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On the stability relations of hydrous minerals in water-undersaturated magmas
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ABSTRACT
Reaction of a hydrous mineral with a water-bearing silicate melt is analyzed in terms of the stoichiometry of (in)congruent dissolution. Application of the law of mass action provides an explanation for the presence of an isobaric thermal maximum that manifests itself in terms of enhanced
stability of the phase under conditions of water undersaturation. It is shown that the water content of
the melt at which the maximum develops is independent of pressure and water speciation, but is
strongly dependent on the identity of other (“anhydrous”) melt species and upon the stoichiometric
numbers of additional solid phases involved in the reaction. Utilizing MELTS, the analysis is applied
to the cummingtonite-bearing rhyolitic magmas of the Taupo volcanic zone of New Zealand.

INTRODUCTION
Yoder and Kushiro (1969) first observed that in the isobaric incongruent melting of hydrous phlogopite, the temperature stability limit reaches a maximum under conditions where
the resulting liquid is undersaturated with respect to a volatile
phase of pure H2O. Similar experimental observations on the
melting of zoisite (Boettcher 1970) and pargasite (Holloway
1973), as well as related experimental work on amphibole stability in water-undersaturated Paricutin andesite (Eggler 1972),
led Eggler (1973) to utilize Schreinemakers’ rules (e.g., Zen
1966) to develop an explanation for these stability relations.
The Schreinemakers’ approach was later extended by Eggler
and Holloway (1977) to include qualitative prediction in systems involving more than two thermodynamic components.
In this paper, an alternative thermodynamically based analysis of the conditions for a temperature maximum in the melting of hydrous phases in water-undersaturated magma is
developed. This analysis is readily extendible to systems of
arbitrary numbers of thermodynamic components, and can lead
to quantitative predictions, if suitable activity-composition
models are available for the phases involved.

THERMODYNAMIC ANALYSIS
Consider a hypothetical chemical reaction that embodies
the crystallization or melting of a hydrous phase in a waterbearing magmatic system:

H ↔ ∑ σ i Si + ∑ λ j Lj + αH 2 O
i

where H denotes a hydrous phase, reacting to form other solid
phases (with components Si) and a liquid, described in terms
of components Lj, and H2O. In Equation 1, the σi, λj, and α are
stoichiometric reaction coefficients. Whereas H is assumed to
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where Π denotes a product of terms and aij denotes the activity
of the ith component raised to the jth power. Equation 2 may be
expanded for further analysis by writing the activities of liquid
components in terms of the products of activity coefficients
(γ) and mole fractions (X):
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In Equation 3, the coefficient δ (0 ≤ δ ≤ 1) is included to allow
for the speciation of water in the melt in terms of molecular
H2O ( aH 2O ∝ X H 2O ; δ = 0) and hydroxyl species (aH2O ∝ X2H2O;
δ = 1). The term (1–XH2O)δ, which modifies the XLk, is required
to satisfy Gibbs-Duhem relationships when δ is non-zero (see
Appendix 3 of Ghiorso et al. 1983). To proceed with analysis
of Equation 3, it will be assumed that the liquid components,
Lk, have anhydrous compositions; i.e., H2O is not a constituent
in the formulas of these components. Consequently, the XLk
may be written:
X L = YL (1 − X H O )

(1)
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contain H2O in the formula unit, that restriction does not necessarily apply to the Si. The law of mass action relates an equilibrium constant (K) to the activities of thermodynamic
components in the phases involved in a reaction. For the reaction in Equation 1:
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where the YLk may be regarded as projected mole fractions of
the liquid components on an anhydrous basis. With the definition of Equation 4, Equation 3 transforms to:
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The first parenthetical term on the right-hand side of Equation
5 is a function of XH2O only through the activity coefficients of
liquid components. Therefore to first order, it is reasonable to
assume that most of the variation in K with water content should
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