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INTRODUCTION

There is much interest in the mineral sciences in understand-
ing from a microscopic perspective the physical properties of 
Earth materials. One wants to understand in the case of minerals, 
for example, how microscopic properties control macroscopic 
properties such as the thermodynamic functions. Such study is 
especially challenging when considering substitutional solid 
solutions, because they are characterized by local chemical and 
structural heterogeneity. In this regard, it should be noted that 
most thermodynamic mixing models are phenomenological con-
structs (e.g., Guggenheim 1952; Ganguly 2001) that have little di-
rect connection to local-scale crystal-structure properties. Lattice 
or structural strain arising from local structural heterogeneities in 
substitutional solid solutions is thought to produce elastic ener-
gies that strongly affect the macroscopic enthalpy and volume of 
mixing behavior (e.g., Christian 1975; Greenwood 1979; Ferreira 
et al. 1988; Geiger 2001), but experimental measurements that 
directly demonstrate this are virtually nonexistent. 

The aluminum silicate garnets, E3Al2Si3O12, with E = Fe2+, 
Mn2+, Mg, and Ca, are rock-forming substitutional solid solutions 
important in various geochemical, petrological, and geophysical 
processes. Therefore, they have been the object of much crystal-
chemical, structural, and thermodynamic study (for reviews see 
Geiger 1999, 2004). The aluminosilicate garnet structure has the 
space group Ia3�d, where the cations are located at special crystal-
lographic positions and the oxygen atoms at a general position. 
The divalent E-cations occupy the 24c position of 222 point sym-
metry, the trivalent Al cations the 16a position of 3� symmetry, 
and the Si cation the 24d position with 4� point symmetry. The 
structure contains SiO4 tetrahedra and AlO6 octahedra that are 
connected through corners, thus building a three-dimensional 

quasi-framework. There exist small triangular-dodecahedral 
cavities in which the divalent E-cations are located, and it is here 
that mixing takes place. The pyrope-grossular (Mg3Al2Si3O12�
Ca3Al2Si3O12) binary provides an excellent solid-solution system 
for the study of non-ideal thermodynamic behavior, because it 
shows marked positive deviations in its enthalpy (Newton et al. 
1977), volume (Ganguly et al. 1993; Bosenick and Geiger 1997; 
Bosenick et al. 2001), and low-temperature heat capacity (Hasel-
ton and Westrum 1980) of mixing. The enthalpic non-ideality, 
as well as the volume non-ideality (Geiger 2000), is thought to 
result largely from elastic structural strain caused by the mixing 
of different sized Ca and Mg atoms at the E-site. 

This proposal is supported by various crystal-chemical based 
calculations of elastic strain energies (Greenwood 1979; Ganguly 
et al. 1993), static lattice energy simulations using empirical pair 
potentials (Bosenick et al. 2000, 2001), lattice dynamic calcula-
tions of rigid unit modes (Hammonds et al. 1998), and through 
determinations of peak broadening of IR-active modes in the 
spectra of solid solutions (Boffa Ballaran et al. 1999). However, 
both the crystal-chemical models and the computational results 
have underlying weaknesses because of various assumptions 
that are built into them, and a quantitative physical basis for 
interpreting phonon line broadening for solid solutions has not 
yet been worked out. Thus, there is, even today after years of 
study, a notable lack of experimental results that bear on the ques-
tion of how microscopic elastic strain affects the macroscopic 
thermodynamic mixing properties of silicate and oxide solid 
solutions (for a review see Geiger 2001).

EXPERIMENTAL METHODS

Data collection
The two end-members pyrope, Mg3Al2Si3O12 and grossular, Ca3Al2Si3O12, 

and seven intermediate garnet compositions were chosen for study. The garnets * E-mail: monica.dapiaggi@unimi.it
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ABSTRACT

A series of synthetic pyrope-grossular garnets (Mg3Al2Si3O12-Ca3Al2Si3O12) were investigated by 
powder X-ray synchrotron radiation at 5 K to determine their microscopic structural strain, which 
may be responsible for the observed excess enthalpy of mixing for this binary. This substitutional 
solid solution provides an excellent system for investigating microscopic-macroscopic relationships 
and the physical nature behind non-ideal thermodynamic mixing behavior in silicates, because of 
the measurable nonidealities shown by its enthalpy and volume of mixing. An analysis of the X-ray 
refection proÞ les, based on theoretical considerations of X-ray line broadening, permits for the Þ rst 
time a direct experimental determination of crystallite size and the root-mean-square structural strain 
for a mineral solid solution. The measured microscopic strain shows positive and asymmetric devia-
tions from linearity across the join with the largest excess in pyrope-rich compositions. There is a 
good correlation between the structural strain and the macroscopic enthalpy of mixing behavior for 
pyrope-grossular garnets as measured by calorimetry. 


