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Ideal associated solutions: Application to the system albite-quartz-H,O
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ABSTRACT

The theory of associated solutions provides a simple but rigorous framework for the use
of speciation reactions to model nonideal mixing behavior of silicate melt components.
Application of the theory to the system Ab-Qz-H,O requires only P-7 solidus data in the
anhydrous and H,O-saturated systems Ab-H,O and Ab-Qz-H,O to calibrate equilibrium
constants of proposed modeling reactions. Because compositional data are not used in the
calibration, agreement between predicted eutectic compositions and experimental data is
a critical means of testing proposed model reactions. Investigation of the systems Ab-H,O
and Ab-Qz-H,O indicates that if a modeling reaction producing a sodium silicate species
is considered, neither interaction between albite and silica melt to produce new complexes
nor nonideal mixing of species is required and agreement between predicted and experi-
mental eutectic compositions can be obtained by considering only disproportionation in
albite melts. The thermodynamic consequence of these assumptions is that the Ab and
Qz melt components mix ideally, in agreement with available calorimetric data and in
contrast with the results of Burnham and Nekvasil (1986). Use of alternate reactions (e.g.,
a jadeite-producing reaction) results in more complex mixing relations and discordant

predicted compositions.

INTRODUCTION

Experimental phase equilibrium studies have yielded a
large data base of crystal-melt equilibria. Numerous ef-
forts have been made to systematize the available exper-
imental results under the umbrella of a rigorous formal-
ism with predictive capabilities such as chemical
thermodynamics. Although significant progress has been
made on the development of thermodynamic models for
geologically relevant solid solutions, less progress has been
made on modeling the behavior of silicate liquids.

Most thermodynamic modeling of silicate liquids is
based predominantly on phase equilibrium constraints
rather than on thermochemical data because of the great-
er abundance of the former. Phase equilibrium data can
be used on a multicomponent basis, in which data are
regressed simultaneously for interaction parameters. In
this case, however, unless data in the compositionally
simpler subsystems are also used in the regression, the
Margules parameters obtained may be inconsistent with
such data and may contain little information about the
energetics of interaction of specific components. Tt is like-
ly therefore that such parameters will have only poor pre-
dictive capabilities in the compositional space beyond the
compositions used in their calibration.

Thermodynamic modeling of silicate liquids can also be
approached by successively evaluating simple systems in
order to systematize the effects of each compositional vari-
able and then using the resulting models to predict phase
equilibria in higher order systems. This approach enhances
our understanding of the controls on phase equilibria and
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maintains internal consistency with data in both simple
and multicomponent systems. Margules formalism has
been the traditional basic tool for describing the mixing
behavior of silicate melt components; however, an alter-
native approach in the form of associated solution theory
has been used by chemists, metallurgists, and material sci-
entists to model the thermodynamic mixing properties of
a wide variety of nonelectrolyte solutions, ranging from
molten metals (e.g., Chuang and Chang, 1982) to silicate
slags (e.g., Barry et al., 1993). This approach, first dis-
cussed in detail through its application to liquid organic
mixtures by Dolazalek (1908) and to liquid alloys by Hil-
debrand and Eastman (1915), has become increasingly
popular in metallurgy and slag research (e.g., Barry et al.,
1993) as a conceptually simple means of modeling even
complex nonideal behavior in liquids. The general ap-
proach is to begin in the unary systems and build up to
the binaries and, if necessary, to the ternary systems, with
the expectation that assessment of higher order behavior
can be done on a predictive basis. This predictive capa-
bility has been realized in numerous slag and metallurgical
systems. In addition to the simplicity of the theory and
the conceptual ease with which it can be extrapolated to
more complex systems, one of its most important capa-
bilities is that it provides a framework whereby micro-
scopic information (e.g., spectroscopic data) can be used
in the development of thermodynamic mixing models.
The theory of associated solutions has thus far been
applied to geologic systems only a limited extent. Shaw
(1968), Stolper (1982), and Silver and Stolper (1985, 1989)
used melt speciation reactions to model the thermody-
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namic behavior of H,O-bearing silicate melts and thus
incorporated many of the elements of associated solution
theory. By viewing silicate melt component interactions
as a result of the production of new melt species, Burn-
ham (1981) also used some of the fundamentals of as-
sociated solution theory (although only on a qualitative
basis, since he did not use proposed reactions to constrain
activity-composition relations quantitatively) in the sys-
tem Ab-An-Or-Qz-H,O. Burnham and Nekvasil (1986)
likewise used speciation reactions to constrain activity-
composition relations in this system. However, by not
formulating equilibrium constants, they were unable to
maintain thermodynamic consistency throughout this
compositional space. As discussed below, many of the
problems that they encountered were a result not of the
concept of speciation itself but of the failure to adhere
strictly to associated solution theory.

Associated solutions

Associated mixtures, as defined by Marcus (1977, p.
183), are those in which there is chemical evidence (pref-
erably non-thermodynamic, such as spectroscopic) for the
dissociation of at least one of the components, associa-
tion of at least one of the components with itself (self-
association), or interaction between two or more com-
ponents to produce new associated complexes (or species:
Prigogene and Defay, 1954, p. 411). Association may be
treated in terms of one or more definite chemical reac-
tions to which one or more equilibrium constants may
be assigned and standard changes of thermodynamic
quantities obtained. If the species are treated as ideal, the
mixture is an ideal associated solution; otherwise the so-
lution may be considered a regular associated solution.
Although spectroscopic information is desirable to indi-
cate the nature of the associated complexes, the choice of
these complexes can be made by inference and tested by
their usefulness in modeling by their ability to predict
phase equilibria accurately.

When considering associated solutéions it is necessary
to distinguish between the nominal and actual composi-
tion of the mixture. The former is given in terms of the
components that can be independently added to form the
mixture (components in the thermodynamic sense; e.g.,
C and O in the system C-O) the actual composition of
the mixture is given by the identity and abundances of
the real chemical constituents, that is, the chemical spe-
cies that are formed by association or dissociation, as well
as the unassociated species (e.g., C, CO, CO,, O,). Dis-
tinguishing between the thermodynamic properties of the
species and the components is crucial for rigorous appli-
cation of the theory yet is a ready source of confusion.
Therefore, some of the basic relations are summarized
below.

On the simplest level, one can consider an associated
mixture of components B and D consisting of chemical
species b (nominal component B), d (nominal component
D), and one or more species b,d,. The number of moles
of component B is given by
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Mg =ny + D i-nyy
1

and similarly for component D. The number of moles of
the unassociated species b is therefore

n, = ng — E i.nb,d, (1)

The chemical potentials p, and up, of the nominal melt
components can be readily related to those of the corre-
sponding unassociated molecular species b and d. If the
homogeneous melt reaction ib + jd = b,d, is considered,
then pb,d; = iu, + ju,, and from the total change in Gibbs
free energy at constant 7 and P and Equation 1 above

dG's = g dn, + pydn, + 2 [T 1
iy
= wdn, + padn, + u, 2 i'dnb,-d, + Mg 2 j'dnb,-d,
ij iJ

= p,dng + pydnp.

On the basis of the components alone, however, dG'a =
updny + updng thus, the chemical potential of each com-
ponent is equal to that of its unassociated species. Since

#p =} + RTIn v Xy = p, = p + RT In v X, (2)

and X, = 1 for the pure component B, the relationship
between the standard states of component B and species
bis

gy = pd + RT In vy X% (3

where v¥ and X ¥ refer to the activity coefficient and mole
fraction of species b in pure B. Substituting this expres-
sion for u$ in Equation 2 and eliminating the standard
state chemical potential yields

Yo X
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XX ¥y

Therefore, the activities of the melt components are re-
lated to the activities of the unassociated melt species by
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For ideal associated mixtures v, = y§f =y, = y¥ =
that v, = X,/ XX¥ and
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Equation 4 indicates that even if disproportionation
takes place in the melt at the P-T conditions of the melt-
ing curve of pure B [that is, aF (= X = XT*) is less than
unity], ag remains equal to unity. Here, m refers explic-
itly to the melt phase. As a result of not rigorously dis-
tinguishing between melt component and melt species,
Burnham (1981) and Burnham and Nekvasil (1986) in-
correctly assumed that af = X2 and therefore that ap
would be less than unity along the melting curve of pure B.

For the simple association reaction b + d = bd the
equilibrium constant can be formulated as

am X -Xy) exp(_AEg)
" apay  XplXp - (AF - AD)] RT

1, so
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where AG? contains the standard state chemical poten-
tials of all melt species involved in the reaction. In this
case of simple association, ideal mixing of the species
leads to negative deviations from ideality of the compo-
nents (e.g., v < 1 and v3 < 1, even though v = vy =
vm = 1). In contrast, a speciation reaction involving for-
mation of species b, bb, and d and ideal mixing of these
species yield positive deviations from ideality for both
components. As concluded by Hildebrand and Scott
(1964, p. 179), if a more complex species (e.g., bbd) were
produced, one component might show negative devia-
tions from ideality for all concentrations, whereas the other
component would show positive deviations over a certain
portion of the compositional range and negative devia-
tions over the remaining portion. For example, in the
case of the production of species bbd and ideal mixing of
the species, vp > 1 for X, > 0.5 and v, < 1 for X, <
0.5, whereas vy, < 1 for all X, although G*= > 0; see
Appendix 1. Dolazalek (1908) suggested that even strong
positive deviations from ideality of components can be
modeled by ideal mixing of appropriate species. How-
ever, Hildebrand and Scott (1964, p. 188) have shown
quite convincingly that for some systems the amount of
association required may be unreasonable on a structural
basis. Without non-thermodynamic data in support of
the existence of the species, successful prediction of the
phase equilibria does not constitute proof of the existence
of the proposed species (e.g., Jordan, 1970). Justification
of the use of the method lies in its ability to model, sim-
ply and successfully, the systems of interest and to predict
reliably phase equilibria not used in the modeling. It can
be stated, however, that the proposed species are visu-
alized not as discrete individual units but rather as stoi-
chiometric descriptions of a network in the melt.

Standard state Gibbs free energies

Modeling the mixing behavior in melts in the system
Ab-Qz-H,0 requires formulation of appropriate standard
states for the unassociated melt species, as well as for the
components of the solid phases. There is now a significant
data base of thermochemical and volumetric data on
crystalline and liquid albite and quartz. Perhaps the best
choice of a standard state results from the combination
of data that are most consistent with the anhydrous melt-
ing curves of high albite and 8 quartz.

Albite. Figure | shows the envelope of anhydrous (Fig.
1a) and H,O-saturated (Fig. 1b) melting curves for albite,
calculated using a variety of thermochemical data for Ab
liquid and high albite and the expression

Xm
~RTIn=2 =0
n‘X5

Ab

©)

Om __ 0s —
Hap Hap =

(and its modification for hydrous melts as provided by
the albite-H,O model of Burnham, 1975), where the
available thermochemical data are assumed to describe
the standard-state chemical potentials of Ab component
in the liquid, m, and solid, s. Plotted for comparison are
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experimental phase equilibrium data in these systems.
Standard-state enthalpy of formation, standard entropy,
standard heat capacity, molar volume, expansivity, and
compressibility data for crystalline high albite from
Ghiorso et al. (1983), Holland and Powell (1990), Ber-
man (1988, 1992), Robie et al. (1978), and Prewitt et al.
(1976) and for liquid albite from Stebbins et al. (1983),
Lange and Carmichael (1987), and Kress et al. (1988)
were used in the construction of the envelopes in Fig-
ure 1.

Burnham (1981), Burnham and Nekvasil (1986), Na-
vrotsky et al. (1982), and Kress et al. (1988) showed that
the thermochemical and volumetric data that they used
to formulate the standard states of crystalline and liquid
albite yielded calculated melting curves in significant dis-
agreement with experimental solidus data. Figure 1 shows
that this disagreement is maintained regardless of the data
selected for the standard state and is well outside analyt-
ical and experimental uncertainties. If this disagreement
could be attributed specifically to the measured com-
pressibility of albite melt, then it might arise from prob-
lems in ultrasonic measurements on high viscosity lig-
uids, a result of the preparation method of the starting
materials or inherent in the compositions investigated
(since Kress et al., 1988, did not actually conduct mea-
surement on melts of albite composition). Alternatively,
the disagreement might indicate that the melts used in
the compressibility measurements did not reflect the
equilibrium structure of the liquid at elevated pressure,
since they were conducted at 1 atm.

The disagreement between any specific calculated melt-
ing curve for albite and the solidus data can be removed
by the use of complex pressure-dependent volume and
compressibility expressions for the liquid (e.g., Navrotsky
et al., 1982; Kress et al., 1988) obtained by regression of
the Ab-H,O melting curves that account for the pressure
dependence of the standard enthalpies and entropies at P
and T [because (3H/dP), = V(1 — aT) and (8S/0P), =
—aV]. The apparent need for a complex expression for
the volume of fusion (Navrotsky et al., 1982) or for the
compressibility of albite melt (Kress et al., 1988) could
be interpreted as an indication of a strongly pressure-
dependent disproportionation reaction in albite melts. The
measured compressibility should provide information on
the volume change of such disproportionation. However,
the available compressibility data (Kress et al., 1988) do
not permit agreement with albite and albite-H,O solidus
data and cannot be used for this purpose.

If the amount of disproportionation in albite melt is
minor at 1 atm (and therefore the melt consists mainly
of ab™ species at this pressure), then thermochemical and
volumetric data obtained at 1 atm may be used to de-
scribe the thermal systematics of Ab melt component, as
well as ab melt species at this pressure. However, if dis-
proportionation increases with pressure, the thermo-
chemical and volumetric data obtained at 1 atm would
not include the heat of the disproportionation at elevated
pressures and would not describe the standard state Gibbs
free energy of albite melt component (u3%) at such pres-
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sures. The greater the amount of disproportionation in
the melt and the greater the pressure dependence of this
disproportionation, the more important the compress-
ibility term becomes in describing the volume of albite
melt component at elevated pressures and the less likely
it will be that the 1-atm data (used with Eq. 6) could yield
the real melting curve. If the difference between the cal-
culated and real melting curves is due to disproportion-
ation alone and not to significant changes in ab melt spe-
cies with pressure, then the 1-atm data can be used to
describe the standard-state chemical potential of the un-
dissociated ab melt species. This assumption has been
made here; the expression for the standard-state Gibbs
free energy for albite melt species (u9") used in this study
is given in Table 1. The relation between this standard-
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Fig. 1. Experimental phase equilibrium data (shown by the

error bars) in (a) the anhydrous system Ab and (b) the H,O-
saturated system Ab-H,O compared with the envelope of melt-
ing curves (ruled regions), computed using a variety of thermo-
chemical and volumetric data for high albite and albite melt
(sources are cited in text). The solid curve within each envelope
is the reference curve, calculated assuming no disproportion-
ation of Ab melt. The solid curve through each set of data points
is calculated using AG?,, (Table 2), as discussed in the text. Pre-
dicted phase relations in the system Ab-H,O using Burnham’s
(1975) H,0 model and AG?; (solid curve) are shown in ¢, com-
pared with the data of Fenn (1973) (from Blencoe, 1992). The
results shown in ¢ are essentially identical to those obtained us-
ing the expanded expression for AG?,,. Symbols: BE = Boyd and
England, 1963; BO = Boettcher et al., 1982; GO = Goranson,
1938; LU = Luth et al., 1964; M = Morse, 1970; NE = Nekvasil,
1992; TB = Tuttle and Bowen, 1958.

state Gibbs free energy and that for the albite component
(AD) is given by Equation 3.

The standard-state chemical potentials for ab melt spe-
cies and Ab crystalline component can be used to con-
struct a reference curve (Fig. 1) along which the a7 re-
mains equal to unity; that is, no disproportionation in
the melt is considered. As this reference curve is a matter
of choice within the envelope given by available ther-
mochemical and volumetric data, the energy of any dis-
proportionation at 1 atm may have been included in the
standard state Gibbs free energy that we chose. In this
case, calculated abundances of all species would represent
minimum abundances.

When melt disproportionation is considered, calcula-
tion of the actual melting curve of albite requires use of
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TasLE 1. Standard-state Gibbs free energy expressions for solid and liquid Ab and Qz (Si,Oy)
Parameter High Ab* Liguid Ab 8-Qz* Liquid Qz
HY (P.T) -937289 —942430° —868668 —881582°
5°(P.T) 53.64 30.88° 42.26 10.77¢
C. a 94.08 88.2¢ 76.49 83.16F
b —577.32 0 —229.71 0
c —1886431 0 —3390711 0
_d 255888151 0 469950653 0
Ve (P,T) 2.41 2.80¢° 227 2.85%
/ 1 0 1 1
a(x10-9) 2.6307 1.654 0 —12.7620'
b(x10-9) 3.2407 o 0 51.8770'
c(x10-9) —1.9447 5.7g7 —-1.2383 —4.2826
d(x10-1) 0.48611 —26 0.70871 ~7.2571
T, 0 1373 0 0

Note: GYP,T) = AXP,T) + [1 C. dT — T[SP,T) + [1 C./TdT} + [§ V(P,T)dP.

Co=a+ b/Tos + ¢/T2 + d/T3.

= { VIP,T)IVo(P,,T)) = expla(T — T) + 0.55(T2 — T3)lexp{~[c + d(T — TP — P)}.

a=a+bT,f=c+ dT—T).
=1
P.= 1 bar, T, = 298.15 K. Units are cal, K, and bars.

* Berman (1992). _ N

8 H?\'t':(RvTr) = AH?uslon + HY + f;,m (Cgmb i

¢ Constrained by melting T of cristobalite at 1 bar.

° SUPTY = AHY o/ T + 888, + [T (Chnge — Chan)/T dT.

E Stebbins et al. (1983).

F Ghiorso et al. (1983).

¢ Reduced from Kress et al. (1988) by —0.077.

" Lange and Carmichael (1987).

' Regression of Qz(-H,0) solidi.

[VIBTVVP,T) =1+ a(T - T) + (T — T + c(P — P) + d(P - P).

Cha) dT. T, = 1373 K (Boettcher et al., 1982); AH,..(P,, T) (Stebbins et al., 1983).

Xm
ulp — u% = —RTIn =2 > 0.
Ab

N

Depending upon the amount of the dissociation (and
therefore the deviation of X™ from unity) the calculated
melting temperatures could be significantly lower than
the reference curve calculated by Equation 6. However,
prediction of the real melting curve would require some
independent means (e.g., quantitative spectroscopic in-
vestigation) of evaluating the equilibrium constant for the
disproportionation reaction that would in turn yield the
abundances of all species (including X™@) at every P and
T. As such independent data are not currently available,
experimental solidus data are used here to calibrate AG®
(P, T) (the change in standard-state Gibbs free energy of
reaction) through the equilibrium constants of various
proposed melt disproportionation reactions. The pres-
sure dependence of AG? (P, T) thus includes the compress-
ibility of albite melt component (that is, of dissociated
albite melts).

Quartz. Figure 2 shows the envelopes of calculated
melting curves for 8 quartz using standard-state enthalpy
of formation, standard entropy, standard heat capacity,
molar volume, expansivity, and compressibility data from
Ghiorso et al. (1983), Holland and Powell (1990), Ber-
man (1988, 1992), Robie et al. (1978), Richet et al. (1982),
and Prewitt et al. (1976) for 8 quartz, and from Ghiorso
et al. (1983), Stebbins et al. (1983), Kress et al. (1988),
and Lange and Carmichael (1987) for molten silica. Un-
like the case for albite, solidus data for 8 quartz lie inside
the calculated envelope, indicating that agreement be-
tween the calculated melting curve of 8 quartz and the

solidus data can be made through an appropriate choice
of the available standard-state thermochemical data.
Therefore, a3, can be considered equal to ag, and no
disproportionation in pure silica melts needs to be con-
sidered. Thus the available standard-state thermochem-
ical and volumetric data can be used to describe both Qz
melt component and gz melt species (because X=* = 1).

The standard-state free energy expressions used in this
study for Qz melt component (and hence qz melt species)
are shown in Table 1 along with the sources of data. The
compressibility and thermal expansivity are poorly
known; therefore, values for these parameters were ob-
tained by regressing solidus data to ensure consistency of
the standard-state free energy with these data.

The system Ab-H,O

Two modeling reactions were used in the system Ab-
H,O. The first reaction was formulated because of the
incongruent melting of albite to jadeite and a silica-en-
riched liquid at ~33 kbar (Belt and Roseboom, 1969). At
the singular point the chemical potential of jadeite in the
liquid is equal to that of crystalline jadeite, and it is rea-
sonable to conclude that there is some finite X7 in the
melt to account for this equality. Furthermore, it is also
reasonable to consider that X3 does not change from zero
at some infinitesimally small pressure change below the
singular point of the finite value at the singular point but
instead may increase gradually with increasing pressure,
until the chemical potentials are equal and crystalline
jadeite is stabilized. For this reason a disproportionation
reaction of albite species producing a jadeite and a silica
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species was used in an attempt to model the deviation
from the reference melting curve and the solidus data. In
order to minimize the possibility that excess configura-
tion entropy arising from mixing of very unlike molecules
(e.g., those with major differences in molecular weight)
plays a major role in inducing significant nonideal be-
havior (as in athermal solutions, Prigogene and Defay,
1954, p. 401), all melt species are expressed on an equal
O basis [chosen here as 8, as done by Burnham (1981)
and Hervig and Navrotsky (1984)].

If the deviation between the reference and the real
melting curve for albite is a result of the disproportion-
ation of ab melt species according to the following reac-
tion:

NaAISi,O; < 0.75Na, 5,Al, 5,8i,,05 + 0.2551,0, (8)

ab jd qz

then the equilibrium constant for this homogeneous melt
reaction is given by

AG(P,T) = —RT In K,

0.5 0.9
where K, = ————%—
: (Xm)

if the melt is an ideal solution of species.

The amounts of jd™ and gz™ can be expressed by the
deviation of X7 (the mole fraction of the species ab) from
X7, (the component mole fraction, which in the case of
pure albite is equal to unity) through mass balance con-
straints to yield the following expressions: X% = 0.75-

&)

(X2 — X3) and X3, = 0.25-(XR, — X3). Therefore,
K. = [0.75(X, — Xm)]°7*[0.25(X7%, — Xm)]°2s
' )
_[0.75(1 — Xp)P0.25(1 — X .
(X%) ’

At each P and T along the albite solidus curve, X™ can
be obtained from the standard-state chemical potential
expressions for ab™ melt species and crystalline albite
(from Table 1) and from Equation 7. The values obtained
can then be inserted into Equations 9 and 10 to solve for
AGY (P, T).

In order to relate the activity of ab™ in hydrous albite
melt to that in the anydrous melt at the same P and 7,
activity-composition relations between albite melt and
H,O must be known. In keeping with the concept of a
speciation model the thermodynamic mixing properties
of H,O in albite melts should be based on a speciation
reaction whose equilibrium constant is consistent with
the spectroscopic data of Stolper (1982) and Silver and
Stolper (1989), as well as on the PVT data of Burnham
and Davis (1971) and all available H,O-saturated and
anhydrous phase equilibrium data. Although efforts are
being made in this direction (Zeng and Nekvasil, unpub-
lished manuscript), there is currently no model that is
consistent with all these data. Alternatively, models based
on PVT data (Burnham, 1975) or on application of Mar-
gules formalism to the regression of phase equilibrium
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Fig. 2. [Experimental phase equilibrium data (shown by the
error bars) in (a) the anhydrous system Qz, and (b) the H,O-
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Fig. 3. Surface showing the variation in the change in stan-
dard-state Gibbs free energy of reaction for Reaction 8 as a func-
tion of pressure and temperature using the expression from Ta-
ble 2, based only on the P-T solidus data in the system Ab-H,O.
The grid shows both isothermal sections and isobaric sections.

data (Blencoe, 1992) can be used. The model of Burnham
(1975) is consistent with phase relations up to ~7 kbar,
whereas that of Blencoe (1992) can be used only at 2.5
kbar. Neither model permits calculation of a possible sec-
ond critical end point in this system (Paillat et al., 1992),
but both appear to be reliable in the compositional region
up to H,O saturation. As the model of Burnham (1975)
remains the most versatile for our purposes, it is used
here. Importantly, since the quantification of Burnham’s
(1975) thermodynamic H,0O model did not use his pro-
posed H,O speciation model, use of his thermodynamic
model here in no way indicates that we believe that H,O
completely dissociates to 20H during dissolution in al-
bite melt. We assume that the model of Burnham (1975)
quantitatively describes the energetic effects of H,O spe-
ciation reactions and that any remaining melt speciation
reactions in hydrous albite melts can be described by the
same reaction and equilibrium constant used to model
anhydrous albite melt. This follows the principle of ex-
tension of the associated solution approach to higher or-
der systems by adding equilibrium constants describing
all relevant binary interactions. It assumes, of course, that
there are no additional reactions between the species pro-
duced by pressure-induced dissociation and H,O-in-
duced dissociation of albite melt. Such an assumption is
commonly used in the application of associated solution
theory to ternary and higher order slag systems by using
equilibrium constants calibrated in the bounding unary
and binary systems (Barry et al., 1993). Justification of
this assumption lies in the ability to predict phase rela-
tions. The fact that crystalline jadeite also appears as an
incongruent melting product (at ~ 16 kbar; Boettcher and
Whyllie, 1969) in the H,O-saturated albite system implies
that the use of Reaction 8 for anhydrous and hydrous
albite melts is not unreasonable.
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Figure 3 shows the surface representing AG?, obtained
by regressing the AG?, data as a function of P and T and
using the resulting expression (Table 2) to compute the
characteristics of the surface. With an expression for
AGY, am (=Xm) can be calculated using Equations 9 and
10 for melts in the system albite-H,O regardless of whether
the melt is in equilibrium with crystalline albite. This in
turn can yield p2 and p3, at any P and T from Equation
2. Alternatively, AG% can be used to calculate melting
curves in the system Ab-H,O by solving for the two un-
knowns, T'and X 3 (at a given P), using the two equations

AGY(P,T) _ [0.75(1 — Xm)I*3[0.25(1 — Xm)l°®

exp

RT (0. ¢:9)
and
Xm
Wy — u% = —RTIn ==,
(258

Figure 1a and 1b show the anhydrous and H,O-saturated
melting curves of albite calculated using these expres-
sions. As can be seen in Figure lc, use of Burnham’s
(1975) H,O model with our expression for AG?; (cali-
brated along the H,O-saturated and anhydrous albite sol-
idi) results in excellent prediction of the phase relations
in the system Ab-H,O at 2.5 kbar throughout the H,O-
undersaturated region.

Kushiro (1980) found a significant change in properties
such as density and viscosity of quenched albite melts
near 15 kbar. That may imply that there are two types of
speciation reactions in albite melts and that the modeling
reaction involving the production of jd™ may not be use-
ful at low pressures. Although two equilibrium constants
must be simultaneously calibrated, for simplicity we in-
vestigate the effects of an alternate modeling reaction in
the pressure region 1-10 kbar by assuming that one re-
action dominates in the low-pressure region. The prox-
imity of the stability field of a sodium silicate with stoi-
chiometry Na,O-28i0, in the system SiO,-Na,0-Al,O,
(Schairer and Bowen, 1956) is used to postulate an alter-
native modeling reaction in which a melt species ns™ and
an aluminosilicate species als™ (2Al,0,-2Si0,, cf. dehy-
droxylated pyrophyllite, Burnham, 1981) in the following
melt speciation reaction:

NaAlSi,0, « 0.6875Al, ,;Si; 504

ab als

+ 0.3125Na,,Si; ,05.

ns

(11)

The AG?,,(P,T) for this reaction can be calibrated along
the anhydrous and H,O-saturated melting curves in the
system Ab-H,O using (1) the expression

AGY,,
&\ R

_ [0.3125(X3, — X3)°*2[0.6875(Xg, — Xm)lose’s
0.6:Y)

(12)
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TABLE 2. Expression of standard-state Gibbs free energy of reaction

AG?=a+ b/P + ¢/P* + (d + eP)T

Reaction
no. a(x 109 b(x 109 c(x 109 d e(x 10
8 —2.5414 6.3900 —6.7376 4.8987 —2.5353
11 —2.3853 6.3025 —6.2864 4.5446 —2.4565
AG*=a+ bIn(P) + c¢/in(P + 1) + [d + eIn(P) + {/P?]T + {g + hIn(P)}T?
Reaction
no. a(x 10%) b(x 104 c(x 10%) d(x 10?) e(x 10) f(x 10) g(x 107 h(x 10-3)
11 —-1.8174 1.8719 —1.2697 3.7854 —3.6962 9.9952 —1.4645 1.4293

Note: units are cal, K, and bars.

(2) the fact that X7, is equal to unity along the anhydrous
melting curve of Ab (as is the anhydrous mole fraction
of Ab along the H,O-saturated solidus), and (3) X= from
Equation 7. The expression obtained by regression of the
resulting values of AG?,,(P,T) yields essentially the same
melting curves as that obtained by using AG?, (P, T). On
the basis of the system Ab-H,O alone, there is no inde-
pendent means of deciding which reaction (Reaction 8 or
11) is preferable. It is shown below however, that each
reaction results in significantly different predicted eutectic
compositions in the system Ab-Qz-H,O, and this differ-
ence provides a basis for selection of the better model
reaction.

THE system Ab-Qz-H,O

The anhydrous solidus in the system albite-quartz-H,O
has been a source of experimental controversy. Figure 4
shows the available experimental solidus P-T data for
both anhydrous and H,O-saturated conditions. The an-
hydrous solidus temperatures of Luth (1969) are consis-
tent with the new reversed data of Nekvasil (1992), and
both sets of data lie at significantly higher temperatures
than do the data of Boettcher et al. (1984). Therefore, the
data of Boettcher et al. (1984) were not used for this por-
tion of the study.

Luth et al. (1964) and Tuttle and Bowen (1958) inves-
tigated the phase relations of albite under H,O-saturated
conditions. Although these investigations were conducted
at different pressures, extrapolation of the lower pressure
data of Tuttle and Bowen yields a melting curve that lies
at lower temperatures than indicated by the data of Luth
et al. (1964); however, the differences are not great (Fig.
4b). Recent reversed higher pressure experiments of Nek-
vasil (1992) were consistent with the H,O-saturated P-T
data of Luth et al. (1964).

Several workers have attempted to locate the eutectics
in the anhydrous and H,O-saturated system Ab-Qz. Fig-
ure 5 shows the available compositional data. Note that
even for the widely differing eutectic compositions ob-
tained by the few workers in the dry system, all the data
(as well as recent results of Johannes, 1993 personal com-
munication) indicate that the effect of increasing H,O
content is the contraction of the quartz + liquid field, in
contrast with the conclusions of Pichavant et al. (1992).

Modeling the thermodynamic mixing behavior of melts
in the system Ab-Qz-H,O using associated solution the-
ory can be conducted in three ways: (1) assuming no dis-
sociation or interaction between melt species, (2) assum-
ing that the only speciation in this system is a result of
disproportionation of albite species and that there is no
interaction between quartz and albite species, or (3) as-
suming that two or more reactions take place, one in-
volving dissociation of albite species, and the others de-
scribing interactions between albite and quartz species
and perhaps between new species arising from compo-
nent interactions.

Method 1

The Ab + Qz solidus temperatures can be calculated
using the standard-state Gibbs free energy functions in
Table 1, assuming that there is no dissociation or inter-
action (i.e., the an = ap, = X7). As shown in Figure 4,
the calculated temperatures are significantly higher than
those of the solidus data. Eutectic compositions can be
calculated using Equation 7 and substituting X%, for X3
(Fig. 5). The lack of agreement between the calculated
and experimental eutectic compositions appears to indi-
cate significant nonideal behavior of the melt compo-
nents and that method 1 cannot be used to model mixing
behavior in this system.

Method 2

If dissociation of ab™ but no interaction between ab™
and qz™ species is considered, then for the ns™-producing
Reaction 11 there will be four species in the system Ab-
Qz: abm, qz™, als™, and ns™, where als™ and ns™ are pro-
duced only by the dissociation of ab™. For pure albite
melt, X, = 1 and

*0 6875 o *O 3125
XmHoseTs. ym

Is
K==
*
X

_ [0.6875-(1 — Xg#)oss™s-[0.3125-(1 — XghJearas
X

whereas within the system Ab-Qz, where X7, # 1,

06875 03125
D S ¢
X3
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Fig. 4. Experimental phase equilibrium data (shown by the
error bars) in (a) the anhydrous system Ab-Qz, and (b) the H,0-
saturated system Ab-Qz-H,O, compared with the solidus curves
(solid curves) calculated using the expanded expression for
AG?,,, assuming that the ns™-producing reaction is the only spe-
ciation reaction occurring in these systems (and that there is no
interaction between ab™ and qz™ melt species). The dashed ex-
tension of the calculated solidus curves in b indicates the loca-
tion of the calculated solidus at pressures above the recom-
mended limit of applicability of the albite-H,O solution model
of Burnham (1975). The dashed curves indicate the reference
curves calculated assuming no speciation at all and, therefore,
that x, = ul,. Symbols: BO = Boettcher et al., 1984; LU = Luth
et al., 1964; L = Luth, 1969; NE = Nekvasil, 1992; TB = Tuttle
and Bowen, 1958.

—

From Equation 4 this implies that a3, = X%. This result
in combination with the relation X%, = Xm = ag, (because
method 2 assumes no interaction of qz™ species with ab™
species and no disproportionation in pure silica melts)
indicates that the melt components Ab and Qz must mix
ideally, even though a,, > a,,. That this result is specific
to the reaction chosen and not a general result of using
method 2 can be seen by using the jd™-producing reaction
(Reaction 8).

_[0.75-(1 = Xg9]e-[0.25-(1 — XgHle»
Am¥

]{*

and

_ [0.75-(Xm, — Xg9P7>-[0.25-(5, — XD
= = :

K

Ideal mixing of the components requires that substitution
of X=/X* for X, according to Equation 4 permits K to
equal K*. This substitution leads to the following ex-
pression:

Xg

0.25-(1 — X7 =0.25-(1 — X3¥) + —=

X%
which holds true only for Xg, = 0; therefore, the jdm-
producing reaction (Reaction 8) does not result in ideal
mixing of the components.

Because each unique stoichiometric relation has spe-
cific implications for the thermodynamic mixing behav-
ior of the components, the best modeling reaction can be
selected by evaluating predictive abilities within the Ab-
Qz system. As was done with method 1, eutectic com-
positions were calculated using Equations 7 and 10 for
both Ab and Qz. The dashed curves in Figure 5 show the
predicted eutectic compositions for the jdm-producing
reaction (Reaction 8) and the solid curves those for the
ns™-producing reaction (Reaction 11). It is apparent that
eutectic compositions predicted using Reaction 11 show
remarkable agreement with the anhydrous and H,O-sat-
urated experimental data. In contrast, eutectic composi-
tions cannot be predicted by Reaction 11. Because each
reaction yields such different predicted eutectic compo-
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Fig. 5. Experimental eutectic compositional data (shown by

the error bars) in (a) the anhydrous system Ab-Qz, and (b) the
H,O-saturated system Ab-Qz-H,O, compared with curves cal-
culated using the ns™-producing reaction only (curve a), no spe-
ciation (curve b), the jd™-producing reaction only (curve c), and
speciation according to both Reactions 8 and 13 (curve d). Sym-
bols: L = Luth, 1969; LU = Luth et al., 1964; NE = Nekvasil,
1992; TB = Tuttle and Bowen, 1958; BO = Boettcher et al.,
1984.
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Fig. 6. Surface showing the variation in the change in stan-
dard-state molar Gibbs free energy of reaction for Reaction 11
as a function of pressure and temperature with the expanded
expression from Table 2 calibrated from P-T data in the systems
Ab-H,O and Ab-Qz-H,0. The grid gives both isothermal sec-
tions and isobaric sections.

sitions, it is evident that speciation reactions represent
very sensitive modeling tools.

The expression for AG?,, in Table 2 does not yield
adequate calculated solidus temperatures in the system
Ab-Qz-H,O if only the temperatures along the dry and
H,O-saturated Ab solidi are used in its calibration. For
this reason, the P-T data (not the compositional data) of
the Ab + Qz solidus were used in conjunction with the
P-T data of the albite solidus to provide lower tempera-
ture constraints on AG?,,. Regression of the combined
data yields the expanded expression for AG?,, in Table 2;
the resulting free energy surface describing the expanded
function is shown in Figure 6. The calculated solidus
curves in Figure 1 indicate the quality of the fit. The
predicted eutectic compositions are essentially unaffected
by use of the expanded expression. Figure 7 shows the
variations in calculated abundances of model species with
pressure. The continuous nature of these variations dif-
fers from the results of Burnham and Nekvasil (1986).

Table 3 shows the predicted eutectic compositions and
temperatures using the expanded expression for AG?,, in
Table 2 and method 2. The activities (or mole fractions
in this case of ideal associated solutions) of the melt spe-
cies ab™ and qz™ are also given. Importantly, at any pres-
sure investigated, XT (on an anhydrous basis) is equal to
the X3, of the eutectic composition, but X%, deviates in-
creasingly from X7, with increasing pressure (that is, the
abundance of ab™ declines continuously with increasing
pressure). The activity of the Ab melt component (a%,) at
each P-T point of the calculated melting curves can be
calculated by first obtaining X=* from Equation 10 (set-
ting X7, = 1) and then substituting this value, as well as
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1.0 T ) LS T F T T T TaBLE 3. Variationin the calculated eutectic temperatures, com-
positions, and activities of melt species and compo-
: T = 1100 °c | nents with pressure
0.8 - P(kbar)  T(C) Xg ag ag ag, ag,
Anhydrous
0.001 1009 0.310 0.310 0.683 0.310 0.690
1 1 1036 0.288 0.288 0.668 0.288 0.712
ab 2 1058 0.268 0.268 0.640 0.268 0.732
0.8 | - 3 1076 0.249 0.249 0.605 0.249 0.751
4 1092 0.231 0.231 0.567  0.231 0.769
.. 5 1106 0.215 0.215 0.529 0.215 0.786
N I 1 6 1119 0.200 0.200 0.492 0.200 0.800
7 1132 0.188 0.188 0.457 0.188 0.812
0.4 B 8 1144 0177 0.177 0.425 0177 0.823
" 9 1155 0.167 0.167 0.396 0.167 0.833
als 10 1167 0.159 0159  0.369  0.159  0.841
J 1" 1179 0.153 0.153 0.344 0.153 0.847
12 1191 0.147 0.147 0.322 0.147 0.853
13 1203 0.143 0.143 0.302 0.143 0.857
0.2 - - 14 1215 0.140  0.140 0284  0.140  0.860
ns 15 1228 0138 0138 0268 0.138  0.862
H,O-saturated
0.001 1007 0.421 0.421 0.680 0.421 0.579
= ; i P 1 793 0397 0397 0551 0397  0.603
0.0 : : : : 2 749 0395 0395 0486 0395  0.605
0 2 4 6 8 10 12 14 18 3 734 0375 0375 0442 0375 0.625
4 720 0.355 0.355 0.399 0.355 0.645
P (kbar) 5 706 0335 0335 0358 0335  0.665
X 6 693 0.317 0.317 0.320 0.317 0.683
Fig. 7. Calculated variations in abundance (mole fractions of 7 682 0.300 0.300 0.287 0.300 0.700

the melt) of species a as a function of pressure at 1100 °C for
Xn, = 1.

the calculated value for X=, from Table 3, into Equation
4. The resulting ideal mixing behavior of components in
this system is in accord with the calorimetric results of
Hervig and Navrotsky (1984) and differs from the nega-
tive deviations from ideality calculated by Burnham
(1981) and Burnham and Nekvasil (1986).

Figure 8a shows the calculated Ab + Qz solidus curves
for different X7 from anhydrous to H,O-saturated con-
ditions based on method 2; calculated isobaric phase re-
lations are shown in Figure 8b. Note that the shift of the
eutectic compositions with increasing H,O content is to-
ward Qz, consistent with the data in Figure 5. Figure 8c
shows the variation in the abundances of species along
the Ab and Qz liquidi under anhydrous conditions at 5
kbar pressure. The inflection of each curve in Figure 8c
reflects the differences in 7-X slope between the Qz liqui-
dus and the Ab liquidus and occurs at the eutectic (and
therefore at the intersection of these liquidi).

Method 3

This approach involves consideration of multiple ho-
mogeneous melt equilibria. If, for example, the jd™-pro-
ducing Reaction (Reaction 8) is considered for albite melts,
then an additional modifying reaction must take place
upon the addition of Qz melt component. The combi-
nation of any set of stoichiometric relations has specific
thermodynamic consequences. The following reactions,

NaAlSi,Oq < 0.75Na, ;,Al, 1,81, ,05 + 0.255,0, (8)
ab jd qz

and

NaAlSi,O; + 0.08338Si,0; < 0.3958Na, 4,Si; 5,04

ab qz nds

+ 0.6875Al, 4Si; 5,04
als

(13)

(where nds™ is a sodium silicate with a 3:4 ratio of Na:
Si), describe disproportionation and interaction in the
system Ab-Qz-H,O. The following equilibrium constants
can be formulated:

AGY% = —RT In K,
= —RT7(0.7500 In X7 + 0.2500 In X™ — In X7)
and
AG? ;= —RTIn K,
= —RT(0.3958 In X7, + 0.6895 In X7, — In X7

— 0.0833 In Xm). (14)

Values of X and X7 can be calculated along the eu-
tectic melting curve using the expressions in Table 1 and
combined with mass balance and cation balance expres-
sions to obtain the mole fractions of jd™, nds™, and als™
species as functions of Xg, — Xm and X3, — Xm. The
resulting expressions can be used with AG? to obtain
AG?,; and X7,. Assessment of the set of Reactions 8 and
13 in modeling mixing behavior in this system was con-
ducted by comparing available eutectic compositional data
with those compositions predicted. The short-dashed
curves in Figure 5 show that the predicted compositions
are in poor agreement with the compositional data. They
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also show poor agreement with the few available anhy-
drous compositional data.

Reaction 13 is only one example of numerous possible
reactions that can be proposed. However, when consid-
ering the jd™-producing disproportionation reaction, it is
difficult to postulate any interaction between ab™ and qz™
species that would sufficiently counteract the production
of qz™ by dissociation (while preserving the large devia-
tion of X7, from X7,), enabling reliable prediction of phase
relations in this system.

1.0 -
L 1600
~1400
(®]
0.8 - L
— 1200
-_ 1000 1 | { - | T | L1 L
0.8 F 0.00.20.40.60.81.0
T Ab Qz |
a-l-l
S ~ ab ]
! qz .
0.4 -
L_als
0.2 -
i ns f
0.0-.|.|.|,|‘|.:.l.|.
0.0 0.2 0.4 0.8 0.8 1.0
Xq
Fig. 8. (a) Calculated solidi in the system Ab-Qz-H,O at var-

ious H,O contents (X™) obtained using the expanded expression
of AG?,, and the assumption that the only speciation reaction in
the melt is a result of disproportionation of Ab. (b) Calculated
isobaric phase equilibria in the system Ab-Qz-H,O at 5 kbar for
various H,O contents. The dotted curve indicates the direction
of shift of the eutectic, along with changing H,O content. (c)
Calculated changes in abundances of species along the anhy-
drous Qz and Ab liquidi. The inflection at the eutectic reflects
the change in the 7-X7, slopes of these liquidi.

Extrapolation of the associated solution model from
low- to high-order systems can be seen in this brief ex-
ample of multiple homogeneous melt equilibria. Once
equilibrium constants for speciation reactions in the una-
ry and bounding binary systems of a multicomponent
system are calibrated, then the abundances of all species
and activities of all components in the complex system
can be obtained by simultaneous solution of the set of
equilibrium constant expressions. Phase relations can then
be calculated using a variety of techniques, such as free
energy minimization.

CONCLUSIONS

Phase relations in the system Ab-Qz-H,O can be mod-
eled using ideal associated solution theory. Only dispro-
portionation in the system Ab-H,O needs to be consid-
ered to predict reliably anhydrous and H,O-saturated
phase relations in this system; no nonideal terms are
needed. As is evident from the above analysis, each stoi-
chiometric relation used in modeling has distinct ther-
modynamic implications that are reflected in the pre-
dicted phase relations, thus making speciation reactions
sensitive modeling tools. Although modeling of the mix-
ing behavior in the system Ab-Qz-H,O is undoubtedly
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simple relative to many other systems of geologic rele-
vance, associated solution theory (both ideal and regular)
promises a ready means of modeling systems such as an-
orthite-forsterite, in which compound formation (in the
form of spinel) is exhibited, as well as systems in which
complex nonideal behavior such as liquid immiscibility
occurs.
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APPENDIX 1. MODELING NONIDEAL BEHAVIOR OF
COMPONENTS IN IDEAL ASSOCIATED SOLUTIONS:
SOME EXAMPLES

The following examples of interactions among species
are discussed below to demonstrate specifically the use of
speciation reactions and the assumption of ideal mixing
of the species to model nonideal behavior of components:
(1) simple association (i.e., b + d = bd), (2) complex
association (i.e., 2b + d = b,d), and (3) self-association
(i.e., b + b = 2b).

For the general reaction ib + jd = b,d; (where i = 1, 2,
3,...andj=1,2,3,...)theactivities of the components
B and D are related through Equation 4 in the text; that
is, ap = X,/ X¥ and a;, = X,/ X*. If there is no dissociation
in either of the single component systems B or in D, then
X¥ = X% =1, and, from above, a; = X, and a, = X,.
The total number of moles in the system, n, can be ex-
pressed as n = n, + Ny + Mg, Ot n=1ng + N, — (i + j
— 1)-n,q. The following expression for the activity of
component B and mole fraction of species b can be ob-
tained:

g — I Mg
g+ np —(+j— 1) my, g,

ay =X, =

_ _Ee

Bong + onp

__ Xa—i¢
L A VA P Al
ng + np

where

£= Mya

ng + np

A similar expression for the activity of component D can
be formulated. The general equilibrium constant thus is
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nbde
e+ np— (47— 1) ny,
K= [
g — 1My | fp —J My,
Mg+ Np Ng + Hp
—i{d +j_'i)'nh,d —(f+j=1)n,,

e[l = (+j— Do
Ko — 1By~

Simple association

Ifi =1, j= 1, the reaction is b + d = bd and the
equilibrium constant becomes

)
X - )Xo -9

From the above expressions for the activities of the com-
ponents,

_ T
Xg E_)7B=_le
1 —-¢ 1 —¢

and similarly for component D.

For example K = 10, the expression for the equilibrium
constant can be used to solve for ¢ for any chosen X,
and the activities of the components obtained from the
above expressions. Appendix Figure | shows the resulting
symmetric negative deviations from ideality (curves i).

Complex association

If i = 2, j = 1, the reaction becomes 2b + d = b,d, and
the equilibrium constant becomes

(-2
ot -9

The expressions above for the activites of the compo-
nents become

AL
a X, —2:¢ B Xy
aB_Xb_l—-2'£_)‘YB_—_1—2-£S1
and
- £
oy Xo—k M
= Xe= T 5 T T oy

The a,, shows considerably different behavior from a;. If
Xp=0.5v,=1;if Xy <0.5,y, < 1;if X, > 0.5, v, >
1, although G* remains <1. This behavior is shown in
Appendix Figure 1 (curves ii).

Self-association

For the case of self-association according to the reac-
tion 2b = bb, X is given by
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Appendix Fig. 1. (a) Relations between activity and com- Appendix Fig. 2.
position and (b) relations between molar excess Gibbs free en-
ergy of reaction (GF) and composition for the simple association

reaction b + d = bd (curves i) and for the complex association

reaction 2b + d = b,d (curves ii) for K = 10.

X,

_ My 2Ry
My + fp— 2:my,
_u‘ where
] = £

(a) Relations between activity and com-
position and (b) relations between molar excess Gibbs free en-

ergy of reaction (G%) and composition for the self-association

reaction 2b = bb when there is no interaction between b and d
species. Curves i are for K = 1 and ii for K = 100.

In this case,

Xy

_XD
1 —

and

Xbb

3

1—&

The expression for the equilibrium constant becomes
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_& VI-5K
IRt T At = GKx+D 1—2-¢*
<XB - 2-5)2 (X — 2-8¢° =7 ad Xo=—T
=&, For X, = 1, £* = 0 and X¥ = 1; therefore,
Expressing ¢ as a function of K| Xpg— 26 1 —¢* Xp
T 128 M *TT-p

4.KX;+1—-V1—-8KX,— (4K Xy
£ = 24K+ 1) . Appendix Figure 2 shows the calculated activities and
excess molar Gibbs free energies for K = 1 (i) and X =
For X =1, 100 (1i).



