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ABSTRACT 

A simple thermodynamic model describing hydrous silicate melts has been applied to the systems albite-, 
diopside-, and silica-H 20. The model is based on the assumption of ideal mixing of hydroxyl groups, H 20 
111olecules, and oxygens in the melt. Calculated and experimentally determined freezing-point depressions 
and H20 solubilities for these systems are in agreement over substantial pressure and temperature intervals. 
The success of this model in accounting for observed phase equilibria of hydrous systems and its consis
tency with spectroscopic measurements of the concentrations of H-bearing species in glasses suggests that 
it accurately represents the interaction between H20 and silicate melts at a molecular level. 

INTRODUCTION 

Thermodynamic models of water-bearing 
silicate melts have been widely applied both 
to provide a framework for understanding the 
observed variations in chemical and physical 
properties of melts with varying water con
tent and to provide a way to quantitatively 
model phase equilibria relevant to petrolog
ical systems. Thus Burnham (1975), for ex
ample, attempted to infer the solubility mech
anism of water in silicate melts from an 
equation of state for hydrous albitic melts and 
related this to observed variations in physical 
properties with water content. Spera (1974) 
applied another model of the mixing proper
ties of hydrous silicate melts to predict water 
solubilities in melts in the upper mantle and 
tried to explain the stabilization of the low 
velocity zone. Thermodynamic models pro
vide powerful tools for addressing these and 
other petrologically important issues. 

Thermodynamic models of hydrous silicate 
melts fall into two broad categories. The first 
approach is largely macroscopic and empir
ical. For example, Burnham and Davis (1971) 
fitted data on the partial molar volumes of 
water and albite components in hydrous al
bitic melt to third-order polynomials in P and 
T with 10 constants. By appropriate manipu
lations of this expression, in which phase 
equilibrium data were used as reference 
points, Burnham and Davis (1974) developed 
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an activity-composition relationship for this 
system. This expression, in somewhat mod
ified form, was applied to hydrous diopside 
melts by Eggler and Burnham (1984). Spera 
(1974) used solubility data to constrain activ
ity-composition relations for water-bearing 
silicate melts using the standard formulae for 
asymmetric regular solutions. Nicholls (1980) 
followed a similar approach using a sym
metric regular solution formulation. These 
formulations are extremely valuable for pre
dicting phase equilibria in hydrous systems 
and have been successfully applied to a wide 
range of interesting geological problems. The 
expressions for activity versus composition 
in these cases, however, have no microscopic 
significance. They are empirical, in some 
cases arbitrary, and they contain no explicit 
information on the molecular level interac
tions leading to the observed activity-com
position relations. There is no inherent prob
lem with this, because thermodynamics need 
not consider the nature of molecular interac
tions within the substance of interest; it 
suffices to have accurate empirical informa
tion on the substance's equation of state. 
However, information about molecular level 
processes and equilibria can be obtained only 
with difficulty, if at all, from such descrip
tions of the properties of systems as complex 
as liquid silicates. 

The second approach to the thermodynam
ics of hydrous silicate melts is better suited to 
constraining the nature of their molecular 
level structures and homogeneous equilibria. 
In this treatment, first applied to hydrous sili
cate melts by Wasserburg (1957) and further 
developed by Shaw (1964, 1968) and Stolper 
(1982a), statistical thermodynamics is used, 
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given certain assumptions about species and 
their interactions on a molecular level, to 
generate expressions for the thermodynamic 
properties of silicate melts. Although these 
models are simple, they provide a basis for 
understanding the thermodynamic properties 
of silicate melts and solubility mechanisms of 
water on a molecular level. These models 
specify the functional form of the activity
composition relationship based on the as
sumed molecular level interactions. To the 
extent that these thermodynamic functions 
can explain macroscopic phenomena (e.g., 
solubility relations, freezing-point depres
sions), these models may be judged ac
ceptable and hence represent possible 
descriptions of melt structure. 

In this paper, we apply the model of Stol
per (1982a) to calculating phase equilibria in 
the systems albite-, diopside-, and silica
H20. We show that the activity-composition 
relations that arise from our simple model of 
interactions between molecules of water, hy
droxyl groups, and oxygen atoms in melts in 
these systems are consistent with available 
experimentally determined phase equilibria. 
When coupled with the fact that this model 
also predicts concentrations of each of these 
species that are broadly consistent with a 
growing body of spectroscopic data, we con
clude that this model provides a useful tool 
both for understanding the species level prop
erties of hydrous silicate melts and for model
ling their macroscopic phase equilibria. 

THE MODEL 

We model hydrous silicate melts as ideal 
mixtures of water molecules, hydroxyl 
groups, and oxygen atoms. These species in
teract through the following homogeneous 
equilibrium: 

H20,molecular (melt) 
+ 0 (melt) = 20H (melt) 

(1) 

where 0 = an oxygen atom, OH = a hy
droxyl group, and H20,molecular = a water 
molecule in the melt. Associated with this 
reaction is an equilibrium constant, 

(2) 

where a~H• afl2o,moh and a~ refer to the activi
ties of hydroxyl groups, molecular water and 

"free" oxygens (in the sense that they are not 
associated with hydrogens) in the melt. The 
melt is modeled as a mixture of n0 "free" 
oxygens, noH hydroxyl groups and nH

2
0,moi 

water molecules over ~n = no + noH + 
nH

2
0,moi sites. Because the mixture is ideal 

and all "free" oxygens are taken to be ener
getically equivalent and indistinguishable, the 
activity of each species is equal to its mole 
fraction: 

(3.1) 

(3.2) 

m xm no ao= o=--
~n 

(3.3). 

When N 1 moles of H20 are mixed with N2 
moles of anhydrous silicate that contributes r 
oxygens per mole of silicate (e.g., r = 2 for 
Si02, r = 8 for NaAlSi30 8), they react un
til equilibrium as given by reaction (1) is 
achieved. The relationship between the reac
tants and products is described by: 

Substituting these expressions into (2) and 
(3), we obtain the following equations for the 
mole fractions of each species, given values 
for the bulk composition of the system (i.e., 
Nt. rN2) and K1: 

X~H = { ~ _ [! _ ( K,K~ 4) 

(Xa - X~)J~}/( K~~~ 4) 
(5.1) 

= Xa - { ~ - [! -( K,K~ 4
) (5.2) 

(Xa - X~)J~}/( K,K~ 4) 
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X~ = - 2XB + X?fp.mol 

X8 is the variable that we use to express the 
bulk composition of the system; it is the mole 
fraction of total water in the melt where the 
anhydrous component is taken as having only 
one oxygen. In other words, X8 = Y9 when 
the melt consists of one mole of H20 and one 
mole of NaAlSi30 8• X8 can be calculated for 
a complex melt composition with a known 
water content using the following equation: 

(wt% H20/18.015) + (100 
- wt % H20)/(molecular weight of 

anhydrous silicate per oxygen) 
(6). 

The molecular weight of the silicate per oxy
gen refers to the molecular weight of anhy
drous melt on a single oxygen basis and 
would, for example, be 32.78 for albite. 
Equations (5.1-5.3) constitute the activity
composition relationships for hydrous silicate 
melts given by our model of molecular level 
interactions. Note again that these equations 
are based on the approximation that all free 
oxygens are equivalent and· equally reactive. 

K1 can be determined directly from in
frared spectroscopic measurements on hy
drous silicate glasses (Stolper, 1982b) by 
which the concentrations of hydroxyl groups 
and molecules of water can be precisely de
termined (assuming that the speciation in a 
glass reflects that of the melt from which it 
was quenched). However, for the purposes of 
applying this model without bias, we will de
termine the value of K 1 for each system that 
best fits the phase equilibrium data without 
reference to K 1 values determined by spec
troscopic methods. The degree to which 
these two means of determining K1 produce 
similar values provides an independent check 
of the validity of our model. In our treatment, 
K 1 is assumed to be independent ofT, P, and 

total water content, but is allowed to vary 
with the anhydrous melt composition. Based 
on spectroscopic measurements, this appears 
to be valid to first order, although K1 does 
appear to be weakly dependent on total water 
content (Stolper 1982a, 1982b), temperature 
(Stolper et al. 1983), and perhaps pressure 
(Nogami and Tomozawa 1984). 

The solubility of water in silicate melts, 
i.e., the concentration of water dissolved in 
the melt when it is in equilibrium with water 
vapor, is readily modeled given the activity
composition relations of equations (5.1-5.3). 
The equilibrium between the vapor and the 
dissolved H20 in the melt is described by: 

H20 (vapor) = H20,molecular (melt) (7). 

This reaction has an equilibrium constant, 

X?fp.mol 

fHp/f'l!p 
(8). 

The standard state fugacity for the vapor 
(f'&

2
o) is defined as that of pure water at P and 

T; fH
2
o is the fugacity of water in the vapor. 

The activity of water in the vapor at any P 
and T, afi,0 , is thus equal to one if the vapor is 
pure water and less than one if the vapor has 
other constituents in addition to water. Equa
tion (5.2) can be rearranged to give total wa
ter content in terms of X?f

2
o,mol: 

(9). 

If K 1, K2 , and fHp are known, we can calcu
late total solubility: 
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X 8 can be converted to weight percent H 20 
by the following relation: 

wt % HzO = ___ _;_(X--=8::..:...)_(1_8_.0_1_5) __ -:--
(X8)(18.015) + (1 - Xs) 

(molecular weight of 
anhydrous silicate per oxygen) 

(11). 

As demonstrated by Stolper (1982a), this 
model successfully predicts the observed 
linear relationship between fH,o and (Xs)2 for 
melts at low total water contents, provided 
that K 1 has a value similar to the ~0.2 de
rived spectroscopically. We will now show 
that our model can also adequately reproduce 
the experimentally determined hydrous melt
ing relations and water solubilities as func
tions of P for three silicate-H 20 systems. 

FREEZING POINT DEPRESSION 

Our first goal is to calculate the depression 
of the liquidus of a silicate with the addition 
of water (e.g., curve A-Bin fig. 1). At any P 
and T, the activity of the anhydrous compo
nent in a binary silicate-H 20 liquid in equilib
rium with a crystalline silicate with the com
position of the anhydrous component (e.g., 
the activity of albite in a hydrous albite melt 
in equilibrium with crystalline albite) is given 
by: 

a~licate = exp[-1- r LiSf(T,P)dT] (12). 
RT )T~ 

LiSf(T ,P) is the molar entropy of fusion of the 
anhydrous crystalline silicate. T~ is the anhy
drous melting temperature of the crystalline 
silicate at P (e.g., point A in fig. 1). The stan
dard states of the anhydrous crystal and liq
uid components are taken to be anhydrous 
crystal and liquid at P and T (e.g., the activi
ties of albite in pure crystalline and liquid al
bite are unity at all T and P). 

For our model, a~Iicate = (a(W = (X~Y 
where, as described earlier, r is equal to the 
number of oxygen atoms per gram-formula
unit of anhydrous silicate. Therefore, equa-

. tion (12) becomes: 

X0 = exp[-
1
- JT LiSf(T,P)dT] (13). 

rRT T~ 

This factor of r can be avoided if the anhy
drous silicate component is always given by a 

FIG. i.-Calculated isobaric T-X sections for the 
water-poor region of the albite-H20 system at P = 
2, 5, and 10 kb. Point A is the anhydrous melting 
temperature of albite at P = 2 kb. Curve A-B is the 
liquidus calculated for P = 2 kb and K 1 = 0.17. 
Curve B-C is the vapor-saturation boundary cal
culated using equations (24) and (10). See text for 
details. 

formula unit with only one oxygen. Equation 
(5.3) can be rearranged to give: 

(14). 

By substituting equation (13) into equation 
(14), we obtain an equation for the liquidus in 
a binary silicate-H 20 system; i.e., the amount 
of water dissolved in a silicate melt in equilib
rium with anhydrous silicate crystals as a 
function of temperature. This calculation re
quires expressions for LiSf(T,P), T~(P) and 
for K 1• The entropies of fusion and the ex
pressions for the dry solidus are available 
from thermochemical measurements and 
phase equilibria. The expressions that we 
used and the sources of the data are given in 
table 1. K 1 can be determined spectroscopi
cally or can be calculated from phase equi
libria data as explained below. 
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MELT-VAPOR EQUILIBRIUM 

Each liquidus curve shown in figure 1 ulti
mately intersects the wet solidus, i.e., a tem
perature is reached at which anhydrous crys
tal, hydrous liquid and vapor coexist. We will 
next show how to calculate the variations in 
temperature and water content of the hy
drous melt at the wet solidus with pressure 
given the activity-composition relationships 
of our model. 

Notice that we write that we can calculate 
the variations in temperature and water con
tent of the melt at the wet solidus as functions 
of pressure. Our formulation of the ther
modynamics of hydrous silicate melts in
volves two equilibrium constants, K 1 and K2• 

Values of these must somehow be deter
mined at a reference point before we can 
carry out the phase equilibrium calculations 
that are of interest. The most direct way 
would be to measure the concentrations of 
the hydroxyl groups and molecular water in a 
glass quenched rapidly from a melt saturated 
with vapor at some P and T. K 1 and K2 values 
could be determined from these measure
ments and then used to carry out the desired 
calculations. An alternate approach, and the 
one we have chosen here, is to take a single 
point on the wet solidus and the solubility of 
water in the melt at this point as given; this 
fixes K 1 and K2 at the reference temperature 
(Tr) and pressure <Pr) and allows calculations 
of the remainder of the phase diagram. As 
explained earlier, our reason for choosing 
this second approach is that K 1 and K2 deter
mined in this way are independent of any 
spectroscopic measurements. To the extent 
that the values determined in this way agree 
with the spectroscopic measurements, they 
demonstrate the internal consistency of our 
model of the thermodynamics of hydrous 
melts. 

The value of K 1 is calculated in the follow
ing way. A point on the wet solidus is taken 
as known, with values for temperature, pres
sure and total water solubility given by Tn Pr 
and X~. Solving equation (13) at T = Tr and P 
= Pr provides a value for X0 at the reference 
point. This value and X8 can then be sub
stituted into the following expression to ob
tain K1 at the reference point (and at all other 
T and P, given our assumption of constant 
Kl): 

1 + 2X8 ) 

(15). 

Assuming that the vapor is pure water (i.e., 
afip = 1), we can substitute equation (5.2) 
into equation (8) to obtain the following equa
tion for K2, at the reference point in terms of 
Xk and K1: 

_ {+ _ [! _ ( K1K~ 4) 
(16). 

(Xk - (Xk)2)'1c]}/( K1K~ 4) 

The reference point in each system was 
chosen to be midway along the solidus at a 
point where the solidus and solubility are well 
constrained. Choosing other points along the 
solidus and solubility curves as the reference 
does result in different values for K 1 and K2• 

Uncertainties in K 1 and K2 that result from 
different choices of reference points do not 
lead to significant uncertainties in our calcu
lations of phase equilibria. 

The variation in K2, and thus water solubil
ity, with pressure and temperature can now 
be calculated. For all melts saturated with 
vapor, 

(17) 

where f.L = chemical potential, m = melt 
phase and v = vapor phase. Expressing the 
chemical potentials in terms of activities, 

f.L~:0(P,T) + RT ln afip = f.L~~o.mol(P,T) 
(18). 

+ RT ln a~p.mol 

The standard state for the vapor phase is pure 
water vapor at P and T. For molecular water 
in the melt, the standard state refers to a 
fictive material at T and P with the composi
tion of pure morecular water but with an ar
rangement of these water molecules similar 
to that of oxygens in the anhydrous silicate 
melt (Stolper 1982a). Recalling that K2 is 
equal to (a~,o.mol/aH,o), we obtain that at T = 
Tr and P = -Pr: -



TABLE I 

~Sr(T,P) and JTP ~Sr(T,P)dT 
Tm 

Diopside (Cat.33Mgt.33Sh.670x): 

~Sr(T,P)a = ~Sf'(T~,l)- 28.163ln (T~) + 3.018(10- 4)(T~) + 2.0645{106)/(T~) 2 - 4.635(lo- 6)(P- 1) + 28.163ln (T)- 3.018(10- 4)T 
- 2.0645(106)/T2 

~Sf'{T~,l) = 19.82 cal/K mole where T0
m = 1664 Kat 1 bar. 

IT ~Sr(T,P)dT = [~Sf'(T~, l) - 28.163 In (T~) + 3.018(10 - 4)(T~) + 2.0645(106)/(T~) 2 
- 4.635(10- 6)(P - l)](T - T~,) + 28.163{[T In (T) - T] 

TP 
m - [T~ in (T~) - T~]} - 1.509(l0- 4)[T2 

- (T~) 2] + 2.0645(106
)( ~ - Tl~ )-

The dry solidusb: T~(K) = 1664 + .0126 P - 4.93(10 11
) P2 

Albite (NaAISi30 8): 

~Sr(T,P)c = ~Sf'(T~,l) + 72.27ln (T~)- 3.506(10- 2)(T~)- 3.793(105)(T~)- 2 + 3.812(103)(T~)-v2 + 4.3725(10 6)(T~) 2 - 6.93(l0- 6)(P- l) 
- 72.27 In (T) + 3.506(10- 2)(T) + 3.793(105)(T- 2

) - 3.812(l03)T 112 
- 4.3725(10 6)T2 

~Sf'(T~,I) = 10.90 cal/K mole where T~ = 1373 Kat I bar. 



rpdSr(T,P)dT = [dS?(T%,,1) + 72.27ln (T~)- 3.506(l0- 2)(T0m)- 3.793(l05)(T~)- 2 + 3.812(l03)(T~)-'12 + 4.3725(10- 6)(T~) 2 
Tm - 6.93(l0- 6)(P- l)](T - T~,) - 72.27{[T In (T) - T] - [T~ In (T~) - T~]} + 1.753(10-- 2)[T 2 - (T~) 2 ] 

- 3.793(105
)( ~ - T1~) - 7.624(l03)[T - (T~) 112 ] - 1.4575(10- 6)[T 3 

- (T~) 3] 

The dry solidusct: T~(K) = 1373 + .0095 P 

Silica (13-Si02): 

dSr(T,P)e = dS[(T':n. l) - l.2089(10- 6 )(P - I) - 3.847 In (T~) + 1.321(10- 3)(T~) + 2.2064(105)/(T~) 2 + 3.847 In (T) - 1.321(10- 3)T 
- 2.2064(105)/T2 

dS[(T':n,l) = 1.32 cal/K mole where T%, = 1700 Kat 1 bar. 

IT dSr(T,P)dT = [dS[(T':n,l) - l.2089(10- 6)(P - I) - 3.847 In (T~) + l.321(10- 3)(T':n) + 2.2064(105)/(T':n) 2](T - T~) 
TP 

m + 3.847{[T In (T) - T] - [T~ In (T~) - T~]} - 6.607(10- 4)[T 2 
- (T~) 2 ] + 2.2064(105

)( ~ - T~ ) 

The dry solidusf: T~(K) = 1700 + .0469 P - 5.89 x 10- 7 P2 

NoTEs.- Units in above equations: Tin Kelvin, Pin bars. AV enters into the calculation for ASr as follows: ASr(T,P) = ASr(T~,I) + fr~ A~p dT- J: nAY dP. 

a AHr, ACp: Stebbins et al. (1983), a: Skinner (1966), AV: Ghiorso and Carmichael (1980). 
b Best-fit curve to Boettcher et al. (1982). 
c AHr. ACp: Stebbins et al. (1983), a: Skinner (1966), AV: Ghiorso and Carmichael (1980). 
d Best-fit curve to Boettcher et al. (1982). 
e AHr. ACp: Richet et al. (1982), a: Bottinga and Weill (1970). AV: Ghiorso and Carmichael (1970), Riche! et al. (1982). 
f Best-fit curve to Jackson (1976). 
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ln Kz(Pr>Tr) = [j.L~~0 (PnTr) 

1-l ~~O.mol(Pr, Tr)]/RTr = Llj.L 0 (Pr, Tr)/RTr 

(19). 

We assume that solubility is independent of 
temperature at the reference pressure, i.e., 
(allJ.L o;aT)pr = 0. This is valid as a first ap
proximation because the temperature depen
dence of solubility is small (Burnham and 
Jahns 1962; Karsten et al. 1981). This as
sumption does, however, lead to a small vari
ation in solubility with temperature at P =I' Pn 
as explained below. Since (aJ.L/aPh = V, we 
obtain: 

LlJ.L0 (P,T) = LlJ.L0 (PnTr) + f:?H~o(P,T)dP 
(20) 

where VHp(P,T) and V~,o.mot(P,T) are the 
partial molar volumes of water in the vapor 
and of molecular water in the melt. 
For water in the vapor, 

J:vH~o(P,T)dP = RT ln [f~p(P,T)/f~20(PPT)] 
r (21). 

We have calculated f~,0(P,T), the fugacity of 
pure HzO at T and P, from the modified Red
lich-Kwong equation of state for H20 (Hollo
way 1977; Flowers 1979). 

To use equation (20), we must estimate the 
partial molar volume of molecular water in 
the melt. Instead of using a constant value for 
V~p.moi in evaluating equation (20), we have 
allowed it to decrease with increasing pres
sure as a result of compression. We have as
sumed that V~p.moi is independent of temper
ature. This approximation is based on the fact 
that for reasonable values of a, the coefficient 
of thermal expansion, V~,O.moi would vary 
only by a percent or two over the tempera
ture range of interest. We have modeled the 
pressure dependence using the Murnaghan 
equation: 

(22.1). 

In this equation, Bo is the isothermal bulk 
modulus at 1 bar, B' is the pressure deriva
tive of B, VrJ,o.motO) is the partial molar 
volume of dissolved molecular water at 1 bar. 
We have chosen Bo = 200 kbar and B' = 4 
typical values for oxygens in silicate melt~ 
(Stolper et al. 1981). Vrf,o.moi(P) is then given 
by, -

Vrfp.mol (P) Vrf.,o.moi (1)[1 + 2(10- 5)Pr v4 
(22.2). 

Then, 

Substituting eqs. (20), (21) and (23) into eq. 
( 19) leads to the following expression for the 
variation of K2 with pressure and tempera
ture: 

ln Kz(P,T) = ln (arf.,o.moi/aH . .,O) 

2 s-- 3 (10 )V~p.mot0){[1 + 2(10- 5)P]314 

(24). 

What values should we use for VrJ,o,motO) 
in equation (24)? Our assumption of ideal 
mixing implies that the volumes of the 
molecular species should be similar to each 
other. According to Guggenheim (1952) they 
should differ by less than about 30% if ideal 
mixing is to hold. The molar volume of oxy
gen atoms in albite melt at 1100°C is about 14 
cm3 (Arndt and Haberle 1973). If anything, 
we would expect VrfD.moi to be somewhat 
greater than V~. Thus we can expect that if 
the assumptions of our model are to hold 
V~D.motO bar, llOOoC) should be between 14 
and 18.5 cm3/mole. At high water contents 
where most of the water would be present in 
the melt as molecular water for the K 1 values 
that we have determined both spectroscopi
cally (Stolper 1982) and using equation (15), 
the partial molar volume of water determined 
experimentally would be similar to Vlto.moi· 
Based on the data of Burnham and bavis 
(1971), in which the densities of albitic melt 
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with 8.25 and 10.9 wt % dissolved water are 
reported over a range of pressures and tem
peratures, V~,o ~ v~D,mol is in the range of 
15-17 cc/mofe, similar to that estimated 
above. Hodges (1974) calculated a similar 
value of 16.5 cc/mole for V~,o in diopside 
melt at 20 kb. While all values ofV~,o.motO) in 
the range of 15-18 cc/mole result in solution 
models consistent with available phase equi
librium data, we have chosen values in the 
range of 16.4-17.8 cc/mole since these result 
in the best matches between our model phase 
equilibria and experimental data. 

Our approach has been to assume a value 
for V~p.motO) and a variation of this partial 
molar volume with pressure according to the 
Murnaghan equation and then to use these 
values to calculate the wet solidus. This cal
culated solidus is then compared to the actual 
solidus based on experiment. Alternatively, 
we could have solved for the V~,o.mot as a 
function of pressure that precisely matched 
the best fit solidus. The volumes determined 
in this alternate way are essentially similar to 
those that we have derived from the Mur
naghan equation. 

Given a choice of a reference point on the 
wet solidus, which allows us to fix K1 and K2 

at this reference point (equations 15 and 16), 
equation (24) can be used to calculate K2 at 
any other pressure and temperature. The sol
ubility of water in a silicate melt for any value 
of ali,o at any T and P can then be calculated 
by su-bstitution of K2(P,T) from equation (24) 
and afi,o into equation (10) to give X8 . The 
temperature of the wet solidus can then be 
calculated by equating equation (10) and solv
ing for T. In practice, we did not determine 
an analytic expression for T but instead for 
each P calculated X8 as a function ofT for the 
undersaturated liquidus and X8 for a'H,0 = 1 
as a function ofT from equations (24) and (10) 
and took their intersection as the wet solidus. 

RESULTS 

As discussed above, the goal of this paper 
is to see whether the thermodynamic formu
lation for hydrous silicate melts that we have 
developed based on our molecular model is 
consistent with available phase equilibrium 
data. In the paragraphs that follow, we dis
cuss the application of this model to the sys
tems albite-H20, diopside-H20, and silica
H20. 

1. Albite-H20.-The reference point is Pr 
= 5000 bars, Tr = 745°C, with a total water 
solubility atTn Pr of9 wt% H20. dSr(P,T) is 
based on Stebbins et al. (1983) and is given in 
table 1. We have chosen V~,o.motO) to be 16.4 
cc/mole. The dry solidus is from Boettcher et 
al. (1982). The calculated value of K 1 is 0.17. 
This is similar to K 1 values determined by 
infrared spectroscopic measurements on hy
drous albite and rhyolitic glasses (Stolper, 
1982a, 1982b). 

Calculated isobaric sections for albite-H20 
are shown in figure 1 for P = 2000, 5000 and 
10,000 bars. In principle, the positions of 
these liquidus boundaries could be deter
mined experimentally and used to test our 
calculated liquidus boundaries; however, 
there are few available data points of this 
type. 

The results of the calculation of the wet 
solidus for albite-H20 are shown in figure 2. 
Shown for comparison are experimental de
terminations of the wet solidus reported in 
the literature. The agreement between our 
calculated solidus and the experimental data 
is excellent over the entire pressure range. 

Figure 3 shows the variation in solubility of 
H20 in albite melt as a function of P cal
culated using our model. Shown for compari
son is a collection of experimental solubility 
determinations from the literature. The cal
culated solubility curve falls within the range 
of the experimental data for Pup to 8 kbar; at 
higher P, our model solubility and the experi
mental determinations diverge. 

2. Diopside-H20.-The reference point 
was chosen as Pr = 6000 bars, Tr = 126SOC, 
with a total water solubility at Tr, Prof 8.0 wt 
% H20 (Eggler and Burnham, 1984). The 
dSr(P,T) is based on Stebbins et al. (1983) 
and is given in table 1. V~,o.mot( 1) was taken 
to be 17.8 cc/mole. The dry solidus is from 
Boettcher et al. (1982). The calculated K 1 

value is 0.085. This lower value for diopside 
than for albite may indicate that more water 
dissolves as molecular water in diopside than 
in albite melt for a given total water content. 
As mentioned earlier, choosing other points 
along the solidus and solubility curves as ref
erences does result in different values for K 1 

(e.g., for diopside, a 30 kbar point yields K 1 

= 0.07, a 20 kbar point yields K 1 = 0.04 and 
a 2 kbar point gives K 1 = 0.02), but these 
differences do not critically affect the results 
of the calculation. 
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The results of our model calculations for 
the wet solidus for diopside are shown in 
figure 4 along with available experimental 
data. Again, the agreement between our cal
culated solidus and the experimental data up 
to 30 kbar is excellent. 

Figure 5 compares the calculated solubility 
of H20 in diopside melt as a function of P 
with values from the literature. Our model is 
consistent with the experimental data up to 
20 kbar. Owing to a large discrepancy in the 
solubility determinations at 30 kbar, it is 
difficult to judge our model curve against ac
tual data. However, our calculated values 
compare well with Hodges' (1974) determina
tion of 21.5 wt % H20 at 30 kbar. 

3. Silica-H20.-The reference point was 
chosen as P r = 6000 bars, T r = I 070°C and 
water solubility at Pn Tr of 6.0 wt % H20 
(Kennedy et al., 1962). The ~Sr(P,T) is based 
on Richet et al. (1982) and is given in table 1. 
Vrl,o.moiO) was taken as 17 cc/mole. The dry 
solidus was taken from Jackson (1976). The 
model calculation yields a K 1 value of 0.11. 

The results of our model calculation of the 
stable and metastable regions of the wet sol
idus for f3-quartz are compared with experi
mental determinations in figure 6. There is 

good agreement between the model calcula
tion and the experimental data. 

Calculated and measured water solubility 
as function of P are presented in figure 7. The 
agreement between the model and experi
mental data is good up to ~7 kbar. For P >7 
kbar, the calculated solubility diverges from 
measured values. This reflects the fact that 
there is a critical end point at 9-10 kbar (Ken
nedy et al. 1962; Boettcher 1984). Our model, 
with its ideal mixing law, cannot account for 
critical phenomena and thus would not be ex
pected to work well as the critical end point is 
approached. 

DISCUSSION 

The success of the activity-composition re
lationships for hydrous silicate melts that we 
have adopted is manifest in figures 2-7. The 
shape of the wet solidus and the solubility of 
water are well accounted for by our model in 
the systems albite-water, diopside-water, and 
silica-water over most of the pressure range 
for which experimental constraints are avail
able. We may thus conclude that the ideal 
mixing law and the molecular level interac
tions that we assumed in formulating our 
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FIG. 4.-The wet solidus for diopside up to 30 kb. Symbols and brackets represent experimental data and 
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activity-composition relations are at least 
permissible descriptions of the solubility 
mechanisms of water in melts and the species 
level interactions of hydrous silicate melts. In 
other words, the concept that molecular wa
ter and hydroxyl groups are dissolved in sili
cate melts and that their relative proportions 
are controlled through homogeneous equilib
ria such as that described by equation ( 1) are 
consistent with phase equilibrium data. 

If all that were available to constrain our 
thinking on solubility mechanisms and speci
ation in hydrous silicate melts were experi
mental data of the sort we have fit in figures 
2-7, we could go no further than the permis
sive statement made above. Undoubtedly, 
other formulations of molecular level interac
tions involving different species and solubil
ity mechanisms could also yield activity-

calculated wet solidus, with VH,o.moi(l) = 17 cc/ 
mole, K 1 = 0.11. The lighter cu-rves are contours 
of aH,o = 0.1 to 0.9. The dry solidus is a best-fit 
curve- from Jackson (1976) for P >6 kb and the 1 
bar metastable melting temperature from Richet et 
a!. (1982). The reference point was based on data 
from Kennedy et a!. (1962) and is shown by an 
asterisk. 
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FIG. 7.-The solubility of H20 in (3-quartz melt as a function of P and Tat and above the solidus. Symbols 
represent experimental data from: circles-Tuttle and England (1955); squares-Kennedy et a!. (1962); and 
triangles-Stewart (1967). The solid curve is our model H20 solubility. The reference point is from Stewart 
(1967) and is shown by an asterisk. 

composition relations capable of accounting 
for the phase equilibrium data. We feel, how
ever, that a much stronger statement about 
the significance of our results can be made, 
because our modelling predicts concentra
tions of molecular water and hydroxyl groups 
in silicate melts that are similar to the concen
trations measured in hydrous silicate glasses 
using infrared spectroscopy (Stolper 1982a). 
Spectroscopically determined values of K 1 

for albitic and rhyolitic glasses of 0.1-0.3 
(Stolper 1982a) compare favorably to the 
values of 0.1-0.2 determined independently 
in this paper. Finally, the values of K 1 consis
tent with our modelling and the spectroscopic 
measurements are precisely those that best 
account for the proportionality between fH,o 
and the square of the mole fraction of the 
dissolved water at low water contents (Stol
per 1982a). Thus, not only does our ther
modynamic formulation provide a basis for 
modelling the macroscopic properties of hy
drous silicate melts (e.g., phase equilibria), it 
also embodies a description of the molecular 
level structures and interactions of H-bearing 
species in silicate melts that is, to first order, 
acceptable. 

Further development of this type of model 
of hydrous silicate melts will, we believe, de
pend on systematic measurements of the con
centrations of molecular water and hydroxyl 

groups in glasses quenched from melts. The 
pressure and temperature dependences of K 1 

that have been neglected in our treatment 
could then be determined and incorporated 
into more refined treatments. Stolper et al. 
(1983) have detected a variation in K 1 with 
temperature in hydrous rhyolitic glasses. 
Nogami and Tomozawa (1984) interpret some 
of their results on hydrous silica glass in 
terms of a pressure dependence of K 1 (i.e., 
.::l yo for reaction ( 1) was suggested to be 
negative). 

A second refinement would consider that 
most melts contain several different kinds of 
''free'' oxygens that are undoubtedly ener
getically distinguishable. Thus, for example, 
in nearly fully polymerized aluminosilicate 
melts (e.g., albite) there are bridging oxygens 
between two Si tetrahedra, two Al tet
rahedra, and between one Al and one Si tet
rahedron. Recent Raman spectroscopic stud
ies of hydrous glasses in such systems 
(Mysen et al. 1980; Mysen and Virgo 1980; 
McMillan et al. 1983) suggest that these oxy
gens are not equally reactive with water 
molecules. Our model could easily be ex
tended to include several different types of 
oxygens each obeying an equilibrium such as 
that given in equation (1), but with different 
K 1 values. We have not done this because it 
would introduce two additional constants and 
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we do not believe that available experimental 
data are adequate to constrain them. Like
wise for diopsidic melts where bridging, non
bridging and free oxygens (in the sense of 
Toop and Samis 1962) should probably be 
distinguished in our treatment, but again data 
necessary to constrain their individual K1 
values are not available. 

Our treatment implies a slight dependence 
of solubility on temperature at most pres
sures. This effect is illustrated in figures 1 and 
8. At P = Pn the vapor-saturation boundary 
is assumed to be vertical, i.e., water solubil
ity is assumed to be independent of tempera
ture at the reference pressure. At P = 2000 
and 10,000 bars in figure 1, there are slight 
slopes to the vapor-saturation boundary 
(e.g., curve B-C at 2000 bars). This small de
pendence of solubility on temperature is the 
result of our assumptions that VIto,moi and K1 
are independent of temperature and that 
(odf.L~,0/aT)p = 0. There, however, several 
sets of experimental data on the temperature 
dependence of solubility available for com-
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FIG. 8.-The variation of water solubility in sili
cate melts with temperature. The solid curve repre
sents our calculated solubility for albite at P = 
1000 bars; below T = 906°C, this curve is meta
stable. The dotted curve represents data from 
Burnham and Jahns (1962) for H20 solubility in the 
Harding pegmatite at P = 1000 bars. The dashed 
curve represents data from Karsten et a!. (1982) for 
the measured H20 solubility in rhyolite at P = 700 
bars. 

parison with the temperature dependence of 
solubility implied by our model. Karsten et 
al. (1982) determined the temperature depen
dence of water solubility in rhyolitic melt at 
700 bars between 650°C and 950°C. Burnham 
and Jahns (1962) determined solubility for the 
Harding pegmatite at 1000 bars. These two 
data sets are shown in figure 8, along with our 
calculated solubility for albitic melt at 1000 
bars. Although not negligible, the effect of 
temperature on solubility is small, and more 
importantly, the magnitude of the tempera
ture dependence that is implicit in our ap
proach is, fortuitously, comparable to avail
able experimental data. 

Our approach to the thermodynamics of 
silicate melts provides an indirect way to de
termine the partial molar volume of molecu
lar water in silicate melts. Figure 9 shows the 
calculated solubility of molecular water as 
ln(K2) at 1000°C in diopside, albite and silica 
as functions of pressure. Because K2 is a 
function of the partial molar volume of water, 
it is possible to extract the values that we 
used for the volume of molecular water in the 
melt from figure 9. Rearrangement and differ
entiation of equation (24) yields the following: 

{ 
a[ln (K2/f~p(P,T))]} = - Vrl2o.moi(P,T) 

aP T RT 
(25). 

Or-------------~ 
T = IOoooc 
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FIG. 9.-H20 solubility plotted as ln (K2) = ln 
(Xli2o,mol) as a function of P for hydrous diopside, 
albite and silica melts. All three curves are at T = 
1000°C. Black triangles represent measured 
Xii2o,mol for three rhyolites from Karsten et a!. 
(1982) and Stolper (1982b). The rhyolites were 
equilibrated with vapor at T = 950°C. 
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Thus, when ln[K2(P,T)/f~20(P,T)] is plotted 
versus P, as we have done in figure 10, the 
slope of the curve for each composition can 
be used to compute the partial molar volume 
of molecular water in the melt. The slopes of 
the albite, diopside and silica curves in figure 
10 simply reflect the values of V~,o.moi chosen 
for our modelling as described- previously. 
However, by using infrared spectroscopy 
to determine X~,o,mo1 ( = K2) in glasses 
quenched from vapor-saturated melts from 
different pressures, one could independently 
determine both K2 and through its pressure 
dependence, v~20,mol· 

Stolper (1982a, 1982b) suggested that K2 

would probably not be strongly dependent on 
melt composition. Figures 9 and 10 show that 
this is indeed the case. The values for albite, 
diopside and rhyolite (from obsidian samples 
from Karsten et al. 1982, with K2 values mea
sured spectroscopically by Stolper 1982b ), 
are essentially identical while that for silica is 
only slightly different. We thus propose that 
the K2 values shown in figures 9 and 10 can be 
used, along with K 1 values of0.1-0.2, and the 
equations given in this paper, to calculate 
phase equilibria and water solubility as func-

tions of pressure and temperature for a wide 
range of melt compositions with a reliability 
at least comparable to that achieved with em
pirical treatments (e.g., Burnham 1975, 1979; 
Eggler and Burnham 1984). 

What are the relative merits of our ap
proach to the thermodynamics of hydrous 
silicate melts versus the largely macroscopic 
and empirical approaches of Burnham and 
Davis (1974), Burnham (1979), and Eggler 
and Burnham (1984) or the regular solution 
approximations employed by Spera (1974) or 
Nicholls (1980)? Our feeling is that unless one 
is interested in modelling systems in the vi
cinity of critical phenomena, in which case 
only the approach of Spera (1974) of those 
that have yet been employed would be appli
cable, empirical fits of essentially arbitrary 
activity-composition relationships are less 
useful than the formulation we have adopted. 
Granted, these formulations are capable, 
given sufficient variable parameters, of re
trieving the data used to constrain them. 
However, they have no basis for use in ex
trapolation, nor do they give any direct in
sights into melt structures or speciation, nor 
do they appear to do any better in matching 
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FIG. 10.-H20 solubility as In [K2/f~,0(P,T)] as a function of P. All three curves are referenced toT = 
l000°C. The slope of each curve at ani point is: - [VJ'I,o.moi(P,T)]/RT. The closed triangles represent the 
measured X!'Lo.mol for three rhyolites (OBS E, OBS G, and OBS 1), equilibrated with vapor at 950°C, from 
Karsten et al.- (1982) and Stolper (1982b). 
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phase equilibrium data than do our formula
tions. In short, the success of our model and 
its consistency with independent measures of 
species concentrations makes it more funda
mental and more testable, and thus, in the 
long run, we hope more useful. 

CONCLUSIONS 

Thermodynamic modelling of hydrous sili
cate melts can be approached either by mac
roscopic, empirical treatments or by model
ling species interactions at a molecular level. 
We have chosen the second approach and 
have demonstrated that despite its simplicity, 
our model is successful in accounting for the 
phase equilibria (i.e., solubility, freezing 
point depression) of the albite-water, diop
side-water and silica-water systems. It has 

the additional important feature that it is in
dependently testable by and consistent with 
the available body of spectroscopic measure
ments of species concentrations of hydrous 
silicate glasses and melts. It is thus possible 
to use statistical thermodynamics to produce 
a viable working model for the macroscopic 
thermodynamic properties of silicate-H20 
systems and in the process get testable in
sights into molecular level phenomena. 
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