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Local Ca-Mg distribution of Mg-rich pyrope-grossular garnets synthesized at different
temperatures revealed by°Si MAS NMR spectroscopy
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ABSTRACT

Pyrope-grossular solid solutions, (Mg,g#€)Si;O,,, of composition Py¥Grs and PysGr,s were
synthesized at 1000, 1200, and 14@and 30 kbars in a piston-cylinder device. The synthetic
garnets were characterized using optical, microprobe, and X-ray methods and their Ca-Mg distribu-
tions were investigated usirigsi MAS NMR spectroscopy. The syntheses produced 100% garnet
except for those undertaken at 10@) where small amounts (up to 3%) of clinopyroxene were
present. X-ray powder refinements showed differences up to 0.01 A in the unit-cell dimension of the
garnets synthesized at the three different temperatures. A general decrease of the X-ray diffraction
line widths with increasing synthesis temperature is observed®$hdIMR spectra of PyGris
show little change as a function of synthesis temperature. In the spectrgGfRynall but measur-
able changes in the relative peak intensities, depending upon synthesis temperature, were observed
with a more random cation distribution corresponding to a higher synthesis temperature. None of the
garnets investigated has a completely random Ca-Mg distribution. The reduction in configurational
entropy compared to the disordered state is estimated to be less than 2 J/mol-K.

INTRODUCTION EXPERIMENTAL METHODS
Aluminosilicate garnet solid solutions AI¥'Siy’0,,, with  Synthesis and characterization

X = Fe*, Mn**, Mg, and Ca) are considered to have complete ggrnets of composition Ry5r;s and PysGr,s were synthe-
random distributions of cations on the X-site. Howe¥#8i  gjzeqd from homogeneous glasses at high pressures and tem-
MAS NMR spectroscopic study of synthetic garnets along th@atures in a piston-cylinder device. The following oxides were
pyrope-grossular join (Bosenick et al. 1995) demonstrated theaq to prepare the glasses@[Johnson Mattey (JM), ALFA
presence of short-range order of Mg and Ca in intermedigiggqycts, 99.99%], CaGQJM, ultrapure), MgO (IM,
compositions (0.8% Xy,2 0.25). The pyrope-grossular gar-pyratronic powder) and Si@JM, 99.999%). The preparation
nets were largely synthesized over a limited temperature raRg6ne oxide mixtures (between 5 and 6 g) and the synthesis
(1050-1150C). Hence the degree of ordering, which is teMyethods of the glasses were similar to those described in
perature dependent, could only be investigated at the simpiggkenick et al. (1995), except that the glasses were melted at
level. The results of our original study, if correct, require thalgsnec for a total of 60 min, instead of 30 min. In addition,
the configurational entropies for such garnets will differ fror, e glasses were ground and remelted twice to ensure compo-
those calculated assuming complete random disorder 8., Stional homogeneity. From each of the first two meltings about

= =3R-[Xedn(Xca) + XugIn(Xg)]. Hence, the thermodynamic 1 5 g of the obtained glass was separated and reserved for syn-
modeling previously undertaken on pyrope-grossular gamefses. At the end of the procedure, between 2 and 3 g of glass
would have to be revised. o were obtained which had been melted a total of three times.

~ We extended our original study by synthesizing two pyropge first melting experiment produced better than 99% glass,
rich compositions, namely Bris and PysGrs, at three tem- \yhich increased in the second and third melting procedure.
peratures 1000, 1200, and 14@to test whether short-range)icroprobe analysis of the final glasses showed them to be
order can be quenched in from high pressures and temperatHEﬁﬁogeneous within better than 1#46) of their average com-

and measured BSi NMR spectroscopy. If so, the temperaturgosition. No changes in composition were observed between
dependence and some idea behind the energetics of cationii-giasses obtained from the different melting cycles. The
dering in garnets may be gathered. Pyrope-rich compositigigssured pyrope mole fractions of the glasses wgge=X
were chosen for study, because they are the most importantd@r47(4) and ¥, = 0.746(4).

garnets in the CMAS system and for natural high-pressure gar-he p-T synthesis conditions of the pyrope-grossular gar-
nets, such as those found in grospydites (Sobolev et al. 1968kts are summarized in Table 1. Between 180 and 220 mg of
starting glass material and aboupll of distilled water were
*Present address: Department of Earth Sciences, Universitysgfled in 5.0 mm diameter Pt or Au capsules. The syntheses
Cambridge, Downing Street, Cambridge, CB2 3EQ, Englandere undertaken in 1/2 inch talc-glass assemblies at a corrected
E-mail: Bosenick@esc.cam.ac.uk pressure of 3& 0.5 kbars, which accounts for a friction correc-
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tion of 18% (M. Rauch, personal communication). Thermal gretere the liquid to solid ratio is a factor of 20 to 50 smaller. Any
dients over the capsule length are estimated to be less th@n 1mcorporation of OHinto our garnets should therefore be at
with the tapered furnace used. The experiments were quencleest one order of magnitude smaller, i.e., much less than 0.005
to room temperature by switching off the power. Not more thavt% H,O. (2) IR measurements were undertaken on polycrys-
15 s were needed to quench the samples to 800 from°C400talline garnet chips of 100 to 3Q@n thicknesses using a Bruker
About 10 and 5 s were needed to quench them t6@0bm IFS66V spectrometer equipped with a microscope. No evidence
1200 and 1000C, respectively. The polycrystalline garnet prodfor the incorporation of OHwas found, i.e., no Otbands are
ucts were characterized by optical microscopy, electron micrbservable at about 3630 ¢imrlJsing the background level in
probe, and powder X-ray diffraction analysis. The garnets weafee spectrum as maximum peak height, the maximum water
optically isotropic with the size of the crystallites being betweaontent possible is estimated to be well below 0.01 wi@. H
10 and 3Qum. The samples B001 and B0O03 (i.e., synthesis (8) The inflation of the lattice constant due to the incorpora-
Py,sGr,s and PysGr,;s at 1000°C) showed small amounts (lesstion of trace amounts of OHill be very small. Geiger et al.
than 3%) of a second phase identified as clinopyroxene by (4991) showed that 0.05 wt%,® in pyrope produces an in-
ray diffraction. The syntheses undertaken at 1200 and *@00crease in the lattice constant ranging from 0.002 to 0.004 A.
produced only garnet. According to the study by Cheng et al. (1990), the expansion
The garnets were analyzed with a Cameca Camebax miavbthe lattice constant of grossular due to 0.05 wt# ould
probe with an acceleration voltage of 15 kV and a beam cbe less than 0.002 A. Our garnets have water contents which
rent of 30 mA using common oxides and silicates as standarai® at least one order of magnitude smaller and hence, the ef-
The diameter of the electron beam was approximatelsnl fect on the lattice constant would be even smaller. (4) Assum-
Each spot was measured for 20 s and the background for lidg.a “water” content of 0.005 wt% held in the hydrogarnet
The mean compositions expressed as the pyrope mole fractimstitution, if follows that only 0.04% of tB&i nuclei could
determined from about 15 spot analyses, are given in Tablebg.replaced by H. This will have no measurable influence on
The results of the microprobe analysis showed that the garnteis NMR peak intensities with respect to the inherent experi-
were homogeneous within 1%1o) of the average composi- mental errors that are discussed below. Moreover, the NMR
tion. A complete list of the microprobe analyses is on deposipectra are in agreeement with those collected previously on
All garnets were also characterized with an automated po@H-free garnets (Bosenick et al. 1995).
der X-ray diffractometer (Siemens D5000) using<@uadia-
tion. The diffraction patterns were collected in step-scannifipi MAS NMR spectroscopy
mode from 10 to 13026 using 0.01 28 increments and 4 sec-  Garnets synthesized under identical conditions, i.e., same
onds counting time per step. The unit-cell parametemwvas p-T conditions and same starting glass material, were com-
calculated from the powder diffraction data by least-squargfmed for the?®Si MAS NMR measurements except for the
refinement with the programuLverR91 (Weber 1991). To re- py, Gr,, samples synthesized at 14, because of observed

tain as much material as possible for the NMR measuremenfigerences in their unit-cell constants. The samples used for
the powder X-ray refinements were made using an externali$ NMR measurements are listed in Table 1.

standard (NBS 640b). Repeated measurements of the Si stanthe 29Sj MAS NMR spectra were measured with a

dard during the period of the X-ray measurements revealed®Remagnetics CMX-400 spectrometer operating at 79.49 MHz.
changes in the measuring conditions. The results of the umples were contained in either 7.5 or 5.0 mm (outside diam-
cell refinements are given in Table 1. eter) zirconia rotors and spun at 5.0 kHz. The data were col-
It has to be emphasized that although water was mean{deted by single-pulse excitation consisting of pQlses (5-6
be used as a flux in the synthesis experiments of our garng), and a 300 s interpulse delay for a total of 300-700 acquisi-
they do incorporate some trace amouts of GBdich amounts tjons. This interpulse delay corresponds approximately to the
will not have a measureable effect on the physical propertigsin-lattice relaxation time measured for sample Py85-1000.
such as lattice constant or the conclusions drawn from NMfge found no significant difference between spectra collected
spectra. This conclusion is based on the following: (1) Expefbr this sample with 300 s and 30 s recycle delays. We report
mental studies by Ackermann et al. (1983), Geiger et al. (199& chemical shifts relative to tetramethylsilane (0 ppm), mea-
and Withers et al. (1998) have shown thaPak conditions sured via a secondary reference sample of kaolinite that gives
similar to our synthesis experiments not more than 0.05 Wi§arrow peaks at —96.8 and —97.5 ppm. This frequency refer-
of H;O can be incorporated in pyrope or grossular. The threfice was checked before and after the data collection period
former studies were done under water saturated conditions Wgh each sample, from which the accumulated drift for each
P(H-0) = P(total) using a liquid-to-solid ratio between 1 to 4pectrum was determined to be less than 0.1 ppm.
and 1 to 10. Our syntheses were done using much less waterwe obtained relative intensities for 8i NMR peaks by
fitting the spectra to a sum of Pseudo-Voigt curves using a com-
puter program that minimizegg by varying intensity, position,
IFor a copy of deposit table, Document AM-99-026, contact tHédth. and shape of the peaks. This program is based on a
Business Office of the Mineralogical Society of America (sde€venberg-Marquardt algorithm (Press et al. 1986). The peak
inside front cover of recent issue) for price information. Depo&ihapes of the different resonances within a given spectrum are
items may also be available on the American Mineralogist webriable as described by Bosenick et al. (1995). In the study
site (http://www.minsocam.org or curret web address). herein, it was found that the best peak shape for the resonances
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having the largest and second largest intensities is near 50Bfpyroxene and, therefore, it might not have exactly the same
Gaussian and 50% Lorentzian. Changing the peak shape to 1@@¥hposition as those garnets synthesized at 1200 and@400
Lorentzian or 100% Gaussian can modify the relative intensitiBecause of its smaller cell-dimension, one would expect that it
absolute by1% in the case of high and medium intensity peaks more pyrope-rich. As will be discussed below,?#8¢ NMR
(i.e.,= 5%) and by+-0.5% for lower intensity peaks. Hence, usdata also suggest a higher pyrope-content. However, the mi-
ing a 50% Gaussian and 50% Lorentzian peak shape yieldsdreprobe analysis does not give a more pyrope-rich composi-
termediate values for the relative peak intensities. tion, but instead a slightly lower pyrope content compared to
The lower detection limit of a resonance in the spectra istae other PyGr,s garnets. It is possible that this lower unit-
least 1% as determined by fitting peaks in the background aboedl dimension is real, since a &§r,s sample synthesized at
—70 ppm and below —80 or —82 ppm for Py85 and Py75, rEL00 °C (Bosenick et al. 1995), having a pyrope content of
spectively. Xwmg = 0.734(8), has a comparable unit-cell constant of
A reliable determination of the relative intensities of th&1.5578(4) A (Fig. 1).
two largest peaks at —72.2 and —73.4 ppm is crucial for the The unit-cell parameter of a solid solution is sensitive to
interpretation of the spectra. The two peaks are not statisticadipall changes in composition and it could be argued, there-
equivalent: the resonance at —72.2 ppm forms the left side dbee, that the observed differences are compositionally related.
manifold of overlapping peaks (and is thus well constrainedjhere is evidence, however, that differences icould be due
while the peak at —73.4 ppm is overlapped on both sides. Tthalifferent structural states. Reasons for this are, first, the same
possibility of systematic fitting errors does exist. This probleglass starting material was used for all syntheses of the same
was addressed by adding an artificial peak centered at —7dodnposition, and the experiments were performed in a closed
ppm to the experimental spectra with an area of 20 to 30%syktem. The syntheses above 100(roduced 100% garnet,
the total resonance envelope. These hypothetical spectra ware hence, the garnets must have the same bulk compositions.
then fitted and it was found that the relative intensities of thedeed, the compositions of the garnets are identical to those
two peaks at —72.2 and —73.4 ppm are identical within 0.5%adbthe glass starting materials as revealed by microprobe analy-
those determined on the experimental spectra. The total errsiss Second, the unit-cell parameters of two garnets from the
in the relative peak intensities, including those due to variatiearlier study synthesized at a temperature of 2008re con-
in peak shapes, ated—2% for the high and medium intensitysistent with the present observations. This supports the pro-
peaks and0.5-1% for peaks with intensities below ~5%. posal that different structural states resulting from different
synthesis conditions cause changeain
The errors in the composition have been included in the cal-
RESULTS AND DiScUSSION culation of the errors in the unit-cell dimension (Fig. 1). Without
Powder X-ray diffraction considering any compositional uncertainty the errors are four to

The unit-cell refinements show small differences betwedife times smaller. The errors were calculated as follows: to a
garnets of the same composition, which were synthesizeditgt approximation, the change in the unit-cell dimension as a
different temperatures (Table 1). The/alues for PyGrsrange  function of composition can, for small changes in composition,
from 11.5120 up to 11.5223 A. For &r.s, the unit-cell di- 1-€.,AXyy<0.01, be described by a linear function:
mensions vary between 11.5579 and 11.5662 A. The unit-cell a=a, +mhX,, (1)
dimensions of garnets synthesized at the same temperature show
smaller differences. For example, the unit-cell values of the dike slope " has been determined to be 0.423 and 0.427 for
PyssGris syntheses made at 1200 show a maximum differ- PygsGris and Py:Gr.s, respectively, using the unit-cell dimen-
ence of 0.0022 A and the two syntheses 0f®ys at 1200°C  sions of synthetic pyrope-grossular solid solutions (Ganguly
are within 0.0026 A of one another. However, the difference @t al. 1993 and Bosenick and Geiger 1997). The errors are then
the unit-cell dimensions of the two &8s samples synthe- given bys, = sio +m2<>s,§,XMg , WhereoaﬂandoAngare the errorsin
sized at 1400C is about 0.0043 A, which is relatively largethe unit-cell parameter and composition, respectively (Table 1).
We, therefore, repeated the powder-diffraction measurementsThe powder X-ray patterns were also analyzed with respect
on both samples taking different sections from the charge. Tioehe peak width of the diffraction lines. The results show that
results were, within error, identical with the first measurementhose samples synthesized at higher temperatures have narrower

The unit-cell dimension of the different 88r,s samples peaks and a betterdg/a, resolution compared to those syn-
appear to decrease with increasing synthesis temperature (figsized at lower temperature. Since the diffraction lines at
1a). This relation also holds for aggrs sample synthesized higher B are of lower intensity and not all samples show well-
at 1100°C (Bosenick et al. 1995) and having a unit-cell corresolveda./a, reflections, we determined the peak-width
stant of 11.521(1) A and a pyrope-content gf X 0.841(7), (FWHM) of the diffraction lines 400, 420, 332, and 422 by
which matches the composition of the®r,s garnets synthe- fitting Gaussian curves to them. These diffraction lines are of
sized herein. In the case of the§&r,;s samples, no systematichigh intensity and noi,/a, splitting is observable. A general
change in the unit-cell dimension with synthesis temperatutecrease in FWHM (Table 2) with increasing synthesis tem-
is observed. The cell dimension from the syntheses at 148rature is present, except for thesBy;s garnets synthesized
and 1200°C are the same within error, whereas the 1000 at 1400°C, which have the same peak widths as those garnets
sample has a cell-dimension about 0.006 A smaller than batkinthesized at 1200C (Fig. 2a). This relation also holds for
This latter synthesis contains, as stated above, small amouhésgarnets synthesized at 12@)(Bosenick et al. 1995). Peak
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narrowing as a function of synthesis temperature is about two
times greater in the Ryr,s samples than in the RGris
samples.

The initial grain size of the garnet crystallites (10434),
and their size after grinding (about 142), is within the range
(0.2-10um) to produce sharp diffraction lines that should not
be affected by crystallite size (e.g., Azaroff and Buerger 1958).
Hence, broadening of the diffraction lines must be a result of
other physical causes and not particle size. One possible origin
is incoherent scattering due to fluctuations in composition and/
or structural state over distances comparable to the X-ray scat-
tering length (approximately hundreds of angstroms). Compo-
sitional fluctuations on this scale can not be ruled out, because
microprobe analysis resolves chemical inhomogeneity only if
it has dimensions greater than the excitation volume ({215

2Si MAS NMR spectroscopy

For pyrope-grossular garnets, #i8 NMR chemical shift
depends on the local configuration of Ca and Mg in the dodeca-
hedral sites surrounding a Si@trahedron. Thus the spectra
record the number and distribution of Ca and Mg in the first
two coordination shells, where the first shell is formed by the
two dodecahedra, which are edge-shared to the t8téahe-
dron, and the second shell is formed by the four dodecahedra,
which are corner shared. There are 15 possible and distinct lo-
cal arrangements of Ca and Mg over these six dodecahedra,
which can give rise to an individual NMR resonance. A more
detailed description of the problem and complete resonance
assignments have been given in Bosenick et al. (1995).

The*Si MAS NMR spectra herein are similar to those re-
corded previously. The spectra of samples of composition
PyesGrs contain six resonances with chemical shifts of —72.2,
—73.4,-74.5,-75.6,—76.7, and —77.8 ppm (Figs. 3 and 4), which
correspond to the configurations MgMg-MgMgMgMg, MgMg-
MgMgMgCa, MgMg-MgMgCaCa, MgMg-MgCaCaCa +

FIGURE 1.Variation of the unit-cell dimension,, as a function of MgCa-MgMgMgMg, MgMg-CaCaCaCa + MgCa-MgMg
synthesis temperaturea)( PyssGris. (b) Py:sGr,s. The error bars MgCa, and MgCa-MgMgCacCa, respectively. (The first two el-
incorporate errors in the unit-cell dimension and composition. Data@ment symbols refer to the cation occupation of the 1st shell
parentheses are from Bosenick et al. (1995).

and the last four symbols to the occupation of the 2nd shell). In

TABLE 1. Synthesis conditions, compositions, and unit-cell dimensions

Sample Synthesis Synthesis No. of Composition Cell dimension a, NMR-
temperature (°C)* time (h) glass meltings Xug (A) spectra label
PyesGris
B003 1000 18.5 3 0.842(8) 11.5223 (10) Py85-1000
BO10 1000 17.5 3 0.845(9) 11.5195 (11) Py85-1000
B008 1200 13 1 0.849 (5) 11.5191 (5) Py85-1200a
B019 1200 11 1 0.848(9) 11.5185 (5) Py85-1200a
B009 1200 15 2 0.847 (5) 11.5187 (6) -
B020 1200 11.5 2 0.852(8) 11.5169 (4) -
B004 1200 14 3 0.845 (5) 11.5191 (5) Py85-1200
BO16 1200 13.5 3 0.853(8) 11.5186 (4) Py85-1200
BO05 1400 4 3 0.844 (8) 11.5163 (6) Py85-1400b
BO18 1400 4 3 0.842(9) 11.5120(7) Py85-1400
Py75Gras
B0O1 1000 19 3 0.741 (6) 11.5579 (15) Py75-1000
B006 1200 12 3 0.749 (8) 11.5662 (6) Py75-1200
BO12 1200 16 3 0.742(8) 11.5636 (9) Py75-1200
B0O7 1400 4 3 0.747 (6) 11.5622 (6) Py75-1400

* Temperature at the thermocouple which was placed directly above the sample capsule. Because of temperature gradients in the cell, the estimated
temperature is considered to be 5 to 20 °C higher.
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TABLE 2. Peak widths of selected powder-diffraction lines

Sample Synthesis

Diffraction line (26)

T(°C) 400 420 332 422
PyesGris
B003 1000 0.204(8)  0.224(9) 0.218(9) 0.213(8)
B010 1000 0.203(7) 0.218(9) 0.221(9) 0.221(9)
R201* 1100 0.197(7) 0.194(7) 0.196(7) 0.195(7)
B004 1200 0.168(5) 0.188(6) 0.188(6) 0.179(6)
B016 1200 0.190(7) 0.199(7) 0.198(7) 0.197(7)
B0OO5 1400 0.190(7) 0.203(7) 0.205(8)  0.200(7)
B018 1400 0.171(5) 0.193(7) 0.193(7) 0.195(7)
Py75Gras
B0OO1 1000 0.222(9) 0.238(10)  0.238(10) 0.255(11)
R102* 1100 0.218(9) 0.224(9) 0.212(8) 0.213(8)
B006 1200 0.200(7) 0.210(8) 0.205(8)  0.205(8)
B0O12 1200 0.203(7) 0.219(9) 0.216(8) 0.221(9)
B007 1400 0.179(6) 0.187(6) 0.187(6) 0.191(7)
* Samples from Bosenick et al. (1995).
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FIGURE 3. %°Si MAS NMR spectrum of RyGrs synthesized at
1000°C. Top, the observed spectrum. Middle, the simulated spectrum,
which is the sum of pseudo-Voigt curves shown just below. Bottom
line, the difference between the measured and the simulated spectrum.

the spectra of the samples of compositiog®rys, the same

six resonances are observed and, in addition, weak peaks at
—78.9 and -80.0 ppm (Fig. 5), which are assigned to the con-
figurations MgCa-MgCaCaCa + CaCa-MgMgMgMg and
MgCa-CaCaCaCa + CaCa-MgMgMgCa.

In the spectrum of RyGr;s synthesized at 1000 a small
broad peak is observed at about —83.2 ppm (Fig. 3). In the spec-
trum of Py:sGr,s synthesized at 100C a weak broad resonance
is present at about —84.3 ppm (Fig. 5). Since grossular shows a
2Sj chemical shift at —83.7 ppm and all mixed configurations
containing Mg have more positive shifts, the broad resonance in
the spectrum Py75-1000 cannot be due to grossular or grossu-
lar-rich configurations. Both of these 1000 synthesis prod-
ucts have small amounts of pyroxene as revealed by X-ray
diffraction, and since th&Si chemical shift of diopside is about
—84.7 ppm (Kirkpatrick et al. 1986), it is possible that both of
these resonances are caused by small amounts of pyroxene.

If this is diopside (CaMgg3Ds) or another pyroxene phase
with a higher Ca/Mg ratio or in the extreme case a Mg-free
pyroxene phase like Ca-Tschermak (G&#0Ds), it would push
the garnet composition towards a higher pyrope content. This

FIGURE 2. Variation of the peak width (FWHM) of the powder X_char?ge in compos_ition can be estimated_ fro_m the relatiye in-
ray diffraction lines of the reflections 400, 420, 332, and 422 ast@nsity of the possible pyroxene peak, which is about 1% in the

function of the synthesis temperatud®.Ry,:Grs samples.k) Py;sGrs

samples. The data at 1100 are from Bosenick et al. (1995).

spectrum Py85-1000 and 2—3% in the spectrum Py75-1000. If
these peaks are from diopside, the composition gfGPy
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- -72.2

1400 °C

-60 -65 -70 -75 -80 -85 -90

——— Py85-1400
—— Py85-1400b

-60 -65 -70 -75 -80 -85 -90
ppm

FIGURE 4.2°Si MAS NMR spectra of the two different syntheses
of composition PyGr;5 at 1400°C showing very slight differences in
their relative peak intensities. The spectra were normalized to the .
resonance at —72.2 ppm. The spectra obtained on the othér,Py 1200 °C
samples are similar and are, therefore, not shown. e S e s s o ey

-60 -65 -70 -75 -80 -85 -90

would change by 0.4 mol% to RyGri4s and that of PyGr.,s

by 1.2 mol% to Py.Grxse If in the other extreme case the

resonances belong to Ca8i0;, the composition of RyGrys

would change to RygGri,, and that of PyGras to Py, Gra

Hence, some of the differences between the spectra of thgygg oc

samples synthesized at 10@and those synthesized at higher -84.3
temperatures which will be discussed below, might in part be
due to compositional variations in the garnet.

The spectra of the Ry5r,s samples show no major changes
in their relative peak intensities as a function of synthesis tem-
perature. Moreover, no differences are observed in the spec't?
of the garnets synthesized from the different glass starting ppm
materials. The largest difference, albeit small, is observed be-
tween the two samples synthesized at 14DQFig. 4). In the FIGURE 5. *Si MAS NMR spectra of the RyGr,s samples
case of the spectra of samples with compositiggGy mea- synthesized at three dif_ferent temperatures (1000,_ 1200, and@no0
surable changes in the peak intensities are observed as a f@Hépectrawere normalized to display the same height as the resonance
tion of synthesis temperature. For example, in the spectrum"’l&F?z'2 ppm.

Py;sGr,s synthesized at 1001, the strongest resonance is at

—72.2 ppm and the second strongest peak is at —73.4 ppm (£3yas computed from the NMR spectrg}fy. The NMR spec-

5). In the spectrum of the sample synthesized at 1€Qgbth tra allow the calculation of the pyrope content through the av-
of these resonances have about the same height and in the $@ge numbery, of Mg-cations on the six dodecahedral sites
trum of the garnet synthesized at 14@ the resonance at surrounding a Sigtetrahedron:

—73.4 ppm is slightly greater than that at —72.2 ppm. 1

Table 3 reports the fitting results obtained using 50% 7 =gZZiPi )
Gaussian and 50% Lorentzian curves. The statistical probabili- '
ties are the relative intensities calculated for a total randdMferep is the measured relative intensity of resonance i and
distribution of Mg and Ca over the dodecahedral sites (BosenigkS the number of Mg cations corresponding to the configura-
etal. 1995). For a better comparison with the observed interfin of resonance i (e.gz = 6 for MgMg-MgMgMgMg, z = 5
ties, they were normalized so that the sum of the probabiliti$ MgCa-MgMgMgMg and MgMg-MgMgMgCa, etc.).
of the fitted configurations sum up to 100%. These statistical For resonances corresponding to more than one configura-
probabilities are given for the composition of the garnet solitien, z is taken to be the mean number of Mg cations based on
solutions, (1) as determined by microprobe analysi§)(&nd, the ratios of their expected probabilities for a random distribu-

-65 -70 -75 -80 -85 -90
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TaBLE 3. Relative peak intensities of the NMR spectra and comparison with statistical probabilities relating to complete Mg-Ca disorder

Py85-1000 Py85-1200a
Observed intensity Statistical probability* Observed intensity Statistical probability

Si configuration

First Second Position Area FWHM XY =0.844 XWR=0.850 Area FWHM XV =0.848 X\WR =0.862

Shell Shell (ppm) (%) (ppm) (%) (%) (%) (ppm) (%) (%)

MgMg MgMgMgMg —72.2 40.5 0.60 36.6 38.1 42.8 0.52 37.6 41.7
MgMgMgCa -73.4 22.2 0.63 27.1 26.9 23.2 0.54 27.0 26.5
MgMgCaCa —74.5 6.1 0.64 7.5 7.1 5.6 0.52 7.3 6.3

MgCa MgMgMgMg +

MgMg MgCaCaCa —75.6 14.3 0.70 14.5 14.3 14.5 0.62 14.3 13.9

MgCa MgMgMgCa +

MgMg CaCaCaCa -76.7 9.8 0.75 10.0 9.5 9.3 0.66 9.7 8.4

MgCa MgMgCaCa -77.8 4.3 0.90 2.8 25 3.9 0.89 2.6 2.0

MgCa MgCaCaCa +

CaCa MgMgMgMg -78.9 2.7 1.00 1.6 1.5 0.8 0.61 1.5 1.3

* For better comparison with the observed intensities, the statistical probabilities were normalized, so that the sum of probabilites of the fitted

configurations equals 100%.

TABLE 3—Continued

Si configuration

Py85-1200

Py85-1400

Observed intensity

Statistical probability*

Observed intensity

Statistical probability

First Second Position Area FWHM XY =0.849 XWR=0.856 Area FWHM XV =0.842 XWR=0.875
Shell Shell (ppm) (%) (ppm) (%) (%) (%) (ppm) (%) (%)
MgMg MgMgMgMg —72.2 415 0.52 37.9 39.7 46.4 0.53 36.1 44.9
MgMgMgCa -73.4 23.1 0.54 26.9 26.7 22.9 0.54 27.1 25.9
MgMgCaCa -74.5 5.6 0.55 7.2 6.7 5.0 0.55 7.6 5.6
MgCa MgMgMgMg +
MgMg MgCaCaCa -75.6 14.4 0.63 14.3 14.1 13.6 0.61 14.5 135
MgCa MgMgMgCa +
MgMg CaCaCaCa -76.7 9.4 0.67 9.6 9.0 8.7 0.72 10.2 7.5
MgCa MgMgCacCa -77.8 4.1 0.94 2.6 2.3 25 0.97 2.9 1.6
MgCa MgCaCaCa +
CaCa MgMgMgMg -78.9 1.9 1.00 1.5 1.4 0.8 0.99 1.6 1.1
TABLE 3—Continued
Py85-1400b Py75-1000
Si configuration Observed intensity __Statistical probability* Observed intensity Statistical probability
First Second Position Area FWHM  XY§ =0.844 X\WR =0.855 Area FWHM X =0.741 XMk =0.777
Shell Shell (ppm) (%) (ppm) (%) (%) (%) (ppm) (%) (%)
MgMg MgMgMgMg -72.2 41.5 0.55 36.6 39.5 25.1 0.62 16.9 22.2
MgMgMgCa -73.4 22.8 0.58 27.1 26.8 21.1 0.64 23.6 25.5
MgMgCaCa —74.5 5.3 0.54 7.5 6.8 8.3 0.63 12.4 11.0
MgCa MgMgMgMg +
MgMg MgCaCaCa —75.6 14.3 0.66 14.5 14.2 16.1 0.71 14.7 14.9
MgCa MgMgMgCa +
MgMg CaCaCaCa -76.7 9.7 0.73 10.0 9.1 15.2 0.79 16.7 14.8
MgCa MgMgCaCa -77.8 4.3 1.00 2.8 2.3 8.0 0.82 8.6 6.3
MgCa MgCaCaCa +
CaCa MgMgMgMg -78.9 2.1 1.00 1.6 1.4 3.4 0.82 4.1 3.0
MgCa CaCaCaCa +
CaCa MgMgMgCa —80.0 2.8 1.00 3.1 2.2
TaBLE 3—Continued
Py75-1200 Py75-1400
Si configuration Observed intensity Statistical probability* Observed intensity Statistical probability
First Second Position Area FWHM X\ =0.749 XWR=0.761 Area FWHM XV = 0.747 Xk = 0.761
Shell Shell (ppm) (%) (ppm) (%) (%) (%) (ppm) (%) (%)
MgMg MgMgMgMg —-72.2 21.1 0.66 18.0 19.7 20.4 0.63 17.7 19.7
MgMgMgCa -73.4 21.0 0.65 24.1 24.7 22.1 0.66 23.9 24.7
MgMgCaCa —74.5 9.6 0.66 12.1 11.7 9.1 0.61 12.2 11.7
MgCa MgMgMgMg +
MgMg MgCaCaCa -75.6 15.8 0.77 14.7 14.8 15.4 0.74 14.7 14.8
MgCa MgMgMgCa +
MgMg CaCaCaCa —76.7 16.2 0.81 16.4 15.7 17.5 0.83 16.5 15.7
MgCa MgMgCacCa -77.8 9.8 0.90 8.1 7.3 8.1 0.75 8.2 7.3
MgCa MgCaCaCa +
CaCa MgMgMgMg -78.9 4.0 0.89 3.8 3.5 4.0 0.88 3.9 35
MgCa CaCaCaCa +
CaCa MgMgMgCa —80.0 2.5 1.00 2.9 2.6 3.4 1.00 2.9 2.6
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tion, Is7ar, calculated with their nominal compositions (i.eyg X corresponding to the configuration MgMg-MgMgMgCa is al-

= 0.85 or = 0.75). Thus, for the resonance at —75.6 ppis1, ways less than the calculated one. For these peaks, the differ-

given by: ences between fitted and calculated intensity are larger than the
experimental and fitting uncertainties. Furthermore, constrain-

3. IMgMg—MgCaCnCa +5. IMgCa—MgMgMgMg . . . .. . . .
Z(=75.6ppm) = | Zsmar O s 3) ing the relative intensities to those for a random distribution (al-
Tgrar + Ispar o lowing all other parameters to vary freely) produces very poor

- _ . fits to the experimental spectra. The configuration MgMg-
F t —75. =4, : .
or composition PyGr,s, a value ofz(—75.6 ppm) = 4.883 is MgMgMgMg is energetically preferred over MgMg-

obtained; for PyGr,s , Z(—75.6 ppm) = 4.636 ia obtained. For, . . .
the resonance at —76.7 ppmis given by: MgMgMgCa. This observation also holds for the pyrope-rich

garnets investigated previously (Bosenick et al. 1995).
A garnet of composition RyGr,s with a totally random dis-
Z(~76.7ppm) =( Iiﬂﬁg_@u@ca " IMECS;T_ﬁgMgMgCa ) 4) tribution of Ca and Mg should display relative peak intensities
STAT STAT of 38.1 and 26.9% for the two strongest resonances at —72.2
For PysGrys, a value ofz(—76.7 ppm) = 3.992 is obtained; forand —73.4 ppm (Table 3). In the NMR spectra of thg@y,
Py,sGr,s a value ofz(—76.7 ppm) = 3.973 is obtained. The resamples synthesized at 1000 and 1ZD@nd that of the sample
sulting compositions computed from the NMR spectra are B§05 synthesized at 140CQ (spectrum Py85-1400b), the reso-
to 3% X, higher than those determined by microprobe analance at —72.2 ppm has an average relative intensity of 41
sis (Table 3). The calculation of the average pyrope contén8% and the second strongest peak an average relative inten-
(XMR) from the NMR data takes only the seven or eight ressity of 22+ 1.2%. In the spectrum Py85-1400 recorded on
nances into account which are observable and, hence, thed@ple BO18 a greater mismatch between the observed and
fitted in the spectra. Thus, the Ca-rich configurations at smalkalculated peak intensities is seen (Table 3). This sample seems,
chemical shift values were neglected. Although these Ca-ridterefore, to have a more ordered state than those synthesized
configurations are not observed, they could nevertheless ddower temperatures. This is difficult to explain, because or-
present, which would bias the NMR towards more Mg-rich corglering should decrease with increasing temperature of synthe-
positions. As discussed in the experimental section, the lirfig unless, as will be dicussed in more detail below, it was
of detection of resonances?$i NMR spectra is about 1%. If quenched more slowly than the other samples.
we allow a relative intensity of up to 1% for each of the differ- The relative occupancy of the MgMg-MgMgMgMg con-
ent Ca-rich configurations which were not fitte¢hiXdecreases figuration compared to that of MgMg-MgMgMgCa can be ex-
and agrees with the compositions determined by micropropeessed by an intensity ratio (Fig. 6). For compositiag3y,
analysis. The average pyrope contents calculated from fiagos between 1.75 and 1.95 were obtained for the different
NMR-spectra (X)) represent therefore maximum values. Thisyntheses depending upon the different peak shapes used in
needs to be emphasized because in most spectra there is $bfnits of the spectra. A higher ratio of 2.15 is found for sample
weak, poorly resolved intensity in the range between —80 al3@818 synthesized at 140C. A totally random distribution of
—83 ppm which is not reported in Table 3. This is particularig and Ca gives a ratio of 1.42 and a compositional uncer-
evident in the fit of Py85-1000 (Fig. 3), which shows a distiné@inty of + 1 mol% would correspond to the range between
positive deviation in the residual plot near —80 ppm. Including31 and 1.54 (Fig. 6). The measured ratios of 1.75, 1.95, and
those intensities into the determination of the garnet compogil5 at the three different temperatures would require garnet
tions typically makes ¥R about 0.5 mol% more calcic. Hence compositions of X, = 0.875, X,, = 0.886, and ¥,= 0.896
neglecting this poorly resolved intensity of the Ca-rich corespectively, if compositional variation between the samples
figurations does not significantly change the composition ais to be responsible for the observed variations (Fig. 6). The
therefore the conclusions concerning the state of order are matroprobe analyses (on deposit as stated previously) rule out
affected. this possibility. The possible presence of about 1 mol% pyrox-
None of the garnets investigated has a completely randeme in the sample synthesized at 1000can explain only a
Ca-Mg distribution based on a comparison of the fitted peakmpositional change in the garnet i@, X 0.858. Instead, the
intensities with the statistical probabilities corresponding to hgaeasured resonance intensities indicate a slight tendency to-
pothetical disorder (Table 3). This is demonstrated by considefards Mg-Ca order.
ing the two most intense resonances at —72.2 and —73.4 ppmSimilar evidence for short-range order of Mg and Ca is observed
The measured relative intensities of the resonances correspam@y;<Gr,s compositions, and its temperature dependence could be
ing to MgMg-MgMgMgMg and to MgMg-MgMgMgCa match experimentally obtained. For a random cation distribution, the prob-
the calculated random distribution model to with?o. The ability is greatest for the configuration MgMg-MgMgMgCa and
agreement between observed intensities and the random medebnd greatest for the configuration MgMg-MgMgMgMg. How-
probabilities is better for the compositions computed from ttaer, in Py:Gr,s synthesized at 100C the resonance assigned to
NMR spectra than for those obtained by microprobe analysige configuration MgMg-MgMgMgMg has a greater intensity
However, in both garnet compositions the measured intensitytioén that of MgMg-MgMgMgCa. The same observation was
the resonance corresponding to the configuration MgMgiade for a P¥Gr,s sample synthesized at 1100 (Bosenick
MgMgMgMg is always larger than that calculated assuminged al. 1995). In the case of B@r,s synthesized at 120, the
random distribution, regardless of whether the measured or epnfigurations MgMg-MgMgMgMg and MgMg-MgMgMgCa
parent composition is used. Also, the intensity of the resonaraze equally occupied and in B®r,s synthesized at 140TC,

MgMg-CaCaCaCa MgCa-MgMgMgCa
L[ MeMe +4.1Me gMgMgCa
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in the glasses can be ruled out, but the observed degrees of

/E\ 2.50 [ —— T — T T order could be a function of the quench rate and/or the synthe-
Q o055l o Py85Gri15 sis time. The differences in the spectra of the twg@hy syn-
Q " . Py75Gr25 theses at 140TC suggest that differences in quench rates could
< 200k play a role, because the experimental conditions were identical
E - T in both experiments. The fact that, in the case of theGRy
< 175} %a composition, the biggest differences in the spectra are found in
— - garnets synthesized at the highest temperatures could be a re-
S . . . .
—~ 1.50F : sult of ordering occurring upon quenching. The dodecahedra
S - in garnet share edges with one another and hence, an exchange
% 1.25 - of Ca and Mg should be relatively easy. We calculated the jump
ol i time needed for Ca and Mg atoms to change places between
o 1.00F X nearest dodecahedral sites using the Einstein-Smoluchowski
N~ 0.75 - - relation (e.g., Atkins 1978). This is given as:
B 5 T e R
— | X
050 bt 11 W ©)
1000 1100 1200 1300 1400 whereD is the diffusion coefficientx the jump length, and
Synthesis-Temperature (OC) the jump time. The diffusion coefficierd, was determined by
applying the Arrhenius equation:
FIGURE 6. Ratioed intensities of the two configurations MgMg- D=D.. E, 6
MgMgMgMg and MgMg-MgMgMgCa, i.e., resonances at —72.2 and = Yo EXP . 6)

—73.4 ppm, as a function of synthesis temperature. The labeling WitU\i(ﬂere the activation energl,, and the frequency parameter
the plot refers to Table 1. The error bars give the changes in the intenStyWere taken from experim,ental studies on the self-diffusic’m

ratios when peak shapes used in peak-fitting procedure are vari dcCai d | ivelv (Sch d
between 100% Gaussian and 100% Lorentzian line shape. The Y-&id19 and Ca in pyrope and grossular, respectively (Schwandt

to the right gives the pyrope-content, which in the case of total randt%al- ]_-995 and 1996). The Mg cations have a short calculated
cation disorder corresponds to the intensity ratios given on the IdHMP tlme_down to a_bOUt 110C (Table 4). Even at 100,

hand axis. Assuming an uncertainty4ofl mol% in the determined the jump time of Mg is short enough to allow for a movement of
compositions, the intensity ratio of the i, samples should plot the Mg cations within our quench times. Changes in the order-
between the dotted lines arounffX= 0.85 and those of compositionsing state should be hindered, however, by the much slower dif-
PyzsGrzs between the dotted lines arounfX = 0.75, if Mg and Ca fysing Ca cations, which have jump times that are about two
were totally disordered. However, the observed intensity ratios devigigjers of magnitude slower. Hence, the more Ca-rich the gar-
too much from these areas to be explained solely by errors jaq the more likely that their high-temperature ordering state
composition and hence, indicate the presence of short-range OrdeEan be preserved upon quenching. In the more Mg-rigiSRy

. - 1!

) L . solid solution, where an almost identical ordering state was ob-
the Iatter_ conflgurat_lon_ IS Sl'ghtly preferre_d. Hence, dlsord%rved independent of synthesis temperature, it is possible that
tends to increase V\{lth'lncreasmg synthesns_temperature, bldhﬁon movements took place during the quench process. The
complete random distribution of Ca and Mg is not observed lﬂglaserm sample synthesized at 1180 (Bosenick et al. 1995)
any of Fhe Sample,s' . i . has a slightly greater degree of short-range order compared to

Again, the relative occupancies of the configurations MgMgg ,se studied herein. This sample was synthesized in a different
MgMg_MgMg and MgMg-MgMgMgCa can be compared. The'faboratory than those of this study. It is possible that the quench-
!”tens't}’ ratios decr_ease systematlcal!y from 1.20 _to 0.925 Wlmg rate was faster due to differences in the experimental setup.
increasing synthesis temperature_ (Fig. 6). A ratio of 075 IS”Both solid-solution compositions Rr,s and PysGr,s show
calgulated for a FyGras sam_ple having a totally random OIIStrI‘small deviations from totally random mixing of Mg and Ca. It
bution of Mg and Ca. Ratios of 1.2, 1.0, and 0.925, as M&gs5 shown that the degree of order is not dependent on the
sured from the spectra of the samples synthesized at 1000, 160k starting material used for the garnet synthesis (compare
a_md 1400°C, respectively, would require pyrope mqle fracPyg,sGr15 synthesized at 120 from glasses melted 1, 2, and
tions of Xy, = 0'_827' Wi 9'802’ an.d _59 = 0.787, if the 3 times, Table 3). It was also shown that the observed devia-
samples were disordered (Fig. 6). This is not supported by mﬁ]s from random Ca and Mg mixing are too large to be solely

micrgprobe analyses. The presence of up to 3 mol% of pyrc8§<'plained by compositional deviations from the nominal com-
ene in the spectrum Py75-1000 can only account for a change

in composition to X, = 0.773. Hence, only short-range ordeffABLE 4. Diffusion times*

can explain the differences in the spectra rather than deviationg) Time (s)
from the nominal starting compositions. Mg Ca
1273 7.29 200.48
1473 0.16 27.45
DIFFUSION AND INTERPRETATION OF SPECTRA 1673 001 605

The samples may not represent i@ conditions of syn- * Calculated for Mg and Ca cations in a pyrope-rich garnet to jump to an
thesis. Ordering due to inherited compositional inhomogenitiagacent dodecahedral site over a distance of ~3.55 A.
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positions (Fig. 6). It follows, therefore, that a preference fa000°C and could have a relatively high degree of Ca-Mg or-
the pyrope-like configuration MgMg-MgMgMgMg relative toder. Hence, the differences between the various studies on molar
MgMg-MgMgMgCa has to be coupled to an additional preferolumes could be related to different structural states between
ence for more Ca-rich configurations, if bulk composition is tihe garnets investigated. With regard to the presence of diffrac-
be maintained. However, in the pyrope-rich solid-solutions Cten peak broadening, we consider it to be partially related to
rich configurations are statistically small. The correspondirflyctuations in structural state, as well as to compositional het-
NMR resonances could therefore not be observed and the eéogeneity. Correspondingly, lower temperature syntheses (i.e.,
pected increase in occupation of more Ca-rich configuratioh800°C) show significantly broader diffraction lines compared
can not be established and/or quantified. A preference for Mg-those synthesized at 14TD.

rich configurations, on the one hand, and Ca-rich configura-
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APPENDIX 1: CALCULATION OF CONFIGURATIONAL Comparison of Sywr With S g gives the entropic contribu-
ENTROPY FROM S NMR SPECTRA tion from any observed short-range Ca-Mg order.

Although Ca and Mg occupy a single crystallographic site,
s_hort-range order can produce a non-random Ca-Mg distribu- APPENDIX 2: CONFIGURATIONAL ENTROPY
tion and affect the free energy of the garnet through a reduc- CALCULATION FOR PY-GR GARNETS
tion of the configurational entropy §®f Ca-Mg mixing. Such . . )
short-range order can be observed as a deviation from a ranJ N€ following models were combined with the results of

dom distribution of the configurations within the six dodecg>PPendix 1 to estimate the configurational entropy due to short

hedral si hat share oxvaens with the Si tetrahedron. TH@ge order consistent with tFSi NMR spectra:
edral sites that share oxygens with the Si tetrahedro lf’fg]Model 0: No short-range order is assumedsSalculated

oce: o . .
the *Si NMR. spectra give |nfqrmat|on on the populations O1‘]‘rom Equations A3 and A4 using the EMP results for the com-
clusters of six dodecahedral sites (6-clusters). For low degr%%ssition

of order, the reduction of.8an be calculated from the popula- Model 1: Populations of Mg-Ca configurations are obtained

tion of the 6-clusters centered about the Si position using clyss, 2s5i NMR spectra and the apparent compositions are cal-
ter-varation techniques (e.g., Fontaine 1979). Because adjacgfikted from this distribution. All apparent compositions ob-
6-clusters share only two corner-linked dodecahedra, the c@fined this way are more Mg-rich than the EMP results, possibly
figurational entropy is given approximately by: due to unobserved peaks arising from Ca-rich sites.

Scavr = 3R(Qs + 5Q;) (A1) Model 2: Same as Model 1, except that the intensities of the
whereQ;g is the number of configurations of 6-clusters, givemjgcc:):é:gs\egndcge;g;FMZIl\t/lzscélggcf:oar-g;%?tcr:]zgea,sitigiﬁ-s
by: CaCa-MgMgMgCa and MgCa-CaCaCaCa for Py85) are as-

Q= > MePx In(py) (A2) sumed to be the same as for the random distribution of Model
in whichk runs over the fifteen possible ways of distributin@- Apparent composition calculated from this distribution is
Ca and Mg around the Si-positiop,is the probability of a Used in the entropy calculation.
given configuration anchis its multiplicity. For example, for ~ Model 3: Populations of Mg,Ca configurations obtained
arandom distribution, the environment MgCa-MgMgMgCa hd&m the*’Si NMR spectra, with intensity of the *unobserved”

a probability p = X (L= X g)? and multiplicitym = 8. The Ca-rich _s!tes listed for Model 2 ad!usted to m_ake the apparent
termQ, corresponds to the number of configurations contain& ?;?noesét'fcr’grﬁaé?\;ljéageﬁ;rc_’rngeﬂ;:t%tseo‘??ﬁ:'S:}'gg:;ﬁg?'é‘; trl?;t]
Itgﬁggrg?,ﬂ?gﬁ;;ﬂje'éi?e'ﬁlré%,?f Caand Mg on asingle Cry%tes are the same as for the random distribution of Model 0.

’ Model 4: Same as Model 3, except that the ratios of the Ca-

Q1 = XgIN(X yg) + (1= Xy )IN(L= X ) (A3) rich sites (CaCa-CaCaCaCa, CaCa-MgCaCaCa, and CaCa-
where X, is the mole fraction of pyrope. For a random distriMgMgCacCa) are adjusted to mimic the ordering pattern
bution containing no short-range order, the configurational epbserved for the converse Mg-rich sites (increase of CaCa-
tropy is given by the regular-solution model in th&aCaCaCa and MgMg-MgMgMgMag), fractional decrease of
Bragg-Williams approximation: CaCa-MgCaCaCa and CaCa-MgMgCacCa relative to the ran-

dom distribution similar to that of MgMg-MgMgMgCa and

Scaw = 3R(42,) (A4) MgMg-MgMgCacCa.

APPENDIX 2,TABLE 1. Results of configurational entropy calculations and assumed population of unobserved Ca-rich sites

Sample Xwg Scaw* Scamr Xwg Scaw* Scamr Xwg Scaw* Sc R Xwg Scew® ScamrR
Py85-1000 Py85-1200a Py85-1200 Py85-1400
Model O 0.844 10.8 10.8 0.848 10.6 10.6 0.849 10.6 10.6 0.842 10.9 10.9
Model 1 0.850 10.5 9.9 0.862 10.0 9.5 0.856 10.3 9.7 0.875 9.4 9.1
(g I3, 15,13, 10) T (0.0, 0.0, 0.0, 0.0, 0.0) (0.0, 0.0, 0.0, 0.0, 0.0) (0.0, 0.0, 0.0, 0.0, 0.0) (0.0, 0.0, 0.0, 0.0, 0.0)
Model 2 0.846 10.7 10.4 0.857 10.2 9.9 0.852 10.4 10.2 0.869 9.7 9.5
(la,13,15,13,15)  0.01, 0.91, 0.25, 0.03, 0.001) (0.01, 0.86, 0.23, 0.03, 0.001) (0.01, 0.84, 0.23, 0.03, 0.001) (0.02, 0.94, 0.27, 0.03, 0.002)
Model 3 0.844 10.8 10.4 0.848 10.6 9.9 0.849 10.6 10.3 0.842 10.9 8.4
(I4,13,15,13,10) ~ (0.02, 1.20, 0.34, 0.04, 0.002) (0.04, 2.60, 0.69, 0.08, 0.004)  (0.02, 1.40, 0.37, 0.04, 0.02) (0.10, 5.75,1.62, 0.20, 0.01)
Model 4 0.844 10.8 10.4 0.848 10.6 9.9 0.849 10.6 10.2 0.842 10.9 8.1
(lay13,15,13,15) ~ (0.02, 1.20, 0.27, 0.03, 0.07) (0.04, 2.50, 0.52, 0.07, 0.16) (0.02, 1.35, 0.28, 0.04, 0.02) (0.10, 5.44, 1.02, 0.16, 0.55)
Py85-1400b Py75-1000 Py75-1200 Py75-1400
Model 0 0.844 10.8 10.8 0.741 14.3 14.3 0.749 14.1 14.1 0.747 14.1 14.1
Model 1 0.855 10.3 9.7 0.777 13.2 12.6 0.761 13.7 13.1 0.761 13.7 13.2
(g, I3, 15,13, 10) T (0.0, 0.0, 0.0, 0.0, 0.0) (0,0,0) (0,0,0) (0,0,0)
Model 2 0.850 10.5 10.2 0.768 135 131 0.753 13.9 13.7 0.753 14.0 13.8
(lay13,15,13,1) ~ (0.02, 0.91, 0.25, 0.03, 0.001) (1.48, 0.35, 0.03) (1.3, 0.30, 0.03) (1.37,0.31, 0.03)
Model 3 0.844 10.8 10.3 0.741 14.3 12.4 0.749 14.1 13.8 0.747 14.1 13.8
\(I413,12,11,1)  (0.04, 2.05, 0.57, 0.07, 0.003) (5.97, 1.39, 0.12) (2.03, 0.45, 0.04) (2.36, 0.53, 0.05)
Model 4 0.844 10.8 10.2 0.741 14.3 11.8 0.749 14.1 13.6 0.747 14.1 13.6
(I4,13,15,13,15) ~ (0.03, 1.96, 0.39, 0.06, 0.17) (3.46, 1.07, 1.8) (1.47, 0.36, 0.43) (1.57, 0.44, 0.56)

*All entropy values given in units (J/mol-K).
T Assumed intensities (percent) for unobserved Carich sites: for Py85 and Py75, |,= CaCa-CaCaCaCa; |, = CaCa-MgCaCaCa; |, = CaCa-MgMgCaCa;
and in addition for Py85, I; = CaCa-MgMgMgCa and |, = MgCa-CaCaCaCa.




