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A powder infrared spectroscopic investigation
of garnet binaries in the system
Mg3Al2Si3012-Fe3Al12Si3012-Mn3A12Si3012-Ca3Al2Si3012

CHARLES A. GEIGER*

Mineralogisch-Petrographisches Institut, Christian-Albrechts-Universitit zu Kiel,
Olshausenstr. 40, D-24098 Kiel, Germany

Abstract: The powder IR phonon spectra of synthetic garnets of the six binaries in the system Mg3Al2Si3O12
(Pyrope - Py) - Fe3AlSi3012 (Almandine - Al) - Mn3AL:Si3012 (Spessartine - Sp) - Ca3AlzSi3O12 (Grossular -
Gr) have been recorded and analyzed. Between 14 and 17 Fiy-symmetry infrared active modes were observed for
the different garnet end members and can, to a first approximation, be assigned to internal SiO4 vibrations and
external lattice vibrations of the SiO4 tetrahedron and the AI* and X**-site cations. This description is limited by
mode mixing which is most pronounced for the lowest frequency modes. Two mode behavior is observed for
X**-cation translations for most of the binaries. The site-group and.factor-group splittings have been calculated
for all six binaries. For the almandine/pyrope-grossular binaries, the factor-group splittings suggest that SiO4 group
vibrational interactions do not change linearly between the two end-members. No evidence in the IR spectra is
found for long range X**-cation order and all synthetic solid solutions are long-range disordered. The IR spectra
provide information on the possible lattice heat capacities and entropies of mixing for the six solid solutions. The
frequency changes of the lowest frequency external modes of pyrope-grossular and almandine-grossular garnets
are consistent with the proposal of excess lattice entropies of mixing at low temperatures. The almandine-spessar-
tine binary should be thermodynamically ideal, while the almandine-pyrope, spessartine-pyrope and spessartine-
grossular binaries could show some excess lattice properties. The higher frequency modes above 400 cm™ of the
solid solution compositions can be estimated well from a linear interpolation between the two end-members. This
is consistent with the proposal that no excess lattice entropies of mixing should be present in garnet solid solutions
above 300 K.

Key-words: garnet solid solutions, IR spectroscopy, phonon spectra, mixing properties, heat capacity, order-di-
sorder.

Introduction

The long-range static structural properties of
the aluminosilicate garnets have been intensively
investigated by X-ray and neutron scattering ex-
periments since Menzer solved the structure in
1926. More recently, attention has turned towards
investigating the microscopic and mesoscopic

*e-mail: NMP46 @rz.uni-kiel.de

scale structural properties and the dynamic struc-
tural properties using a variety of spectroscopic
methods. Raman and IR spectroscopy can pro-
vide localized structural and dynamic informa-
tion. The vibrational properties, that is the lattice
dynamics, are revealed through the respective
zone-center vibrations of both methods. Raman
spectroscopy is very useful because of the

0935-1221/98/0010-0407 $ 4.00

© 1998 E. Schweizerbart'sche Verlagsbuchhandlung. D-70176 Stuttgart


mailto:NMP46@rz.uni-kiel.de

408 C. A. Geiger

detailed information one can obtain from
polarized single-crystal spectra (Moore et al.,
1971; Hofmeister & Chopelas, 1991a; Kolesov &
Geiger, 1997; Kolesov & Geiger, 1998). IR spec-
troscopic measurements using powder, thin-film
and single-crystal reflectance and absorption
methods have also been undertaken on garnet
(see references below). The powder method is
simple to apply and can yield useful structural
and dynamic information, whereas reflectance
spectra are experimentally more involved requir-
ing more spectral evaluation, but ultimately yield
quantitative mode frequencies, for example, as
compared to powder spectra.

Most of the IR spectroscopic studies that have
been undertaken on silicate garnets.have concen-
trated on natural materials (e.g., Tarte, 1965;
Moore et al., 1971, Tarte & Deliens, 1973; Hof-
meister & Chopelas, 1991a; McAloon & Hof-
meister, 1993; Hofmeister et al., 1996). Hence, a
need exists for systematic investigations on syn-
thetic garnets, which are more easily charac-
terized in terms of their chemistry and P-T his-
tory (e.g., Delany, 1981; Geiger et al., 1989; Lu
et al., 1993). We have, therefore, measured the
powder IR spectra of the six synthetic garnet bi-
naries in the system Mg3Al2Si3012 (Pyrope - Py)
- Fe3Al2Si3012 (Almandine - Al) - Mn3AI2Si3012
(Spessartine - Sp) - Ca3Al2Si3012 (Grossular -
Gr) to better understand the short-range, dynamic
and thermodynamic properties of aluminosilicate
garnet solid solutions.

Experimental methods and limitations

The synthetic garnet solid solutions studied
have been reported upon in a number of different
sources. The Al-Py and Al-Gr solid solutions are
described in Geiger er al. (1987, 1989) and
Geiger & Feenstra (1997), the Al-Sp garnets in
Geiger & Feenstra (1997), the Py-Gr garnets in
Bosenick er al. (1995, 1996) and Bosenick &
Geiger (1997), the Sp-Gr garnets in Koziol
(1990), and the Py-Sp garnets in von Saldern
(1994). These references describe the synthesis
conditions and the characterization of the garnets

used herein. Regarding the synthesis conditions,
all garnets were prepared using glass starting
materials and were synthesized dry in a piston-
cylinder device at elevated pressures and
temperatures. The garnets are considered to be
largely free of any OH- component based on their
featureless IR spectra between 3700-3500 cm-!1.

The garnets, which are normally polycrystal-
line aggregates with crystal sizes between 10 and
50 um, were finely ground in an agate mortar.
Between 1-2 mg of garnet powder were mixed
with either KBr or polyethylene and pressed
under vacuum into 13 mm diameter pellets.
Measurements were undertaken using a Bruker
X66G FTIR spectrometer for the far-infrared
(FIR) region and a ATI Genesis FTIR spectrome-
ter for the mid-infrared (MIR) region. The beam
splitter was Mylar for the FIR region and KBr
for the MIR. Garnet spectra between 1200 and
400 cm-! were recorded using KBr pellets and
between 450 and 80 cm-! using the polyethylene
pellets. A resolution of 2 cm-! was chosen with
a total of 32 scans averaged for each final spec-
trum. In two of the series (pyrope-spesartine and
almandine-spessartine) the spectra of several
compositions were only recorded in either the IR
or FIR region, but not both, because of lack of
material.

Powder IR spectra have been recorded more
often on garnet (e.g., Tarte, 1965; Moore et al.,
1971; Tarte & Deliens, 1973; Narayanan Kutty
& Anantha Iyer, 1973). The main reason for this
is the simplicity of the method. Quantitative in-
formation on mode frequencies can be gained
from single-crystal studies using .reflection or
thin-film absorption spectra (e.g., Hofmeister &
Chopelas, 1991a). Powder spectra have several
limitations. First, in a typical powder spectrum
the absorption bands are a combination of trans-
verse and longitudinal optic (abbreviated TO and
LO, respectively) modes. This can result in a
shifting of the TO peak position towards the
frequency of the LO component. This effect can
be especially pronounced for intense bands which
appear in the MIR region. Weaker FIR bands are
affected less. This is the reason for the differ-
ences between mode frequencies measured in

Fig. 1. Powder infrared spectra of the six binary garnet solid solutions in the MIR and FIR regions (a-f). The
spectra were collected using a resolution of 2 cm™' and averaged over 32 scans. The Y-axis is in arbitrary units of
absorption. The spectra are shown in the following order: a) Almandine-Spessartine garnets, b) Almandine-Pyrope
garnets, ¢) Pyrope-Spessartine garnets, d) Almandine-Grossular garnets, e) Pyrope-Grossular garnets, and f)

Spessartine-Grossular garnets.
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powder versus single-crystal reflection spectra of
garnets. Second, surface modes and reflection/ab-
sorption features can in some cases occur. They
do not appear to be a serious problem in the spec-
tra presented herein.

Structure
and factor-group analysis of garnet

The general formula of the silicate garnets is
X3Y2Si3012. The structure has space group /a3d,
with Z = 8. The cations are located in special
positions fixed by symmetry and the oxygens in
general positions (Menzer, 1928). The divalent
X-site cations occupy the 24c position of 222
(D2) point symmetry, the trivalent Y-site cations
the 16a position of 3 (C3i) symmetry, and the Si
cations the 24d position of 4 (S4) point sym-
metry. Garnet, having 20 atoms in the formula-
unit and 8 formula-units per cell in the I-centered
cell, should have 240 total vibrations in the
primitive cell, three of which are acoustic.
Theoretical factor-group analysis on garnet per-
mits the total number of vibrations and the num-
ber of Raman and infrared active modes to be
calculated (Koningstein & Sonnich Mortensen,
1968; Moore et al., 1971). The total irreducible
representation at the I'-point is given as follows:

I' = 3A1g + 5A2¢ + 8Eg + 14F1g + 14Fg
+ 5A1u + 5A2y + 10Ey + 17F1u + 16F24

The Aig, Eg and F2g modes are Raman active, for
a total of 25, and 17 F1y modes are active in the
infrared.

Since the three different polyhedral units in
garnet have different structural properties
(coordinations, bond strengths, efc.), an attempt
can be made, to a first approximation, to assign
the IR bands to either internal or external vibra-
tions of the SiOg4 tetrahedra or to the Al3+ and
X2+-site cations (e.g., Hofmeister & Chopelas,
1991a). It should be stressed, however, that
Cahay et al. (1981) have shown experimentally
in an investigation employing isotopic substitu-
tion in pyrope garnet that mode mixing is pre-
sent, especially in the FIR region. Therefore,
strictly speaking, there can be no assignment of
individual IR bands to specific atomic or polyhe-
dral motions. Kolesov & Geiger (1998) proposed
that the Raman active external modes show sub-
stantial kinematic mixing between one another
(cf. Hofmeister & Chopelas, 1991a). This is con-
sistent with the large number of shared polyhedral
edges in the garnet structure.

C. A. Geiger

Results and discussion
Spectra and mode assignments

The powder infrared spectra of the six garnet
binaries within the system almandine-pyrope-
grossular-spessartine are shown in Fig. la-f. The
MIR bands are intense and those in the FIR are
narrower and weaker in intensity. No more than
17 bands are observed in any composition and in
most cases less than 17 are present. In a few
cases (e.g., spessartine in the spessartine-alman-
dine solid solutions), the background is some-
what poorly behaved at high frequencies. Also
some bands in a few spectra are relatively broad
compared to those of other compositions in the
same series (e.g., pyrope25grossular75 in the
MIR). In several cases, bands are asymmetric or
have broad shoulders, (e.g., spessartine and com-
position almandine 87spessartine13 in the FIR re-
gion of the almandine-spessartine series and
some of the spessartine-pyrope garnets). These
features are experimental artifacts resulting prob-
ably from reflection/absorption effects, substan-
dard grain sizes or grain-size distributions in the
pellets. They do not affect significantly the deter-
mination of the peak positions (for example, the
difference in peak positions in the two different
spessartines from the almandine-spessartine ser-
ies and the grossular-spessartine series are not
more than 4 cm-! and most are within 2 cm-! of
each other) or the conclusions drawn herein.
Needless to say, care must be used in trying to
extract information from the line widths.

Hofmeister & Chopelas (1991a) measured the
single-crystal reflectance and thin-film MIR and
FIR spectra of five nearly end-member natural
garnets including pyrope, almandine, grossular,
spessartine, and andradite (CasFe2Si3012). Fol-
lowing upon the studies of Tarte (1965),
McDevitt (1969), Moore et al. (1971) and Cahay
et al. (1981), they made mode assignments for
the different silicate garnets. Since their initial
investigation, Hofmeister and coworkers made
further studies on natural garnet solid solutions,
and one synthetic join, closely approximating bi-
nary compositions. The results from these studies
resulted in small modifications to the original
mode assignments. Specifically, Lu et al. (1993)
made mode assignments for spessartine,
McAloon & Hofmeister (1993) for grossular, and
Hofmeister et al. (1996) for pyrope-almandine
garnets. These studies serve as the basis for the
mode assignments made to the powder spectra of
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this investigation. These mode assignments have
been adopted so as to maintain consistency be-
tween studies, but may in the future require re-
evaluation.

For the powder spectra herein, all 17 Fyq bands
were detected only in the spectrum of spessartine.
For the other end-member garnets, a few modes
were considered to be too weak or too strongly
overlapped to be observed. The symbol T(M),
where M represents a certain cation, is adopted
and refers to external translations (vibrations of
the A3+ and X2+-site cations were considered to
be only translational in nature) and R(SiOg4) to a
rotation.

Mode frequencies as a function of composition

The binary solid solution which is the easiest
to interpret and to assign modes is the Al-Sp join.
Here, all 17 IR-active modes can be identified,
with the exception of a T(Al) mode in almandine-
rich compositions, which should be located
slightly above 400 cm-! (Fig. 1a). This mode oc-
curs as a weak band in spessartine-rich composi-
tions and decreases in intensity with increasing
almandine content. It is observed more clearly in
the single-crystal reflectance spectra of Hofmeis-
ter et al. (1996). There is little change in energy
of the 17 different IR active modes as a function
of composition, because of the similarities in the
sizes and masses of Mn2+ and Fe2+ (0.96 vs. 0.92
A, Shannon 1976, and 54.94 and 55.85 a.m.u.,
respectively) and, therefore, probably as well, the
force constants associated with them. The mode
frequencies as a function of composition across
the join are displayed in Fig. 2a. The lowest
frequency vibrations are assigned to mixed
T(Fe2+/Mn2+)-cation and SiO4-group translations.

The next two joins which show the smallest
changes in mode frequencies as a function of
composition are the Al-Py and Py-Sp binaries
(Fig. 2b and 2c). In these two binaries, compli-
cations arise because only 14 bands out of a total
of 17 can be observed with certainty in pyrope-
rich compositions. Hofmeister et al. (1996) have
shown that two bands in pyrope’s spectrum are
accidentally degenerate. They are located at
about 145 and 345 cm-! (both are labeled as
T(SiO4) modes in Fig. 2b and 2¢). The evolution
of these bands as a function of composition
across the Al-Py and Py-Sp binaries can be traced
(Fig. 2a and 2b). In addition, the weak v4 SiO4-
bending mode located at about 630 cm-! in al-
mandine- and spessartine-rich garnets cannot be
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traced into pyrope-rich compositions. Therefore,
the 17 IR modes can be accounted for by refer-
ence to the other end-members, assuming that no
abrupt jumps in mode frequency occur. For the
Al-Py and Py-Sp joins, all of the modes, except
one in its respective binary, show linear
frequency shifts between the two end-members.
The lone exception, involving an X-site cation
translation, is considered to display two-mode
behavior (Hofmeister et al., 1996). In pyrope this
band is located around 215 cm! and the corre-
sponding mode in almandine is located at 155
cm-! and in spessartine around 166 cm-! (Fig. 2b
and 2c). In the Raman spectrum of pyrope a Fazg
mode at 135 cm-! has been assigned to a T(Mg)
vibration (Kolesov & Geiger, 1998), whereas the
T(SiO4) modes were assigned to bands with
frequencies above 200 cm-!. The IR mode at 145
cm'! in pyrope can be assigned to a mixed
T(Si04)/T(Mg) vibration keeping in line with the
work of Hofmeister et al. (1996) and Cahay et
al. (1981). The latter showed that this mode has
a large T(Mg?2+) character based on its observed
shift with the substitution of 260Mg. The results of
this study, conducted with a grating spectrometer,
need to be confirmed with measurements using a
FTIR spectrometer. The assignment of this mode
at 145 cm! to a largely T(Mg?2+) vibration would
allow consistency with the Raman results,
whereby permitting the Fiy and Fag vibrations to
have similar frequencies.

Two-mode behavior in a solid solution involv-
ing two end-members of the same structure nor-
mally occurs when the masses or force constants
of the mixing cations are substantially different
(Sherwood, 1972). Lattice dynamic calculations
involving structures as complicated as garnet
have not been undertaken and thus a rigorous
physical explanation of the phenomena is not at
hand. Hofmeister & Chopelas (1991a) interpreted
the occurrence of two-mode behavior in garnet
binaries on the basis of the large mass and size
differences between the mixing X-site cations
and proposed that it could be associated with vi-
brations other than those associated with the X-
site cation translations. Kolesov & Geiger
(1998), in a Raman single-crystal spectroscopic
study of garnet, proposed instead that two-mode
behavior occurs, in principle, only for X-site cat-
ion vibrations in aluminosilicate garnet solid so-
lutions. In the case of garnet, the IR modes are
of the same Fiu symmetry and they couple to a
large degree, thus complicating the interpretation
(Cahay et al., 1981). Here the restrictions behind
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Fig. 2. Plot of the observed IR vibrational mode frequencies versus composition for the six binary garnet solid
solutions: a) Almandine-Spessartine, b) Almandine-Pyrope, c) Pyrope-Spessartine, d) Almandine-Grossular, )
Pyrope-Grossular and f) Grossular-Spessartine. The open symbols connected by the solid lines represent internal
vibrations of the SiOq tetrahedra, where the squares correspond to asymmetric Si-O stretching vibrations, v, the
open triangles to asymmetric bending vibrations, v4, and the inverted open triangles to symmetric bending vibra-
tions V2. The other solid and partially filled symbols connected by dashed lines represent external vibrations and
are defined as follows: the solid diamonds represent translational motions of the AI** cations, the solid circles
represent rotations of the SiO4 tetrahedra, the solid squares represent translations of the SiO4 tetrahedra, the solid
inverted_triangles correspond to translational motions of mixed X-site cations, the normal solid triangles to
Fe?*/Mn”*-cation translations, the crosses to Mg-cation translations, the squares with the diagonal to Ca-cation
translations, and the squares with the crosses to mixed X-cation and SiOs-tetrahedra translations.

The lines trace the frequency of a given mode as a function of composition. The FIR spectra of some solid solution
compositions have bands that are so broad and weak that it was not possible to determine their frequencies.

factor-group analysis begin to break down and
some modes may be best described as lattice
modes and it is difficult to determine whether
differences in mass or the force constants are re-
sponsible for this behavior.

In the case of the Al-Py and Py-Sp binaries,
the differences in the ionic radii between Fe2+
and Mg2+ and between Mn2+ and Mg?2+ are small
being about 3 % and 7 %, respectively. The
masses of Fe2+ and Mn2+ are, in contrast, signif-
icantly heavier being more than twice that of
Mg2+ (24.31 a.m.u.). Mass has a large effect on
the vibrational amplitudes of the X-site cations

in garnet, (Geiger et al, 1992; Armbruster &
Geiger, 1993; Geiger & Armbruster, 1997) and
thus affects significantly the mode frequencies of
the X2+ cation vibrations (Kolesov & Geiger,
1998). In the case of IR-active vibrations, some
non X2+-site cation modes may not be present
across the join because of the strong coupling or
mixing with the X-site cation vibrations.

The temperature dependent X-ray diffraction
studies have shown that the amplitudes of vibra-
tion of the X-site cations also depend on their
size. The two garnet joins showing the largest
mode frequency and intensity changes as a func-
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tion of composition are the Al-Gr and the Py-Gr
binaries (Fig. 2d and 2e). Here size and mass
differences between the X-site cations play an
important role in the FIR region. Ca2+ has a
radius of 1.12 A and a mass of 40.08 a.m.u.. For
both binaries it is not possible to follow
completely the FIR mode evolution as a function
of composition. Mode assignments and correla-
tions between the end members are also compli-
cated because the IR spectrum of grossular is
characterized by only 15 observable modes. A
T(Al) mode, which is not observed, should be
located at about 430 cm! and an accidentally
degenerate mode around 240 cm-! (shown as a
T(Al) mode in Fig. 2d) consists of T(Ca) and
T(Al) vibrations (McAloon & Hofmeister, 1993).
The lowest frequency mode in grossular is con-
sidered to be a mixed mode consisting of T(SiO4)
and T(Ca) vibrations. This assignment is also
adopted for the pyrope-rich garnets of this join
(Hofmeister et al., 1996 and Fig. 2d). The com-
positionally middle part of both joins displays
broad, very weak bands in the FIR (Fig. 1d and le).
For these two solid solutions a distribution of
local modes (Sherwood, 1972), relatively well
separated in frequency, should be pronounced
leading to extensive band broadening. Two-mode
behavior is also strongly developed, because the
frequencies of the “Fe2+/Mg2+-related” and
“Ca2+-related” modes are greatly removed from
one another and their corresponding dispersion
curves do not overlap (¢f Hofmeister &
Chopelas, 1991a). Similar behavior was also ob-
- served for the X2+-cation translation modes in the
powder Raman spectra of Py-Gr garnets (Kole-
sov & Geiger, 1998). In the case of the lowest
frequency IR modes of the Py-Gr solid solutions,
they appear to decrease in frequency compared
to those found in the two end-members. The
lower vibrational frequencies of the “Mg-related”
and “Ca-related” translations in the solid solu-
tions may be accompanied by increased ampli-
tudes of vibration as described by:

Nun) = 3kBT

\MOF = ez @

where, u(j) is the root-mean-square value for an
atomic displacement parameter, kg Boltzmann’s
constant, @ the angular frequercy, and mj the
mass, in the general harmonic case describing an
atom in a monoatomic unit-cell (Dove, 1993).
The case for garnet is, of course, considerably
more complicated, but this relationship could
well apply to the loosely bonded X-site cations.
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The remaining garnet binary, the Sp-Gr solid
solution, is also somewhat difficult to interpret in
the FIR region (Fig. 2f). Here the FIR modes
(Fig. 1f) do not broaden as much as in the Al-Gr
and Py-Gr binaries and the mode frequency shifts
as a function of composition are not as extreme,
but two-mode behavior appears nevertheless pre-
sent. Mode broadening is pronounced in grossu-
lar-rich compositions, as in the other binaries,
and complicates an evaluation of the mode be-
havior across the join.

Crystal-chemical properties from the IR spectra

It appears in the case of garnet that the Raman
and IR vibrational spectra can be partly inter-
preted using a polyhedral-based crystal chemical
model and a knowledge of the X-site cation be-
havior (e.g., Hofmeister & Chopelas, 1991a; Hof-
meister et al., 1996; Kolesov & Geiger, 1998).
The temperature dependent X-ray refinements
show that the SiO4 and AlOg polyhedra vibrate
as rigid bodies in comparison to the dodecahedra,
which cannot be considered as rigid, and where
the X2+-site cations vibrate anisotropically in the
large dodecahedral site of point symmetry 222
(Geiger et al., 1992; Armbruster er al., 1992;
Armbruster & Geiger 1993; Geiger & Arm-
bruster, 1997). It should be noted, however, that
the X-ray data and the IR spectra deliver different
information. An analysis of the X-ray determined
difference displacement parameters suggests that
the garnet structure can be viewed as a frame-
work consisting of rigid corner-sharing tetrahedra
and octahedra with the weakly bonded X-site ca-
tions occupying the large dodecahedral cavities.
The IR spectra, on the other hand, show that only
the SiO4 groups vibrate as rigid bodies. It is
sometimes difficult to separate isolated external
polyhedral or cation vibrations from one another
in the FIR region.

The IR spectra permit some crystal chemical
interpretations about the nature of the SiO4
groups. Moore et al. (1971) proposed that the
degree of separation of two lower frequency v3
modes, defined as site-group splitting (SGS), is
a measure of the amount of SiOq tetrahedral dis-
tortion. The tetrahedra in garnet have 4 point
symmetry with two different O-O edge lengths.
The SGS’s, which apparently measure bond-
angle distortion, for the end-member garnets are
30 cm! for pyrope, 23 cm-! for almandine, 24
cm! for spessartine and 18 cm-! for grossular,
which is consistent with the observation that the
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Fig. 3. Section of the garnet structure showing the poly-
hedral linkages between an isolated SiOa tetrahedron
and surrounding dodecahedra.

tetrahedra in garnet become more regular with
increasing size of the X-site cation (Novak &
Gibbs, 1971). The structural relationship between
a tetrahedron and surrounding dodecahedra is
shown in Fig. 3. Each tetrahedron shares two
edges with dodecahedra and four corners with
other dodecahedra. It is this relationship which
leads to the strong coupling between X-site cat-
ion and external SiOg4 vibrations.

In addition, Moore et al. (1971) also intro-
duced the term factor-group splitting (FGS),
which is defined by the relationship: [vi(= 950
cm-l) — (v3(= 900 cm!) + vi(= 850 cm-1))/2]. It
proposes to be a measure of the degree of vi-
brational interaction between the isolated SiO4
groups and increases with decreasing distance be-
tween the SiOq tetrahedra. The FGS’s are 84 cm-!
for pyrope, 75 cm-! for almandine, 73 cm! for
spessartine and 60 cm-! for grossular. The SGS’s
and FGS’s for the six different binaries are
shown in Fig. 4. All binaries show a linear

Fig. 4. Plot of factor-group (FGS) and site-group (SGS)
splittings for the six aluminosilicate binary garnet solid
solutions, a.) Almandine-Spessartine and Almandine-
Pyrope, b.) Almandine-Grossular and Pyrope-Grossular,
and c.) Grossular-Spessartine and Pyrope-Spessartine.
The lines are linear or 2nd-order polynomial least-
squares best fits to the data and have no physical sig-
nificance.
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change in the SGS’s between the two end-mem-
bers. The FGS’s are also linear except for the
Al-Gr and Py-Gr binaries, where the size differ-
ences between X-site cations are the greatest.
Here, the data suggest a nonlinear trend similar
to that shown by the thermodynamic excess
volumes of mixing for both binaries (Geiger et
al., 1989; Bosenick & Geiger, 1997). Previous
IR spectra obtained on natural more composition-
ally complex garnets suggested that the change
in FGS is linear as a function of composition
(Moore et al., 1971; Narayanan Kutty & Anantha
Iyer, 1973). The crystal-chemical interpretation is
that vibrational coupling between isolated SiO4
tetrahedra in the Al-Gr and Py-Gr binaries is not
a linear function of composition and suggests that
cation repulsions could be an important factor in
affecting the volumes of mixing. In both of these
joins it appears that SiO4-tetrahedral interactions
do not change significantly until about 20 to 25
mole % of the larger volume component (Gr) has
been substituted into the smaller volume host (Al
or Py). A possible explanation for this behavior
is that the larger Ca-dodecahedral sites remain
“compressed” by the smaller host structure in this
compositional region. X-ray absorption studies
on the Ca-edge of these two solid solutions meas-
uring the Ca-O bond lengths are required to test
this hypothesis.

Order-disorder

The question of order-disorder in garnet can
also be addressed using the IR spectra. There can
be no long-range cation ordering in garnet of
space group Ja3d. To date, relatively little dif-
fraction work has been directed towards alumi-
nosilicate garnet solid solutions to check for
possible cation ordering (see Armbruster et al.,
1992). Most diffraction-based structural studies
have concentrated on end-member compositions.
The recent study of Merli et al. (1995) has in-
creased greatly the number of diffraction data on
garnet solid solutions, but the emphasis therein
was not placed on looking for cation ordering.
X-site cation ordering may only produce small
changes in diffraction intensity data, which can
be easily overlooked. Griffen er al. (1992) under-
took a single crystal X-ray diffraction study of
a compositionally complex aluminosilicate-rich
garnet of composition, (Fe188Cao.7sMgo.24
Mng.10)2.97(Al1.96F€0.03T10.01)2.00513.01012. They
reported the occurrence of slight long-range
ordering of the X-site cations for the structure
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refined in space group /41/acd. Dempsey (1980)
also suggested that a synthetic garnet of composi-
tion PygoGrio possessed the space group 7213,
which would allow ordering of Mg and Ca into
two crystallographically independent dodecahe-
dral sites.

The number of optic modes of a crystalline
substance depends on its symmetry. Space
groups lower in symmetry than Ia3d will give
rise to a larger number of IR active modes. For
example, in the case of space group 7213, a total
of 58 infrared-active modes are predicted from
factor group analysis (Delany, 1981). The MIR
and FIR spectra of the pyrope-grossular solid so-
lutions herein, including the composition
Py90Gr10, do not show such a large number of IR
active bands. No more than 17 bands were ob-
served in any composition. Hence, long-range
ordering of Mg and Ca does not occur in the
synthetic solid-solution garnets of this study. The
spectra of the other solid solutions also show no
additional bands compared to the end-members
and therefore, no overt evidence for long-range
cation ordering is observed. Based on the IR
spectra of these synthetics and the large number
of spectra recorded on natural garnets (e.g., Tarte,
1965; Moore et al., 1971; Tarte & Deliens, 1973;
Narayanan Kutty & Anantha Iyer, 1973), we find
no evidence to support symmetries lower than
Ia3d for any of these aluminosilicate garnets (cf.
Hofmeister & Chopelas, 1991a). Rossmanith &
Armbruster (1995) have demonstrated the impor-
tance in correcting for the effects of “Umwegan-
regung” in the refinement of X-ray diffraction
data obtained on garnet, which was not done in
many earlier studies. Griffen et al. (1992) did not
mention if they made a correction for this effect
and moreover, they did not report any additional
bands in an IR spectrum obtained on their garnet.
This garnet may be disordered over the correla-
tion lengths of the IR and X-ray diffraction ex-
periment.

Short-range ordering of the X-site cations in
the aluminosilicate garnets is permitted in /a3d
symmetry. It has been shown through 29Si NMR
measurements that short-range ordering of Ca
and Mg is found in pyrope-grossular solid solu-
tions (Bosenick et al., 1995). They reported that
there is a tendency to form Mg- and Ca-rich
clusters around a tetrahedron (Fig. 3) in pyrope-
and grossular-rich solid solutions, respectively.
The effect of short-range ordering on the vi-
brational spectra of garnet has not been investi-
gated, but should in principle be discernible
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through hard-mode infrared spectroscopy inves-
tigations (e.g., Giittler et al., 1989).

Implications for heat capacities and third-law
entropies of mixing

It is the phonon density of states which deter-
mines the heat capacity of a substance. The heat
capacity gives the third-law entropy via:

T

Sy = f(cp/ )dT 2)
ok* T
There exists no experimental determination of the
phonon density of states, obtained via inelastic
neutron scattering, for the silicate garnets. Artioli
et al. (1996) have measured the dispersion rela-
tions for acoustic phonons along several high-
symmetry directions across the Brillouin zone of
a natural nearly end-member pyrope, but no optic
phonons were measured. IR and Raman spectra
give information on the optic modes at the Bril-
louin zone center and can be used, together with
additional data and certain assumptions, to calcu-
late lattice heat capacities (Dove, 1993; Kieffer,
1979; 1980). Hofmeister & Chopelas (1991b)
made Cp calculations for end-member pyrope
and grossular using their IR and Raman data
(Hofmeister & Chopelas, 1991a) and the Kieffer
model. Their model Cyp’s for grossular reproduce
the experimental data fairly well, but not in the
case of pyrope (Fig. 5). The heat capacities are
underestimated at low temperatures (for example,
about 9 J/MoleK around 100 K accounting for
about 15 % of the total heat capacity at this
temperature) and overestimated at high tempera-
tures (about 10 J/MoleK at 1000 K). The calcu-
lated Cp’s are dependent, of course, on their as-
signed model density of states, which will require
reformulation using new Raman mode assign-
ments (i.e. Kolesov & Geiger, 1998). At the
present stage of development, it remains to be
demonstrated if lattice dynamic calculations
based solely on IR and Raman spectra can give
quantitative information on the lattice heat
capacities of mixing for garnet solid solutions,
inasmuch as the maximum amount of nonideality
in the heat capacities of mixing should be less
than 25 % based on measurements on Py-Gr gar-
nets (Haselton & Westrum, 1980; Bosenick et al.,
1996).
The IR phonon spectra of this study permit,
however, a qualitative analysis of how the Cp’s
and lattice entropies of mixing may behave for
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Fig. 5. Heat capacity of grossular and pyrope as a func-
tion of temperature from 10 to 1000 K. The symbols
are the experimental data and the solid lines represent
the Kieffer-based model calculations of Hofmeister &
Chopelas (1991b).

the different binary garnet solid solutions, assum-
ing they are representative of the entire phonon
density of states. IR spectra offer, therefore, an
additional source of information on the lattice en-
tropies of mixing complementing or checking
estimates made through conventional thermody-
namic modeling of phase equilibrium results
(e.g., Mukhopadhyay et al., 1997). Based on the
linear change in IR mode frequencies along the
Al-Sp binary, it is to be expected that this binary
should have ideal lattice heat capacities of
mixing. At the other extreme, the Py-Gr and Al-
Gr binaries, which show shifts of the low
frequency modes to even lower frequencies for
the solid solution compositions compared to the
analogous modes in the end-members, should
show substantial excess heat capacities of mixing
at low temperatures. In the case of the former
binary, this has been verified experimentally
(Haselton & Westrum, 1980). The most simple
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lattice dynamics explanation for the excess heat
capacities is that the small Mg cation increases
its amplitude of vibration in expanded dodecahe-
dral sites in the solid solution compositions,
thereby lowering its frequency of vibration rela-
tive to Mg in end-member pyrope (eqn. 1). This
should increase the heat capacity of the solid so-
lution at low temperatures compared to a me-
chanical mixture of Py and Gr of the same com-
position, as it is the low frequency optic modes
that contribute most heavily to Cp at low
temperature (Kieffer, 1979, 1980).

The Gr-Sp binary should also possess meas-
urable deviations from ideal thermodynamic
mixing for the same reason. The remaining two
joins, Al-Py and Py-Sp, which contain mixing
cations of similar sizes, but of significantly
different masses, show two-mode behavior. They
have relatively linear frequency shifts in the low-
energy region. Because of the two-mode be-
havior, the phonon density of states could be
different for solid solution garnets relative to a
mechanical mixture of the same bulk composi-
tion. They may have small excess lattice heat
capacities of mixing at low temperatures.

The linear changes in frequency of the MIR
modes between the end members for all of the
solid solutions above 400 cm-! support the hy-
pothesis that the heat capacities of mixing at
temperatures above 300 K are thermodynami-
cally ideal. Experimental Cp, measurements be-
tween 300 and 1000 K on Py-Gr garnets support
this proposal (Bosenick et al., 1996).

Predictions of the thermodynamic mixing be-
havior of silicate solid solutions systems have
normally been interpreted in a static way, based
largely on the sizes of the mixing cations (e.g.,
Kravchuk, 1981) or the differences in volume of
the end-member components (Davies & Navrot-
sky, 1983). A consideration of the masses of the
mixing cations, and hence the dynamics of the
solid solution phases, has not been made. Static-
based crystal chemical models are too simple to
be correct in describing quantitatively the lattice
entropies and free energies, because it is the lat-
tice dynamics which control them. In order to
properly understand the thermodynamic mixing
properties and systematics of a given mineral or
structure group, their dynamic properties will
have to be addressed. In the case of garnet,
further vibrational spectroscopic studies should
be made at low frequencies, where the mode
frequencies are related to the vibrational behavior
of the X-site cations. Calorimetric investigations
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should also focus on low-temperature measure-
ments, where nonideality in the solid solutions
appears to be originating.

Acknowledgments: We would like to thank
Silke Ronnebeck who measured many of the IR
spectra presented herein. The Sp-Gr garnets were
kindly supplied by Andrea Koziol and the Al-Sp
series by Anne Feenstra. Boris Kolesov and Anne
Hofmeister are thanked for their review of the
manuscript and Walter V. Maresch and Ulrich
Bismayer for their assistance in the editorial and
review process. This research has been supported
by DFG grant Ge 659/2-3.

References

Armbruster, T. & Geiger, C.A. (1993): Andradite crys-
tal chemistry, dynamic X-site disorder and struc-
tural strain in silicate garnets. Eur. J. Mineral., §,
59-71.

Armbruster, T., Geiger, C.A., Lager, G.A. (1992):
Single-crystal X-ray structure study of synthetic
pyrope almandine garnets at 100 and 293 K. Am.
Mineral., 77, 512-521.

Artioli, G., Pavese, A., Moze, O. (1996): Dispersion
relations of acoustic phonons in pyrope garnet: Re-
lationship between vibrational properties and elas-
tic constants. Am. Mineral., 81, 19-25.

Bosenick, A. & Geiger, C.A. (1997): Powder X-ray
diffraction study of synthetic pyrope-grossular gar-
nets between 20 and 295 K. J. Geophys. Research,
102, B10, 22, 649-22, 657.

Bosenick, A., Geiger, C.A., Schaller, T., Sebald, A.
(1995): A 2°Si MAS NMR and IR spectroscopic
investigation of synthetic pyrope-grossular garnet
solid solutions. Am. Mineral., 80, 691-704.

Bosenick, A., Geiger, C.A., Cemic, L. (1996): Heat
capacity measurements of synthetic pyrope-grossu-
lar garnets between 320 and 1000 K by Ditferential
Scanning Calorimetry. Geochim. Cosmochim.
Acta, 60, 3215-3227.

Cahay, R., Tarte, P., Fransolet, A.-M. (1981): Inter-
prétation du spectre infrarouge de variétés iso-
topiques de pyropes synthétiques. Bull. Minéral.,
104, 193-200.

Davies, P.K. & Navrotsky, A. (1983): Quantitative cor-
relations of deviations from ideality in binary and
pseudobinary solid solutions. J. Solid State Chem.,
46, 1-22.

Delany, J.M. (1981): A spectral and thermodynamic
investigation of synthetic pyrope-grossular garnets.
Ph.D. Thesis University of California at Los An-
geles. 186 p.



IR spectroscopy of garnet solid solutions 421

Dempsey, M.J. (1980): Evidence for structural changes
in garnet caused by calcium substitution. Contrib.
Mineral. Petrol., 71, 281-282.

Dove, M.T. (1993): Introduction to lattice dynamics.
Cambridge University Press, Cambridge, 258 p.

Geiger, C.A. & Armbruster, T. (1997): Mn3Al2Si3012
spessartine and CasAl2Si3O12 grossular garnet:
structural dynamic and thermodynamic properties.
Am. Mineral., 82, 740-747.

Geiger, C.A. & Feenstra, A. (1997): Molar volumes of
mixing of almandine-pyrope and almandine-
spessartine garnets and the crystal chemistry and
thermodynamic mixing properties of the alumi-
nosilicate garnets. Am. Mineral., 82, 571-581.

Geiger, C.A., Newton, R.C., Kleppa, O.J. (1987): En-
thalpy of mixing of synthetic almandine-grossular
and almandine-pyrope garnets from high-tempera-
ture solution calorimetry. Geochim. Cosmochim.
Acta, 51, 1755-1763.

Geiger, C.A., Winkler, B., Langer, K. (1989): Infrared
spectra of synthetic almandine-grossular and al-
mandine-pyrope garnet solid solutions: evidence
for equivalent site behavior. Min. Mag., 53, 231-
237.

Geiger, C.A., Armbruster, T., Lager, G.A., Jiang, K.,
Lottermoser, W., Amthauer, G. (1992): A com-
bined temperature dependent 5’Fe Mgssbauer and
single crystal X-ray diffraction study of synthetic
almandine: Evidence for the Gol‘danskii-Karyagin
effect. Phys. Chem. Minerals, 19, 121-126.

Griffen, D.T., Hatch, D.M., Phillips, W.R., Kulaksiz,
S. (1992): Crystal chemistry and symmetry of a
birefringent tetragonal pyralspiters-granditess gar-
net. Am. Mineral., 77, 399-406.

Giittler, B., Salje, E., Putnis, A. (1989): Structural
states of Mg cordierite III: infrared spectroscopy
and the nature of the hexagonal-modulated transi-
tion. Phys. Chem. Minerals, 16, 365-373.

Haselton, H.T., Jr. & Westrum, E.F., Jr. (1980): Low-
temperature heat capacities of synthetic pyrope,
grossular, and pyropeeogrossulars. Geochim.
Cosmochim. Acta, 44, 701-709.

Hofmeister, A.M. & Chopelas, A. (1991a): Vibrational
spectroscopy of end-member silicate garnets. Phys.
Chem. Minerals, 17, 503-526.

—, — (1991b): Thermodynamic properties of pyrope
and grossular from vibrational spectroscopy. Am.
Mineral., 76, 880-891.

Hofmeister, A.M., Fagan, T.J., Campbell, K.M.,
Schaal, R.B. (1996): Single-crystal IR spectroscopy
of pyrope-almandine garnets with minor amounts
of Mn and Ca. Am. Mineral., 81, 418-428.

Kieffer, S.W. (1979): Thermodynamics and lattice vi-
brations of minerals: 1. Mineral heat capacities and
their relationships to simple lattice vibrational
models. Reviews Geophys. Space Physics, 17, 1-19.

— (1980): Thermodynamics and lattice vibrations of
minerals: 4. Application to chain and sheet silicates

and orthosilicates. Reviews Geophys. Space Phys-
ics, 18, 862-886.

Kolesov, B.A. & Geiger, C.A. (1997): Raman scatter-
ing in silicate garnets: An investigation of their res-
onance intensities. J. Raman Spectros., 28, 659-
662.

—, — (1998): Raman spectra of the silicate garnets.
Phys. Chem. Minerals, 25, 142-151.

Koningstein, J.A. & Sonnich Mortensen, O. (1968):
Laser-excited phonon Raman spectrum of garnets.
J. Mol. Spectros., 27, 343-350.

Koziol, A.M. (1990): Activity-composition relation-
ships of binary Ca-Fe and Ca-Mn garnets deter-
mined by reversed, displaced equilibrium experi-
ments. Am. Mineral., 75, 319-327.

Kravchuk, I.V. (1981): Energy relations, thermody-
namics, and stability of solid solutions of garnets.
Geochem. Internat., 18, no.1, 73-79 (translated
from Geokhimiya (1981), no. 1, 121-128).

Lu, R., Jackson, K.D., Hofmeister, A.M. (1993): Thin-
film infrared spectra from solid solutions of
spessartine and yttrium aluminum garnet. Can.
Mineral., 31, 381-390.

McAloon, B.P. & Hofmeister, A.M. (1993): Single-
crystal absorption and reflection infrared spectros-
copy of birefringent grossular-andradite garnets.
Am. Mineral., 78, 957-967.

McDevitt, N.T. (1969): Infrared lattice spectra of rare-
earth aluminum, gallium, and iron garnets. J. Opt.
Soc. Amer., 59, no. 9, 1240-1244.

Menzer, G. (1926): Die Kristallstruktur der Granate.
Zeits. Kristall., 63, 157-158.

— (1928): Die Kiristallstruktur der Granate. Zeits.
Kristall., 69, 300-396.

Merli, M., Callegari, A., Cannillo, E., Caucia, F.,
Leona, M., Oberti, R., Ungaretti, L. (1995): Crys-
tal-chemical complexity in natural garnets: struc-
tural constraints on chemical variability. Eur. J.
Mineral., 7, 1239-1249.

Moore, R.K., White, W.B., Long, T.V. (1971): Vi-
brational spectra of the common silicates: I. The
garnets. Am. Mineral., 56, 54-71.

Mukhopadhyay, B., Holdaway, M.J., Koziol, A.M.
(1997): A statistical model of thermodynamic
mixing properties of Ca-Mg-Fe?* garnets. Am.
Mineral., 82, 165-181.

Narayanan Kutty, T.R. & Anantha lyer, G.V. (1973):
Infrared spectra of pyralspite garnets. The Ind.
Mineral., 14, 29-41.

Novak, G.A. & Gibbs, G.V. (1971): The crystal
chemistry of the silicate garnets. Am. Mineral., 56,
791-825.

Rossmanith, E. & Armbruster, T. (1995): The intensity
of forbidden reflections of pyrope: Umwegan-
regung or symmetry reduction? Zeits. Kristall.,
210, 645-649.

Saldern von, J.-C. (1994): Messungen thermody-
namischer Eigenschaften im System Pyrop-



422

Spessartin. Diplomarbeit. Christian-Albrechts-Uni-
versitit zu Kiel, 90 p.

Shannon, R.D. (1976): Revised effective ionic radii and
systematic studies of interatomic distances in
halides and chalcogenides. Acta Cryst., A32, 751-
767.

Sherwood, P.M.A. (1972): Vibrational Spectroscopy of
Solids. Cambridge University Press, Cambridge,
254 p.

Tarte, P. (1965): Etude expérimentale et interprétation du
spectre infrarouge des silicates et des germanates.
Application a des problémes structuraux relatifs a

C. A. Geiger

I’état solide. Acad. R. Belg. Classe Sci. Mém., 35,
Neda, 1-260., N°o 1-134.

Tarte, P. & Deliens, M. (1973): Correlations between
the infrared spectrum and the composition of gar-
nets in the pyrope-almandine-spessartine series.
Contrib. Mineral. Petrol., 40, 25-37.

Received 23 April 1997
Modified version received 11 September 1997
Accepted 12 January 1998


https://www.researchgate.net/publication/235792644

