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ABSTRACT

The #Si MAS NMR spectra of nine pyrope-grossular garnet solid solutions were re-
corded along with their mid and far infrared spectra. The *Si MAS NMR spectra of pyrope
and grossular measured previously show one single resonance at —72.0 and —83.9 ppm,
respectively. A maximum of up to 13 resonances were observed in composition Py;,Grs,
indicating that 2Si MAS NMR spectroscopy can record both first and second shell do-
decahedral interactions in garnet. Complete resonance assignments were done by quali-
tative crystal chemical considerations combined with the comparison of fitted peak inten-
sities with the calculated probabilities for the various possible localized chemical
environments around the Si tetrahedra. The NMR spectra of garnets with compositions
Pys,Gro, Py,Gry, and Py,;Gr,s are consistent with a random distribution of the divalent
cations Ca and Mg on the triangular dodecahedral sites. Garnets with compositions be-
tween 0.15 = X, < 0.75 show evidence for deviations from random mixing. No overt
evidence is found to support a model of local cation order in the most pyrope-rich com-
positions, which had been proposed on the basis of the asymmetric volumes of mixing
along the binary. Powder IR spectra show no additional bands in the solid solutions
compared to the end-members, and hence all solid solution compositions are consistent

with space group la3d.

INTRODUCTION

Most of the rock-forming silicates are solid solutions
involving the substitution of different cations in one or
several different structural sites. Of the thermodynamic
functions, the volumes and enthalpies of mixing have
been determined for many binary silicate solid solutions;
it is the entropies of mixing, however, that are generally
lacking and that prohibit a better description of many
systems. The configurational entropy of mixing can be
described by

(N + Np)!

Sent = kInQ=kIn AR

(M

where k is Boltzmann’s constant and Q is the number of
permutations of N, + N, atoms on a structural site. In
most thermodynamic models S, is often calculated as-
suming complete long-range order or disorder. It is un-
likely, though, that these two extreme structural states are
always the case, especially in natural minerals that have
experienced complicated thermal histories. Garnets are a
good case in point, as it is assumed that the aluminosil-
icate garnet solid solutions (X;Al1,Si,0,,, where X = Fe2+,
Mn?+, Ca, and Mg) have complete random long-range
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disorder in space group Ia3d, as revealed by single crystal
X-ray measurements (i.e., Armbruster et al., 1992).

The determination of short-range order is experimen-
tally more difficult to verify and is limited to a small
number of techniques. Solid state magic-angle-spinning
nuclear-magnetic-resonance spectroscopy (MAS NMR)
offers the possibility to determine quantitatively the state
of short-range order of a system. We have investigated
the solid solution aluminosilicate garnet binary pyrope
(Mg,AlL,Si,0,,)-grossular (Ca,Al,Si,0,,) using 2#Si MAS
NMR and infrared (IR) spectroscopy to understand the
crystal chemistry of this garnet series better.

Pyrope-grossular garnets have received intensive crys-
tal chemical, phase equilibria, and thermodynamic study.
The thermodynamic mixing properties AH,,,, AS,,., and
AV, show relatively large deviations from ideality. Low-
temperature heat capacity measurements on synthetic py-
rope, grossular, and the solid solution composition
PysGr, showed that there is considerable excess heat
capacity for the solid solution in the range 4-115 K (Has-
elton and Westrum, 1980). The enthalpy of mixing, AH,,,
of synthetic pyrope-grossular garnets shows an asymmet-
ric positive deviation, with the largest deviations located
toward the pyrope end-member (Newton et al., 1977),
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TasLe 1. Synthesis conditions

Intended P T t
Sample  composition (kbar)  (°C) (h) Synthesis Type
R-63 pyrope 30 1400 1.0 glass
R-80 PYeoGrio 40 1250 20.5 glass
R-83 PYeoGrio 40 1250 18.0 glass
R-76 PyeGre . 45 1450 15 glass
R-91 PyooGryo 45 1450 1.5 glass
R-201* PygsGrys 25 1100 6.0 glass
R-202* PYesGris 25 1100 6.0 glass
R-203* PygsGrys 25 1100 6.0 glass
R-102 Py;sGras 45 1100 245 seeded glass
R-107 PyeoGrao 50 1150 20.0 seeded glass
R-109 PysoGrso 50 1100 h seeded glass
R-114 PY.0Greo 50 1150 2.0 seeded glass
R-111 Py,sGrs 50 1050 20.5 seeded glass
R-105 Py10Greo 50 1150 3.5 seeded glass
R-211* PyosGres 20 1050 20.0 glass
R-212* PyosGres 20 1050 19.0 glass
R-213* PYosGras 20 1050 140  glass
R-35 grossular 20 1200 40.5 glass

Note: all samples from Bayreuth except those marked with an asterisk,
which are from Kiel.
** Experiment interrupted.

whereas the volumes of mixing, AV, show positive
asymmetric deviations maximized toward the grossular
end-member (Ganguly et al., 1993).

Newton and Wood (1980) advanced a crystal chemical
model (equivalent site behavior) to explain the asym-
metry in AV, whereby a certain degree of cation order-
ing should exist for compositions near the smaller cation
end-member (i.e., pyrope). The substitution of the larger
Ca cation into the structure of pyrope is thought to pro-
duce localized site deformations and thus high free energy
gradients around the substituent, which makes it less
probable for other Ca cations to enter the structure in the
immediate neighborhood. A preliminary single crystal
X-ray study on synthetic garnet of composition Py,,Gr,,
left open the possibility for a space group lower than Ia3d
(Dempsey, 1980). If true, the single eight-fold coordinat-
ed X site in space group Ia3d would degenerate into two
or more crystallographically inequivalent sites, where or-
dering of Ca and Mg cations could take place.

The major goal of this work is, therefore, to determine
the structural state of synthetic pyrope-grossular garnets.

EXPERIMENTAL METHODS
Synthesis

Pyrope-grossular garnets were synthesized from glasses
and seeded glasses at high pressures and temperatures in
a piston-cylinder device at Kiel and Bayreuth (Geiger et
al., 1990b). The following oxides were used to prepare
the glasses: MgO [Johnson Mathey Alfa Products (JM),
99.999%], CaCO; (JM, ultrapure), SiO, (JM, 99.999%),
and Al,O, (JM, 99.99%). All oxides, except CaCO,, were
heated at 1100-1200 °C for about 1 d, reground and fired
at 1200 °C for another 24 h before weighing; CaCO, was
dried at 300 °C for 48 h prior to weighing. Three grams
of oxide mixtures of the appropriate garnet compositions
were mixed and ground intimately under distilled water.
The oxide mixtures were heated at a rate of 100°h to
1000 °C and held for 10-12 h to remove CO,. The de-
carbonized oxide mixtures were pressed into pellets,
melted in a Pt,sAugs-crucible for about 30 min, and
quenched to glass in a water bath. The glasses were ground
in an agate mortar and remelted a second time. The tem-
peratures at which the melts were prepared were: 1450
°C for grossular, 1650 °C for pyrope, and between 1450
and 1650 °C for the intermediate members depending on
their composition. The first melting yielded >95% glass
with some crystalline material, and the second produced
better than 99% glass. Microprobe analysis of the glasses
showed them to be homogenous within 1% (+ 1) of their
average composition and closely matching their intended
composition.

The synthesis conditions of the pyrope-grossular gar-
nets are summarized in Table 1. All syntheses were done
anhydrously. Pt capsules of diameter 4.5 mm and con-
taining 150-200 mg of glass were used in syntheses above
30 kbar, and 5.0 mm diameter capsules containing 200-
250 mg of material for the syntheses below 30 kbar were
employed. Some compositions, especially the more gros-
sular-rich garnets, required seeding to obtain nearly 100%
garnet yields. The garnet seeds were synthesized hydro-
thermally in Pt capsules using glass and distilled water as
a flux. The garnets so produced were relatively coarse-
grained but generally more inhomogeneous in composi-
tion. They were finely reground and mixed with the start-

TABLE 2. Microprobe analyses of synthetic pyrope-grossular garnets*

Sample R-80 R-83 R-91 R-201 R-202 R-102 R-107
Sio, 44.67(14) 44.73(43) 44.44(27) 43.57(95) 43.63(98) 44.25(53) 43.27(14)
AL,O, 25.11(21) 25.06(17) 25.08(17) 24.25(80) 24.38(77) 24.17(47) 23.88(9)
FeO 0.02(2) 0.02(3) 0.04(3) 0.01(1) 0.00(1) 0.03(3) 0.03(2)
Ca0 4.18(14) 4.26(9) 4.25(9) 6.28(23) 6.28(24) 10.54(45) 16.39(38)
MgO 26.19(23) 26.26(23) 26.28(18) 23.91(56) 24.03(57) 20.90(26) 16.68(23)
Total 100.16 100.34 100.11 98.02 98.32 99.89 100.24
Si 3.028(4) 3.030(26) 3.016(12) 3.036(66) 3.032(64) 3.064(35) 3.036(4)
Al 2.006(16) 2.002(39) 2.006(10) 1.992(54) 1.996(52) 1.972(36) 1.974(8)
Fe 0.000(1) 0.002(1) 0.002(1) 0.000(1) 0.000(1) 0.002(1) 0.002(1)
Ca 0.304(10) 0.310(6) 0.309(6) 0.470(14) 0.468(16) 0.782(34) 1.232(27)
Mg 2.646(20) 2.650(25) 2.658(16) 2.484(23) 2.488(25) 2.156(25) 1.744(24)
Sum 7.984 7.992 7.991 7.984 7.986 7.976 7.988
mol% Py 89.70(67) 89.56(81) 89.58(54) 84.10(76) 84.17(76) 73.40(83) 58.60(81)
mol% Gr 10.30(34) 10.44(24) 10.42(21) 15.90(48) 15.83(48) 26.60(99) 41.40(91)

* Normalized to 12 O atoms.
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ing glasses with the ratio of glass to seed material for the
final syntheses being about 6 or 7:1. The solid solution
syntheses over 30 kbar were done using a Y in. talc-glass
assembly and those under 30 kbar a salt-based assembly.
The synthesis experiments were quenched to room tem-
perature by switching off the power. The polycrystalline
experimental products constituting nearly 100% garnet
were characterized by optical microscopy, electron mi-
croprobe, and X-ray diffraction analysis. The garnets were
optically isotropic with the size of the crystals generally
between S and 10 um.

The garnets were analyzed with a Cameca Camebax
microprobe in Kiel and Bayreuth with an accelerating
voltage of 15 kV and a beam current of 30 mA using
common oxides and silicates as standards. The diameter
of the electron beam was approximately 1 um. Each spot
was measured for 20 s and the background for 10 s. The
results of the microprobe analyses are given in Table 2.
Each analysis represents an average of generally 15-20
random spot measurements. Standard deviations are giv-
en in parentheses. All garnets were also characterized us-
ing an automated powder X-ray diffractometer (Stoe or
Siemens) using CuKa radiation. The diffraction patterns
were recorded from 20 to 130° 26 using 0.01° 26 incre-
ments. All patterns display resolution of the Ka,-a, peaks
around 60° 26, which has been proposed as a general in-
dicator of homogeneity of garnet solid solutions (Ganguly
et al., 1993). All peaks, with exception of a very weak
peak indexed to the strongest reflection of quartz, could
be indexed to garnet. Results from the powder diffraction
analysis including cell-dimension refinements are pre-
sented elsewhere (Bosenick and Geiger, in preparation).
The preliminary data are in good agreement with the re-
sults of Ganguly et al. (1993).

IR spectroscopy

Powder infrared spectra were measured at the Anor-
ganisch-Chemisches Institut der Universitit Kiel. They
were recorded using a Nicolet 5 DB spectrometer equipped
with a KBr beam-splitter in the mid-infrared region (MIR,
400-4000 cm~') and using a Bruker IFS 66 spectrometer
in the far-infrared region (FIR, 530-80 cm~!). Between

TABLE 2.—Continued
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0.5 and 1.0 mg of garnet, which was previously finely
ground in an agate mortar under distilled water, was used
to make pellets pressed under vacuum. Matrix material
for the MIR measurements was KBr and, for the FIR
spectra polyethylene was used. A total of 128 scans were
recorded and averaged for each final spectrum. The res-
olution adopted was 4 cm~! in the MIR and 2 cm~! in
the FIR.

»Si MAS NMR spectroscopy

The 59.6 MHz °Si MAS NMR spectra were measured
using a Bruker MSL 300 NMR spectrometer. The #Si
chemical shifts are reported relative to an external Me,Si
(TMS) standard equal to 0 ppm. The spectra were col-
lected using a 7-mm double-bearing CP/MAS Bruker
probe, with pulse durations of 2 us, corresponding to 36°
pulses. Relaxation delays of 30 s were sufficient to allow
for complete relaxation; spinning frequencies were be-
tween 3.0 and 3.6 kHz. In some cases, the amount of
sample (150-300 mg) was insufficient to fill the rotor
completely. To avoid mixing the garnets with other ma-
terials, these 2Si MAS NMR spectra were collected using
an airtight Kel-F rotor insert (ca. 100 mg of sample) de-
signed to fit exactly inside the ZrO, rotor (Merwin et al.,
1989). The number of scans measured varied between
100 for the end-members (Geiger et al., 1990a) and up
to 3000 for Py,,Grs,. To obtain good quality spectra with
high signal to noise ratios three different syntheses, made
at identical P-T conditions, were combined for solid so-
lution compositions Py,;Gr,s and Py,;Gr,s (Table 1).

Relative peak intensities were obtained by fitting the
spectra to a sum of Lorentzian and Gaussian curves using
a program written by J. Kiimmerlen (Geoinstitut Bay-
reuth). The program optimizes peak positions, peak
shapes, and full width at half maximum (FWHM) for up
to 13 individual resonances, and each of the fitting pa-
rameters can be separately constrained.

REesuLTS
IR spectroscopy

The observed IR spectra are essentially identical (Fig.
la and 1b) to those recorded previously in an earlier study

Sample R-109 R-114 R-111 R-105 R-211 R-212 R-213
Si0, 42.74(19) 41.99(31) 41.17(19) 40.53(19) 40.61(14) 40.70(18) 40.56(21)
Al,O, 23.69(19) 23.37(13) 22.99(12) 22.68(10) 22.34(11) 22.44(14) 22.40(14)
FeO 0.02(2) 0.02(2) 0.02(2) 0.01(1) 0.02(2) 0.02(2) 0.03(2)
Ca0 20.11(35) 24.01(34) 28.49(36) 34.71(23) 36.98(20) 36.80(19) 36.61(29)
MgO 13.78(24) 10.92(20) 6.67(21) 2.67(15) 1.35(10) 1.36(9) 1.37(10)
Total 100.35 100.30 100.35 100.60 101.30 101.52 100.98
Si 3.028(12) 3.012(15) 3.001(8) 2.994(9) 2.998(4) 3.002(8) 3.002(9)
Al 1.978(13) 1.976(4) 1.975(8) 1.974(8) 1.942(7) 1.950(8) 1.954(7)
Fe 0.002(1) 0.002(1) 0.001(1) 0.002(1) 0.002(1) 0.002(2) 0.002(2)
Ca 1.528(27) 1.846(28) 2.303(30) 2.747(18) 2.924(13) 2.908(14) 2.902(15)
Mg 1.456(24) 1.168(19) 0.725(22) 0.293(16) 0.148(11) 0.150(10) 0.150(11)
Sum 7.992 8.002 8.006 8.009 8.016 8.012 8.010
mol% Py 48.80(79) 38.75(63) 23.94(73) 9.64(52) 4.82(36) 4.88(35) 4.93(35)
mol% Gr 51.20(91) 61.25(92) 76.06(98) 90.36(59) 95.18(43) 95.12(43) 95.07(51)




694

Absorbance

1800 1450 1100

750
Wavenumbers (cm )

400

of pyrope-grossular solid solutions (Delany, 1981). Gar-
net compositions with 0.40 < X, < 0.96 could not be
synthesized by Delany (1981) but were achieved in this
study (Geiger et al., 1990b). Our spectra generally show
better resolution in the far-infrared region. The IR bands
have been labeled alphabetically following Tarte (1965)
and have no physical significance. The band positions
(Table 3) and their shifts as a function of composition
are shown in Figure 2.
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Fig. 1. (a) MIR spectra of pyrope-grossular garnets from 1800

to 400 cm~—!. (b) FIR spectra of pyrope-grossular garnets from
530 to 125 cm—!,

»Si MAS NMR spectroscopy

The #Si MAS NMR spectra of synthetic end-member
pyrope and grossular are characterized by a single reso-
nance with chemical shifts of —72.0 and —83.9 ppm,
respectively (Geiger et al., 1990a, 1992). The *Si MAS
NMR spectra of the pyrope-rich solid solution compo-
sitions Py,,Gr,,, Py,sGrys, and Py,;Gr,s show good peak
resolution (Fig. 3a). In the spectrum of Py, Gr,, five res-
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onances are observable with chemical shifts at —72.3,
—73.4, —74.6, —75.5, and —76.7 ppm, where the error
in the peak positions is about +0.2 ppm. The resonance
at —72.3 ppm has the largest intensity and has the same
chemical shift as the single resonance observed in pyrope.
These same five resonances are also observed in the spec-
tra of Py,;Gr,s and Py,;Gr,s, with the addition of a weak
resonance at —77.8 ppm in Py Gr,s and in Py,;Gr,s a
seventh possible resonance at —78.8 ppm. The relative
peak intensities of the first five resonances change mark-
edly in Py,;Gr,; compared to those in Py,Gr,, and
Py,,Gr,s, but the resonance at —72.3 ppm still shows the
greatest intensity. In the spectrum of Py,Gr,; the peak
at —73.4 ppm approaches the intensity of the —72.3 ppm
resonance, whereas it had only about a half or a third the
intensity in the other two compositions.

The Si MAS NMR spectra of the grossular-rich solid
solutions PyysGrys, Py, Gry, and Py,,Gr,s show two broad
resonance envelopes centered around —83.7 and —80.1
ppm (Fig. 3b). In the spectrum of Py,;Gr,s, the resonance
at —83.7 ppm has about ten times the intensity of the
resonance at —80.1 ppm and displays a small shoulder
around —83.1 ppm. In the spectrum of Py,,Gr,, this
shoulder becomes more pronounced and a second shoul-
der located at about —82.5 ppm also appears. The inten-
sity of the resonance at —80.1 ppm is about one fourth
of the resonance at —83.8 ppm and displays a possible
additional shoulder around —79.3 ppm. In the spectrum
of Py,;Gr,; the two broad envelopes at about —80.1 and
—83.7 ppm have nearly similar intensities. Additional
shoulders at about —78.2, —77.4 ppm, and around —81.3
ppm are observable.

The 2Si MAS NMR spectra of the solid solutions of
intermediate compositions Py, Gr,,, Pys,Grs,, and
Py,,Gr,, show slightly poorer signal to noise ratios (Fig.
3c). For these three spectra, the resonances between —76.5
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Fig. 2. Plot of the IR bands in wavenumbers vs. garnet com-
position.

> § = —80.1 ppm have the greatest intensities. In the
spectrum of Py,,Gry,, in addition to the two broad reso-
nance envelopes centered at —83.8 and —80.1 ppm and
present in the grossular-rich spectra, low intensity reso-

TasLe 3. Positions of the IR bands of synthetic pyrope-grossular garnets

IR band Pyrope PygGryo Py,sGrs Pys0Grso Py.sGr,s Py,0Greo Grossular
MIR band positions (cm~7)
A 1010 sh 1002 sh 991 sh 984 sh 970 sh 955 sh 946 sh
B 978 vs 972 vs 967 vs 951 vs 933 s 921 vs 913 vs
C 909 vs 904 vs 899 vs 885 vs 873 s 866 vs 861 vs
D 879 vs 875 vs 872 vs 863 vs 853 s 848 vs 843 vs
E — — — 637 sh 629 m 623 m 619 m
F 584 s 580 s 575 s 565 s 554 s 547 s 543 s
G 538 m 535 m 526 sh 525 sh 521 sh 511 sh 505 sh
H 486 vs 486 vs 486 vs 485 vs 481 vs 478 vs 475 vs
| 467 vs 466 vs 462 vs 461 vs 460 vs 459 vs 458 vs
J 421 mw 420 mw 420 mw 420 w — — —
FIR band position (cm~")

K 388 m 390 m 395 vs 402 m 399 m 399 m 398 m
L — —_ — 345 w 348 mw 354 w 355 w
M 342 m 341 m 342 mw — 300 sh 301 w 301 mw
N — — —_ —_ — — 243 d
(o] 259 mw 256 w 255 w 240 mw 239 m 243 mw 243 m
P 214 sh 214 sh 214 sh 205 mw 203 m 204 mw 205 m
Q 204 m 201 m 202 mw — 178 mw 183 mw 186 m
R 144 m 137 mw 129 w — —_ —_ 155 mw

Note: intensity indication: sh = shoulder, vs = very strong, s = strong, m = medium, mw = medium to weak, w = weak, d = doublet.
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(a) The 59.6 MHz #Si MAS NMR spectra of pyrope-rich garnets Pyy,Gr,o, PyysGrys, and Py,sGr,,. (b) The 59.6 MHz

2Si MAS NMR spectra of grossular-rich garnets Py,;Gros, Py,,Gry,, and Py,sGr,s. (c) The 59.6 MHz 2»Si MAS NMR spectra of
intermediate composition garnets Py, Grg, PysoGrso, and Pyg,Gr,,.

nances located between —72.0 = 6 = —77.7 ppm are
observed. In the spectrum of Py,,Grs, the resolution is
better, and up to 13 individual resonances can be ob-
served. In Py,,Gr,, the same chemical shift resonances as
in the spectrum of Py,;Gr,s are present in addition to
weaker resonances at 6 < —78.8 ppm.

DiscussioN
IR spectroscopy

The energies of the MIR bands change essentially lin-
early with composition, and no clear relation between the
degree of band shifts and the volumes of mixing was ob-
served, as reported for almandine-grossular solid solu-
tions (Geiger et al., 1989). The line widths in the spectra
of the solid solutions are broader than those of the end-
members. Line broadening is generally associated with
cation disorder and indicates, qualitatively at least, the
absence of significant long-range order of Mg and Ca in
the dodecahedral sites. Theoretical factor group analysis
of garnet of space group Ia3d predicts that there should
be a total of 17 active IR bands (Moore et al., 1971).

Space groups of lower symmetry should increase the
number of active bands. For example, a change to space
group 12,3, as suggested by Dempsey (1980) for a garnet
of composition Py,,Gr,,, should result in 58 active IR
bands being present (Delany, 1981). The powder IR spec-
trum of pyrope shows 14 IR bands and that of grossular
16 IR bands (Fig. 1a and 1b). The IR spectra of the solid
solution garnets show no more than 17 bands, and hence
there is no overt indication for symmetry lowering.
Band assignments for the garnets could be made con-
sistently with those proposed from the single-crystal IR
spectra of natural garnets (Hofmeister and Chopelas,
1991). Band positions are within 2 cm~! for the TO po-
sitions given by Hofmeister and Chopelas (1991), except
for bands I and J, which differ by 10 and 5 cm~!, respec-
tively. The energy differences or splitting between the TO
and LO modes are only strongly developed in the mid-
infrared region. The origin of band A is not clear (Mc-
Millan et al., 1989). Bands B, C, and D belong to the
asymmetric Si-O stretching mode, »;, of the SiO, groups.
Bands E, F, and G are assigned to the symmetric bending
mode, v,, and band I to the asymmetric bending mode,
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v,, of the SiO, tetrahedra. Bands K and L have been as-
signed to tetrahedral rotations, R(SiO,), and band M to
a translation, T(SiO,), of the SiO, tetrahedra. Band R is
thought to be a mixture of SiO, and other cation trans-
lations, T(SiO,),.... Bands H, J, and N are assigned to
translations of the Al octahedra, T(Al) and bands O, P,
and Q to translations of the X cations, T(X), in the do-
decahedral site (Hofmeister and Chopelas, 1991).

Hofmeister and Chopelas (1991) proposed that in the
spectrum of grossular two overlapping bands are present
around 244 cm~'. The band at 243 cm~' in our spectrum
is asymmetric. No splitting or noticeable doubling is ob-
served. In the case of pyrope, Hofmeister and Chopelas
(1991) observed all 17 IR active bands. In our powder
spectrum the bands labeled E, M, and N could not be
identified.

The assignment of the bands for the solid solution gar-
nets was made by following their shifts as a function of
composition. The band assignments in the FIR region
cannot be made with complete certainty in the middle
part of the binary because of significant band broadening.
Band assignments in the FIR region were interpreted using
the model of two-mode behavior as described by Hof-
meister and Chopelas (1991). Two-mode behavior pre-
dicts that the compositions located near the two end-
members are characterized by vibrations similar in energy
to those of the end-member. Simple linear interpolation
of the modes between pyrope and grossular cannot be
made. In the case of the pyrope-grossular binary, the T[X]
and TI[SiO,] vibrations are characterized by two-mode
behavior. Two-mode behavior results from differences in
size and/or mass of the X-site cations. It is also present,
however, in T[Si0O,] vibrations because of the edge-shar-
ing relationship between tetrahedra and dodecahedra
(Hofmeister and Chopelas, 1991).

The IR spectra also permit some crystal chemical in-
terpretations. Moore et al. (1971) suggested that the de-
gree of separation of bands C and D, defined as site group
splitting, is a measure of SiO, tetrahedral distortion. The
site group splitting is 30 and 18 cm~! in pyrope and gros-
sular, respectively, and changes linearly as a function of
composition across the join (Fig. 4a). Tetrahedral distor-
tion derived from diffraction experiments has also been
calculated (Renner and Lehmann, 1986), using X-ray
powder Rietveld refinement data from Ganguly et al.
(1993) and can be compared to the IR data. Tetrahedral
distortion is greatest for pyrope (Fig. 4b). The edge-length
distortion index decreases linearly with increasing gros-
sular content, as does the angular distortion of the SiO,
tetrahedra within the limits of the data. Moore et al. (1971)
also proposed the term factor group splitting, which is
defined as the ratio of [B — (C + D)/2]. It is proposed to
be a measure of the degree of vibrational interaction be-
tween the isolated SiO, groups and increases with de-
creasing distance between the SiO, tetrahedra. The factor
group splitting is larger than the site group splitting and
decreases with increasing grossular content from 84 cm~!
in pyrope to 61 cm~! in grossular and does not follow a
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Fig. 4. (a) Variation of factor group splitting [FGS = B — (C

+ D)/2] and site group splitting (SGS = C — D) as a function
of garnet composition. (b) Edge length and angular tetrahedral
distortion (Renner and Lehmann, 1986) plotted as a function of
composition. The structural data were taken from Ganguly et al.
(1993).

linear trend between the two end-members (Fig. 4a). It
remains nearly constant from pyrope to Py,;Gr,s and then
decreases with increasing grossular content.

»Si MAS NMR spectroscopy

The #Si MAS NMR spectroscopy is sensitive to the
chemical and structural environment around the #Si nu-
clei. Changes in the chemical environment (e.g., dodeca-
hedral sites in garnet) can induce changes in the chemical
shift, where each individual resonance reflects a unique
chemical or structural environment sensed by the Si nu-
clei. Moreover, single pulse 2Si MAS NMR is quantita-
tive, provided sufficiently long relaxation delays and or
small pulse angles are used in conjunction with MAS rates
suitable to average all anisotropic 2Si shielding contri-
butions. Therefore, the relative intensities of the different
isotropic 2°Si resonances indicate the number of Si nuclei
residing within a unique structural environment.

Pyrope-grossular solid solutions, (Mg,Ca, _,);Al,Si;O,,, can
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Fig. 5. Diagram showing the local dodecahedral configura-
tion surrounding an isolated Si tetrahedron in the garnet struc-
ture. The two edge-shared dodecahedra form a first or inner
coordination shell and the four corner-shared dodecahedra form
a second or outer coordination shell.

be described by an exchange of Ca and Mg on the do-
decahedral site, whereas all of the octahedra are occupied
by Al Garnets of space group Ia3d contain a single crys-
tallographically independent Si site (Menzer, 1928), where
each Si tetrahedra shares two edges and four corners with
differing and neighboring dodecahedra (Fig. 5). The Si-
X1 distance, where X = Ca or Mg, for the two edge-
shared dodecahedra, is 2.86 A in pyrope and 2.96 A in
grossular (Novak and Gibbs, 1971). The Si-X2 distance
of the four-corner shared dodecahedra is 3.51 A and 3.63
A in pyrope and grossular, respectively. The edge-shared
dodecahedra form an inner or first coordination shell
around a given Si tetrahedron, and the corner-shared do-
decahedral sites form an outer or second coordination
shell (Fig. 5). There are three possible and unique cation
configurations for the two edge-shared dodecahedra in
the first shell, that is Mg-Si-Mg, Mg-Si-Ca, and Ca-Si-Ca.
For the second shell there are five possible configurations,
given as MgMgMgMg, MgMgMgCa, MgMgCaCa, Mg-
CaCaCa, and CaCaCaCa for the four corner-shared do-
decahedra. Hence, there are 3 x 5 = 15 unique and pos-
sible local arrangements or configurations around a Si
site. The exchange of different sized divalent cations in
the dodecahedral sites causes changes in bond lengths and
angles such as Si-Al distances, tetrahedral-octahedral Si-
O-Al angles, etc. Variations of these quantities could
therefore be responsible to a certain degree for the ob-
served changes in the chemical shifts. However, they are
considered to be secondary in importance, as the driving
forces for these variations is the substitution of Mg for
Ca in the dodecahedral sites.

BOSENICK ET AL.: NMR AND IR STUDY OF GARNET

In pyrope, all dodecahedra are occupied with Mg cat-
ions and in grossular by Ca cations. Both spectra display
a single resonance, in pyrope at —72.0 ppm correspond-
ing to the two shell configuration MgMg-MgMgMgMg
and in grossular at —83.9 ppm corresponding to CaCa-
CaCaCaCa (Geiger et al., 1990a, 1992). The Si chemical
shifts become more shielded (i.e., more negative) with the
substitution of Ca for Mg cations. In both end-members
only a single Si-site geometry is present locally, as in the
average long-range structure. As there is no indication of
a space group lower than Ia3d in the solid solutions, any
additional resonances that would be observable in the #Si
MAS NMR spectra would have to be caused by different
nearest dodecahedral or next-nearest dodecahedral inter-
actions (i.e., configurations), rather than from the pres-
ence of crystallographically independent Si sites occurring
in a lower space group symmetry. In the case that the
NMR measurements were only sensitive to the first shell
interactions with Mg and Ca in edge-shared dodecahedra,
the spectra of the solid solutions would show no more
than three resonances: one resonance at approximately
—72.0 ppm corresponding to Mg-Si-Mg as observed in
pyrope, one resonance at approximately —83.9 ppm cor-
responding to Ca-Si-Ca as in grossular, and one reso-
nance between —72.0 = § = —83.9 ppm corresponding
to the mixed arrangement Mg-Si-Ca.

Resonance assignments of the solid solution garnets

The spectrum of Py,,Gr,, displays five resonances (Fig.
3a) and the other solid solution compositions even more,
indicating that 2°Si MAS NMR spectroscopy is sensitive
to first and second shell interactions in garnet. This is, to
the best of our knowledge, the first time that two inter-
action shells have been observed using *Si MAS NMR
spectroscopy. In Py, Gr,, the peak at —72.3 ppm is iden-
tical to the resonance observed in pyrope and thus is
readily assigned to the configuration MgMg-MgMg-
MgMg. The amount of shielding of an atom is inversely
proportional to its distance to the Si atom (Engelhardt
and Michel, 1987), and therefore, the substitution of Ca
for Mg in the first shell results in a larger change of the
chemical shift than the same substitution in the second
shell. The smallest change toward a more negative chem-
ical shift value (i.e., greater shielding) should be due to
the substitution of one Ca for one Mg in the second shell.
The resonance at —73.4 ppm is thus assigned to MgMg-
MgMgMgCa (Fig. 3a). The other resonances at —74.6,
—75.5, and —76.6 ppm cannot, however, be assigned
similarly by such qualitative considerations, because one
cannot predict, or calculate from first principles, whether
the substitution of one Ca for one Mg cation in the first
shell results in a greater or smaller change of the chemical
shift than the substitution of two Ca cations for two Mg
cations in the second shell.

In the NMR spectrum of Py,;Gr,s the strong resonance
at —83.7 ppm is identical with the resonance observed
in grossular and is assigned to CaCa-CaCaCaCa (Fig. 3b).
The shoulder at —83.1 ppm is assigned to the configu-
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TasLe4. General formulae for calculating statistical probabilities
in a random model for the 15 different configurations
around the Si cations

First shell
Second shell MgMg MgCa CaCa
MgMgMgMg (1 = Xea)® 21 = Xoof'Xea (1 — Xeo)*X2,
MgMgMgCa 41 = XoofXea 8(1 — Xaa)'X2 A1 — Xco)°XE,
MgMgCaCa B(1 — Xc)'X2.  12(1 — XooJ’X2  6(1 — XXt
MgCaCaCa 401 - XeoPXe  8(1 — XXt 401 — Xeo)X2,
CaCaCaCa (1 = XeaF X, 2(1 — Xea)X2a  X&

ration CaCa-MgCaCaCa, because it has the smallest
change in the chemical shift toward less negative values.
The grossular-rich spectra by Py,Gry, Py,,Gry, and
Py,;Gr,; show two broad resonance envelopes as one
would expect for first shell interactions only (Fig. 3b).
Therefore, we assume that the broad resonance envelope
around —83.8 ppm contains several overlapping reso-
nances, where only Ca cations are present in the first shell
(i.e., CaCa-XXXX), whereas the envelope centered at
about —80.1 ppm corresponds to all those configurations
where one Ca and one Mg is present in the first shell (i.e.,
CaMg-XXXX). The individual resonances can then be
assigned as following: CaCa-MgMgCaCa at —82.5 ppm,
CaCa-MgMgMgCa at —81.3 ppm, MgCa-CaCaCaCa at
—80.1 ppm, MgCa-MgCaCaCa at —79.3 ppm, and MgCa-
MgMgCaCa at —78.2 ppm.

To enable peak assignments for all compositions and
to test whether there is random mixing of the Ca and Mg
cations on the dodecahedral sites, we have calculated the
probabilities for the 15 possible cation configurations as-
suming a model of complete randomness (Table 4). These
theoretical values can be compared with the fitted peak
intensities in the experimentally measured spectra. To do
so the spectra of pyrope and grossular were first fitted
without constraints to obtain information about their
characteristic peak shapes. For the single resonance spec-
trum of pyrope, a peak shape of 0.70 (where 1.0 = 100%
Lorentzian and 0.0 = 100% Gaussian) with 0.44 ppm
FWHM and for grossular a value of 0.54 with a FWHM
of 0.47 ppm were obtained. The spectra of Py,,Gr,, and
Py,;Gr,; were fitted next, again without constraints, where
the peak shapes were expected to lie between 0.70 and
0.54. However, surprisingly, the fitted peak shapes were
highly variable and ranged from completely Lorentzian
to completely Gaussian (Table 5). Moreover, the same
resonance did not maintain its peak shape with changing
composition. For example, the strong resonance at —72.3
ppm (MgMg-MgMgMgMg) has in pyrope a measured peak
shape value of 0.70, but in Py,,Gr, it has a value of 0.31
and in Py,;Gr,; a value of 0.65. The resonance at —73.4
ppm (MgMg-MgMgMgCa) has a peak shape value of 0.61
in Py,,Gr,, and a value of 0.00 (i.e., pure Gaussian) in
Py,;Gr,;. There was also no systematic variation found
in the change of the peak shapes.

Because peaks are strongly overlapping in the spectra
of the other solid solutions with X, = 0.25, the peak
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TaBLE 5. Fitting results for Pyy,Gr,, and Py,;Gr,s
PygoGryo Py75Gras

Peak Peak
position Peak FWHM Area position Peak FWHM Area
(ppm)  shape” (ppm) (%) (ppm)  shape* (ppm) (%)

Without imposed constraints
-723 031 054 507 -723 065 061 277
-735 061 061 258 -734 0.00 062 177
~746 000 0.5 3.4 —-744 100 061 143
—75.5 0.13  0.61 11.2 —-755 0.17 0.69 15.2
-76.7 1.00 069 8.7 —-76.7 000 082 149
—-77.8 0.57 0.87 10.2
With constrained peak shapes

-723 028 054 53.1 -723 058 062 26.2
—-735 028 061 238 -734 058 063 219
—746 028 0.54 41 —-744 058 0.55 8.6
—-755 028 0.61 128 -755 058 067 164
-76.7 028 0.64 6.1 -76.7 058 072 152
-77.8 058 0.87 8.6
—788 058 0.88 2.7

* The value 0.0 = 100% Gaussian, 1.0 = 100% Lorentzian.

shapes of the individual resonances could not be uniquely
defined and therefore had to be constrained during fitting.
Inasmuch as the major goal of this work was to determine
whether there is complete random mixing of the Mg and
Ca cations or whether any short-range order is present, a
fitting procedure was established to generate relative peak
intensities that would match those arising solely from
random mixing. In this manner, all resonances of a given
spectrum were fixed to have the same peak shape as that
of the most intense resonance. This fitting procedure was
then used on all samples and first with those composi-
tions nearest to the end-members pyrope and grossular
(i.e., PyyGr,, and Py,;Gry;). Next, the spectrum with the
higher pyrope or grossular content, respectively, was fit-
ted (i.e., toward the center of the binary). Chemical shift
values for resonances obtained in the preceding spectrum
were used as a constrained input parameter for the fit of
the next composition. The peak positions were con-
strained such that the difference between the chemical
shifts of two neighboring resonances was kept the same.
The FWHM values were, instead, varied slightly, always
trying to keep them as similar as possible to the param-
eters obtained from the previously fitted spectrum. By
varying the different parameters, we compared the fitted
intensities to those probabilities calculated for a model
based on a random distribution. Using this constrained
procedure, the relative fitted intensities are probably not
strictly quantitative, but deviations from complete ran-
dom mixing can indeed be tested. In Table 5 the fitted
relative intensities for Py,,Gr,, and Py,;Gr,, are given as
examples when peak shapes were constrained. The inten-
sities differ between 1 and 5% compared to intensities
obtained in fits with no imposed constraints (Table 5). It
was observed that the relative peak intensities remain
nearly constant in both fitting models. Because of the
strong overlapping of peaks in the spectra with X, =
0.25, we believe the error in the estimated intensities is
slightly greater, around 5%.
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TABLE 6. Statistical probabilities for Pyg,Gr,, (i.€., Xca = 0.1)
calculated after Table 4

First shell

Second shell MgMg MgCa CaCa
MgMgMgMg 53.14* 11.81 0.66
MgMgMgCa 23.62 5.25 0.29
MgMgCaCa 3.94 0.87 0.05
MgCaCaCa 0.29 0.06 0.00
CaCaCaCa 0.01 0.00 0.00

Sum 81.00 18.00 1.00

* Data were multiplied by 100 to obtain values in percent.

In the case of Py,,Gr,,, five of the 15 possible cation
configurations have probabilities > 1% for random mix-
ing (Table 6) and should therefore be experimentally de-
tectable. Peak assignments for the configurations MgMg-
MgMgMgMg and MgMg-MgMgMgCa have already been
determined as discussed above. The configuration MgMg-
MgMgMgMg has the greatest statistical probability of
53.1%, and MgMg-MgMgMgCa gives the second most
probable configuration at 23.6%; both are consistent with
their experimentally measured intensities. The configu-
ration with the third highest statistical probability is
MgCa-MgMgMgMg, calculated as 11.8%, and this
matches the resonance at —75.5 ppm. Probabilities for
MgMg-MgMgCaCa and MgCa-MgMgMgCa are calculat-
ed to be 3.94 and 5.25%, respectively. The resonance
corresponding to MgCa-MgMgMgCa must have a greater
chemical shift compared to the resonance corresponding
to the configuration MgCa-MgMgMgMg because of the
additional Ca cation in the second shell. Thus the reso-
nance at —76.7 ppm is readily assigned to the latter and
the resonance at —73.5 ppm to the former.

The resonances at —77.8 and —78.8 ppm in Py,;Gr;
and Py,;Gr,; can be assigned to the configurations MgCa-
MgMgCaCa and MgCa-MgCaCaCa, respectively. The
resonances with only Mg cations in the first shell differ
by about 1.1 ppm. Assuming a constant shift of 1.1 ppm
for the substitution for each additional Ca for Mg in the

TaBLE 7. Peak assignments for pyrope-grossular garnets*
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second shell, the statistically unlikely resonances corre-
sponding to MgMg-MgCaCaCa and MgMg-CaCaCaCa
should have chemical shifts around —75.6 and —76.7
ppm and should be hidden by the resonances correspond-
ing to MgCa-MgMgMgMg and MgCa-MgMgMgCa. For
this pyrope-rich composition the statistical probabilities
for MgMg-MgCaCaCa and MgMg-CaCaCaCa are at least
six times less than configurations MgCa-MgMgMgMg and
MgCa-MgMgMgCa. The probability of MgMg-MgCa-
CaCa lies, for the compositions Py Gr,,, Py;,Grs,, and
Py,,Grg, between 5 and 6% and has about the same
probability as configuration MgCa-MgMgMgMg; hence
their probabilities were summed together. The same res-
onance assignments were obtained for the three most
grossular-rich solid solutions using model peak intensities
as by the qualitative crystal chemical considerations. Peak
assignments for the 13 observed resonances are summa-
rized in Table 7. The results of the comparison between
model and experimental intensities for spectra of the nine
different solid solutions are given in Table 8.

The resonances with only Ca cations in the first shell
differ by about 0.7 ppm, whereas those with only Mg
cations differ by 1.1 ppm. Therefore resonances resulting
from the configurations CaCa-XXXX are more strongly
overlapping, whereas those of MgMg-XXXX are well re-
solved. The better resolution in the latter is best ex-
plained by the lesser degree of shielding afforded by the
smaller Mg cations compared to the larger Ca ones.

Order-disorder

In the case of compositions Py, Gr,,, Py,,Grs, and
Py,sGr,s there is good agreement between a model with
complete Ca and Mg cation disorder and the measured
intensities. For example, in Py, Gr,, the difference be-
tween the calculated probabilities and the observed in-
tensities is <1%, for Py,,Gr,, the difference is <2%, and
for Py,sGr,s it is <5%. Since peak overlapping in gros-
sular-rich garnets is strong, we do not consider this latter
deviation to be significant and conclude that a random

First Second
shell shell Pyrope  PygGry, PyesGris Py;sGras  PyeGr PyseGrsy  PysGreo  PyasGrs Py, Gre  PygsGres Grossular
MgMg- MgMgMgMg -72.0 -723 -72.2 -723 -72.5 -725
MgMgMgCa —73.4 -733 -734 -736 -736 737
MgMgCaCa -74.6 -745 -744 -74.6 -747 ~74.7
MgCaCaCa —-75.5 -75.7 -75.8 ~75.8
CaCaCaCa —75.5 -75.7 -758  --76.6
MgCa- MgMgMgMg -75.5 —75.4 —-755 -757 -758 758
MgMgMgCa —-76.7 —~76.6 -76.7 -77.0 ~771 ~-773 774
MgMgCaCa =777 -77.8 —78.1 -78.2 ~78.3 —-78.2
MgCaCaCa —~78.8 =791 -79.1 ~79.1 -79.1 -79.3
CaCaCaCa -79.9 —79.9 -79.8 -79.9 —80.1 —80.1
CaCa- MgMgMgMg -81.1 —80.9 -81.1
MgMgMgCa -82.1 -81.5 -81.7 -81.3
MgMgCaCa —82.3 -82.6 -82.1 —82.5
MgCaCaCa —83.0 —-83.2 -828  —83.1 —-83.1
CaCaCaCa —83.5 -83.7 —83.5 -83.8 —83.8 —83.8

* Peak position in parts per million.
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TaBLE 8. Relative intensities obtained from constrained fits compared to the calculated random probabilities in the 22Si NMR spectra
of pyrope-grossular solid solutions

Peak [, Leaic hbs — earc
First Second position FWHM fitted calculated intensity
shell shell (ppm) (ppm) areas (%) prob. (%) diff. (%)
PYNGrW
MgMg- MgMgMgMg -72.3 0.54 53.2 53.1* 0.1
MgMgMgCa -73.5 0.60 23.9 23.6 0.3
MgMgCaCa -74.6 0.54 4.1 3.9 0.2
MgCa- MgMgMgMg --75.5 0.61 12.8 11.8 1.0
MgMgMgCa -76.7 0.64 6.1 5.2 0.9
PyesGryg
MgMg- MgMgMgMg ~72.2 0.76 44.2 37.7 6.5
MgMgMgCa -73.3 0.81 25.8 26.6 -0.8
MgMgCaCa -74.5 0.69 52 71 -1.9
MgCa- MgMgMgMg -75.4 0.77 14.2 133 0.9
MgMgMgCa -76.6 0.86 8.5 9.4 -0.9
MgMgCaCa —74.7 0.61 2.0 25 -0.5
Py;sGras
MgMg- MgMgMgMg ~72.3 0.62 26.5 17.8 8.7
MgMgMgCa ~73.4 0.63 21.9 237 -1.8
MgMgCaCa -74.4 0.55 8.6 119 -33
MgCa- MgMgMgMg —-75.5" 0.67 16.5 11.9; 147 4.6;1.8
MgMgMgCa -76.7 0.72 15.2 15.8 -0.6
MgMgCaCa -77.8 0.87 8.6 79 0.7
MgCaCaCa -78.8 0.88 2.7 1.8 0.9
PyeGryo
MgMg- MgMgMgMg ~72.5 0.66 5.0 4.7 0.3
MgMgMgCa -73.6 0.71 1.1 124 -1.3
MgMgCaCa ~74.6 0.9 1.2 12.4 -1.2
MgCa- MgMgMgMg ~75.7** 0.902 12.8 6.2; 12.7 6.6; 0.1
MgMgMgCa ~77.0 0.870 185 16.6 19
MgMgCaCa —78.1 0.87 18.7 16.6 21
MgCaCaCa ~79.1 0.77 10.1 7.4 2.7
CaCaCaCa ~79.9 0.71 5.4 1.2 42
CaCa- MgMgMgMg ~81.1 0.88 4.6 2.0 2.6
MgMgMgCa —82.1 0.810 2.7 55 -28
Pys,Girs,
MgMg- MgMgMgMg -725 0.52 1.6 1.6 0.0
MgMgMgCa ~73.6 0.66 5.4 6.3 -0.9
MgMgCaCa ~74.7 0.89 8.7 9.4 -0.7
MgCa- MgMgMgMg —~75.8" 0.96 10.1 3.1;10.9 7.0; 0.8
MgMgMgCa ~771 0.67 10.9 125 -1.6
MgMgCaCa ~78.2 1.14 24.2 18.8 5.4
MgCaCaCa —7941 1.04 17.9 125 5.4
CaCaCaCa ~79.9 0.75 57 3.1 2.6
CaCa- MgMgMgMg —80.9 0.64 27 1.6 11
MgMgMgCa -81.5 0.64 4.7 6.3 -1.6
MgMgCaCa —82.3 0.690 4.9 9.4 —45
MgCaCaCa —83.0 0.59 24 6.3 -39
CaCaCaCa —83.5 0.55 0.9 1.6 -0.7
Py.Gre,
MgMg- MgMgMgCa ~73.7 0.71 3.4 25 0.9
MgMgCaCa ~74.7 0.73 4.2 5.5 -13
CaCaCaCa —76.6 0.8 1.9 2.0 -0.1
MgCa- MgMgMgMg ~75.8** 0.93 7.0 12;6.8 5.8;0.2
MgMgMgCa ~77.3 0.87 7.8 7.4 0.4
MgMgCaCa -78.3 0.89 16.8 16.6 0.2
MgCaCaCa —7941 0.85 17.6 16.6 1.0
CaCaCaCa -79.8 0.87 13.3 6.2 71
CaCa- MgMgMgMg —81.1 0.82 3.2 0.9 23
MgMgMgCa —81.7 0.79 8.1 55 26
MgMgCaCa -82.6 0.79 93 12.4 -3.1
MgCaCaCa —83.2 0.730 6.0 124 —-6.4
CaCaCaCa -83.7 0.69 1.3 4.7 —-34
Py.sGrys
MgCa- MgMgMgCa -77.4 0.83 3.0 18 1.2
MgMgCaCa -78.2 0.8 79 7.9 0.0
MgCaCaCa —79.1 0.83 15.9 15.8 0.1
CaCaCaCa —79.9 0.8 18.8 11.9 6.9
CaCa- MgMgMgCa -81.3 0.84 5.2 2.6 2.6

MgMgCaCa —82.1 0.78 104 119 -19
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TABLE 8.—Continued
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Peak lovs Laic loos = loaic
First Second position FWHM fitted calculated intensity
shell shell (ppm) (ppm) areas (%) prob. (%) diff. (%)
MgCaCaCa -82.8 0.71 16.0 23.7 -7.7
CaCaCaCa —-83.5 0.77 22.8 17.8 5.0
Py,oGry
MgCa- MgCaCaCa -79.3 0.97 6.2 5.3 0.9
CaCaCaCa —80.1 0.58 12.6 11.8 0.8
CaCa- MgMgCaCa —82.5 0.79 4.2 3.9 0.3
MgCaCaCa —83.1 0.79 25.3 23.6 1.7
CaCaCaCa —83.8 0.63 51.6 53.1 -1.5
PyOSGrOE
MgCa- CaCaCaCa —-80.1 0.7 6.3 7.7 -14
CaCa- MgCaCaCa —83.1 0.77 15.2 15.5 -03
CaCaCaCa -83.8 0.64 78.4 73.5 4.9

* The calculated probabilities do not necessarily sum to 100%, because only those configurations that have been fitted have been considered.
** The first probability corresponds to MgCa-MgMgMgMg and the second, to the right of the semicolon, to the sum of the configurations MgCa-

MgMgMgMg and MgMg-MgCaCaCaCa.

distribution of Ca and Mg exists for compositions 0.9 <
Xve = 0.1,

The observed intensity of the MgMg-MgMgMgMg
configuration in the spectrum of Pyy,Gr,; is 6.5% greater
than the calculated probability for random disorder (Ta-
ble 8). The same observation is true for Py,;Gr,s, where
the intensity is 8.7% larger than the calculated random
model, and moreover, the configuration with the highest
statistical probability is MgMg-MgMgMgCa, whereas in
the measured spectrum the peak corresponding to this
configuration is only the second most intense peak. This
deviation from a random mixing model is too great to be
explained by errors in the fitting procedure. A similar
deviation is observed in the more grossular-rich garnet
Py,;Gr,;. Here the most probable random configuration
is CaCa-MgCaCaCa, whereas the resonance with the
greatest observed intensity lies at —83.8 ppm, corre-
sponding to the CaCa-CaCaCaCa configuration. More-
over, the intensity of the resonance at —83.1, correspond-
ing to CaCa-MgCaCaCa, is 7.7% less than the calculated
probability, and the intensity of the peak corresponding
to MgCa-CaCaCaCa is 6.9% higher than that expected
for a completely random distribution. Since the configu-
ration CaCa-CaCaCaCa is preferred in the experimental
spectrum over other Ca-containing configurations, one
has to compensate for the additional Ca to maintain bulk
composition. This seems to be done by a lesser occupa-
tion of the configurations CaCa-MgCaCaCa and CaCa-
MgMgCaCa combined with a greater occupation of the
configuration CaMg-CaCaCaCa. An analogous situation
is observed for Py,;;Gr,s and Py,;Gr,;. The preference for
the configuration MgMg-MgMgMgMg is compensated by
lesser observed intensity in MgMg-MgMgMgCa and more
observed intensity in MgCa-MgMgMgMg compared to a
random model. The deviations are much smaller than in
Py,;Gr,5, <2%, but they follow the same pattern.

The peak fits of the Py, Gr,,, Pys,Grso, and Py, Gry,
spectra have larger errors because of their greater peak
overlapping. Nevertheless, there are indications that de-

viations from random mixing behavior can be discerned.
In all three compositions, if one considers the peak in-
tensity ratios rather than their absolute values, one ob-
serves a preference for those configurations with one Mg
and one Ca cation in the first shell. In Py,,Gr,,, for ex-
ample, the intensity ratio of MgCa-MgMgMgCa to MgMg-
MgMgMgCa in the random model should be 16.6%/12.4%
= 1.34 (Table 8), but this value cannot be approached
better than 18.6%/11.2% = 1.67 by changing the fit vari-
ables. In Py, Gre, a similar relationship of MgCa-Mg-
CaCaCa to CaCa-MgCaCaCa (16.6%/12.4%) is best ap-
proximated by 16.8%/9.3% = 1.8 and 17.6%/6.0% = 2.9.
In Py,,Gr,, resonances corresponding to MgCa-XXXX
have greater observed intensities than their calculated
probabilities, whereas MgMg-XXXX and CaCa-XXXX
resonances have smaller intensities than those calculated.
The peak intensities should be symmetric around MgCa-
MgMgCacCa in a totally random model, and the config-
urations MgCa-MgCaCaCa and MgCa-MgMgMgCa
should have the same intensities, yet the latter has 7%
less observed intensity.

An important question arising from these measure-
ments is whether the garnets were in thermodynamic
equilibrium at their respective P-T synthesis conditions.
The »Si MAS NMR spectra of two different Py, Gr,,
samples synthesized at 1250 and 1450 °C, respectively,
show no difference in their relative peak intensities (Geig-
er et al., 1990b). Hence, the simplest conclusion for this
composition is that mixing of Ca and Mg cations on the
dodecahedral site is independent of 7 in this region and
that, once again, there is total random cation disorder.
An indication of possible equilibrium is also found in
those compositions in which deviations from totally ran-
dom mixing occur, because the fitted intensities deviate
from the random statistical probabilities in a systematic
way. For example, in the spectra of Py,;Gr,; and Py,;Gr;,
where the deviations are clearest, the configurations cor-
responding to MgMg-MgMgMgMg or CaCa-CaCaCaCa
are strongly preferred over configurations MgMg-Mg-
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MgMgCa and CaCa-MgCaCacCa, respectively. As the bi-
nary pyrope-grossular is probably characterized by a sol-
vus (Haselton and Newton, 1980), the presence of short-
range order favoring pyrope- and grossular-like domains
in these two solid solutions may be interpreted as cluster
building as a precursor to unmixing. This relation be-
tween ordering and unmixing in solid solutions is likely
in several silicate solid solutions (Carpenter, 1985).
Therefore, we believe these garnets do not depart greatly
from chemical equilibrium.

The equivalent site model advanced by Newton and
Wood (1980) to explain the asymmetric AV, observed
in several binary silicate solid solutions may not hold for
pyrope-grossular garnets. The NMR spectra show no overt
evidence for short-range order in the most pyrope-rich
compositions with X, = 0.9, where Mg-Ca ordering
should be present. Short-range order is measurable in
composition PygGr,s, however. Unfortunately, the mod-
el is difficult to test quantitatively, because those config-
urations having two Ca atoms in edge-sharing dodeca-
hedra of the second shell, for example, are statistically
unlikely and experimentally difficult to observe. Further
microscopic properties need to be clarified before the vol-
umes of mixing in garnet solid solutions can be under-
stood.

Phase equilibrium experiments involving garnet in
equilibrium with orthopyroxene and clinopyroxene in the
CMAS system show that the garnet composition PyyGr,,
remains nearly constant over a wide range of P-T con-
ditions (Perkins and Newton, 1980). In addition, ther-
modynamic calculations of the slope and position of the
reaction boundary for clinopyroxene + orthopyroxene +
spinel = garnet + forsterite require garnet to have near-
Zero or negative excess entropies at compositions close
to Py,Gr,s to match the experimentally determined re-
action curve (Wood and Holloway, 1984). The measur-
able short-range order found in Py,;Gr,; offers a possible
explanation for the former experimental observation and
is consistent with the thermodynamic conclusions pro-
posed in the latter theoretical study.

The presence of short-range order, on the other hand,
in pyrope-grossular garnets with compositions between
0.15 = X, = 0.75 requires the configurational entropy
of mixing to be smaller than that based on a completely
random model. The synthesis conditions used here were
mainly above 1100 °C and the degree of order should
increase with decreasing temperature. This could have
potential significance for thermodynamic mixing models
pertaining to many natural garnets that equilibrate be-
tween 500 and 900 °C. Further work is needed, especially
on solid solutions equilibrated at different temperatures,
to formulate a model that can explain the deviations from
complete random disorder.
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