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ABSTRACT

The crystal chemistry of a natural, birefringent garnet of composition (Fe, 4,Ca, ;s Mg 24~
M0y 16)s-2.97 (Al 9F€0 03 T 01)3-200515.01 012 (approximately pyralspite,s-grandite,s), produced
by subduction-zone metamorphism, has been investigated by single-crystal X-ray diffrac-
tion, electron microprobe analysis, Mdssbauer spectroscopy, and Fourier-transform infra-
red spectroscopy. By FTIR the garnet is apparently indistinguishable from synthetic gar-
nets of similar compositions and is anhydrous. The crystal structure has been refined in
space group /4,/acd, using 592 unique, observed reflections measured with an automated
four-circle X-ray diffractometer. Dimensions of the tetragonal unit cell are @ = 11.6207(7),
¢ =11.6230(8) A. The final conventional residuals are R = 0.033 and R, = 0.024. X-ray
site refinement indicates a slight difference in electron density at the two unique X sites,
and this is apparently the cause of birefringence (~0.001). It is proposed that the difference
in electron density arises from slight ordering between the pyralspite X components (Fe?*,
Mg, and Mn) and the grandite X component (Ca). The high pressure of the geologic
environment evidently favored substantial solid solution between pyralspite and grandite
end-members, whereas comparatively low temperatures prevented complete disorder.

A group theoretical analysis based on the Landau formalism and including the theory
of induced representations shows that the observed space group could have arisen by phase
transformation from a parent cubic garnet (space group Ia3d), driven by a single order
parameter in each case. Such transitions may occur (1) by the T,, irreducible representation
(IR), leading to possible space groups R3¢, Fddd, C2/c, or IT; (2) by the T, IR, leading to
possible space groups R3, I4,/a, C2/c, or IT; or (3) by the E, IR, leading to possible space
groups I4 /acd or Ibca. The first two ordering paths (T,, and T,,) yield octahedral ordering;
if the sizes of the octahedral cations are similar (as with Al and Fe3* in grandites), ordering
occurs by T,,, and if they are very different (as in MgSiO, and MnSiO, garnets), ordering
occurs by T,,. Garnets that possess cations ordered in the eightfold-coordinated sites (for
example, some with both significant pyralspite and grossular components) order by E,.
Thus far, the noncubic garnets with refined crystal structures possess space groups Fddd
and 71 (T,,), 14,/a (T ,), and I4,/acd (E,).

The approach presented is based on the assumption that phase transitions may have
occurred to produce garnets of noncubic symmetry. The mathematical treatment used,
however, yields the same predictions about possible space groups if ordering is assumed
to have arisen as a crystal-growth phenomenon rather than by phase transformation. The
experimental and field evidence accumulated so far does not provide clear evidence in
favor of one or the other, and it is possible that each plays a role under different circum-
stances.

INTRODUCTION symmetry. Garnets occur in a wide variety of rocks and

Among the major rock-forming silicates, garnets con-  show great variation in chemical composition, but nearly
stitute one of the few groups that crystallize with cubic  all have symmetry described by space group Ia3d. In the
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general formula, {X},[Y],Z);0,, (notation of Geller,
1967), {X} is most commonly Fe>*, Mg, Mn, or Ca in
eightfold coordination on the Wyckoff 24c¢ position, [Y]
is most commonly Fe** or Al in octahedral coordination
at the Wyckoff 16a position, and (Z) is tetrahedrally co-
ordinated Si at the Wyckoff 24d position. Natural garnets
are often divided into two groups: the pyralspites, con-
sisting of solid solutions of pyrope (Mg,Al,Si;0,,), al-
mandine (Fe,ALSi;O,,), and spessartine (Mn,Al,Si,0,,);
and the grandites, solid solutions of grossular
(Ca;ALSi;0,,) and andradite (Ca;Fe,Si,0,,). Garnets in-
termediate in composition between the pyralspites and
the grandites are much less common than those within
the two groups, although this seems to reflect the fact that
the conditions of pressure, temperature, and composition
required for their formation are rarely simultaneously at-
tained rather than to imply a crystal-chemical limitation
of the structure (Nemec, 1967).

Although nearly all garnets found in the crust of the
Earth are isotropic, consistent with their cubic symmetry,
some are not. Optically anisotropic members of the gros-
sular-andradite solid-solution series exist, and crystal-
structure refinements of five of them (Takéuchi et al.,
1982; Allen and Buseck, 1988; Kingma and Downs, 1989)
have shown that they crystallize in space groups Fddd or
IT. Other space groups are possible (Hatch and Griffen,
1989) but have not yet been observed. In each case, the
optical (and thus structural) anisotropy has been caused
by ordering of the [Y] cations, Fe** and Al. [The garnet
of Allen and Buseck (1988) has nearly as much alman-
dine component as andradite component, as well as a
small amount of OH; it shows ordering of Ca and Fe?**
on the {X} sites and a noncubic distribution of OH groups,
in addition to ordering at the [Y] sites.]

In this paper we report the crystal chemistry of a nat-
ural anisotropic garnet intermediate in composition be-
tween the pyralspite and the grandite groups. Anisotropic
garnets in this composition range have not previously
been reported. There has been one study of a pyrope sam-
ple containing 10 mol% grossular component (Dempsey,
1980) that showed diffraction maxima on precession pho-
tographs that violated space group Ia3d, but the probable
space group was deduced as 72,3 and the garnet was not
anisotropic. Additionally, the average, cubic structure of
a natural birefringent spessartine sample was refined by
Smyth et al. (1990), but the true structure was not.

The garnet reported here came from a rock sample des-
ignated as T-KAY-K-1 (Kulaksiz and Phillips, 1983) and
will be referred to in the present paper as garnet T-KAY-
K-1. The regional setting is a paleosubduction zone of
mid-Cretaceous age (85.7 = 1.67 Ma), located in north-
west Turkey between Sivrihisar and Balgikhisar. The gar-
net occurs as highly fractured, euhedral, dodecahedron
porphyroblasts in an eclogite fragment from a melange
consisting mostly of low-grade marble. The rock consists
largely of omphacitic pyroxene, epidote, and white mica,
with less abundant garnet, rutile, and sodic amphibole.

GRIFFEN ET AL.: BIREFRINGENT GARNET

EXPERIMENTAL METHODS

Chemical and spectroscopic methods

A room-temperature Mdssbauer spectrum was ob-
tained with the spectrometer in the Chemical Engineering
Department of Brigham Young University. Velocities
were varied between +4 and —4 mm/s, with metallic Fe
as standard.

Chemical analyses were carried out using the Cameca
electron microprobe at the Department of Geology and
Geophysics of the University of Utah, at an operating
voltage of 15 kV and beam current of 15 nA. Specimens
analyzed consisted of polished fragments from several
crystals. Well-characterized silicates and oxides were cho-
sen as standards. Data were obtained using wavelength-
dispersive spectrometers, and an energy-dispersive spec-
trometer was used simultaneously to monitor the analysis
of each spot to ensure that all elements present above
EDS detection limits were accounted for. Data reduction
was carried out on-line. Analyses were performed for Si,
Ti, Al, Fe, Mg, Mn, Ca, K, Na, and F; the latter three
were not detected.

A Perkin Elmer 1600 series FTIR was used to obtain
an infrared spectrum from a KBr pellet containing 0.25
wt% garnet. The spectrum is similar to those for synthetic
almandine-grossular and almandine-pyrope garnets
(Geiger et al., 1989), with bands A through I prominent
(Moore et al., 1971). The spectrum showed the mineral
to be anhydrous.

The garnet is weakly birefringent (biref. = 0.001) with
mean index of refraction 1.797 + 0.002, measured by
standard oil-immersion techniques.

Crystal structure refinement

Long-exposure precession photographs were taken of a
small euhedral crystal that displayed nonuniform extinc-
tion, and no indications of twinning, noncubic lattice pa-
rameters, or reflections violating space group Ia3d were
observed. A birefringent fragment with uniform extinc-
tion, approximately cubic in shape and 0.08 mm on each
side, was then cut from a larger chip and mounted on a
Nicolet R3 automated four-circle, single-crystal X-ray dif-
fractometer equipped with a graphite monochromator and
MoKa radiation. Unit-cell parameters were determined
by least-squares refinement of 25 reflections in the range
44° < |26| < 59° automatically centered at both +26 and
—2¢. The unit cell is pseudocubic, but the results of the
structure refinement, given below, show that the actual
symmetry is tetragonal. The cell parameter obtained by
assuming cubic symmetry is a = 11.6215(4) A.

A total of 4988 reflections were measured in the §-26
mode from half of the Ewald sphere out to sin §/x = 0.70.
Scan speeds were automatically varied from 3.0 to 29.3°
26/min depending on diffracted intensity. Three stan-
dards were monitored once in every 100 reflections, and
the observed intensities were corrected according to vari-
ations in the intensities of the standards. Lorentz and
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polarization corrections were applied, as well as an em-
pirical absorption correction (¢ = 59 cm~!) based on ¥
scans (North et al., 1968) and an isotropic extinction cor-
rection.

As a first step in determining the crystal structure, the
data were refined in the average (cubic) space group Ia3d.
Of the 4988 intensities measured, 807 were rejected as
unobserved (zero or negative intensities), and the re-
maining 4181 were reduced to a symmetry-merged set of
201 unique reflections, of which 190 had 7 > 3¢(/) and
were used in the refinement. Starting positional parame-
ters for the O atom (the only atom not on a special po-
sition) were approximated from the regression equations
of Novak and Gibbs (1971). Atomic scattering factors
were taken from Cromer and Mann (1968) and anoma-
lous-dispersion factors from Cromer and Liberman
(1970). Data processing and refinement were carried out
with the program package SHELXTL (Sheldrick, 1983).

By varying the positional parameters for O, isotropic
temperature factors for all atoms, and site-occupancy fac-
tors for the {X} and [Y] cations, refinement converged
rapidly to R = 0.06. Adoption of anisotropic tempera-
ture-factor coefficients for all atoms and of a weighting
scheme [w = 1/6%(F)] led to conventional residuals of R
= 0.045 and R,, = 0.028. The final refined O position in
this average space group has x = 0.0347(2), y = 0.0476(2),
z = 0.6525(2); based on modeled occupancy by Ca and
Al, the site occupancy factors of the {X} and [Y] sites are
1.168(4) and 0.991(8), respectively.

In an attempt to determine the true symmetry, the
structure was refined in space group I1 and a difference-
Fourier map was calculated with Ca in the six symmet-
rically unique X sites, Al in the eight Y sites, and Si in
the six Z sites. The only significant peaks on the differ-
ence map were at the X positions and ranged from 3.5 to
5.9 ¢/A? in height; they were not different enough to pro-
vide a clear indication of the true symmetry. Metrically,
however, the triclinic unit cell, in the same orientation as
the cubic cell used above, had dimensions a = 11.622(1),
b = 11.625(1), and ¢ = 11.622(1) with interaxial angles
all statistically 90° this suggested the possibility of a te-
tragonal unit cell with basis vectors a, = ¢, b, = a_, ¢, =
b, where subscripts t and ¢ refer to tetragonal and cubic,
respectively. Possible tetragonal space groups that are
subgroups of Ia3d, and thus would allow the garnet struc-
ture to be maintained, are I4,/acd and 14,/a. Refinement
in space group I4,/acd was attempted.

The refined unit-cell dimensions, assuming tetragonal
symmetry and using the same 25 reflections obtained for
the cubic-cell refinement, are a = 11.6207(7) and ¢ =
11.6230(8). Merging of the original 4988 reflections in
Laue group 4/mmm resulted in 592 symmetry-indepen-
dent reflections, of which the 428 that had I > 3¢(J) were
used in the refinement. Starting values for variable po-
sitional parameters were determined by adding small,
random amounts to the corresponding values obtained in
one of the intermediate stages of the cubic refinement.
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The initial four cycles of unweighted least-squares refine-
ment, in which positional and isotropic thermal param-
eters but not site occupancy factors were varied, con-
verged to R = 0.06. The introduction of anisotropic
temperature-factor coefficients, variable site-occupancy
factors for the two unique X sites and the single unique
Y site in this space group, and a weighting scheme [w =
1/¢%(F)] resulted in final residuals of R = 0.033 and R, =
0.024. Observed and calculated structure amplitudes for
the tetragonal refinement are given in Table 1.!

RESULTS AND DISCUSSION
Chemical relations

Results of the microprobe analysis are presented in Ta-
ble 2, with end-member concentrations calculated by the
method of Rickwood (1968). FeO obtained by micro-
probe was converted to FeO + Fe,O; by assuming that
the deficiency of Al + Ti available for the Y site is made
up by Fe**. Minor chemical heterogeneity was noted in
the analyses from spot to spot and from grain to grain.
At the spots analyzed, Mn varies from 0.89 to 2.17 wi%,
corresponding to 0.07 to 0.15 atoms per 12 O atoms, and
Mg varies from 0.05 to 0.18 wt%, corresponding to 0.21
to 0.28 atoms per 12 O atoms. Moreover, Mn and Mg
vary antipathetically, whereas concentrations of all other
elements remain virtually constant, indicating mutual
substitution of spessartine and pyrope components. Giv-
en the low concentrations of both components, the com-
positional variations do not significantly affect the results
of the crystal-structure refinement.

The Mdssbauer spectrum (Fig. 1) was fitted with four
Lorentzian peaks constrained to be equal in width and
intensity as doublets. The result yielded one Fe?* doublet
with an isomer shift of 1.31 mm/s and quadrupole split-
ting of 3.56 mm/s and one Fe** doublet with an isomer
shift of 0.37 mm/s and quadrupole splitting of 0.44 mm/
s. The x? value for the fit is 1.095. Peak areas indicate
that 94% of Fe,,, is Fe?* and 6% is Fe**, but the spectrum
exhibits substantial scatter in the Fe3* region and consid-
erable error in these percentages is suspected (see, for
example, Dyar, 1984, concerning errors in peak areas).
Further, the X-ray site refinement discussed below does
not support this much Fe**. We have taken the micro-
probe results reported above to be a more accurate ap-
proximation of Fe3* concentration, but the Mdssbauer
spectrum does confirm the presence of minor trivalent
Fe.

The site-occupancy factors for the two unique X sites
refined to 1.182 and 1.171, corresponding on (weighted)
average to an atom with 17.8% more scattering power
than Ca (the model atom used in the refinement), in good

! Copies of Tables 1, 4, 10, and 11 may be ordered as Docu-
ment AM-92-493 from the Business Office, Mineralogical So-
ciety 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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TaBLE 2. Chemical composition of garnet T-KAY-K-1

Ox. wt% Cations*

SiO, 37.86 3.01
TiO, 0.11 0.01
AlL,O, 20.93 1.96
Fe,0,** 0.51 0.03
FeO** 28.74 28.28 1.88
MnO 1.53 0.10
MgOo 2.02 0.24
CaO 8.84 0.75

100.03 7.98

(Fe; 8sCag 75MQg 24MNg 10)5-0 o7(Als 66F €0 03 Tio 01)x-2 msia a0z
(almeg, -PrPs oSPS; 4)(grs.s sadr s)(schy )T = pyralspite;s-grandite,s

* Normalized to 12 O atoms.
** See text for discussion of Fe?*/Fe®*.
1 See Kretz (1983) for abbreviations of components; sch = schorlamite.

agreement with the chemical formula {X} = Fe, ,Ca,,s-
Mg, ..Mn, ;, (16.6% more scattering power than Ca). The
occupancy factor for the Y site refined to a value corre-
sponding to occupancy by Al within a standard deviation,
about 1.8% less than implied by the formula [Y] = Al, o-
Feg 05 Tigor-

Crystal structure

Because of the somewhat unusual composition of this
garnet (approximately pyralspite,,s-grandite,,;) and the
fact that it deviates so little from cubic symmetry, the
bond lengths and angles for the average structure are giv-
en in Table 3 and the anisotropic temperature-factor co-
efficients are given in Table 4! to facilitate comparison
with other garnet structures refined in space group Ia3d.

Owing to the pseudosymmetry of garnet T-KAY-K-1,
each of the several possibilities for the correct space group
may yield apparently acceptable refinement results. An-
isotropic garnets of quite different compositions from this
one have been refined in space groups /1 (Takéuchi et
al., 1982; Allen and Buseck, 1988; Kingma and Downs,
1989), Fddd (Takéuchi et al., 1982), and I4,/a (Prewitt

TasLe 3. Selected interatomic distances (A) and angles (°) from
refinement of garnet T-KAY-K-1 in the averge space

group, /a3d
Si-0 1.640(2)
201-02 2.521(4) 2 01-81-02 100.5(1)
401-03 2.752(3) 401-81-03 114.1(1)
Y.0 1.902(2)
6 01-04 2.673(3) 6 01-Y-04 89.3(1)
6 01-05 2.706(3) 6 01-Y-05 90.7(1)
4X1-04 2.244(2)
4X2-04 2.407(2)

2.326

201-02 2.519(3) 2 01-X2-02 68.3(1)
401-04 2.674(3) 4 01-X2-04 70.1(1)
404-06 2.818(4) 4 04-X2-06 74.5(1)
2 04-07 2.826(4) 2 04-X2-07 71.9(1)
401-07 3.367(4) 401-X2-07 92.7(1)
20807 3.948(4) 2 08-X2-08 110.2(1)

Note: Numbers in parentheses are estimated standard deviations and
refer to last decimal place. This convention applies to subsequent tables.
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Velocity (mm/s, relative to iron)
Fig. 1. The Mdssbauer spectrum of garnet T-KAY-K-1.

and Sleight, 1969; Fujino et al., 1986; Angel et al., 1989),
and other space groups are possible (see Hatch and Grif-
fen, 1989). Although R, values obtained on averaging
equivalent reflections sometimes clearly indicate the cor-
rect Laue group, the values obtained for m3m, 4/mmm,
4/m, and mmm were 100 close to be conclusive—0.024,
0.023, 0.021, and 0.021, respectively. During the course
of this study, structure refinements were attempted in
space groups 14,/acd, 14,/a, Fddd, I1, and Ibca (the last
is a subgroup of 14,/acd), and the generalized weighted R
factor, R,, (Hamilton, 1965) was used to test each refine-
ment against the cubic model. Table 5 shows the results
of these tests. Note that tests to determine if a given mod-
el is significantly better than the cubic model are shown
only for I4,/acd and Ibca because the other three refine-
ments yielded higher R, values than did the cubic refine-
ment and thus cannot be preferred. The clear choice for
the correct space group is I4,/acd. Final positional pa-
rameters, site-occupancy factors, equivalent isotropic
temperature factors, and anisotropic temperature-factor
coefficients for refinement in space group I4,/acd are dis-
played in Table 6, and selected interatomic distances and
angles are in Table 7.

Why is garnet T-KAY-K-1 noncubic? The anisotropic
grandites thus far submitted to crystal-structure refine-
ment (Takéuchi et al., 1982; Kingma and Downs, 1989)
have shown ordering of Al and Fe3+ at the octahedral sites
(Wyckoff symbol 16a in the average cubic space group).
A chemically more complicated garnet of composition
Gros,,And,Alm, (Allen and Buseck, 1988) with a signifi-
cant H,O content shows ordering of Al and Fe** at the
octahedral sites, ordering of Ca and Fe** at the dodeca-
hedral sites (cubic 24c¢ positions), and a noncubic distri-
bution of OH ions.

Table 8 shows a comparison of the crystallographic po-
sitions occupied in cubic garnets and the analogous po-
sitions in space group 14,/acd, and Figure 2 shows a slab
of the garnet structure with the unique cation sites indi-
cated. Given that there is no evidence of anionic substi-
tution in garnet T-KAY-K-1, that the tetrahedral sites
are completely filled with Si, and that there is only one
symmetrically unique kind of octahedral site, the X sites
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TaBLE 5. Significance tests on refinements

Hy: The 1a3d model (R, = 0.0205) is the better of the two in question
1. /4,/a

R, =0.0210 R(la3d) < R i4,/a), .". H,is accepted
2. Fddd _
R, = 0.0220 R /a8d) < R{(Fddd), .. H, is accepted
3A
R, =0.0314 R(la3d) < R(M), .". H,is accepted
4. Ibca
R, =0.0190 A’ = 0.0205/0.0190 = 1.079 Rg3s0s0005 = 1.094

R > A, .". H,is accepted at the 0.005 significance level
5. 14,/acd
R;=0.0185 R' = 0.0205/0.0185 = 1.108 Ra33750005 = 1.076

403

R < R, .. H,is rejected at the 0.005 significance level, /4,/acd is the

better model

turn out to be the only possible locations on which or-
dering could occur. Table 6 shows that the electron den-
sity at the X1 sites is slightly greater than that at X2,
whereas Table 7 shows that X1 is the slightly smaller of
the two sites. From Table 2 and the ionic radii of Shan-
non (1976), it can be determined (1) that the eightfold-
coordinated ionic radius of the mean pyralspite X com-
ponent is 0.92 A and that the radius of BiCa?t, the only
grandite X cation, is 1.12 A and (2) that the average
weighted atomic number of the pyralspite X component
is 24.4, whereas that of Ca is 20. Although both the dif-
ferences between the mean bond lengths of the two X sites
and the difference between the electron densities at these
sites are very small (<1 esd for the bond lengths and ~2
combined esd for occupancy factors) and might be con-
sidered trivial considered alone, they are consistent with
slight ordering of (Fe,Mg,Mn) into X1 and Ca into X2 of
the tetragonal garnet.

SYMMETRY ANALYSIS

Hatch and Griffen (1989) have considered noncubic
garnets in general, and birefringent grandites in particu-
lar, within the framework of the Landau theory of phase
transitions (Landau, 1937a, 1937b, with extensions by
Birman, 1966; Goldrich and Birman, 1968; Jaric and Bir-
man, 1977; Hatch 1981a, 1981b; Hatch and Stokes, 19835,
1986) and the theory of induced representations (Hatch
et al., 1987). On the assumption that noncubic garnets
may arise by phase transformations from an initially cu-
bic phase of space group Ia3d and that the transitions are

TaBLE7. Selected interatomic distances (A) and angles (%), poly-
hedral volumes (A®), quadratic elongations, and angle
variances” for garnet T-KAY-K-1 refined in space group
14./acd

2Si1-0O1  1.638(2) 01-01  2.517(4) 01-Si1-01  100.4(2)

2 Si1-03  1.642(2) 03-03 2.525(5) 03-Si1-03  100.5(2)
1.640 401-03 2.753(3) 4 01-Si1-03  114.2(1)

2.676 109.6
V=2222 A\ =1.012 o? = 50.02
4 Si2-02 1.640(2) 202-02 2.527(4) 2 02-8i2-02 100.8(2)
4 02-02 2.750(4) 4 02-8i2-02  114.0(1)
2.676 109.6
vV =2224 ) =1.011 o? = 46.28

2 Y-02 1.898(2) 201-02 2.671(3) 2 01-Y-02 89.3(1)

2 Y-03 1.899(2) 201-02 2.703(3) 201-Y-02 90.7(1)

2 Y-01 1.902(2) 201-03 2.673(3) 201-Y-03 89.4(1)
7900  201-03 2701(3) 201-Y-03 90.6(1)

202-03 2.672(3) 202-Y-03 89.5(1)
202-03 2.698(3) 202-Y-03 90.5(1)
2.686 90.0
V=29.136 (\) = 1.000 o2 =041

2 X1-01  2.244(2) 01-01 2.517(4) 01-x1-01  68.2(1)

2 X1-03  2.244(2) 03-03 2.525(5) 03-X1-03 68.5(1)

2X1-02 2.408(2) 201-02 2.671(3) 201-X1-02 70.0(1)

2X1-01  2.410(2) 201-03 2.673(3) 2 01-X1-08 70.0(1)
2.327 201-01 2821(5) 201-X1-01  74.5(1)

202-03 2.825(3) 2 02-X1-03 74.7(1)
201-02 2.827(3) 2 01-X1-02 71.9(1)
201-01 3.366(4) 2 01-X1-01 92.6(1)
202-03 3.367(3) 2 02-X1-03 92.7(1)
201-02 3.953(3) 201-X1-02  110.3(1)
3.003 80.6
vV =21.67 (A =1.001 ¢? = 199.41

4 X2-02  2.249(2) 202-02 2527(4) 2 02-X2-02 68.4(1)

4 X2-03 2.407(2) 4 02-03 2.672(3) 4 02-X2-03 70.0(1)
2.328 203-03 2.828(5) 2 03-X2-03 72.0(1)

4 02-03 2.825(3) 4 02-X2-03 74.6(1)
402-03 3.370(3) 402-X2-03 92.7(1)
203-03 3.9485) 203-X2-03 110.2(1)
3.004 80.6
V=2172 (\) =1.001 o = 198.65

* For method of calculation of quadratic elongation ((A)) and angle vari-
ance (¢?), see Robinson et al. (1971). For the X sites, the mean values of
the bond lengths and bond angles were used as the ideal values.

driven by a single order parameter (not necessarily the
same one in all cases), they have determined that there
are three ordering routes possible: one involving an order
parameter that transforms according to the T,, irreduci-
ble representation (IR), one involving an order parameter
that transforms according to the T, IR, and one involv-
ing an order parameter that transforms according to the

TasLE 6. Final fractional coordinates, site-occupancy factors, anisotropic temperature-factor coefficients (x10), and equivalent
isotropic temperature factors (x10%) for garnet T-KAY-K-1 refined in space group /4,/acd

X y z k’ U11 = UZZ U33 U23 U1 3 U12 UBQ
X1 0124901) 0O Ya 1.182(4) 76(4) 134(5) 130(4) 12(4) 0 0 113@2)
X2 0 % % 1.171(5)  128(4) (Un) 68(5) 0 0 16(6)  108(3)
Y 0 0 0 1.001(5) 81(7) 84(7) 83(5) —5(6) -6(6) 1(6) 58(4)
St 0.374901) 0 a 106(6) 91(7) 89(6) —1(5) 0 0 96(4)
si3 0 Ya % 86(6) (U) 111(9) 0 0 0 94(4)
O1  0.28482) 0.0973(2)  0.2025(2) 126(13)  126(13)  116(11) 1(11)  —20(10) 99)  123(7)
02  0.0977(2) 0.2024(2) 0.2851(2) 114(13)  114(12)  133(11) -9(10) 2(10) 109)  120(7)
03  0.2024(2) 0.2847(2) 0.0976(2) 136(12)  118(12)  113(11) 1(10) 7(11) -59)  122(7)

* Site occupancy. Scattering factor for Ca was used in the X site and for Al in the Y site.
** U, are coefficients in the expression exp[—2x%(U,,h?a" + Un,k?b*2 + Ugl2c*2 + 2Uhka*b* + 2Uzhla*c* + 2Uykib*c*)).
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Fig. 2. A slab of the garnet structure (after Novak and Gibbs,
1971), with Wyckoff letters for the unique cations sites in space
group I4,/acd indicated.

E, IR. The T,, route leads to possible space groups R3c,
Fddd, I2/c, and IT; the T, route leads to possible space
groups R3, 14,/a, I2/c, and IT; and the E, route leads to
possible space groups /4,/acd and Ibca.

The transformation from Ia3d to I4,/acd is a proper
ferroelastic transition that must be associated with the T’
point of the Brillouin zone. The space group 14,/acd is
necessarily related to the parent space group by an order
parameter that transforms according to the E, IR (I'y in
the notation of Stokes and Hatch, 1988).

Table 9 gives the two space groups, and their relation-
ships to Za3d, that may result from phase transformations
that are driven by a single order parameter using the E,
IR. The 7, shown in the last column are components of
the order parameter, 5, in the equation p(r) = po(r) +
Zn,¢,(r). Here p(r) is the density function that specifies the
probability distribution of atomic positions in the crystal,
with p(r) being the density function in the parent (high-
symmetry) space group. The ¢;(r) are the basis functions
of a physically irreducible representation of the parent
space group (Ja3d in this case), so that the order param-
eter components, 7,, give the contribution of each basis
function to the density function. The ordering, in this
case, is between the (Fe?*,Mg,Mn) that constitute the pyr-
alspite X components and Ca, the grandite X component;

TasLE 8. Occupied sites in /a3d and /4,/acd garnet structures

1a3d 14./acd
X1 16e x,0,a
) < 5 Y,
Py T e g X2 8 0% %
[Yl 16a 0,00 —mm Y 16¢ 0,0,0
Sit 16e x,0,Va
@ M wou——""_0 & ouu%
[o]] 329 Xy z
0 9%h  xy.z <02 329 xyz
03 32g X,y z

GRIFFEN ET AL.: BIREFRINGENT GARNET

TasLe 9. Subgroups of /a3d allowed by the E iR

Direction of
Subgroup Origin Basis vectors vector g
14,/acd (0,0,0) (1,0,0),(0,1,0),(0,0,1) (m,0)
Ibca (0,0,0) (1,0,0),(0,1,0),(0,0,1) (11,72)

it takes place on the 24 {X} sites of the cubic unit cell,
thus lowering the symmetry from Ia3d to I14,/acd.

In Table 10! the splitting of the equivalent points of
the Wyckoff 24c position of Ia3d into the 8b and 16e
positions of I4,/acd are listed. In Table 11' the two basic
functions that transform according to the E, representa-
tion (T7) are shown. The relative degree of ordering on
the 24c¢ points of Ta3d represents the ordering of the X
components; their positions in Ia3d are also shown. For
the order parameter (5,, 0) shown in Table 9 (that is, for
space group I4,/acd), only the first basis function of Table
11 contributes. Note that any individual site on an 8b
Wryckoff point shows twice the ordering of an individual
site on a 16e point, as required by the relative numbers
of points constituting the Wyckoff positions.

From Stokes and Hatch (1988), the I'f representation
does not satisfy the Landau condition; thus the transition
must be discontinuous. The free energy for I'T is

AF=a(g + 1) + b — 3nm) + ¢t + m).

The free energy form will yield many physical properties
that undergo a change of symmetry at the transition as a
result of a '+ order parameter becoming nonzero. For
example, heat capacity and enthalpy as a function of tem-
perature can be obtained. The spontaneous strain com-
ponents (¢, + &, — 2es;, V36, — V3¢,,) also transform
as the two components of I'y. Thus these strain compo-
nents, denoted (Q,,0,), will couple bilinearly to (7,,5,) in
the form 7,2, + 7,0, and will also become nonzero at
the transition. Because only the first component is non-
zero at the transition to I4,/acd, only the first component
of the spontaneous strain Q, (= ¢; + &, — 2e;) will
become nonzero.

CONCLUSION

On the basis of the discussion above, we interpret the
anisotropy of garnet T-KAY-K-1 as due to slight ordering
of the pyralspite (Fe?*,Mg,Mn) and grandite (Ca) X com-
ponents on the 24c positions of the average Ia3d struc-
ture. There are, of course, small shifts in the O and Si
positions relative to those positions in the average cubic
structure, but we take these to be secondary consequences
of X-site ordering, inasmuch as there seems to be no rea-
son for such displacements independent of the ordering.

It is not possible to determine unambiguously whether
the three pyralspite components participate equally in the
site exchange with Ca. One could speculate that crystal-
field effects might favor Fe?* as the key component, given
that Mn?*, Mg, and Ca do not experience crystal-field
stabilization effects; using the mean O-X-O angles from
Table 7 as ideal angles and applying a measure of distor-
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tion analogous to octahedral angle variance (Robinson et
al., 1971), the X1 site does turn out to be very slightly
more distorted than the X2 site, which would presumably
enhance the crystal-field stabilization energy of Fe?* in
X1 relative to X2 (see, for example, Burns, 1970, con-
cerning the effects of polyhedral distortion on crystal-field
stabilization energy). One could also argue that Ca = Mg
cannot be the primary substitution because that would
be inconsistent with the observed difference in electron
densities of the two X sites.

In emphasizing the Landau approach to symmetry re-
lationships, we have treated the ordering observed in the
noncubic garnets discussed as if it arose by phase tran-
sition from a preexistent cubic phase with space group
Ia3d. Akizuki (1984) has argued that birefringence in
grandites is a crystal-growth phenomenon that arises as
ordering of Al and Fe** on different (110) growth steps
occurs, making the steps crystallographically inequiva-
lent, with each resulting growth sector having space group
I1. A treatment from a symmetry viewpoint based on the
same group theoretical formalisms we have used here can
also be applied to crystal growth, yielding the higher sym-
metry space groups that can result from superposition of
triclinic growth sectors (Gali, 1983).

Hatch and Griffen (1989) argue that definitive evidence
for discriminating between crystal growth and phase tran-
sition 1s lacking for the grandites. MgSiO, (Angel et al.,
1988) and MnSiO, (Fujino et al., 1986) were both syn-
thesized in high-pressure-high-temperature devices in
experiments of short duration. Although the times re-
quired to bring the synthesized crystals to room condi-
tions were not specified in either paper, it seems likely
that they were quite short—perhaps too short to allow
the nearly complete ordering of octahedral cations from
an initially disordered state.

It would seem that the combination of high pressure
(perhaps 0.8-1.2 GPa) and relatively low temperature
(probably 200-400 °C) in the geologic environment in
which garnet T-KAY-K-1 crystallized is the likely cause
of the ordering. It is well known that increased pressure
favors increased miscibility between pyralspites and
grandites (e.g., Nemec, 1967), but it has been shown that
heating of anisotropic grandites causes them to become
optically isotropic (Hariya and Kimura, 1978; Allen and
Buseck, 1988), that is, to become disordered. Garnets of
compositions similar to ours but from geologic environ-
ments quite different from a paleosubduction zone have
been described but have not been identified as birefrin-
gent (e.g., Sobolev et al., 1968), again suggesting that spe-
cific P,T conditions are important in determining wheth-
er a particular garnet chemically capable of ordering
anisotropy will, in fact, order. Investigation of many more
anisotropic garnets of various compositions and from dif-
fering geologic environments is required before more
meaningful discussion on the influence on ordering of
pressure, temperature, and composition can be undertak-
en.

Given an ordered garnet, the ordering route followed
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Fig. 3. Plot of mean cation sizes in the X and Y sites of
noncubic garnets with structures refined to date. Gray bands
indicate size ranges suggested by solid-solution series
Ca,(AlFe*),8i,0,, (T,), (Ca,Fe**,Mg,Mn),Al1,Si,0,, (E,), and
(Mn,Fe?* Mg)SiO; (T,). AB indicates the garnet of Allen and
Buseck (1988). FeSiO, garnet has not been synthesized, but it
falls on the T, band and is likely a component of any tetragonal
garnet that exists in the upper mantle.

(i.e., Ty, Ty, or E,, regardless of whether ordering is con-
sidered to arise from a phase transformation or crystal
growth) seems to depend primarily on the crystallograph-
ic sites potentially available for ordering and secondarily
on the relative sizes of the cations in those sites. MgSiO,,
MnSiO,, and the ordered grandites of Takéuchi et al.
(1982) each contain a single type of cation in the X sites
and two in the Y sites; this restricts potential ordering to
the Y sites, with the T,, route being followed if the Y
cations are of similar size (e.g., Fe** and Al) and the T,
route being followed if the Y cations are of very different
sizes (e.g., Mn and Si). The grandite of Kingma and Downs
(1989) evidently contains too little Mn in the X site for
ordering to be detectable, if it occurs, so it too follows
the T,, route. Garnets that have two or more kinds of X’
cations in significant concentrations but only one signif-
icantly abundant kind of Y cation follow the E, route;
garnet T-KAY-K-1 is of this type.

These generalizations appear to apply when ordering is
driven by a single order parameter, regardless of whether
a phase transition or a primary growth phenomenon is
assumed. They leave several important issues unad-
dressed, however. For example, only four of the eight
space groups related to Ia3d by these IRs have been ob-
served, and it is not at all clear what factors control the
particular ordering pattern within a given ordering route;
thus the specific factors that discriminate between the
formation of an I4,/acd ordering pattern and an Ibca or-
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dering pattern are unknown. We have also not considered
garnets that have the potential to order on more than one
site; the near-grandite of Allen and Buseck (1988) is of
this type, exhibiting ordering at both the X and Y sites.
Figure 3 shows the mean radius of the Y cations plotted
against that of the X cations for the noncubic garnets with
structures refined thus far. The gray bands indicate size
ranges predicted for the solid solution series
Cay(ALFe*),81,0,, (T,,), (Fe**,Mg,Mn),ALSi;O,, (E,), and
(Ca,Mn,Fe?* Mg)SiO; (T,,). Investigation of the first is-
sue—{factors that determine the specific ordering pattern
within an ordering route—will require examination of
more noncubic garnets on the gray bands from as large a
variety of geologic environments as possible. Investiga-
tion of the second issue—the nature of ordering driven
by more than a single order parameter—will require ex-
amination of noncubic garnets that do not occur on the
gray bands. The relative scarcity of such garnets does not
minimize the fact that understanding them may shed light
on processes ranging from the shallow crust to the upper
mantle.
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