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Abstract— A large number of aqueous metal complexes contribute significantly to hydrothermal, meta-
morphic, and magmatic processes in the crust of the Earth. Nevertheless, relatively few thermodynamic
data other than dissociation constants (K) for a few dozen of these complexes have been determined
experimentally at elevated temperatures and pressures. The calculations summarized below are intended
to supplement these experimental data by providing interim predictions of the thermodynamic properties
of supercritical aqueous metal complexes using the revised HKF (Helgeson et al., 1981) equations of
state for aqueous species (Tanger and Helgeson, 1988; Shock et al., 1992) and correlations among
equations of state parameters and standard partial molal properties at 25°C and 1 bar (Shock and
Helgeson, 1988, 1990; Shock et al., 1989). These equations and correlations permit retrieval of the
conventional standard partial molal entropies (S°), volumes (V’), and heat capacities (C3) of aqueous
metal complexes at 25°C and 1 bar from published values of log K in the supercritical region and the
limited number of experimental dissociation constants available in the literature over relatively short
ranges of elevated temperature at Psar (Psar and SAT are used in the present communication to refer
to pressures corresponding to liquid-vapor equilibrium for the system H,O, except at temperatures
<100°C, where they refer to the reference pressure of 1 bar). The standard partial molal properties
computed in this way can then be used to generate corresponding values of AS®, AV®, and AC} of
association, which for similar complexes correlate linearly with $°, ¥°, and C %, respectively, of the
constituent cations and ligands at 25°C and 1 bar. Generalizing these correlations and combining them
with the equations of state permits prediction of the temperature and pressure dependence of log K and
other thermodynamic properties of a large number of aqueous metal complexes. As a consequence, it
is possible to retrieve values of log K at 25°C and 1 bar from the results of hydrothermal experiments
at higher temperatures and pressures or to predict values of log K at hydrothermal conditions when no
experimental data are available at temperatures and pressures above 25°C and 1 bar. Such predictions
can be made for temperatures and pressures from 0°C and 1 bar to 1000°C and 5000 bars. Copyright
© 1997 Elsevier Science Ltd
1. INTRODUCTION complexes in hydrothermal fluids. The purpose of the present
communication is to address this problem by predicting the
thermodynamic properties of these complexes at high pres-
sures and temperatures from equations of state and correla-
tion algorithms. Predictions of this kind should considerably
facilitate interpretation of experimental mineral solubilities
and calculation of chemical mass transfer among minerals
and supercritical electrolyte solutions in geochemical pro-
cesses.
Numerous methods have been proposed to calculate the
logarithms of dissociation constants for aqueous complexes

Experimental, field, and theoretical studies indicate that a
myriad of aqueous metal complexes contribute significantly
to mineral solubilities in hydrothermal fluids in the Earth’s
crust (Hemley, 1959; Hemiey and Jones, 1964; Hemley et
al., 1992; Hemley and Hunt, 1992; Helgeson, 1964, 1969,
1970, 1979, 1985, 1992; Anderson and Burnham, 1967,
1983; Giordano and Barnes, 1979; Eugster, 1981, 1986;
Seward, 1981; Wood and Crerar, 1985; Walther, 1986; Bour-
cier and Barnes, 1987; Walther and Schott, 1988; Sverjen-

sky, 1986, 1987; Brimhall and Crerar, 1987; Eugster and
Baumgartner, 1987; Mesmer et al., 1988; Gammons and
Barnes, 1989; Oelkers and Helgeson, 1990, 1993; Saccocia
and Seyfried, 1990; Palmer and Hyde, 1993; Chen et al.,
1994; Gammons and Williams-Jones, 1995; Pokrovski et al.,
1995; Pokrovskii and Helgeson, 1995; Rozelle and Baum-
gartner, 1995). Nevertheless, relatively few experimental
data are available for these complexes and the prospect is
dim for obtaining in the foreseeable future enough such data
to provide a comprehensive thermodynamic frame of refer-
ence for calculating the relative stabilities of aqueous metal

1359

at temperatures and pressures greater than 25°C and 1 bar.
The more successful of these are summarized in Table 1.
Predictions of log K as a function of temperature at Psar
commonly rely on estimated or measured standard partial
molal enthalpies or entropies of dissociation, together with
assumptions about the temperature dependence of the standard
partial molal heat capacities of reaction which are generally
unreliable at temperatures above ~150-250°C, depending on
the assumption (Gurney, 1936, 1938, 1953; Cobble, 1964;
Criss and Cobble, 1964a,b; Helgeson, 1967, 1969; Lindsay,
1980; Murray and Cobble, 1980; Arnérsson et al., 1982, 1983;
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Fig. 1. Correlation plots of equations of state parameters as a function of the standard partial molal properties of
aqueous ions, neutral species, and complexes at 25°C and 1 bar taken from Shock and Helgeson (1988). The lines

are consistent with Eqns. 27-30.

Smith et al., 1986; Ruaya, 1988). Logarithmic correlations
of dissociation constants with solvent density have also been
used to estimate dissociation constants, particularly at super-
critical temperatures and pressures (Franck, 1956, 1981; Mar-
shall, 1968, 1969, 1970, 1972a,b; Eugster and Baumgartner,
1987; Mesmer et al., 1988; Anderson et al., 1991). Other
approaches include application of statistical theories of ion
association (Bjerrum, 1926; Fuoss, 1958; Gilkerson, 1956,
1970) to prediction of dissociation constants at high tempera-
tures and pressures (Pearson et al., 1963; Gilkerson, 1970;
Wright et al., 1961; Oelkers and Helgeson, 1990; Walther and
Schott, 1988; Brady and Walther, 1990). In addition, strictly
electrostatic models have been used for this purpose with

varying degrees of success over restricted ranges of pressure
and temperature by Ryzhenko (1974), Bryzgalin and Rafal’-
skiy (1981), Bryzgalin (1986), Ryzhenko and Bryzgalin
(1987), Walther and Schott (1988), Brady and Walther
(1990), and others. Dissociation constants at supercritical
temperatures and pressures have also been generated recently
from solubility data (Hemley et al., 1977a,b, 1980; Eugster
and Baumgartner, 1987; Woodland and Walther, 1987; Sver-
Jjensky et al., 1991; Fein et al., 1992; Hemley et al., 1992;
Zhu and Sverjensky, 1991, 1992; Pokrovskii and Helgeson,
1992, 1995; Xie and Walther, 1993a,b; Cygan et al., 1994;
Gao, 1994; Pokrovski et al., 1995) and Monte Carlo calcula-
tions (Oelkers and Helgeson, 1993).
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Fig. 2. Correlation of the Born coefficients of aqueous species
with their standard partial molal entropies at 25°C and 1 bar taken
from Shock et al. (1989).

None of the predictive approaches adduced above can be
used with confidence to predict dissociation constants for a
wide variety of aqueous species over extensive ranges of
temperature and pressure without experimental calibration.
In contrast, algorithms adopted in the present study require
experimental dissociation constants for aqueous complexes
at only one temperature and pressure in order to predict
values of the dissociation constants to 5 kb and 1000°C (see
below). The approach is based on recent advances in high
temperature solution chemistry, which have led to general
equations of state and correlation algorithms that can be
used to calculate the standard partial molal thermodynamic
properties of aqueous ions, inorganic acids, dissolved gases,

and organic molecules at both high and low temperatures
and pressures (Sverjensky, 1987; Tanger and Helgeson,
1988; Shock and Helgeson, 1988, 1990; Oelkers and Helge-
son, 1988; Shock et al., 1989, 1992, 1997a,b; Shock and
Koretsky, 1993, 1995; Sassani and Shock, 1995; Amend and
Helgeson, 1997). These equations of state and correlations
have been extended and supplemented in the present study
to describe the temperature and pressure dependence of the
standard partial molal thermodynamic properties of aqueous
metal complexes at high temperatures and pressures.

2. SUMMARY OF THERMODYNAMIC RELATIONS

The standard state adopted in the present study for H,O
is one of unit activity of the pure liquid at any temperature
and pressure. The standard state for aqueous species other
than H,O calls for unit activity of the species in a hypotheti-
cal one molal solution referenced to infinite dilution at any
temperature and pressure. The standard state for gases is
characterized by unit fugacity of the hypothetical perfect gas
at 1 bar and any temperature.

The standard Gibbs free energies of formation of aqueous
species at elevated temperatures and pressures computed be-
low are apparent standard partial molal Gibbs free energies
of formation (AG®) defined by (Benson, 1968; Helgeson et
al., 1981)

AG® = AG} + (G — Gh.1) (1)

where AGY refers to the standard partial molal Gibbs free
energy of formation of the species from its elements in their
stable state at the reference temperature (7,) and pressure
(P, and (G} r — G5 1) refers to the difference in the stan-
dard partial molal Gibbs free energy of the species at the
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Fig. 3. Logarithm of the dissociation constant of NaCl° as a func-
tion of temperature and pressure (labelled in kb). The curves were
generated by regression of the experimental data represented by the
symbols (see text and Table 2).
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pressure and temperature of interest (P and 7') and that at
the reference pressure and temperature (P, and 7;,), which
is given by

7
Ghr— Gy = ~Sho(T =T + [ Char
7.

T P
—Tf C‘,lrdlnT+J- V94P (2)
T, P,

T 3

The integrals in Eqn. 2 can be evaluated with the aid of the
revised HKF equations of state for the standard partial molal
volumes and heat capacities of aqueous species summarized
below.

2.1. Equations of State for Aqueous Species

The standard partial molal volumes (V) and heat capaci-
ties (C?) of both charged and neutral aqueous species can

be expressed as (Tanger and Helgeson, 1988; Shock et al.,
1989)
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where ¢, ¢2, a1, a», a3, and a4 represent temperature/pres-
sure-independent coefficients characteristic of the aqueous
species, w stands for the conventional Born coefficient of
the species (see below), ¢ and ¢ refer to solvent parameters
equal to 228 K and 2600 bars, respectively, and Q, Y, and
X denote partial derivatives of the reciprocal of the dielectric
constant of H,O (¢), which can be written as

1 fOIne

Q_E(ap )T )
1 /0Ine

Y:_
E( or >P (6)

1[ /0% Ine dIn e\’
(o (2] o
€ or: /, or /,
Values of ¢ and its partial derivatives with respect to temper-
ature and pressure to 1000°C and 5 kb are given by Shock
et al. (1992).

The conventional Born coefficient of the jth aqueous ion
(w;) can be expressed as

abs,

wj — w;nh:. _ Z/WH+ (8)

where wj‘b“ and w* refer to the absolute Born coefficients
of the jth ion and H", respectively, and Z; refers to the
charge on the jth ion. The absolute Born coefficient of the
Jth aqueous species is defined by

R 9)

where 7 = 1.66027 x 10° A cal mol~' and r.; denotes
the effective electrostatic radius of the species, which for
monatomic ions can be calculated from (Tanger and Helge-
son, 1988; Shock et al., 1992)

Fej = Tejrr + 12,18 (10)

where g (in Angstroms) designates a solvent function of
temperature and density given by Shock et al. (1992) and
Ie.p,7, fOr monatomic aqueous ions is given by (Helgeson
and Kirkham, 1976; Helgeson et al., 1981)

Tejp.r, = Ty T |Z; |k, (11)

where r,; stands for the crystallographic radius of the jth
ion (Shock and Helgeson, 1988) and k. represents a charge-
dependent constant equal to 0.0 for anions and 0.94 for
cations. The effective electrostatic radii at 1 bar and 298.15
K of either monatomic or polyatomic aqueous ions can be
calculated from (Shock and Helgeson, 1988)

ZHnYer — 100)
Ve jpT, = o (12)

S—[})’,;T, - Uz

where Yp r refers to the ¥ Born function (Eqn. 6) at the
reference pressure and temperature, which is equal to —5.802
x 107 K™, 8§} 7 denotes the standard partial molal entropy
of the subscripted ion at 1 bar and 298.15 K, and «, desig-
nates a charge-dependent correlation parameter. Combining
Eqns. 9 and 10 leads to

YA
- e (13)
rejer + 12l 8

abs.

W

The analog of Eqn. 13 for the hydrogen ion can be expressed
as

wiy = 1 (14)

where 3.08 (A) corresponds to the effective electrostatic
radius of the hydrogen ion at 1 bar and 298.15 K (Helgeson
and Kirkham, 1976). Combining Eqns. 8, 13, and 14 results
in

Z; 1
=z, / - 15
e I|:re,,/,FK.T‘. +1Z;lg 3.08 + g:' (>

Because g = 0 at 1 bar and 298.15 K (Tanger and Helgeson,
1988; Shock et al., 1992), the conventional Born coefficient
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of the jth ion at the reference pressure and temperature
(wjp,r,) can be expressed as

Wjp.T, = T)Z/[re,ipn - ﬁ] (16)

It follows from Eqns. 12 and 16 that w;_r, for ionic spe-
cies with the same charge is a linear function of g?ﬂﬂ'
Similarly, w;p s, for neutral aqueous species with similar
characteristics correlates linearly with §£Prvﬁ (Shock et al.,
1989; Shock and Helgeson, 1990). The Born coefficient for
the jth neutral aqueous species is given by

2
Wj = Wip 1, = u.}jh'\ = _772 &f (17)
e jp.T,
where Z, ; stands for the effective charge of the jth species
(Helgeson et al., 1981; Shock et al., 1989; Shock et al.,
1992).

Taking account of Eqns. 1-10, the apparent standard par-
tial molal Gibbs free energy of formation for both charged
and neutral aqueous species at a given pressure and tempera-
ture (AG") can be expressed as

AG® = AG] = 8§55, (T = T) — ¢ fi(T) = &2fo(T)
+ afi(P) + &fs(P) + a: /i(P. T)
+ afo(P.T) + won f5(P.T) + fi(P, T) (18)

where

f(TYy=Tln (-})—T+T, (19)

% (u) _ 111] [M] (20)

0 62 (7T, - 8)
f(P)y=1In (I : ;_:) (22)
P - P,

fip, T)—ln(T_g) (23)

_ 1 ¥+ P
() (5] s

1 1

fH(P,T) = [E B + Yo (T — Tr)] (25)

and

AP.T) = Kuw — wle - 1) (26)

where & stands for a switch constant which is equal to unity
for ionic aqueous species and zero for neutral aqueous species.
The conventional Born coefficients in Eqns. 18 and 26 (w
and wp_7) for charged aqueous species are given by appro-
priate statements of Eqns. 15 and 16, which can be combined
with Eqns. 11 or 12 for monatomic and polyatomic agueous
ions, respectively. As indicated above, values of w for neutral
aqueous species can be computed from an appropriate state-
ment of the first identity in Eqn. 17 using linear correlations
of w;p r with ST - (see below).

Equation 18 permits calculation of the apparent standard
partial molal Gibbs free energies of formation of aqueous
species to 1000°C and 5 kb (Tanger and Helgeson, 1988;
Shock et al., 1989). Values of the equation of state coeffi-
cients in Eqn. (18) for numerous aqueous ions have been
generated by regression of experimentally determined stan-
dard partial molal volumes and heat capacities of a wide
array of electrolytes (Tanger and Helgeson, 1988; Shock
and Helgeson, 1988; Shock et al., 1989). Although in princi-
ple the same approach could be taken for aqueous com-
plexes, relatively few experimentally determined standard
partial molal volumes and heat capacities are available for
aqueous complexes (Archer and Wood, 1985; Nguyen-
Trung and Hovey, 1990; Majer and Wood, 1994). In con-
trast, experimentally derived dissociation constants have
been reported for many such complexes at both low and high
temperatures and pressures. Regression of these dissociation
constants as functions of temperature and pressure can be
carried out with statements of Eqn. 18 for each of the com-
plexes and its dissociated ions. By incorporating in the re-
gression equations correlation algorithms linking the equa-
tion of state coefficients of the complexes with the standard
partial molal entropies, volumes, and heat capacities of the
species at 25°C and 1.0 bar, values of the latter properties
can be retrieved directly from the regression calculations.

3. REGRESSION EQUATIONS FOR
AQUEOUS COMPLEXES

It has been demonstrated (Shock and Helgeson, 1988,
1990; Shock et al., 1989) that equations of state parameters
for aqueous species obtained by regression of experimental
standard partial molal volumes and heat capacities of electro-
lytes, neutral molecules, and charged complexes with Eqns.
3 and 4 correlate linearly with one another and/or with the
standard partial molal entropies, volumes, or heat capacities
of the species at 25°C and 1 bar. A number of these correla-
tions are depicted in Fig. 1. The correlations for ionic species
depicted in this figure are consistent with

o= (L1IDHAV),, + 1.8 (27)
a, = (0.013684) AV, + 0.1765 (28)
a; = —(4.134)a, — 27790 (29)
¢y = (2037)C% ; — 30460 (30)

1 1

where AV 7, a, and Cp 5 are in cm’ mole ™', cal mole ',

and cal mole ™' K ™', respectively,
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Table 2).
AVS,P,,T, = V(I)’,,T, + wp 1,Qp,.7, (31)
a
o =a + 32
A (32)

Combining Eqns. 3 and 27 through 32 leads to the follow-
ing equations for a,, a,, a3, a4, and ¢, in terms of V(f]’,,r,,
C_g,,r,s and We,r,*
a =

(0.013684)(\7?;'1' + (41.84)wp 1.0p 1) + 0.1765  (33)
a

= (33423) (Vs + (41.84)wp 7 0p.r) — 34723 (34)

as

= —(0.1435)(V% ;. + (41.84)wp 1 Qp 1) + 7.0274  (35)

%

= —(138.17)(VS 7 + (41.84)wp 1. Qps) — 26355  (36)
c1 = (0.6087)C% ; + wp n TXp 7 + 585  (37)

where V3  is in cm® mole ™' and wp 7, is in cal mole™'. The
values of Qp, 7, and X, ;. are 5.903 X 1077 (bar ') and —3.09
X 1077 (K ™?), respectively. Substituting Eqns. 30 and 33—
37 in Eqn. 18 results in a regression equation for the standard
Gibbs free energy of formation of an aqueous species as
a function of temperature and pressure in which the only
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regression parameters are V2 7, S 7. C3 7, and/or wp 7.
This expression can be written as

AG’ = AG) - §5,.(T - T,) — fi(T)
[(0.6087)C2 7. + wp 7. T.Xp s + 5.85]
- H(T)[(2037)C5 7 — 304601+ £,(P)
X [(0.013684)(V$ » + (41.84)wp 7 0p 1) + 0.1765]
+ f(P)[(33.423) (V.7 + (41.84)wp 1 Qp 1) — 347.23]
+ fi(P, TH[—(0.1435)(V3 1.
+ (41.84)wp, 1. 0p 1) + 702741+ fo(P, T)
X [=(138.17) (V3 5, + (41.84)wp .05 1)
— 263551+ wpr (P, T) + fi(P, T) (38)

Many of the experimental data considered in the present
study were obtained at pressures below 200 bars, where
the pressure terms in Eqn. 31 contribute negligibly to AG®.
Under these circumstances, Eqn. 38 reduces to

AG® = AG) = Spr(T = T) = flT)
[(0.6087)C% 7. + wprT.Xpr + 5851 — fo(T)
[(2037)C3,7, — 30460] + wp, 1, (P, T) + fu(P, T) (39)

Note that it follows from Eqn. 26 that f,(P, T') in Eqns. 38
and 39 is equal to zero for neutral aqueous species.

In cases where insufficient experimental data are available
to warrant retrieval of wp 1, by regression of the data with
Eqns. 38 or 39, wp, 7, can be eliminated from the regression
equations by combining them with the equation representing
the linear curves shown in Fig. 2. The curves in this figure



Thermodynamic properties of aqueous metal complexes 1367

" L] T T 'z T T L}
Zn(CHLCOO) = ZrP* + CH,COO Zn(CHECOO)S = Zn% + 2CHCOT
2} e
-4 B
.3 - -
-6 -
[ -8
g -t - 2
: g
-8 B
-5 b -~
-]o -
-6 -
®  GordanokDrummond(1991) ®  Glordano&Drummond(1991)
-7 L L L 12 I 1 A
] 100 200 300 400 0 100 200 300 400
TEMPERATURE, °C TEMPERATURE, °C
-2 T T T -1 T T T
Zn(CHCOO0); = Zn*2 + 3CHyCOO CaSO40) = CasOf |
i . |
3} .
-8
g | _
12 ST ]
®  Giordano & Drummond (1991) ] [®  veatts & Marshan (1969) | Ps
-14 L 1 4 -6 L L L
[+] 100 200 300 400 (4] 100 200 300 400
TEMPERATURE, °C TEMPERATURE, °C
1 T T T -8 T T T
SI03, + HO = HSiOg + H
o .

KSO; = K* + SO°

- T a <4 Harman (1928)
8 -10 [ Roller and Ervin (1940) 1
- 4 § * v Greenberg and Price (1957)
A Schwarz and Muller (1958)
B ingri (1959)
- ° Lagerstrom (1959)
@ Quistetal (1963) nre ®  VanLleretal. (1960) T
s || A Truesdel & Hostetier (1968) ] : V°'°=W:;7'-‘§‘ 972)
- Bell & George (1953) * Busey and Mesmer (1977)
-6 L 1 .. -12 1 I 1
0 100 200 300 400 0 100 200 300 400
TEMPERATURE, ©C TEMPERATURE, °C

Fig. 5. (continued)






