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INTRODUCTION

Garnets have a wide range of geologic occurrences in both 
igneous and metamorphic rocks in the crust and mantle. For this 
reason, garnets are often used in conjunction with other minerals 
as thermo-barometers to understand the P-T-t history of rock 
assemblages from a variety of geologic settings (Essene 1982; 
Chakraborty and Ganguly 1991, 1992). In nature, garnets rarely 
occur as pure end-members, and thus their solid-solution behav-
ior must be considered. The extent, if any, of cation ordering at the 
X site (e.g., Ca2+ and Mg2+) would affect the thermodynamic mix-
ing properties of a solid-solution garnet. Garnet composition and 
the nature of cation ordering also affect trace element incorpora-
tion (Freeman et al. 2005; Oberti et al. 2006; Kim et al. 2007). 
Given the importance of garnet thermodynamics in metamorphic 
petrology, numerous attempts have been made to understand the 
crystal chemistry and mixing properties of solid solutions such as 

the pyrope-grossular, Mg3Al2Si3O12-Ca3Al2Si3O12, binary (Geiger 
1999, 2004 and included references). Many studies focused on 
volume measurements, as a large difference between the molar 
volumes of end-members often indicates a deviation from ide-
ality in thermodynamic mixing properties (Kerrick and Darken 
1975; Geiger 2000). While early studies disagreed, later work 
showed an asymmetric positive excess in the molar volume of 
mixing (Newton and Wood 1980; Wood 1988; Ganguly et al. 
1993; Bosenick and Geiger 1997), an excess in the heat capac-
ity and entropy for intermediate composition garnets at low, but 
not high, temperatures (Dachs and Geiger 2006; Haselton and 
Westrum 1980; Bosenick et al. 1996), and asymmetric positive 
excess enthalpies (Newton et al. 1977) throughout the solid solu-
tion. The excess entropy is vibrational, and the configurational 
entropy is theorized to be reduced relative to a state of random 
mixing of Ca and Mg with a maximum reduction at XMg = 0.50 
due to some Ca-Mg ordering (Bosenick et al. 1995, 1999, 2000; 
Vinograd et al. 2001, 2004; Dachs and Geiger 2006)

The macroscopic thermodynamic mixing properties of the 
pyrope-grossular solid solution are directly related to both long 
range and atomic scale consequences of the solid solution, 
including short range Ca-Mg ordering. 29Si NMR studies of the 
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ABSTRACT

The thermodynamic mixing properties of the pyrope-grossular solid solution show large devia-
tions from ideality, which could be partly related to Ca-Mg order/disorder. In this study, synthetic 
pyrope-grossular garnets with XMg = 1.00, 0.91, 0.75, 0.50, 0.24, 0.10, and 0.00 are observed using 
17O 3QMAS, 27Al MAS, and 29Si MAS NMR to examine Ca-Mg order/disorder behavior and crystal 
chemical variations. The 17O 3QMAS NMR spectra show four distinct resonances, assigned to four 
different local oxygen coordination environments; two resemble end-member garnets (oxygen bonded 
to two Mg or two Ca) and two are intermediate (oxygen bonded to one Ca and one Mg), indicating 
that there are two distinct bond distances for the Mg-O and/or Ca-O bonds through the entire solid 
solution. Noticeable changes in the NMR peak position for two of the oxygen sites suggest that as 
XMg increases, the longer Ca-O bond shortens. The relative areas for the different oxygen sites are 
close to those predicted using a model of random Ca/Mg mixing. The maximum allowed reduction 
in configurational entropy from first neighbor Ca-Mg ordering is insignificant relative to other con-
figurational entropy reductions and excess vibrational entropy. These conclusions are not inconsistent 
with published theoretical calculations suggesting some Ca-Mg ordering that involves correlations 
beyond the first neighbor, as suggested by published theoretical calculations. Even at 18.8 Tesla, the 
27Al MAS NMR spectra do not resolve different local Al sites with varying combinations of X cation 
neighbors. The 29Si MAS NMR spectra have resonance broadening, probably caused by the addition 
of 0.15 wt% Fe2O3 in the synthetic samples, and are consistent with published results suggesting a 
small degree of Ca-Mg ordering that is not reflected in the 17O NMR spectra.
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