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Abstract—The behavior of the melting curves of anhydrous silicates in the presence of water is examined in
T-C,, and P-T diagrams, It is demonstrated that the effect of water on the melting temperatures of minerals can
be explained with the use of the constants of the melting reactions under anhydrous conditions, with melt com-
ponents assumed to be oxides recalculated to one cation. The waler effect is thereby taken into account through
a decrease in the fractions of melt components in compliance with the ideal solution model. The general form
of the equation for the dependence of the melting temperature on the water concentration in melt satisfactorily
reproduces the conligurations of the liquidus curves. The example of the olivine-melt equilibrium is employed
to demonstrate that the ideal model is able to quantitatively explain the extent of the melting temperature
decrease when water is added. In order to adequately describe the experimental data, it is proposed to use a for-
mal parameter: the effective water concentration, which takes into account the presence of the molecular and

hydroxyl modes ol water occurrence in the melt.

INTRODUCTION

The good water solubility in silicate melts predeter-
mines its crucial effect on the stability of magmatic
minerals. To calculate the physicochemical parameters
of natural magmatic melts that bear even relatively low
water concentrations, techniques are required that make
it possible to take into account the effect of water on the
decrease in the melting temperatures. A rigorous solu-
tion of this problem should be based on the knowledge
of melt structures, the thermodynamic constants of melt
components, and the interaction parameters of these
components. Since information of this kind is still very
scarce, the researcher is left with the possibility to rely
on practically exclusively empirical and semiempirical
approaches based on a variety of models for silicate
melts.

From the viewpoint of thermodynamics, there are
two principal approaches to the problem of calculating
magmatic equilibria: (1) selection of thermodynamic
functions of the dissolution reactions and the activity
coefficients of melt components, usually within the
framework of the regular solution theory [1]; and
(2) determination of the equilibrium constants of min-
eral-melt reactions [2-5]. In the latter situation, the
activities of melt components are taken to be equal to
their mole fractions, although the form of the equilib-
rium constant function makes it possible to take into
account the effect of the melt composition [2]. What-
ever the differences in the thermodynamic formalism of
the two approaches, they share the statistical treatment
of experimental data with the aim of determining the

optimal values of the parameters and constants that can
best fit the model proposed.

The significance of the effect of water on magmactic
equilibria is reflected in the diversity of models pro-
posed to describe its interactions with melts, techniques
for calculating the water solubility, and approaches to
estimating the decrease in the melting temperatures
[1, 6-16, and others].

A simple method enabling the evaluation of the
water effect in the theoretical modeling of magma cry s-
tallization was developed by Al’meev and Ariskin [ 1 6]
and involves the assumption of a proportional effect of
the water percent concentration in the melt on the
decrease of the liquidus temperature of a given mineral.
Proceeding from experimental data, these researchers
calculated average correction coefficients for olivine,
ortho- and clinopyroxene, and plagioclase for certavin
pressures over the interval of 1 to 10 kbar., The effect of
water was evaluated by the equation

T, = Ty~ 1)

where Tf‘, and Tf) are the liquidus temperatures of min-
eral [ under aqueous and anhydrous conditions, respec-
tively; A’ is the correction coefficient; and C,, is water
wt % in the melt.

As is demonstrated below, there is a natural and sixm-
ple approach that makes it possible to roughly repro-
duce the effect of water on the configuration of the liq-
uidus lines of the main rock-forming minerals and
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Solidus

Water concentration (wi %) in the system

Fig. 1. Schematic 7-H,O section of a diagram for the crys-
tallization of the rock-H,O system at Py, = consl
(a) Melting curves of anhydrous silicate minerals (A, B);
(bycarve of syslem saturation with water; (¢) melting
curves of minerals in the situation with the proportional
water effect on the melting temperature according to the
model [16}; (d) a more complicated variant of the melting
curve of phase A, L~—melt, V—{luid, 7 and 2 are the inter-
section points of the melting curves.

yields a quantitative estimate of this effect for the oliv-
ine—melt equilibrium.

EFFECT OF WATER ON THE LIQUIDUS
LINES OF MINERALS

Now consider the principal features of the effect of
water on the melting temperatures of minerals and the
morphology of the melting lines in diagrams of two
types: (1) temperature versus water concentration in the
system (T—-C,,) under a constant total pressure (P) and
(2) total pressure versus temperature (P-T) at a given
water concentration in the system. A schematic dia-
gram of the first type is presented in Fig. 1, and analo-
gous plots for the system andesite— H,O were published
in [17]. As examples of diagrams of the other type,
Figs. 2a and 2b show P-T plots for andesite crystalliza-
tion under conditions of water saturation and general-
ized P-T plots of the olivine tholeiite liquidus at differ-
ent water concentrations in the melt from [17, 18].
These plots demonstrate the main regularities in the
changes in the melting temperatures of anhydrous sili-
cate minerals when water is added to the system.

T-C,, (P = const) Diagram, Fig. 1

(1) An increase in the water concentration in the Sys-~
tem continuously decreases the liquidus temperature
until the melt becomes saturated in water; further water
addition does not bring about any changes in the melt-
ing temperature, a phenomenon reflecting the con-
stancy of the water concentration in the melt.

(2) The strongest decrease in the liquidus tempera-
ture (the highest absolute values of 4T /dC,,) is attained
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Fig. 2. (a) P-T diagram ol andesite crystallization under
waler-saturation conditions [17]; (b) generalized liquidus
P-T curves and stability fields of phases on the liquidus for
an olivine tholeiite composition at different water concen-
trations [19]. Pl—plagioclase, Ol—olivine, Cpx—clinapy-
roxene, Opx—orthopyroxene, Ga~—garmet, Hb—horn-
blende, Amph—amphibole, M—magnetite.

in the region of low water concentrations (the melt con-
tains a few water percent added to it). As water-satu-
rated conditions are approached, the liquidus lines usu-
ally become inclined more gently. However, as follows
from the model [16], the proportional effect of water on
T}, should result in liquidus lines in the form of straight
lines connecting the temperatures of the dry and water-
saturated liquidi (Fig. 1, line ¢).

Sometimes the behaviors of 7—C,, liquidus lines are
more complicated and have inflections in the undersat-
uration region. One of the possible situations is shown
in Fig. 1 as line d.
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(3) The degree to which the liquidus temperature
diminishes with water addition usually systematically
increases in the succession O/ —= OPx —~ CPx — P,
This regularity is quite obvious from Table 1, obtained
in [16] by statistical treatment of experimental results
for water-saturation conditions. A consequence of this
is a change in the liquidus phases and a different crys-
tallization order of minerals at different water concen-
trations in the system. This is of paramount importance
for the analysis of the crystallization conditions of nat-
ural magmas [17] and for interpreting genetic relations
between magmas and the evolutionary trends of melts.
As can be seen from Fig. 1, the position of the intersec-
tion points of the stability lines of minerals in a melt can
be notably different from those obtained by means of
rectilinear interpolations of the melting temperatures in
compliance with the model in [16] (point / —» point 2),

P~T (C,, = const) Diagrams, Fig. 2

(4) Water pressure (P,) exerts the greatest effect on
the melting lines in the region of low pressures (analo-
gously to the region of low concentrations in the T-C,
diagram), which is also in good agreement with the data
in Table 1.

(5) The P-T melting curves show temperature min-
ima even under water-saturation conditions, and an
increase in the water concentration shifts the minima
toward higher pressures. The occurrence of minima in
the P-T curves is usually explained by a decrease in the
molar volume of water under high pressures [6, 19].

(6) A pressure increase also brings about intersec-
tions between the stability curves of phases in the P—T
diagrams, which, in turn, results in modified succes-
sions of their crystallization.

(7) The slopes of the P-T curves at certain water
concentrations  (dT',/ dP)¢ ~in the undersaturated
region are prone to decrease with increasing H,O con-
centration (Fig. 2b, lines for 0 to 10% H,0).

The effects listed above are mostly of universal
character and are characteristic of normal types of sili-
cate systems. Hence, a model for describing the effect
of water on the melting of silicates should explain the
character and magnitudes of these effects.

EFFECT OF MELT DILUTION WITH WATER:
GENERAL REGULARITIES

The mechanisms of water interaction with melts and
effect of water on the melt structures, as well as the
thermodynamic properties of melts, are still poorly
understood. As was mentioned above, a series of
approaches was proposed to calculate the melting tem-
peratures of minerals as functions of water contents in
the melts. Below we will demonstrate the possibility of
reproducing the effect of water on the configuration of
the liquidus curves of anhydrous minerals and on the
decrease in the melting temperature by the simplest
means: through the diluting effect of water particles on
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Table 1. Coeflicients A’ (°C/1% H,0) in Eq. (1) for the main
rock-forming minerals depending on pressure (from [16])

P, kbar A AOPx ANue APt

1 179£6.01224+3.4|3434+7.1|596+78
2 18.7+£291223+1.2(24842.2(499+42
2.5 23.74+£39(47.6£1.0
3 18.3 43,1+ 1.5
4 383% 1.6
5 102+£55 155+33]38.1+£3.1
6.9 378+ 0.6
7.5 51+£37{125+22|145+1.6

10 13207 93+1.0;105%1.1

melt composition according to the ideal solution model.
Burnham [10] pointed out that the effect of water on a
decrease in the melting temperatures is so significant
that it cannot be accounted for only by the effect of
dilution of the components of a “dry” melt. However,
the effect itself seems to have been evaluated based on
the notion that water was dissolved in the molecular
mode, while water dissolution in the form of OH
groups dramatically increases the dilution degree.

In order to calculate the effect of water on the tem-
peratures of equilibria between silicate minerals and
melts, one can use equilibrium constants for melting
reactions under dry conditions, with the water effect
taken into account through a decrease in the mole frac-
tions of melt components (which are assumed to be one
cation per formula unit).

The crystallization equation for an end member M
contained in a solid phase § can be written in a general
form as

aAl+ bR+ ., + kK- = M, 2)
where AL, B, ..., K. are one-cation oxides in melt L;
and a, b, ..., k are the stoichiometric coefficients. The
activity of component i in an ideal solution (melt) is
equal to its mole fraction, a; = X;. Then, the equilibrium
constant of reaction (2) is expressed as

Xy
X5'(x5) . .(xh*

According to the conventional approach, the tem-
perature (K) and pressure (bar) function of the equilib-
rium constant of a reaction can be written as

InK = In (3)

A P-1
an—T+B+C-————T . )
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where A, B, and C are constants.! This dependence can
be considered valid for equilibrium constants in both
water-bearing (K,) and dry (K,) melts, because it
describes the same equilibrium (2) in both situations.

The mole fractions of component j in dry (X,~L )o and

water-bearing (X,~L ), melts can be expressed as
(X7)o=nilng and (X{), = nfi(ng+n,),  (5)

where nf‘ is the number of moles (cations) of compo-
nent / in the melt, n, is the overall number of cations in
100 g of the dry meit, and n,, is the number of water par-

ticles formed during water dissolution in the melt. It
follows that

K. /Ky = (1 +n,/ny)", (6)
where m=a+b+ ... + kis the number of particles pro-
duced during the melting of the mineral by reaction (2).

The temperature of equilibrium (2) in the water-
bearing melt from Eq. (4) 1s

7o AtCP-1)

InkK, -B @
Then, from Egs. (6) and (7),
T A+C(P-1) ®)

T IKy—B+mln(L+ning)

The number of water particles contained in 100 g of the
dry melt is related to the water concentration (C,) as
100C

T = 00— Cc )W 2

where W is the gram formula weight of the water parti-
cles (9.01 for hydroxyl and 18.02 for molecular water). 2
The equilibrium temperature in water-bearing melts
can be determined from the equation
T = A+C(P-1)
InKy-B+mIn[1+100C,/(100-C, )Wn,]’
(10)

where A, B, and C are constants; P is pressure (bar); K,
is the equilibrium constant of the crystallization reac-
tion at P = 1 bar; m is the number of particles produced
in the process of mineral melting; C,, is the water con-
centration in the melt (wt %); W is the molecular wei ght
of water particles; and g is the total number of cations
contained in 100 g of the dry melt.

! This dependence implies that (1) the heat capacity of the reaction
AC), = 0, so that the enthalpy AH and entropy AS; of the reaction
do not depend on temperature, and (2) the volume difference of
the reaction AV, is also temperature and pressure independent,
ie, A=—AHy/R, B=ASyR, and C= —AVy/R.

% For simplicity, it is assurned in expression (9) that the melt con-
tains water particles of only one type. The effect of different dis-
solved water speciation on the liquidus curves is discussed below.
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The mathematical analysis of Egs. (8) and (10)
makes it possible to explain the aforementioned regu-
larities in the behavior of the melting curves.

T-C,, Diagrams

(1) The dependence expressed by Eq. (8) indicates
that the first-order derivative (0T/dn,)p is always
smaller than zero. The (9T/dC,,), derivative behaves
analogously, because n, and C, increase simulta-
neously. This implies that the liquidus temperature in
isobaric sections continuously decreases with increas-
ing n,, and C,, until it attains the highest possible water
pressure in the melt at this temperature.

(2) Since the second-order derivative (02T/0n i » >0,
the liquidus line in a T-n,, diagram is concave. This fact
reflects the maximum influence of water in the region
of its low concentrations. Because the same derivative
at a constant pressure does not reverse its sign, the melt-
ing curve has no minimum and becomes sloped more
gently closer to the saturation curve, analogously to
curves a in Fig. 1. However, the complex character of
the dependence of the speciation of dissolved water on
its concentration [11, 12] predetermines a more compli-

cated form of the (0°T/dC..)p derivative, and the behav-
ior of the 7-C,,, liquidus curves is, in the general case,
different. For instance, they can possess inflection
points, similarly to curve d in Fig. 1.

(3) It can also be seen from Eq. (8) that the effect of
water is enhanced with an increasing coefficient m, i.e.,
with an increasing number of particles produced during
the melting of the mineral. At the chosen scheme for the
melting reaction, when the melt components are
assumed to be single-cation oxides, the temperature
decrease caused by water addition is greater for minerals
of complex composition. The crystallization of common
magmatic minerals can be expressed by the following
reactions.

Olivine: MgO + 0.55i0, = m=1.3
MgSi; 5O,
Orthopyroxene: MgO + SiO, = MgSi0; m=2
Clinopyroxene:  0.5MgO + 0.5Ca0 + m=2
510, = Cay Mg, sSi0,
Plagioclase: Ca0 + 2A10, 5 + m=>5
2510, = CaAl,Si,04
NaOO“c; + AlO|.5 + m= 5

38102 = NﬂAlS1308

As a first approximation, this simplified approach
enables explaining the enhancement of the water
effect on the melting of minerals in the succession oli-
vine — pyroxenes —= plagioclase. However, the
actual situation is much more complicated. This is
obvious from, for example, the more significant
decrease in the anorthite melting temperature as com-
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pared with that of albite in the presence of water. To
explain this fact, an alternative reaction can be pro-
posed for albite melting;

NaAIO, +38i0, = NaAlSi,0, m = 4.

Here, the dilution effect of water on the reaction con-
stant for albite melting is weaker than for the reaction
of anorthite melting.

Generally, an increase in the melt polymerization
degree is coupled with a complication of its structural
units and, accordingly, complication of the interpreta-
tion scheme for the melting of minerals. For example,
water notably suppresses the melting temperature of
quartz, although there is no reason to expect this judg-
ing from the simple reaction

Si0, = Si0,, m = 1.
melt  quartz
However, here one should pay attention to constant A in
Eq. (10), namely, to the following features of this equa-
tion.

(4) The effect of water on the melting curves of min-
erals should be greater, the lower is A, i.e., the lower the
absolute value of the melting enthalpy AH, of the min-
eral. The melting enthalpy of quartz is much smaller
than that of other rock-forming minerals. For example,
the melting enthalpy of diopside CaMgSi,0, and albite
NaAlSi;Oy is 18.5 and 13.6 kcal/mol, respectively [20],
while that of quartz is 2.04 kcal/mol [21]. Because of
this, the same water concentration in a melt should
bring about a more significant decrease in the melting
temperature of quartz than those of other rock-forming
minerals,

P-T Diagrams

Pressure affects the melting temperature in two
manners: (1) in the H,O-saturated region, it suppresses
T}, through an increase in water solubility [an increase
in the In(1 + n,,/n,) term in Eq. (8)], and (2) an increase
in the total pressure increases the term C(P ~ 1) and,
thus, increases T, similarly to the situation of water-
free systems. Thus, the resultant effect of pressure
depends on the relations between the two effects.

(5) Under low total pressures in the water-saturated
region, the liquidus temperature is decreased most sig-
nificantly, because these conditions correspond to the
dissolution of the very first water portions and the term
In(1 + n,./ny) in Eq. (8) increases most sharply (its first-
order derivative is greater than and second-order deriv-
ative smaller than zero).

(6) At the same time, an increase in water content in
the melt (n,) results in progressively smaller variation
in this term. Correspondingly, the comparative signifi-
cance of the term C(P ~ 1), i.e., the volume difference
of the reaction, increases. When the pressure is high
enough, an increase in the water concentration of the
melt is counterbalanced by the effect of the volume dif-
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ference in the “dry” melting reaction. This pressure cor-

“responds to a minimum melting temperature, and a fur-

ther pressure increase results in an increase in the liqui-
dus temperature. If the water content in the system 1s
limited, an analogous increase occurs after all the water
is dissolved, and the minimum is situated in the P-T
saturation curve for this amount of water. This explana-
tion of the existence of a minimum in the P—T curve of
the water-saturated liquidus does not require a change
in the molar volumes of the compounds participating in
the reaction, for example, the molar volume of dis-
solved water (which is not explicitly involved in the
reaction). However, the contributions of the two pro-
posed mechanisms responsible for a minimum in the P~T
liquidus curves should be evaluated quantitatively.

(7) The relative behavior of various anhydrous
phases in P-T diagrams for melting curves should be
determined (at constant other parameters, for example,
a constant composition of the melt) by two parameters
in Egs. (8) or (10): m and C (or AVy). A phase whose
melting reaction produces the greatest number of parti-
cles should be characterized by the most strongly pro-
nounced decrease in the liquidus temperature. At the
same time, C exerts the opposite effect. The relative
contributions of these parameters are different for dif-
ferent phases under different pressures. For example,
the values of m for forsterite and diopside are 1.5 and 2,
and their AV} are 0.019 and 0.046 g/cm?, respectively.
Accordingly, under low and moderate pressures in
water-saturated environments, a pressure increase
brings about a smaller decrease in the melting temper-
ature for olivine than for clinopyroxene, whereas under
high pressures clinopyroxene appears in place of oliv-
ine as a liquidus phase in normal types of basalts (Fi 2.2b).
It should be mentioned that the volume difference of
the melting reaction (and, correspondingly, the C coef-
ficient) should also be taken into account under high
pressures.

(8) A decrease in the slope of the P-T liquidus
curves, more precisely, the value of (d7',/dP) c, » With
increasing water concentration is explained by a
decrease in the value of

C
InKy- B+mln[1 +100C,/(100 - C,)Wn,]

with increasing C,,.

Hence, the general form of Eqs. (8) and (10) makes
it possible to qualitatively explain the aforementioned
morphological features of the melting curves of anhy-
drous silicates in the presence of water. Now consider
the temperature effect of the dilution of melt compo-
nents with water.
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EFFECT OF MELT DILUTION WITH WATER:
QUANTITATIVE CHARACTERIZATION
OF THE OLIVINE-MELT EQUILIBRIUM

As was mentioned above, melt polymerization
seems to lead to a complication of the simple melting
scheme. Based on the analysis of experimental data on
equilibria between olivine and liquids of mafic and
ultramafic composition from the viewpoint of the ion
model, Herzberg [22] considered the reaction

2(Mg™).+ (Si0}), = (Mg,Si0,), (1

and arrived at the conclusion that an increase in the
SiO, concentration in the melt tends to suppress the

activity of(SiOi_ ). groups. However, melt polymeriza-
tion is not a gradual process and begins as soon as a lim-
iting value of Si/O ~ 0.29 is achieved. At lower values
of this ratio, the melt is completely depolymerized. Pro-
ceeding from this, we consider the crystallization of
magnesian olivine from ultramafic and mafic lignids
(which are the least polymerized) as an illustrative
example in the context of quantitatively evaluating the
dilution effect. The olivine-melt equilibrium in anhy-
drous environments was examined by many researchers
[2-5, 22-25]. The approaches proposed can be subdi-
vided into two groups. One of them comprises empiri-
cal polynomial dependencies of the distribution coeffi-
cients of components between olivine and melt as func-
tions of temperature, pressure, and the mole fractions of
other components [24, 25]. The other, most widely used
approach treats olivine crystallization in terms of the
constant of areaction between oxide components of the
melt and the crystallizing magnesian or ferrous end
members, similarly to reaction (2) [2-5, 22, 23]. The
activities of components in the reaction constant
expressions are taken to be equal to their mole frac-
tions. The temperature and pressure functions of the
reaction constants are therewith expressed as simple
dependences analogous to Eq. (4). To calculate the
mole fractions of melt components, the usual scheme
was used [3, 4, 22-25] without subdividing compo-
nents into groups in accordance with their supposed
structural positions. Nielsen ad Dungan [5] proposed to
calculate the cationic fractions of the components
based on the two-site model for the melt structure, in
which fractions are calculated separately for network-
forming (SiO,, NaAlQ,, and KAIO,) and network-
modifying (TiO,, AlO, 5, MgO, FeO, FeO, 5, CaO, and
MgO) components. This approach makes it possible to
significantly reduce the dependence of the equilibrium
constants on the composition. Also, to enhance the cor-
relation dependencies of the equilibrium constants on
temperature, the Nielsen and Dungan approach was
supplemented with the use of the Al/Si ratio as a “mea-
sure” of the compositional effect [2].

It was difficult to apply the obtained temperature
dependences of olivine composition on the melt com-
position to natural magmas because of the unknown
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effect of water on this equilibrium. In spite of the ulti-
mate significance of estimates of the physicochemical
conditions under which a broad spectrum of olivine-
bearing volcanic rocks is produced, the use of these
estimates is virtually meaningless because magmas
containing no water at all do not exist and even small
additions of water notably suppress the liquidus tem-
peratures. At the same time, the dependence of the tem-
perature of the olivine-melt equilibrium on H,O pres-
sure or concentration provides a potential possibility of
estimating the water regime in magmas if the tempera-
ture is estimated independently.

The approaches proposed over the past few years
make it possible to take into account the effect of water
on the crystallization temperature of olivine. The
method proposed in [16] was already mentioned above.
Based on the statistical treatment of experimental data,
Danyushevsky et al. [13] derived an equation for the
difference between the calculated olivine crystalliza-
tion temperatures for anhydrous conditions and the
temperatures of olivine crystallization in experiments
in the presence of water as a function of the water con-
centration in the melts. An analogous approach was
recently utilized in [26] to evaluate the effect of water
on the decrease in the olivine liquidus temperature, The
equation thus obtained has the form

AT]" = 74.403(H,0, wt%)"**.

The influence of melt and olivine compositions on the
decrease in the liquidus temperature in the presence of
water is ignored in the aforementioned papers.

Sisson and Grove [15] utilized experimental data to
derive the following dependence of the constant of
equilibrium between the magnesian end member of oli-
vine in water-free and water-bearing basaltic melts on
temperature (K) and pressure (bar):

L.05

K = (Xup)/ (X)) (X5)"™ (12)
logK = 4129/T - 2.082 + 0.0146(P - 1)/T, (13)

or . VU
where Xy, is the MgO mole fraction in olivine and

L L . . . .
Xy and Xg; are the fractions of the one-cation oxides

(with Al presented in the form of NaAlO,, KAIO,, and
CaAl,0,). Water was involved in the calculations in the
form of HOy .

Derivation of an Equation for Olivine Crystallization

In order to quantitatively characterize the effect of
melt dilution with water and principally evaluate the
feasibility of the approach proposed above, we limited
ourselves to the analysis of the equilibrium participated
by the magnesian olivine end member alone, which
enabled us not to consider the redox state of the melts.
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With this purpose, we used the olivine—melt equilib-
rium described by the reaction

MgO” + 1/28i05 = MgSiy ;0. (14)

To calculate the parameters A, B, and C in Eq. (14), for
the equilibrium constant of this reaction (expression (12)),
we used the equation for the liquidus of pure forsterite
under dry conditions [27]

T(K) = 2163 + 0.00477(P - 1), (P - bar) (15)
and the estimated enthalpy of its crystallization AH, 5 =
—208.2 cal/g [20, p. 173]. For pure forsterite and its
water-free melt, X 1(\31;31'0.503 =1,X ,f,,go =2/3, and Xéi()z =
173; InK,, = 0.9548. Equation (4) can be transformed
into a form analogous to Eq. (15):

A C
T = 595485 * 09525 B
Then, from the equality of the respective coefficients of
Egs. (15) and (16) and the relation A = =AHp, 4/R,
where R is the gas constant, we obtain A = 7371 (grad),
B =-2.453, and C = 0.0162 (grad/bar). Substituting

these values into Eq. (10), we derive the expression for
equilibrium (14)

(P-1. (16)

T
_ 7371 +0.0162(P - 1) (n
" InK,+2.453+ 1.5In[1 + 100C, /(100 - C,,) Wi |

which can be used to evaluate the crystallization tem-
perature of olivine from water-bearing and dry melts.

Evaluation of the Dilution Effect

In order to qualitatively evaluate the effect of water on
the decrease in the liquidus temperatures by Eq. (17), we
utilized a diversity of experimental data. The simplest
way is to use Eq. (17) to calculate the liquidus of the
rock, because this approach makes it possible to bypass
the problem of determining the equilibrium composi-
tion of the melt (if the insignificant compositional
changes during the experiments are ignored). The situ-
ation with olivine is simplified by the fact that its com-
position is determined by the composition of the rock
melt only and is virtually constant along the liquidus,
because the Mg and Fe partition coefficients between
olivine and melt weakly depend on temperature and
pressure [3]. In fact, it is sufficient to know the liquidus
temperature at 1 atm to calculate 7 at a given pressure
and water concentration in the melt.

First of all, this estimation was carried out for the
melting temperature of pure forsterite under water-sat-
urated conditions (Fig. 3). The position of the water-
saturated liquidus for forsterite at 10-30 kbar was con-
strained experimentally in [28], and the water solubility
and liquidus temperature at 20 and 30 kbar was evalu-
ated in [19, 29). The calculations were carried out by
Eq. (17) with the assumptions that all water contained
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Fig. 3. Melting curves of forsterite, experimental data:
(a) dry conditions [27], (b) saturation with H,0 [28]. Sym-
bols show the forsterite liquidus at 20 and 30 kbar:
(7) experimental data {19, 29], (2, 3) calculations by
Eq. (17) based on data on water solubility [19, 29] under
the agsumption that water is contained in the mell in the
hydroxyl and molecular modes, respectively.
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Fig. 4. Peridotile liquidus with 5.73% H,0: (a) experimen-
tal data [30], (b) calculation, The calculation was conducted
for hydroxyl water in the melt. Circles show the conditions
and phase composition during the experiments: open circles
correspond to the melt, solid circles show melt with olivine
crystals.

in the melt is (1) in the form of hydroxyl (W =9.01) or
(2) in the molecular form (W = 18.02). As can be seen
from the diagram, the experimental liquidus tempera-
tures plot between the values calculated for different
modes of water speciation, and the liquidus tempera-
ture at 20 kbar calculated for the hydroxyl mode of
water in the melt is in good agreement with the experi-
mental data. In this situation, the diluting effect of
water dissolved in the melt on a decrease in melting
temperature is 600°C,

Natural peridotite was studied experimentally in
[30] under pressures of 10-30 kbar and a constant water
concentration of 5.73%, which corresponds to under-
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Fig. 5. Liquidus of water-saturated olivine tholeiite: exper-
imental data [31] and calculations by Eq. (17) for different
water speciation in the melt.
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lfig._ 6. (a) Distribution of water species calculated for the
liquidus of olivine tholeiite (see text); (b) experimentally
determined concentrations of molecular and hydroxyl water
and corresponding curves, caleulated by the E. Stolper
model for albite and MORB [12]
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saturation with water. Figure 4 presents the results of
near-liquidus experiments and the stability curve for
olivine, which is a liquidus phase of peridotite under
these conditions. The figure also shows a calculated
curve of olivine stability. Since there are no data on oli-
vine composition in the experimental products, it was
calculated from the composition of the rock and the
partition coefficient {3]. The calculated temperatures
are slightly higher than the experimental values perhaps
owing to experimental inaccuracies such as the contam-
ination of the thermocouples, as was noted in [30]. At
the same time, the decrease in the melting temperature
calculated for the hydroxyl mode of water occurrence
in the melt satisfactorily fits the experimental data.
Notable deviations occur only under pressures in
excess of 20 kbar.

As another natural composition at which liquidus
olivine is stable, we chose the olivine tholeiite Kilauea-
1921, which was studied experimentally by Yoder and
Tilley under water-saturated conditions [31]. Reliable
information is of crucial importance for the quantitative
estimation of the water effect on the melting tempera-
tures of minerals based on the water solubility in the
melt. As such we used the data of experiments on
basalts at 1100°C and pressures in the range of 1-6 kbar
[32]. Figure 5 shows the experimentally constrained
and calculated liquidi of olivine tholeiite under water-
saturated conditions. The experimental temperatures
fall between the theoretical values calculated under the
assumptions of fully molecular and fully hydroxyl
modes of water occurrence in the melt.

It follows that the ideal model for the behavior of
dissolved water particles in melt is able to quantita-
tively explain the decrease in the olivine melting tem-
perature with water addition. When the calculations are
carried out for the molecular mode of dissolved water
particles, the needed effect cannot be achieved, while
calculations for the hydroxyl mode usually result in a
somewhat overestimated effect compared with experi-
mental data. Our results are in good agreement with
experimental data on the simultaneous occurrence of
two water forms in silicate melts [11, 12, 33]. Equa-
tion (17) satisfactorily reproduces the shape of the P-T
curve.

In order to adequately fit experimental data, we pro-
pose to use a formal value of effective water concentra-
tion (Cy, Wt %) instead of Cy, in Eq. (17), with Cy
understood as a water concentration that provides a
number of water particles in the melt (n, = C,,/W) that
actually occurs in the melt at a given water concentra-
tion (C,,) with regard for the hydroxyl (Ciyy) and molec-
ular (C,,,)) modes at a chosen form of W(9.01 or 18.02)
in Eq. (18). At W=9.01,

cw = Chyd + Cmol’ (18)
Cer= Ciyg + 0.5C,,. (19)

Assqrqing TCalcq = Ty, for the liquidus of Kilauea-
1921 olivine tholeiite (Fig. 5), we calculated Clyq and
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Cuo from Egs. (17)—(19) (Table 2). The values thus
obtained are shown in a C,, vs. Chyar Cal plot with an
extrapolation to the zero value (Fig. 6a). For compari-
son, Fig. 6b demonstrates an analogous plot borrowed
from [12] and based on experimental data on the water
speciation in chill glasses of basaltic and albitic compo-
sition. In spite of the schematic character of these cal-
culations, both plots are obviously similar.

The liquidus curves presented above (Fig. 3-5) were
drawn under the assumption that the melt contained
water in the form of only one species. Since the calcu-
lated temperatures depend on the assumed mode of
water species, changes in the proportion of these spe-
cies in the melt should affect the configuration of the
calculated melting curve. As can be seen from Figs. 5
and 6, the calculated and experimental data are in good
agreement. However, the region with low water con-
centration is characterized by a change in the predomi-
nant water species (from the hydroxyl to molecular),
and the experimental curve is extrapolated. The effect
of this change on the configuration of the tholeiite melt-
ing curve (Fig. 5) was estimated based on experimental
data on the distribution of water species at its low concen-
trations in the melt (Fig. 6b). This effect is expressed in the
appearance of a small bend (*7 /dP? = 0) in the tholeiite
liquidus in the region of very low pressures (<0.3 kbar),
However, the water solubility in this region can attain
petrologically significant values of 1.5-2%, which
should be taken into account when an empirical solubil-
ity equation is derived.

Thus, a change in the curvature of experimental 7--P
and 7-H,0 plots (such as curve d in Fig, 1) for various
systems suggests a change in the speciation of dis-
solved water in the melts.

The Olivine—Water-Bearing Melt as a Geothermometer

The constants obtained above for the melting of for-
sterite make it possible to utilize Eq. (17) as a geother-
mometer. Note that they were derived without statisti-
cal calibration of the equations against experimental
data. To assay the principal acceptability of this
method, we used experimental data on the melting of
basaltic compositions under water-saturation condi-
tions [14, 15], which were used by the authors of
these papers, along with the results of other experi-
ments with melting in dry and water-bearing envi-
ronments, as the basis for the calibration of the olivine
geothermometer [15].

In order to calculate the equilibrium temperatures
for olivine—melt pairs, we used a variety of techniques
for estimating the water concentrations in melts in equi-
librium with the olivine:

(1) the model of Silver and Stolper with the use of

the computer program in [12]; }

3 This program, translated into FORTRAN, was kindly provided
for us by R.R. Al'meev,
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Table 2. Calculated concentrations of hydroxy! and molec-
ular water in melt for olivine tholeiite

P, kbar
Water concentra-
tion in melt, wi %

1.034) 2.0 | 3.0 | 4.0 | 534 6.07

Total 3.09 143539593730 851 | 9.37
Hydroxyl L77 12,18 1232229 ] 2.67 | 2.55
Molecular 1.32 1241 | 3.61 | 5.01 | 584 | 6.82

Note: The total water concentration is after 132].

Table 3. Average deviations of the calculated temperature
for the olivine-melt equilibrium from the experimentall y de-
termined values [ 14, 15)

Calculation
method [or water
speciation in melt

X 43

78]
[

39 | 31| 41 | 21

* Without one experiment with a very high deficit (13.3 wt %)ol the
analytical total for a chill glass, apparently exceeding water sol-
ubility at P = 2 kbar, AT = [Ty00 ~ Texph average of data on
29 experiments; (7~6) are caleulation variants of water solubility
(see text); (E) caleulation for completely hydroxyl water; (11) cad-
culation for effective water concentration (see text),

(2) the Burnham model [9];

(3) the modified Burnham model [10];

(4) the model of Al’meev and Ariskin [16];

(5) the Moore er al, model [34]; and

(6) calculations as the deficit of the analytical totals
of microprobe analyses,

The calculations were carried out by a computer
program devised for this purpose. Since the calcula-
tions of water concentrations by methods (2)—(4)
require knowledge of the temperature, the program
involved an iteration procedure that enabled determin-
ing the temperature accurate to 0.5°C. The calculations
were conducted in two variants. In one of them, it was
assumed that all water is contained in the melt in the
form of hydroxyl. In the other variant, which was aimed
at approximately evaluating the probable presence of
different water species in the melt, their concentrations
were calculated in compliance with the Silver and
Stolper model. The concentration proportions of
molecular and hydroxyl water calculated in this manner
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Fig. 7. Experimental ([14, 15]) and calculated [by Eq. (17),
W = 9.01] temperatures of the olivine-melt equilibrium,
The water concentration in the melt was determined as the
deficit of the analytical totals of microprobe analyses.
(a) Mole fractions of components calculated for one-cation
basis; (b) same, with Al in the form of NaAlO; and KAIO,.

were also assumed for other models of water solubility.
After this, the effective water concentration was calcu-
lated with regard for relations (17)-(19) and, then, the
temperature of the olivine~melt equilibrium. The aver-
age deviations of the calculated temperatures from
experimental values in different variants of the calcula-
tions are listed in Table 3.

In general, the calculated fi gures are in good agree-
ment with the experimental data when the calculations
are carried out for hydroxyl water in variants (2), (4),
and (6) (ATjyernge = 15-16°C). This implies that Eq. (17)
can be used as a geothermometer for olivine equilibria
In water-bearing melts or as a too] for determining the
concentration of water, if one of this parameters can be
evaluated independently. The estimation of the water
concentrations seems to be more reliable at low con-
centration values and involve significant errors closer to
the limiting water solubility values because of a weaker
dependence of the melting temperature on the water
concentration ([d7;/dC,,| — 0). The calculated tem-
peratures also significantly depend on the reliability of
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the water concentrations in the melts estimated by dif-
ferent methods. Note the good compatibility between
the calculated and experimental temperatures when the
water concentrations were derived from the analytical
totals of microprobe analyses. The calculation models
of variants (1)~(5) mostly show temperature overesti-
mates, while calculations from the analytical totals,
conversely, yield underestimates (Fig. 7a). Hence, it
can be hypothesized that the calculation models under-
estimate the actual water concentrations, and the latter
variant provides slight overestimates. At the same time,
our analysis demonstrates that an increase in the alka-
linity of the melts is associated with systematic devia-
tions of the calculated temperatures toward underesti-
mates. This can be interpreted as an indication that the
melt contains alkaline complexes, as was proposed in
[15], such as NaAlO,, KAlO,, and CaAl,0,. Therewith
the supposed number of particles in the melt decreases,
which results, according to (5), (12), and (17), in an
increase in the calculated temperatures.

Temperature estimates by Eq. (17) with the calcula-
tion of cation fractions in the melt according to the
scheme adopted in [15] result in significant overesti-
mates of the calculated temperatures relative to the
experimental values and a significantly deteriorated
quality of the results. The best agreement between the
calculated and experimental temperatures (AT verge =
12°C) is achieved when Al is incorporated only in
NaAlO, and KAIO, and the concentrations of water (in
the form of OH groups) are calculated from analytical
totals (Fig. 7b).

CONCLUSIONS

As can be seen from the materials presented above,
the analysis of equilibria in silicate melts from the
viewpoint of the ideal model can in principle account
for both the water effect on the morphology of the melt-
ing curves for anhydrous silicates and the needed quan-
titative effect of a decrease in the melting temperature
in the presence of water. This makes it possible to uti-
lize such an approach for petrological evaluations in the
absence of required experimental information, as well
as for the thermodynamic analysis of equilibria in
melts. In particular, this approach enables a more natu-
ral interpolating between the temperatures of the dry
and water-saturated melting of minerals in the theoreti-
cal modeling of water-bearing magma differentiation,
In contrast to the linear dependence assumed in (2, 16].

A difficulty in the application of this analysis is
related to the dependence of the structure of a melt on
its composition and, correspondingly, the complication
of the melt speciation, as well as the redistribution of
the dissolved water species as a function of the P-T
parameters. This causes the necessity of selecting the
equilibrium constants of reactions depending on the
specified spectrum of natural melts in terms of silic-
ity and alkalinity [4, 22] and the representation of the

No. 10 2003

e .

e gy e o

EFFECT OF WATER ON THE MELTING CURVES OF MINERALS 957

silicate melts in the form of two independent sublat-
tices [5].

An avenue for further research as a continuation and
development of this approach can be the selection and
analysis of probable melting reactions of other miner-
als. Conceivably, a combination of reactions can make
it possible to take into account the effect of the melt
composition and structural changes in it at unchanging
coefficients of the P-T functions of the reaction con-
stants. From the viewpoint of our conclusions, it seems
to be promising to conduct the coupled experimental
study of the crystallization temperatures and the struc-
tures of water-bearing melts, in particular, the distribu-
tion of water species along the liquidus in the P-T and
T-H,O0 space,
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