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Abstract. The crystal chemistry of garnet solid solutions
on the Fe?tAl,Si,0,,—Fe2*Fe3*Si;0,, (almandine-
“skiagite”) and Ca,Fe3*Si;0,,— Fe?*Fe3*Si,0,, (andra-
dite-“skiagite”) joins have been investigated by single-
crystal X-ray structure refinements and Mdssbauer spec-
troscopy. Together, these two solid solution series en-
compass the complete range in Fe** /£Fe from 0.0 to 1.0.
All garnets are isotropic and were refined in the Ia3d
space group.

Small excess volumes of mixing are observed in andra-
dite-“skiagite” solid solutions (W,=1.0+0.2 cm® mol %)
and along the almandine-“skiagite” join
(W,=—0.774£0.17cm® mol~!). The octahedral (Al,
Fe’*)— O bond lengths show a much greater variation
across the almandine-skiagite join compared to the an-
dradite-skiagite garnets. The dodecahedral (X)—O bond
lengths show the opposite behaviour. In andradite-
“skiagite” solid solutions, the octahedral site passes from
being flattened to elongated parallel to the 3 axis of sym-
metry with increasing “skiagite” content. A perfect octa-
hedron occurs in a composition of &35 mol% “skiagite”.
The occupancy of the neighboring dodecahedral sites has
the greatest effect on octahedral distortion and vice versa.

The Mdssbauer hyperfine parameters of Fe?™ remain
constant in both solid solutions. The hyperfine parame-
ters of Fe’* (at room temperature: centre shift=0.32—
0.40 mm/sec, quadrupole splitting (QS)~0.21-0.55 mm/
sec) indicate that all Fe** is in octahedral coordination.
The Fe** parameters are nearly constant in almandine-
“skiagite” solid solutions, but vary significantly across
the andradite-“skiagite” join. The structural unit that
contributes to the electric field gradient of the octahedral
site is different from that of the coordinating oxygen
polyhedron, probably involving the neighboring dodeca-
hedral sites.

Fe**/TFe area ratios derived from the Méssbauer
spectra systematically overestimate Fe3* contents in
both solid solutions series. This is attributable to differ-
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ent recoil-free fractions for Fe on the octahedral and do-
decahedral sites. A correction has been derived that
yields more accurate Fe?* /ZFe ratios from room temper-
ature and 80 K Mdssbauer spectra.

Introduction

Silicate garnets are common in many geologic environ-
ments. As a result, garnet-bearing assemblages are often
used to estimate conditions present in the Earth’s crust
and mantle. Making accurate estimates of geologic con-
ditions from such assemblages requires a detailed knowl-
edge of the physical and chemical properties of garnets.
Understanding the effects of cation substitution on crys-
tal structure provides a microscopic basis for explaining
observed non-ideal thermodynamic behaviour and can
give important indications for likely non-ideality in gar-
nets for which thermodynamic data is lacking,

Garnets are cubic (space group Ia3d) with a general
formula {X;3}[Y,](Z3)O,, where {}, [], and () denote
dodecahedral, octahedral, and tetrahedral sites respec-
tively (notation after Geller 1967). Naturally occurring
garnets are complex solid solutions involving extensive
cation substitution on the dodecahedral and octahedral
sites. Winchell (1933) subdivided the garnet group into
two series based upon a distinct break in the observed
compositions of natural garnets: 1) pyralspites, where
Y =AIl and X#Ca; and 2) ugrandites, where X =Ca.
An implication of this classification is that the substitu-
tion of the large Ca cation into the dodecahedral site
has an important effect on the garnet structure.

Many X-ray crystal structure studies have been per-
formed on a variety of garnets, often considering one
particular composition. Novak and Gibbs (1971) refined
the structure of eight natural garnets and a synthetic
pyrope in order to study how cations of different size
are accomondated in the garnet structure. They estab-
lished a relationship between the oxygen positional pa-
rameters and the average radii of the dodecahedral and
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octahedral cations. They also noted that the dodecahed-
ral — octahedral shared edge was longer than the octahe-
dral unshared edge in grossular (Ca;Al,Si;0,,), of the
ugrandite series, whereas the opposite was true in the
pyralspite garnets. Recently, Armbruster et al. (1992) re-
ported single-crystal refinements of several synthetic al-
mandine — pyrope solid solutions. They concluded that
there was no structural evidence to support large non-
ideality across the join, in agreement with the Mg — Fe?*
partitioning studies of O’Neill and Wood (1979) and
Hackler and Wood (1989).

Méssbauer spectroscopy of Fe-bearing garnets pro-
vides crystal chemical information that is complimentary
to X-ray diffraction data by revealing the site occupancy
and valence state of Fe. Detail of the local electronic
environment about the Fe atoms can also be assessed
from the calculated hyperfine parameters. A number of
Maossbauer spectroscopic studies of garnets have been
reported in the literature, most concerning garnets with
a narrow range of composition. The most extensive study
is that by Amthauer et al. (1976) who analysed 15 natu-
ral garnets of different composition. They reported
ranges in hyperfine parameters corresponding to dodeca-~
hedrally and tetrahedrally coordinated Fe?* and octa-
hedrally and tetrahedrally coordinated Fe** and related
variations in hyperfine parameters to garnet composi-
tion. It is important to note that 10 of their 15 garnets
contained both Fe?* and Fe®".

The purpose of our study is to investigate the relative ef-
fects of octahedral and dodecahedral site substitutions on
the structure and site environments of Fe-bearing garnets.
We report results of single-crystal structure refinements and
Méssbauer spectroscopy obtained from two binary gar-
netsolidsolutions: Fe3 ™ Al,Si;0,, — Fe3 *Fe3 *Si; 0 ,, (al-
mandine-skiagite)and Ca,Fe3 * Si;0,, — Fe2 *Fe3 " Si;04,
(andradite — skiagite). Although skiagite has been discre-
dited as a proper mineral name, we retain the term here
to refer to an end-member component that may occur
in complex garnet solid solutions. For the almandine-
skiagite garnets, Al—Fe** mixing occurs on the octahe-
dral sites, while in andradite-skiagite garnets Fe** sub-
stitutes for Ca on the dodecahedral sites. The partial
occupancy of Ca and the presence of octahedral Fe3*
means that these solid solutions have compositions that
are continuous between the pyralspite and ugrandite se-
ries of Winchell (1933). Their Fe®**/Z Fe ranges from 0.0
in almandine to 0.4 in skiagite to 1.0 in andradite. The
respective recoil-free fractions for Fe?* and Fe** on the
dodecahedral and octahedral sites can be evaluated be-
cause the simple chemical composition of the garnets
permits the Fe3*/XFe to be determined independently
from the microprobe if perfect stoichiometry and charge
balance are assumed.

Aside from the unit cell edge measurements for al-
mandine-skiagite solid solutions given by Woodland and
O’Neill (1993), no work has been reported on garnets
containing the skiagite component. However, other gar-
net solid solutions have analogous cation substitutions.
Dodecahedral Ca—Fe?*t exchange occurs along the al-
mandine-grossular binary and octahedral Al—Fe** ex-
change occurs in andradite-grossular garnet solid solu-

tions. A drawback to studying these two solid solutions
is that the synthesis of true binary garnets requires that
Fe is present in only one oxidation state, which is experi-
mentally difficult to attain (e.g. Huckenholz et al. 1974;
Geiger et al. 1987; Woodland and Wood 1989). Inspite
of this potential problem, almandine-grossular garnets
have been extensively studied in terms of their macros-
copic thermodynamic properties (Cressey et al. 1978;
Geiger et al. 1987; Koziol 1990) and their microscopic
structural properties (Geiger et al. 1990). Unfortunately,
no systematic structural study has been made across this
binary join.

The andradite-grossular join has received less atten-
tion. Several detailed crystallographic studies have been
carried. out on natural birefringent (and therefore non-
cubic) garnets with compositions close to the andradite-
grossular join (Takeuchi et al. 1982; Allen and Buseck
1988; Kingma and Downs 1989; So0s et al. 1991). Sever-
al explanations for the deviation from cubic symmetry
have been proposed including lattice strain, the presence
of OH as a hydrogarnet component, and ordering of
Fe** and Al on distinct octahedral sites. Aside from
these apparently anomalous garnets, no detailed struc-
tural studies have been made. Phase equilibria and syn-
thesis studies involving andradite-grossular solid solu-
tions have been made by Holdaway (1972), Liou (1973),
Perchuk and Aranovich (1979), and Huckenholz et al.
(1974, 1981, 1982). Ideal mixing across the join is re-
ported by Holdaway (1972) and Perchuk and Aranovich
(1979), however, this was disputed by Engi and Wersin
(1987), based upon data from Huckenholz et al. (1974,
1981). This is potentially important since the large Ca
cation in andradite-grossular garnets expands the garnet
structure relative to the pyralspite garnets and could
make it easier to accommodate a larger octahedral cat-
ion.

Experimental Procedures
Synthesis

The garnets were synthesised in a piston-cylinder apparatus and
a multi-anvil press at 1080° C or 1100° C at pressures between
1.7 and 9.7 GPa following the methods described in Woodland
and O’Neill (1993). Starting materials were glasses or slags prepared
by melting stoichiometric amounts of Fe,0;, SiO,, and AlLO,
or decarbonated CaCO, (for almandine-bearing and andradite-
bearing compositions respectively) at 1500° C or 1550° C. The cox-
rect Fe®* /X Fe ratio was achieved by controlling the fO, of the
furnace atmosphere using CO—CO, or Ar—0O, gas mixes and
using fO2 values estimated from Figure 6902 in Roth et al. (1987,
p. 454-546) and calculated from Kress and Carmichael (1988).
Glasses of 90% and 80% andradite composition were produced
in air at 1475° C and 1550° C respectively.

The garnet compositions and unit cell parameters are given
in Table 1, along with the conditions of synthesis. The compositions
were determined using a Cameca Camebax SX50 microprobe in
wavelength dispersive mode using a 15 kV accelerating voltage and
a 15 nA beam current. The standards were Fe,O; for Fe, spinel
for Al, andradite for Ca, and either andradite or orthoclase for
Si. The raw counts were processed using the PAP correction proce-
dure supplied by Cameca. Garnet compositions were calculated
assuming ideal stoichiometry of 8 cations per formula unit and
charge balance.



All garnets used in this study are isotropic under oils. The
almandine-skiagite garnets are pinkish at low (alm 85) skiagite con-
tent and take on a dark red-brown colour at skiagite-rich composi-
tions (alm11). The andradite-skiagite garnets are light yellow-
brown at andradite-rich (> and 70) compositions and become pro-
gressively darker and redder with increasing skiagite content.

X-ray Diffraction

Unit cell parameters were determined by powder X-ray diffraction
from the average of at least 10 peaks above 60° 28 using single-
crystal Ge monochromated Co K,, radiation and NBS Si metal
as an internal standard (STOE STADIP focussing diffractometer
in transmission mode). For some samples Ge metal, calibrated
against Si metal, was used as the internal standard to avoid peak
overlap problems.

Candidate crystals for singe-crystal structure refinement were
selected and mounted on an Enraf-Nonius CAD4 diffractometer
using graphite-monochromated Mo K, radiation (K,, =0.70930,
Ko, =0.71359). The crystal quality was evaluated through the exam-
ination of rotation photographs and the mapping of selected reflec-
tions in reciprocal space, until a satisfactory crystal was found.
After determination and refinement of the orientation matrix, one-
sixteenth of reciprocal space (h, k > 0,1 >k) to sin @/~ 1.0 (6 =45°)
was collected in w— @ scan mode. Crystal alignment was checked
after the collection of every 150 reflections, the intensity of standard
reflections was checked every hour. After data collection, y-scan
data were collected for the application of an empirical absorption
correction.

The data were corrected for Lorenz and polarization effects,
as well as for absorption. Symmetrically equivalent data were aver-
aged, with a R,,,,, between 1.5% and 3.7% (Table 2). Structure
factors were weighted using a modified Poisson weighting scheme.
The data were examined for evidence of lowered space-group sym-
metry, but no systematic deviation from Ia3d was found. A total
of 17 parameters were refined, i.e. the scale factor, the oxygen posi-
tional parameters, and anisotropic temperature factors (13 vari-
ables). Table 2 lists the final R factors and structural parameters
and Table 3 lists the final anisotropic atomic displacement parame-
ters. A listing of observed and final calculated structure factors
may be obtained from the authors.

Mossbauer Spectroscopy

Transmission Méssbauer spectra were collected at 298 K and 80 K
with a Méssbauer spectrometer operating in constant acceleration
mode and a nominal 50 mCi 37Co in a 6 um Rh matrix. The veloci-
ty ramp was + 5 mm/sec. Mirror-image spectra were collected over
512 channels and calibrated with respect to 25 pm x—Fe metal
at room temperature. Spectra obtained at a sample temperature
of 80 K (source at 298 K) employed a variable temperature cold-
finger cryostat that controls temperature to +0.5 K. The samples
were prepared so that the Fe concentration was between 2 and
5 mg/cm? to avoid saturation effects. Most samples were mounted
on plastic foil while some samples were mixed with benzophenone
and mounted in acrylic holders. The spectra were fit to Lorenzian
line shapes with the peak areas and full widths at half maximum
(FWHM) of each doublet constrained to be equal (see below). This
was done using the PC—MOS software obtained from CMTE
Elektronik, AuenstraBe 15, D-85521 Riemerling, FRG. Some spec-
tra were also fit using the Missfita program (see Luth et al. 1990)
and were found to give the same hyperfine parameters and area
ratios within the uncertainties of +0.01 mm/sec and +0.01 respec-
tively.
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Table 1. Synthesis conditions, composition, and unit cell edges for
andradite-skiagite and almandine-skiagite garnet solid solutions

Sample  Temp  Pressure Duration Comp  Cell edge
°C)  (GPa)  (hn) Xpa A
andradite-skiagite solid solutions
and23 1300 1.3 4 1.00 12.0690 (5)
awé3 1100 1.2 91 1.00 12.0596 (2)
aw3%a 1080 2.8 72 0.94 12.0457 (15)
aw54a 1080 2.5 93 0.93 12.0375(1)
aw54b 1080 2.5 93 0.92 12.0361 (7)
aw48 1100 1.7 116 0.88 12.0255 (8)
aw46 1000 1.6 24 0.83 12.0161 (7)
aw39b 1080 2.8 72 0.82 12.0045 (6)
aw40 1080 36 72 0.75 11.9807 (7)
aw4l 1100 39 90 0.73 11.9803 (6)
aws2a 1100 4.1 97 0.72 11.9755(1)
aw52b 1100 4.1 97 0.67 11.9565 (7)
aw52¢ 1100 4.1 97 0.66 11.9572(5)
aw47* 1100 4.8 46 0.64 11.9503 (8)
u769 1100 54 12.5 0.60 11.9382(3)
u769r 1100 54 12.5 0.59 11.9290(9)
u659a 1100 6.0 12.5 0.53 11.9150 (7)
u659b* 1100 6.0 12.5 0.52 11.9150 (4)
u751a 1100 8.0 12.5 0.47 11.8911 (6)
u697 1100 7.0 12.5 045 11.8880 (5)
u654a 1100 7.0 12.5 0.37 11.8612(6)
u684a 1100 7.5 12.5 0.36 11.8580(5)
u654b* 1100 7.0 12.5 0.36 11.8568 (7)
u751b 1100 8.0 12,5 0.36 11.8541(7)
u684b 1100 8.0 12.5 0.36 11.8546 (4)
u7l4a 1100 8.5 12.5 0.26 11.8204 (6)
u610 1100 8.5 12 0.22 11.8025 (6)
u666* 1100 9.3 12.5 0.21 11.8002 (5)
u714b 1100 8.5 12.5 0.20 11.7923 (9)
u739* 1100 9.7 12.5 0.11 11.7663 (2)
u75s 1100 9.0 12.5 0.11 11.7683 (7)
Sample  Temp Pressure Duration Comp Cell edge
0 (GPa) () Xum A
almandine-skiagite solid solutions
alml 1200 20 42 1.00 11.5285(2)
almé6 1200 19 44 1.00 11.5285(2)
awl8 1200 30 24 0.98 11.5299 (5)
awl4d 1100 1.7 24 0.98 11.5312(8)
awd5 1080 2.7 101 0.93 11.5405 (2)
aw25 1080 2.7 46 0.92 11.5400 (6)
aw26 1080 2.7 96 0.92 11.5390(9)
aw30 1080 2.7 97 0.91 11.5408 (3)
aw37a* 1100 40 96 0.85 11.5546 (4)
aw37b 1100 4.0 96 0.79 11.5571 (5)
aw47 1100 4.8 46 0.70 11.5837(7)
u458 1100 6.0 11 0.71 11.5777(7)
u758 1100 6.5 12 0.61 11.6034 (7)
u541 1100 6.5 12 0.59 11.6061 (9)
u627 1100 7.0 12.5 0.50 11.6273 (3)
u765 1100 8.0 12.5 0.48 11.6283 (7)
u497 1100 9.0 12 0.21 11.6841 (7)
u524 1100 9.0 11 0.18 11.6903 (7)
us598 * 1100 9.5 14 0.10 11.7076 (7)
u636 1100 10.0 12.5 0.01 11.7270 (6)
u702 1100 9.7 12.5 0.00 11.7272(7)

* these samples were used in the single-crystal structure refine-
ments aw47 =and36, u659b =and52, u684b=and64, u666 =and?21,
u739=and11, aw37a=alm85, u598 =alm10
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Unit Cell Edge and Molar Volumes
CasFe3"8i30,,—Fe3*" Fe3* Siz0,, Solid Solutions

The measured unit cell parameters are presented in Ta-
ble 1 and Fig. 1. The unit cell parameter decreases almost
linearly with increasing skiagite content. However, com-
parison with the linear fit shown in Fig. 1 reveals a slight
asymmetry across the andradite-skiagite join. The unit
cell parameters obtained from the andradite and skiagite
end-members are a, = 12.0596(2) A and a, = 11.7278(6) A
respectively. Our value for andradite is in excellent agree-
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Fig. 1. Unit cell parameter, a,, plotted as a function of skiagite
content in andradite-skiagite solid solutions. Uncertainties are
equal to or less than the size of the symbols
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Fig. 2. Excess volumes of mixing in (a) andradite-skiagite and al-
mandine-skiagite solid solutions (this study) and (b) almandine-
grossular and andradite-grossular solid solutions (data from: trian-
gles, Cressey et al. 1978; squares, Geiger ct al. 1987; circles, Koziol

ment with the values reported by Huckenholz and Yoder
(1971), but somewhat smaller than the value of a,
=12.063(1) A measured by Armbruster and Geiger
(1993). A least squares refinement of our data (n=34)
gives a,=12.0677(14)—0.3359(23) X ; with a y2=1.34.
A quadratic fit of a,=12.0610(12)—0.2957(55)X
—0.0393(54) X3, with a yZ=0.53 fits the andradite and
skiagite end-member values better than the simpler lin-
ear fit, although the y2 value suggests that the data are
overfit with the quadratic term.

One andradite sample not included in the above fit-
ting had a somewhat larger unit cell edge of a,
=12.0690(5) A. This andradite was crystallised from a
glass at 1300° C and 1.4 GPa along with some PtO, in
order to create a high fO2 and maintain all the Fe in
the ferric state. Microprobe analysis revealed about
1 wt % Pt in this garnet, presumably residing on the octa-
hedral site because of high crystal field stabilisation ener-
gies favouring this site. The presence of a small amount
of Pt, with its relatively large ionic radius (0.8 A for
Pt27), explains the enlarged unit cell found in this partic-
ular garnet.

The molar volumes and excess volumes of mixing of
the andradite-skiagite solid solutions can be derived di-
rectly from the unit cell parameters described above. A
plot of excess volume against composition is shown in
Fig. 2a, revealing small positive excess volumes of mix-
ing. A symmetric fit yields W, =1.040.2cm?® mol™!
(2 =0.54).

Fe2* Al,Si;0,,—Fel* Fe3 ' Siz0,, Solid Solutions

Unit cell parameters vary linearly across the almandine-
skiagite join, as was reported in Woodland and O’Neill
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1990; open circles, Huckenholz et al. 1974). In a, the dashed lines
are our least squares fits to the data. Where the error bars are
not visible, the errors are less than the size of the symbols, except
for the data of Cressey et al. (1978) and Huckenholz et al. (1974)
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(1993). The unit cell parameters for the subset of garnets
analysed by Mossbauer spectroscopy in this study are
provided in Table 1. Small negative excess volumes of
mixing are indicated for the almandine-skiagite solid so-
lutions (Fig. 2a). Least squares refinement of the data
yields W, = —0.774+0.17 cm® mol ™! (32 =1.72). The ap-
parent minor asymmetry towards the almandine end of
the join was not statistically significant, presumably due
to the scatter in the data. This behaviour contrasts with
the positive deviations observed for the andradite-skia-
gite solid solutions.

Comparison with other Garnet Solid Solutions

Excess volumes of mixing for grossular-bearing solid so-
lutions with the analogous cation substitutions are
shown in Fig. 2b. Data for almandine-grossular garnets
from Cressey et al. (1978), Geiger et al. (1987), and Koziol
(1990) indicate small positive excess volumes of mixing,
like that observed in our andradite-skiagite garnets.
Likewise, the andradite-grossular solid solutions (from
Huckenholz et al. 1974) show negative excess volumes
of mixing, similar to that observed in our almandine-
skiagite solid solutions. The magnitude of the negative
deviations in the andradite-grossular solid solutions are
not well constrained, however, since the reported compo-
sitions are only nominal compositions and the run prod-
ucts were too fine grained for electron microprobe analy-
sis (H. Huckenholz, personal communication). An asym-
metry towards the Al-bearing end-member is also appar-
ent in the andradite-grossular solid solutions. It appears
that substitution of Fe3* for Al on the octahedral sites
has the same effect on molar volume (slightly negative
excess volumes) independent of the dodecahedral site oc-
cupancy. Likewise, similar positive excess volumes of
mixing are observed when Ca substitutes for Fe?* on
the dodecahedral sites regardless of the octahedral site
occupancy. Although small positive excess volumes are
also observed in pyrope-grossular solid solutions (Gan-
guly et al. 1993), no generalised relationship involving
Ca substitution holds since Koziol (1990) reports ideal
volumes of mixing across the spessartine-grossular join.

Crystal Structure Analyses

Single-crystal X-ray structure refinements were obtained
from 2 almandine-skiagite and 5 andradite-skiagite gar-
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nets. We can combine our results with those of Armbrus-
ter et al. (1992) and Armbruster and Geiger (1993) for
the almandine and andradite end-members respectively.
We were unable to obtain suitable single crystals of the
skiagite end-member, although the and11 and alm10
samples place strong constraints on the structural pa-
rameters for skiagite. Predicted parameter values of skia-
gite from Novak and Gibbs (1971) are shown in the
figures for comparison and are generally in good agree-
ment with extrapolations from our data.

Comparison of the oxygen parameters in the alman-
dine-skiagite samples indicate a shift of the oxygen atoms
away from the octahedral sites with increasing skiagite
content (Table 2). This is expected since the larger Fe**
cation replaces Al on the octahedral sites across the join.
In the andradite-skiagite solid solutions, there is a sys-
tematic movement of the oxygen atoms towards the do-
decahedral site as Fe?™ substitutes for Ca. This behav-
iour is also not surprising since dodecahedrally coordin-
ated Fe2* is smaller than Ca (0.92 A vs 1.12 A, Shannon
1976).

Bond Lengths and Polyhedral Volumes

Variations in bond lengths and polyhedral volumes in
the two garnet solid solution series depend on the site
on which cation substitution occurs and the relative size
of the substituting cation (Table 4). The polyhedral vol-
umes show the same trends as the cation-oxygen bond
lengths. In almandine-skiagite solid solutions, there is
substantial elongation of the octahedral cation-oxygen
(Y —O) bond lengths with increasing skiagite content,
which is consistent with the substitution of the larger Fe®*
atom for Al on the octahedral sites (Fig. 3a). On the
other hand, the two inequivalent dodecahedral bond
lengths (X—0);, (X—0), remain relatively constant
(Fig. 3b). There is, however, a slight inequality between
the relative elongation of (X —O); and (X— O), implying
a change in the distortion of the dodecahedral site. Since
4 of 18 dodecahedral edges are shared with neighboring
octahedral sites that are undergoing inflation and rota-
tion, a change in figure of the dodecahedral sites would
be expected.

In andradite-skiagite solid solutions, where Fe? " sub-
stitutes for Ca on the dodecahedral sites, the (X—0),
and (X—0), bond lengths undergo considerable short-
ening with increasing skiagite content (Fig. 3b). There

Table 2. R factors (%) and structural pa-

rameters from single crystal X-ray refine- R, R* Ry Nybs x° y° 2°

ments
alm85 3.7 19 28 113 00344(2)  00500(2)  0.6536(2)
almi0 25 17 2.6 332 00352(1)  00529(1)  0.6568(1)
and11 2.0 1.9 2.7 262 0.0357(1) 0.0525(1) 0.6571 (1)
and21 20 1.7 23 182 0.0362(1) 0.0520(1) 0.6571 (1)
and36 2.2 1.7 2.5 195 0.0364 (1) 0.0508 (1) 0.6568 (1)
and52 1.5 1.8 2.7 280 0.0370(1) 0.0504 (1) 0.6564 (1)
and64 2.0 1.7 2.7 221 0.0378(1) 0.0498 (1) 0.6561 (1)
? RZZIEbS_FCalc|/Z|F;bs|

* R, =Zw(Fyp— Foar) /Z W12, w is the weight
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Table 3. Cation and Oxygen atomic dis-

placement coefficients (U values x 10%) Cations
Ul U U3 Uty Ul, U7, (73
almss 354) 84(2) 5(4) 39(3) 9(4) 2(7) 34(4)
alm10 53(1) 112(1) 13(1) 50 (1) 1(1) 45Q2) 54(1)
and11 53(1) 114() 14(1) 50 (1) 0(1) 51(2) 51(1)
and21 54(2) 120(1) 11Q) 54(1) 12) 62(4) 53(2)
and36 52(2) 118(2) 21(3) 53(1)  —1(1) 74 (4) 46(2)
and52 59(1) 125(1) 21(1) 62 (5) —-2(1) 83(2) 55(1)
and64 58(2) 122(1) 28(2) 59(1)  —3(1) 80(3) 47(2)
Oxygens
4 U, Uy, U% Ut Uy
alm85 63 (8) 81 (8) 34 (8) 7(6) -5 0(8)
alm10 74(2) 94 2) 69 (2) 152 —12(2) 0(2)
and11 91(3) 94 (3) 63(3) 18(3) —20B3) —9(3)
and21 98 (6) 95(5) 60 (5) 11(5) —12(5) —8(5)
and36 107 (5) 86 (5) 67(5) 18(5) —13(5) —4(5
ands2 134 (3) 92(3) 71 2) 193) —16Q) -2(0)
and64 118 (4) 78 (4) 61(4) 16(4) —17¢4) —1(4)

The form of the anisotropic thermal vibration parameter for the garnet structure is: exp[
=202 @*2{h2 Uy, +k? Uyy + 1 Us3 + 21k U, , + 201U, 3+ 2k1U,;3}], where a is the reciprocal
lattice constant. For the dodecahedral site, {X}, at (1/8, 0, 1/4), U,,=Us;, Uy, =U,;3=0;
for the octahedral site, [Y], at (0, 0, 0), U,; =U,,=Us3, U, =U,3="U,3; and for the tetra-
hedral site, (Z), at (3/8, 0, 1/4), Uy, =Us3, Uy, =U;3=U,3=0
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Fig. 3. Variation in a Y—O and b (X—0); and (X—0), bond
lengths as a function of compesition in andradite-skiagite and al-
mandine-skiagite solid solutions. Data for the almandine (closed
triangle) and andradite (open triangle) endmembers are from Arm-

is also a reduction in the Y—O bond lengths with in-
creasing skiagite content (Fig. 3a). This is due to the
fact that 6 of 12 octahedral edges are shared with neigh-
boring dodecahedral sites so that when the dodecahedral
site deflates, a concommitant change in the octahedral
site is required. This change is manifested in a shortening

bruster et al. (1992) and Armbruster and Geiger (1993). The values
for skiagite (closed diamond) are those predicted by Novak and
Gibbs (1971)

of the Y—O bond lengths and a change in the degree
and type of distortion of the octahedral site (see below).
The tetrahedral (Z —O) bond lengths and site volumes
undergo only very minor changes of ~0.005 Ain alman-
dine-skiagite garnets and ~0.01 A in andradite-skiagite
garnets (Table 4). A similar small variation in Z—-0O



Table 4. Interatomic distances (A) and polyhedral volumes (1&3)
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(X—0), (X—0), Y-0 Z-0 0-0* 0-0° Ve v 2

(x4 (x4) (x6) (x4) (Y, s) (Y, w) (A% (A% (A%
alm? 23712 22208 1.8904 1.6352 2.6422 2.7044 20.82 9.00 220
alm85 2.368 2229 1.909 1.634 2,666 2732 20.85 9.26 2.19
alm10 2373 2257 1.981 1.637 2756 2.846 21.20 10.35 221
ski® 237 226 1.98 1.64 2757 2.855 21.18 10.40 223
and11 2.391 2270 1.993 1.638 2781 2.857 21.63 10.55 221
and21 2.406 2279 1.998 1.636 2796 2.855 2202 10.63 221
and36 2431 2291 2.002 1.640 2811 2.853 22.54 10.70 222
ands2 2.447 2309 2,007 1.644 2.827 2.851 23.01 10.78 224
and64 2.463 2323 2010 1.643 2842 2.841 23.44 10.82 224
an100¢ 2.502 2362 2020 1.648 2.881 2.832 24.56 10.98 227

*Y,sand Y, u refer to octahedral edges that are shared (with dodecahedra) and unshared respectively

b from Armbruster et al. (1992)
¢ predicted by Novak and Gibbs (1971)
4 from Armbruster and Geiger (1993)

Table 5. Polyhedral distortion indicies

QE,* AV, QE, AV, 7® e 0° o®
alm¢ 53 1.936° 1291 53.04° 50.11° 53.80° 3.67° 26.75°
alm8s 59 2.150° 1266 51.97° 50.16° 53.75° 3.38° 27.42°
alm10 100 3.647° 1334 54.79° 50.04° 53.44° 2720 29.58°
ski® 118 4314° 1315 53.99° 50.07° 53.34° 2.56° 29.81°
and11 7 2.586° 1316 54.041° 50.07° 53.65° 2.82° 29.47°
and21 44 1.585° 1268 52.067° 50.16° 53.89° 291° 29.24°
and36 21 0.757° 1280 52.577° 50.14° 54.14° 3.22° 28.59°
and52 7 0.244° 1165 47.792° 50.39° 54.40° 3.16° 28.30°
and64 0 0.000° 1017 41.69° 50.64° 54.75° 3.19° 27.94°
and100f 29 1.023° 770 31.55¢ 51.16° 55.420 3.19° 29.56°

* QE'is the modified quadratic elongation. 10° x (QE—1). where QE is the quadratic elongation defined by Robinson et al. (1971)

® ¢ in the notation of Born and Zemann (1964)
¢ Euler and Bruce (1965)

4 after Armbruster et al. (1992)

¢ predicted from Novak and Gibbs 1971)

f after Armbruster and Geiger (1993)

bond lengths was observed by Armbruster et al. (1992)
in pyrope-almandine solid solutions. Relatively constant
Z—0 bond lengths of 1.644+0.01 A were also observed
in all garnets analysed by Novak and Gibbs (1971). The
small decrease in the Z-O bond length across the andra-
dite-skiagite join is probably a response to the large de-
crease in the volume of the neighboring dodecahedral
sites which acts to distort the tetrahedral sites.

The octahedral and tetrahedral O —O distances are
sensitive to both cation substitutions on the particular
site itself and on neighboring sites. Variations in the
O —0O distances depend on whether they are shared or
unshared edges and, therefore, provide information
about the structural distortion of the sites which is dis-
cussed in detail below (Table 4).

Structural Distortions

A number of different parameters exist for describing
the degree of distortion or rotation of the octahedral
and tetrahedral sites, but there is not standard measure

for the dodecahedral site. The 3 point symmetry for the
octahedral cation requires that all Y—O bond lengths
are equal and that there are only 2 distinct O—Y—0O
bond angles. This limits the types of distortion to an
expansion or contraction along the 3 axis, leading to
an elongated or flattened octahedron. The distortion
type serves as a structural discriminant for Winchell’s
(1933) classification scheme with the pyralspite and
ugrandite garnet series having elongate and flattened oc-
tahedra respectively. The angle variance, AV, and qua-
dratic elongation, QE, (Robinson et al. 1971) increase
with increasing skiagite content in the almandine-skia-
gite garnets, indicating that substitution of Fe3* for Al
causes not only site inflation, but also a small amount
of distortion (Table 5). Site distortion is also evident in
the ¢ index (Euler and Bruce 1965), which is the angle
between the 3 axis and the Y —O bond, and ¢ =54.736°
for a regular octahedron. All almandine-skiagite garnets
have o <54.736°, with a small decrease with increasing
skiagite content, indicating an elongated octahedral site
(Table 5).
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Andradite has a flattened octahedral site and, there-
fore, 0> 54.736° (Novak and Gibbs 1971). However, ¢
decreases with substitution of the skiagitc component
and a perfect octahedral site is reached in compositions
of about 35 mol % skiagite (Table 5). This is also indicat-
ed by an AV of zero and QE = 1.0. Compositions richer
in skiagite have octahedral sites elongated parallel to
the 3 axis. A consequence of this change in figure is
that the shared edges of the octahedra are longer than
the unshared edges in andradite-rich compositions, but
are shorter than the unshared edges in skiagite-rich com-
positions. Comparison with the almandine-skiagite gar-
nets reveals that changes in the degree of distortion are
greater when cation substitutions occur on neighboring
sites rather than on the octahedral site itself. This is
consistent with the fact that the neighboring dodecahed-
ra share 6 out of 12 edges and can, thercfore, exert a
strong influence on the figure of the octahedral site:

The tetrahedral site is elongated parallel to the 4 sym-
metry axis. The tetrahedral sites are much more distorted
than the octahedral sites (compare AV and QE for the
2 sites in Table 5). Changes in AV (or QE) are much
less in almandine-skiagite garnets than in the andradite-
skiagite solid solutions. This is expected since octahedra
and tetrahedra only share apices so cation substitution
on the octahedral site would have a minimal effect on
distortion of the tetrahedral site. The least distorted tet-
rahedra occur in andradite, in agreement with the obser-
vation of Novak and Gibbs (1971) that the tetrahedra
become more regular as the average ionic radius of the
dodecahedral cation increases.

In addition to distortion, there is also a rotation of
the tetrahedral sites. Born and Zemann (1964) define a
rotational parameter, o, which measures the rotation of
the site about the 4 symmetry axis and is defined as
the angle between the crystallographic a-axis and the
polyhedral edge shared between the tetrahedra and do-
decahedra. As shown in Fig. 4, o increases almost linear-
ly with increasing skiagite content in both solid solution
series. The same trend occurs in the y oxygen positional
parameter, suggesting that rotation of the tetrahedral
site is accommodated by displacement of the oxygen
atomns parallel (o the b-axis (Table 2). An inverse rela-
tionship between « and the average ionic radius of the
dodecahedral cation was observed by Born and Zemann
(1964) and Meagher (1975) and more recently by Arm-
bruster et al. (1992). They noted that structural con-
straints require the tetrahedral sites to rotate to higher
angles of « as the size of the dodecahedral sites decreases.
This is consistent with the trend observed in our andra-
dite-skiagite garnets (Fig. 4). However, because there is
no change in dodecahedral site occupancy across the
almandine-skiagite join, a different mechanism involving
the octahedral site must have a similar effect on the ori-
entation of the tetrahedra. In the garnet structure, tetra-
hedra share each corner with neighboring octahedra,
forming a continuous linkage. As the octahedral site en-
larges with increasing skiagite content by substitution
of Fe** for Al, the unit cell not only expands, but the
linked tetrahedra rotate to higher angles of « in attempt
to accommodate the larger octahedral site into the net-
work.
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Fig. 4. The tetrahedral rotation parameter, o, (Born and Zemann
1965) plotted as a function of composition for almandine-skiagite
and andradite-skiagite solid solutions. Data for the almandine
(closed triangle) and andradite (open triangle) endmembers are from
Armbruster et al. (1992) and Armbruster and Geiger (1993). The
value for skiagite (closed diamond) was predicted by Novak and
Gibbs (1971)

The parameter ¢, defined by Euler and Bruce (1965),
describes the rotation of the octahedral site about the
3 symmetry axis. ¢ was shown by Novak and Gibbs
(1971) to be highly correlated with dodecahedral bond-
angle strain, and therefore, provides an indirect measure
of dodccahedral site distortion. In the limit of ¢ =0, the
(X—0), and (X—0), bond lengths become equal and
the dodecahedron is bounded by 2 rectangular faces
(Euler and Bruce 1965). There is an inverse relation be-
tween ¢ and increasing skiagite content in both solid
solutions (Fig. 5, Table 5). The change in ¢ is more exten-
sive across the almandine-skiagite join compared with
the andradite-skiagite garnets and appears to be linear
(Fig. 5). This contrasts with the arcuate trend observed
along the andradite-skiagite join. The maximum degree
of dodecahedral distortion appears to coincide with the
garnet that has the least amount of octahedral distortion.
Since ¢ and o are both independent of the unit cell pa-
rameter, the nonlinearity cannot be related to excess vol-
umes of mixing (see above).

A plot of ¢ versus ¢ provides a useful reference for
discussing the relative effects of dodecahedral and octa-
hedral substitutions on the garnet structure (Fig. 5). To
provide a more generalised picture, we have combined
our results along with literature data from Novak and
Gibbs (1971) and Armbruster et al. (1992). As might be
expected, it is the occupancy of the neighboring dodeca-
hedral sites that has the greatest effect on octahedral
distortion and vice versa. This is attributable to the fact
that the octahedra and dodecahedra share some, but
not all edges with each other so that inflation or deflation
of one site causes a non-uniform response in the adjacent
polyhedron. For example, there is a substantial change
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Fig. 5. Octahedral distortion parameter, o, plotted against the dode-
cahedral distortion parameter, ¢, (after Euler and Bruce 1964) for
the two garnet solid solutions in this study (open symbols), Al-
bearing and Ca-bearing garnets (closed squares) from Novak and
Gibbs (1971), and pyrope-almandine solid solutions (closed dia-
monds) from Armbruster et al. (1992). The skiagite data are pre-
dicted values. The vertical line at ¢ =54.736° denotes an undistorted
octahedral site. The octahedra are flattened and elongated in the
3 direction on the right and left sides of this line respectively

in dodecahedral site distortion (as measured by @) with
the substitution of Fe3* for Al on the octahedral sites
in almandine-skiagite solid solutions (Fig. 5). The same
trend is apparent in the ugrandite garnets: grossular,
goldmanite, uvarovite, and andradite. This suggests a
common mechanism, independent of whether the dode-
cahedral site is occupied by a relatively large (Ca) or
small (Fe?*) cation. The smaller the octahedral cation,
the more distorted the dodecahedral sites become. Dode-
cahedral site substitutions have a large effect on the octa-
hedral site distortion with the same arcuate trend observ-
able in the Al-garnet series as in our andradite-skiagite
solid solutions (Fig. 5). A significant change in dodeca-
hedral distortion also occurs due to substitution on the
dodecahedral site itself. For example, the change in ¢
across the andradite-skiagite join is about 50% of that
observed in the almandine-skiagite garnets. The maxi-
mum amount of dodecahedral distortion seems to cccur
in those garnets that have the most regular octahedral
sites.

Cation Displacements

Calculated displacement ellipsoids reveal small magni-
tude, near isotropic motions for the octahedral (Al or
Fe’™) and tetrahedral (Si) cations in all garnets. In addi-
tion, the refined atomic displacement coefficients are
consistent with rigid body motion of the ZO, groups

Fig. 6. Room temperature Mdssbauer spectra of a and100, b and72,
cand47,and d and11 garnet solid solutions. Site and valence assign-
ments of the doublets are shown

Transmission (%) Transmission (%) Transmission (%)

Transmission (%)

100 -

125

99 4

98

298K

3+
Fey,

AN100

1004

96 -

92 4

100+

99 4

98

1004

99+

98

-4 2 0 2 4
Velocity (mm/sec)



126

and individual Y —O bonds. The rigid nature of these
two sites was also reported by Gibbs and Smith (1965),
Geiger et al. (1992) and Armbruster and Geiger (1993)
for pyrope, almandine, and andradite respectively. In
contrast, the dodecahedral cations show considerable
anisotropic displacement. The ratio of the minor to ma-
jor semiaxes for the 70% probability ellipsoids ranges
from 0.6 to 0.7 for both solid solutions. The ratio of
the intermediate to major semiaxes ranges from 0.8 to
0.95, indicating that the displacement ellipsoids are flat-
tened. There is no significant variation with composition
and the ranges are consistent with results for the alman-
dine and andradite endmembers (Geiger et al. 1992;
Armbruster and Geiger 1993). The major, intermediate
and minor semiaxes of the displacement ellipsoids are
in the <011), <011) and <100} directions respectively.
This orientation can be understood by considering the
structural relationships between the different sites in the
garnet structure. In the (011> and <011} directions,

there are channels in the network of octahedra and tetra-
hedra that are occupied by the dodecahedra. These are
also the directions toward the longest unshared edges
of the dodecahedra. As a result, the nearest cations in
these directions are much further away compared with
other orientations, and therefore, more freedom of move-
ment would be permitted. For example, there is an alter-
nation of dodecahedra and tetrahedra parallel to {100,
which coincides with the minor semiaxis of the ellipsoid,
or the direction of smallest displacement. Thus, an-
isotropy in the displacement of the dodecahedral cation
is governed by structural constraints related to the posi-
tions of the neighboring sites.

Mbossbauer Spectroscopy

Mossbauer spectra from both garnet solid solutions are
simple. The spectra are composed of two well defined

Table 6. Mossbauer hyperfine parameters from room temperature and 80 K spectra of almandine-skiagite solid solutions

Sample ~ Comp  Thickness Fe?* FWHM  Fe’* FWHM  »? Fe®*/ZFe Fe3'/ZFe

Xoim mg/cm? Fe mm/sec mmy/sec area ratio probe
cs® Qs® CSs® Qs® Méss.

Room temperature spectra

almi 1.00 4.23 1.31 3.54 0.25 3.06 trace

almé 1.00 3.45 1.31 3.53 0.26 2.08 trace

awl8 0.98 141 1.29 351 0.25 0.27 0.23 0.38 1.52 0.059 0.013

awl4 0.97 1.50 1.30 352 0.26 0.31 0.13 0.39° 1.19 0.029 0.020

aw45 0.93 2.67 1.30 3.54 0.24 0.34 0.18 0.34 1.42 0.072 0.045

aw25s 0.92 220 1.29 3.52 0.25 0.37 0.20 0.32 141 0.077 0.051

aw26 0.92 278 1.30 3.54 0.27 0.34 0.21 0.32 1.54 0.061 0.051

aw30 091 276 1.30 3.53 0.25 0.35 0.22 0.30 1.13 0.077 0.057

aw37a 0.85 3.17 1.30 3.54 0.24 0.33 0.23 0.25 1.05 0.136 0.091

aw37b 0.79 3.11 1.30 351 0.25 0.35 0.22 0.26 1.17 0.158 0.123

aw47 0.70 3.63 1.30 3.50 0.24 0.34 0.23 0.26 1.50 0.207 0.167

u458 0.71 3.08 1.29 3.51 0.28 0.35 0.23 0.28 2.04 0.191 0.162

u758 0.61 2.52 1.31 3.55 0.27 0.35 0.24 0.24 1.01 0.251 0.206

u541 0.59 3.13 1.30 3.52 0.25 0.34 0.25 0.28 1.34 0.271 0.215

u627 0.50 4.27 1.30 348 0.29 0.35 0.24 0.30 1.25 0.299 0.250

u765 0.48 3.68 1.30 3.49 0.23 0.35 0.24 0.25 1.17 0.297 0.257

u497 0.21 2.16 1.29 347 0.23 0.35 0.25 0.24 1.26 0.404 0.345

us524 0.18 4.94 1.31 3.50 0.23 0.35 0.24 0.26 2.43 0.404 0.353

u598 0.10 3.68 1.30 3.50 0.24 0.36 0.24 0.25 1.24 0.429 0.375

u636 0.01 2.50 1.31 3.46 0.23 0.35 0.24 0.26 2.11 0.459 0.398

u702 0.00 290 1.31 3.46 0.23 0.36 0.24 0.25 1.88 0.462 0.400

80 K spectra

almé6 1.00 1.44 3.69 0.27 0.39 0.29 0.32 1.33 0.023

awl4 0.97 1.44 370 0.28 0.34 0.40 0.48° 1.93 0.033

aw45 0.93 1.42 3.65 0.33 0.39 0.11 0.41° 0.98 0.058

aw25 0.92 1.41 3.64 0.32 0.41 0.20 0.31 1.05 0.058

aw37a 0.85 1.42 3.64 0.29 0.42 0.20 0.28 1.25 0.112

aw37b 0.79 1.44 3.70 0.25 043 0.20 0.30 1.08 0.137

u458 0.71 142 3.63 0.29 0.42 0.19 0.32 0.96 0.177

u627 0.50 1.44 3.70 0.25 0.46 0.24 0.28 1.51 0.289

u497 0.21 1.45 3.67 0.24 0.46 0.23 0.25 1.30 0.378

us598 0.10 1.45 3.68 0.24 0.47 0.23 0.26 1.23 0.402

u636 0.01 1.45 3.65 0.24 0.46 0.23 0.28 1.50 0.443

* mm/sec measured relative to o-Fe metal at 298 K. Uncertainties are about +0.01 mm/sec for both QS and CS and +0.01 for Fe®*/ZFe.
The area ratio assumes the same recoil-free fraction for Fe?* and Fe** on the different sites

® constrained parameter
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Table 7. Méssbauer hyperfine parameters from room temperature and 80 K spectra of andradite-skiagite solid solutions

Sample Comp Thickness Fe?* FWHM Fe3* FWHM  »? Fe3*/z Fe Fe**/ZFe

Kana mg/cm? Fe —_— mm/sec mmy/sec area ratio probe
CSs* Qs Cs? Qs* Maéss.

Room temperature spectra

aw63 1.00 1.47 0.40 0.55 0.25 0.99 1.000 1.000

aw39a 0.94 1.81 1.29 3.60 0.19 0.40 0.55 0.27 1.39 0.961 0.917

aw54a 0.93 1.61 1.30 3.59 0.23 0.39 0.55 0.26 1.34 0.937 0.905

aw39b 0.82 2.49 1.29 3.59 0.24 0.40 0.53 0.27 1.34 0.842 0.787

aw52a 0.72 4.67 1.29 3.56 0.24 0.39 0.50 0.29 1.41 0.781 0.704

aw52c 0.66 2.86 1.30 3.55 0.24 0.38 0.48 0.28 1.32 0.754 0.662

awd7 0.64 2.04 1.29 3.53 0.26 0.38 0.47 0.28 0.98 0.715 0.649

u769 0.60 2.71 1.29 3.53 0.31 0.37 047 0.28 1.32 0.732 0.625

u751a 0.47 2.02 1.30 3.55 0.24 0.37 043 0.28 0.99 0.637 0.557

u697 0.45 2.19 1.30 3.55 0.25 0.38 0.43 0.29 2.30 0.627 0.548

u654a 0.37 3.28 1.30 3.53 0.24 0.37 0.40 0.28 1.19 0.603 0.514

u684b 0.36 2.75 1.29 3.50 0.30 0.37 0.38 0.33 1.07 0.590 0.510

u751b 0.36 3.53 1.31 3.54 0.24 0.38 0.39 0.28 0.82 0.596 0.510

u714a 0.26 2.59 1.31 3.52 0.23 0.36 0.34 0.30 1.40 0.570 0.474

u610 0.22 2.89 1.30 3.51 0.24 0.36 0.34 0.29 1.36 0.537 0.461

u666 0.21 3.56 1.30 3.48 0.29 0.36 0.32 0.33 0.92 0.530 0.458

u739 0.11 3.85 1.31 349 0.26 0.35 0.29 0.28 0.99 0.502 0.428

u755 0.11 2.63 1.31 3.51 0.24 0.36 0.28 0.28 1.03 0.499 0.428

80 K spectra

aw39% 0.94 1.41 3.65 0.29 0.48 0.54 0.26 1.31 0.924

aw52a 0.72 ' 1.42 3.65 0.28 0.48 0.49 0.31 1.22 0.723

aw4’7 0.64 1.42 3.64 0.30 0.47 0.46 0.34 1.15 0.689

u697 0.45 1.43 3.65 0.25 0.48 041 0.29 1.42 0.585

u654a 0.37 1.43 3.65 0.25 0.46 0.39 0.29 1.56 0.555

u666 0.21 1.43 3.64 0.24 0.46 0.32 0.27 0.91 0.484

u755 0.11 1.43 3.63 0.32 0.45 027 0.36 1.04 0.471

u739 0.11 1.44 3.64 0.28 0.44 0.26 0.30 1.06 0457

* mm/sec measured relative to o-Fe metal at 298 K. Uncertainties are about 10.01 mm/sec for both QS and CS and +0.01 for Fe3*/ZFe.
The area ratio assumes the same recoil-free fraction for Fe?™ und Fe®* on the different sites

doublets with relative intensities that depend on compo-
sition (Figs. 6a—d and see Woodland and O’Neill 1993).
The two doublets indicate the presence of Fe?™ and
Fe**, each occupying a particular site. The Mdssbauer
spectra confirm that all garnets analysed in this study
lie on either the almandine-skiagite or andradite-skiagite
binary. There is no evidence of electron hopping between
sites, at least at time scales > 1077 seconds, nor is there
magnetic splitting at least down to 80 K. The hyperfine
parameters derived by fitting the Mdssbauer spectra pro-
vide information about the oxidation state, coordination,
and electronic environment of the Fe atoms in the garnet
structure. The hyperfine parameters obtained at room
temperature and 80 K from the almandine-skiagite and
andradite-skiagite garnets are given in Tables 6 and 7
respectively.

Hyperfine Parameters and the Chemical Environment of
FeZ+

The dominant doublet in the almandine-skiagite garnets
has a large center shift (CS) of 1.30 mm/sec at room tem-
perature and 1.43 mm/sec at 80 K. The quadrupole split-
ting (QS)is also large, ~3.5 mm/sec at room temperature

and ~3.7mm/sec at 80 K. These values are characteris-
tic of dodecahedrally coordinated Fe?* (Amthauer et al.
1976). No statistically significant asymmetry is apparent
between the low and high velocity peaks as is often re-
ported for natural garnets (e.g. Luth etal. 1990; Am-
thauer et al. 1976). When two unconstrained peaks are
fit, the %> generally does not improve significantly and
the difference between the resulting peak widths is within
the uncertainty of 40.01-0.02 mm/scc. The full width
at half maximum (FWHM) for dodecahedral Fe2* in
both solid solutions is 0.19-0.35 mm/sec at both room
temperature and 80 K, with most being between 0.22
and 0.26 mm/sec (Tables 6, 7). The narrow peak widths
argue against Ca— Fe?* ordering in the andradite-skia-
gite garnets. If ordering did occur, a certain number of
cation arrangements would be present, producing multi-
ple Fe** doublets. Since the hyperfine parameters of
each doublet would be only slightly different from each
other, the result would be a single broadened doublet
that was the summation of these doublets.

The dodecahedral Fe?* CS remains the same at con-
stant temperature in both solid solutions. The difference
of 0.1 mm/sec between the room temperature and 80 K
CS can be attributed to the temperature dependent sec-
ond order Doppler shift. The QS at room temperature
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shows a decrease of 0.1 mm/sec with increasing skiagite
content in both solid solutions, attaining a minimum
value of 3.46 mmy/sec for skiagite (Tables 6 and 7). This
behaviour is not apparent at 80 K, however. The con-
stant values of CS and QS indicate the local electric
charge density about the Fe atom remains unchanged
in both solid solution series.

Hyperfine Parameters and the Chemical Environment
of Fe3*

The other doublet in the spectra has a much smaller
CS and QS and grows in relative intensity with increas-
ing skiagite or andradite content and can therefore be
assigned to Fe3™ (Figs. 6a—d). The coordination of Fe3*
can be deduced by comparison with the ranges in hyper-
fine parameters for octahedral and tetrahedral Fe** in
a variety of oxides and silicates, including garnets (Burns
and Solberg 1990; Amthauer et al. 1976). The room tem-
perature CS and QS of our garnets are 0.32-0.40 mm/sec
and ~0.21-0.55 mm/sec, respectively (Tables 6 and 7).
These values indicate that the Fe*™ is in octahedral coor-
dination. The FWHM of the Fe** doublet is slightly
greater than for the Fe?* doublet, ranging mostly be-
tween 0.25 mm/sec and 0.36 mm/sec at both room tem-
perature and 80K (Tables 6 and 7). The hyperfine pa-
rameters are not well constrained at almandine-rich
compositions due to the poor resolution and low intensi-
ty of the Fe** doublet.

Contrary to that observed for dodecahedral Fe®",
the hyperfine parameters corresponding to octahedral
Fe®* vary with composition. The variations are more
subtle in the almandine-skiagite solid solutions than ac-
ross the andradite-skiagite join. The CS increases by
0.02-0.03 mmy/sec going from almandine-rich composi-
tions to skiagite and it increases a further 0.04-0.05 mm/
sec going from skiagite to andradite (Tables 6 and 7).
These changes are quite small, although they do exceed
the estimated overall uncertainty of +0.01 mm/sec.

The ferric iron quadrupole splittings have very differ-
ent trends in the two solid solutions. A small increase
of about 0.03 mm/sec (at room temperature) occurs with
increasing skiagite content along the almandine-skiagite
join (Fig. 7, Table 6). It is difficult to quantify the actual
magnitude of change due to the poor resolution of the
Fe3* doublet in almandine-rich (<7mol% skiagite)
compositions. The same small variation can be observed
in the 80K data set (Table 6). A much larger change
of 0.30 mm/sec occurs across the andradite-skiagite bina-
ry at both room temperature and 80K and is visually
evident when the Fe®* doublets in the Figs. 6b, 6¢ and
6d are compared (Table 7). Values of room temperature
QS increase from 0.24 mm/sec in skiagite to 0.55 mm/sec
in andradite (Fig. 7, Table 7). The QS values (and CS)
obtained from pure andradite are in excellent agreement
with those previously published (Amthauer et al. 1976;
Schwartz et al. 1980; Geiger et al. 1990).

An explanation for the two distinctive QS trends in
the almandine-skiagite and andradite-skiagite solid solu-
tions is not readily apparent and cannot be uniquely
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Fig. 7. Quadrupole splitting, QS, of the Fe** doublet at 298 K
and 80 K plotted as a function of unit cell volume. Note the differ-
ent behaviour of the almandine-skiagite and andradite-skiagite so-
lid solutions

proved. A quadrupole split doublet arises when the inter-
action between the electric quadrupole moment and an
electric field gradient (EFG) produces a non-cubic charge
distribution about the Fe nucleus. There are two contri-
butions to the EFG: an internal, or valence term, and
an external, or lattice term (Parish 1986). Valence contri-
butions originate from the non-bonding electron and
bonding electron distributions. In high spin Fe3*, each
orbital contains 1 electron resulting in a spherically sym-
metric configuration. Thus, there are no non-bonding
electrons to contribute to the EFG and the symmetry
of the bonding electrons means that their contributions
should cancel each other, yielding an overall valence con-
tribution of zero (Dowty and Lindsley 1973; Parish
1986). The fact that the room temperature and 80 K QS
are nearly the same supports a zero valence contribution
since this term is much more sensitive to temperature
than the lattice term (Dowty and Lindsley 1973).

The lattice term has 3 primary contributions (Amt-
hauer et al. 1976):
1) A change in volume caused by simple inflation or
deflation of a site,
2) distortions from cubic symmetry of the oxygen poly-
hedra,
3) next-nearest neighbor interactions.
Single-crystal data indicate that the progressive increase
in volume from almandine to skiagite to andradite does
not result only from simple inflation of the octahedral
site (see above). Amthauer et al. (1976) reported a posi-
tive correlation between octahedral Fe3* QS and molar
volume in their set of 15 natural garnets. However, we
find that this correlation applies only for volume changes
due to dodecahedral site substitutions (andradite-skia-
gite) and not when octahedral site substitutions (alman-
dine-skiagite) are responsible (Fig. 7).

Deviations from perfect cubic symmetry are expected
to cause a non-zero QS in the Mdssbauer spectrum.
Considering that the lattice term is the only contribution
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Fig. 8. Angular variance of the octahedral site plotted against the
room temperature Fe** QS. Andradite-skiagite solid solutions pass
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data of Armbruster and Geiger (1993). The value for skiagite is
predicted from Novak and Gibbs (1971)

to the EFG for high spin Fe®*, the absolute value of
QS should increase with increasing octahedral site dis-
tortion (Dowty and Lindsley 1973). Octahedral distor-
tion, determined by X-ray diffraction, in the almandine-
skiagite garnets is small and changes relatively little ac-
ross the join (see above and Fig. 8). The virtually con-
stant QS in these garnets is consistent with the observed
small changes in distortion. In andradite-skiagite solid
solutions, the octahedral site changes from oblate along
the 3 axis in andradite to prolate in skiagite. The site
is a perfect octahedron in compositions of about
35mol% skiagite (Fig. 5). As a result, a minimum in
QS would be expected in compositions near 35 mol%
skiagite. However, this behaviour is not observed; the
QS increases continuously across the join, seemingly in-
dependent of the degree of distortion (Fig. 8). The same
behaviour was observed by Amthauer et al. (1976) for
a Mn-bearing grossular which had a near perfect octahe-
dral site, but had a relatively large QS (0.46 mm/sec at
77K). It is apparent that the coordinating oxygen poly-
hedron is only partially responsible for the EFG experi-
enced by the Fe** atoms and that there are other contri-
butions which must come from greater distances.

The influence of next-nearest neighbors on octahedral
Fe’* QS was discounted by Amthauer et al. (1976) be-
cause the cation positions in the Ia3d space group are
fixed. They proposed that the electronic charge distribu-
tion of the oxygen atoms was responsible for the ob-
served trend in QS. However, this must also be a function
of the next-nearest neighbor arrangement and their inter-
actions with the oxygen atoms shared between the dode-
cahedral and octahedral sites. Since each octahedra
shares edges with 6 dodecahedra, there are 7 possible
arrangements of neighboring cations (i.e. 6Ca—0QFe,
5Ca—1Fe, etc.). The probability of each cation configu-
ration in a given solid solution composition can be calcu-
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lated assuming a random distribution of cations. Two
to four different configurations are found to have proba-
bilities above 0.15 in all compositions except those very
close to each end-member. For example, for 36 mol%
skiagite-64 mol% andradite, the following probabilities
are obtained: 6Ca: 0.07, 5Ca—1Fe: 0.23, 4Ca—2Fe:
0.33,3Ca—3Fe:0.25,2Ca—4Fe: 0.10, 1Ca—5Fe: 0.02,
6Fe: 0.002. Here, three configurations are highly prob-
able, each creating a discrete environment that could
contribute to the observed QS. This could arise from
the large difference in the electronegativity of Ca and
Fe?* (1.0 vs 1.8), which would affect the character (ioni-
city) of the cation-oxygen bond, and in turn, alter the
character of the bond with the neighboring Fe®*. Chang-
ing the average bond character with next-nearest neigh-
bor configuration and, therefore, with composition
would have the effect of modifying the electronic charge
distribution around the shared oxygen atoms, like that
proposed by Amthauer et al. (1976). Several problems
with this mechanism remain, however.

As one bond becomes more ionic, as is expected with
increasing Ca content on the dodecahedral site, the
neighboring bond with the octahedral cation (Fe3%)
should become more covalent in a compensatory fashion
due to the “inductive effect” (e.g. Menil 1985). As the
degree of covalency of the Fe**-O bond increases, the
CS should decrease. However, the CS changes only
slightly across the andradite-skiagite join and it increases
with increasing Ca content which is the opposite to that
expected (Table 7). The change in bond character should
also lead to some positional disorder of the oxygen
atoms. However, there is no evidence for this from the
single-crystal refinements, where positional disorder
would be reflected in increased atomic displacement fac-
tors (Table 3).

From a geometrical point of view, it is possible that
the individual octahedral sites are distorted to different
degrees than the value measured by X-ray diffraction
which is averaged over about 10-20 unit cells or 20-40
octahedral sites. For garnets with compositions near
35mol% skiagite, both oblate and prolate sites must
be present in order to yield an average distortion-free
octahedron. Such behaviour could result from different
arrangements of next-nearest neighbors in the dodeca-
hedral sites. However, this would lead to positional dis-
order and increased atomic displacement factors, which
is not observed (Table 3).

Different arrangements of next-nearest neighbors,
creating different chemical environments about the octa-
hedral site, should lead to line broadening. This has been
observed in natural Fe-bearing grossular-rich garnets,
where the FWHM exceeded 0.5 mm/sec (Manning and
Tricker 1977). The broadening was attributed to the sub-
stitution of Si by OH groups on some tetrahedral sites.
Our garnets all have relatively narrow Fe3* line widths
which argues against more than one discrete chemical
environment about the octahedral site.

Alternatively, the neighboring dodecahedral cations
could be making a contribution to the EFG experienced
by the octahedral Fe** atoms. In the garnet structure,
the sites surrounding the octahedra always have a non-
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cubic symmetry. The structural unit of dodecahedra and
tetrahedra surrounding an octahedral site is a distorted
trigonal antiprism and the environment about the Fe’*
atom never has perfect cubic symmetry. Changes in the
dodecahedral site occupancy with composition would
influence the EFG, leading to a change in the Fe** QS.
Substitutions on the octahedral sites would have little
effect since the octahedra are isolated from each other
and, neighboring octahedral sites are too distant for any
significant interactions to occur. This is consistent with
the observed trends in Fe3" hyperfine parameters in the
two garnet solid solutions and would seem to explain
the apparent disagreement between the octahedral site
distortion observed by X-ray diffraction and the Fe?*
QS. However, as described above, the manner by which
the substitution of Ca for Fe?™ effects the EFG, such
as through a change in the bond character, remains elu-
sive.

Area Ratios, Site Occupancy, and Fe** /X Fe

Relative peak areas of the Mdssbauer spectra can, in
principle, be used to determine the site occupancy of
Fe2* and Fe®* and therefore, the Fe"/XFe ratio of
the garnet. The relationship between the measured areas
and the actual Fe3*/XFe is complicated by thickness
effects and different recoil-free fractions for the two Fe
species on the two sites (e.g. Rancourt 1989). The simple
composition of our garnets permits independent determi-
nation of Fe*/ZFe using the electron microprobe and
assuming perfect stoichiometry and charge balance to
calculate the structural formulae. The Al and Ca con-
tents give the mole fractions of almandine and andradite
respectively in the two solid solution series. With a com-
positional uncertainty of +0.01-0.02 mole percent in the
microprobe determinations, this yields an uncertainty in
Fe®*/~Fe of about +0.01, which is similar to the esti-
mated uncertainty in the Mdssbauer method.

The measured area ratios at room temperature and
80K are given in Tables 6 and 7, along with the
Fe3*/ZFe ratios determined from the microprobe analy-
ses. It is evident that the Mdssbauer area ratios systemat-
ically overestimate Fe** contents in both solid solution
series. The room temperature area ratios overestimate
the actual Fe**/XFe ratios (from microprobe analysis)
by 10-20% relative, while the area ratios from the 80K
spectra are higher by 5-10% relative (Fig. 9, Tables 6, 7).

The change in area ratio with temperature indicates
that the overestimate of Fe** can be partly attributed
to different recoil-free fractions for Fe in dodecahedral
and octahedral coordination (Amthauer et al. 1976). To
evaluate the relative difference in recoil-free fraction for
two sites, i and j, the ratio, r, relating the line arcas
(A) or recoil-free fractions (f) at different temperatures,
T, and T;, can be defined as (Amthauer et al. 1976):

rTz,T1 _1‘117‘2/14‘11‘1 _ f%Tz/fiT1 (1)
LJ A;I‘Z/AJTl ijz/ij1

Amthauer et al. (1976) used the areas obtained from
4.5 K spectra as a reference since they could not indepen-
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Fig. 9. Area ratios (Fe®*/ZFe) derived from the room temperature
and 80 K Mdssbauer spectra plotted against the Fe®"/ZFe ratio
determined by the microprobe. The andradite-skiagite garnets and
almandine-skiagite solid solutions, together, encompass the entire
range of Fe3"/XFe from 0.0 to 1.0. The Mossbauer area ratios
systematically over estimate the Fe* content, indicative of different
recoil-free fractions for octahedrally and dodecahedrally coordinat-
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and 80 K derived from our values of “r”, accounting for the differ-
ence in recoil-free fractions (see text)
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dently determine the true Fe**/XFe content in their nat-
ural samples. Substituting the Fe**/~Fe determined by
microprobe for our garnet solid solutions as the refer-
ence, we obtain average values of r of 0.72(6) at room
temperature (n=34) and 0.87(3) at 80K (n=17). These
values are apparently independent of composition and
agree with those reported by Amthauer et al. (1976) for
Fe-bearing pyrope and grossular; 0.76 (5) at 295K and
0.92 (5) at 77 K. The relationship between the actual and
expected Fe®*/XFe, derived using our value of r and
Eq. (1), is shown in Fig. 9 at room temperature and 80 K.
Comparison with the individual data points illustrates
the consistency across the compositional range.

A more accurate Fe®*'/YFe ratio may be obtained
by extrapolating the measured area ratios to 0 K, where
the relative difference in recoil-free fractions for the two
sites is minimised. At low temperatues, f is closely ap-
proximated by:

—E, (3 ©*T?
1= 5+ %) @

where E, is the recoil energy (1.95623 x 107 3ev), k is
Boltzmann’s constant, and @, is the characteristic De-
bye temperature. Substituting ©,=340K and 400K for
dodecahedral and octahedral Fe respectively (Lyubutin
et al. 1970; Lyubutin and Dodokin 1971) into Eq. ),
the 80 K area ratios can be extrapolated to 0K using
Eq. (1). The adjusted Fe®*/XFe ratios are reduced sys-
tematically by a factor of 0.986, which improves the
agreement with the values determined by the micro-
probe. A small overestimate in Fe3" persists after this
correction however, due to the differences in @, for the




two sites. Instead of applying such a correction, it is
recommended that peak areas be adjusted using Eq. (1)
with r=0.87 or 0.72 for 80 K or room temperature data,
respectively, in order to obtain the most accurate
Fe3*/ZFe ratios. Since the correction to the area ratios
is proportionately smaller at 80 K compared with room
temperature, the ratios measured at 80 K will yield more
consistent results. It should be noted that other effects
such as sample thickness (Rancourt 1989) may influence
the calculated area ratios, and therefore, must be careful-
ly considered in sample preparation and data analysis.
The nature of the correction for finite sample thickness
is such that it reduces the measured Fe**/XFe ratio
when ratios are <0.5 and increases the ratios when they
are >0.5. The correction is zero when the Fe’*/XFe
ratio=0.5 (i.e. when the Fe?* and Fe*™ doublets have
the same areas). Following the method of Rancourt
(1989), the most extreme correction to the Fe®*/XFe ra-
tio in our samples is ~0.03 for intermediate composi-
tions in both solid solution series. Note that while the
thickness correction improves the agreement between the
measured and actual Fe3*/XFe ratios in the almandine-
skiagite samples, it increases the discrepancy in the an-
dradite-skiagite samples. Application to spectra of natu-
ral garnets should also be done with caution, since asym-
metric dodecahedral Fe?* doublets are often reported
and the consequent influence on the measured area ratios
is presently unknown.
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