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Volumes of mixing in aluminosilicate garnets: Solid solution and strain behavior
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ABSTRACT
The volumes of mixing of six garnet binaries in the four-component system almandine-pyropespessartine-grossular have been analyzed and compared. The almandine-pyrope join is thermodynamically ideal and the others show positive deviations from ideality. The magnitude of the excess
volume of mixing of a given binary, as described by a symmetric mixing model, is shown to be a
function of the volume difference between the two end-member components. The relationship between the magnitude of nonideality and volume difference can be described with a linear or quadratic function, but the latter has a physical basis in strain theory. Positive deviations from ideal
thermodynamic mixing are primarily a result of strain resulting from the substitution of dodecahedral X-site cations of different sizes, but second-order chemical effects (e.g., electronic, coulombic)
also appear to contribute to thermodynamic properties. XRD and IR spectroscopic measurements
show that nonlinear behavior of microscopic properties, such as bond lengths and polyhedral distortions and volumes, across a solid solution is strong for pyrope-grossular garnets and very small to
nonexistent for almandine-pyrope solid solutions. The magnitude of the deviations from linearity in
the microscopic properties can be related to the excess volume of mixing for a given binary. A good
correlation exists between microscopic structural strain and the macroscopic volume of mixing.

INTRODUCTION
Most rock-forming silicates are solid solutions. In spite of
the fact that extensive work has been done in describing their
chemical and physical properties, surprisingly little is understood about the energetics and the microscopic structural–macroscopic thermodynamic relations that govern their solution
and stability. Thermodynamic functions (i.e., free energy, enthalpy, entropy, and volume) do not give direct information
about the microscopic structural properties of a phase, but they
can say something about them. This is because thermodynamic
functions are related to stability, which in turn is linked in one
way or another with structure. The equation that governs the
stability of a solid solution is:
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The volume of mixing is well suited for studying solid-solution properties because it can be determined precisely and
accurately. It can also be analyzed using crystal-chemical models and strain theory. The enthalpies and entropies of mixing
cannot be so precisely and accurately determined with present
experimental methods. They are also more affected by chemical interactions (e.g., crystal field stabilization energies, coulombic forces, etc.) compared with volume, which makes an
analysis of their structural origin difficult.
It is known that the larger the difference between the molar
volumes of end-members in a binary solid solution, the greater
the deviation from thermodynamic ideality in the activity of
the components or enthalpies of mixing (Kerrick and Darken
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1975; Davies and Navrotsky 1983). It has also been proposed
that the volume of mixing behavior contains information on
strain associated with the solid-solution process (Newton and
Wood 1980). The latter authors suggested that the excess volume of mixing in many cases shows anomalies that are related
to crystal-structure “events” that, in turn, can give rise to smallscale peculiarities in the energetic-thermodynamic properties.
However, it has not been shown in any quantitative manner
how local, microscopic properties (bond lengths, site distortions and relaxation, etc.) affect the magnitude of deviations
from ideality. It is also not known what the functional dependence of the excess volume of mixing is as a function of the
volume difference of the end-member components. A description of both is necessary, if the solid-solution process is to be
understood.
The aluminosilicate garnets (X3Al2Si3O12 with X = Fe2+,
Mn2+, Mg, Ca) have received much study regarding their thermodynamic mixing properties (for a review see Geiger 1999).
They provide an excellent system for studying solid-solution
processes in silicates for two reasons. First, the garnet structure is cubic and mixing only occurs on the single triangular
dodecahedral X-site. Second, a number of different cations may
occupy this site and thus create a variety of solid solutions having large differences in their physical and thermodynamic mixing properties. The volume of mixing data that have been
collected on the different binary solid solutions are now quite
good. This allows, perhaps for the first time, a quantitative
analysis of the excess volumes of mixing for a silicate solidsolution system. In addition, the magnitude of the excess volume of mixing of a given binary can now be correlated with its
microscopic properties determined by spectroscopic and diffraction methods over a large range of correlation lengths. Thus
a description of strain from the microscopic to the macroscopic

