 300°C, the standard state adopted for the
aqueous phase is an hypothetical 1 molal solution at 1 atm and any
specified temperature. For gases and solids the standard state is unit activ-
ity for the ideal gas and the pure solid, respectively, at 1 atm and any
specified temperature. The pressure dependence of hydrothermal equi-
libria are slight (considered negligible in this contribution) below 300°C.
For this reason, pressure is regarded as a variable only where higher
temperatures are considered. In these instances, the standard states apply
to any specified temperature and pressure.

{aq) ?
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LIST OF SYMBOLS

molal Debye-Hiickel parameter defined by equation (39).
coefficient in equations (16) and (17), equal to 0.01875.
coefficient (in the Debye-Hiickel equation) assumed to
represent the distance of closest approach of ions in an
electrolyte solution.

coefficients in equation (26).

coefficient in equations (28) and (31).

coeflicient in equations (10), (11), and (12).

activity of the ith species.

activity of H,O.

degree of association defined by equations (33), (34), and
(54).

coefficient in equation (17).

coefficient in equation (5).

molal Debye-Hiickel parameter defined by equation (40).
deviation function describing the departure of the mean
fonic activity coefficient of an electrolyte from that pre-
dicted by the Debye-Hiickel expression.

coefficient in equations (16) and (17), equal to —12.741.
coefficients in equation (4).

coefficient in equations (28) and (31).

coefficient in equations (10), (11), and (12).

overall dissociation constant for complexes, or equilibrium
censtant for gas-aqueous reactions.

coeflicient in equation (17).

coefficient in equation (5).

representation of cations.

representation of a mononuclear complex involving cation
€ and y moles of anion L.

coefficient in equations (16) and (17), equal to 7.84 x 10—+
integer index for complexes in equations (18), (20), (21),
(24), (86), and (54).

coefficient in equations (28) and (31).

coefficient in equations (10), (11), and (12).

standard heat capacity of the ith species.

average standard heat capacity of the ith species from tem-
perature T, to temperature T.

standard heat capacity of reaction.

average standard heat capacity of reaction from temperature
T, to temperature T.

activity coefficient in the ¢th complex.
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stoichiometric individual ion activity coefficient of the ith
ion in a multicomponent electrolyte solution containing a
predominant concentration of a given salt (defined by eq 45).
individual ion activity coefficient of the ith ion.
stoichiometric mean activity coefficient.

mean ionic activity coefficient.

individual ion activity coefficient of a cation.

individual ion activity coefficient of an anion.

integer index for the difference expressed by equation (20).
coefficient in equations (28) and (31).

integer index for anions in equations (21), (22), (25), (26),
(50, (51), and (52).

dielectric constant.

tugacity of the ith species.

standard Gibbs free energy of formation from the elements
of the ith species.

standard Gibbs free energy of reaction.

average number of water molecules associated with v ions.
standard enthalpy of the ith species.

standard enthalpy of formation from the elements of the
ith species at the reference temperature plus the enthalpy
change for the ith species associated with an increase in
temperature from T, to T.

standard enthalpy of formation from the elements of the
ith species.

standard enthalpy of reaction.

coefficient in equations (16) and (17), equal to 219.0.
stoichiometric ionic strength.

true ionic strength.

integer index for chemical species.

integer index [or cations in equations (19), (20), (21), (24),
(26), and (27).

integer index for reaction products.

equilibrium constant.

Henry’s law coeflicient.

activity product constant.

representation of anions.

integer index for reactants.

coeficient in equation (17).

molarity of the ith species.

molality of the ith species.

total molality of the ith ion or salt.

number of moles of a given cation in a mineral.

sum of the exponents in the Law of Mass Action equation.
number of moles of ions in 1 mole of a given salt.
number of moles of the cation in 1 mole of a given salt.
number of moles of the anion in 1 mole of a given salt.
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pressure in atmospheres.

reference pressure in atmospheres (1 atm).

integer index for mononuclear complexes involving a
common ligand in equations (26) and (27).

gas constant, equal to 1.9872 cal mole—* deg—* or 82.0575
cm?® atm mole—! deg—1.

ion radius of the éth anion.

ion radius of the ith cation.

density.

sum of the entropies of 1 mole of an aqueous species and its
coordinated water molecules.

standard conventional third law entropy of the ith species.
standard absolute third law entropy of the ith species.
difference in the sum of the entropies of 1 mole of an aque-
ous complex and its coordinated water molecules and the
sum of the entropies of the free cation and its coordinated
water molecules.

standard electrostatic entropy of dissociation.

standard entropy of reaction.

solubility of the yth mineral (in molality units) defined by
equation (51).

exponential coefficient in equation (36).

temperature in degrees Kelvin.

reference temperature in degrees Kelvin (298.15°K).
integer index in equation (48).

number of water molecules coordinated to a cation.
standard volume of reaction.

stoichiometric osmotic coeflicient.

number of water molecules coordinated to a complex.
number of moles of ligand L coordinated in a mononuclear
complex of the form €L,

number of moles of a given anion in a mineral.

integer index for minerals.

limit of the range of integer index y in equations (46), (47),
and (49).

charge on the ith species.

coefficient in equations (16) and (17), equal to 1.00322.

PREDICTIVE METHODS

In the present state of knowledge, limitations imposed by the amounts
and kinds of data available for hydrothermal reactions dictate the “best”
methods for predicting thermodynamic properties of hydrothermal sys-
tems at elevated temperatures. A variety of approximations, each with
its own uncertainties, can be used for this purpose. Because the reliability
of numerical values obtained from such approximations reflects the
method as well as the data used in the calculations, the computational
methods applicable under various circumstances are summarized below.
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Equilibrium Constanis
The basic thermodynamic equation describing the temperature de-
pendence of the equilibrium constant is

AHP(T) / 1 1
log K(T) = log K(T,) = —| — — —
g K (D) g K (1) 2303R \ T T,
T T
: f : Cop (Dyd In T
——§ aCo, (DT 4 ——— ACo (T)d In
2.303RT ro (DT A 2.303R v
T, T, (1)

in which AH®, and AC%p, are, respectively, the standard enthalpy and
heat capacity of reaction, R is the gas constant, K the equilibrium
constant, T the temperature of interest (in °K), and T, the reference
temperature (298.15°K in this commun.). For most reactions involving
aqueous solutions, the integrals in equation (l) cannot be evaluated
rigorously because the required heat capacity functions are not avail-
able. To integrate the last two terms in equation (1), the assumption is
frequently made that AC®y, (T) is zero or constant, but this practice often
leads to serious errors in computed log K(T) values at elevated tempera-
tures (Cobble, 1964; Helgeson, 1964, 1967a). In many cases, ambiguities
and uncertainties resulting {rom these assumptions can be avoided by
adopting one or another of the alternate approaches summarized below.

Calculation from average heat capacities.—Average heat capacities

T
Cop | for ions can be computed from absolute entropies bv
T,
evaluating
T So(_(ahs:(’}) _ Soi(nl)S)(Tl')
COP,' = (‘_))
1,_}_; In T/T, :

where §°,“" is the absolute entropy of the ith species. The absolute
entropy is related to the conventional entropy (§°) by

§°, (T = S°(T) 4 Z,5°,.“"(T) )

where Z; represents the charge on the ith species and §°,.“*(T) is the
absolute entropy of the hydrogen ion at temperature T. Criss and Cobble
(1964a) have shown that the absolute entropies of ions at high tempera-
tures can be calculated from

Soimm(T) — Z)1<T) + Z)Q(T) Soimbs)(Tr) (4')

where b, and D, are temperature dependent coefficients characteristic of
simple cations, simple anions, oxy-anions, or acid oxy-anions. The rela-
tion expressed in equation (4) was obtained by assigning absolute en-
tropies to the hydrogen ion at various specified temperatures. Equation
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(4) can be combined with equation (2) to define a similar relation for
average heat capacities. This expression appears as
T
Cop; | = a"(T) + B7(T) S°,“*(T,) ®
T,
where o”(T) = b,(T)/In(T/T,) and p"(T) = (bo(T)=1)/In(T/T,). Values
of b, b,, ", and B8” have been computed by Criss and Cobble (1964a and
by for 60°, 100°, 150°, 200°, 250°, and 300°C. These coefficients allow
absolute entropies and average heat capacities to be calculated for a
large number of aqueous species at elevated temperatures.
When average heat capacities can be computed for all reactants and
products in a given reaction, the equilibrium constant at temperature
T can be predicted directly from

T
AC®p ] (T-T,)
AHO,(T) /1 ! T,
loe K(T) = log K(T,) — - -
0g R(T) = log K(T,) = — e \'T T, 2.303RT
T
ACp, | In T/T,
T, 6)
+ 2.303R
in which
T T T
ACp,] = 3 C%;] — 3 C%y ] M
T, I T, ! T,

where j and ! represent the products and reactants, respectively.

Calculation from a combination of average and actual heat capaci-
ties.—In cases where the actual heat capacities for some (but not all) of
the reactants or products in a given reaction are defined by empirical
power functions of temperature, equilibrium constants can be computed
by first evaluating (for those species)

T
AHO(T) = aHe, (T)) + f Copi(T) dT (8)
T,
and
T
So,(T) = S°(T,) + f Cop(T)y dIn T )
T

r
in which AH®,(T) is the standard enthalpy of formation from the ele-
ments of the ith species at the reference temperature [AH®, ;(T,)] plus
the enthalpy change for the ith species associated with an increase in
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temperature from T, to temperature T. Heat capacities of solids and
gases are usually described by power functions of the form

Cop (T) = a” + b"T + /12 (10)
so that equations (8) and (9) will normally appear as

14 1 1
AH®,(T) = AH?;y(T)) 4 @’ (T-T)) 4 — (T=T7) — ¢’ (T - ‘r'.>

(1)
and

c” 1 1 9
°; = S° (T “InT/T, + 0(T-T,) — — -~
$°4(T) = §°(T) + a” In T/T, + b/(T-T) =~ - = 2.7 (12)
Where average heat capacities are known for the remaining reactants and
products, standard enthalpies and entropies at a given temperature can
be calculated by evaluating

T
AHO(T) = aH®, (T,) + C°p; (T-T,) {18)
T,
and
T
So(T) = S°«(T,) + C%,; | InT/T,. (14)
T,

High temperature equilibrium constants for the reaction can then be
computed from

T3 s - 3 S°z(T)> — S AH°(T) + 3 AHO(T)
j ! i !
2.308RT

log K(T) =
(15)

where 7 and ! again refer to the products and reactants, respectively.
When equation (15) is employed, care must be exercised to avoid con-
fusion between relative and absolute entropies in the summation terms
of the equation. If heat capacity power functions are known for all re-
actants and products, high temperature equilibrium constants can be com-
puted simply by combining equations (11), (12), and (I5).

Prediction of dissociation constants.— In geochemical problems it is
quite common to find that no heat capacity data of any kind are avail-
able for one or more of the reactants or products in a given reaction.
This is particularly true for complexes in aqueous solution. Despite this
handicap, dissociation constants often can be closely approximated to
~ 200°C by evaluating (Helgeson, 1967a)

AS°(T,) 0
i) P

—{1— _ Ty
| ( explexp(b-+aT) — ¢ + (T me]ﬂ
AHO,(T,)

AR (16
2.305RT (16)
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where 6, w, a, b, and ¢ are temperature independent constants character-
istic of the solvent. For aqueous solutions these coefficients have the
values 219.0, 1.00322, 0.01875, —12.741, and 7.84 X 10—%, respectively
(Helgeson, 1967a). The method of approximation afforded by equation
(16) involves the assumption that AC®p (T) changes monotonically but
nonlinearly with temperature; AC®p (1) is implicitly defined in terms
of AS®(T,) in the equation. Dissociation constants computed from equa-
tion (16) are often much closer approximations of actual dissociation
constants at high temperatures than those computed by assuming
AC®p (T) = 0 or AC®p (T) = a constant. Equation (16) is an approxi-
mation modified from equation (17) below.

Where dissociation constants are known over a restricted tempera-
ture range, experimental log K(T) values can be fit by the method of
least squares to

log K(T) =
A5 T, -T i 1 ¢ b+aT - T-T,)/0
W[ a _T< — explexp(b+aT) — ¢ + (T-T,)/ ])}
AHO7'<T7‘) ASO)'(’]‘J‘) o In T/T 1+ T,/T
= 9303RT T 2s0sr T asosr (0 /Trm 1+ T/D)
Igl(r_’_‘l—‘r)2 A’

T3 — 3 — T 3 lrl
Z606RT T 4.G06RT (/8 =25 = 1A 415 (00
where 4, w, a, b, and ¢ are constants with the values given above, AS°.(T,)
is the electrostatic entropy of dissociation at the reference temperature
(T,), and &, B’, and X’ are temperature independent coefficients charac-
teristic of the reaction (Helgeson, 1967a). Values of the reaction-de-
pendent parameters defined by the low temperature fits can then be
used to predict log K values at higher temperatures. However, care must
be exercised to avoid overfitting. Where only a few experimental values
are available, or the data are highly uncertain, all of the reaction-de-
pendent coefficients should not be included in the least squares fit rou-
tine; that is, A, or \’ and g’ should be set to zero.

Entropy and Heat Capacity Estimates

For many reactions in aqueous solution, equilibrium constants are
known only at 25°C. In such cases it is common to find that insufficient
entropy or enthalpy data are available for the species involved in the
reaction to permit calculation of high temperature equilibrium con-
stants using the approaches described above. This problem often can be
overcome in a first approximation by estimating entropies of dissociation
or the entropies and heat capacities of reactant or product species.

Dissociational reactions in aqueous solution.—Entropies of dissocia-
tion for complexes in aqueous solution at 25°C can be estimated from
entropy correlation plots. These entropies can then be used in conjunc-
tion with equation (16) to approximate dissociation constants at higher
temperatures. The approach summarized below for making such esti-
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mates is a modification of that employed by Cobble (1953b) for esti-
mating the entropies of complex ions.

For convenience, let us define the sum of the entropies of 1 mole
of an aqueous species and its coordinated water molecules as S*; that
is, for a given temperature,

*

[€L,(H.0),%]

I

“rens T ¥ 0 (18)

Y
and

* — o] 1]
Searnoy = Ve T E
it
in which $° is the conventional third law entropy, €L, is a mono-
nuclear complex involving cation € and y moles of anion L, x and @
represent the number of water molecules coordinated to the complex and
cation, respectively, and Z_ and Z_ are the respective charges on the
. 1

Se .
[H.O] (19)

¢
complex and the cation. Subtracting equation (19) from equation (18}
gives

% N — AS* =— §°
[€L,(H,0),%¢] [€£(H,0) ] d [€L,%
u
— So X — 0 So )
ey T 0T 90 (20
where AS* is the difference in the sums of the entropies expressed in

d
equations (18) and (19). Equation (20) can now be combined with the
expression for the entropy of dissociation of the complex written as

AS°e, = §°_ 1§° 4, — S°
€4 T %) T Y ek @1
to give
AS°, = y§° x —0) S° — AS* A
oy T T 3y 077 A5 (22)
where Z is the charge on the anion. If as a first approximation we
¢
assune,
X =10 -7 (23)
then equations (20) and (22) reduce, respectively, to
AS* = §¢° — §° — y5°
d eLe et T 2 [HO) 21
and
ASe, = y { S° e — AS* .
) ( [1%] [HgO]) d (25

For complexes involving a common ligand at 25°C, empirical con-
siderations indicate that -AS”*1 can be described by
¢
AS* =d, 4+ d,/ (r, 4+ r, ) (26)
d(q) i(q) &(q)
in which 4, and 4, are coefficients characteristic of the group of com-
plexes, and r and r are the radii of the cation and ligand, re-

i(q) é(q)

spectively, in the qth complex. The validity of equation (26) can be
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Fig. 1. Correlation plot of AS* (sce text—eqs 20 and 24) for metal chloride com-
l

L1
030 032

plexes at 25°C and 1 atm against the reciprocal of the sum of the radii of the ions

in the complex. The plotted values of AS* and the sources of data from which they
d

were calculated (see text) are given in table 1. The curve shown above is consistent

with equation (27).

assessed for chloride complexes in figure 1. The data used in computing
the .'38”*I values plotted in figure 1 are given in table 1 along with the
¢

sources from which they were obtained. The maximum deviation from
the linear curve of the points in figure 1 is 8 cal mole—t deg—! (for
CuCl,—), but the average deviation is only 3 cal mole—* deg—!, which
is well within the experimental uncertainty of the data. The specific state-
ment of equation (26) for the curve in figure 1 is

AS = 1025 1 325/(3@ + 1.81) (27)

*

d(q)
where 1.81 is the radius of the chloride ion (Sienko and Plane, 1963).
Values of AS°, computed from equations (25) and (27) for the species
shown in figure 1 are given in table 1 to afford a numerical comparison
with those based on experimental data.

The procedure summarized above for estimating dissociational en-
tropies is of general applicability; that is, expressions similar to equa-
tions (26) and (27) can be developed for various groups of dissociational
reactions for which data are incomplete. Entropy estimates obtained in
this manner permit approximations of high temperature dissociation
constants for a large number of complexes of interest in geochemistry.
For many of these, only experimental dissociation constants at 25°C are
available, but estimates of AS®(T,) allow approximations of AH®(T,)
[from AH®(T)) = T,AS°(T,) — 2.303RT, log K(T,)] and thus esti-
mation of high temperature dissociation constants from equation (16).
In cases where sufficient data are not available to estimate dissociational
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entropies from correlation plots, it may be possible to estimate directly
the entropy of a particular complex, neutral species, or ion, which will
then permit calculation of dissociational entropies at 25°C. A number
of techniques for making such estimates have been summarized by
Latimer (1952), Cobble (19532 and b), and others.

TABLE |

Entropies of dissociation for chloride complexes
in aqueous solution at 25°C and 1 atm

Cation Experimental ClAlé:::I‘a(;(;(ll" Calculated®
radius® ASe, {cal < AS°, (cal
Reaction (R) mole— deg™) mole—deg—") mole— deg™")
AgCl — Ag* + CI— 1.26 —61 2.6 —6.6
AgCl— — Ag* 4 2CI— 1.26 —114 44 -9.8
CuCl;— = Cu* 4- 2CI— 0.96 —13.0° 6.6 —21.2
PbCl* == Pb** - CI— 1.20 —11.6¢ 7.4 —38.6
ZnCl, = Zn*+ 4 2C1— 0.74 —82.7¢ 26.3 —31.3
HgCl* — Hg** 4 Cl— 1.10 —17 13.8 —12.5
HgCl, — Hg** 4 2C1— 1.10 —16! 9.6 —15.7
HgCl,— — Hg** 4 3CI— 1.10 —~18.78 4.1 ~18.9
CdCl* = Cd** - CI— 0.97 —11.4¢ 8.2 —17.6
CdCl, = Cd** 4 2CI— 0.97 —16.41 10.0 —20.8
CdCl;— = Cd** + 8C1— 0.97 ~22.3% 12.7 —24.0
SnCl* = Sn** 4 CI— 0.93 —15.410 12.2 —19.3
SnCl, = Sn** 4 2CI— 0.93 —i8.9nr 12.5 —22.5
$nCl,— =8n** 4 3Cl— 0.93 —27.4» 178 —25.7
FeCl** — Fe** .- Cl— 0.64 —35™ 31.8 —333
TICl = TI* 4 ClI— 1.74 2.2! 5.4 0.2
AuCl,— = Au* 4 2CI— 1.37 —6.0
AuCli— = Au*** L 4CI— 0.9 —30.2
SnCly— —= Sn*+* 4~ 4CI— 0.71 —39.2

* Sienko and Plane (1963). ®* Computed from cquation (25) using the experimental
cntropies shown above together with 16.7 cal mole™ deg™ for $°y,, (Wagman and
others, 1968) and 1351 for 5°, (Ahluwalia and Cobble, 1964). < Calculated from
equations (25) and (27). ¢ Jonte and Martin (1952). ¢ Calculated from S®cy),— (Latimer
1952) and the ionic entropies in table 3. f Austin, Matheson, and Parton (1959).
t Based on least squarcs fits of log K(T) values at 150° and 115°C (Kraus and Raridon,
1960) and 25°C (Marcus and Mayden, 1963) using equation (16). * Malcolm, Parton, and
Watson (1961). * Williams (1954). ! Helgeson (1967a). * Vanderzee and Dawson (1953).
' Wagman and others (1966). ™ Rabinowitch and Stockmavyer (1942). » Latimer (1952).
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Minerals.—Although thermodynamic data are now available for a
large number of minerals (Robie, 1966; Robie and Waldbaum, 1968),
only free energy data (derived from solubility studies) at 25°C exist for
many minerals of interest in hydrothermal and metamorphic studies.
Approximation of the standard enthalpies of formation of these minerals
at 25°C permits calculation of provisional equilibrium constants for
high temperature hydrothermal reactions that could not otherwise be
evaluated in the present state of knowledge. As a rule, direct estimation
of the standard enthalpies of formation of minerals involves prohibitive
uncertainties owing to the lack of adequate general models for calculating
bond energies in minerals. In contrast, third law entropies of minerals
can be approximated closely by direct estimation, which permits calcula-
tion of AHO9/(T,) from AHC/(T,) = AG°/(T,) 4 T,a8,(T,), where
AS°/(T,) is the standard entropy of formation of the mineral from its
elements.

Enwropies of silicates, sulfates, and carbonates can be approximated
by summing the entropies of the oxide components of the minerals (Lati-
mer, 1952; Fyfe and others, 1958). Although such a summation does not
provide for all of the configurational entropy contribution, the uncer-
tainty attending this procedure rarely exceeds 10 percent and more often
than not is less than a few cal mole—* deg—*. Close estimates can be made
for clay minerals if the entropy of H,O is taken to be that of ice at
25°C (10.68 cal mole—* deg—?, Robie and Waldbaum, 1968) or assigned
a value of 9.4 cal mole—* deg—* (Latimer, 1952). For example, the en-
tropy of muscovite obtained from the sum of the entropies of its oxide
components at 25°C is 69.8 cal mole—* deg—* if H,O is represented by
ice, and 68.5 cal mole—* deg—! if Latimer’s value for the entropy of
hydrate water is used; the experimental entropy of muscovite is 69.0 cal
mole—! deg—! (Robie and Waldbaum, 1968). An error of a few cal
mole— deg—?! in the entropy of a mineral rarely introduces significant
error in high temperature calculations of mineral equilibria. In contrast
to summing the entropies of oxide components, entropies of minerals
can also be estimated with confidence by summing the values tabulated
by Latimer (1952) for the entropy contributions of elements and ions in
solid compounds. This procedure is particularly useful for estimating the
entropies of multicomponent sulfides.

As in the case of entropy, heat capacities of minerals can be approxi-
mated closely by summing the heat capacities of the components of the
minerals. This is true also for heat capacities of minerals expressed by
power functions of temperature (eq 10). For example, the heat capacity
power [unction for muscovite obtained by summing the power functions
for its oxide components is 89.95 4 33.23 X 10—3T — 20.67 X 105T—2
when ice (9.0 cal mole—! deg—?) is used to represent H,O (see footnote
n, table 8). The experimentally derived function is 97.56 | 26.38 X
10—5T — 25.44 x 10°T—2 (Kelley, 1960). At 25°C, the estimated heat
capacity defined by the first of these power functions is 77 cal mole—*
deg—* compared to the experimental value of 77 cal mole=* deg—?. At
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300°C the corresponding values are 103 cal mole—* deg—* compared to
105 cal mole—! deg—!. Discrepancies of this order of magnitude are in-
significant with respect to calculated equilibrium constants at high
temperature.

Estimates of entropies and heat capacity power functions of tem-
perature make it possible to compute standard enthalpies of formation
for minerals at 25°C from high temperature phase equilibrium data.
For example, the AH®,(T,) value for annite used to compute the high
temperature hydrolytic equilibrium constants for this mineral in table
12 were calculated from the high temperature equilibrium Py o and fo,
for sanidine 4+ magnetite + H,O, = annite + 140,,, (Eugster and
Wones, 1962) at 500°C and 2070 atm. An estimated entropy (table 12)
and heat capacity power function (table 8) for annite permitted calcula-
tion of the high temperature values [or the entropy of annite (eq 9). The
same calculations for the other species in the assemblage (for which
thermodynamic data are known) permitted calculation of AS°(T) for
the equilibrium assemblage at 500°C. From the values of fo and Py o
given by Eugster and Wones, and fugacity coefficients for H,O! (Anderson,
1967), AG® (T) could also be computed, which made it possible to calculate
AH®(T), and hence, AH®,,+.(T). Application of the estimated heat
capacity power function resulted in the value of AH®/(T,) for annite
given in table 12.2

Activity Coefficients in Sodium Chloride Solutions

Because the solute in many hydrothermal solutions is composed
largely of sodium chloride, the thermodynamic properties of aqueous
solutions of this salt can be used to compute activity coefficients in con-
centrated hydrothermal solutions at elevated temperatures. Thermo-
dynamic properties of concentrated sodium chloride solutions are sum-
marized in table 2. The methods used in computing the values shown
in the table are outlined briefly below.

*Fugacity coefficients for other gases involved in similar calculations can be com-
puted from data given by Garrels and Christ (1965).

*The effects of pressure were disregarded in the calculation of the enthalpy of
formation of annite described ahbove. The volume changes for reactions used in such
calculations are commonly small, and the pressure corrections arve thus often smaller
than the uncertainty in the experimental data. Where this is not true the experi-
mental equilibrium constants should first be corrected for pressure by evaluating

P
1
log K(T\P,) = log K(T,P) — ________ f AV®, (T,P)dP
2.303R T

P.
where P, refers to the veference pressure (1 atm in this commun.), AV®, is the standard
change in volume for the reaction in ¢m?® mole™, and R is the gas constant expressed
as 82.0575 cm® atm mole™™" deg™'. In many instances this equation can be approxi-
mated closely by
AV (T PP — Py)
log K(T,P,) = log K(T,P) — .
Px) = log K(LF) 2303RT
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Analysis of vapor pressure data.~Stoichiometric osmotic coefficients
for sodium chloride solutions from 25° to 270°C have been fit (Helgeson.
1967b; Helgeson and James, 1968) with a least squares computer routine
employing a Debye-Hiickel power function for activity coefficients sug-
gested by Lietzke and Stoughton (1961). The activity coefficient power
function is
| —2.303 A(T) |Z,Z,] I'"
ny. (T)) = — 1 (DI (DI d' (DI (28
= T (D + (DT + d(D)* (28)
where y. (T,I) represents the stoichiometric mean activity coefficient at
temperature T and stoichiometric ionic strength I, «’(T), ¥(T), /(T),
and d’(T) are temperature-dependent coefficients, Z is the charge on the
subscripted cation (1) and anion (2), and A(T) is the Debye-Hiickel para-
meter defined below by equation (39).
The stoichiometric mean activity coefficient of NaCl is related to
the stoichiometric osmotic coefficient (¢) by

1
]
(T = 1 + “‘I—f IdIn (T, (29
0
Equation (29) can also be written as
1
1
(T =1+ Iny_(T.]) —Tf In v (T,1) dI, (30
0

and integrated with the aid of equation (28) to give the following power
function for the stoichiometric osmotic coefficient:

(T,I) = 1 2.803 A 2,2 1 (T2 — 2 In(l (T2
oL =1 - T [<+M) ) — 2 In(l 4 a/(T)I
1 b(THI 2¢(T)I2 e

- 1+n,m1m] Yyt Y 0D

The values of the power series coefficients defined by the fits of the
osmotic coefficients of NaCl with equation (31) were used in equation (28)
to calculate the stoichiometric mean activity coefficients shown in table
2. Because experimental osmotic coeffcients are available for NaCl at
only three concentrations above 100°C (table 2), the d’ coefficient was set
to zero in the least squares fits.?

Calculations providing for complexing.—The stoichiometric mean
activity coefficient of sodium chloride at a given temperature is related
to the mean ionic activity coefficient (y*.) by

Y=NaCl (1 - ‘1’.\'sz1) ‘/*t_\'a(*l (32)

3Since these calculations were carried out, Lindsay and Liu (1968) have presented
osmotic coefficient data for NaCl at concentration intervals of 0.1 m from 0.05 to 3.50
m and temperatures from 125° to 300°C. Least squares fits of their data vield activity
coefficients in close agreement with those computed above.
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in which ax,c; is the degree of association of the solute, defined by
MNact

axicl = ———— (33)

Mg, Nacl
where my,¢ is the molality of the complex and mn,q is the stoichio-
metric (total) molality of the salt. Combining equation (53) with the Law
of Mass Action for the dissociation of NaCl leads to

¥ "M xac

aNaCl — T (34)
KN:ICI YNaCl

where Kyuer and yy,or are, respectively, the dissociation constant and
activity coefficient of the complex. Equation (34) can be used to compute
values of ay.c (and consequently values of v* . y,ci—eq 32) from stoichio-
metric mean activity coeflicients if dissociation constants and activity co-
efficients for the complex are known.

Although sodium chloride solutions are essentially completely dissoci-
ated at low temperatures, above ~200°C this is no longer true. Experi-

3 T T T T T

LOG K

1 { 1 [m]
100 150 200 250 300 350 400

-3
TEMPERATURE, °C

Fig. 2. Dissociation constants for NaCl, XKCI, and HCI at high temperatures (see
table 4). Open circle == KCl—Wright, Lindsay, and Druga (1961) after Noyes (1907);
filled circle — NaCl—Wright, Lindsay, and Druga (1961) after Noyes (1907); triangle
= HCl—Wright, Lindsay, and Druga (1961) after Noyes (1907); open square —
KCl—extrapolated from supercritical data (Franck, 1961); filled square — NaCl—
Pearson, Copeland, and Benson (1963a); diamond = HCIl—Pearson, Copeland, and
Benson (1963b). The smooth curve for HCl is based on a least squares fit of low and
high temperature log K(T) values (Helgeson, 1967a) using equation (17), but those
for KCl and NaCl are based on simple interpolation. The dissociation constants
plotted above are consistent with molal units of concentration.
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mental dissociation constants for aqueous NaCl below 281°C are not
available; those reported in the literature for higher (but subcritical)
temperatures are plotted together with comparative values of log K(T)
for KCl and HCI in figure 2. Calculated degrees of association and
mean ionic activity coefficients for sodium chloride at elevated tempera-
tures are given in table 2. The values shown in table 2 for these para-
meters were computed from equations (32) and (34) using extrapolated
values of Ky,q (table 2)°. The extrapolated dissociation constants are
those corresponding to the dashed curve for NaCl in figure 2. The activity
coefficient of the complex was represented in the calculations by ygo, In

NaCl solutions (table 2). Values of yqo, were computed from Henry’s

law coefficients (Ellis and Golding, 1963) by evaluating (for each tempera-
ture and molality of sodium chloride)

YCOZ = kmt/k (35)
where & and %, are the Henry’s law coefficients in pure water and in a
sodium chloride solution of total molality, m,. Because Henry’s law co-

efficients are not available for concentrations of NaCl over 2 molal at
high temperatures, extrapolations of ygo, were also necessary. These ex-

trapolations were accomplished for each temperature with the aid of an
empirical equation, which can be written in general notation as
ol
y, = 10 (36)
¢
where y_ is the activity coeflicient of a neutral complex, ¢ is the slope
&

constant on semi-logarithmic coordinates, and 1 is the true ionic strength
of the solution. The true ionic strength of a sodium chloride solution is
given by

=1 3 Z2m; = (1 — ag.a)l
! (37)
where ! designates the charged species in solution and I is the stoichio-
metric ionic strength (equiv. to m; x.c1).
Equation (36) closely approximates the activity coefficients of a large
number of molecular species in aqueous electrolyte solutions at 25°C
(Randall and Failey, 1927a-c), and it also describes ygo, in NaCl solu-

tions up to 2 m at high temperatures (Helgeson, 1967b; Helgeson and
James, 1968). Because the activity coefficients of different molecular
species in a given salt solution are similiar (Randall and Failey, 1927a-c),

tSupercritical dissociation constants for NaCl over a wide range of temperature
and pressure are also now available (Quist and Marshall, 1968a).

S At present, there is little alternative to graphic extrapolation of high tempera-
ture log K (T) data to obtain estimates below 281°C. The uncertainties in the high
temperature data are sufficiently large to preclude definitive least squares fits using
theoretical log K(T) expressions (Helgeson, 1967a). Attempts to obtain values of log
Kyac: and yxa.ci from least squares fits of the stoichiometric activity coefficients using
equations providing for complexing have been only partly successful owing to the
limited data available for the temperature range where NaCl associates to a significant
degree (Helgeson and James, 1968).
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the assumption that yy.q =~ yco, in NaCl solutions probably intro-
duces negligible error into mean ionic activity coefficient calculations.
Deviation function.—The departure of the log of the mean ionic
activity coefficient from that predicted by the Debye-Hiickel expression
at 25°C has been described by Scatchard (1936) and others with a devia-
tion function. Pitzer and Brewer (1961) designate this function with the
symbol B to distinguish it from the limiting function at zero concen-
tration. The deviation function at a given temperature can be defined
by writing
log y*. + A|Z,Z,]1'2/(1 4 4B

I

in which & is the “distance of closest approach” of the ions in solution,
and A and B are the molal Debye-Hiickel coefficients given by

1.8246 X IOG(plizo(T))llz

(38)

B (T =

A(T) = 39)
o (en,o(T)T)* (
and
50.29 X 108y o(T))2
B(T) = (40)
(8H20<T)T)1/2

where py o is the density, and ¢y o the dielectric constant of water at

temperature T. Values of the A and B coeflicients in equation (38) at 10
degree intervals from 25° to 350°C have been presented elsewhere (Helge-
son, 1967b).

The definition of the deviation function expressed by equation (38)
differs somewhat from that used previously by Scatchard (1936), Pitzer
and Brewer (1961), and others to analyze the behavior of electrolyte
solutions at low temperatures. The function employed by these investi-
gators is defined by an expression ol equation (38) in which stoichio-
metric ionic strength is used, and the product 4B is set to unity. Al-
though this simplification is useful for considering the behavior of elec-
trolyte solutions at low temperatures, it is desirable to include explicit
provision for & and true ionic strength in calculations of B’ at high
temperatures.

The deviation function, B’, is essentially independent of concentra-
tion at ionic strengths of ~ 0.5 or more in most electrolyte solutions at
25°C. Cobble (1964) assumed this function to be temperature indepen-
dent as well, and he employed 25°C values of B’ to calculate high tem-
perature activity coeflicients. It is shown below that Cobble’s assumption
is invalid for concentrated sodium chloride solutions at elevated tem-
peratures.

Prediction of the deviation function for high temperature sodium
chloride solutions requires values of the Debye-Hiickel & parameter at
each temperature. Because of the high sensitivity of the deviation func-
tion to small errors in the & values used in the equation, this parameter
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must be known accurately in order to define adequately the temperature
dependence of the deviation function. The required values of & were
obtained by fitting the mean ionic activity coefficients in table 2 with
a least squares computer routine involving the Stokes-Robinson equation
(Stokes and Robinson, 1948; Robinson and Stokes, 1959).

The Stokes-Robinson equation closely describes the concentration
dependence of the mean ionic activity coefficients of a large number of
strong electrolytes to high concentrations at 25°C. For a given electrolyte

at temperature T and true ionic strength I, this expression appears as

- A(T) |2,2,]12 h(T) B
log *.(T.I) = — — - — log a,(T.T)
1 4 &T)B(T)I2 v
—log [1 — 0.018m(v — A(T))] (41)

in which a, is the activity of H.O, m is the molality of the completely

dissociated solute (equivalent to 1 in the case of NaCl), 4 1s the “distance
of closest approach” of the ions in solution, v is the number of ions per
mole of solute, and £ is the average number of water molecules coordi-
nated to v ions in solution. The Stokes-Robinson equation provides for
the effects of ion hydration on the activity coefficient of the solute. It
can be derived rigorously from equations describing the Gibbs free
energy of the solution in terms of the chemical potentials of H,O and
the hydrated and unhydrated solute. Two assumptions are involved in
the derivation: (1) that the coeficient / is independent of concentration,
and (2) that the Debye-Hiickel term in the equation accurately describes
the part of the departure of activity from molality due to electrostatic
interaction of the solvated ions. The excellent fits obtained by Stokes
and Robinson (1948) of observed activity coefficients in a large number
of concentrated electrolytes at 25°C suggest that these assumptions are
valid.

Equation (41) was used to compute least squares fits of the mean
ionic activity coefficients for sodium chloride solutions shown in table 2

(Helgeson and James, 1968). The values of I in equation (41) were com-
puted from equation (37) using the degrees of association (ax.c;) given in
table 2. The activities of water employed in the calculation were com-
puted from the stoichiometric osmotic coeflicient (¢) for each tempera-
ture and total concentration of NaCl (m,) by evaluating
e 2)
55.55
The osmotic coefficients and computed activities of water are given in
table 2 along with the values of 4(T) and 7(T) for NaCl obtained from
the least squares fits. The deviation functions calculated (eq 38) from the
4 and y* . values are also shown in table 2.

It can be seen in figure 3 that B’y passes through a maximum
with increasing temperature, but that at each temperature B'y,¢ is only
slightly dependent on concentration at molalities of NaCl between one
and three. The maximum variation in B'y,o with concentration in the

Ina, = —
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Fig. 3. Plot of the deviation function, B’, against temperature for 1, 2, and 3
molal NaCl solutions. The symbols represent the mean values of B’ at each temper-
ature computed from cquation (38); the vertical bars on the symbols depict the maxi-
mum variation in B in 1 to 3 molal solutions. Where no vertical bar is shown, the
maximum variation is within the limits of the symbol.

range 1.0 to 3.0 m; y,¢q from 25° to 270°C 15 +0.002 from the values repre-
sented by the symbols in figure 3; this variation represents a slight in-
crease in B' with increasing concentration. However, it can be seen in
figure 3 that the uncertainty in the data from which the B’ values were
calculated exceeds the extent of this variation. Although mean ionic
activity coefficients for NaCl are not available above 270°C (see footnote
3, p. 743), it appears likely that B™ approaches zero in the region of 300°C.
B also becomes small in HCI solutions at high temperatures (Helgeson
and James, 1968). The beliavior of B in figure § suggests that the simple
Debye-Hiickel expression in the Stokes-Robinson equation for y*_. (eq 41)
is sufficient to describe the mean ionic activity coefficient of NaCl in 1 to
3 molal solutions in the region of 300°C. This is not surprising because
the hydrational entropies of tons at 25°C are relatively large negative
numbers that would be expected to hecome substantially less negative
with increasing temperature, and the bulk of the solute in sodium
chloride solutions is associated above 300°C.

From a practical standpoint, the fact that the Debye-Hiickel ex-
pression can be used to predict accurately mean ionic activity coefficients
in concentrated electrolytes at high temperatures is extremely useful.
Note, however, that such calculations are valid only when true (and
not stoichiometric) ionic strength is used in the equation. It can be
demonstrated that the product &B (where B is the Debye-Hiickel co-
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efficient) for NaCl solutions is essentially independent of temperature
from 25° to 270°C. Also, B’ is closely related to ygo, in NaCl solu-

tions, which is reflected by the relative success of the Delta approximation
(Helgeson, 1964) in predicting activity coefhcients at elevated tempera-
tures. Various theoretical implications of the behavior of yco v+, v*.

4, h, and B’ for NaCl solutions and other electrolytes at elevated temper-
atures together with empirical correlations of these parameters with
thermodynamic variables have been considered in detail elsewhere (Hel-
geson and James, 1968).

True individual ion activity coefficients.—In the derivation of the
Stokes-Robinson equation (eq 41), the departure of activity from molality
for the completely dissociated solute over and above that described by
the Debye-Hiickel term for the solvated ions is attributed to ion hydra-
tion; that is, as the concentration of the solute increases at a given temper-
ature, the product B'I, which is numerically equivalent to the sum of
the second and third terms on the right side of the Stokes-Robinson equa-
tion, is a function only of the decrease in the number of uncoordinated
solvent molecules per 1000 g of water. At constant concentration in
sodium chloride solutions of 1 to $ molal, the number of uncoordinated
water molecules apparently first decreases and then increases with in-
creasing temperature above 25°C.

In a concentrated multicomponent electrolyte solution consisting
predominantly of sodium chloride, ions present in small concentrations
(compared to that of the sodium chloride) should contribute negligibly
to the ionic strength and total coordination of water molecules in the
solution. In such an electrolyte, close approximations of individual
fon activity coefficients for the species present in small concentrations
can be calculated from

- —A(T)Z 1 _
log v*(T,I) = — + B (DI (48)
1 + 3(T)B(T)I2

where *; is the activity coefficient of the ith ion present in small con-
centrations in the solution, I and B are the true ionic strength and devia-
tion functions, respectively, for pure solutions of the supporting electro-
Ivte, and §; refers to the “distance of closest approach” of the ith ion.
Equation (48) can also be written for mean ionic activity coefficients ot
salts present in small concentrations in a sodium chloride solution. This
requires only that the relation

* PR H
Y= =\ v+ v - 44

be satisfied for the dissociated part of the salt in question.

Provided appropriate & values are known for each temperature,
equation (43) and the data in table 2 permit calculation of activity co-
efficients of ions present in small concentrations in sodium chloride solu-
tions at high temperatures and concentrations of NaCl. Unfortunately,
values of 4 for most ions at high temperatures are not available, nor
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can they be calculated with confidence. It appears that the best approxi-
mation that can be made in the present state of knowledge is to assume
that & coefficients for ions are independent of temperature and employ
the values at 25°C in calculations of high temperature activity coeflicients
from equation (48). It can be seen in table 2 that & for NaCl solutions
from 25° to 300°C varies between —-0.7 and 0.5 angstroms from its value
at 25°C. If the § values for other salts behave in a similar fashion, the
error involved in calculating high temperature activity coefficients by
assuming & values at 25°C to be constant should be negligible compared
to other uncertainties attending geochemical calculations. On the other
hand, if the temperature variation of 4 coefficients for other salts is
similar to that exhibited by the & for HCI, the error may be substantial
at high temperatures. The & coefficient for HCI is essentially constant
from 25° to 150°C, but it increases rapidly with increasing temperature
between 150° and 275°C (Helgeson and James, 1968). Nevertheless, it
appears likely that the temperature dependence of & coefficients for metal
ions and metal ion complexes will prove to be more like NaCl than HCIL

Because & coefficients tend to increase at high temperatures, high
temperature activity coefficients computed from equation (48) assuming
constant & values equal to their values at 25°C should be minimal approxi-
mations. Where such approximations render individual ion activity co-
efficients less than ~0.1, the effect of small errors in the activity coef-
ficlents on calculations of solution equilibria may be large. For this
reason, approximations of individual ion activity coeflicients at high
temperatures and concentrations of sodium chloride should be confined
to monovalent and possibly divalent species. Predictions of high tempera-
ture activity coefficients in concentrated solutions of mixed electrolytes
in which more than ~20 percent of the solute is not sodium chloride
requires use of Harned's rule coefficients or coefficients for a similar but
higher order power function (Lietzke, Hupf, and Stoughton, 1965; Helge-
son, 1967b).

Stoichiometric individual ion activity coefficients.—Calculations of
high temperature mineral solubilities in concentrated hydrothermal solu-
tions in which the solute is predominately sodium chloride can be
simplified considerably by first computing stoichiometric individual ion
activity coefficients for the solution. The stoichiometric individual ion
activity coefficient, y,, is defined as

a;

Vi P (45)
where a; and m,; designate the activity and total molality of the ith ion
present in small concentrations in the sodium chloride solution. Garrels
and Thompson (1962) used the symbol y, for stoichiometric individual
ion activity coefficients. The yr used by Garrels and Thompson differs
from the y; in equation (45) only to the extent that the latter specifically
refers to the presence of the ith ion in an electrolyte solution containing
a predominant concentration of some other salt.
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Values of y; can be calculated for a given temperature and concen-
tration of sodium chloride (or some other supporting electrolyte) by
evaluating one of several possible mass balance relations that can be
written for the ith ion, depending on its identity. For example, if €
represents a cation associated in a series of z mononuclear complexes in-
volving y moles of anion L {(y = 1, 2, 3, .. ., 7), we can write

z
m o= me + § my (46)

where m€ and m, are the molalities, respectively, of cation € and the

yth complex, which has the form €L,. Expressing equation (46) in terms
of activities leads to

a_ z aCaL” 1 z g
me= o+ 3 € =a [+ 3 )
i
€ Y*C Y Byyy € v € ¥ Byyy

where vy, is the activity coefficient of the yth complex, a__ and a;, are the

activities of the cation and anion, respectively, y* represents the true in-
dividual ion activity coefficient of the subscripted species, and 8, is the
overall dissociation constant for the yth complex defined as

¥
B, = 11 K, (48)
U
where « is an integer index (v = 1, 2, 3, . . ., ¥) and K, represents the

stepwise dissociation constant for the uth complex. Combining equations
(45) and (47) leads to

. 1 . 1
€T L ay 1 Comor )
Y < y yYy Y c y yYy

If the total molality (m,) of cation € is small compared to that of sodium
chloride, the values of Y*C and y*, (and y, when the yth complex is a

charged species) in equation (49) can be calculated from equation (43).
The values of T and B' used in the calculations are those obtained from
equations (87) and (38) for the supporting electrolyte; the g values in
equation (49) can be predicted from the thermodynamic relations dis-
cussed above. If the yth complex is a nonpolar neutral species, y, can
be approximated as yco,; if it is more like H,SiO,, y, can be regarded
as unity (Helgeson, 1964; 1967b). Where the ligand involved is chloride
in a concentrated sodium chloride solution containing small concentra-
tions of other species, the mean ionic activity of sodium chloride in a
pure sodium chloride solution can be used as a close approximation of
ar. In such cases, my?y*;” in equation (49) can be replaced by m; x.at
y=xact and (because vy, x,c1 is known—table 2) 7(‘ can then be computed as
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a function of m, y,q. Where L does not correspond to Gl—, 76 can be

calculated as a function of my. In many cases my, in hydrothermal solu-
tions can be approximated as m, x.

Expressions analogous to equations (46) to (49) can be derived to
calculate values of y;,. Such expressions are particularly useful where the
anion L is associated predominantly with the hydrogen ion. Under these
conditions, y;, can be computed as a function of pH. By rearranging
equation (45), precomputed values of 7€ and vy, permit calculation of the

activities of the free € and L jons in concentrated hydrothermal solu-
tions directly from analytical data. Consequently, hydrothermal mineral
solubilities can be predicted without further consideration of complexes
in solution; that is, provided all important complexes are included
in the calculations of the 7€ and v, values.

Solubility Calculations

By specifying values for such variables as pH and the total molality
of NaCl in concentrated sodium chloride solutions at a particular temper-
ature, values of y for S——, SO,~—, CO,——, Ag¥, Fet+++, Cut+, and
other ions that may be present in small concentrations in hydrothermal
solutions can be calculated from expressions of equation (49) or the cor-
responding equation for anions. Provided these calculations include pro-
vision for a realistic distribution of aqueous species, the solubility of a
given mineral in the solution can then be computed from the activity
product relation,

" KS% (50)

where Ky, 'is the activity product constant of the yth mineral, which con-
L4

mytomy Yoy oy =
é é

sists of n moles of the ith cation and v moles of the éth anion in the system.

The stoichiometric solubility (where vmi .= nm .) is then given by
] &
My 1 NVKspslf )
S fend - = —f —— .
v n n Vol T (1)
é

in which S, is the solubility (in molality units) of the yth phase. If m,

(the total molality of the éth anion) is specified, non stoichiometric
solubilities can be computed from

’ 1/n
1 K :

SD

I
A

Mo ¥iTe (32)
If more than one solid phase is in equilibrium with the solution, ex-
pressions analogous to equations (51) and (52) can be derived by com-
bining statements of equation (50) for each solid and writing a mass
balance expression relating the total molalities of each cation in solution.
The mutual solubilities of the minerals in the solution can then be com-
puted from these equations.

S = _M™Mu
14 n n
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Pressure as a Variable

As indicated earlier, the pressure dependence of equilibrium con-
stants for most hydrothermal reactions is slight (considered negligible in
this discussion) at temperatures below ~300°C. This is true for solid
phase equilibria even at much higher temperatures, but for dissociational
reactions in aqueous solution, pressure effects become significant as
temperature increases above ~300°C.

The need for a general method of computing equilibrium constants
at high pressures and temperatures has become more acute in recent
vears. Experimental data for hydrothermal systems are frequently ob-
tained at temperatures and pressures greater than 300°C and 1000 atm.
The dependence of equilibrium constants on pressure is a volume func-
tion, but few ionic volumes are known for aqueocus electrolytes at high
temperatures and pressures, and those data that exist (Owen and Brink-
ley, 1941; Couture and Laidler, 1956; Zen, 1957; Hepler, 1965; Ellis,
1966, 1967, 1968) are rarely definitive with respect to the volumes of
individual ions and complexes. Despite this handicap, the effect of pres-
sure on dissociation constants in aqueous solutions of electrolytes can be
closely approximated from the temperature and pressure dependence of
the dielectric constant of water.

Consideration of the thermodynamic characteristics of dissociational
reactions as a function of temperature suggests that the dielectric con-
stant of water essentially controls the stabilities of complexes in aqueous
solutions of electrolytes at high temperatures (Helgeson, 1967a). It can
be shown that the conventional molal® dissociation constant for a neutral
complex in the supercritical pressure-temperature region for water can
be described within the uncertainty of the experimental data by a mono-
tonic function of the dielectric constant of the solvent; that is, the molal
log K(T,P) for a given neutral complex is essentially a constant for all
pressure-temperature combinations that result in the same value of the
dielectric constant of water in the supercritical region. Data are not avail-
able to determine whether the same relation exists for charged complexes
in the supercritical region, but theoretical considerations suggest that the
stabilities of these species should also vary monotonically with the di-
electric constant of the solvent.

¢ The conventional dissociation constant docs not provide explicitly for the par-
ticipation of the solvent in the dissociational reaction. If the reaction is written to
include the correct degree of participation by the solvent, then the isothermal dissocia-
tion constant becomes independent of the dielectric constant of the medium (Quist
and Marshall, 1968b). Most supercritical dissociation constants reported in the litera-
ture are consistent with molar units of concentration (for example, Franck, 1961; Quist
and Marshall, 1966, 1968a and c). These data can be converted to be consistent with
molal units of concentration by solving log K, — log Ky, — (i1 — 1) log pw,0, Where
K, and K, are the molal and molar dissociation constants, respectively, PH;O repre-

sents the density of water, and i is equal to the sum of the exponents in the Law of
Mass Action equation for the dissociational reaction. Despite recent arguments to the
contrary (Quist and Marshall, 1968a) dissociation constants consistent with molal
units of concentration and the molal scale of concentration itself are perfectly ap-
propriate for calculations pertaining to the supercritical region. Molal units of con-
centration are commonly more useful than molar units in geochemical calculations.
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Fig. 4. Isodielectric curves for water in the liquid and supercritical phase regions.
The curves were drawn from dielectric constant values taken from Quist and Marshall
(1965) and density data for water obtained from Holser and Kennedy (1938).

Isodielectric curves for water are plotted in figure 4 to illustrate the
order of magnitude of pressure effects on dissociation constants. For ex-
ample, suppose that the molal dissociation constant for

H,S . = 2H+ + S—- (3)

at 1000 atm and 400°C is required for a given geochemical calculation.
In figure 4 it can be seen that the dielectric constant of water under these
conditions is the same as it is at 120 atm and 325°C on the boiling curve.
Pressure effects contribute only slightly to dissociation constants calcu-
lated for a 1 atm standard state from high temperature experimental
data obtained along the vapor 4 liquid pressure-temperature curve for
water to ~325°C. For this reason, and also because appropriate ionic
volumes are rarely available, the pressure correction (119 atm in this
case) is commonly neglected, and the experimental log K(T) values ob-
tained from such experiments are assigned to the 1 atm standard state.
Because the molal value of log K(T) for the dissociation of a neutral
complex in water at high temperatures is essentially constant along an
isodielectric curve, the molal dissociation constant computed for 325°C
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and 1 atn (or more accurately, 120 atm) is approximately equivalent to
that at 400°C and 1000 atms.

The relation described above between log K(T,P) and the dielectric
constant of the solvent is more useful for the purpose of estimating molal
log K(T,P) values at high temperatures and pressures than density rela-
tions. This is true because log K(T,P) for a given reaction cannot be
characterized as a single monotonic function of density at all pressure
and temperature combinations contributing to constant density. On the
other hand, isentropes for water are essentially coincident with the iso-
dielectric curves shown in figure 4, which means that log K(T,P) can
also be approximated as a monotonic function of the entropy of the sol-
vent (Helgeson, 1964).

If a molar scale of concentration is used and the dissociational re-
action is written to include the correct degree of solvation of the partici-
pating species in solution, the corresponding supercritical dissociation
constant is independent of pressure (Quist and Marshall, 1968a). Con-
sequently, these dissociation constants can be computed for any pressure-
temperature condition solely from predictive equations involving temper-
ature, such as those presented in the preceding pages. However, in prac-
tice this approach is usually precluded by the dearth of information
concerning the actual extent of solvation (hydration numbers) of the
various species in hydrothermal solutions at high temperatures.

COMPUTER CALCULATIONS AND RESULTS

The equations and methods of calculation summarized in the pre-
ceding pages have been programmed for machine computation. The
results of calculations carried out with the aid of these computer pro-
grams are discussed below and presented in tables 1 to 14 and figures
5 to 21. The data employed in the calculations are also presented in the
tables, along with references to the sources from which they were taken.
In certain cases (noted in the footnotes in the tables) thermodynamic
values reported in the literature have been changed (within the margins
of uncertainty reported in the source references) to agree with other
experimental and geologic observations, and estimates of thermodynamic
properties are given for a number of species for which data are incom-
plete. The values listed in the tables are the result of a critical com-
pilation, and they are intended to constitute an internally consistent
array of thermodynamic data.

Dissociation Constants

Thermodynamic data at 25°C and 1 atm for various species and
dissociational reactions of interest in hydrothermal studies are summar-
ized in tables 3 and 4 along with calculated average heat capacities and
log K(T) values for higher temperatures. The dissociation constants,
which were computed from equations (11) to (17) using thermodynamic
data given in tables 3 and 4, are also plotted in figure 5 to illustrate the
changes in the stabilities of hydrothermal species with increasing temper-
ature.
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6 T
4+ ]
2F .
oL AgSOs =Ag*+504~ |
r st(g):HZS(oq) -
-2 — 4

o CO2(g) + H20= H2C03(opp)
« ~—220s < CaS04=Catt+504~ 7|
o -4- Caco 9% <=MnSOs=Mn*++504~

o
| o =
-6 4
-8+ 4
HaSi04= Ht+ H3Si04 _
-0k HCOz = HY+CO5 " -
-2 et N =
H3Si04 =HY+H,Si04
-14 [ B | R B |
0 50 100 150 200° 250 300
TEMPERATURE, C

Fig. 5. Dissociation constants for complexes in hydrothermal solutions at clevated
temperatures (table 4). The curves shown for the dissociation of H,S$i0, and H,Si0,~
are those computed by Cobble (1964); the log K values defined by these curves are
more consistent with low temperature thermodynamic data than those obtained at
high temperatures by Ryzhenko (1967).

Predicted high temperature dissociation constants for chloride com-
plexes of the ore-forming metals are shown in table 5. Log K(T) curves
for these reactions are plotted in figures 6 and 7. Because the uncertainty
resulting from calculation of log K(T) values with equation (16) increases
substantially above 200°C (Helgeson, 1967a), and because entropy esti-
mates (eqs 25 and 27) were used in the calculations, the numerical values
for log B(T) given in table 5 as well as the log K(T) curves in figures 6
and 7 should be regarded as approximations.
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It can be deduced from figures 5 to 7 that high temperature electro-
lyte solutions are highly associated. The high degree of formation attained
by metal-ion chloride complexes is particularly significant with respect
to the transport and deposition of the ore-forming metals in hydro-
thermal systems. As indicated above, calculations of sulfide solubilities
in sodium chloride solutions at elevated temperatures suggest that more
than adequate quantities of these metals can be carried in hydrothermal
solutions to account for major ore deposits (Helgeson, 1964, 1967¢; Helge-
son, Garrels, and MacKenzie, 1969; Helgeson and Garrels, 1968). The
results of a few such calculations involving thermodynamic values given
in the tables are presented in later pages of this communication.

T T T T T T T T T T T T
ok AgCly=AgCl;+CI” =
- AgCl 2AgCI+C1” o =====
AgCIE:ML—’——'-::::::::**
-2 =& = HaCla +Cl” B
« HaCs =HSC ™™ agei=agteer |
8 ““““
1 '4 - - H \‘\'-"C\ _____ T
a HgCla= 9L - 4
-6 HgCita Hg++—+_cr_~ “\\\\ _
FeCl ;o
2+ 3 FFeCly+ o) o T
L - bCig =PbCiy+cp- i
PbC[s'ap\‘—:'—‘f R
- Pb < ianiaea g
O} PbCiza Pbcﬂ?é;t CI" FeClyz FeCit¥ g7~~~ -
\A\ -
. L _
© “2r B
o
| = B
..4 b —
_6 - -
1 i { I 1 t 1 ( ] 1 N 1
o] 50 100 150 200 250 300
TEMPERATURE, °C

Fig. 6. Predicted dissociation constants for metal chloride complexes at elevated
temperatures (table 5). The curves below 200°C were computed from equation (16)
using entropy estimates from equations (25) and (27)—see text. The dashed extensions
of the curves are extrapolations.
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TABLE 6

Enthalpies® and entropies” of elements of interest in hydrothermal studies®

Temperature, °C

Element
25 50 60 100 150 200 250 3800 350 400 450 500
Au,, He(T)—H«T,) 0.0 151 212 456 763 1074 1388 1705 2025 2348 2675 35004
Se 11.31¢ 11.80 11.98 12.67 13.45 14.14 14.77 15.35 15.88 16.38 16.85 17.29
Agey HY(T)—HYT,) 0.0 152 218 457 764 1073 1386 1702 2033 2347 2677 3011
Se 10.204 10.69 10.88 11.57 12.34 13.03 13.66 14.23 14.77 1527 15.74 16.19
Hgu:qp HY(T)—H(T,) 0.0 166 232 496 824 1151 1476 1802 2126 2450 2774 3098
Se 18.24 18.7 189 19.7 205 212 219 225 230 235 240 244
Cue; HY(T)—HA(T,) 0.0 147 206 443 744 1048 1356 1667 1983 2302 2625 2951
Se 7.974 8.44 8.62 9.30 10.05 10.73 11.35 11.92 12.45 12.94 13.40 13.84
Osy  H(T)—HYT,) 0.0 176 247 535 900 1271 1646 2024 2407 2792 3181 3573
Se 48.9964° 49.56 49.78 50.60 51.51 52.34 53.09 53.79 54.43 55.02 55.58 56.10
H,, H(T)—HYAT.) 0.0 172 241 517 862 1208 1556 1906 2257 2609 2964 3320
Se 31.219°  31.76 31.97 32.76 33.62 34.40 35.10 35.73 36.32 36.87 37.37 37.85

* In cal mole™* where T, refers to 298.15°K. » In cal mole—* deg—'. © The values shown in
this table are for a standard state of 1 atm and the indicated temperature. The subscripts {c),
(liq), and (g) refer to crystalline, liquid, and gas respectively. All the enthalpies and entropies for
temperatures of 50°C and above were computed from a statement of equation (I1) written in
terms of H° and ecquation (12), respectively, using the coefficients shown in table 8. ¢ Robie
(1966); Robic and Waldbaum (1968). ¢ Wagman and others (1965, 1968).

Standard Enthalpies, Entropies, and Heat Capacities

High temperature thermodynamic data for a variety of solids and
gases of interest in hydrothermal studies are summarized in tables 6 and
7. The values shown in the tables were computed from equations (11)
and (12) using the heat capacity power function coefficients for equation
(10) shown in table 8. Average heat capacities of ions and several neutral
species in aqueous solution are given in table 3 for temperatures from
25° to 300°C.

Equilibrium Constants for Oxidation-Reduction
and Dissolution Reactions

Thermodynamic data for a variety of hydrothermal oxidation-reduc-
tion and solubility reactions are presented in tables 9 to 12. The log
K(T) values shown in these tables were computed from equations (11)
to (17) and data presented in tables 3, 6, 8, and 9 to 12. A number of the
activity product constants are plotted against temperature in figure 8.
Although reactions involving a large number of minerals are presented
in table 12, the fact that a reaction is included in the table is not meant
to imply that the mineral involved is necessarily stable in the presence
of H,O at the temperatures indicated. The log K values given in table
12 are “idealized”; thev can be used to describe stable or metastable
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Fig. 7. Predicted dissociation constants for metal chloride complexes at elevated
temperatures (table 5). The curves below 200°C were computed from equation (16)
using entropy estimates from equations (25) and (27)—see text. The dashed extensions
of the curves are extrapolations.
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Fig. & Activity product constants for anhydrite, calcite, and various sulfides at
clevated temperatures (table 11). HgS refers to metacinnabar.
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TABLE 7

Standard entropies® and enthalpies” for various minerals and
gases of interest in hydrothermal studies®

Temperature, °C

Species
25° 50° 60° 100° 150°
a Ag.S AH° —7,731¢ —7,273 —7,085 —6,307 —5,275
(acanthite) Se 34.144 35.62 36.19 38.39 40.97
a Cu,S AH® 19,1484 — 18,660 —18,465 —17,685 —16,710
(chalcocite) Se 28.86¢ 3043 31.02 33.23 35.69
CuS AH° 11,6104 —11,324 —I11,210 —10,748 —10,166
(covellite) Se 15.93¢ 16.85 17.20 18.51 19.97
Pbs AH®  —28,350¢ —23,053 —22,934 —22,452 —21,841
(galena) Se 21.844 22.80 23.16 24.53 26.06
InS AHe  —49,750¢ —49,475 —49,365 —48,914 —48,337
{sphalerite) Se 13.77¢ 14.67 14.99 16.27 17.72
HgS AH® —11,058¢ —10,869 —10,748 —10,261 —9,643
(metacinnabar) S° 23.001 23.97 24.34 25.72 27.27
FeS AH® 24,1304 — 23795 28657 23,076  —22.201
(pyrrhotite) Se 14.42¢ 15.50 15.92 17.56 19.54
FeS, AH°  —41,000¢ —40,620 —40,470 —39,830 —39,010
(pyrite) g0 12.65¢ 13.87 14.34 16.14 18.21
a Fe,O, AH° _—197,300¢ —196,660 --196,397 195,309 194,877
(hematite) Se 20.89¢ 22.95 23.75 26.83 30.43
a Fe,O, AH° _267,400¢ —266,480 266,100 264,550 262,490
(magnetite) Se 36.03¢ 39.00 40.14 44.55 49.71
CaCO, AH® 288,420 287,916 287,706 286,832 285,676
(calcite) s 22.15 28.77 24.41 26.89 29.79
CaSO, AH® 343,321 — 342,718 342473 341,468 ——340,163
(anhydrite) s° 95.5¢ 27.44 28.19 31.03 34.32
a Si0, AH°®  —217,6504 —217,380  .-217,260 216,780 216,140
(quartz) s° 9.88¢ 10.76 11.11 12.46 14.07
KAISi;Oq AH° —946,00041¢ 944720 944,224  __942,087 -—939,12?
{microcline) Se 52.474 56.50 58.10 64.29 71.60
NaAlSi,Oq AH° _937,300%%1 __936,040 935510 933,330 930,450
(low albite) Se 50.24 54.26 55.85 62.03 69.29
CaAl,Si,O4 AH° _1,009,300° 1,008,020 1,007,490 1,005,260 —1,002,300
(anorthite) Se 48.454 52.57 54.20 60.50 67.93
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Temperature, °C

200° 250° 300° 350° 400° 450° 500°
—4,176 —3,012 —1,782 — 486 876 2,304 3,798
43.44 45.76 48.02 50.19 52.29 54.35 56.33
—15,735 — 14,760 —13,785 —12,810 —11,835 —10,860 9,885
37.86 39.82 41.60 43.23 44.74 46.14 47.44
—9,577 —8,981 —8,379 7,770 —17,154 6,532 —5,903
21.29 22.48 23.58 24.60 25.55 26.44 27.28
—21,220 —20,589 —19,949 —19,319 —18,639 —17,969 —17,289
27.45 28.72 29.88 30.97 31.99 32.95 33.86
—A47,749 —47,153 —46,549 —45,939 —45,323 —44,703 — 44,078
19.03 20.23 21.33 22.35 23.30 24.19 25.08
—9,016 —38,380 —17,735 —17,081 —6,418 —5,745 —5,064
28.67 29.95 31.13 32.22 33.24 34.21 35.12
—21,440 —20,523 —19,540 —18,491 —17,376 —16,195 —14,948
21.44 23.28 25.07 26.83 28.55 30.24 31.90
—38,160 —37,295 —36,420 —35,525 —34,620 —33,720 —32,800
20.10 21.84 23.45 24.94 26.33 27.63 28.85
—192,374 190,808 189,183 — 187,002 185,767 183,980 182,141
33.79 36.93 39.90 42.71 45.39 47.95 50.41
—260,320 —258,020 255610 253,070 250,420 247,640 244,740
54.57 59.18 63.58 67.82 71.92 75.90 79.77
—284,464 283,210 281,920 280,602 279,267 277,880 276,499
32.50 35.02 37.37 39.58 41.65 43.61 45.47
—338,792 337,365 335878 334,334 332260 331,068 329,346
37.38 40.24 42.96 45.54 48.01 50.40 52.70
—215,470 214,760 214,020 213,250 212,450 211,630 —210,790
15.58 17.01 18.36 19.64 20.87 22.05 23.17
—936,074 —932,906 929,645 926,306 922,900 919,483 _915912
78.42 84.79 90.74 96.82 101.58 106.55 111.25
—927,430 924,300 921,080 917,790 914,435 911,020 907,550
76.04 82.32 88.19 93.69 98.87 103.77 108.41
—999,200 -—-995,980 992,660 989270 085,800 982,280 —978,700
B 74.87 81.34 87.39 98.07 98.41 103.46 108.25
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Tasre 7 (continued)

Temperature, °C

Species
25° 50° 60° 100° 150°

AlSi,O5(OH), AH° —980,020¢m  __978,530 977,920 975,370 972,030
(kaolinite) Se 48.53¢ 53.33 55.20 62.41 70.81
KALS{;O,,(OH), AH°® —1,420,900"¢ 1,418,920 1,418,090 1,414,630 —1,410,040
(muscovite) Se 69.04 75.39 77.90 87.70 99.25
NaAlSi;O,. H,O AH®  __786,300"¢ 785,050 784,540 782,540 780,030
(analcime) s° 56.03 60.07 61.60 67.29 73.69
CaMg(SiO,), AH°e _767,400%¢ — 766,430 766,020 764300 762,000
(diopside) s° 84,207 37.34 38.58 43.45 49.23
MgSiO, AH° —370,100%% — 369,610 —869,410 368,560 367,440
(clinoenstatite) Se 16.22¢ 17.79 18.41 20.81 23.63
Ca,Mg51,0.,(OH), AH® —2,952,9004% 2,948,980 2,947,410 2,941,150 2,933,310
(tremolite) Se 131.19%2 143.81 148.58 166.35 186.05
KAISi,O, AH*  721,700% —720,720 —720,230 —718,760 716,800
(leucite) Se 44.03¢ 47.21 48.40 52.85 57.80
NaAlSio, AH®  ——498,500° —497,790  —497,490 496,230 494,490
(a nepheline) S° 29.724 32.02 32.93 36.50 40.87
Mg.Si,0,,(OH). AHe 14152000 1,418,280 —1,412,510 —1,409,430 1,405,590
(talc) $0 62,347 68.58 70.87 79.59 89.26
KMg,AlSi,0,,F, AH°—1,498,100! 1,496,000 —1,495,140 —1,491,550 —1,486,850
(fluorphlogopite) Se 75.90¢ 82.65 85.30 95.45 107.28
Mg,SiO, AH® _519,000™ 518,270 517,970 516,720 —515,070
{forsterite) Se 22,754 25.08 26.00 29.54 33.69
Fe SiO; AH®  _3853,500%# — 352,690 352,350 350,980 349,180
(fayalite) Se 35.45¢ 38.06 39.08 42.98 47.51
Mg(OH), AHe  —221,2001 — 220,750  —220,570 219,820 218,860
(brucite) Se 15.094 16.53 17.09 19.20 21.63
Mg,Si,05(0OH), AH® 1,048,050 1,041,860 —1,040,670" —1,037,750" —1,033,890"
(chrysotile) Se 52.9™ 58.32» 60.45" 68.71" 78.42"

AHe® 30,680 30,876 30,955 31,277 31,688
Sue 50 54.51% 55.14 55.38 56.29 57.33

AHe —4,930¢ —4,724 —4,640 —4,301 —3,866
e s 49.16% 49.82 50.08 51.04 52.13

AH®  ——57,796% —57,954 —b57,513 —57,186 —56,773
H.O

Se 45.10% 45.75 46.00 46.93 47.97
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Temperature, °C
200° 2500 300° 350° 400° 4500 500°
968,540  —964950 961,250 957480 933,620 __049.690 945700
78.59 85.82 92.56 98.88 104.83 110.45 115.79
— 1,403,200 — 1,400,180 —1,395,000 — 1,389,700 —1,384,260 1,378,780 —1,378,090
110.04 120.13 129.58 138.46 146.84 154.79 162.31
777520 775,010 772,500 769,990 767,490 764,980 762,470
79.20 84.94 88.82 93.01 96.88 100.48 10884
739570 757,050 754450 751,800 740,000 746,330 743,510
54.65 59.71 64.45 68.90 73.08 77.03 80.77
366260 865,040 —363790 862,510 361,200 359,880 358,530
26.26 98.70 30.99 33.13 35.15 37.05 38.86
— 9995480 —2,917,640 —2,909.810 —2901,970 — 2,804,140 - 2,886,300 —2,878,470
203.56 219.30 288.60 246.71 238.80 270.03 280.50
714830 712,870 _710910 708,950 —706,990 705030 708,070
62.17 66.11 69.69 72.97 76.00 78.81 81.43
492,530 490,400 488220 485780 _ 483,160 — 480,360 — 477,390
45.14 49.33 58.47 57.55 61.59 65.60 69.57
1,401,740 1,397,900 —1,394,050 —1,390,210 —1,386,370 —1,382,520 — 1,378,680
97.85 105.57 112.59 119.02 121.96 130.47 13561
_1481,950 —1,476,920 —1,471,760 —1,466,500 —1,461,160 —1,455,740 — 1,450,250
118.20 128.30 187.70 146.50 154.80 162.50 169.90
513,350 511,570 —509,740 507,870 —505,970 504,040 502,080
87.54 4112 44.46 47.58 50.51 53.28 55.90
347,310 345,300 343420 341,400 339,360 337,270 _ 335,160
51.68 55.54 59.14 62.50 65.66 68.65 71.48
917850 216810 —215720 - 214600 - 213,430 —212,230 — 210,990
23.88 25.98 27.46 99.84 31.63 33.36 85.02
Z1,020,830" —1,025,610" —1,021,240" —1,016,750" —1,012,150° —1,007,430" —1,002,620°
87.50" 95.96 108.93° 11144 118.55" 125.30" 13174
32,105 32,527 32,952 33,380 33,811 34,243 34,677
58.26 59.11 59.88 60.60 61.26 61.88 62.46
8420  —2966  —2502 —2029  —1,548 1059 5619
53.13 54.04 54.80 55.68 56.42 57.12 57.79
56352 55926  —35549%  —55055  —54610  —54160  —53,702
48.91 49.76 50.55 51.28 51.97 52.62 53.23
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TasLE 7 (continued)

Temperature, °C

Species
250 50° 60° 100° 150°
AH® 94,050+ _ 98,457 93233 02,392  _01,440
CO,
= 50 51.06% 52.97 53.66 56.04 58.44

2 In cal mole— deg—. » The enthalpies given in the table (AH°) are equal to
the sum of the standard enthalpy of formation from the elements of the respective
compounds and gases at the reference temperature (T,) plus the enthalpy change for
the compound or gas resulting from a temperature increase from T, to temperature T;
the units are cal mole™. The values shown for the silicates (and brucite) above 25°C
have been rounded to the nearest 10 cal mole—. ¢ The values shown in this table are
for a standard state of 1 atm at the indicated temperature. All the enthalpies and
entropies for temperatures of 50° and above were computed from equations (11) and
(12) respectively, using the heat capacity power function coefficients shown in table 8.

TABLE 8

Heat capacity power function coefficients (eq 10) for solids and gases®

Species® a”’ b x 10 ¢”"x10—
aAg.S (acanthite) 10.18 26.4 0.0
aCu,S (chalcocite) 19.50 0.0 0.0
Cus (covellite) 10.60 2.64 0.0
PbS (galena) 10.66 3.92 0.0
ZnS (sphalerite) 177! 1.26! — l.l6
ZnS (wurtzite) 11.82! 1160 — 1.04
Hg$ (metacinnabar) 10.90 3.65 0.0
Hgs (cinnibar) 11.57¢m
FeS (pyrrhotite) 5.19 26.4 0.0
CuFeS, (chalcopyrite) 15.6! 21.6! 0.6!
FeS, (pyrite) 17.88 .32  — 3.05
CuFeS, (bornite) 44.41 40.0¢ 0.6!
Ag, (native silver) 5.09 2.04 0.36
Au,, (native gold) 5.66 1.24 0.0
Cuy,, (native copper) 541 1.50 0.0
Hgq o (native mercury) 6.44 0.0 0.19
aFe,0, (hematite) 23.49 186  — 3.5
aFe O, (magnetite) 21.88 48.2 0.0
aSi0; (quartz) 11.22 820 — 270
CuO (tenorite) 9.27 4.80 0.0
Cu,O {cuprite) 14.90 5.70 0.0
CaCO, (calcite) 24.98 524 — 620
CaMg(CO,), (dolomite) 37.65¢x
ZnCO, (smithsonite) 9.30 33.0 0.0
PbCO;, (cerrusite) 12.39 28.60 0.0
FeCO; (siderite) 11.63 26.80 0.0
aCaF, (fuorite) 14.30 7.28 0.47
CaSO0, (anhydrite) 16.78 23.60 0.0
BaSO, (barite) 33.80 0.0 -——8.43
PbSO, (anglesite) 10.96 31.0 420
KAISi,O¢ {microline, orthoclase, adularia, and sanidine) 63.83 12.90 —17.05
NaAlSi;O (low albite) 61.70 1396 1501
CaAl,Si,0, (anorthite) 64.42 1370 __16.89
AlSi,(OH), (kaolinite) 67.930  19.921.> 13785
K AL,S1,0,.(OH). {muscovite) 97.56¢ 26.38% __25.44¢
KoM, 2AL 5, Sis s05(OH), (illite) 87.9% 35.00° 19500
KFe,AlS1,0,,(OH), (annite) 10041 864" 14310

Mg,ALSi,0,,(OH), (chlorite) 96.8! 36.10 239!
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Temperature, °C
200° 250° 300° 350¢° 400° 450° 500°
—90,563 —89,73§ — 88,952 — 88,192 — 87,451 —86,726 — 86,011
60.40 62.05 63.49 64.76 65.91 66.94 67.90

¢ Robie and Waldbaum (1968). ° Computed from the enthalpy of formation from the
oxides (Robie, 1966) using enthalpies of formation of the oxides from the clements
reported by Robie and Waldbaum (1968). * Waldbaum (1966). ® Rounded to the
nearest even 50 cal mole—™. ® Barany and Kelley (1961). ! Barany (1964). ! Weller and
King (1963). ¥ Wagman and others (1965, 1968). ! Kelley and others (1959). = King
and others (1967). » Computed using the heat capacity power function for antigorite
(table 8). » Computed from the entropy given above for calcite and an activity product
constant of 10— (Berner, 1967) at 25°C and 1 atm. * Adjusted (within the uncertainty
range reported in the source reference) to achieve internal consistency among equili-
brium constants describing mineral assemblages at 25°C.

TasLE 8 (continued)

Heat capacity power function coeflicients (eq 10) for solids and gases®

Species® a’ b x 100 ¢”"x10—°
N2y 35Als 55515 :01,(OH), (montmorillonite) 84.99 3430 __19.70
Ky.55AL 33815 6:01{OH), (montmorillonite) 85.34:n 34.9Ln  __19.74m
Ca,.15:Al0 53515 6:01(OH)s (montmorillonite) 84.2} 3361 —20.0
Mg, 16:A Lz 55515.6:010(OH), (montmorillonite) 84.0! 3377 —19.¢9
NaAlSi, 0, H,O (analcime) 50.17¢
CaMg(SiO,), {diopside) 52.87 784 1574
MgSiO; (clinoenstatite) 24.55 474 — 628
Ca,Mg;S81,0.(OH). (tremolite) 156.7¢:¢
KAISi,O; (leucite) 39.23¢
NaAlSiO, (a nepheline) 6.63 70.60 0.0
Mg.$i,0,,(OH), (talc) 76.89¢¢
KMg,AlSi,0,F, (fluorphlogopite) 100.86 17.16  —21.46
Mg.SiO, (forsterite) 35.81 6.54 — 852
Fe,Si0, (fayalite) 36.51 936 — 6.70
Mg(OH), (brucite) 18.04 15.80 0.0
AL(OH), (gibbsite) 8.65 456 0.0
Mg.Si.0,(OH), (antigorite) 75.82h 31.6® _—_17.58"
Socm 8.72 016 — 090
H,S( 7.81 2896 — 046
H.O, 7.30 2.46 0.0
O 7.16 1.0 — 040
H., 6.52 0.78 0.12
COu 10.57 210 — 2.06

* Kelley (1960). ® The estimated power-function coefficients for kaolinite give 58.16
cal mole™ deg™ for the heat capacity of kaolinite at 25°C, compared to 58.62 cal
mole—* deg™* reported by King and Weller (1961). © Heat capacity at 25°C (cal mole™
deg—"). When this quantity is used as the a” coefficient in equations (11) and (12) with
b and ¢ set to zero, the heat capacity is treated as a constant. ¢ Pankratz (1964).
¢ Robie and Stout (1963). * The subscripts (c), (lig), and (g) refer to crystalline, liquid,
and gas, respectively. * King and others, 1967. ! Estimated by summing (in appropriate
proportions) the coefficients in the heat capacity power functions for the elements
(Kelley, 1960) in the mineral (see text). ! Estimated by summing (in mole proportions)
the coefficients in the heat capacity power functions of the oxide components {Kelley,
1960) in the mineral using icc (C°» = a” = 9.0 cal mole™ deg—) to represent H.O
(see text). * Stout and Robie (1963). ! Pankratz and King (1965). ™ King and Weller
(1962). Computed using Cp x,0 == 18.1 4- 8.8 X 10— T obtained by fitting the en-

thalpies for K,O between 400° and 1000°K reported by Robie and Waldbaum (1968).
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mineral assemblages, define mineral stabilities, and predict (by controlled
extrapolation) higher temperature stability regions.

Activity Coefficients and Degrees of Formation of Complexes

Stoichiometric individual ion activity coefficients for Al+++, S——,
50,~—, CO4——, and various ore-forming metals in concentrated NaCl
solutions to 300°C are shown in tables 13 and 14 and plotted in figures
9 to 14. These values, together with the activity coefficients for Nat,
K+, and Ca+t+ in tables 13 and 14, were computed from equilibrium
constants given in tables 4 and 5, mass balance expressions of the kind
shown in equation (49), true individual ion activity coefficients computed
from equation (43) using 25°C & values”, and the data in table 2. Values
of ygo, in NaCl solutions (table 2) were used in the calculations to

represent the activity coefficients of the neutral species. Also, ag_, 1,
and B in the calculations were taken to be those in pure NaCl solutions
(table 2) because other constituents in hydrothermal solutions are com-
monly present in small concentrations compared to NaCl. The stoichio-
metric individual ion activity coefficients shown in table 14 are conserva-
tive values; that is, they do not include provision for divalent and tri-
valent complexes of the metal ions (see discussion above and footnote u,
table 14). The complexes with the higher charges were omitted to pre-
clude any substantial ervors that might be introduced by the assumption
of constant & values.

The degrees of formation achieved by metal chloride complexes in
concentrated sodium chloride solutions at high temperatures are de-
picted in figure 15. The distribution of species shown in figure 15 is
based on evaluation of

aer~’ Vi

¢ B e

where «, is the degree ol formation of the ¢th mononuclear complex
¢

[24

(54)

containing y moles of chloride and 1 mole of the ith cation. The curves
for the respective metal ions in figure 15 include provision for all of the
reactions and species involving those ions shown in table 5; the 8y,

¢ L

and y, values used in the calculations were computed in the manner
described above. Because 25°C & values were used to compute the activity
coefficients required to evaluate equation (54), appreciable error may
have been incorported into the calculations of a, for the divalent com-

plexes at the higher temperatures. Figure 15 thus illustrates only the
distribution of species in solution that occurs if the & values for the
ions remain essentially constant from 25°C to 300°C. If they in fact in-
crease significantly, the diagrams in figure 15 will change substantially,
but the v; values presented in tables 13 and 14 and figures 9 to 14 will
be affected only slightly owing to the fact that the divalent (and higher

?The values of & were assigned on the basis of Kielland's (1937) & values assuming
equalities for similar complexes.
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Fig. 9. Stoichiometric individual jon activity coeflicients (y;) for the aluminum
ion as a function of temperature at constant pH (indicated by the numbers on the
curves) in I (---), 2 (— - —), and 3 ¢ ) molal NaCl solutions (see text and
table 13.)

charged) complexes were omitted from the calculations represented in
the tables.

Distribution diagrams are presented in figures 16 and 17 for alumi-
num hydroxide species and complexes involving the hydrogen ion and
carbonate, sulfide, and sulfate ligands, respectively. Unlike the curves in
figure 15, those in figures 16 and 17 represent the equilibrium pH at
a given temperature for equal activities of the species shown on either
side of the curves. Similar distribution diagrams for sulfur, copper, and
iron species in terms of fugacity of oxygen and pH at two temperatures
are shown in figures 18 and 19. The relation between fugacity of oxygen
and the ratio of the concentration of total sulfate to that of total sulfide
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Figure 10. Stoichiometric individual ion activity coefficients (y;) for the sulfide ion
as a function of temperature at constant pH (indicated by the numbers of the curves)
inl(--—-2), 2 (— - —). and 3 (——) molal NaCl solutions (sec text and table 13).

in a 3 molal NaCl solution with a pH of 5 at elevated temperatures is
depicted in figure 20. The curves shown in figures 16 to 20 were com-
puted from data given in tables 4, 6, and 9.

CONCLUDING REMARKS

Although many equilibria are considered in the preceding pages, all
hydrothermal reactions of interest in hydrothermal geochemistry could
not be included in this communication. On the other hand, the data and
equations summarized above permit other high temperature equilibrium
constants to be calculated to suit the requirements of one or another in-
vestigation. In many instances, a desired equilibrium constant can be
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Fig. 11. Stoichiometric individual jon activity coeflicients (y;) for the sulfute ion
as a function of temperature at constant pH (indicated by the numbers on the curves)
in 3 molal NaCl solutions (see text and table 13).

obtained by combining various reactions for which log K(T) values are
given in the tables. Values of v; can be taken directly from the tables and
graphs, and values of y*, can be computed as needed from the data and
equations given in the foregoing discussion.

The information contained in the tables permits quantitative cal-
culations for hydrothermal systems and processes at high temperatures
without the aid of a computer. As an example, calculated sulfide solu-
bilities are plotted against temperature in figure 21. Note that with the
exception of metacinnibar, the computed solubilities of the individual
sulfides in a 3 molal NaCl solution with a pH of 5 are more than suflicient
at high temperatures to account for hydrothermal ore deposits of the
metals considered. It can also be seen in figure 21 that the solubilities of
a number of the sulfides are similar at high temperatures, but change
differentially with decreasing temperatures. Many other conclusions, ob-
servations, and implications of considerable geologic significance can be
drawn from similar calculations involving the thermodynamics of hydro-
thermal reactions summarized above. Discussion of these is bevond the
scope of the present paper, but in future communications the thermody-
namic relations presented here will be used to define phase relations
among silicates in hydrothermal systems and to evaluate polyphase equi-
librium states and the mass transfer involved in hydrothermal vein for-
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13).

) molal NaCl solutions (see text and table

mation. Such calculations make it possible to characterize quantitatively
the mutual solubilities of sulfides and silicates at high temperatures.
Irreversible reactions responsible for metasomatism and the paragenesis,
replacement, and zoning of hydrothermal minerals have been program-
med for machine evaluation. The methods employed in the calculations
and idealized models of the mass transfer involved in various geochemical
processes have been presented elsewhere (Helgeson, 1968b; Helgeson, Gar-
rels, and Mackenzie, 1969; Helgeson and Garrels, 1968).
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TARBLE 138

791

Stoichiometric individual ion activity coefficients (y;) for aluminum,
sulfide, carbonate, sulfate, and calcium ions present in relatively
small concentrations in 3.0 molal sodium chloride solutions

log v,*
Ion pH - ~ - "
25°C 50°C 100°C  150°C  200°C  250°C 300°C
Al**+ (assuming 2 —117  —122 146 249 407 3571 755
the presence of 3 —117 125 194 345 504 671 856
AI(OH)** and 4 --121 147 283 445 _627 865 1050
AI(OH),™) 5 —149 218 394 _672 983 __12.60 —14.45
6 —226 354 734 1070 —13.83 _—_16.60 1845
7 —487 —7.33 1134 1470 —_17.83 —20.60 --2245
8 —886 —11.33 1534 1870 -—21.83 2460 —26.45
9 1286 —I1533 1934 2270 —25.83 —_28.60 3045
10 —1686 —19.33 —23.3¢4 2670 —29.83 _32.60 —34.45
1T 208 —2333 2734 —30.70 —33.83 _—_36.60 —3845
12 2486 —27.33 —381.34 3470 ——37.83 —40.60 —4245
S~ (assuming the 2 —16.60 -—15.64 ——14.17 —13.11 —1229 __11.69 —11.42
presence of HS— 3 --1460 —13.64 —12.17 ——11.1l —1029 969 —9.42
and HaSuo) 4 1261 —1165 —1017 —911 829 __7.69 —7.42
5 —1062 —966 820 713 630 570 542
6 —871 —781 6389 —530 443 378 347
7 —720 —639 504 393 298 227 211
CO,;~— (assuming 2 1238 1222 _ 1237 —12.79 1352 1479 —17.88
the presence of 3 1038 1022 --1037 —10.79 —1152 1279 —15.88
HCO,;—, HoCOypqy 4 —-839 823 ..837 879 952 1079 1388
and COyq))° 5 —643 628 641 —681 753 879 _—11.88
6 —4.73 458 465 497 562 683 —9.88
7 —-350 335 338 358 408 510 793
SO,~— (assuming 2 —101 109 143 203 277 379 _562
the presence of 3 —09% —1.00 —l.14 142 192 _282 _462
HSO,— in the 4 —095 099 110 —1.26 —151 207 364
absence of 5 —095 —099 110 —125 143 179 277
calcium) 6 —095 —099 —1.10 —124 143 —175 —238
7 —095 099 110 —12¢4 148 175 225
acn**
SO~ (assuming 0.001 —095 1.0 —1.1 —1.3 —1.5
the presence of
HSO,— and 0.0l —1.04 —I.1 —1.2 —14 —17
CaSO; . at
a pH of 5)
Aso,
Ca*- (assuming 0.001 —067 —0.7 —0.8 —0.9 —1.2
the presence of
CaSO,q,q and 001 —075 08 —1.0 —1.2 —15

CaCOyq) at a
pH of 5)°

* Computed from equation (49) or expressions for anions analogous to equation
(49) using data given in tables 2 and 4 (see texty. ® If the total molaiity of calcium
present in the solution is one or less, the computed values of yeo,—— are not

affected by the formation of CaCO,,y. © Where total €Oy, is less than 1 molal,
the CaCO.u, species has a negligible effect on y¢,** at pH 6 and below.
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TABLE 14
Stoichiometric individual ion activity coefficients (y;) for Na+
and cations present in relatively small concentrations in 1.0, 2.0,
and 3.0 molal sodium chloride solutions
log "
Ion

25°C 50°C 100°C 150°C 250°C 300°C
10 — 507 — — 45 43 43 420 45
Ag: 20  — 568 — — 51 — 48 48 47 500
30  — 606 — 55 — 52 51— 500 _ 5%
. 1.0 — 475 — 4. — 49 — 5.0 5.4 — 6.0° — 6.6°
Cu* 2.0 — 53 —54 —5B5 56 6.0 — 6.5° — 7.I®
3.0 — 575 —58 —59 —60 6.3 — 68> __ 7.5®
1.0 — 091 —10 —17 --26 3.7° 48 —_ 6.0°
Cu** 2.0 — 103 —12 20 — 30 41> — 52° — 6.4°
3.0 — 110 — 13 —22 32 43> __ 54> 6.7
1.0 — 207 —20 —22 23 2.5 — 29 35
Pb** 2.0 — 299 —26 —28 30 3.2 — 3.5° 42
3.0 — 37 — 31 —-33 — 34 3.6 — 39> 46
1.0 — 160 — — 23 —32 4.3 — 52> _ 6.5
In** 2.0 — 143 — 29 — 38 5.0 — 58 72
3.0 — 184 — — 34 43 54 — 63>  — 76"
1.0 —1498 — —128 118 —I11.1® —11.4°
Hg*+ 2.0 —15.90 —137 127 —11.9>  _12.2°
3.0 —16.50 — —143 133 —12.3> 126"
a 1.0 — 202 —25 —34 — 44 — 6.6° — 7.1*
Fe*++ 2.0 — 260 —31 —41 — 51 — 7.20 — 7.6°
3.0 — 298 — 35 —45 55 — 7.5 — 8.0
R 1.0 — 064 — 067 — 07 08 — 1.2 — 1.4°
Fe+* 2.0 — 068 — 071 — 08 — 09 — 1.2® — l6®
3.0 — 067 — 070 — 08 — 09 — 13> L7
¢ 1.0 — 88 — 82 —73 — 66 — 5.6° — 5.5*
Au* 2.0 — 9.4 — 89 —79 —72 — 6.2° — 6.0°
3.0 — 98 — 92 —83 —75 — 6.5 — 6.3°
¢ 1.0 —25.4 —240 217 201 —18.7*  —19.2°
Aut+ 2.0 —26.7 —252 230 213 —19.8® —20.2°
3.0 —27.5 —26.0 —238 22,0 —204> __20.8°
1.0 — 0.8 — 019 — 021 — 025 — 041°> _—— 061"
Na* 2.0 — 017 — 018 — 020 — 025 — 046> — 0.68°
3.0 — 015 — 015 — 017 — 024 — 049> _— 0.73"
1.0 — 022 — 022 — 025 — 029 — 044> _— 0.62°
K+ 2.0 — 022 ——-023 — 025 — 030 — 0.49* — 0.71°
3.0 — 020 — — 024 — 0.28 — 051 — 0.76°

* The dissociation constants for the metal chloride complexes used in calculating
the values of y; in this table from equation (49) are shown in table 5. To insure min-
imal uncertainty and conservative values (sec text), divalent and trivalent metal
chloride complexes were not considered in the calculations; that is, q in equation
(49) was assigned a value of Z; 4 1 for each metal ion. Because all the metal ions
considered above, with the exception of Fe'*, associate with the chloride ion to a
significant degree, the individual ion activity coefficients for the ions themselves
have no significant effect, except in the case of Na*, K*, and Fe'*, on the y, values
shown ahove. ® These values have a higher uncertainty than the others given in the
table owing to extrapolation of equilibrium constants and activity coefficients used
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in the calculations. © No log K(T) data are available for CuClg,, so this species
was not considered specifically in the calculations. ¢ The term for FeCl** was
omitted from equation (49) to eliminate the influence of the divalent charge on this
species, which is the most stable of the ferric chloride complexes. The degree of
formation achieved by this species is represented by the magnitude of the overall
dissociation constants for the higher order ferric chloride complexes considered in
the calculations. © There is little indication that chloride complexes of Fe*s form
to significant degrees, at least at low temperatures. The values shown for Fe** are
thus equivalent to individual ion activity coefficients. Because the ion is divalent
and a 25°C 3 was used in the calculations, the activity coefficients shown for this
species at high temperatures are probably too small. On the other hand, there are
indirect indications from solubility data that Fe** may form stable complexes with
chloride in the region of 300°, and that the overall stability constant is of the order
of 10 or 107" In view of these uncertainties, the activity coefficients shown above
for Fe- should be considered provisional estimates. f The values shown for these
ions are based on the dissociational reactions for the gold species shown in table 5.

1.0 T T 1.0 T —
- 7 T e \ PR -
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L 7 N L -7 .
%5 ,/cuClz CuCly ;5 4 P/b ;l,
/ - >C
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Fig. 15. Degrees of formation (o) for mectal chloride complexes in 1 (—~-) and

3¢ y molal NaCl solutions at elevated temperatures (sce text—eq 54). Mercury is
not shown because the species HgCl;— accounts for >98 percent of the mercury in
solution. Complexes that form to less than a few percent have been omitted from the
diagrams. Unlike the ¥, values shown in table 14 and figures 13 and 14, the & values
shown above were calculated (eq 54) assuming the presence of all chloride complexes
(of each cation) in table 5 (sce text).
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Fig. 17. Distribution of carbonate, sulfide, and sulfate species in aqueous solution
as a function of temperature and solution pH. The curves represent equal activities
of the species shown in adjoining fields in the diagramms. The positions of the curves
are defined by dissociation constants in table 4. The subscript (app) indicates that the
species referred to is the undifferentiated sum of H.CO, and CO.qq-
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