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INTRODUCTION

Numerical simulations of phase equilibria in mag-
matic systems have been widely used in petrological
and geochemical investigations since the 1980s. By
using a computer, the partial melting of mantle peridot-
ites and trends of crystallization, temperature, and
geochemical evolution of magmas in volcanic centers
and intrusive chambers, for instance [1–4], can be cal-
culated. Computer programs were designed for model-
ing diverse open (assimilation and mixing) and closed
(intrusive chambers) magmatic systems; their common
feature is an algorithm for the calculation of phase
equilibria under given external conditions.

These computer models generally include empirical
data on the melting of natural samples and synthetic
mixtures under the conditions of fixed temperature,
pressure, and oxygen fugacity. This information
includes a considerable body of data on the composi-
tion of coexisting solid phases and melts, which can be
mathematically processed to find relations on the equi-
librium distribution of components in a mineral–melt
system [2, 4] or to calculate the thermodynamic func-
tions of major phases of the igneous system [3]. These
equations (geothermometers) and functions compose
the 

 

thermodynamic basis

 

 to calculate equilibria
between a magmatic melt and one or more mineral
phases. Using the algorithms that were developed on
the basis of these relations, phase equilibria were at first
calculated for mineral–melt associations. Further
progress in computer modeling of melting and crystal-

lization will involve their application to a broader range
of compositions and conditions.

Today, one of the main problems is related to the
fact that most existing computer models are currently
restricted to “dry” systems and do not account for the
influence of volatile components on the evolution of
igneous melts. Thus, the development of an effective
method to take into account the presence of 

 

H

 

2

 

O

 

 in the
system is an important challenge in theoretical petrol-
ogy, because water is the main volatile component that
controls the displacement of cotectics and evolution of
the liquid in modeling magma crystallization. This
problem is complicated mainly not by mathematical
formulation or the development of a specific algorithm,
but rather by the uncertainty and, in most cases, by the
lack of direct experimental data on melt–water interac-
tions in the petrologically important silicate system.

In this work we propose a simple method to take
into account the 

 

H

 

2

 

O

 

 influence on phase equilibria that
does not yet involve all aspects of silicate melt–water
interactions or a particular mechanism of water disso-
lution. Our approach includes the development of an
empirical equation for water solubility in basic and fel-
sic melts, an estimation of 

 

H

 

2

 

O

 

 contents in water-satu-
rated experimental glasses, and a calculation on this
basis of the correction coefficients to determine the liq-
uidus temperature of major rock-forming minerals at a
given 

 

H

 

2

 

O

 

 concentration in a melt. The incorporation
of these coefficients into an algorithm for crystalliza-
tion temperature calculation for main rock-forming
minerals (COMAGMAT software [4]) will allow us to
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Abstract

 

—A method is proposed for using experimental data on phase equilibria in igneous rocks to develop
a computer model of basalt magma crystallization under hydrous conditions. The approach includes: (1) the
development of an empirical relation for the calculation of water solubility in basalt, andesite, and granite melt
as a function of composition, temperature, and pressure; (2) estimating on the basis of this relation the water
concentration in quench glasses produced in experiments on the melting of rocks under water-saturated condi-
tions; (3) calculation of correction coefficients accounting for the various water effects on the liquidus temper-
ature of main mineral phases in the basaltic system; and (4) development of an algorithm for the modeling of
basalt magma crystallization on the basis of the obtained relations. With the modified “hydrous” version of the
COMAGMAT software, phase equilibrium calculations for a high-alumina basaltic melt at  = 2 kbar well

reproduce the experimental data on the composition of water-saturated melts, equilibrium temperature, and the
proportion of crystallizing minerals.
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account, as a first approximation, for the influence of

 

H

 

2

 

O

 

 on phase equilibria, because the difference in the
correction coefficients for various minerals implies that
the sequence of mineral appearance on the liquidus
may change in the transition from dry to hydrous con-
ditions.

The efficiency of the proposed method was demon-
strated by modeling phase equilibria in the magnesian
and aluminous basalts of the Klyuchevskoi volcano [5].
This study has shown that the presence of approxi-
mately 2 wt % 

 

H

 

2

 

O

 

 in the initial magma was the main
factor controlling the formation of high-alumina
evolved liquids, which were formed via polybaric frac-
tionation at a depth interval of 60–20 km.

METHOD TO ACCOUNT FOR 
THE INFLUENCE OF 

 

H

 

2

 

O

 

 ON 
CRYSTALLIZATION TEMPERATURE

The equilibrium between solid phase and melt in
water-free systems is determined by COMAGMAT for
a given pressure and crystal fraction, when the equilib-
rium temperature 

 

T

 

dry

 

, is not known beforehand, but
determined during the calculation. With this algorithm,
an equilibrium mineral assemblage is selected based on
a certain formalization of a common application of
phase diagrams under the assumption that the equilib-
rium of each mineral phase with the melt is topologi-
cally characterized by a liquidus surface, which is
determined over the whole range of compositions
(Fig. 1) [6]. Thus, for a given melt composition, each
mineral phase, 

 

A

 

 and 

 

B

 

, for example, may be character-
ized by a respective liquidus temperature 

 

T

 

i

 

 

 

(

 

T

 

A

 

 or 

 

T

 

B

 

),
and the equilibrium is stable only for the phase (or asso-
ciation) with the higher 

 

T

 

i

 

 (in the case of the dry system

on Fig. 1, this is ). This is the criterion to determine
mineral phases occurring in the equilibrium state.

Liquidus temperatures of various minerals are
depressed to varying degrees by the water dissolved in
the melt; as a result, a mineral association equilibrated
with a water-bearing melt may differ from that formed
under dry conditions (phase 

 

A

 

 in the case of the hydrous
system in Fig. 1). For instance, the experiments of
Yoder and Tilley [7] with typical tholeiitic basalt at dif-
ferent water pressures demonstrated that olivine,
pyroxene, and plagioclase appear in the same order at
any water pressure: olivine and pyroxene were always
the first to crystallize. However, the crystallization of
high-alumina basalt started with plagioclase at low

, whereas it was the last crystalline phase to
appear at a water pressure of more than 2000 bar [7].

The depression of the liquidus temperature for main
rock-forming minerals can be accounted for by intro-
ducing a correction in the procedure of phase equilib-
rium calculation:

 

(1)

Tdry
B

PH2O

Thydr
i Tdry

i λ iCH2O ,–=

 

where 

 

 and  

 

are the temperatures of mineral 

 

i

 

appearance on the liquidus in the hydrous and dry sys-
tems, respectively;  is the concentration of water

in the melt; and 

 

λ

 

i

 

(

 

°

 

C /%

 

H

 

2

 

O

 

) is the coefficient equal to
the depression of the liquidus temperature of mineral 

 

i

 

 due
to the increase of water content in the melt by 1 wt %,
which depends on  (see discussion below).
This coefficient is the only unknown parameter in
equation (1), because the crystallization temperature of
mineral 

 

i

 

 in the dry system is calculated by COMAG-
MAT and the concentration of dissolved water and total
pressure are the input parameters of the model. Thus,
the value of 

 

λ

 

i 

 

for olivine, plagioclase, orthopyroxene,
and clinopyroxene may be obtained from the experi-
mental data on phase equilibria in synthetic and natural
systems under water-saturated conditions:

 

(2)

 

Let us assume that the association olivine (

 

Ol

 

)–glass
(

 

L

 

)

 

1

 

 was produced in an experiment on the melting of a
natural olivine basalt under water-saturated conditions.

Then,  is the experimental temperature,  as a
function of melt composition may be calculated by 

 

Ol

 

geothermometers [4], and  is the concentration of

 

H

 

2

 

O

 

 in quench glass (wt %) measured by experiment or
calculated. The coefficient 

 

λ

 

Ol 

 

equals the depression of
the olivine liquidus temperature due to the increase of
water concentration by 1 wt % for the particular exper-
iment under the experimental pressure. By processing a
series of experimental data on the equilibrium 

 

Ol–L

 

,
one can calculate the average value of the coefficient

 

λ

 

Ol 

 

as a function of . This approach is illustrated
by the scheme of liquidus relationships in the melt of
olivine basalt under dry and water-saturated conditions
shown in Fig. 2.

Obviously, similar calculations may be carried out
for other main phases of the basaltic system.

EXPERIMENTAL DATA

The INFOREX database was used to solve the prob-
lem. Its last version, INFOREX-3.0 [8], includes the
results of 162 experimental works on phase equilibria
in natural and synthetic systems that were published
during 1962–1995. The database comprises compre-
hensive information on the conditions of 6174 experi-
ments and includes 8311 compositions of coexisting
phases, including approximately 3200 quench glasses.
The data can be sorted by the type of system under
study (basalts, andesites, norites, etc.), presence or
absence of volatile components, pressure, temperature,

 

1

 

Phase notation: 

 

Ol

 

, olivine; 

 

Pl

 

, plagioclase; 

 

Aug

 

, augite; 

 

Opx

 

,
orthopyroxene; 

 

Pig

 

, pigeonite; 

 

Cpx

 

, clinopyroxene; 

 

Qtz

 

, quartz;

 

Mt

 

, magnetite; and 

 

L

 

, melt (quench glass).
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oxygen fugacity, run duration, container type, compo-
sition of quench glass, and resulting phase association.
After filtration with respect to the experimental condi-
tions, the user can select a specific equilibrium and cre-
ate files with the compositions of the coexisting phases
at given external conditions directly from the
INFOREX environment. The processes of search and
file formation take from 5–10 s to several minutes on a
PC that is AT-386 class or better; this program is, there-
fore, a powerful petrological tool for analyzing and
using experimental data.

Currently, INFOREX includes 1618 experiments on
water-saturated phase equilibria. In this data set, the
compositions of quench glasses are available only for
461 experiments from 24 works; in some cases the
compositions of equilibrium minerals are reported.
These works used natural samples (basalts, andesites,
dacites, lherzolites, rhyolites, etc.) and synthetic mix-
tures under 

 

H

 

2

 

O

 

-saturated conditions at temperatures

of 675 to 1300

 

°

 

C, pressures of 100 bar to 30 kbar, and
run durations of 1 to 816 h. The processing of these data
is complicated by the fact that, except for a few works
[9–11], the concentration of 

 

H

 

2

 

O

 

 in melt (glass) corre-
sponding to saturation conditions (presence of fluid
phase) is not known in these experiments. Thus, the
development of a function relation for accurately pre-
dicting water solubility in silicate melts is of particular
importance.

ESTIMATES OF WATER SOLUBILITY

As was already noted, 

 

H

 

2

 

O

 

 concentration in quench
glass (melts) was not directly measured in the majority
of studies on equilibrium phase relations under water-
saturated conditions, although attempts to estimate

 were made repeatedly. Some works estimated

 

H

 

2

 

O

 

 concentrations as the departure of the totals in the
analyses of experimental glasses from 100 wt % [9];

 

H

 

2

 

O

 

 contents were calculated using the modified Burn-
ham [10] model; and some authors applied the Stolper
[11, 12] model. In this respect, of interest are the results
of Sisson and Grove [13], who determined 

 

H

 

2

 

O

 

 con-
tents by IR spectroscopy in quench glasses from three
experiments and compared them with the values
obtained using the Burnham [14] model and the
method of Housh and Luhr [15] (Table 1). The mea-
sured and calculated values of  obtained by these
authors appeared to be comparable. It is worth noting
that the Stolper [11, 16] model (see below) underesti-
mated 

 

H

 

2

 

O

 

 contents by 0.5–1.5 wt % for the same com-
positions (Table 1).

In this work we developed and applied an empirical
equation to calculate water concentration in experimen-
tal glasses. Our decision to not use the approaches of
Burnham or Stolper was justified, first, by the internal
inconsistencies in these thermodynamic models, which
have been repeatedly discussed in the literature; and,
second, by the ambiguity in some equilibrium con-
stants and specific parameters. We will discuss below
some of the problems with the application of the Burn-
ham and Stolper models.

 

Burnham Model

 

The model was formulated more than 20 years ago
and is based on direct 

 

P–V–T

 

 measurements for a
hydrous albite melt. Its essence is as follows. Burnham
and Davis proposed an empirical relation for the water
partial molar volume in an albite melt for temperatures
of 700 to 950

 

°

 

C and pressures of 3 to 8.5 kbar using the
least-square method and their own experimental data [17].
Using these equations and the experimental results on
water solubility in an albite melt, they calculated the
values of the thermodynamic functions (chemical
potential, fugacity, and activity) for water in an albite
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hydr  (P1)

CH2O

Fig. 1. Schematic liquidus relations in binary “dry” and
“hydrous” systems. The addition of water into the system
results in the change of the crystallization order of minerals
A and B because of the different effect of water on the liqui-
dus temperature of the phases.

Fig. 2. Schematic P–T diagram of liquidus relations under dry
and water-saturated conditions at a pressure up to 10 kbar for
the melt of hypothetical olivine basalt. This diagram illus-
trates the method of calculation and the meaning of correc-
tion coefficients λi in equation (2): λOe

 values are calculated
at a given pressure as a difference between the temperatures
of dry and water-saturated liquidi normalized by the con-
centration of water in the saturated melt.
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melt as a function of its mole fraction ( ) [18, 19].
On the basis of these relations (the activity of water dis-

solved in the melt  as a function of ) and the
experimental data on the viscosity and electric conduc-
tivity of a hydrous albite melt, Burnham proposed a
mechanism for H2O dissolution in an albite melt [14]

and demonstrated the linear dependence of  on

( )2 at  < 0.5 (Figs. 1–5 in [19]):

 = k( )2, (3)

and positive deviations from this relationship at

 > 0.5:

(4)

In Burnham’s opinion, the quantity k in equations (2)
and (3) is analogous to the constant in Henry’s law for
a dissociated solution. Assuming that the vapor phase

was pure water (  = 1), Burnham calculated the val-
ues of k as a function of temperature and pressure
(Fig. 16.3 in [14]). The equation for calculating k was
obtained by the least-square technique and first pub-
lished by Burnham in one of the most recent works
devoted to the model [20] (P, bar; T, K):

(5)

The values of k and equations (2) and (3) are used to
estimate water solubility in the albite melt for certain
intensive variables [14]. In addition, Burnham demon-
strated that after normalizing the melt composition to
eight atoms of oxygen (equivalent to the albite formula)
the water solubility becomes essentially the same for a

XH2O
L

aH2O
L

XH2O
L

aH2O
L

XH2O
L

XH2O
L

aH2O
L

XH2O
L

XH2O
L

aH2O
L

0.25k 6.52 2667 T⁄–( ) XH2O
L

0.5–( )[ ] .exp=

aH2O
L

kln 5.00 Pln( ) 4.481 10
8–
T

2×(+=

– 1.51 10 4– T 1.137)–× Pln( )2 1.831 10
8–
T

2×(+

– 4.882 10 5– T 4.656 10
2–×+× )

+ 7.80 10
3–

Pln( )3
5.012 10

4–× Pln( )4
–×

+ T 4.754 10 3– 1.621 10 6– T×–×( ).

wide range of melt compositions. This allowed the
practical use of this model to estimate  in experi-
mental glasses for a given pressure and temperature.

Although widely used by petrologists, the Burnham
model was repeatedly subject to criticism, for instance
[21–24]. First, the experimental values of the partial
molar volume of water in an albite melt were obtained
at water concentrations of 8.25 and 10.9 wt %, and
were extrapolated to lower pressures and water concen-

trations; therefore, the estimates of  at  < 0.5
should be regarded with caution [24]. Second, several
authors believe that the scheme proposed by Burnham
for H2O solubility in aluminosilicate melts is not inter-
nally consistent [21–23]. It should be noted also that
the calculated values of  at high pressures
(3−4 kbar and higher) are systematically underesti-
mated, especially for andesite melts (Fig. 3, Table 1).

Stolper Model

Proceeding from data on the structural position of
water in glasses obtained by Raman spectroscopy,
IR spectroscopy, and NMR, Stolper proposed an alter-
native thermodynamic model for water solubility in
aluminosilicate melts [16]. This research demonstrated
varying concentrations of molecular H2O and hydroxyl
ion OH– depending on the net water content in the sys-
tem. It was found that, at H2O contents in the system
below 2–3.5 wt % (depending on melt composition),
water occurs in the melt predominantly in hydroxyl
form. As the bulk concentration of water increases
(>4 wt %), molecular water becomes predominant,
whereas the hydroxyl concentration remains constant.
On the basis of this data, Stolper considered two reac-
tions of water interaction with water-saturated silicate
melt:

(6)

and

H2O (vapor) = H2O, molecular (melt), (7)

CH2O

CH2O XH2O
L

CH2O

H2O,  molecular (melt)

+ O2–(melt) 2OH–(melt),=

Table 1.  Comparing H2O concentrations in quench experimental glasses from natural samples with calculated values

Sample [13] T, °C P, bar
H2O in melt

IR I II III IV

1140 MF#18 1054 1000 3.76 3.4 4 3.28 3.59

81-T-116 1050 2000 6.17 5.07 5.84 4.69 5.95

87S35A#5 985 2000 5.94 5.2 5.81 4.47 5.33

Note: IR, infrared spectrometry of experimental quench glasses [13]; the calculated values are for the model of (I) Burnham [14], (II) Housh
and Luhr [15], (III) Stolper [11, 16], and (IV) equation (13). 1140MF#18, andesite; 81-T-116, hornblende high-alumina basaltic
andesite, and 87S35A#5, aluminous hornblende gabbro.



GEOCHEMISTRY INTERNATIONAL      Vol. 34      No. 7      1996

MINERAL–MELT EQUILIBRIA 567

whose equilibrium constants are:

(8)

(9)

respectively, where  and  are the activities of
water in the melt and the equilibrium vapor phase;

 is the water fugacity in vapor phase; and  is
the water fugacity in the vapor phase under standard
conditions. Using the formalism of the regular solution
model, Stolper et al. [25] deduced a relation between
different forms of H2O dissolved in melt:

(10)

where  and  are the mole fractions of the
hydroxyl ion and molecular water in the melt; and A, B,
and C are the functions of the equilibrium constant K1 and
interaction parameters of species in the water-saturated
melt. The values of these coefficients were obtained by the
least-square method from experimental data on the con-
centrations of H2O and OH– in albite melt.
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L

Using the relation for H2O activity in the water-sat-
urated melt at constant temperature To:

(11)

where  is the molar volume of water in the melt,

and the approximation of Henry’s law(  ≅ )

and the modified Redlich–Kwong equation (for 
calculation), one can determine the molar fraction of
molecular water, and using equation (10), the molar
fraction of hydroxyl ion dissolved in the melt.

This approach was applied recently to calculate the
concentrations of dissolved H2O in molecular and
hydroxyl forms in a basaltic melt at a pressure of
200−5000 bar and a temperature of 1200°C [11]. For
the coefficients A, B, and C we used (equation (10)) the
values 0.403, 15.333, and 10.894, respectively,
obtained for an albite melt; the value of partial molar

volume of water in melt was taken as  =

12 cm3/mol; and the mole weight of basalt normalized
to one oxygen atom, 36.594. We also calculated 
by the Stolper method for a series of natural melts using
the model parameters listed above (Fig. 3). The calcu-
lation illustrated good agreement with experimental
data for all compositions but the melt of Stone Moun-
tain andesite [26]. The calculations have shown that the
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value of  obtained by the Stolper method is not
sensitive to melt composition: the values of water con-
centration for basaltic and more felsic melts (for
instance, andesitic) were almost equal, which is not
consistent with experimental observations [27]. Some
other assumptions of the model are also ambiguous, for
example the constancy of the partial molar volume of
water in the melt. The experimental investigation of the
albite system did demonstrate that this quantity
depends on temperature and pressure [17]; large varia-

tions of  were observed between the albite melt
and rhyolite (see review in [28]).

It should be noted that, strictly speaking, the Stolper
model is not a method of  estimation and is used
mainly to describe the behavior of different forms of
H2O as a function of bulk water concentration in the
system. Holloway and Blank [12] believe that the
Stolper method may be used to calculate the water con-
centration only for those melts for which direct spectro-
scopic measurements were carried out.

Empirical Equation of Water Solubility

An alternative approach to finding the most accurate
calculation of water content in experimental glasses is
to use the empirical dependency of  on composi-
tion, pressure, and temperature, which may be devel-
oped by the least-square method applied directly to
experimental data.

Critical for such an approach is the possibility that
the derived equation may be used only within the lim-
ited composition range corresponding to the input con-
ditions. However, taking into account that direct mea-
surements of H2O solubility are available for a variety
of melt compositions, we believe that such a model
may be applied to systems ranging from basalts to gran-
ites. An attractive feature of the empirical approach is
that it uses direct results under experimental conditions
and does not invoke additional (sometimes problem-
atic) information on the thermodynamic properties of
H2O in systems with other compositions.

The database on H2O solubility includes the results
of 79 experiments that were carried out in the field of
two-phase melt–vapor equilibrium over the pressure
interval of 200 bar–9 kbar and at temperatures of
800−1200°C [11, 13, 26, 27]. The representative data
set includes experiments with the melts of Mount Hood
andesite, Columbia River basalt (N = 11, 1 < P < 6 kbar,
t = 1100°C) [26], Kirgurich basalt (N = 14, 1 < P < 9 kbar,
1000 < t < 1200°C) [27], El’dzhurtin granite (N = 49,
1000 < P < 3500 bar, 800 < t < 1300°C) [27], mid-
ocean ridge basalt (N = 4, 200 < P < 1000 bar, t =
1200°C) [11], and high-alumina basalt (N = 1, P =
2000 bar, t = 1054°C) [13].

CH2O

VH2O
L

CH2O

CH2O

The experimental data were approximated by the
linear model:

(12)

where, in addition to pressure and temperature, various
structural chemical parameters of the melt ϕ, such as
Si / O, (Si + Al) / O, Al / Si, Si / Mg, (Na + K) / Al, etc.,
are used as independent variables of linear regression.
The reproducibility of experimental data was tested by
the solution of the inverse problem for pressure and
temperature. We tried approximately 30 variants with
different combinations of the structural chemical
parameters of the melt; the experimental data appeared
to be best described (with an average deviation of
~0.3 wt % H2O) by the following equation:

(13)

where temperature is in Kelvin; pressure, in bars; and
melt composition parameters, in atom fractions.

The coefficient at inverse temperature, (38438.3 Si/O –
14710.2) in equation (13) accounts for the experimen-
tally determined difference in the character of the tem-
perature dependency of water solubility in basaltic and
granitic melts [27]. It was found that the system basalt–
water is characterized by a positive temperature coeffi-
cient of H2O solubility, whereas in the system granite–
water, the H2O solubility decreases with increasing
temperature up to a pressure of approximately 3500 bar
and increases at higher pressures. Recently, the occur-
rence of a temperature minimum on a water-saturated
surface was confirmed in the system orthoclase–albite–
quartz [29].

Figure 4 shows the calculated and experimental val-
ues of H2O solubility in basalt, andesite, and granite
melts and the example of the inverse problem solution
for pressure. The fact that accuracy of calculations—
0.3 wt % H2O—is comparable with experimental
uncertainties and in agreement with the values calculated
by the Burnham and Stolper models (Table 1, Fig. 3)
shows that equation (13) can be reliably used to calcu-
late H2O solubility in basalt and andesite melts up to a
pressure of 10 kbar.

H2O EFFECT 
ON THE LIQUIDUS TEMPERATURES 

OF MAIN ROCK-FORMING MINERALS

Using the search procedure of INFOREX-3.0 [8],
we selected runs from the bulk of water-saturated
experiments with samples of lherzolites, basalts, and
andesites at a pressure of up to 10 kbar. The composi-
tions of quench glasses from these experiments were
grouped by the presence of a particular mineral in the
equilibrium mineral association (for example, for oliv-

CH2Oln a b T c P dϕ ,+ln+⁄+=

CH2Oln 4.39 1.50±( )=

+ 38438.3 5402.4±( )Si/O[
– 14710.2 2142.9±( ) ] /T 0.59 0.01±( ) Pln+

– 21.45 3.80±( )Si/O 3.89 0.69±( )Al/Si,+
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ine such associations included Ol + L, Ol + Pl + L,
Ol + Aug + Pl + L, etc.). Thus, four data sets were pro-
duced: olivine–liquid (69 experiments), plagioclase–
liquid (81), augite–liquid (56), and orthopyroxene–liq-
uid (19). Crystallization temperatures were calculated
for the compositions of all quench glasses under dry

conditions ( ) and experimental pressures using the
COMAGMAT program complex. The calculated val-
ues appeared to be 100–300°C higher than the respec-

tive experimental temperatures ( ), which resulted
evidently from H2O depressing the liquidus tempera-
ture of minerals.

For each experiment, the difference between 

and  was then normalized with respect to H2O
concentration (see equation (2)), which was calculated
by empirical equation (13). The calculated average val-
ues of the degree of crystallization temperature depres-
sion λi for olivine, plagioclase, augite, and orthopyrox-

Tdry
i

Thydr
i

Tdry
i

Thydr
i

ene as a function of pressure P =  are shown in
Table 2 and Fig. 5.

The results allow us to formulate two main conclu-
sions concerning water influence on the crystallization
temperature of silicate minerals: (1) the effect of H2O
dissolved in melt declines regularly in the order Pl ⇒
Aug ⇒ Opx ⇒ Ol and (2) for each mineral the value of
λi decreases regularly with increasing pressure (Fig. 5).
The first conclusion concurs with the well-known con-
cepts of the influence of water on the crystallization
temperatures of femic minerals and plagioclase and
quantitatively characterizes this effect for use in petro-
logical analysis (Table 2). For example, Yoder and
Tilley [7] observed in experiments on the melting of
basalt that at  = 2000 bar that the plagioclase liq-
uidus temperature decreased by more than 200°C,
whereas for femic minerals this effect was only around
100°C for the same water pressure [7]. Assuming that
H2O solubility in a basalt melt at  = 2000 bar is
approximately 5–6 wt % [30], one can calculate the
depression of liquidus temperatures under these condi-
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(Table 2); the coefficients λi were calculated by equations
(2) and (13) and characterize the depression of liquidus tem-
perature of a mineral normalized to 1 wt % of water in melt.
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tions using Table 2 or Fig. 4 diagrams for all minerals,
multiplying water concentrations by the respective
coefficient λi at a given pressure. Such a calculation
shows that the liquidus temperature will decrease by
250−300°C for plagioclase; 125–150°C for augite; and
100–120°C for olivine and orthopyroxene, which is
consistent with the experimental results [7]. The differ-
ence in the degree of depression of crystallization tem-

perature for plagioclase and femic minerals results in
differently increasing solubilities for the quartz–feld-
spar and iron–magnesium components of the melt in
the presence of H2O, which was also noted in [31].

The second result is not so apparent and is better
substantiated for plagioclase than for femic minerals,
which are represented in Fig. 5 by only 2–5 points at
high pressures. In spite of the apparently regular
change in λi values for each mineral with pressure, it
cannot be ruled out that this stems from the inaccuracy

of liquidus temperature  calculation at high pres-
sures by COMAGMAT [4] and of estimates of water sol-
ubility  at high values of P =  by equation (13).
However, we emphasize this conclusion, because the
pressure dependency of λi is potentially important for
petrological interpretations. This problem evidently
requires further experimental study.

PHASE EQUILIBRIUM MODELING 
IN THE PRESENCE OF H2O

The approach outlined above was applied for mod-
eling phase equilibria under hydrous conditions. We
calculated liquid lines of descent for a high-alumina
basalt for which experimentally studied phase relations
and compositions of quench glasses were reported
using the modified “hydrous” version of COMAGMAT
[4, 5]. We used for comparison the experimental data of

Tdry
i

CH2O PH2O

Table 2.  Correction coefficients λi (°C per 1 wt % H2O) for
main rock-forming minerals as a function of pressure P =

 in the system

P, kbar λOl λAug λOpx λPl

1 17.9 ± 6.0 34.3 ± 7.1 22.4 ± 3.4 59.6 ± 7.8

2 18.7 ± 2.9 24.8 ± 2.2 22.3 ± 1.2 49.9 ± 4.2

2.5 23.7 ± 3.9 47.6 ± 1.0

3 18.3 43.1 ± 1.5

4 38.3 ± 1.6

5 10.2 ± 5.5 15.5 ± 3.3 38.1 ± 3.1

6.9 37.8 ± 0.6

7.5 5.1 ± 3.7 14.5 ± 1.6 12.5 ± 2.2

10 1.3 ± 0.7 10.5 ± 1.1 9.3 ± 1.0

PH2O

Table 3.  Comparing experimental [30] and calculated equilibrium temperatures and melt compositions for high-alumina ba-
salt at varying crystal fractions under water-saturated conditions, P =  = 2 kbar

Phase 
association Ol + Mt + L Ol + Pl + Aug + Mt + L Ol + Pl + Aug + Mt + L Ol + Pl + Aug + Mt + L

Initial 
composition 

of high-alumi-
na basalt [30]

run no. #6 Model #4 Model #11 Model #12 Model

crystals, % 7 6.00 14 11.50 19 17.00 49 47.00

T, °C 1050 1058 1050 1050 1035 1046 1000 1022

SiO2 48.20 48.80 49.40 49.32 49.00 49.61 52.50 51.98 48.20

TiO2 0.65 0.71 0.72 0.60 0.72 0.54 0.98 0.21 0.66

Al2O3 19.40 19.46 19.20 19.56 19.70 19.81 19.20 20.83 18.20

FeO 8.37 8.09 8.28 7.72 8.69 7.63 8.04 6.94 8.39

MnO 0.16 0.15 0.15 0.17 0.16 0.17 0.20 0.19 0.16

MgO 6.96 7.37 6.58 7.10 6.37 6.96 4.99 5.76 9.89

CaO 13.20 12.83 12.60 12.84 12.10 12.45 9.64 10.18 12.01

Na2O 2.89 2.45 2.77 2.55 3.08 2.70 4.15 3.74 2.29

K2O 0.12 0.10 0.12 0.10 0.11 0.11 0.21 0.17 0.09

P2O5 0.09 0.05 0.06 0.06 0.09 0.06 0.14 0.10 0.05

H2O, calc. – 5.98 – 5.98 – 6.05 – 6.27 –

Note: The calculations were carried out using the COMAGMAT software for the initial composition shown in the table. The calculations
started from water undersaturated conditions: for run #6, 5.6 wt % H2O; #4, 5.3 wt % H2O; #11, 5.0 wt % H2O; and #12, 3.3 wt % H2O.
The columns of model compositions show melts saturated with H2O calculated by equation (13).

PH2O
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Sisson and Grove [30] on the melting of high-alumina
basalt (sample 79–35 g) under water-saturated condi-
tions at a total pressure of P = 2000 bar. The concentra-
tion of H2O in the experimental glasses was not mea-
sured; however, the authors estimated it as 6 wt % on
the basis of their previous results [30]. The experimen-
tal results are shown in Table 3, the phase composition
of liquidus association and composition of quench
glasses are defined by the equilibrium temperature and
the degree of crystallization (see triangles on Fig. 7).

We attempted to quantitatively model this experiment,
i.e., to calculate the phase proportions and the composition
of a water-saturated melt under a given degree of crystal-
lization in the system [32]. For this purpose, corrections
similar to those of equation (1) were incorporated into the
COMAGMAT procedure of temperature calculation
accounting for the depression of mineral crystallization
temperatures in the presence of water. The following val-
ues of λi were used (°C per 1 wt % H2O): Ol, 17.5;
Pl, 45.0; Aug, 19.5. These values lie within the confidence
intervals of λi at P = 2 kbar (Table 2) and agree with the
results of modeling the formation conditions of high-alu-
mina basalts from the Klyuchevskoi volcano [5].

Saturation conditions during the partial crystalliza-
tion of a high-alumina basalt melt were modeled in the
following way. Certain amounts of water (2.0, 2.1,
2.2 wt % H2O, etc.) were added to an initial composi-
tion (Table 3), and the normal cycle of batch crystalli-
zation was carried out using COMAGMAT [4] in each
of these systems at a crystal fraction increment of ∆f =
1%. The calculations were performed at P = 2 kbar and
under redox conditions corresponding to those of the
quartz–fayalite–magnetite buffer [30]. It was assumed
that water behaved as an incompatible component dur-
ing crystallization and its concentration in the melt
increased continuously. The concentration of H2O can-
not obviously exceed a certain limiting value (solubil-
ity), and following each jth step of crystallization the

model concentration was compared with water

solubility  calculated by equation (13). If the con-

dition  < was fulfilled, the saturation was
not achieved and the calculations proceeded, otherwise,

at  ≥  the calculations terminated and the

value of  was taken as the H2O solubility at a

given crystal fraction f j.

In such way, for each series of calculations with
varying initial water contents, the equilibrium parame-
ters of the system melt–minerals–vapor were deter-
mined including crystal fraction in the system f j, equi-
librium temperature Tj, mineral proportions on the liq-
uidus, and the composition of liquid. The analysis of
this information demonstrated that some f j – Tj pairs
are similar to the results obtained in experiments
#6, #4, #11, and #12 (Fig. 6) and the model H2O solu-
bilities appeared to be close to 6 wt % (Table 3), the
value suggested by Sisson and Grove [30]. This may
be regarded as evidence that our computer model is
realistic.

In this context, it is interesting to compare the com-
positions of the experimental and model water-satu-
rated melts. As Table 3 shows, the agreement is rather
convincing for most components (SiO2, Al2O3, MgO,
CaO2, and Na2O). The deviations in FeO and TiO2
probably result from inaccuracies of the thermody-
namic model used to compute titanomagnetite crystal-
lization [4]. Figure 7 shows the experimental (triangles)
and model (crosses) compositions of the water-satu-
rated melts projected onto the pseudoternary Ol–Cpx–
Qtz and Ol–Pl–Cpx diagrams. Also shown are the
experimental compositions of cotectic melts (Ol + Pl +
Aug + Mt + Pig) at a pressure of 1 atm under dry con-
ditions (data from INFOREX [8]). This diagram illus-
trates that the calculations faithfully reproduce the dis-
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placement of the Ol–Cpx phase boundary with plagio-
clase (Ol–Cpx–Qtz projection) toward the olivine apex
under water-saturated conditions. The effect of deple-
tion of hydrous melts in clinopyroxene accompanied by
a considerable increase in plagioclase is more clearly
demonstrated on the projection from the quartz apex
(Ol–Pl–Cpx plane). Thus, the model compositional
trends of a high-alumina melt are consistent with the
well-known ideas on the delay of plagioclase crystalli-
zation and its accumulation in a residual melt in
hydrous systems [30, 31, 34–36].

CONCLUSIONS

(1) On the basis of experimental data on water solu-
bility in basalt, andesite, and granite melts, we devel-
oped an empirical equation relating water concentra-
tion, temperature, pressure, and melt composition.
The estimates of  solubility obtained by this
empirical equation (13) are in good agreement with values
calculated using the Burnham [14] and Stolper [11, 16]
models and yield an average error of 0.3 wt % H2O.

(2) The empirical solubility equation was used to
calculate H2O concentration in quench glasses pro-

CH2O

duced in 461 experiments on the melting of various
rocks under water-saturated conditions and pressures
of 1–10 kbar. The compositions of these glasses were
grouped according to the presence of a particular min-
eral on the liquidus, which allowed us to accumulate
data sets representing the temperatures of plagioclase–
melt, pyroxene–melt, and olivine–melt equilibria. Pro-
ceeding from these data, the correction coefficients for
the minerals of the basaltic system were calculated
(Table 2), which account for the differentiated depres-
sion of the liquidus temperature due to the presence of
water.

(3) These correction coefficients compose the
empirical basis for the development of the hydrous ver-
sion of the COMAGMAT model [4], with which phase
equilibria can be calculated during the crystallization of
water-bearing basaltic magmas.

The approach proposed in this paper is only the first
step in the creation of a consistent computer model for
the calculation of phase equilibria under hydrous con-
ditions. This step does not account for the influence of
water on the composition of minerals (primarily, pla-
gioclase) or for possible crystallization of amphibole.
The role of water during the crystallization of iron
oxide phases is also little understood [13]. These ques-
tions are subjects for further investigations.
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