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Abstract

Quantitative thermodynamic calculations that involve aqueous fluids have proved difficult because of the complexity of the interac-
tions that occur within the fluids. Existing thermodynamic models are difficult to apply to mixed solvent or highly saline solutions at
P> 0.3 GPa and 7> 300 °C. This work constructs a method for activity—composition calculations in saline, mixed solvent, supercritical
aqueous solutions. Mixing is formulated on a mole-fraction scale in terms of a set of independent end-members that describe composition
and speciation within the solution. The ideal mixing term takes speciation into account and avoids problems with the common ion effect.
Non-ideal interactions are represented by an activity coeflicient term that combines a limited form of Debye—Hiickel and a van Laar
formulation. This approach, referred to as the DH-ASF model, is thermodynamically valid over a wide range of P, T and fluid com-
position. The value of the model lies in its broad applicability, and small number of calibration parameters. Experimental data from
the literature for the systems NaCl-H,0, KCI-H,0, H,0-Si0,-CO,, H,O-NaCl-CO,, H,O-NaCl-SiO, and for H,O-albite melts have
been used to calibrate the DH-ASF model. Calculations were performed using THERMOCALC, computer software that calculates equilibria
for mineral-based chemical systems.! The model represents the data to within experimental error in most cases. Conditions modelled
include pressures between 0.2 and 1.4 GPa, temperatures between 500 and 900 °C, and xy,0 from 0.1 to 1. Calibrated parameters are
consistent with expectations based on the conceptual model for the fluid, and are relatively insensitive to changes in pressure and tem-
perature for most examples. The DH-ASF model is thermodynamically valid for a range of P-T conditions that includes pressures from
0.1 to 2 GPa and temperatures from 200 to 1000 °C. A lack of experimental data restricts calibration of the model for many end-mem-
bers. However, it may be possible to neglect parameters associated with end-members present in small amount. In this case, or with new
experimental data for calibrations, the DH-ASF model allows previously inaccessible geological systems and processes to be modelled.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Aqueous solutions at high pressure and temperature af-
fect the rocks that they interact with. Fluids play a critical
role in the formation of ore deposits (e.g., Gibert et al.,
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1992; Cox, 1995), the composition of subducting material
(e.g., Ayers and Watson, 1991), mantle metasomatism
(e.g., Stalder et al., 1998), hydrothermal alteration of the
ocean floor (e.g., Alt et al., 1998), and the evolution of va-
pour-saturated melts (e.g., Lowenstern, 2001). Thermody-
namic calculations are used to predict and interpret the
characteristics of these aqueous solutions. The effects of
mixing between solutes and solvents significantly affect
solution properties but such effects are difficult to integrate
into thermodynamic models. The thermodynamic effects
of mixing are described using activity-composition
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relationships, which are commonly split into ideal and non-
ideal contributions (e.g., Powell, 1977; Helgeson et al.,
1981; Li et al., 1994).

The ideal mixing activity is linked to solute concentra-
tions, and is commonly specified to be the mole fraction
or molality of the solute of interest (e.g., Anderson and
Crerar, 1993). However, speciation of solutes can result
in incorrect representation of the ideal mixing by solute
concentrations. (e.g., Stokes and Robinson, 1948; Pelton
and Thompson, 1970). For example, dissociation of NaCl
results in a doubling of the number of solute molecules,
so that an ideal mixing term based on the number of moles
of NaCl added to the solution will overestimate the ideal
activity of this solute. A further complication in the formu-
lation of the ideal activity is the common ion effect, which
occurs when two or more salts that share a common ion
(e.g., NaCl and KCI) are added to a solution. The concen-
tration of the common ion is then a function of the concen-
tration of both salts, and the ideal activity of either salt
cannot be calculated solely from the number of moles of
either salt in the solution. An additional factor is the choice
of concentration scale. Many models use the molal concen-
tration scale, but this is unsuitable for concentrated or
mixed solvent solutions because molality becomes a non-
linear function of concentration and then approaches infin-
ity as the mole fraction of water decreases towards zero.

The most used expressions for the activity coefficient in
geological applications are the Debye—Hiickel limiting law
(e.g., Bockris and Reddy, 1998), and extended versions of
this formulation (e.g., Davies, 1962; Truesdell and Jones,
1974; Helgeson et al., 1981). These expressions represent
the behaviour of solutes in aqueous solutions at ionic
strengths of up to 0.1 molal very successfully. Their use is
limited though, because geological solutions may reach
ionic strengths of up to 15 molal. Activity coefficient
expressions for aqueous solutions at higher ionic strength
are provided by the work of Pitzer and co-workers (Pitzer,
1973; Pitzer and Simonson, 1986; Clegg and Pitzer, 1992;
Clegg et al., 1992). The Pitzer formulations predict the
properties of salt-bearing aqueous solutions accurately
over the entire range of composition from dilute aqueous
solutions to fused salt mixtures. However, they cannot be
used to describe solutions at temperatures and pressures
much different to those of the original calibration, or to cal-
culate the properties of mixed-solvent solutions. Mixed sol-
vent solutions are common in geological environments
(e.g., Baker et al., 1991; Phillips and Powell, 1993; Ferry,
1994; Lowenstern, 2001), and can have different properties
to aqueous solutions (e.g., Walther, 1992). The chemical
engineering literature provides activity coefficient formula-
tions that can be applied to mixed solvent electrolyte solu-
tions (e.g., Cardoso and O’Connell, 1987; Li et al., 1994;
Wang et al., 2002; Chen and Song, 2004: see review by
Anderko et al., 2002). The majority of such models split
the excess energy of mixing into long, medium and short
range contributions. The contributions are typically repre-
sented by one or more of: a Debye-Hiickel (Debye and

Hiickel, 1923) or Mean-Sphere Approximation (e.g., Blum
and Hoye, 1977; Gering et al., 1989) term to represent long
range interactions, a virial term dependent on temperature
and ionic strength (e.g., Wang et al., 2002) for medium
range interactions, and a short range interaction model
such as NRTL (Renon and Prausnitz, 1968), UNIQUAC
or UNIFAC (Abrams and Prausnitz, 1975), respectively.
These models are generally unsuitable for geological appli-
cations because they either (a) neglect speciation and/or (b)
use standard states and/or concentration scales unsuitable
for solutions where X(H,O) is low and/or (¢) require
numerous calibration parameters that are unavailable at
the pressures and temperatures of interest.

Our work involves a model that can account for ideal
and non-ideal activity in mixed solvent, supercritical, high
pressure (P> 0.2 Gpa) and high temperature (7> 300 °C)
solutions over a wide range of concentrations. The ap-
proach uses a mole fraction concentration scale, and calcu-
lates ideal activity with expressions that take the
configuration of the ions in solution into account. This ap-
proach allows common ion effects to be avoided. A limited
Debye—Hiickel term that can be applied to mixed solvents
and concentrated solutions, is combined with a multi-com-
ponent Van Laar formulation to calculate activity coeffi-
cients. Each of the parts of the model has been shown to
be effective in other formulations or applications. The ideal
mixing term is derived from the approach to mineral activ-
ity—composition relationships described in papers by Pow-
ell, Holland and coworkers (e.g., Powell, 1977, Holland
and Powell, 1996a; Holland and Powell, 1996b), while De-
bye-Hiickel and Van Laar terms have been used in previ-
ous activity coefficient formulations (e.g., Helgeson et al.,
1981; Holland and Powell, 2003). The unique features of
the model are the choice of the elements of the model,
the wide range of solutions and P/T conditions that can
be described using a small number of parameters, and in
the capacity to use explicit conceptual models for specia-
tion. The model is calibrated using experimental data for
systems of interest over a range of pressures and tempera-
tures, and the predictive powers of the model are discussed.

2. Terminology

A phase is defined as “a homogeneous body of matter,
generally having distinct boundaries with adjacent phases,
and, so in principle, being mechanically separable from
them” (Anderson and Crerar, 1993). The chemical compo-
nents of the system are the smallest set of chemical formu-
lae required to describe the composition of all the phases in
the system (c.f. Anderson and Crerar, 1993; Nordstrom
and Munoz, 1994). The term species refers to an actual
molecular or ionic entity which has existence as an identi-
fiable unit (Anderson and Crerar, 1993; Nordstrom and
Munoz, 1994). An end-member is a chemical entity of fixed
composition that may be observable or hypothetical (e.g.,
Thompson, 1982). An end-member is not necessarily a spe-
cies, but it may be. The term end-member, as used here, is



5490 K. Evans, R. Powell 70 (2006) 5488-5506

equivalent to the term ’constituent’ used by Anderson and
Crerar (1993). A set of end-members is independent if it is
impossible to create any end-member in the set by linear
combination of the other end-members.

The term proportion (p), is used to describe the relative
quantity of any one end-member in an independent set of
end-members, where p, = ﬁ n; is the number of moles

J

of i,and ) p; = 1. The term ’apparent mole fraction’ (x,pp),
is used to describe the relative quantities of the end-mem-
bers which were present prior to mixing. For example, if
10 mol of NaCl were added to 90 mol of water, then the
apparent mole fraction of NaCl would be 0.1, regardless
of speciation. Mole fraction (x;), is retained as the general
term.

3. Standard states

The standard state of end-members for which data is de-
rived from measurements of the pure substance (e.g., CO»,
H,O0, liquid NaCl), is that of unit activity of the pure end-
member at the pressure and temperature of interest. The
standard state of end-members for which thermodynamic
data is derived from measurement of the properties of di-
lute solutions (e.g., aqueous CaCl,) is a pure hypothetical
standard state where a;— 1 as x; > 1 (Raoults Law) at
any pressure and temperature. This standard state has a
unit mole fraction of the end-member, but in other respects
has the properties of the solute in infinitely dilute solution
(Stokes, 1991). Thus, this standard state must always be
hypothetical. Relationships between standard state chemi-
cal potentials for the mole fraction and molal concentra-
tion scales are discussed and illustrated in Appendix A
(see also Stokes, 1991).

4. Formulation

The fluid is viewed as a loose framework of sites, each of
which contains a solvent molecule, a charged solute ion, or
an uncharged solute molecule. This approach is implicit in
most existing activity models (e.g., Helgeson et al., 1981;
Pitzer, 1973; Pitzer and Simonson, 1986). The Gibbs energy
of the solution is

Gohase = Zx,-,ui = inu? + Zx,-RTlnai.
= Zx,-,u? + Zx,-RTlna,-,id + Zx,«RTln Vis (1)

where the sum is over an independent set of end-members.
G is Gibbs energy, x; is the proportion of end-member i, y;
is the chemical potential of that end-member, p7 is the
chemical potential of i at some standard state, «; is the
activity of i, a;;q is the ideal activity of end-member i,
and y; is the activity coeflicient for that end-member. All
symbols are defined in Table 1. Here, the ideal activity ac-
counts for the thermodynamic effects of mixing that would
occur if there were no heat evolved on mixing and if the
volume of the solution phase were equal to the sum of
the volumes of its pure end-members before mixing. The

non-ideal activity term accounts for other changes in the
thermodynamics of solution that occur as a result of a solu-
tion composition different to that of the standard state.
These effects include changes in hydrogen bonding, hydra-
tion of ions, and long range electrostatic interactions.

5. Choice of end-members

The Gibbs energy of a fluid phase Eq. (1) is calculated
from the sum of the contributions of an independent set
of end-members. It is possible to use any set of end-mem-
bers that describe the system; these need not have physical
reality, or be present in positive quantities (Thompson,
1982). The number of independent end-members for a giv-
en system is determined by the composition and speciation
of the modelled solution. An independent end-member is
required for each chemical component in the solution. Fur-
ther independent end-members are necessary if speciation
in solution is taken into account. An additional end-mem-
ber is required for each variable that is required to describe
the speciation of the solution (Holland and Powell, 1996a).
The total number of independent end-members required to
describe a phase is 7. + ny, (Holland and Powell, 1996b),
where n. is the number of chemical components, and ng,
is the number of variables required to describe speciation
within the system. For example, if a solution contains
NaCl, Na*, CI~, and H-O, then the set of end-members
must reflect the two chemical components, NaCl and
H,0, and the dissociation of NaCl into Na* and C1™. This
gives a total of three independent end-members. These may
be NaCl, H,0, and Na™ + CI~ (referred to as NaCl+), see
below, or NaCl-(H»0)s, H,O, and NaCl+, or, indeed, any
other combination of the components that comprise the
solution.

5.1. End-members to represent charged species

It is not possible to define the chemical potential of
individual charged species in the normal way because
the Gibbs energy-derived definition of chemical potential

(w):

oG
w=(5) @
1 njgiy BT

requires that the composition of all end-members (7)) ex-
cept that of interest (n;) be held constant during the differ-
entiation of the Gibbs energy (G) of the solution. Addition
of a single charged component causes electrical work to be
done to produce a charged solution, and this work would
have to be included in Eq. (2). The activity of charged spe-
cies has been measured (e.g., Rodil and Vera, 2003; Wil-
czek-Vera et al., 2004) but it is difficult to incorporate
these measurements into a rigorous thermodynamic frame-
work. Traditionally, this issue has been resolved by the use
of mean ionic functions (Stokes, 1991; Anderson and Crer-
ar, 1993; Nordstrom and Munoz, 1994). This approach has
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Table 1
Key to symbols used in the text
Symbol Quantity Units
a Tonic radius m
aig Ideal activity —
app Referring to apparent composition Subscript
Ay Debye—Hiickel constant (mole fraction scale) —
B, Debye—Hiickel constant (mole fraction scale) —
b,c,d Stoichiometric coefficients —
e Charge on electron Coulombs
ex Excess Subscript
G Gibbs energy kJ mol~! or J mol™!
id Refers to ideal mixing Subscript
i, j, ¢ Solution components Subscript
Ly Interval over which ionic strength approaches maximum —
Iy Maximum ionic strength for Debye-Hiickel in mole fraction units —
I, ITonic strength in mole fraction units —
k Boltzmanns constant JTmol™!
ko cgs to kmg charge conversion Farads m™!
LRI Long range interaction superscript
m Superscript referring to molal concentration scale —
Na Avogadro’s number Molecules mol ™!
mix Refers to chemical effects of mixing Subscript
g Number of solvent end-members —
n; Mumber of moles of i —
P Pressure GPa
)4 Proportion —
R Gas constant kJmol ' K™
T Temperature K
4 Molal volume of solution m> mol ™!
VL Van Laar Subscript
W Size parameter adjusted interaction energy kJ mol™!
Wi Interaction energy kJ mol™!
X Refers to mole fraction concentration scale Superscript
X; Mole fraction of i —
z; Number of charges on ion i —
Size parameter —
2 Dielectric constant —
¢ Size parameter adjusted proportion —
y Activity coefficient —
K Debye-Hiickel inverse length -1
i Chemical potential kJ mol ™!
us Standard state chemical potential of i kJ mol™!
T Pi(3.142..)) —
+ Subscript or postscript referring to mean compounds —
—, indicates dimensionless constant or variable.
the advantages that it accounts correctly for the Gibbs Gt e = x”[‘%’ xh‘i" (5)
energy associated with ideal mixing, and removes the At AHH "
necessity for an explicit charge balance requirement. Here, Vayo s = y% “/hg,fi (6)

mean compounds are used as independent end-members
for the purposes of thermodynamic description. They are
distinguished from real neutral end-members by a + addi-
tion to the formulae, e.g., NaCl+.

Mean chemical potentials, mean standard state chemical
potentials, mean activities and mean activity coefficients for
the mean ionic end-member A4,C,;+ 1 L are given by:

b + dca-

Kyt = b+d (3)
o . b/“‘flw + d:uid— 4
Facor = pra (4)

respectively, e.g., Nordstrom and Munoz (1994). The stoi-
chiometry of the mean end-members is defined so that one
mole of a mean ionic compound gives one mole of ions in
solution, , AyCy <= (b +d)A,,Cdj: L This gives the
correct number of entities present in the solution and so al-
lows mole fractions to be calculated correctly. The
subscrlpt L is dropped from this point onwards, for conve-
nience. So “for example, dissolution and complete dissocia-
tion of one mole of CaCl, would give three moles of
CaCly=.

The number of mean compounds for any solution is
determined by the number of species present in solution,



5492 K. Evans, R. Powell 70 (2006) 5488-5506

and is n, + ne, — 1, where n, is the number of anions and
Nea 18 the number of cations. However, the choice of the
formulae of the mean compounds is flexible. For example,
a solution that contains K, Na™, MgOH", OH", SO~
and CI™, can be defined by five mean compounds. One pos-
sibility would be KOH+, K,SO44, KCl+, NaOH+ and
MgOHOH+. Another would be NaCl+, Na,SO4+,
NaOH4+, KCl+, and MgOHCI+.

Problems with the common ion effect are avoided be-
cause the ideal activity and the activity coefficient of mean
end-members that contain a given ion are functions of the
concentration of that ion in solution. The concentration of
the ion is itself a function of the proportions of a/l the end-
members that contain that ion. This is reflected by the def-
initions of ideal activity and the activity coefficient, which
may include the proportions of several end-members. This
means that the proportion of a mean compound that con-
tains a common ion is not equal to its ideal activity (see Eq.
(5)), and that any one ion may be distributed between sev-
eral mean compounds. Care should be taken with this facet
of the use of mean compounds because it differs slightly
from that used in other applications (e.g., Nordstrom and
Munoz, 1994).

6. Ideal activity

If an end-member is a real entity in solution then, for
this conceptual solution model, the ideal activity of that
end-member is its proportion (a;iq = x; Powell, 1978). If
the end-member is hypothetical then the ideal activity is a
more complicated function of composition, as in the case
of end-members that represent charged species discussed
above. Hydration and formation of polymolecular com-
plexes can be incorporated into the ideal activity term. This
can be accomplished via the use of end-members with the
stoichiometry of the chosen species. For example, if the
end-members of a SiO,~H,O solution are defined to be
Si05,4H,0O and H,O then the ideal activities of the end-
members are - xj‘()z @ and r“z?“p’f%‘oz @ respectively,
where the subscrlpt app o refers to apparent mole fractions.
Alternatively, the ideal activity could be defined as a more
complicated function of compositional and speciation vari-
ables (Holland and Powell, 1996a,b). However, the choice
is restricted by the choice of compounds for which a stan-
dard state potential is known.

7. Non-ideal activity: the DH-ASF model

The excess energy of mixing (G,y) is split into two com-
ponents. The first accounts for the effects of long range
electrostatic interactions (GLRI) and is represented by the
Debye—Hiickel expressions described below. The second,
Van Laar, term (GY.") accounts for all other interactions.

G — GLRI GVL
_RTanpl Iny R+ RT In Zpi Iny'" (7)

This approach follows that of Helgeson et al. (1981) and Li
et al. (1994), among others. The Debye—Hiickel and Van
Laar expressions were both developed to represent physical
processes that are known to occur in solutions; long range
electrostatic interactions, in the case of Debye—Hiickel, and
shorter range pairwise interactions, in the case of Van
Laar. The parameters involved in the use of these equations
may therefore be expected to have a physical meaning.
However, the Van Laar parameters are used here to repre-
sent a range of processes that lead to non-ideality and so
the model is semi-empirical. Nevertheless, information on
the nature of the processes that lead to non-ideality may
be obtained from the parameters, as discussed below.

7.1. Long range interactions: Debye—Hiickel term

An extended Debye-Hiickel term is used to describe
long range interactions in dilute solutions, and as a contri-
bution towards the activity coefficient in more concentrated
solutions. The Debye—Hiickel expression defines a Helm-
holtz energy (non-ideal energy at constant 7" and V) rather
than a Gibbs energy (non-ideal energy at constant 7 and
P), but the two quantities are equivalent if the PV work
performed by long range electrostatic interactions is as-
sumed to be negligible (c.f. Davidson, 1962; Cabezas and
O’Connell, 1993). This assumption is made here.

The expression used here is similar to commonly used
Debye—Hiickel expressions, but it was derived to deal with
mixed solvent solutions, following the principles outlined
in Davidson (1962) and the approach described by O’Con-
nell (2003). An additional adaptation has been made so the
expression can be applied to concentrated solutions. Terms
in the Debye—Hiickel expression that depend on the sol-
vent, such as dielectric constant, solution volume, and mol-
al mass, become functions of solvent composition. This is
similar to the approach followed by Akinfiev and Zotov
(1999), but the expression used here incorporates the sol-
vent dependency of molal mass as well as solvent-related
changes in dielectric constant. Differentiation of solution
energy to obtain activity coefficients was performed under
the assumption that solvent chemical potentials could be
affected by changes in the number of moles of solute (see
discussion in Cabezas and O’Connell, 1993). This treat-
ment results in Debye-Hiickel expressions that obey the
Gibbs-Duhem relationship. Versions of Debye—Hiickel
that do not provide an expression for the activity coefficient
of the solvent contravene the Gibbs—Duhem relationship.
The maximum value of the contribution of the Debye-
Hiickel term is set to that made by a solution with an ionic
strength equivalent to 0.1 molal. The use of this arbitrary
limit eliminates computational artefacts that arise from
application of the Debye—Hiickel equation outside its valid
compositional range and allows the expression to deal with
more concentrated solutions than those for which the
expression was originally derived. The Debye-Huckel func-
tion is rendered continuous by the use of a transform on
the ionic strength, such that the ionic strength input into
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the Debye-Huckel equation, I, py, varies smoothly to a
maximum of 0.1 molal Eq. (8).

(I — L) (Erf[(1 /1) (1, — 1L)] + 1) (8)
2

where [, is ionic strength, I is the chosen limit, and
I 1s the interval over which ionic strength approaches
its limit. Iy is set to 2x10° for the applications
described here. The physical implication of this strategy
is that long range ordering effects do not increase
above a certain ionic strength; that is, the effects of
short-range ordering screen ions from the Coulombic
interactions that cause long range ordering at low solute
concentrations. A consequence of the fixed maximum
value is that the Debye-Hiickel term is non-zero at a
mole fraction of 1 and so the activity coefficient should
be adjusted to maintain unit activity in the standard
state. However, this correction cancels against the
Debye—Hiickel term in the shift between molal and mole
fractions standard states (see Appendix A) and so both
may be omitted.

The Debye—Hiickel expressions for the activity coeffi-
cient for solvents, y; sy, and the mean ionic form of solutes,
Vjt.sl, Are

[x,DH == Ix +

Vi
In Vk,sv = Sﬂ:NA o (9)
and
koel|ztz7| K lztz7 |41y
Iny, = — % 27 v 10
A 27 \1 1 ra v, 0

respectively (O’Connell, 2003). ¥V, is the molal volume of
the solvent, k is Boltzmann’s constant (J K™'), N, is Avo-
gadro’s constant, T is the temperature in Kelvin, ¢, is the
charge on an electron, ¢ is the dielectric constant, I is
the mole fraction scale ionic strength (3,1zx;), and takes
a maximum value of 0.0018, equivalent to a molal ionic
strength of 0.1. k, is the constant for conversion between
cgs and kmg charge units (4Tl—£0), where ¢, is the permittivity
of a vacuum. z" and z~ are the positive and negative charg-
es present on ions in the mean compound. & is the ion size
parameter (m), which is taken here to be the same for all
ions in solution (4.5 x 107" m): it is accepted that this is
not appropriate for all ions in the solution, but the simpli-
fication is necessary to facilitate derivation of the expres-
sions. The effects of this assumption on results is
minimal. « is the Debye-Hiickel inverse length (m™'),
where

8N ameZk,ol

2 A olx
_ 0 11

kVel (11)
V is the molal volume of solution, and ¢ is a function of k
and a given by

3 . 1 .
U:W[lJﬂca—m—ﬂn(ler)] (12)

A and B are the Debye-Hiickel parameters.

koK
_ 0 13
Y 2ekTV/I, (13)
K
Bt (14

Values of 4, and B, for X(CO,) values of 0, 0.1 and 0.2 are
summarised in Appendix B. Symbols and constants are
summarised in Table 1.

7.2. Other interactions: Van Laar

The Van Laar used here is the reformulation (Holland
and Powell, 2003) of the original Van Laar model (Van
Laar, 1906; Prausnitz et al., 1986), termed the asymmetric
formalism (ASF). The value of the reformulation lies in
its capacity to describe multi-component solutions in a
computationally tractable way. The ASF model has been
shown to represent the characteristics of mixing in ternary
feldspars, Ca—Mg carbonates, H,O-CO, mixtures, simple
silicate melts (Holland and Powell, 2003) and amphiboles
(Dale et al., 2005). The ASF is the sum of binary contribu-
tions made by pairwise interactions between end-members
in the independent set:

n—1 n
Rt =5 S agm; s
=1 j>i
where ¢;=1— ¢; if i=/ and ¢; = —¢; otherwise. ¢, is a
weighted function of the proportions of the end-members,
Pi

Piti
¢, = ) (16)

2. P%

J

The ¢; are proportions weighted with o parameters, where
the o parameters control the asymmetry of the interaction.
The sign and magnitude of each term in Eq. (15) is deter-
mined by the IV}, parameter.

20(]

Wi =w;———
jj )
Y o + O(j

(17)
which is a function of interaction energy wy, and the rela-
tive sizes of the relevant o parameters. The a of /, the
end-member of interest, scales the W}, parameter so that
W, depends on the properties of the end-member / as well
as those of i and j. The W}, terms incorporate all mixing
energies between pairs of end-members; it includes energies
associated with hydration, electrostriction and solvent
structure collapse. ASF becomes equivalent to a symmetric
model, e.g., symmetric formalism (Powell and Holland,
1993) when all the « parameters are equal. The same for-
mulation applies to both ions and solvent. It is necessary
to correct solute chemical potentials with a y, =0 term
in cases where the original data is referenced to infinite
dilution (See Appendix A for discussion of molal-mole
fraction conversion). This step may be undertaken most
conveniently in the calculation of the standard state chem-
ical potential. An example of calculation of chemical
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potentials for end-members in the system NaCl-H,O is giv-
en in Appendix C.

8. Model application
8.1. Parameterisation

The thermodynamics of mixing are most sensitive to the
parameters that are associated with end-members that have
large ¢ values. Large ¢ values are calculated for end-
members that are present in large quantities, or that have
a disproportionately large o Eq. (16). Mixing between
end-members with small ¢ values makes a relatively small
contribution to the total energy of solution.

8.2. o Terms

The relative sizes of the o terms determine the asymme-
try of the binary interaction energies (Fig. 1). If they are
identical then the Van Laar-related excess energy attribut-
ed to the pair is symmetrical; if not then the excess energy is
skewed towards the end-member with the smaller o. An in-
crease in o results in an increase in the non-ideal activity
terms for solutions where the end-member is dilute (Fig. 1).

Some previous applications of Van Laar (e.g., Prausnitz
et al., 1986; Holland and Powell, 2003) have used molal
volumes, or ratios of molal volumes, for the a terms, with
some success. The physical interpretation of this substitu-
tion is that asymmetry in non-ideal interactions results
from the juxtaposition of molecules of different sizes. This
approach is unlikely to be successful for aqueous solutions
because asymmetry in the non-ideality stems from param-
eters in addition to ion size, such as polarity. Therefore o

parameters are treated as adjustable and are allowed to
vary as a function of pressure and temperature. However,
the physical size of the species represented by an end-mem-
ber is considered to be a major influence on non-ideality,
and so the size of o is expected to correlate approximately
with the size of the species in solution that the end-member
describes. o; values are always combined in ratios Eq. (17),
so only n — 1 of the a values in a system containing » end-
members are independent. The « of water is set to 1 in all
cases.

A number of studies (e.g., Anderson et al., 1991; Shock
et al., 1992; Caciagli and Manning, 2003) have noted that
certain aspects of the behaviour of aqueous solutions,
which include the extent of non-ideality, are related to
the density of water. Trials were therefore made in which
o values were linked to the density of water via the relation-
ship o; = % Values of o that were derived in this way
were much less sensitive to pressure and temperature than
density-independent values of «, so this approach was
adopted. The relationship between o« and water density
would be expected to break down in solutions where
X(H;0) becomes small, and the approach should be aban-
doned in such circumstances. However, solutions of geo-
logical interest that fall into this category are relatively
rare, and so the relationship is retained.

8.2.1. wy terms

The size and sign of the w; terms determine the sign and
magnitude of the binary contributions towards the overall
excess energy of mixing (Fig. 1), although the o parameters
also affect the size of the terms: see Eq. (17). A positive
interaction energy between two end-members indicates that
mixing is inhibited in comparison to ideal mixing, whereas

a s
Gex,soln f
4 f ....... RTiny, !
- - - RTinyg
- 3
E
- 2 Tt~ -
x S-o
= -~ ~ .
1 T
----------- A\\
0.2 0.4 0.6 0.8
XB
¢ =
s
£
S 0.0004
=
o
S 0.00035
Ee]
5
8 0.00020
[
2
'S 0.00025 solute
- —— solvent
0.2 0.4

7 h Gorsom
\ e RERe
6\ - - - RTinyg
\
-~ 5 \
S |
g 4 .
23 .
2 S
! S
0.2 0.4 0.6 - |
XB
s
2
=
-0.02 8
=)
Fel
-0.03 g
o
Q
\ =
\ oo
\
\
0.6 oS :

XB

Fig. 1. RTIny and G, for binary solution. (a) VL contribution: o = 1; «g = 0.3; wag = 5; (b) VL contribution: aa = 1; ag = 3; wap = 5; (c) Debye-Hiickel
contribution (p,RT In y-R!) for solvent and solute interactions at 0.5 GPa, 873 K, and for pyopue = 0.0018. Note second x axis for the solute contribution.



A DH-ASF a—x model for aqueous solutions 5495

a negative interaction energy indicates that mixing is ener-
getically favourable. The terms of the derivation of Eq. (15)
do not allow w; to vary as a function of composition,
although w; may vary as a function of temperature and
pressure. Temperature-dependence of w;; implies that the
term accounts for entropy of mixing that is not dealt with
by the ideal mixing term (ag—;* = —S.). Pressure-dependence
of w;; implies that the excess volume of mixing is significant
% = V). Drastic changes in the P or 7 dependence of
the w;; parameters would suggest that the systematics of
mixing alter in a way that is not provided for by the ideal
mixing model.

8.2.2. Calibration

The small number of experimental data points that are
available for the systems of interest mean that it is difficult
to constrain P or T dependencies of the o or w; parameters.
Calibrations were therefore made, where possible, under
the assumption that the o and w;; parameters were indepen-
dent of P and 7. It is necessary to specify n — 1 o parame-
ters and " w; parameters to model a solution that
contains n end-members. This is a smaller number than
that required for activity models that use ternary interac-
tion parameters or composition-dependent binary virial
terms, but the number can still be inconveniently large. It
may therefore be acceptable to neglect the solute-solute
terms in Eq. (15) (i.e., solute w;; values are set to zero), in
cases where the data available is not sufficient to constrain
all parameters. This is possible when the solute mole frac-
tions are small because solute-solute mixing terms contrib-
ute only a small amount to the overall Gibbs energy of
mixing. If these terms are neglected then the total number
of parameters required to describe a solution that contains
n end-members, of which ng are solvent end-members, and
in which the non-ideal mixing is not P- or 7-dependent, is
%(2n—ny;—1). P and T dependencies of o and/or w;; will
increase this figure.

The parameters used in the calculations that are dis-
cussed in the examples below were obtained by manual
manipulation of the ASF parameters to minimise a least-
square diagnostic. Least-squares, robust (e.g., Powell
et al., 2002) and non-linear fitting routines did not prove
any more successful than this technique. The fits are subject
to possible multiple minima. However, standard deviations
are close to experimental error so the fits can be considered
to be successful. Debye—Hiickel parameters depend only on
the mole fractions of the solvent end-members, pressure
and temperature, and so do not require calibration.

8.2.3. Implementation

The model has been coded to run within THERMOCALC
3.25, a computer program that calculates equilibria for sys-
tems containing complex solid, silicate liquid, and aqueous
solutions (Powell et al., 1998; White et al., 2001). Standard
state chemical potentials for aqueous end-members are cal-
culated with a modified form (Holland and Powell, 1998)
of the Andersen Density Model equation of state (Ander-

son et al., 1991). The standard state thermodynamic
parameters are tabulated in Holland and Powell (1998).
The code allows o and w;; to vary as linear functions of P
and T: a=a,+b,T+c,P and w;=a,+b,T+c,P,
respectively, although this facility is not utilised for most
of the examples described below.

The dielectric constant of H,O-CO, solutions is calcu-
lated after Akinfiev and Zotov (1999), using the Archer
and Wang (1990) formulation for the dielectric constant
of pure water and a modified version of the Kirkwood
equation (Kirkwood, 1939) to account for mixing with
CO,. Volumetric properties of H,O-CO, mixtures are cal-
culated using a modified Redlich-Kwong equations of
state for H,O and CO, and an asymmetric Van Laar mix-
ing model, see Holland and Powell (2003) for more details.
The contribution of other solution end-members present in
large quantities, such as NaCl, could usefully be incorpo-
rated into the calculation of volume and dielectric con-
stant, but this is not performed here. This omission is
justified by the small size of the Debye—Hiickel term rela-
tive to other contributions to the chemical potential
(Fig. 1c). The value of the Debye—Hiickel term depends
on ionic strength, which is itself a function of the specia-
tion, so an iterative solution is used to calculate this contri-
bution to the activity. Activity—composition relationships
were specified using intermediate composition and specia-
tion variables, as described in Powell et al. (1998).

9. Calibration and application

The model was calibrated with experimental data avail-
able for the systems NaCl-H,O (Koster van Groos, 1991;
Aranovich and Newton, 1996); KCI-H,O (Aranovich
and Newton, 1997); NaCl-SiO,-H,O (Newton and Man-
ning, 2000; Shmulovich et al., 2001), H,O-CO,-SiO,
(Newton and Manning, 2000; Shmulovich et al., 2001),
and albite-H,O (Shen and Keppler, 1997; Stalder et al.,
2000). The calibrated parameters are then used to investi-
gate the effect of the presence of saline fluids in the system
Ca0-MgO-SiO,—CO,-H,0-NaCl. These systems were
chosen because experimental data is available over a rela-
tively wide range of pressure, temperature and fluid com-
positions, and because the chemical components of these
systems are abundant in geological fluids. The calibrated
parameters are summarised in Table 2.

9.1. Calibration: NaCI-H,0O

The halite-water binary exhibits complete mixing at
pressures of more than 0.2 GPa and at temperatures above
the halite melting point. At lower temperatures the system
comprises solid halite and a one phase fluid. At around
0.2 GPa NaCl is thought to be almost completely associat-
ed (Aranovich and Newton, 1996), and the characteristics
of the system can be represented by ideal mixing between
associated salt and water. The degree of dissociation
increases with increasing pressure (Aranovich and Newton,
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Table 2
Summary of parameters used to calculate Figs. 2, and 4-7
P (GPa) T (°C) i j Wi o % XH,0 Tange Figures
0.2-0.7 500-900 hitL H,0 3 0.5 Vo 0.1-0.9 2
0.2-0.7 500-900 NaCl+ H,O -20 9 Vi,0 0.1-0.9 2
0.2-1 600-900 syvL H,O 8 0.2 ViLo 0.6-0.95 4
0.2-1 600-900 KCl+ H,O0 -35 1 Vi,0 0.6-0.95 4
1 500-900 aqSi H,O 0 1 ViLo 0.5-0.999 5A
1 500-900 aqSi hitL 90 1 0.5 0.5-0.999 SA
1 500-900 aqSi NaCl+ 60 1 9 0.5-0.999 SA
0.435 700 aqSi hitL 85 1 0.5 0.5-0.999 5B
0.435 700 aqSi NaCl+ —45 1 9 0.5-0.999 5B
1 800 aqSi CO, 80 1 Vco, 0.5-0.999 5C
1.2-1.5 640-740 abL H,OL 2390-2.6T 8 1 0.7-1 7
1.2-1.5 640-740 abL H,O 1669-1.8T 1 1 0.7-1 7
0.05-2 400-1000 H,O Co, 10.5 G Vo Vco, 0-1 5C
of values are related to o by o; = Vj - at the pressure and temperature of interest.
1996) and the representation of mixing becomes more a 900 0TGP
. . a
complicated. Periclase and Fluid  [[J 0.42 GPa
The activity model described above was used to calcu- S 800 @ 0.2 GPa
late the halite saturation curve for the NaCl-H,O system, b Periclase
and the brucite—periclase dehydration reaction in NaCl- % 700 | Halite and Fluid
H,0-MgO (Fig. 2a). It was assumed that MgO did not en- g
ter the fluid phase. The fluid was described in terms of three 5 600 Brucite and
end-members: water; associated NaCl with the properties Fluid
of liquid NaCl (hltL); and dissociated NaCl with properties 500 Brucite, Halite and Fluid
extrapolated from the 1 molal standard state (NaCl+). Tri-
als were made using solutions that contained an additional 02 0z 05 0B ;
end-member, NaCl°, which is associated NaCl extrapolat- ’ A aren.t ole fracﬁon Ho '
ed from the 1 molal standard state. This did not produce PP 2
a better fit to the data than the simpler model, which was 02GP
therefore preferred. The results compare well with experi- \'Ofea\
mental data from Koster van Groos (1991) and Aranovich 08t Q5
and Newton (1996): Fig. 2. Note that the x axis in Fig. 2 ]
represents the apparent mole fraction of H,O. 69 06k
Four adjustable parameters (Table 2) were sufficient to 3 ‘
describe the system: S g
% 04 F
WhltLHzO = 3 kJ 111017l = E.
WNaCl+H,0 = —20 kJ I11017l 0.2 ;
! -
Ay, = 0.5 0 :
/!
UNacr: = 9 0.2 0.4 0.6 0.8 1

The standard deviation of the residuals between predicted
and measured xp,0.pp are 8, 11 and 21°C at 0.2, 0.42
and 0.7 GPa, respectively. This is close to experimental
uncertainty, when compositional uncertainties are taken
into account. The degree of dissociation was predicted to
increase with increasing pressure (Fig. 2b), as proposed
by Aranovich and Newton (1996) although the predicted
decrease in association is less than that suggested by these
authors. The pressure dependence of the data is modelled
successfully in spite of the lack of any explicit pressure
dependency for the « and w;; parameters. This is attributed
to the use of the density of water as a scaling factor for the
o parameters (Section 8). The Aranovich and Newton
activity—composition model (Aranovich and Newton,

Apparent mole fraction H,O

Fig. 2. (a)Comparison of experimental results from Aranovich and
Newton (1996), and Koster van Groos (1991) (points) for the system
NaCl-H,0, with predictions made using DH-ASF model (lines). The
same parameters are used for all calculations. Experimental errors are of
the same magnitude as the standard deviation of the points from the line.
(b) Predicted degree of dissociation for NaCl-H,O solutions at the
periclase-brucite or halite-liquid equilibria. The degree of association
decreases with increasing pressure, and decreases sharply at high water
mole fractions. This is consistent with qualitative predictions and the
experimental results of Aranovich and Newton (1996). The kink occurs
where the brucite—periclase and halite—fluid curves intersect.

1996) is based on the assumption that speciation is not
dependent on fluid composition. Speciation is a relatively
constant function of fluid composition in the region of
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the Aranovich and Newton dataset; this validates their ap-
proach. However, significant decrease in association is pre-
dicted in water-rich fluids. This is consistent with the
arguments of Oelkers and Helgeson (1990). The predicted
proportion of dissociated NaCl is consistent with trends
shown by the results of molecular simulations (Sherman
and Collings, 2002).

The parameters for NaCl+ are consistent with current
knowledge of NaCl-bearing aqueous solutions; the large
o/ and negative wx,cim,0 reflect the large size of hydrated
charged ions and the affinity of charged ions for aqueous
solutions respectively. The broad range of pressure and
temperature which are fit successfully with only four
adjustable parameters suggests that the conceptual model
is appropriate.

The calibration was tested by application to the data of
Tropper and Manning (2004). These authors investigated
the equilibrium paragonite = jadeite + kyanite + H,O in
the presence of H,O-NaCl fluids at 1.5 to 2.2 GPa and
700 °C. The DH-ASF model was used to calculate the po-
sition of this equilibrium and the results were compared to
the experimental data (Fig. 3). The calibrated parameters
for 0.2 to 0.7 GPa were used. The model agrees reasonably
well with the data for the paragonite = jadeite + kya-
nite + H,O reaction, with discrepancies of less than
0.1 GPa. However, the position of the albite + corundum
+ H,O = paragonite reaction lies around 0.2 GPa lower
than the experimental points. This is attributed to de-
creased accuracy of the calibration at low X(H,O) and
pressures far from that of the calibration.

9.2. Calibration: KCI-H,0
The characteristics of the KCI-H,O system are similar

to those of NaCl-H,0. A single phase fluid, or fluid plus
solid salt is stable across the entire compositional range

24 L[OJdKy g
W Pa
22 | ® Ab Cor
S oot 0
S
o 18 [
2 Jd Ky
g 16F Ab Cor o
o [ ]
14 |
4655
1.2 | Or
%0
0.2 0.4 06 0.8 1

Apparent mole fraction H,O

Fig. 3. Comparison of experimental results (points) from Tropper and
Manning (2004) with predictions based on the DH-ASF model (lines).
Calibration parameters were those obtained for 0.2 to 0.7 GPa. The model
performs reasonably well at high X(H,O) in spite of the extrapolation
to higher pressures, but the position of the albitet+corundum+H,0 =
paragonite equilibrium is underestimated by around 0.2 GPa.

at high pressure. Previous work (Aranovich and Newton,
1997) has also observed similarities in the systematics of
association, with high pressures favouring the dissociated
form.

The KCI-H»O system was modelled in a similar way to
that described for NaCl-H»O (Fig. 4a). The end-members
considered were sylvite liquid (syvL), water, and dissociat-
ed KCI extrapolated from the 1 molal standard state
(KCl+4). The data points of Aranovich and Newton
(1997) are also shown. The parameters used to describe
the system (Table 2) are

WsyyLH,0 = 8 kJ mol_l

WKCI+H,0 = —-35kJ 1’1’101_1
%y = 0.2
e = 1

The standard deviation of the residuals between the exper-
imental and modelled data was less than 15 °C. This is sim-
ilar to the uncertainties associated with the experimental
data. The degree of dissociation increases with pressure
(Fig. 4b), as for NaCl. Parameters are similar to those
for NaCl, which is to be expected given the similar proper-
ties of Na and K. The physical interpretations of the
parameters are also generally consistent with expectations.

a

900 Periclase + Fluid
8 800
o Sylvite +
5 700 Ipericlase + Fluid ./
[ o—O—
é 600 Brucite
S 500 &GP + Fluid

400 01 0.7 GPa Sylvite+ Brucite+ Fluid

@ 0.4 GPa
O 0.2GPa
0.2 0.4 0.6 0.8 1
Apparent mole fraction HoO
b 1
0.2G Pa

0.8 0.4 GPa
e 07 Gp
= =]
(g) 0.6 3
o
g 0.4

0.2
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Apparent mole fraction HoO

Fig. 4. (a) Comparison of experimental results for the system KCI-H,O
from Aranovich and Newton, 1997 (points) with predictions made using
DH-ASF model (lines). The same parameters are used for all calculations.
Experimental errors are of the same magnitude as the standard deviation
of the points from the line. (b) Predicted degree of dissociation for KCI-
H,O solutions at the periclase-brucite equilibria at 0.2, 0.4, 0.7, and
1 GPa.



5498

SyvL and H,O mix poorly, as indicated by the positive val-
ue of Wy H,0 and the negative wgcian,o reflects the affinity
of the charged ions for aqueous solution. The low value of
Oxce 1s somewhat surprising given the generally made
assumption that hydrated ions are large. However, the
parameters are less well constrained than those for NaCl
because of the lack of data in the low Xy,0.pp region.
The values for wkcitn,0 and Wy n,0 show an inverse cor-
relation, so that similar, but slightly worse fits than that
shown in Fig. 4a are obtained for a value of wgciin,0 of
4 and a Wy n,0 of —25. More data is required to reduce
the uncertainties on the w and o parameters, however, the
parameter set here fits the data adequately from 0.2 to
1 GPa and from 600 to 900°C and is thus deemed
satisfactory.

9.3. Calibration: NaCIl-SiO,—H>0

NaCl, H,0, and SiO, are ubiquitous in geological fluids.
The system exhibits changes in SiO, solubility as a function
of pressure. Increases in salt concentration lead to increases
in silica solubility (salting-in) at pressures less than
0.2 GPa, whereas increases in salt concentration lead to
decreases in quartz solubility (salting-out) at higher pres-
sures; (Xie and Walther, 1993; Newton and Manning,
2000; Shmulovich et al., 2001).

1 GPa

X SiO9, apparent
X SiOg, apparent

0.2
X NaCl, apparent
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The NaCl-SiO,—H,0 system comprises two binary sys-
tems for which data is available. Parameters for NaCl-H,O
interactions were taken from the fit to experimental data in
the binary system that is described above. Extrapolation of
these parameters to pressures higher than 0.7 GPa is asso-
ciated with some degradation of the fit; temperature resid-
uals in the NaCl-H,O system increase from 21 °C at
0.7 GPa to 33 °C at 1 GPa, but this is still close to experi-
mental uncertainty. SiO,~H,O was investigated by Man-
ning (1994); his data are consistent with ideal mixing
between an aqueous silica end-member (aqSi) and water
(Wsio,.H,0 = 0, oc/SiO2 = 1), and these values are adopted
here. This is supported by the low concentrations and neu-
tral charge of the aqueous silica species, and by the ability
of thermodynamic data derived using the assumption to
replicate experimental data for H,O-SiO, systems over a
wide range of pressures and temperatures (not shown).

The NaCl-H,O-SiO, system was modelled under the
assumption that the aqueous solution comprises four inde-
pendent end-members: H,O; aqueous silica monomers
(agSi); associated NaCl with the properties of liquid NaCl;
and dissociated NaCl (NaCl+). A comparison between the
1 GPa data of Newton and Manning (2000) and the mod-
elled dependence of quartz solubility on NaCl concentra-
tion is shown in Fig. 5a. Additional parameters (Table 2)
used were:

0.9 GPa

0.1 0.2 0.3 0.4 0.5 0.6 0.7
X NaCl, apparent
0.020 00.9GPa (S et al., 2001)
@ 1 GPa (N+M, 2000)
0.015
10 kbar
0.01
0.005 | o kbar
0.2 0.4 0.6 0.8
X(CO2)

Fig. 5. Comparison of measurements of quartz solubility in (a, b, and c) saline and (d) CO,-bearing solutions with predictions made using the ASF
activity coefficient formulations. (a), H;O-SiO,~NaCl, 1 GPa, 500-900 °C; results from Newton and Manning (2000). (b) H,O-SiO,—NacCl, 0.9 GPa, 500—
800 °C; results from Shmulovich et al. (2001). (c) H,O-SiO,—NaCl at 700 °C, 0.435 GPa. Note the very different shape of the solubility curve: results from
Newton and Manning (2000). (d) H,O-SiO,-CO, at 800 °C and 0.9 and 1 GPa. Results from Newton and Manning (2000) and Shmulovich et al. (2001).
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WhitL aqSi =90 kJ 1’1’101_1
WNaCl+,aqSi =60 kJ 1'1’101_1

The agreement between prediction and observation is good
between 500 and 900 °C, and for aqueous silica solubilities
between 0.11 and 2.2 molal. Positive values for the mixing
energies between aqueous silica-hltL. and aqueous silica—
NaCl+ are consistent with the disinclination of SiO, to dis-
solve in saline solutions and its consequent preference for
an aqueous solvent, as proposed by Newton and Manning
(2000). The parameters above were used to predict quartz
solubility at 0.9 GPa, and the results were compared
(Fig. 5b) to the data of Shmulovich et al. (2001). The model
underpredicts quartz solubility at lower salt concentrations
(Xnac1 <0.2) at 800 °C but agreement between prediction
and experiment is good at other conditions. The difference
between the predicted and observed solubilities may be
attributed to inapplicability of the o parameters, or w;; mix-
ing energies at 0.9 GPa, or to systematic experimental er-
ror. More experimental data is required to differentiate
between these possibilities.

Newton and Manning (2000) also present quartz solu-
bilities at 0.2 and 0.435 GPa. The data at 0.2 GPa exhibits
salting-in at low salt concentrations; this switches to salt-
ing-out as the salt concentration increases. The data at
0.435 GPa shows salting-out at all concentrations, but the
shape of the solubility curve in X(SiO,) — X(NaCl) space
is convex, rather than concave as at the higher pressures
(Fig. 5¢). Prediction of quartz solubility at these lower pres-
sures was attempted, using the activity model and the
1 GPa activity coefficient parameters that are tabulated
above. If the speciation, excess volumes and excess enthal-
pies varied only as a function of density then the 1 GPa
parameters should apply at this pressure, in the same way
that the parameters for NaCl-H,O may be extrapolated
successfully between 0.2 and 1 GPa. However, this exercise
did not predict the shape of the solubility curves correctly.
Thus, one or more parts of the combination of ideal mixing
model, o parameters, or w; mixing energies is not appropri-
ate to describe the solution at these lower pressures. The
pressure-dependency of the change suggests that there
may be a change in the excess volume of mixing. This could
be due to changes in the number of waters of hydration as
suggested by Xie and Walther (1993), or to the presence of
alkali-silica hydrous complexes e.g., Anderson and Burn-
ham (1983). However, the data is so sparse that such pro-
posals are merely speculative, although P-dependent
changes in Si-speciation at pressures greater than 1 GPa
have been confirmed (Zotov and Keppler, 2002). The
0.435 GPa data (Fig. 5c) can be fit with the parameters

WhitL aqSi =85 kJ I’IlOI_1
WNaClt agsi = — 45 kJ mol .
The change in sign for the parameter Wnacit agsi 18 difficult

to interpret with the small quantity of data available. If the
change in solution behaviour is due to some alteration in

the systematics of solvation then this should be reflected
in the ideal mixing model, rather than with compensatory
changes in the w values, and so it is likely that this fit is
empirical.

9.4. Calibration. silica concentration in CO-bearing
solutions

CO, is common in geological solutions (e.g., Baker
et al., 1991; Phillips and Powell, 1993; Ferry, 1994; Lowen-
stern, 2001). The solvation and speciation properties of
CO, are different to those for H,O, and thus its effect on
solution characteristics can be significant. For example,
addition of CO; to solution at high pressures (> 0.8 GPa)
substantially reduces the solubility of SiO, (Newton and
Manning, 2000; Shmulovich et al., 2001).

The system H,O-CO,-Si0, was modelled with an ideal
mixing model for H,O-Si0,, as described above, and mix-
ing parameters for H;O-CO, taken from Holland and
Powell (2003). End-members considered were H,O, CO,
and the aqueous silica monomer, aqSi (SiO,). Solutions
were assumed to be in equilibrium with pure quartz. Model
results are compared with experimental SiO, solubilities
(Newton and Manning, 2000) for the system (Fig. 5d) at
1 GPa. The additional parameter used to gain the fit (Table
2) is:

W0, aqsi = 80 kJ mol™!

The standard deviation from the predicted values is, again,
within experimental uncertainties. The calibration was test-
ed by a comparison of the model results for 0.9 GPa with
the experimental data of Shmulovich et al. (2001). The
two lines, and the position of the data points, are almost
identical for the two pressures, but nevertheless a good
agreement is obtained. The large positive value for
Wco,agsi Teflects the disinclination of quartz to dissolve in
a non-polar, non-aqueous solvent.

9.5. Calibration: co-existing silicate melt and aqueous fluids

The solubility of water in silicate melts, and the solubil-
ity of silicate constituents in aqueous fluids, increase as
pressure and temperature increase. This trend has been
shown to end in a second critical point for systems such
as SiO,-H,O (Kennedy et al., 1962; Anderson and Burn-
ham, 1965) and albite-H,O (Paillat et al., 1992; Shen and
Keppler, 1997; Stalder et al., 2000), with far-ranging impli-
cations for rheological, mineralogical and seismic proper-
ties in the lower crust and upper mantle. An advantage
of the mole fraction concentration scale used by the DH—
ASF model is that modelling of melt-fluid-rock interactions
becomes possible.

The data of Shen and Keppler (1997) was used to
calibrate DH-ASF parameters for fluid coexisting with
melt in the system albite-H,O. The melt was assumed to
contain an albite liquid and a H,O end-member with
melt-like properties. Thermodynamic properties of the
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H,O end-member are given by White et al. (2001). The
thermodynamics of mixing of the melt end-members is de-
scribed by a symmetric formalism model (e.g., Powell and
Holland, 1993), with one adjustable parameter, wy. The
fluid was also assumed to comprise two endmembers; an al-
bite liquid with standard state thermodynamic properties
identical to that of the albite liquid in the melt, and H,O.
Mixing thermodynamics for the fluid were represented by
the DH-ASF model, which requires specification of a size
parameter for albite, o, and energy of mixing between
the two end-members, wg. o, Was set to 8.

The model replicates the data well (Fig. 6) on the sides
of the solvus but does not predict fluid and melt composi-
tions close to the top of the solvus. This is attributed to dif-
ficulties with the EOS, rather than to the mixing model, as
thermodynamic properties are steep in the vicinity of criti-
cal points. Reasonable values for the compositions of li-
quid and fluid in equilibrium with albite are also
predicted, although data for these pressures and tempera-
tures in the PT plane of the section are unavailable for
comparison. Data from Stalder et al. (2000) at pressures
to 1.4 GPa and 700 °C are also within experimental error
of values predicted by the model (not shown).

Parameters used were:

wy =2390.6 — 2.6 kJ mol™!
wg =1669.1 — 1.87 kJ mol ™

The negative coefficient that describes the temperature
dependency of both the w parameters suggests that there
are increases in the entropy of mixing that are not account-
ed for by the simple two end-member mixing model. These
increases could be due to the formation of a variety of
hydrated complexes, or melts with lower degrees of poly-
merisation than the melts from which the thermodynamic
properties were derived. The relatively large temperature
dependency suggests that these parameters should not be
extrapolated to pressures and temperatures much different
to those of the calibration. Nevertheless, this example dem-
onstrates the power of the DH-ASF approach, although
substantially more data is required before the model can
reach its full potential.

9.6. Application. CaO-MgO-SiO,~CO,~H,0-NaCl

The CaO-MgO-SiO,—CO,-H,O system has been used
successfully to represent metamorphism of siliceous dolom-
ites (e.g., Skippen, 1974; Trommsdorff and Connolly, 1990;
Baker et al., 1991). The system has been studied in detail
because it represents real siliceous dolomite rocks reason-
ably well and exhibits a number of reactions over the pres-
sure and temperature ranges found in the upper crust.
Fluid inclusion evidence suggests that siliceous dolomites
interact with saline solutions during metamorphism (e.g.,
Crawford et al., 1979; Trommsdorff et al., 1985; Costagli-
ola et al., 1999). Experimental and theoretical studies of
H,0-CO,—NaCl fluids have produced successful EOS such

as that of Duan et al. (1995), but the effect of salinity on
phase relations in CaMSCH has not been determined
experimentally. Skippen and Trommsdorff (1986) produced
a qualitative estimate of phase relations within the system,
and Heinrich et al. (2004) used the EOS of Duan et al.
(1995) to investigate immiscibility at pressures less than
0.5 GPa, but quantitative investigations of miscible super-
critical fluids have not been performed.

THERMOCALC was used to calculate isobaric (P =
0.5 GPa) T-X(CO,) sections for CaO-MgO-SiO,—CO,—
H,0-NaCl, at fixed xnaci0r Values of 0.05 and 0.1, and
for CaO-MgO-Si0,-CO,-H,O0 (Fig. 7). XNac1tor Of 0.1 i
approximately equivalent to 20 wt percent NaCl in aque-
ous solution, and is typical of the higher salinity solutions
observed in fluid inclusions found in regionally metamor-
phosed rocks (e.g., Costagliola et al., 1999). XNacrtot 1S
the sum of the proportions of associated and dissociated
NaCl (ppir + prnacie). The fluid was assumed to comprise
associated salt with the properties of liquid NaCl (hitL),
dissociated salt (NaCl+), aqueous silica (aqSi), water and
CO,. Mineral phases considered were pure tremolite, diop-
side, talc, dolomite, wollastonite, quartz and -calcite.
Quartz, calcite and fluid were considered to be in excess.
Parameters for the activity coefficient model were taken
from Table 2. Dissolved Ca and Mg were not considered
because these elements are known to be sparingly soluble
at the pressures and temperatures of interest (Xie and
Walther, 1993; Aranovich and Newton, 1996).

The basic geometry of the 7-X(CO,) projection is un-
changed by the addition of salt up to mole fractions of
0.1 (Fig. 7). The positions of reactions with steep slopes
in 7-X(CO,) space are also almost unaffected. Reactions
with shallow slopes in 7-X(CO,) space, on the other hand,
show changes of up to 10 °C in the temperatures of reac-
tion. This has implications for estimates of X(CO,), which
can be made from the intersection between observed miner-
al equilibria (e.g., tr = di), and temperatures measured by
other methods. It can be seen that NaCl-driven changes
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Fig. 6. T-X(H,0) section showing the fluid/melt solvus for albite-H,O.
Data points (squares) are from Shen and Keppler (1997). The lines are
calculated with THErRmMocALc. The diagram is polybaric; the points at
650 °C are at 1.22 GPa and the points at 760 °C the pressure is 1.45 GPa.
Data points at the lowest temperatures are metastable.
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Fig. 7. Isobaric 7-X(CO,) section for CaMSCH and CaMSCH(NacCl) at
0.5GPa. p(CO,) 1is the proportion of CO, in the solution,
WM. Solid line, Xnacitor = 0; dotted line, Xnacitor = 0.05;
dashed line, xNaciot = 0.1. Addition of NaCl reduces the temperature of
reactions with low Nf?ﬁ while other reactions are largely unaffected.
Mineral abbreviations: di, diopside; dol, dolomite; tr, tremolite; ta, talc; cc,

calcite; q, quartz. Quartz, fluid and calcite in excess.

in the temperature of calc-silicate equilibria, such as those
shown in Fig. 7, could significantly increase the uncertainty
on X(CO,) estimates made in this way.

10. Discussion

The DH-ASF model is thermodynamically valid over
the range of P, T and composition space for which the
assumptions that underlie the model are valid. This range
includes pressures from 0.1 to 2 GPa and temperatures
from 200 to 1000 °C. The use of water density in o param-
eter calculations (Section 8) restricts the model to solvents
whose density varies in a similar way to that of water as a
function of P and T. It is therefore strictly inapplicable to
fluids with very low water content, although the success
with which water-poor NaCl-H,O (Section 9.1) and
KCI-H>O (Section 9.2) fluids are modelled suggests that
such fluids may be modelled in some cases. The Debye-
Hiickel formulation is based on the assumption that the
solvent forms a continuous medium with a constant dielec-
tric constant. This assumption becomes invalid at low fluid
densities or when water becomes ionized at very high pres-
sures and temperatures (P> 50 GPa; Goncharov et al.,
2005). The pressure limitation is unlikely to trouble most
geochemists, but a minimum density of 0.5 is suggested
for modelled fluids. A corollary of this restriction is that
the model is not suitable for the low density phase in two
phase fluids. Apart from these, the main restriction on

use of the DH-ASF model is the limited availability of
model parameters. It is therefore of interest to speculate
on the degree to which calibrated parameters may be
extrapolated and whether it is possible to estimate param-
eters for end-members without available data.

The extent to which any model may be extrapolated de-
pends on the accuracy with which it represents the process-
es that occur in the modelled system. The more empirical a
model, the less it should be extrapolated. The DH-ASF
model is least empirical, and thus most successful, when
the ideal mixing terms are correctly specified. If the ideal
mixing is incorrectly specified then the activity coefficient
is forced to compensate, and the extrapolative capacity of
the parameters is weak, as in the case of the pressure-de-
pendence of the NaCl-H,O-SiO, dataset. Thus, the key
to extrapolation of the model is knowledge of speciation,
where speciation includes solvation, association and com-
plex formation. Such data can be obtained from conductiv-
ity studies (e.g., Ho et al., 2000), via the use of Raman (e.g.,
Zotov and Keppler, 2000), infra-red or UV (e.g., Liu et al.,
2001), or synchrotron spectroscopic techniques (e.g., Ful-
ton et al., 1996). Care should be taken with extrapolation
of parameters that relate to end-members present in small
quantities, because these can be poorly constrained.

Systems that contain end-members for which calibration
parameters are not available may be modelled, in some
cases, by neglecting those that are unlikely to influence re-
sults by a significant amount. An example of this strategy
that reduces the number of parameters required to
% (2n —ny — 1), is discussed in Section 8.2.2. The activity
coefficient of such end-members would still be different to
one because of the contributions of the terms that account
for the mixing of the more abundant end-members. Alter-
natively, relationships between known properties (e.g., ion-
ic radius, heat capacity) of calibrated and uncalibrated end-
members can be used to estimate values of the unknown
calibration parameters. This approach is described in detail
by Shock et al. (1992). However, there is currently no sys-
tem that allows consistently reliable extrapolation of the
calibration parameters to pressures and temperatures other
than those of calibration.

11. Conclusions

The DH-ASF model is thermodynamically valid across
a wide range of P, T and composition. It can be applied to
the concentrated and mixed solvent supercritical solutions
that occur in a wide range of geological environments,
including coexisting melts and liquids. The distinctive fea-
tures of this model are the explicit specification of specia-
tion, the use of the mole fraction concentration scale, the
unique permutation of previously extant Debye—Hiickel
and Van Laar activity coefficient model components, the
dependency of the o parameter on the density of water,
and the application of the limited Debye—Hiickel equation.

The model has been tested and calibrated, for common
end-members, by application to simple systems for which
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well constrained laboratory data is available. The model
can reproduce experimental results to within experimental
error in most cases, and the values of calibrated parameters
are consistent with expectations based on the physical
background to the model development. Success of the
model depends on correct identification of speciation in
solution. Application of the model is hampered by a lack
of experimental data for calibration. However, it may be
possible to neglect parameters that make relatively insignif-
icant contributions to the total excess energy of mixing. In
this case, the approach to activity calculation presented
here provides immediate opportunities for investigation
of hitherto inaccessible geological systems. These include
saline fluid:rock interactions, metasomatism of alkali met-
als and earths during metamorphism of calc-silicates, and
ore-forming processes in highly saline (copper, lead, and
zinc) and CO,-rich (gold) environments.
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Appendix A

The use of the mole fraction concentration scale with
literature values for the standard state potentials of aque-
ous end-members requires conversion of standard states
from the hypothetical one molal, Henry’s Law standard
state (a; —> 1 as x; — 0) to the pure hypothetical Raoult’s
Law standard state (¢; — 1 as x; — 1). The superscripts
m and x indicates properties related to the 1 molal stan-
dard state, and pure hypothetical standard states, respec-
tively. The shift can be envisaged as occurring in two
stages (Fig. Al). First, u7” is augmented by the conse-
quences of the compositional shift between the two stan-
dard states to produce the intermediate chemical
potential ug:

. 1
Xi
Then, the contribution of the shift between Henry’s Law
and Raoult’s Law is added:

W=y — RTIny, . (19)

Note the negative sign of this contribution. The complete
expression for the shift is

- PX
N X

= Rglnv X=0
T rgs
5
5 RTInl/xm=1
o
8 pm 4PM
£
(9]
) H
© : Observed chemical potential

In Xxm=1 0
To minus infinity In x

Fig. Al. Schematic illustration of the relationship between standard

states. Thick line indicates measured chemical potential. Components of

1S~ are shown. Solid line is the ideal potential (1" + RT In ajq) of an

ideal solution referenced to infinite dilution. Broken line is the chemical
potential for an ideal solution referenced to a hypothetical ideal solution
at x=1.

. , 1
W =p" +RTIn— — RTIny,_,. (20)

Xm=1

Appendix B

Tables A2.A, A2.B, A2.C, A2.D, A2.E, A2.F give tabu-
lated values of 4, and B, for X(CO,) values of 0, 0.1 and
0.2 for pressures between 0.3 and 1 GPa, and for tempera-
tures between 300 and 800 °C.

Appendix C

C.1. Example of calculation of chemical potential for a
H>0-NaCl solution

The Gibbs Energy of a solution is given by Eq. (1) where
the sum is over a set of independent end-members. Three
end-members are required for the system H,O-NaCl,
where NaCl may dissociate. An appropriate set of end-
members for the system is H,O, associated NaCl (NaCl°),
and dissociated NaCl (NaCl+), which is used here. The
chemical potential of each end-member in solution is given
by Egs. (4)—-(10) and (15).

Water is present in solution as a species, as well as
an end-member, so its ideal activity is its proportion.
Commonly tabulated standard state data for this end-
member uses a mole fraction of one, so it is not neces-
sary to accommodate any change in standard state.
Thus,

Hi,0 :Ngzo + RT Inpy,o + RT Inyy,0 py + RT Inpyy,0v1

VH20K3
o
8TENA

+ (1 = bi,0) Prvacre W;IZONaCP
+ (1 = ¢11,0) Pnacie Wi onacis

«
— Prnact PNact= W Naconacr

=l,0 + RT Inpy,o + RT
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Table A2.A
Values of A, for X(CO,) equal to 0
P (GPa)/T (°C) 300 400 500 600 700 800
0.3 5.7195 6.8892 8.5999 10.714 13.183 15.842
0.4 5.3245 6.2908 7.6011 9.1303 10.853 12.703
0.5 5.0345 5.8731 6.9525 8.1665 9.4986 10.913
0.6 4.8075 5.5581 6.4871 7.5044 8.5982 9.7458
0.7 4.6221 5.3082 6.1315 7.0147 7.9489 8.9185
0.8 4.466 5.1027 5.8477 6.6339 7.4541 8.2973
0.9 4.3316 4.9292 5.6137 6.3266 7.0618 7.811
1 4.2138 4.7795 5.4161 6.0717 6.7411 7.4179
Table A2.B
Values of A for X(CO,) equal to 0.1
P (GPa)/T (°C) 300 400 500 600 700 800
0.3 7.566 9.08969 11.1809 13.642 16.3695 19.1577
0.4 6.91666 8.14347 9.72545 11.5046 13.4323 15.4208
0.5 9.03679 9.92066 10.9821 12.1424 13.3882 14.6846
0.6 6.08222 7.00512 8.10598 9.2809 10.5106 11.7661
0.7 5.78531 6.62131 7.59198 8.61006 9.66161 10.7271
0.8 5.54917 6.31981 7.19483 8.09961 9.02356 9.95274
0.9 5.35272 6.0723 6.87418 7.69359 8.52212 9.34945
1 5.18485 5.86329 6.60748 7.36042 8.11518 8.86387
Table A2.C
Values of A, for X(CO,) equal to 0.2
P (GPa)/T (°C) 300 400 500 600 700 800
0.3 9.90883 11.8362 14.3142 17.0958 20.0365 22.9042
0.4 8.93335 10.4604 12.3294 14.3554 16.4701 18.5711
0.5 17.6208 18.0855 18.621 19.2446 19.9574 20.7335
0.6 7.72802 8.85161 10.1402 11.4792 12.8428 14.197
0.7 7.28515 8.2973 9.43189 10.5937 11.7645 12.9216
0.8 6.94679 7.87583 8.89733 9.93056 10.962 11.9756
0.9 6.67194 7.5366 8.47189 9.40816 10.3349 11.2405
1 6.44105 7.25426 8.12177 8.98257 9.82822 10.6499
Table A2.D
Values of By for X(CO,) equal to 0
P (GPa)/T (°C) 300 400 500 600 700 800
0.3 2.73158 2.83789 2.95474 3.06359 3.1578 3.23084
0.4 2.7049 2.80264 2.90535 2.99962 3.0826 3.1513
0.5 2.68462 2.77687 2.87079 2.95599 3.03124 3.09513
0.6 2.66826 2.75676 2.8447 2.92374 2.99348 3.05335
0.7 2.65449 2.74033 2.82399 2.89861 2.96429 3.02095
0.8 2.64258 2.72646 2.80695 2.8783 2.94089 2.99499
0.9 2.63204 2.71445 2.79254 2.86138 2.9216 2.97365
1 2.62257 2.70384 2.78007 2.84698 2.90533 2.95573
where . 2am,0

W NactNacle = WNaCPNaCl: —
¢ PH,0%H,0 ONacle + ONaCl+
H,0 —

" —w 2OCH20
H,ONacl' — WH,oNaCl | —
S : OH,0 + Nl

20€H20

W* = W -—_—
H,ONaCl+ H,;ONaCl+ )
? oH,0 + INacl+

and

b
PH,0%H;0 T PNaci®%Nacl® T PNaCl: “NaCl:

Associated NaCl (NaCl°) is also present in the solution as a
species, so its ideal activity is, as for water, its proportion.
The solute species has no charge, so the Debye—Hiickel
contribution to the chemical potential is zero, so long as
the associated NaCl is considered to be solute rather than
solvent. If salt is present in sufficient quantities to be con-
sidered as part of the solvent then the Debye—Hiickel con-
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Table A2.E

Values of By for X(CO,) equal to 0.1

P (GPa)/T (°C) 300 400 500 600 700 800
0.3 2.86559 2.97321 3.08486 3.18407 3.2652 3.32341
0.4 2.8294 2.92794 3.02697 3.11471 3.18882 3.2471
0.5 2.96058 3.02601 3.08892 3.14499 3.1936 3.23365
0.6 2.7791 2.8681 2.95378 3.02895 3.09347 3.14706
0.7 2.75987 2.84632 2.92827 2.99982 3.06128 3.11279
0.8 2.74414 2.82869 2.90782 2.9766 3.03564 3.08535
0.9 2.7307 2.81381 2.89078 2.95745 3.01458 3.06279
1 2.71892 2.80093 2.87623 2.94124 2.99687 3.04386
Table A2.F

Values of B, for X(CO,) equal to 0.2

P (GPa)/T (°C) 300 400 500 600 700 800
0.3 3.01672 3.12385 3.22835 3.31655 3.38404 3.42746
0.4 2.97232 3.07052 3.16458 3.24469 3.30916 3.35652
0.5 3.31088 3.33958 3.36284 3.38151 3.39578 3.40507
0.6 2.91204 3.00068 3.08307 3.15336 3.21169 3.25815
0.7 2.8877 2.97411 3.0535 3.12111 3.17747 3.22301
0.8 2.8685 2.95318 3.03022 3.09567 3.15033 3.19486
0.9 2.85244 2.9358 3.01102 3.07479 3.12807 3.17168
1 2.83858 2.92093 2.99474 3.05721 3.10939 3.15221

tribution to the chemical potential would be as for water.
Here it is assumed that standard state data for liquid NaCl
(molten halite) is used, so it is not necessary to make any
change to commonly available standard state data. The
chemical potential of NaCl° is, therefore,

tnac =Hy,ep + RTI0 pyep + RT Iy, v
:Mga@o + RTlnpNaCIO + (1 - ¢NaClo)¢HzO W;Iacszo
+ (1 = bnac) Pnacie W Naconacis

.
- ¢HZO¢NaCli WH:ONaCIi

where

PNac1®%Nacl®
)
PH,0%H,0 T PNacl0%Nact® T PNaCl+ ¥NaCl+

¢Nac1° =

. — e 20,0
NaCl'H,O0 — "YNaCl"H,0 ’
R 7 0,0 - Oacr

20,00

.
= W 0 PR

NaCI’NaCl+ NaCI’NaCl+ )

e Onacl® T ONaCl+

and

W _ 200 a0
H,ONaCl+ — WH,ONaCl+

AH,0 t+ INaCl+ ’

The end-member that represents dissociated NaCl (NaCl+)
is not present in the solution as a species, so its ideal activ-
ity is more complicated than that of the two previous end-
members. The ideal activity for mean ionic end-members is
given by Eq. (5), and is a function of the proportions of the
component ions Na™ and CI™. In the absence of other salts
the proportion of each of these ions is 2249, so the ideal
activity is 242 Standard state data for this end-member
is traditionally given for the hypothetical 1 m solution ref-

erenced to infinite dilution. It is therefore necessary to ad-
just the standard state free energy to the hypothetical pure
end-member, as described in Appendix A. The conversion
is given by

ox om 1
HNaci: =Hnacie T RT ln—ﬂ —RTIny_,
= + RT 10 57.556/2 — 2

ANacl®

(21)
Onact® T+ %H,0

It is not necessary to correct for the Debye—Hiickel activity
because this cancels against the adjustment necessary to

give an activity of 1 at unit mole fraction. The chemical po-
tential of NaCl# is then

1) PN
HNacl+ =HNacl+ +RT1nNdTCli + RT In ynyciapn + RT Inynucre v

=finacie +RT hlpl\]azai

A1,
1 4+ aB./I.

+ (1 - ¢NaCli)¢NaClU W;IaCl:tNaCln -

—RT + (1 - ¢NaCli)¢H20 Wl*\laCIiHZO

.
d)HzO Pracd WHZONaCIO

where

PNaci+% NaClx
b
PH,0%H,0 T P NaClV%NaCl® T PNacl: #NaCl

d)NaCli =

W3 = WNaCl+H,0 _ 2 vaas
NaCl+H,0 — WNaClH, )
2 OH,0 + OINaCl+

20NaCl

* —
W aClinacld = WNaCliNaCld T >
ONacl® T ONaCl+

and

20tNaclE

*
= W,  ————

H,ONacCl? H,ONacCl )

2 ? OH,0 + Onacr?
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If the simplifications suggested in the text are made then all
terms that do not involve H,O vanish.
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