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Thermodynamics of the amphiboles: Ca-Mg-Fe2+ quadrilateral
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ABSTRACT
A thermodynamic model has been developed and calibrated for monoclinic and orthorhombic
amphiboles compositionally contained within the Ca-Mg-Fe2+ amphibole quadrilateral. The model
incorporates the energetic consequences of cation ordering of Fe2+ and Mg over nonequivalent sites
in the crystal structure, and accounts for the temperature, pressure, and compositional dependence of
the orthorhombic-monoclinic phase transition. Calibration is based on previously published work on
the thermodynamic properties of Fe2+-Mg amphiboles and tremolite, and experimental cation-ordering data, along with solvus width and tieline orientations of natural coexisting amphiboles in the
quadrilateral.
Among derived parameters is the enthalpy of formation of end-member ferroactinolite (–10534.966
kJ/mol). A calculated FeMg–1 isopotential solvus at mid-composition in the quadrangle agrees well
with a revised calibration of experimental data from Cameron (1975). The solvus is not strongly
asymmetric and narrows with increasing Fe/Mg ratio and temperature. Phase relations along the Mg
and Fe sides of the quadrilateral are compared and contrasted. Cummingtonite-anthophyllite phase
relations are shown in the T-XFe plane, with and without coexisting calcic amphibole. The breakdown
reactions of quadrilateral amphiboles to assemblages of two pyroxenes, olivine, quartz, and H2O are
depicted as functions of temperature, pressure, composition, H2O activity, and oxygen fugacity. Some
highlights of their relevance to metamorphic and igneous systems are discussed.

INTRODUCTION
Amphiboles are an important group of rock-forming silicate minerals that play a major role in shaping our understanding of the petrogenesis of a wide range of metamorphic and
igneous rocks. To the petrologist, the amphiboles are utilized
as indicators of temperature, pressure, volatile content, and
oxidation state, and to the mineralogist the amphiboles provide instructive examples of structural phase transitions, cation ordering over multiple crystallographic sites, and a variety
of atomic substitutions rivaled only by the pyroxenes. It has
been a long-standing goal to develop thermodynamic solution
models for the amphiboles. These models essentially provide
relationships between amphibole composition and the thermodynamic activities of end-member amphibole components. The
expectation is that these relations will facilitate the interpretation of experimental phase-equilibrium data and place on a
sound theoretical footing methods for estimating intensive variables of amphibole-bearing assemblages. The development of
thermodynamic models for amphiboles is hampered by a number of obstacles, not the least of which is their compositional
complexity. Additionally, the scarcity of experimental phaseequilibrium data on natural composition hornblendes focuses
the emphasis in model construction on the utilization of naturally occurring mineral pairs in order constrain model parameters.
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In this paper we develop and calibrate a thermodynamic
model for monoclinic and orthorhombic amphiboles in the system (Ca, Mg, Fe2+)2(Mg, Fe2+)5Si8O22(OH)2—the amphibole
quadrilateral. The model builds upon our previous work on
amphibole thermodynamics (Ghiorso et al. 1995; Evans and
Ghiorso 1995; Evans et al. 2000, 2001) and is internally consistent with published models for thermodynamic properties
of solid solutions of the pyroxenes (Sack and Ghiorso 1994a,
1994b, 1994c), olivines (Hirschmann 1991), and oxides
(Ghiorso 1990a; Sack and Ghiorso 1991a, 1991b), as well as
the thermodynamic data set of Berman (1988). The model incorporates the energetic consequences of cation ordering of Fe2+
and Mg over nonequivalent sites in the crystal structure and
accounts for the temperature, pressure, and compositional dependence of the orthorhombic-monoclinic phase transition. The
model is constructed in such a way as to be extensible to amphibole compositions outside the quadrilateral and this extension will be the subject of a future contribution.
In what follows we first develop the model equations, constructing expressions for the Gibbs free energy and activity/
composition relations of the quadrilateral amphiboles. Next,
we document the data sources used to calibrate the parameters
of the model and outline the method of calibration. Finally, we
present several calculated phase diagrams that illuminate amphibole occurrences in nature. Throughout this paper we utilize symbols for mineral names from Kretz (1983), for example,
Cum for the mineral cummingtonite, cum for the end-member
component. In algebraic expressions the Tr-Act-Fac solid so-

