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ABSTRACT

The crystal structures of synthetic pyrope (Mg;AlSi,0,,), almandine (Fe,Al,S1,0,,), and
the solid-solution garnet compositions Pyg-Alm,,, Py,-Alm,,, and Py,,-Alm,, have been
refined in space group /a3d from high-precision X-ray diffraction data with sin /A > 0.4
A-' measured at 100 and 293 K. There is no indication of lower symmetry for pyrope,
almandine, or solid-solution members. Experimentally determined atomic coordinates
and displacement parameters for the solid-solution compositions are in good agreement
with those linearly interpolated from the end-members. Thus there are no apparent struc-
tural features that could account for substantial nonideal enthalpies of mixing in the system
pyrope-almandine. The tetrahedral rotation angle is inversely correlated with the X-O
distance. Fe?* substitution on the eight-coordinated X site of pyrope, or increasing tem-
perature, decreases the rigid tetrahedral rotation in garnet. The large and anisotropic dis-
placement parameters for the X-site cations in garnet are mainly a result of anisotropic
thermal vibrations along the longer X-O bonds, which produce nonrigid polyhedral be-
havior for the dodecahedral site. The tetrahedra and octahedra behave as rigid bodies.
These strong vibrations of the former give rise to the relatively large heat capacities and
third-law entropies in garnet. Previous proposals concerning subsite dodecahedral ordering

in pyrope must be revised.

INTRODUCTION

Pyrope-almandine solid solutions represent the petro-
logically and geophysically most important garnets in the
Earth’s crust and uppermost mantle. Therefore a detailed
understanding of their thermodynamic and structural
properties is essential for quantitative geophysical and
geochemical calculations.

The general structural formula of garnet can be ex-
pressed as {X,}[Y.}(Z;)O,,, where { } refers to an eight-
coordinated dodecahedral site (Wyckoff position 24c¢), [ ]
to an octahedral site (16a), and () to a tetrahedral position
(24d). Naturally occurring garnets are commonly com-
plex solid solutions of several components and cation or-
dering may lead in a few cases to a symmetry lower than
the parent space group Ia3d (Menzer, 1928; Geller, 1967).
In particular, members of the andradite-grossular series
(X = Ca and Y = Fe*', Al) may display anisotropic op-
tical properties that have been related to cation ordering
on the octahedral and dodecahedral sites (Takéuchi et al.,
1982; Allen and Buseck, 1988; Kingma and Downs, 1989).
To date, only one example for site ordering of different
divalent cations in natural aluminosilicate garnets where
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Y = Al (X = Mg for pyrope, X = Fe?* for almandine, X
= Ca for grossular, X = Mn?* for spessartine) has been
demonstrated. Griffin et al. (1990) refined the structure
of a tetragonal, optically birefringent garnet of the com-
position {Fe, g5, Cag 53 Mgo230Mng 103} 35976 [Al 063 F €001~
Tig 097)5-2.001 813,01, O, and determined slight ordering of Ca
and (Fe,Mg,Mn) on the X site. Previously Dempsey (1980)
proposed that Mg-Ca ordering could be present in a syn-
thetic garnet of composition Pyy,Gr,.

Zemann and Zemann (1961) and Gibbs and Smith
(1965) refined the structure of pyrope at room tempera-
ture, and the former authors suggested that the Mg cation
may be slightly disordered in the direction of the electron
density anisotropy. A strong anisotropy was also con-
firmed by Gibbs and Smith (1965), and they suggested
that the small Mg cation occupied the large dodecahedral
site with a strong anisotropic vibration. Temperature-de-
pendent (298, 623, 823, and 1023 K) X-ray structure in-
vestigations have also been carried out on synthetic py-
rope (Meagher, 1975). However, the results of Meagher
(1975) do not allow a decision to be made regarding
whether multiple sites exist at low temperatures.

The structures of two natural almandine-rich solid-so-
lution compositions were refined by Prandl (1971) and
Novak and Gibbs (1971). Geiger et al. (1992) carried out
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refinements on end-member almandine at 100, 293, 420,
and 500 K, and these temperature-dependent refine-
ments, with anisotropic displacement parameters, showed
no off-center positions for eight-coordinated Fe?* but
confirmed strongly anisotropic thermal motion.

Considerable confusion presently exists as to whether
the Mg cation in pyrope displays dynamic disorder or is
statistically distributed on several subsites around the 24c
position. Kleber et al. (1969) suggested on the basis of an
X-ray structural investigation of natural pyrope
{Mg, ,Fe, ,Ca, 5 [Al, ,Cr,  Fe,  Tig J(Si55Al,,)0,, that the
X cation position, with local 222 symmetry, splits into
four statistically occupied general positions located +0.07
A from the symmetry-fixed special site (24c). Two argu-
ments were proposed to support the split cation posi-
tions: (1) difference-Fourier syntheses obtained from re-
finements with isotropic displacement parameters yielded
residual density around the special position and (2) small
isotropic atomic displacements seemed to exclude anhar-
monic vibrations. Cressey (1981) extended this concept
in his interpretation of the configurational entropies of
mixing for almandine-grossular solid solutions. The pres-
ence of different subsites within the dodecahedral site
would have an important influence on the configurational
entropies of mixing and hence the stability of garnet. The
behavior of the Mg cation in pyrope and its relation to
the large heat capacity of that mineral were also ad-
dressed by Kieffer (1980) and Hofmeister and Chopelas
(1991). Haselton and Westrum (1980) concluded from
their low-temperature adiabatic measurements of heat
capacity of pyrope that there was no evidence for subsite
disorder.

A model for off-center displacement of cations was in-
troduced by Megaw (1968) for cations in octahedral co-
ordination, but it may also be extended to higher coor-
dinations. Potential energy and force-field considerations
show that in a large coordination polyhedron (e.g., the
dodecahedral site in garnet) small cations like Mg and
Fe?+ could be located on off-center positions. Thus, a stat-
ic-position or space-averaged displacement offers an al-
ternative model to a dynamic, time-averaged disorder or
a rattling effect. Provided that the static-position dis-
placement is disordered, the two effects can only be dis-
tinguished on the basis of temperature-dependent struc-
tural investigations, as has been done in the case of albite
(Winter et al., 1977). Position disorder is expected to be
temperature independent, whereas a time-averaged vi-
bration should be dependent on temperature.

In this X-ray study we have chosen 100 K and room
temperature as measuring conditions because high pre-
cision and excellent data quality can be achieved. In ad-
dition to this single-crystal diffraction investigation, tem-
perature-dependent spectroscopic (IR and NMR)
measurements have been made on pyrope synthesized at
very high temperatures in an accompanying study (Geiger
et al., in preparation). The underlying crystal-chemical
rationale for undertaking the low-temperature measure-
ments is as follows. First, a structural explanation is sought
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TasLE 1. Synthesis conditions of garnet single crystals
Com- Starting Synthesis P (kbar) Dura-
position material conditions T(°C) tion (h}
Pyrope oxide mix excess SiO, 21 19
1000
Pygo-Almy, gel Fe-FeO buffer 22 5
950
Pyg-Alm,, gel Fe-FeO buffer 12 20
800
Py,o-AlMg, gel in Fe capsule 18 17
900
Almandine oxide mix in Fe capsule 15 24
850

for the relatively high third-law entropies that have been
measured and calculated for end-member pyrope and al-
mandine garnets. Moreover, the measurements of Hasel-
ton and Westrum (1980) indicate that excess third-law
entropies of mixing may originate at relatively low tem-
peratures for solid-solution compositions. Second, in ex-
amining the garnet solid solutions in a systematic way
across the join, we seek a structural explanation for the
asymmetric excess enthalpies of mixing that may exist
for almandine-pyrope-garnet solid solutions. It has been
proposed that (Fe?*,Mg),Al,Si;O,, solid solutions exhibit
positive excess enthalpies of mixing (Ganguly and Sax-
ena, 1984; Geiger et al., 1987). However, the calorimetric
measurements can also be fitted within their error bars
to an ideal or nearly ideal mixing model (Geiger, 1986;
Berman, 1990). Structural strains have been invoked to
explain the excess enthalpies of mixing in silicate solid
solutions, and therefore a careful X-ray study of well-
characterized synthetic almandine pyrope garnets could
provide such structural information.

EXPERIMENTAL PROCEDURE

The garnet crystals investigated were grown hydrother-
mally at high temperatures and pressures in a piston-
cylinder device. The synthesis conditions are listed in Ta-
ble 1. All X-ray single-crystal data were measured using
an Enraf-Nonius CAD4 diffractometer (graphite mono-
chromated MoK« X-radiation) at 100 K and at room
temperature (R7 = 293 K). Low temperatures (100 K)
were achieved with a conventional liquid N, cooling de-
vice with an accuracy of +2 K. The mean diameter of
the crystals was between 0.07 and 0.85 mm depending
on the synthesis conditions and composition (Table 2).
All Fe-containing garnets were yellow-light brown in col-
or, appeared isotropic when examined with a polarizing
microscope, and did not show any indication of compo-
sitional zoning. The w-0 profile scans over strong reflec-
tions did not show any differences in peak shape between
the end-members and solid-solution members, thus sup-
porting the homogeneous chemical character of the crys-
tals. A low degree of crystal mosaicity (leading to extinc-
tion problems) was indicated by the sharpness of the
reflections. The unit-cell parameters for all crystals were
determined from least-squares refinements of automati-
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TasLE 2. Experimental conditions for X-ray single-crystal data measurement of almandine pyrope garnets

Pyrope Py,,-Alm,, Pye.-Alm,, Py..-Alm,, Almandine

Crystal size (mm) 0.45/0.85 0.10 0.22 0.07 0.37
Cell dimension 100 K 11.441(1) 11.458(2) 11.471(2) 11.502(2) 11.512(1)

293 K 11.452(1) 11.473(2) 11.485(2) 11.516(2) 11.525(1)
Scan mode w-9 w-9 w-9 w-f w-
Scan angle + 0.35 sin(f) 2.0 2.0 2.0 2.0 25
Max scan time (s) 120 300 200 500 360
Upper ¢ limit 100/293 K 60/50 55/55 40/40 55/55 55/50
Measured intensities 100 K 5643 794 665 342 2828
Measured intensities 293 K 4214 1059 902 320 2207
Agreement factor

on intensities 100 K 1.2 3.0 238 1.5 26
293 K 15 2.6 1.3 1.5 1.5
Symmetry-independent accepted reflections

Fops > B0 (Fus) 100 K 729 146 y197 128 490

293 K 544 134 178 112 387
R (%) 100 K 1.1 1.1 24 1.2 1.9
R, (%) 100 K 15 1.4 23 1.5 1.9
R (%) 293 K 1.2 1.3 1.1 1.3 1.3
R, (%) 293 K 1.7 1.5 1.4 1.5 1.7

Note: B = Z||Fops| = Foacll/Z] Fons|s By = EW| Fopal — | Foac| FIZW| Fops 7).

cally centered reflections (20,0,0; 16,16,0; and their sym-
metric equivalents).

The data measurement and analysis were complicated
by the effects of multiple diffraction (e.g., Euler and Bruce,
1965; Prandl, 1971), which gave rise to apparent space-
group violations and increased intensities of some reflec-
tions. To circumvent this problem, at least two sets of
symmetry-equivalent reflections were measured in two
different octants of reciprocal space (six sets for large crys-
tals). To save time during data measurement, one com-
plete set of unique reflections (assuming / centering) was
measured at RT for Pyg-Alm,, and Py,-Alm,,. In the
second set, only those reflections were measured where
significant intensity [I > 3¢(I)] was observed in the first
set. Only the intensities of reflections with significant in-
tensity at RT were measured at 100 K. These procedures
seemed justified because reflections with F,,, < 60(F,.,)
were rejected for the refinement. Data sets for various
octants were empirically corrected for absorption (i scans)
and subsequently compared. For those reflections in which
intensity differences |11 — I2| > 7o(I) were observed, a
test for multiple reflection (¥ scan) was carried out. In all
cases, these intensity differences were related to multiple
diffraction and the reflection was eliminated from the data
set. The larger o, cither from averaging or counting sta-
tistics, was used as the standard deviation. Additional
experimental details are given in Table 2 and for end-
member almandine in Geiger et al. (1992).

Data reduction, including background and Lorentz po-
larization corrections, were carried out with the SDP (En-
raf-Nonius, 1983) program library. To exclude effects re-
lated to bonding electrons (Hirshfeld, 1976), reflections
with sin #/x < 0.4 A-! were not included in the refinement
model. In addition, reflections with F,,, < 6¢(F,,) were
rejected. Structure-factor amplitudes were weighted at
1/02. Neutral atom scattering factors with corrections for

anomalous dispersion were used (Ibers and Hamilton,
1974). In the final cycles a total of 18 variables, com-
prising a scale factor, extinction factor, three positional
displacement parameters, and 13 anisotropic displace-
ment parameters, were refined (Zucker et al., 1983). Ta-
ble 3! contains a list of observed and calculated structure
factors. The chemical compositions of the garnets were
fixed at the intended starting compositions of the synthe-
ses. In addition, in previous test refinements (not sum-
marized in Tables 4a, 4b) the (Mg,Fe) population on the
X site and the (Fe,Al) population on the Y site were also
refined.

RESULTS AND DISCUSSION

Final positional and anisotropic displacement param-
eters are given in Tables 4a and 4b. Interatomic distanc-
es, angles, and distortion parameters are given in Table
5. The test refinements with sin §/x > 0.4 A~ indicated
that the refined (Mg,Fe) populations are within 2¢ (lo =
1-2%) of the starting composition of the syntheses. Be-
cause of the high correlation among the (Mg,Fe?*) pop-
ulation, scale factor, extinction factor, and displacement
parameters, the (Mg,Fe?*) occupancy was fixed at a pre-
scribed value (i.e., the synthesis composition).

The most precise structural data were obtained for py-
rope and almandine because these end-member compo-
sitions yielded the largest single crystals and thus a high
upper 6 limit could be chosen. The (Fe,Al) population
refinements for almandine yielded 99.9(6)% Al in octa-
hedral coordination. For the solid-solution members, a
maximum octahedral Fe content of 2(1)% was initially

1 To receive a copy of Table 3, order Document AM-92-494
from the Business Office, Mineralogical Society of America, 1130
Seventeenth Street NW, Suite 330, Washington, DC 20036,
U.S.A. Please remit $5.00 in advance for the microfiche.
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TaeLE 4a. Observed and interpolated positional and displacement parameters of aimandine pyrope garnets at 100 K
Coord. )
Uy Pyrope Pygo-Almy, Pyeo-Alm,, Py,o-AlMg, Almandine
X 0.03292(1) 0.03295(7) 0.03327(7) 0.0335(1) 0.03395(3)
0.03314* 0.03336* 0.03380*
y 0.05067(1) 0.05062(8) 0.05031(7) 0.0499(1) 0.04943(3)
0.05041* 0.05014* 0.04961*
z 0.65333(1) 0.65326(8) 0.65291(7) 0.6530(1) 0.65268(4)
0.65321* 0.65309* 0.6528)5" 0.22104)
B 0.248(1 0.249(9) 0.21(1) 0.25(1 .
Un 0.003(1 :3(4) 0.0037(3) 0.0024(4) 0.0034(4) 0.0028(1)
0.0031* 0.0030* 0.0029*
U, 0.00370(4) 0.0034(3) 0.0031(4) 0.0035(4) 0.0032(1)
0.0036* 0.0035* 0.0034*
Uy 0.00252(4) 0.0024(3) 0.0023(3) 0.0025(4) 0.0024(1)
0.0025* 0.0025* 0.0025*
U, 0.00043(2) 0.0001(2) 0.0005(3) 0.0002(4) 0.0006(1)
0.0005* 0.0005* 0.0006*
Uy, —0.00062(2) —0.0005(2) —0.0009(2) —0.0005(4) —0.0007(1)
—0.0006* -0.0007* —0.0007*
Usy 0.00000(2) 0.0001(2) —0.0002(2) —0.0005(4) —-0.0000(1)
0.0000* 0.0000" —0.0001*
Mg,Fe (0,%,%) U,, = U,;; U;s = U, = 0
B, 0.338(4) 0.28(1) 0.268(6) 0.21(1) 0.215(1)
Uy, 0.00506(4) 0.0043(4) 0.0043(2) 0.0034(3) 0.00335(5)
0.0047* 0.0044* 0.0038"
Us, 0.00274(5) 0.0021(4) 0.0016(2) 0.0011(3) 0.00129(6)
0.0025* 0.0022* 0.0017*
U, 0.00119(3) 0.0000(3) 0.0004(2) 0.0001(4) 0.00026(4)
0.0010* 0.0008" 0.0003*
Al (0,0,0) U,, = U,, = Uyy; Uy, = U,y = Uy
B, 0.166(2) 0.128(3) 0.103(6) 0.15(1) 0.119(2)
Uy, 0.00210(3) 0.0016(1) 0.0014(2) 0.0020(1) 0.00151(7)
0.0020* 0.0019* 0.0017*
Ui, 0.00000(2) —0.0002(2) —0.0001(2) —0.0012(5) 0.00006(6)
0.0001* 0.0002* 0.0002*
Si (%,0,Ya) U, = Uy;; Uy, = U,; = U, = 0
B, 0.145(4) 0.14(1) 0.10(1) 0.19(2) 0.107(4)
U, 0.00166(4) 0.0015(3) 0.0009(3) 0.0025(7) 0.0012(1)
0.0016* 0.0015* 0.0013*
U, 0.00192(3) 0.0020(2) 0.0015(2) 0.0023(5) 0.00141(8)
0.0018* 0.0017* 0.0015*

Note: B,, = %x*Z[Z(U,a"a’aa)], displacement parameters are of the form exp[—2x%(U,,/a*2 + U,k?b'? + Uy,lc'? + 2U,hka*b* + 2Uhla*c* +

2Uskib* ).
* Interpolated parameters.

refined. Because these Fe concentration levels were not
considered significant, complete Al occupancy was as-
sumed in all subsequent cycles. The atomic coordinates,
bond lengths, and bond angles at 293 K determined for
pyrope in this study are in good agreement with those of
the refinements of Novak and Gibbs (1971) and Meagher
(1975). However, highly significant differences exist for
displacement parameters. The present study also yielded
much lower standard deviations for all refined parame-
ters.

Deviation from Ia3d symmetry?

Extreme caution must be exercised in interpreting the
diffraction data in garnet because of the strong influence
of multiple diffraction on weak or Ia3d-forbidden reflec-
tions. In particular, reflections caused by multiple dif-
fraction may incorrectly suggest a lower space group than
Ia3d. f significant intensity differences were observed be-

tween symmetrically equivalent reflections or if diffrac-
tion intensity was detected for Ia3d-forbidden reflec-
tions, then the corresponding reflections were either tested
experimentally using ¢ scans or y-scan profiles were cal-
culated with the program PSIINT (Rossmanith et al.,
1990). If the reflection intensities were not influenced by
multiple reflection and if anisotropic absorption could be
ruled out, the intensities should be independent of the ¢
angle. The strong ¢ dependence of the intensities for the
high-angle reflection 10,10,2 that is forbidden by the space
group Ia3d (Fig. 1) is characteristic of severe multiple
reflection. The good agreement between calculated and
measured ¢ scans (Fig. 1) underlines the equivalence of
both tests. The application of such tests to all suspect
reflections confirmed that all pyrope almandine garnets
exhibited Ia3d space group symmetry.

Yakel and Fankuchen (1962) demonstrated that for
equiinclination Weissenberg geometry multiple reflection
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TaBLE 48. Observed and interpolated positional and displacement parameters of almandine pyrope garnets at 293 K
coord.
U, Pyrope PYgo-Alm,, PYeo-Alm,, PY0-AlMg, Almandine
x 0.03290(2) 0.03313(9) 0.03337(5) 0.0339(1) 0.03401(3)
0.03312* 0.03334* 0.03378*
y 0.05034(2) 0.05019(9) 0.04986(5) 0.0491(2) 0.04901(4)
0.05007* 0.04981* 0.04928*
z 0.65330(2) 0.65329(9) 0.65306(5) 0.6529(2) 0.65278(4)
0.65320* 0.65309* 0.65288*
B, 0.376(2) 0.39(1) 0.405(8) 0.45(2) 0.344(2)
Uy, 0.0048(1) 0.0053(3) 0.0050(2) 0.0048(5) 0.0042(1)
0.0047* 0.0046" 0.0043"
U, 0.0059(1) 0.0056(3) 0.0065(2) 0.0072(6) 0.0057(1)
0.0059* 0.0058" 0.0057*
Uss 0.0036(1) 0.0038(3) 0.0040(2) 0.0049(5) 0.0033(1)
0.0035* 0.0035" 0.0034*
U, 0.0009(1) 0.0010(3) 0.0009(1) 0.0006(5) 0.0013(1)
0.0011* 0.0011* 0.0012*
Uy, -0.0011(1) —0.0011(2) —0.0009(1) —0.0014(4) —0.0013(1)
—0.0011* —0.0011* —0.0012*
U,y —0.0002(1) 0.0002(3) —0.0001(1) —0.0001(5) —0.0004(1)
—0.0002* —0.0003* —0.0004*
MglFe (0,1/4x1/') U11 =Uyp Uy = Uy =0
B, 0.665(2) 0.63(2) 0.616(5) 0.53(1) 0.462(2)
U, 0.0104(2) 0.0099(3) 0.0095(2) 0.0081(5) 0.00747(6)
0.0098* 0.0092* 0.0081*
Uy, 0.0045(1) 0.0041(4) 0.0045(2) 0.0037(5) 0.00261(6)
0.0041* 0.0037* 0.0030*
U, 0.0031(2) 0.0017(4) 0.0015(1) 0.0005(5) 0.00088(6)
0.0027* 0.0020* 0.0014*
Al (0,0,0) Uy, = U,, = Uyy; Uy, = Uy; = U,
B, 0.248(2) 0.233(4) 0.255(4) 0.266(6) 0.211(2)
Ui, 0.0031(1) 0.0029(1) 0.0032(1) 0.0034(2) 0.00267(8)
0.0030* 0.0029* 0.0028*
U,, 0.0000(1) 0.0001(3) 0.0000(1) ~0.0008(6) 0.0001(1)
0.0000* 0.0000* 0.0001*
Si (%,0,%) Uy, = Uyy; Uy, = Uy = U,y = 0
B, 0.220(4) 0.22(2) 0.241(8) 0.30(4) 0.172(4)
U, 0.00245(5) 0.0026(4) 0.0027(2) 0.0031(7) 0.0017(1)
0.0023* 0.0022* 0.0019*
Uss 0.00296(5) 0.0029(2) 0.0032(1) 0.0041(6) 0.00240(9)
0.0028* 0.0027* 0.0025*

Note: B,, = %n?Z[Z(U,a’a’aa)]; displacement parameters are of the form exp[—2x¥U,,/Pa"? + Upk?b*? + UylPc*? + 2U,hka'b* + 2Uhia’c* +

2U,:kib*c™)].
* Interpolated parameters.

is a systematic effect, especially if a reciprocal axis is
mounted parallel to the rotation axis. Euler and Bruce
(1965) addressed the multiple-diffraction problem for
garnets and gave additional details on how reflections
should be examined using a Weissenberg camera to avoid
misinterpretation of observed intensities. Dempsey’s
(1980) proposal for possible cation ordering in space group
12,3 for a synthetic pyropey-grossular,, crystal studied
with an oscillation camera should therefore be regarded
with skepticism, as should Cressey’s (1981) preliminary
call for a space group of lower symmetry in natural al-
mandine pyrope garnets. Recent work does however show
that certain end-member garnets may deviate slightly from
cubic symmetry. Dong and Lu (1991) have presented
EXAFS results that indicate that some rare earth garnets
are best described by R3 space group symmetry as a re-
sult of small exchanges between dodecahedral and octa-
hedral cations and small displacements of atomic posi-

tions. For the aluminosilicate garnets, it is known that
small amounts of Fe2* can occur in octahedral coordina-
tion in calcium titanium garnets (Kiihberger et al., 1989)
and in high-pressure silica-rich garnets of pyroxene stoi-
chiometry (Geiger et al., 1991), but it has not been dem-
onstrated that Al can occur in dodecahedral coordina-
tion. Moreover, no octahedral off-symmetry positions
have been detected using single-crystal X-ray techniques.

Structural distortions

To test whether the solid-solution members show any
structural deviation (i.e., distortion) from an ideal py-
rope-almandine mixture, positional and displacement
parameters were linearly interpolated for the solid-solu-
tion members— Py,,-Alm,,, Py,,-Alm,,, and Py,,-Alm,,—
from the end-members (Tables 4a, 4b). The agreement
between the interpolated and the experimentally ob-
served O coordinates for all three intermediate compo-
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TaseLE 5. Interatomic distances (A), O-M-O angles, and polyhedral distortions at 100 and 293 K
Pyrope Pyao-Alm,, Pyeo-Alm,, Py.o-AlMmg, Almandine
100 K 100 K 100 K 100 K 100 K
293 K 293 K 293 K 293 K 293 K
Tetrahedron
4 x Si-O 100 K 1.6343(1) 1.636(1) 1.6373(8) 1.637(2) 1.6364(3)
293 K 1.6342(3) 1.635(1) 1.6355(4) 1.634(2) 1.6352(4)
2 x (01-02) 100 K 2.4984(3) 2.501(1) 2.509(1) 2.509(3) 2.5134(4)
(shared edge) 293 K 2.4965(3) 2.500(2) 2.504(1) 2.507(3) 2.5090(6)
2 x 01-8i-02 100 K 99.70(1) 99.68(5) 100.02(4) 100.02(8) 100.34(1)
293 K 99.61(1) 99.73(6) 99.90(3) 100.15(8) 100.21(1)
4 x (01-03) 100 K 2.7499(3) 2.753(1) 2.752(1) 2.753(3) 2.7483(4)
(unshared edge) 293 K 2.7507(3) 2.751(2) 2.750(1) 2.747(3) 2.7472(6)
4 x 01-Si-03 100 K 114.57(1) 114.58(5) 114.40(4) 114.39(8) 114.22(1)
293 K 114.62(1) 114.55(6) 114.46(3) 114.32(8) 114.29(1)
Mean O-O 100 K 2.6661 2.6690 2.6710 2.6717 2.6700
293 K 2.6660 2.6673 2.6680 2.6670 2.6678
ELD (%)* 100 K 4.19(1) 4.20(4) 4.04(4) 4.06(12) 3.91(2)
293 K 4.24(1) 4.18(4) 4.10(4) 4.00(12) 3.97(3)
O-T-0 100 K 58.99 59.23 55.16 55.09 51.39
Angle variance** 293 K 60.11 58.59 56.55 53.56 52.88
« (rotationyt 100 K 27.66(1) 27.62(5) 27.34(4) 27.22(8) 26.93(1)
293 K 27.50(1) 27.43(6) 27.22(3) 26.82(9) 26.75(1)
Octahedron
6 x AI-O 100 K 1.8853(1) 1.888(1) 1.8856(8) 1.891(2) 1.8882(3)
293 K 1.8862(3) 1.889(1) 1.8881(4) 1.890(2) 1.8904(4)
6 x (01-04) 100 K 2.6136(3) 2.618(1) 2.620(1) 2.632(3) 2.6362(4)
(shared edge) 293 K 2.6165(3) 2.624(2) 2.627(1) 2.640(3) 2.6422(6)
6 x 01-Al-O4 100 K 87.76(1) 87.79(5) 88.02(4) 88.22(8) 88.54(1)
293 K 87.86(1) 87.99(6) 88.18(3) 88.57(8) 88.67(1)
6 x (04-05) 100 K 2.7178(3) 2.721(1) 2.712(1) 2.715(3) 2.7042(4)
(unshared edge) 293 K 2.7161(3) 2.718(2) 2.712(1) 2.707(3) 2.7044(5)
6 x 04-Al-05 100 K 92.24(1) 92.21(5) 91.98(4) 91.78(8) 91.46(1)
293 K 92.14(1) 92.01(6) 91.82(3) 91.43(8) 91.33(1)
Mean O-O 100 K 2.6657 2.6695 2.6660 2.6735 2.6702
293 K 2.6663 2.6710 2.6695 2.6710 2.6733
ELD (%) 100 K 1.95 1.92 191 1.56 1.28
293 K 1.87 1.76 1.59 1.25 1.16
O-AI-O 100 K 5.47 5.33 4.28 3.46 2.33
Angle variance 293 K 5.00 441 3.61 2.23 1.93
Cube dodecahdron
4 x X-02 100 K 2.1946(1) 2.199(1) 2.2067(8) 2.214(2) 2.2198(3)
293 K 2.1974(3) 2.203(1) 2.2081(4) 2.218(2) 2.2208,4)
4 x X-04 100 K 2.3336(1) 2.338(1) 2.3442(8) 2.356(2) 2.3634(3)
293 K 2.3401(3) 2.346(1) 2.3525(4) 2.368(2) 2.3712(4)
Mean (X-O) 100 K 2.2641 2.2685 2.2755 2.2850 2.2916
293 K 2.2688 22745 2.2803 2.2930 2.2960
2 x (01-02) 100 K 2.4984(3) 2.501(1) 2.509(1) 2.509(3) 2.5134(4)
293 K 2.4965(3) 2.500(2) 2.504(1) 2.507(3) 2.5090(6)
2 x (04-07) 100 K 2.7691(3) 2.775(1) 2.775(1) 2.786(3) 2.7864(4)
293 K 2.7781(3) 2.781(2) 2.784(1) 2.793(3) 2.7963(6)
4 x (01-04) 100 K 2.6136(3) 2.618(1) 2.620(1) 2.632(3) 2.6362(4)
293 K 2.6165(3) 2.624(2) 2.627(1) 2.640(3) 2.6422(6)
4 x (04-06) 100 K 2.6995(3) 2.705(1) 2.752(1) 2.753(3) 2.7560(4)
293 K 2.7079(3) 2.718(2) 2.750(1) 2.757(3) 2.7643(6)
Mean O-O 100 K 2.6490 2.6537 2.6713 2.6775 2.6807
293 K 2.6539 2.6608 2.6737 2.6823 2.6864
o 100 K 53.18 53.20 53.35 53.49 53.71
293 K 53.23 53.32 53.46 53.75 53.80
¢* 100 K 3.38 3.38 3.38 3.49 3.52
293 K 3.50 3.51 3.54 3.68 3.67

* Defined by Renner and Lehmann (1986).
** Defined by Robinson et al. (1971).

1 Defined by Born and Zemann (1964).

} Defined by Euler and Bruce (1965).

sitions is within 3¢ of the refined coordinates. The largest
differences between refined and predicted displacement
parameters are observed for the U;’s of Py-Alm,, at RT,
where a few of the refined displacement parameters are
up to 5S¢ higher than the calculated values. Such differ-
ences are characteristic of data having a relatively low

upper-4 limit (Armbruster et al., 1990), 40° in this case.
All other displacement parameters are within 4o of the
model values. In summary, the agreement between mod-
el and measured displacement parameters is satisfactory.
One small systematic deviation however is observed: at
100 and 293 K, refined U,,(Mg,Fe) displacement param-
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Fig. 1. Multiple reflection profile for the forbidden reflection
10,10,2 of pyrope at 293 K. Multiple reflection phenomena are
characterized by a strong intensity variation with varying  an-
gle: (a) measured intensity profile by stepwise variation of the ¢
angle; (b) calculated y profile in space group /a3d using the pro-

gram PSIINT by Rossmanith et al. (1990).

eters are smaller than the interpolated values. In this re-
spect, intermediate solid-solution garnet members be-
have more like almandine than like pyrope. This is likely
an artifact for the intermediate pyrope-almandine solid
solution compositions owing to the stronger scattering
power of Fe compared with Mg.

Temperature dependence

The cell dimensions of pyrope and almandine increase
0.011 and 0.013 A, respectively, between 100 and 293 K
(Table 2). Solid-solution members do not show any sig-
nificant deviation from this trend. The O y coordinate is
temperature dependent, whereas no significant change
between 100 and 293 K can be observed for the O x and
z coordinates (Tables 4a, 4b). The change of y can be
understood on the basis of the tetrahedral rotation, «,
about the 4 axis (Figs. 2, 3), as first proposed by Born
and Zemann (1964). When the Si cation is placed at the
origin and Xx,,Vo,Z, are the corresponding O coordinates
(approximately at 0.091,—0.05,—0.097), the position of
the tetrahedron can be described by the angle «, where
tan a = y/z,. Figure 3 shows the variation of the tetra-
hedral rotation angle as a function of chemical compo-
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Fig. 2. Polyhedral model of the garnet structure projected
down the ¢ axis (modified after Gibbs and Smith, 1965). Num-
bers on O atoms refer to the X-O and O-O distances of Table
5. X-O4 and symmetry-equivalent bond distances are longer
compared with X-O2. The arrows show the effect that tetrahedra
rotation has on the relative length of AlO, and XO, polyhedral
edges. The tetrahedra are shown rotating to smaller « values.

sition and temperature. It can be seen that « increases
with increasing pyrope component and decreasing tem-
perature. The rotation of the tetrahedron, about the 4 axis
toward decreasing « values, has two important structural
implications (Meagher, 1975): (1) the size of the dodec-
ahedron (X site) increases, (2) X-O4 will increase more
than X-O2 (positions O2 and O4 are shown in Fig. 2). In
pyrope almandine garnets, the shorter (Mg,Fe?+)-O2 dis-
tance shows a slight increase (ca. 0.0025 A) between 100
and 293 K. The longer (Mg,Fe?*)-O4 distance increases
more, between 0.0078 and 0.0092 A, from 100 to 293 K
(Table 5). This effect becomes more pronounced toward
the almandine end-member. The linear correlation be-
tween tetrahedral rotation and the longer X-O4 distance
is shown in Figure 4. It is interesting to note that the
correlation holds independent of whether the variation of
a is caused by Mg — Fe?* substitution or by a change of
temperature. This effect has already been noted (Mea-
gher, 1975) for the pyrope structure at elevated temper-
atures or with solid solution. This same relation holds
also quantitatively for pyrope almandine garnets between
100 and 293 K.

Novak and Gibbs (1971) showed through linear re-
gression analysis that the angle ¢, introduced by Euler
and Bruce (1965), is a good measure of dodecahedral dis-
tortion. The value of ¢ increases generally with temper-
ature and becomes greater toward almandine (Table 5).
The Si-O tetrahedral bond distances do not change mea-
surably with temperature (Table 5). The O1-Si-O2 angle
(ca. 100°), between the O atoms related by the twofold
axis (Table 5), can be calculated (Born and Zemann, 1964)
as cos(01-8i-02/2) = a-x,/d(8i-O). Because x, is tem-
perature independent between 100 and 293 K, this angle
decreases approximately 0.1° as a function of the unit-
cell parameter change. Therefore, the angular distortion
of the tetrahedron increases with temperature, whereas
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Fig. 3. Rigid tetrahedral rotation (Born and Zemann, 1964)

as function of the pyrope component at 100 and 293 K for al-
mandine-pyrope solid solutions. Dotted lines connect rotation
angles for end-member almandine and pyrope. Standard devi-
ations of the end-member pyrope and almandine coincide with
the heights of the symbols.

the angular distortion of the octahedron behaves in an
opposite manner (Table 5). The edge-length distortion of
the tetrahedron (ELD) increases slightly with increasing
temperature but decreases for the octahedron. The same
general trend is seen for the angular variances (Table 5)
defined by Robinson et al. (1971), confirming the results
of Meagher (1975) for pyrope. The angular distortion of
the octahedron is smaller in almandine than in pyrope.
The octahedron shows a positive expansion, with an Al-O
distance increasing from 100 to 293 K. This effect is es-
pecially pronounced for almandine.

The s’Fe Méssbauer hyperfine parameters of synthetic
almandine pyrope garnets have been measured at 293
and 77 K (Geiger et al., 1990). This spectroscopic infor-
mation, which is specific to the Fe dodecahedral site, can
be compared with these X-ray diffraction data. A slight
linear increase in the quadrupole splitting (QS) from
3.54(1) to 3.59(1) mm/s at 293 K was recorded progres-
sing from end-member almandine to pyrope-rich
(PyyAlm,,) compositions. This trend is consistent with
the greater average dodecahedral site distortion with in-
creasing almandine component in the solid-solution
compositions as determined by diffraction methods.
Quadrupole splittings at 77 K are slightly greater than
those measured at 293 K but are similar across the Alm-
Py join [3.64(1) mm/s]. The temperature-dependent
change in the QS is also consistent with the lower average
dodecahedral site distortion measured here with decreas-
ing temperature (Table 3). The constant values of the QS
at 77 K are, however, partly inconsistent with the small
changes in average site distortion measured at 100 K in
the Alm-rich compositions. The isomer shifts recorded
at 293 and 77 K are essentially constant for all compo-
sitions, indicating to a first degree that the bonding char-
acteristics (e.g., ionic vs. covalent character). of Fe?* in
the eight-coordinated dodecahedral site do not change
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Fig. 4. The long X-O4 distance as function of the rigid tet-
rahedral rotation («) about the fourfold axis. This inverse cor-
relation exists for data at both 100 K (filled squares) and 293 K
(open squares).

significantly as a function of bulk composition (Geiger et
al., 1990).

An extremely useful and sensitive method for studying
the temperature dependence of displacement parameters
involves the evaluation of difference displacement am-
plitudes along the bonding vector (Biirgi, 1989). With
increasing temperature a rigid coordination polyhedron
exhibits increased displacement parameters of the central
atom and the ligands; however, the averaged difference
displacements (AU’s) determined along the bonding vec-
tors remain unchanged. Chandrasekhar and Biirgi (1984)
and Kunz and Armbruster (1990) have demonstrated ap-
plications of this method and discussed the theoretical
background. In the structures reported here the SiO, tet-
rahedra and AlO, octahedra behave as rigid polyhedra
and show no temperature dependence for AU in all com-
positions. In contrast, the dodecahedral (X) site displays
nonrigid behavior, with AU values along the longer
X-04 bond increasing with temperature (Fig. 5), whereas
AU values along the shorter distance (X-O2) remain un-
changed. This can be explained in terms of dynamic dis-
order of the X cation within the plane defined by the four
O atoms with the long X-O4 bonds (Geiger et al., 1992).
The amplitude of this motion is greater and more tem-
perature dependent for pyrope than for almandine (Table
6) and may be related to the smaller atomic weight of Mg
compared with Fe (Fig. 5).

RELATIONSHIP TO THERMODYNAMIC PROPERTIES

A satisfactory standard activity-composition model
addressing the enthalpies, entropies, and volumes of mix-
ing for the aluminosilicate garnets does not exist, and
there is disagreement regarding interpretations of the sig-
nificance of the experimental data. These diffraction data
allow inferences to be made concerning the energetics of
almandine-pyrope solid solutions measured at 1033 K by
solution calorimetry (Geiger et al., 1987). The atomic co-
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Fig. 5. The difference mean-square-displacement parameters
[AU (A2), evaluated at 100 and 293 K along the X-O4 distance,
are plotted vs. the pyrope component. Dashed lines connect the
end-members. Standard deviations for the end-member pyrope
and almandine coincide with the heights of the symbols.

ordinates and atomic displacement parameters show no
major discontinuities or breaks across the join, but in-
stead they vary in a relatively linear fashion. Therefore,
we find no apparent structural elastic strains that could
account for any positive excess enthalpies of mixing for
almandine pyrope garnets.

The vibrational behavior of the atoms in the garnet
structure also allows one to consider the possible nature
of the third-law entropies across the almandine-pyrope
join and to determine whether any excess entropies of
mixing are present in almandine pyrope garnets. The ex-
isting proposals for excess entropies (as determined from
model-dependent calculations, phase equilibrium data,
and calorimetry) are open to considerable discussion.
Some thermodynamic models give asymmetric excess
entropies of mixing (e.g., Bhattacharya et al., 1991) and
are, in many cases, strongly dependent on the fitting mod-
el adopted for the heats of solution measured on alman-
dine pyrope garnets (Geiger et al., 1987). Strictly from
ionic size considerations, however, the exchange of Mg
and Fe?* cations in the dodecahedral site, and the resul-
tant small change in the molar volumes of mixing along
this binary join, should give rise to little excess entropy
of mixing (Geiger, 1986).

The difference-displacement parameters determined for
the solid-solution compositions from this diffraction study
do not indicate any unusual or excessive vibrations that
would affect heat capacities in an overt manner, at least
to 100 K. The X-ray data support the conjecture that the
vibrational entropies of mixing across the almandine-py-
rope join should be nearly ideal or have minimal excess
nonideality. It is clear however that strong anisotropic
vibration of the small divalent cations in the dodecahe-
dral site gives rise to the relatively large heat capacities
and large third-law entropies observed for pyrope and
almandine (Geiger et al., in preparation). There has been
only a single low-temperature calorimetric heat-capacity
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TaBLE6. Difference mean-square-displacement parameters [AU
= UMET) — /0) (A?)] evaluated along interatomic
vectors in almandine pyrope garnets

Compo- Temp. Si-O Al-O X-02 X-04
sition (K) (A9 (A% Ay (A2
Pyrope 100 —0.0004(1) —-0.0004 -0.0005 0.0019

293 —0.0003(1) -—0.0004 —0.0003 0.0057
Pygo-Alm,, 100 —0.0008(3) —0.0008 -—0.0010 0.0011
293 —0.0004(3) -0.0009 —0.0007 0.0052
Pyeo-Alm,, 100 —0.0004(4) -0.0002 -0.0011 0.0014
293 —0.0005(4) —0.0007 -0.0003 0.0037
Pyao-Almg, 100 —0.0003(6) npd -0.0019 0.0010
293 —0.0001(6) —0.0011 —0.0014 0.0013
Almandine 100 —0.0005(1) —0.0005 —0.0017 0.0005
293 —0.0003(1) —0.0003 -0.0018 0.0025

Note: Standard deviations cited in the first column refer to the whole
line; npd = nonpositive definite; 02 and O4 are labeled in Figure 2.

study of synthetic aluminosilicate garnets. Haselton and
Westrum (1980) measured the heat capacities of end-
member pyrope and grossular and a solid solution com-
position of Py.,Gr,, from 10 to 350 K. Their data indi-
cate that the excess heat capacities for the solid solution
come from the low-temperature region below 120 K and
are possibly related to the increased Mg vibration ampli-
tude caused by an expansion of the garnet structure
through incorporation of the larger volume grossular
component in solid solution. A similar situation is un-
likely in almandine-pyrope solid solutions because of the
more similar radii of Fe?* and Mg?*.

These diffraction data do not give an answer to whether
short-range ordering may occur in the garnet structure.
Space group Ia3d requires complete disorder of Mg?* and
Fe>+ on the dodecahedral site, but the occurrence of short-
range ordering and its effect on the configurational entro-
pies is an open question for the aluminosilicate garnets
and has yet to be experimentally addressed. Moreover,
additional effects such as crystal-field stabilization ener-
gies need to be quantified before the microscopic prop-
erties and their effect on the macroscopic properties are
better understood.
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