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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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pyrope-grossular binary suggested small deviations from random 
mixing in intermediate compositions (0.15 ≤ XCa ≤ 0.75) for 
garnets synthesized at relatively high temperatures and random 
mixing near the end-members (Bosenick et al. 1995). Com-
puter simulations have also predicted ordering in intermediate 
composition pyrope-grossular garnets, maximized at XMg = 0.5 
(Dove et al. 2000; Bosenick et al. 2000, 2001a, 2001b; Craig et 
al. 2004; Vinograd et al. 2004; lavrentiev et al. 2006). These 
studies suggest that the local third-nearest neighbor interactions 
between the two dodecahedra that are edge-shared to the same 
SiO4 tetrahedron are energetically strong and favor pairs of un-
like X-cations (Bosenick et al. 2000, 2001a, 2001b; Craig et al. 
2004; Vinograd et al. 2004). Recent calculations suggest that in 
addition to third-nearest neighbor interactions, fourth-nearest 
neighbor interactions between the two dodecahedra that are 
edge-shared with AlO6 octahedra are also energetically strong 
and favor pairs of unlike X-cations (Vinograd and Sluiter 2006). 
These studies further indicate the presence of short range Mg-Ca 
order that decreases with increasing temperature (Bosenick et al. 
1999; lavrentiev et al. 2006; Freeman et al. 2006). 

The structure of garnet (Fig. 1) consists of alternating SiO4 

tetrahedra and AlO6 octahedra, sharing corners to form a three-
dimensional network (e.g., Menzer 1926; Novak and Gibbs 
1971). The structure also contains triangular dodecahedra of 
eight oxygen atoms, which coordinate the Ca and Mg cations. 
The garnet structure is dense and contains a high percentage of 
shared polyhedral edges; therefore any local changes will cause 
bond strains throughout the whole crystal structure, affecting 
bond angles and lengths of all polyhedra (Gibbs and Smith 
1965; Novak and Gibbs 1971; Merli et al. 1995). In garnets, 
Ca2+ and Mg2+ have mean ionic radii of 1.118 and 0.890 Å, 
respectively, and are thus near the upper and lower limits for 
the allowed X-cation size in aluminosilicate garnets (Novak 
and Gibbs 1971); therefore the pyrope-grossular solid solution 
has the largest volume mismatch between end-members and the 
largest microscopic strain and non-idealities in thermodynamic 
mixing properties (Newton et al. 1977; Haselton and Newton 
1980; Bosenick et al. 2000; Dapiaggi et al. 2005). Understand-
ing the crystal chemistry of this solid solution will provide an 
understanding of the thermodynamic behavior of other garnet 
solid solutions (Bosenick et al. 2000; Geiger 2008). 

Published studies have also suggested variations in the gar-
net structure with composition along the pyrope-grossular join, 
for example the Al-O and Si-O bond distances increase as XMg 

decreases (e.g., Novak and Gibbs 1971; Ganguly et al. 1993). 
The triangular dodecahedra in all garnet end-members have two 
distinct crystallographic X-O bond distances, where four are 
longer and four are shorter such that X1-O is about 0.2 Å shorter 
than X2-O (Novak and Gibbs 1971). However, previous studies 
have disagreed on how these bond distances vary along the join. 
Freeman et al. (2005, 2006) performed atomistic simulations 
which, in the latter study, suggested that while the shorter Mg-O 
and Ca-O bonds do not vary with garnet composition, the longer 
Ca-O and Mg-O bonds shorten continuously as XMg increases. 
Single-crystal X-ray refinement on a garnet with XMg = 0.10 
suggested that the Ca-O bond distances are similar to those in 
grossular, while the Mg-O bond distances vary from end-member 
pyrope such that X1-O is about 0.4 Å shorter than X2-O (Geiger 
and Armbruster 1999). In contrast, a recent EXAFS study sug-
gested two distinct local Ca coordination environments such that 
when XMg < 0.5, Ca2+ has a 4+ fourfold coordination with two 
different Ca-O bond distances, as seen in end-member garnets, 
but when XMg > 0.5, Ca2+ adopts a nearly regular eightfold co-
ordination with all Ca-O bond distances being similar in length 
(Oberti et al. 2006). Evidence for nonlinear compositional effects 
on Ca environments was also suggested from Ca XANES data 
(Quartieri et al.1995).

Because the short-range anionic environment in garnets 
is relatively simple, and because it should directly reflect the 
distribution of the X-site cations, experimental methods that 
characterize these environments allow the nature of short-range 
cation order/disorder and local crystal chemical properties to be 
determined. Millard et al. (1992, 1995) used 17O magic-angle 
spinning (MAS) NMR to better understand cation ordering and 
structural transitions in spinels. In this case, the resolution of 
conventional MAS NMR is insufficient for 17O spectra to provide 
much information. However, the higher resolution provided by 
triple-quantum (3Q) MAS NMR has proven to be very informa-
tive for characterizing atomic order/disorder in silicate glasses 
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FIGure 1. (a) Polyhedral model of garnet showing Si tetrahedra, Al 
octahedra, and Mg/Ca triangular dodecahedra. The black circle represents 
an oxygen atom bonded to two dodecahedra labeled C and D. An example 
of X cation third-neighbor linkages is shown where the dodecahedra 
labeled A and C are linked through the edge-shared tetrahedron labeled 
B. (b) The immediate environment around any given oxygen atom, which 
is bonded to two dodecahedra, one tetrahedron, and one octahedron.
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(e.g., lee and Stebbins 2000, 2003; Dubinsky et al. 2006), but 
only rarely has been applied to elucidate ordering in crystalline 
solid solutions. Here, we present 17O 3QMAS NMR results for a 
series of synthetic pyrope-grossular garnets, as well as high-field 
27Al MAS and 29Si MAS NMR data to provide new insights on 
the nature of Ca-Mg order/disorder behavior and crystal chemical 
properties in the solid solution.

exPerImental methods

Mineral synthesis and characterization
Seven garnets were synthesized along the pyrope-grossular join with nominal 

compositions of XMg = 1.00, 0.90, 0.75, 0.50, 0.25, 0.10, and 0.00. All garnets were 
synthesized from glasses produced from mixtures of decarbonated CaCO3, MgO, 
Al2O3 (dehydrated gibbsite), 47% 17O enriched SiO2, and 0.15 wt% Fe2O3 as a dop-
ant to speed spin-lattice relaxation rates. Pyrope was synthesized at 2.2 GPa and 
1125 °C and grossular was synthesized at 1.1 GPa and 1100 °C in a piston-cylinder 
apparatus as described in Kelsey et al. (2007). For the intermediate composition 
garnets, glasses were formed by melting the oxide mixtures at 1600 °C for 1 h 
and then quenching the melts in water. These were then ground and re-melted at 
1600 °C to ensure compositional homogeneity. Glasses were then crystallized in 
welded platinum capsules in a Walker-style multi-anvil device at 5 GPa and 1200 
°C for 1 day. One garnet sample of composition XMg = 0.75, synthesized at 1400 
°C and 2 GPa (Bosenick et al. 1999) was also observed in this study to compare 
the current 29Si NMR spectra with previous work.

Electron microprobe analysis was performed using diopside and grossular 
standards from the STFD probe-lab collection on 10–15 random spot measure-
ments on at least three separate fragments of each synthetic garnet. Standard 
deviations of the data for each sample were less than 1%, indicating large-scale 
compositional homogeneity. The EPMA showed that all intermediate composi-
tion garnets have compositions within 0.50 mol% of their nominal compositions, 
except those with an intended composition of XMg = 0.25 and 0.90, which have 
measured compositions XMg = 0.24 and 0.91, respectively. The latter are used in 
the calculations discussed below. 

X-ray diffraction patterns were collected on a PANalytical X’Pert X-ray dif-
fractometer using CuKα radiation from 20 to 160 °2θ. All samples displayed good 
resolution of the Kα1 and Kα2 peaks around 60 °2θ, which again indicates good 
compositional homogeneity (Ganguly et al. 1993). The samples of pyrope and 
grossular contain 1–5% metastable pyroxene and the garnet with XMg = 0.90 was 
determined to contain 1–2% metastable pyroxene. The diffraction peaks for all the 
other intermediate composition garnet samples could all be indexed to garnet. The 
purity of the samples was also confirmed using optical microscopy, 29Si NMR, and 
27Al NMR, which detected no additional impurities. 

NMR methods
The 27Al MAS NMR spectra were collected using Varian/Chemagnetics “T3” 

probes on Varian Unity/INOVA spectrometers at 156.3 MHz (14.1 T) and 208.4 
MHz (18.8 T), and 17O MAS NMR were collected at 81.3 MHz (14.1 T). The 29Si 
MAS NMR spectra were collected using a Varian/Chemagnetics 3.2 “T3” probe 
on a Varian Infinity spectrometer at 79.4 MHz (9.4 T). All samples were spun 
at 15–22 kHz in 3.2 mm ZrO2 rotors. The 27Al, 29Si, and 17O chemical shifts are 
reported relative to aqueous Al(NO3)3, tetramethyl silane (TMS), and 20% 17O 
enriched water (in the MAS and both of the 3QMAS dimensions) respectively. 
The MAS NMR experiments consisted of a single pulse with a width correspond-
ing to a solid radiofrequency (rf) tip angle of approximately 30° (about 0.2 µs for 
27Al, 0.7 µs for 29Si, and 0.3 µs for 17O). Signal to noise was optimized by collect-
ing 200–20 000 transients with pulse delays of 1–300 s. The 17O 3QMAS NMR 
spectra were collected at a field of 14.1 Tesla using a shifted-echo pulse sequence 
(Massiot et al. 1996). This consisted of two hard pulses (2.8 and 1.0 µs) with an 
rf power of 159 kHz followed by a soft echo pulse (21 µs) with an rf power of 9.6 
kHz. Delay times of 8 s were used between acquisitions. The 17O 3QMAS NMR 
data were processed using RMN(FAT) (P.J. Grandinetti, Ohio State University) 
to generate a 2-dimensional plot. Projecting along one of the dimensions yields a 
spectrum similar to that obtained by 1-D MAS NMR, while projecting along the 
other, “isotropic” dimension provides a spectrum free of second-order quadrupolar 
broadening. As the 17O MAS dimension has limited resolution in this experiment, 
projections along the isotropic dimension were used for data analysis. The 17O 
isotropic projections, 27Al MAS NMR spectra, and 29Si MAS NMR spectra were 

fit by manually adjusting the peak position, width, and intensity for Gaussian line 
shapes to minimize the difference between the simulated spectra and the experi-
mental spectra. As described below, fit parameters were iteratively adjusted so that 
the predicted Ca/Mg ratio, based on structural assignment of each fit component, 
closely matched each analyzed composition.

results

Figure 2 shows representative 17O 3QMAS NMR spectra 
for the samples with XMg = 0.00, 0.10, 0.24, 0.50, and 1.00. The 
spectra for the samples with XMg = 0.91 and 0.75 are not shown 
because they are nearly identical to the “mirror images” of the 
spectra for the samples with XMg = 0.10 and 0.24, respectively. 
Projections along the isotropic dimension were generated for all 
samples (Fig. 3), and they were used for data analysis. 17O MAS 
NMR data were also collected but are not shown as they provide 
little additional information. The small “ripples” observed around 
the center peaks for pyrope and grossular (Figs. 2 and 3) are due 
to data truncation effects related to the unusually narrow lines for 
the fully-ordered end-members. This does not affect the results 
for the intermediate composition garnets (where truncation was 
not a problem) as the spectra of the end-members were used 
simply for comparison, not in analysis of line shapes. 

Each local O atom in the garnet structure (Fig. 1) is bonded 
to one [4]Si, one [6]Al,  and two X cations (Mg and/or Ca). The 
3QMAS NMR spectra and their isotropic projections (Figs. 2 
and 3) can be described as consisting of four overlapping com-
ponents. As will be discussed below and based on the structure 
and known effects of X-O distance on chemical shift, we assign 
the components as follows: oxygen site 1 is bonded to two Mg 
cations, site 2 and 3 bonded to one Mg and one Ca but having 
different X-O distances (Mg-long and Ca-short vs. Mg-short and 
Ca-long), and site 4 is bonded to two Ca. The isotropic projec-
tions were thus fit with four Gaussian line shapes, one for each 
site (Table 1), with an example shown in Figure 4 for XMg = 0.75. 
The peak positions and widths of the resonances associated with 
each site were not fixed as they varied with garnet composition. 
Because of peak overlap, additional constraints were required to 
allow unique determination of the position and relative areas of 
each resonance (Table 1). First, the relative area of peak 1 plus 
half the combined areas of peaks 2 and 3 was held equal to XMg 
(known from electron microprobe analysis). Second, the peaks 
assigned to sites 2 and 3 (the intermediate Ca and Mg sites) were 
constrained to have nearly identical areas (±0.25% absolute). 
This condition is necessary to maintain garnet stoichiometry 
and appropriate local crystal structure around the X-cation, 
which is a triangular dodecahedron with four long X-O bonds 
and four short X-O bonds. To be consistent with the known 
garnet crystal structure, there should be an equal number of 
Mg-O long and short bonds, and also for Ca-O long and short 
bonds, indicating that the relative area of the two intermediate 
sites should be equal.

3QMAS NMR intensities in principle vary with CQ, the qua-
drupolar coupling constant. However, in previous 17O 3QMAS 
NMR studies done at 14.1 T using similar experimental condi-
tion, corrections to intensities were empirically shown to be small 
when CQ varies over a narrow range (Du and Stebbins 2003, 
2005). The CQ for pyrope and grossular are known to be 3.4 
and 4.1 MHz, respectively (Kelsey et al. 2007), which are close 
enough to limit uncertainties to <10% of the measured relative 
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intensities. For the intermediate composition garnets, we have 
not attempted to estimate the CQ values of the four component 
spectra because of severe peak overlap, but assume these are 
similar to the end-members. Thus, we have not attempted to 
correct the intensities in the 3QMAS NMR data. 

The 27Al MAS NMR spectra are shown in Figure 5 and the 
average peak position (center of gravity) and full width at half 
maximum (FWHM) are given in Table 2. Pyrope and grossular 
each contain only one aluminum environment, with isotropic 
chemical shifts (based on peak position variation from data at 
18.8 to 14.1 T) of 2.9 and –3.35 ppm respectively (Kelsey et al. 
2007). The observed peak maxima (2.6 and –5.3 ppm respec-
tively) and centers of gravity are shifted down in frequency from 
these values because of the second-order quadrupolar interaction. 
The 27Al MAS NMR spectra of the intermediate composition 
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FIGure 2. The 17O 3QMAS NMR spectra (14.1 T) for garnets along 
the pyrope-grossular join with compositions as labeled. There are 10 
linearly spaced contours from 5 to 95% intensity.
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FIGure 3. The 17O 3QMAS NMR isotropic projections (14.1 T) for 
garnets with compositions as labeled. Dashed lines are drawn roughly 
through the center of gravity of each resonance corresponding to a given 
oxygen site as labeled. low intensity “ripples” for XMg = 1.0 and 0.0 are 
truncation artifacts (see text).
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garnets are made of up to seven overlapping components (see 
below), and as the individual resonances related to the various 
local sites are not well resolved, we do not make an attempt to 
estimate the chemical shift values in the intermediate composi-
tion garnets. Table 2 and Figure 5 show that the FWHM of the 
entire line shape increases from either end-member toward the 
XMg = 0.50 composition.

29Si MAS NMR spectra were collected for all seven garnets 
along the pyrope-grossular join, as well as for a garnet sample 
previously studied by this method (Bosenick et al. 1999). Figure 
6 compares the spectra for two garnets, both with XMg = 0.75. 
It can be seen that while the peak positions and line shapes for 
the spectra of the two samples are similar, the iron-doped garnet 
synthesized in this study has slightly broader peaks and thus 
more limited spectral resolution than in the undoped sample 
described by Bosenick et al. (1999). A simulation of the latter 
spectrum, with an additional 30% peak broadening, accurately 
reproduces the spectrum for the doped sample (Fig. 6). The 
spectra are presented with relatively short delays (1 s) to improve 

the signal to noise ratio. Spectra for both samples were collected 
with delays as long as 300 s, which decreases the FWHM and 
slightly increases the resolution of both samples similarly. For 
other samples, the spectra (not shown) were similar to those of 
Bosenick et al. (1995, 1999), but their lower resolution prevented 
detailed analysis.

dIscussIon

17O NMR and Ca-Mg order/disorder
As noted above, the 17O 3QMAS NMR spectra (Figs. 2 and 

3) can be analyzed in terms of four distinct local oxygen sites: 
two end-member-like sites with oxygen bonded to two Ca cations 
(site 4), or to two Mg cations (site 1) and two sites with oxygen 
bonded to one Ca and one Mg cation (sites 2 and 3). The two 
intermediate sites (sites 2 and 3) have 3QMAS NMR isotropic 
dimension shifts roughly evenly spaced between those of the 
two end-members (Table 1). Therefore the local structure for 
the two intermediate sites must in some sense be approximately 
as different from each other as they are from the end-members. 
This indicates that the two mixed sites have different first shell 
environments, not more subtle, longer-range differences, none 
of which would be expected to produce exactly two intermedi-
ate 17O NMR peaks. All end-member garnets, including pyrope 
and grossular, have two crystallographically distinct X-O bonds, 
where X1-O is about 0.2 Å shorter than X2-O (Novak and Gibbs 
1971). All of the intermediate composition garnets observed in 
this study have two mixed cation sites in the 17O 3QMAS NMR 
spectra, indicating that they maintain this distinction. Thus, the 
resonance assigned to site O3 represents oxygen bonded to a Ca 

Table 1.  The NMR isotropic peak positions, FWHM, and relative 
fractions of total oxygen, compared to those expected for 
random distributions of Ca and Mg cations

O site  Cation  Isotropic  FWHM Fitted  Calculated  Calculated 
  in the position (ppm) area  area  area from 
 X-O (long); peak  (%) (%) 29Si NMR
 X-O (short) (ppm)     (%)

XMg = 1.0
1 Mg; Mg –48.0 2.2 100.0 100.0 100 
XMg = 0.91
1 Mg; Mg –47.8 2.1 83.6 82.8 81.8
2 Mg; Ca –50.4 1.5 8.3 8.2 8.7
3 Ca; Mg –55.1 2.3 8.1 8.2 8.8
4 Ca; Ca N/A N/A 0.0 0.8 0.7 
XMg = 0.75
1 Mg; Mg –48.2 3.2 56.5 56.3 63.7
2 Mg; Ca –50.7 3.2 18.8 18.8 16.4
3 Ca; Mg –55.7 3.2 18.8 18.8 14.8
4 Ca; Ca –58.8 2.5 6.0 6.2 5.1 
XMg = 0.50
1 Mg; Mg –47.8 3.9 25.1 25.0 27.4
2 Mg; Ca –50.2 3.3 24.8 25.0 26.6
3 Ca; Mg –56.2 3.9 25.0 25.0 22.7
4 Ca; Ca –59.1 3.3 25.1 25.0 23.3 
XMg = 0.24
1 Mg; Mg –47.4 2.8 5.7 5.7 5.1
2 Mg; Ca –50.1 2.8 18.2 18.2 18.2
3 Ca; Mg –56.5 2.9 18.2 18.2 17.7
4 Ca; Ca –59.5 2.7 57.8 57.8 59.0 
XMg = 0.10
1 Mg; Mg N/A N/A 0.0 1.0 0.8
2 Mg; Ca –50.3 2.2 9.7 9.0 9.2
3 Ca; Mg –57.2 1.5 9.8 9.0 8.6
4 Ca; Ca –59.7 2.3 80.5 81.0 81.4 
XMg = 0.0
4 Ca; Ca –59.9 2.2 100.0 100.0 100

Note: The oxygen site distributions calculated from silicon sites from 29Si NMR 
in Bosenick et al. (1995) are also presented.

Table 2.  The average 27Al MAS NMR peak position and FWHM for 
each pyrope-grossular garnet 

Composition (XMg) Peak center of gravity (ppm) FWHM

1.0 2.6 1.9
0.91 1.8 2.6
0.75 0.7 3.7
0.50 –1.5 4.0
0.24 –3.5 3.9
0.10 –4.5 3.3
0.0 –5.3 2.9
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FIGure 4. The experimental data, total simulated spectra, and 
simulated spectra for each fitted component for the 17O 3QMAS NMR 
isotropic projection (14.1 T) for garnet with composition XMg = 0.75. 
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(long bond) and an Mg (short bond) and the resonance assigned 
to site O2 is oxygen bonded to an Mg (long bond) and a Ca 
(short bond). For site O3, the difference in the two bond lengths 
could be up to 0.45 Å, equivalent to the difference defined by 
the end-members. For site O2, the difference should be much 
less. When the isotropic projections of the spectra for the garnets 
are fit using Gaussian line shapes, the relative areas of the two 
resonances related to the mixed sites (sites 2 and 3) were assumed 
to be equal (see above). 

The relative proportions of these four types of local-cation 
environments around oxygen were calculated for random mixing 
of Mg and Ca on the X site, and compared to the areas of the 
fitted resonances in the 17O 3QMAS NMR projections (Table 
1). There are no significant differences between the two (<1% 
absolute), indicating that the first nearest neighbor Ca and Mg 
are disordered in garnet. Any contribution from small systematic 
effects of CQ on measured intensities (expected to be <10% rela-
tive) will not add significantly to these differences. This result 
agrees with previous computer calculations suggesting that the 
first-nearest neighbor Ca-Mg interaction is relatively weak when 
compared with the third-nearest neighbor interaction (Bosenick 
et al. 2000, 2001a, 2001b; Craig et al. 2004; Vinograd et al. 

2004; Freeman et al. 2006; lavrentiev et al. 2006). The calcu-
lated percents for the fitted area of oxygen sites in Table 1 are 
reported to one decimal place for easy comparison. However, the 
uncertainties (based on ranges of parameters that give acceptable 
fits) are ±1% for the garnets with XMg = 0.10 and 0.91; ±2% for 
the garnets with XMg = 0.24 and 0.75; and ±3% for the garnet 
with XMg = 0.50. The main source of error in the spectra for the 
garnets with XMg = 0.91 and 0.10 derives from the fact that sites 
4 and 1, respectively, have ≤1% intensity (below detection) in 
the spectra. However, in those samples the rest of the sites are 
relatively well resolved. The main source of error in the spectra 
for the garnets with XMg = 0.75, 0.50, and 0.24 is peak overlap, 
as fitting overlapping resonances with similar areas is less well 
constrained than fitting overlapping sites with very different 
areas. This creates the largest uncertainty for the sample with 
XMg = 0.50. However, with the additional constraints placed on 
fitting the spectra, the calculated fit remains relatively robust. 
We note that the 17O spectra would be highly sensitive to some 
types of short range order, for example first neighbor clustering 
of the X site cations, which would produce anomalously large 
areas for the well-defined 2 Mg and 2 Ca peaks (sites 1 and 4), 
or first neighbor anti-clustering, which would produce small 
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FIGure 5. The 27Al MAS NMR spectra (18.8 T) for garnets with 
compositions as labeled.
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FIGure 6. The 29Si MAS NMR spectra (9.4 T) for the iron-doped 
garnet with XMg = 0.75 synthesized for this study (a) and the Fe-free 
sample synthesized by Bosenick et al. 1999 (c). The spectrum for 
the sample from Bosenick et al. 1999 was fit with seven Gaussian 
components, each of which was broadened by 30% to generate the 
middle spectrum (b).
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areas for sites 1 and 4. 
Although these data contain no evidence for first nearest 

neighbor Ca-Mg ordering, they do not contradict the published 
29Si NMR results and computer calculations suggesting some 
Ca-Mg ordering. However, they do place some constraints on 
its nature. The 17O 3Q NMR results show that first-neighbor 
ordering between Mg and Ca (between dodecahedra C and D, 
Fig. 1) is not significant, but previous static lattice energy and 
quantum mechanical calculations suggested third-neighbor or-
dering between two dodecahedra that are edge shared to the same 
tetrahedron (between dodecahedra A and C in Fig. 1) (Bosenick 
et al. 2000, 2001a, 2001b; Craig et al. 2004; Vinograd et al. 2004; 
lavrentiev et al. 2006). As shown in Figure 1, it is possible 
to have third-neighbor cation ordering without first-neighbor 
ordering being present; thus, the 17O NMR data neither confirm 
nor contradict with the calculations. However, these new data 
do indicate that any Ca-Mg ordering that is present must not 
affect the relative distribution of oxygen sites (as distinguished 
by short-range structure) including the Ca-Mg distribution in the 
first shell around oxygen. The consistency of the 17O NMR results 
with previous 29Si NMR data (which indicated some deviation 
from completely random Ca-Mg mixing) can be tested directly 
by calculating the relative ratios of the local environments for 
each of the four O atoms bonded to each Si site as assigned 
from the spectra (Bosenick et al. 1995). The relative distribution 
of the different oxygen resonances can then be determined by 
taking the weighted sum of the oxygen environments for each 
Si resonance for a given garnet composition, and the results are 
presented in Table 1. The distribution (relative area) of oxygen 
resonances observed in this study is similar to that calculated 
based on the 29Si NMR data of Bosenick et al. (1995), despite 
the different synthesis conditions and data fitting constraints 
between the two studies. In any case, good agreement between 
the two NMR spectroscopic methods is demonstrated and it 
becomes apparent that the two techniques are complementary 
with 17O NMR yielding information about first-neighbor Ca-Mg 
ordering, while 29Si NMR yields information about potential 
longer range ordering.

Increases in the mean cation-oxygen bond distances in simple 
oxide systems are known to systematically increase 17O isotropic 
chemical shifts, for example, as reported for alkaline earth oxides 
(Turner et al. 1985) and Ca, Mg silicate glasses (Allwardt and 
Stebbins 2004). In turn, 17O 3QMAS NMR peak positions are 
shifted to higher values in the MAS dimension and lower values 
in the isotropic dimension (Baltisberger et al. 1996). The 17O 
NMR spectroscopic data for end-member pyrope and grossular 
are thus consistent with this behavior. The average 17O 3QMAS 
NMR isotropic peak position for each oxygen site as a function 
of XMg is shown in Figure 7. There is a roughly linear increase in 
the 3QMAS isotropic dimension peak position as XMg increases 
for oxygen sites 3 and 4, but no obvious systematic change for 
oxygen sites 1 and 2. The only bond involved with sites 3 and 4 
and not with sites 1 and 2 is the Ca-O long bond. Therefore the 
data suggest that the long Ca-O bond length decreases as XMg 
increases. The other X-O bond lengths either remain roughly 
constant along the join or have variations that do not measur-
ably affect the 17O NMR peak position. Because the isotropic 
dimension peak position is also affected by variations in the CQ, 

and hence by the local electric field gradient and site distortion, 
correlations with bond distance may be more complex in detail. 
Other systematic structural changes with composition, e.g., 
bond angles and Al-O and Si-O distances, could also affect 17O 
chemical shift. Nonetheless, the data as plotted in Figure 7 sup-
port published studies suggesting a relatively large change in the 
Ca-O longer bond length without significant change in the Ca-O 
shorter bond length; however, we are unable to say if the two 
bond lengths become equal as previously suggested (Oberti et al. 
2006). Oberti et al. (2006) suggested that this change occurs in 
a discontinuous manner with a transition in the Ca coordination 
environment occurring near XCa = 0.50, which was also suggested 
by XANES (Quartieri et al.1995). However, the data in this study 
seem more consistent with a continuous variation in the Ca-O 
(long) bond length between the two end-members. 

Bosenick et al. (2000) undertook static lattice energy cal-
culations on pyrope-grossular solid solutions to study various 
local crystal-chemical properties and order/disorder behavior. 
Their results on bond behavior, as analyzed by Geiger (2008), 
are also consistent with a continuous variation in Mg-O and 
Ca-O bonds across the binary. The results of Bosenick et al. 
(2000) were largely confirmed by Freeman et al. (2006), who 
undertook abinitio calculations for a series of pyrope-grossular 
garnets. The latter authors also investigated order/disorder 
behavior and, specifically, X-O bond behavior as a function of 
garnet composition. Their results are in good agreement with the 
more limited results from the static lattice energy calculations 
(Bosenick et al. 2000), and indicate that while the shorter Mg-O 
and Ca-O bond lengths do not vary much across the binary, the 

7

-60

-58

-56

-54

-52

-50

-48

0 0.2 0.4 0.6 0.8 1
Is

ot
ro

pi
c 

D
im

en
si

on
 P

ea
k 

Po
si

tio
n

X Mg

Site 1 (Mg, Mg)

Site 2 (Mg-long, Ca-short)

Site 3 (Ca-long, Mg-short)

Site 4 (Ca, Ca)

FIGure 7. The 17O 3QMAS isotropic dimension peak position 
(14.1 T) plotted vs. XMg. For sites 3 and 4, linear regressions to data are 
shown with R2 > 0.95. Estimated uncertainties depend on how heavily 
the peaks overlap.



KElSEy ET Al.: CATION ORDER/DISORDER OF PyROPE-GROSSUlAR GARNETS 141

longer Mg-O and Ca-O bonds increase in length with increasing 
Ca content in garnet. 

27Al NMR
27Al MAS NMR results can potentially provide another view 

of the X cation ordering. Each Al octahedron in garnet is edge-
shared with six dodecahedra, which would result in the presence 
of up to seven different local cation configurations around Al 
depending on the local distribution of Ca and Mg. However, the 
FWHM of even the more narrow resonances (Fig. 5, Table 2) 
associated with the end-members are large enough so that indi-
vidual Al sites of seven nearby resonances cannot be resolved in 
the 27Al MAS NMR spectra of intermediate composition garnets. 
The individual resonances that contribute to the spectra from Al 
sites with increasing numbers of Ca vs. Mg neighbors are ex-
pected to vary systematically due to systematic changes in bond 
lengths and angles (e.g., Novak and Gibbs 1971), which should 
affect the values of both the 27Al isotropic chemical shift and CQ. 
These effects are however not precisely enough known, and the 
spectral resolution is not sufficient, for quantitative modeling. 
Nonetheless, the FWHM and line shape for each spectrum of 
garnet are consistent with being the weighted sum of a random 
distribution of seven different local cation environments around 
Al, although the data could also be consistent with other models 
with considerable local Ca-Mg mixing. Again, the garnet struc-
ture shown in Figure 1 demonstrates it is possible to have some 
Ca-Mg ordering that maintains a random distribution of Ca-Mg 
cations around each Al octahedron.

29Si NMR 
The Si resonance positions and line shapes in the 29Si MAS 

NMR spectra for the garnets synthesized in this study are con-
sistent with published NMR results on similar samples, which 
indicated that there was some short-range ordering of Ca and Mg 
cations around the Si tetrahedra (Bosenick et al. 1995, 1999). 
However, the spectra of garnets synthesized for this study have 
lower resolution (Fig. 6). Nonetheless, only minor differences in 
relative site populations are apparent, which can be attributed to 
small differences in site population due to the effect of different 
synthesis temperatures on ordering (Bosenick et al. 1999). The 
likely explanation for the lowered resolution is the presence of 
0.15 wt% Fe2O3 in the samples synthesized for this study, which 
drastically reduces spin-lattice relaxation times but may cause 
peak broadening. For example, it was previously shown that 
the presence of about 2 wt% FeO caused the 29Si MAS NMR 
spectrum of a natural pyrope-rich garnet to broaden significantly, 
from a FWHM of 0.35 ppm to a FWHM of 2.0 ppm (Geiger et 
al. 1992). However, we cannot rule out the possibility that the 
samples synthesized here also give slightly broader resonances 
because of some minor difference in ordering state. The iron 
should not noticeably broaden the resonances in the 17O MAS, 
17O 3QMAS, or 27Al MAS NMR spectra because these are qua-
drupolar nuclides and they have significantly larger natural line 
widths, even at the high magnetic fields employed here.

Previously published studies and ongoing work using 29Si 
NMR can also contribute to a better understanding of X-cation 
bonding behavior. In previous work, Bosenick et al. (1995, 
1999) used 29Si MAS NMR spectroscopy to experimentally 

investigate short-range Ca-Mg order/disorder for a series of 
well-characterized synthetic pyrope-grossular garnets. It was 
shown that different local X-cation configurations around Si 
give rise to Si nuclear resonances having defined chemical shift 
values. For example, in the case of end-member pyrope with a 
MgMg-MgMgMgMg configuration (i.e., two Mg cations in the 
first cation shell around Si and four Mg cations in a second shell) 
a single peak at –72.0 ppm is observed, while for end-member 
grossular with a CaCa-CaCaCaCa configuration around Si 
(where electron shielding is greater), a single resonance with 
a chemical shift value of –83.8 ppm is present (see Bosenick 
et al. 1995 for a discussion of the various local dodecahedral 
configurations). Solid-solution compositions, on the other hand, 
can have up to 15 different local X-cation configurations around 
Si. Their chemical shift values vary for a specific local X-cation 
configuration across the pyrope-grossular binary between –72.0 
and 83.8 ppm. For example, for a local MgCa-MgMgCaCa 
configuration around a given Si atom, the following peaks are 
observed from pyrope-rich to grossular-rich garnets: XMg = 0.85 
(–77.7 ppm), XMg = 0.75 (–77.8 ppm), XMg = 0.60 (–78.1 ppm), 
XMg = 0.50 (–78.2 ppm), XMg = 0.40 (–78.3 ppm), and XMg = 0.25 
(–78.2 ppm) (Bosenick et al. 1995). 

These results were analyzed (Geiger 2008) to better under-
stand the nature of local Ca-O and Mg-O bond behavior along 
the pyrope-grossular binary. The chemical shift values generally 
decrease slightly with increasing grossular content in garnet. 
They do not show any measurable discontinuities in their values 
between pyrope and grossular-rich garnets. The 29Si MAS NMR 
data are best explained by a continuous variation in Ca-O and 
Mg-O bond lengths along the pyrope-grossular join. This argues 
against a major rearrangement in the structural positions of the 
first neighbor oxygen atoms around Si and a discontinuous 
change in any of the bond lengths along the pyrope-grossular join, 
including the discontinuous Ca-O bond behavior as proposed by 
Oberti et al. (2006).

Implications for the configurational entropies of mixing in 
pyrope-grossular garnets

Previous studies on the thermodynamic mixing properties 
of pyrope-grossular garnets show the presence of both positive 
excess vibrational entropies (Sex

vib) and configurational entropy 
(Sconf) contributions to the total entropy of mixing (Stot) (Haselton 
and Westrum 1980; Bosenick et al. 1995, 1999, 2000; Vinograd 
2001; Vinograd et al. 2004; Dachs and Geiger 2006). Dachs and 
Geiger (2006) recently undertook low temperature heat capacity 
measurements to determine the calorimetric entropy of mixing 
behavior for the pyrope-grossular binary. The results show that 
the excess vibrational entropies are asymmetric across the join 
with values of Sex

cal = 1–5 J/(mol·K) for garnets with XMg > 0.10 
and Sex

cal = ±0.5 to ±1 J/(mol·K) for garnets with XMg = 0.10. Previ-
ous 29Si NMR experiments and computer calculations indicated 
the presence of some Ca-Mg short-range ordering, which acts 
to decrease the configurational entropy contribution to the total 
entropy of mixing (i.e., Stot = Svib + Sconf) when compared to the 
state of random Ca-Mg mixing (Bosenick et al. 1995, 1999, 
2000). The configurational entropy for a completely random 
distribution of Mg and Ca in a garnet with composition XMg = 
0.50 is Sco

ra
nf
ndom = 5.763 J/(mol·K) (Bosenick et al. 2000), while 
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the configurational entropy associated with a garnet containing 
short-range ordering as determined from the 29Si NMR spectra 
has been calculated as roughly 4.5–5.5 J/(mol·K) (Vinograd 2001; 
Vinograd et al. 2004). Thus, the configurational entropy at XMg 
= 0.50 is decreased by about 0.70 J/(mol·K), when compared to 
the state of random mixing. Because the garnet with XMg = 0.50 
has the both the largest Sco

ra
nf
ndom value and the greatest observed 

short-range ordering, the other compositions of garnet will have 
smaller relative reductions in configurational entropy (Dachs and 
Geiger 2006). Because Ca-Mg ordering in garnet is largely due 
to the nature of local third nearest neighbor X-cation configura-
tions, this should largely determine the value of Sconf (Dove et 
al. 2000; Bosenick et al. 2000, 2001a, 2001b; Craig et al. 2004; 
Vinograd et al. 2004; lavrentiev et al. 2006). 

The maximum allowed excess configurational entropy re-
sulting from first neighbor Ca-Mg ordering can be determined 
from our 17O NMR results (Table 1). The formula Sconf = – ΣR 
XilnXi, summed over the four oxygen resonances, was used to 
calculate the relative contributions of variations from complete 
first neighbor disorder allowed by our data. This approach can-
not be used to calculate the exact configurational entropy in the 
observed garnets, but it can be used to compare the fractional 
change between a hypothetical state with random cation mixing 
and that which is observed using (Sco

ra
nf
ndom – So

co
bs
nf)/Sco

ra
nf
ndom. The per-

centage difference between the random configurational entropies 
and those observed from the NMR spectra are 7.5% for XMg = 
0.91, 0.4% for XMg = 0.75, 0.0% for XMg = 0.50, 0.2% for XMg 
= 0.24, and 3.3% for XMg = 0.10. Resonance areas assigned to 
sites O4 and O1 of the garnets with composition XMg = 0.91 and 
0.10, respectively, are not observed in the experimental spectra 
as they constitute less than 1% of the 17O 3QMAS NMR spec-
trum. This produces a relatively large error in the calculation of 
the percentage change in Sconf calculated from the experimental 
data. The effect of experimental uncertainties in the measured 
oxygen site occupancies can be determined by varying 5% of 
the resonance area (or 2.5% for the spectra of garnets with XMg 
= 0.91 or 0.10) from resonances assigned to the O1 and O4 sites 
to the O2 and O3 sites, or vice versa. This gives a measure of the 
maximum allowed percentage difference between Sconf related to 
a random mixing model and the experimentally determined Sconf 
values. These percentages are calculated as 4.7% for XMg = 0.75, 
1.5% for XMg = 0.50, and 4.7% for XMg = 0.24. When a non-zero 
estimate of the unobserved low population sites O1 and O4 in 
garnets with XMg = 0.10 and 0.91, respectively, are included the 
percentage change in Sconf is actually reduced to 2.2% and 2.9%, 
respectively, when the uncertainty is included and 2.5% of the 
resonance area is varied as described above. 

When the percentage change in Sconf is multiplied by the 
random value of the configurational entropy (Sco

ra
nf
ndom), the 

maximum contribution to Sconf due to possible first neighbor X-
cation ordering is calculated to be less than 0.2 J/(mol·K) for all 
compositions of pyrope-grossular garnets. For example, in the 
case of garnet with XMg = 0.50, with a value of Sco

ra
nf
ndom = 5.753 

J/(mol·K) (Bosenick et al. 2000), the maximum reduction from 
this value that is allowed by our NMR data due to first neighbor 
X-cation ordering is 0.1 J/(mol·K). This amount is small when 
compared with Sconf ≈ 0.70 J/(mol·K) related to third-neighbor 
X-cation ordering (Bosenick et al. 2000) and the excess vibra-

tional entropy of 2.9–3.7 J/(mol·K) for pyrope-grossular garnets 
(Dachs and Geiger 2006). The results of the study show that the 
maximum allowed variation in Sconf associated with any first 
neighbor X-cation ordering is small relative to other contribu-
tions to the total entropy, and therefore likely does not need to 
be considered for most thermodynamic calculations involving 
garnet solid solutions. 
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