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Scandium-45 NMR of pyrope-grossular garnets: Resolution of multiple scandium sites and
comparison with X-ray diffraction and X-ray absorption spectroscopy
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ABSTRACT

Here we present #*Sc and *’Al NMR results on Sc-doped pyrope (Mg;Al,Si;0,,), grossular
(Ca;Al1,S1;0,,), and an 80% grossular-20% pyrope garnet (grs80) that have recently been well-studied
by X-ray diffraction and X-ray spectroscopies. Clearly distinct NMR peaks are observed for Sc in the
eight-coordinated X site (pyrope and grs80) and in the six-coordinated Y site (grossular and grs80).
X-ray and NMR data agree that only eight-coordinated Sc is present in pyrope and that six-coordi-
nated Sc is predominant in grossular; however, the XRD results also indicated significant X and Z
site (four-coordinated) Sc in the Ca-rich garnet. Possible reasons for this apparent discrepancy are
discussed. We demonstrate that “Sc NMR is potentially a useful new method for studies of the site
occupancies of Sc** in oxides and silicates, at least in experimental systems where its concentration

is a few percent or greater.
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INTRODUCTION

Determination of the sites occupied by minor and trace ele-
ments in minerals is essential for physically accurate models of
partitioning, solubility, diffusivity, and other properties. Among
the experimental methods that are available to study local struc-
ture (as opposed to the long-range average structure obtainable
by diffraction) around ions in relatively low concentrations in
solid solutions, such as optical and X-ray spectroscopies, nuclear
magnetic resonance (NMR) has only occasionally been used,
largely because of its relatively low sensitivity. However, for
relatively “favorable” nuclides, several studies have shown the
ability of this technique to resolve and quantify local structural
information (e.g., coordination number) for minor components
in systems such as Li in beryl (Sherriff et al. 1991), B in cal-
cite and aragonite (Sen et al. 1994), Al in MgSiO; perovskite,
stishovite, and rutile (Stebbins et al. 2006; Stebbins 2007), Al in
Ca-silicate cement minerals (Skibsted et al. 1994), and B, P, Cs,
and Na sorbed onto mineral surfaces (Kim and Kirkpatrick 1997,
2004, 2006). High magnetic fields have often facilitated such
studies, by enhancing sensitivity and reducing peak broadening
for quadrupolar nuclides such as "B, »Na, and *’Al.

Scandium, although rare in nature, is an interesting trace
element in silicate minerals because it occurs exclusively as a
trivalent cation and has a radius between those of A" and the
rare earths. It is also the lightest of the transition metals. The
applications of Sc in technology are limited in part because of
its high cost, but it has real interest for oxide ion conductors in
fuel cells and other devices: doping with Sc** gives the highest
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conductivity in the widely used family of zirconia-based ceramics
(Kim et al. 2006). Sc** can be a significant element in minerals,
for example in a natural scandian garnet (Galuskina et al. 2005)
and in synthetic solid solutions [e.g., Ca;Fe,Si;0,,-Ca;Sc,Si;0,,
(Quartieri et al. 2006) and Y;AlL,Al;0,,-Y;Sc,Al;O,, (Tien et
al. 2002) garnets]. Experimental (van Westrenen et al. 1999),
theoretical (van Westrenen et al. 2003; Freeman et al. 2005),
and structural (Oberti et al. 2006) studies have been made of the
partitioning and substitution mechanism of Sc** (and of numerous
other trace elements) in pyrope-grossular garnets.

4Sc is, in principle, a quite favorable nuclide for solid-state
NMR, having 100% natural abundance and a resonant (Larmor)
frequency not far below the widely studied *’Al, both leading
to high sensitivity. Its relatively large quadrupolar moment (Q
=-0.22 x 10 m? vs. 0.14 x 10%® m? for ?’Al) can lead to broad
NMR peaks, as can its larger range in chemical shift and hence
sensitivity of peak position to minor local structural variations
induced by disorder. However, its higher nuclear spin quantum
number (I="7/2 vs. 5/2 for *’Al) reduces quadrupolar broadening
by more than a factor of two for the same values of the quadru-
polar coupling constant (Cy). Only a few high-resolution, solid-
state “Sc NMR studies have appeared, including a study of this
nuclide in YAG (Y;ALALO,»-Y;Sc,Al;Oy,) solid solutions (Tien
et al. 2002), in complex Sc-phosphates (Riou et al. 2002; Park
et al. 2004), and early work on several Sc salts (Thompson and
Oldfield 1987). Recently, data for several H- and F-free Sc-con-
taining oxides were reported, which showed a rough correlation
between Sc coordination number (either 6 or 8) and the isotropic
chemical shift, allowing new inferences on the mean and range
of Sc coordinations in Sc-doped ZrO, (Kim et al. 2006). In a
detailed study of *Sc in several compounds with organic and
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inorganic ligands, results on electric field gradient and chemical
shift anisotropy tensors were reported, along with promising
theoretical calculations (Rossini and Schurko 2006).

As part of a series of reports on the site partitioning and local
environments of trace elements in garnets, studies of Sc-doped
pyrope-grossular garnets (Mg;Al,S1;0,,-Ca;Al,Si1;0,,, Oberti et
al. 2006), and the Ca;Sc,Si;0,,-Ca;Fe,Si;0,, (andradite) binary
(Quartieri et al. 2006), were recently described. There, single-
crystal X-ray diffraction (XRD) data, powder XRD structural
refinements, and Ca and Sc X-ray absorption near-edge spec-
troscopy (XANES) and extended X-ray absorption fine-edge
spectroscopy results were combined to present consistent pic-
tures of Sc site distributions. In brief, it was concluded that in
the andradite solutions, Sc occupied the Y-octahedral site only.
However, in pyrope, Sc occupied only the X-dodecahedral site,
and apparently occurred in all three cations sites in grossular,
including the tetrahedral Z site. The pyrope-grossular samples
(free of magnetic cations such as the Fe** in andradite) and this
background information provide an excellent opportunity to
evaluate and compare results from *Sc NMR, which we describe
here. Spectroscopic studies and crystal chemistry of pyrope-gros-
sular garnets in general have been reviewed in detail recently
(Geiger 2004).

EXPERIMENTAL METHODS

Sc-doped garnets were synthesized by a two-step technique as described previ-
ously (Oberti et al. 2006), at 1000-1100 °C and 3—4 GPa, by adding 5 wt% Sc,0; to
stoichiometric pyrope-grossular starting mixtures. Samples were characterized by
optical microscopy, scanning electron microscopy (SEM), XRD, and microprobe
analyses (EMPA) (Oberti et al. 2006); in some powder X-ray diffractograms, the
presence of one or two very weak peaks, at the limits of detectability, could suggest
the presence of small amounts of an unidentified, non-garnet phase. The grossular-
containing products showed some compositional heterogeneity. The compositions
of the studied samples, as derived from EMPA by distributing Sc to complement
the standard cations, were reported previously (Oberti et al. 2006) and are listed for
convenience in Table 1. In the case of Sc-doped pyrope, a combination of EXAFS
and single-crystal structure refinement gave the following, somewhat different site
populations: (Mg, 70 S€o.30)AL 00o(Sizgs Mg 15)O1,. Samples of the end-members and
of the grs80 solid solution of about 10-20 mg in weight were studied by NMR.

4Sc NMR data were collected at Stanford University with Varian Unity/Inova
600 and 800 spectrometers (14.1 and 18.8 Tesla, 145.70 and 194.29 MHz), using
3.2 mm Varian/Chemagnetics “T3” MAS probes and sample spinning rates of

TABLE 1. Sample codes and unit formulae (based on 12 O) for the

samples of this work (after Table 1 in Oberti et al. 2006)

Nom. Comp.  prp prp20grs80  prp20grs80 ars ars
(15)* 4) ) (17) (6)

Oxide wt%

MgO 27.47(33) 4.24(69) 5.69(38) - -

Ca0 - 28.59(1.19) 28.93(14)  34.74(29)  35.18(46)

AlLO, 24.61(17)  20.80(35)  20.43(42)  20.15(53)  20.44(90)

Sio, 41.73(51)  36.78(9) 39.34(71)  37.25(31)  37.59(28)

Sc,0;5 6.78(61) 8.16(20) 4.96(1.17)  6.73(49) 5.52(27)
Total 100.58(30)  98.56(41)  99.35(30)  98.87(24)  98.72(26)

Unit formulae; Sc distributed to complete the occupancies of the normal
cations

Mg 278 0.48 0.63 - -

Ca - 233 2.31 2.86 2.89
Sc 0.22 0.19 0.06 0.14 0.1
Al 1.97 1.86 1.80 1.83 1.85
Sc 0.01 0.14 0.20 0.17 0.15
Si 2.83 2.79 294 2.86 2.89
Sc 0.17 0.21 0.06 0.14 0.1
Sc total 0.40 0.54 0.32 0.45 0.37

* Number of point analyses done on run products and then averaged.
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about 20 kHz (Kim et al. 2006). Single-pulse acquisition with typical pulse widths
of 0.25 ps, which was a radiofrequency (rf) tip angle of about 1/24 for the liquid
reference, and pulse delays of 0.1-1 s, were chosen; because of the relatively low
Sc contents, about 50 000-80 000 signal averages were required. Frequencies are
referenced to a dilute aqueous ScCl; solution (about 0.02 M concentration) at 0
ppm, as in our previous report on this nuclide (Kim et al. 2006). We note that **Sc
chemical shifts in more-concentrated aqueous solutions can vary significantly with
composition (Melson et al. 1977); a solution of about 0.1 M concentration, chosen
as the reference in another recent study (Rossini and Schurko 2006), had a chemical
shift of about 1 ppm higher than our standard. 2’A1 MAS data for the garnets were
collected with the same instrument at 18.8 T (208.4 MHz) and are referenced to 0.1
M aqueous AI(NOs);. A spinning rate of 18 kHz and 0.21 ps pulses, corresponding
to a liquid rf tip angle of about 1/18, were used, with pulse delays of 0.1 s and
about 6000 signal averages. ’Si spectra for the grossular were collected with a
Varian Infinity Plus 400 system (9.4 T, 79.4 MHz) with a similar probe and were
referenced to tetramethyl silane (TMS). Because of its long spin-lattice relaxation
time, pulse delays of 60-300 s were used, and several thousand signal averages
were collected. The small sample size still resulted in spectra with relatively low
signal-to-noise ratios, however.

For the quadrupolar nuclides “*Sc and ?’Al, the small rf tip angle chosen, and
the very high magnetic field of 18.8 T, are expected to yield quantitative results
for relative site populations from integrated or fitted peak areas. For the former,
we recently reported accurate spectra for oxide phases with considerably higher C,
values (broader peaks) than those estimated here, including both Sc sites in Sc,0;
(Kim et al. 2006). Nonetheless, as in most NMR studies of quadrupolar nuclides,
it is possible that unexpectedly large C,, values could lead to unobservably broad
signals from some sites (see Discussion, below).

RESULTS

4Sc¢ NMR and Sc** site occupancies

4Sc NMR spectra are shown in Figure 1. As is typical for
quadrupolar nuclides, the peaks observed at 14.1 T are somewhat
broader and shifted to lower frequencies than those at 18.8 T,
because of greater second-order quadrupolar effects. For Sc-
doped pyrope (prp in Fig. 1), a single peak is observed, centered
at about 0 ppm, that shows some structure related to quadrupolar
splitting but complicated (broadened) by disorder in the local
Sc?* structural environments inherent in the solid solution. This
disorder could involve variations in Sc-O bond distances and
angles, and in the local electric field gradient tensor at the Sc
site, caused by varying the nature of near-neighbor site cations
and the accompanying distortions of the “lattice.” Thus, none of
the peaks can be accurately fitted with quadrupolar line shapes
that are described by single sets of parameters. Analysis of the
peak shapes and positions for Sc-doped pyrope at the two fields
with the Varian STARS software package indicates a value for
C, of about 17 £ 2 MHz, a mean quadrupolar asymmetry pa-
rameter (1, not well constrained by these data) of very roughly
0.6 + 0.3, and a mean isotropic chemical shift &, of about 40 +
5 ppm. The latter value is somewhat higher than those observed
for eight-coordinated Sc in ScPO, and ScVO, (48 and —34 ppm,
respectively), but lies well below the range for six-coordinated Sc
in several simple oxides (+158 to +108 ppm) (Kim et al. 2006). It
is thus sensible to assign this peak to Sc in the eight-coordinated
X site occupied by Mg?* in pyrope.

In all of the spectra, relatively small spinning sidebands oc-
cur (spaced at the spinning frequency) that could partially mask
small central peaks representing relatively low concentrations
of Sc in some sites. However, because the observed sideband
patterns for these spectra are symmetrical, a sideband in a region
where central Sc is not expected (e.g., near to —100 ppm) can
be assumed to have roughly the same shape and intensity as
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those in “interesting” spectral regions (e.g., near to 90 ppm) in
the 18.8 T data for Sc-doped pyrope, and can be subtracted. For
this sample, this shows that intensities of central peaks, other
than the main X-site peak, are negligible; probably less than a
few percent of the total Sc signal. The conclusion that all, or
nearly all, Sc in pyrope is in the large X site is consistent with
conclusions described in detail previously (Oberti et al. 20006),
which were based on local Sc coordination and bond distance
data from XANES and EXAFS and compositional effects on
average X-O bond distances and polyhedral parameters obtained
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FIGURE 1. “Sc MAS NMR spectra collected at (a) 18.8 T and (b)
14.1 T fields for Sc-doped garnets and for Sc,0;. Data for the latter are
from (Kim et al. 2006). Asterisks mark spinning sidebands, “X” and “Y”
show peaks assigned to these sites. Maximum intensities are scaled to
the same arbitrary value in each spectrum.
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from single-crystal XRD.

In the Sc-doped grossular sample (grs in Fig. 1), the spectra
are dominated by a single, much narrower peak, which again
shows broadening and distortion due to local disorder. Its shape
and positions at the two fields can be approximated with mean
parameters C, of about 12 = 1 MHz, n of roughly 0.4 + 0.2,
and §,,,of about 115 + 3 ppm. The latter value is well within the
range known for octahedral Sc in several simple oxides (Kim
et al. 2006), but is somewhat higher than reported for Sc in
YAG of about 88 ppm (Tien et al. 2002). This peak can thus be
unambiguously assigned to Sc in the Y site in grossular, which
is predominantly occupied by Al*". Although a narrow spinning
sideband occurs near to 0 ppm in the 18.8 T spectrum, there is a
low, broad peak in this area as well, suggesting that a minor frac-
tion of the Sc is in the X site as well (roughly 5% from the peak
areas). All the methods applied agree that Sc is most abundant
in the Y site. However, the NMR findings seem to disagree in
detail with the single-crystal XRD data on a crystal selected from
this material, which yielded only a slight preference for the Y
site, estimated as 0.15 apfu at Y out of a total of about 0.4 apfu
(Oberti et al. 2006). This discrepancy is discussed below.

In the grs80 sample, two peaks with roughly equal area are
present that are similar in position and shape to the X-site peak
in Sc-doped pyrope and the Y-site peak in Sc-doped grossular,
although both are somewhat broadened as expected from the
different local environments due to the Mg-Ca solid solution.
These NMR results thus confirm the suggestions from XANES
results that the solid-solution results combine the behavior de-
tected in the two end-members (Oberti et al. 2006). The fraction
of Sc observed by NMR in the X site in this sample (about 45%
after subtraction of the overlapping sideband) is considerably
higher than expected from a “linear mixing” of the data for the
end-members. Again, this agrees with the results of the X-ray
absorption spectroscopy (XAS) analysis.

At this stage of our understanding of the effects of local
structure on “#Sc chemical shifts, it is not feasible to make
detailed comparisons between the disorder observed in NMR
spectra and static or dynamic disorder (isotropic or anisotropic)
observed by XRD and other methods (e.g., Geiger 2004). How-
ever, it is worth pointing out that, in general, NMR spectra (as
well as XAS spectra) respond to the local structure and XRD
observes the long-range average structure, which can lead to
different structural descriptions. Or, if dynamical exchange of
cations among sites occurs that is at a frequency much higher
than the difference between their NMR resonances, NMR may
also “see” a time average.

7Al, Si, and “Sc NMR: evaluation of impurity phases

Under some scenarios of Sc** substitution of into pyrope and
grossular, small amounts of impurity phases could be formed
during synthesis from a mixture of the end-member garnet com-
ponents and Sc,0;, as was done for these samples. For example,
a simple substitution of Sc** for AI** in the Y site would yield a
corresponding amount of excess alumina. However, if present,
impurities were apparently low enough in abundance and/or
small enough in size to go undetected by optical microscopy,
SEM and EMPA, although powder XRD did show very weak
features suggesting the presence of small amounts of unidenti-
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fied non-garnet phases. We collected 2’Al NMR data on all three
samples to help evaluate impurities, as well as 2Si spectra on the
grossular. The “bulk” powdered samples examined here could, of
course, contain small amounts of non-garnet phases, or compo-
sitional heterogeneities, that were not present in single crystals
selected for diffraction studies (Oberti et al. 2006).

As shown in Figure 2a, high-field (18.8 T) *’Al spectra for
the Sc-doped garnets generally closely resemble those of Sc-free
garnets synthesized in a different laboratory under somewhat dif-
ferent P-T conditions (Kelsey et al. 2007). Each spectrum shows

27N 188 T
a
prp
* Jk Sc-prp

\% Al

prp

ppm

FIGURE 2. ”’Al MAS NMR spectra collected at 18.8 T for Sc-doped
(labeled here only as “Sc-prp,” etc.) and Sc-free garnets. Data for the
latter are from Kelsey et al. (2007). Asterisks mark spinning sidebands.
In a, maximum intensities are scaled to the same value. In b, the same
spectra are plotted, but with vertical scales magnified about 10 to 20
times, scaled so that the total peak area is the same in each. This better
portrays the relative proportions of Al in the minor components such as
tetrahedral Al. Regions of the spectra for 4- and 6-coordinated Al are
labeled; “C” marks the peak for small amounts of corundum; “A” marks
the peaks for an unknown octahedral site.

KIM ET AL.: SCANDIUM-45 NMR OF PYROPE-GROSSULAR GARNETS

a single, narrow peak for octahedral Al whose position shifts
systematically with Mg/Ca ratio. The Sc-free grossular exhibits
quadrupolar splitting because of a somewhat larger C, value.
The peaks for the Sc-doped samples are broadened somewhat,
presumably by ranges (disorder) in bond distances and angles
caused by the presence of Sc. In detail, the spectra for all of the
samples (Sc-doped and Sc-free) show the presence of small
amounts of tetrahedral Al in the form of relatively broad peaks
in the region of 50 to 70 ppm. In the Sc-doped pyrope, grs80, and
pure grossular, these comprise about 7, 9, and 6% of the total Al,
respectively. The low intensities of the peaks and complex shapes
(possibly representing multiple phases or sites) preclude detailed
analysis and assignment, but it is possible that this tetrahedral Al
could be present in small amounts of aluminous pyroxene, which
is a common impurity phase in high-pressure garnet syntheses
(Kelsey et al. 2007). The stability of CATS pyroxene in the Ca
aluminosilicate system favors the development of this phase in
the grs80 and grossular samples. Alternatively, small amounts
of tetrahedral Al could occur in the garnets, as in Y-Al garnet
(YAG), where all Y and Z sites are occupied by Al.

High-field Al NMR is extremely sensitive to the presence of
corundum, because of the narrowness of its peak, its unusually
high chemical shift, and high Al content (Stebbins et al. 2006).
However, of the Sc-doped garnets, only the pyrope contains
detectable corundum (about 1% of the total Al signal, based on
integrated peak areas), comprising less than 0.2% of the mass
of the sample, given its known total Al content. Roughly 5%
of the total Al signal in the spectrum for the Sc-doped, grs80 is
contained in another octahedral-site peak centered at about 10
ppm of unknown origin. This feature is also present at a much
lower level in Sc-free grossular.

In the pyrope, the 2?’Al NMR data indicate that 0 to 7% of
the total Al in the garnet is tetrahedral. The maximum value
corresponds to 0.14 AI** per formula unit, less than half of
that of the total Sc*" in this sample (Oberti et al. 2006). These
results support the model proposed by Oberti et al. (2006) for
pyrope, where local electroneutrality is maintained by the un-
usual *Mg ,*Sc,'Si_,"Mg, exchange, which was based on refined
bond distances and the site-scattering value at the Z site and on
the absence of Sc** incorporation at the Y site. The latter is also
confirmed by present NMR data. The presence of tetrahedral
Mg (which is somewhat unexpected in a high-pressure silicate)
instead of twice as much tetrahedral Al, may be more effective
in satisfying the geometric requirements for Sc** solution in the
very compact structure of pyrope, as discussed in detail previ-
ously (Oberti et al. 2006). In contrast, the question is still open
about the mechanism used to attain electroneutrality in the two
grossular samples with the site occupancies suggested by the
NMR data. Based on the above evidence, the incorporation of
Mg at the Z site could also be suggested for the grs80 sample. In
grossular, with no Mg in the system, the possibility of tetrahedral
Al may be more likely, but of course the YAL,YSc, component
of the exchange is itself charge neutral.

The ?Si NMR spectrum for the Sc-doped grossular (Fig. 3)
is relatively noisy because of small sample size and long spin-
lattice relaxation time. The only prominent peak, at —84.0 ppm,
agrees with previous studies of grossular (Bosenick et al. 1995).
A small shoulder at —82.5 ppm is consistent with the presence of
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FIGURE 3. ?Si MAS spectrum for Sc-doped grossular collected at
9.4 T. A peak that may be “CATS” pyroxene (Flemming and Luth 2002)

is labeled; the arrow marks signal from a low-level Mg,SiO, impurity
in the zirconia sample rotor.

a small amount of CATS pyroxene, for which the largest peak
lies at this position; the less-intense, second major peak at about
—86 ppm could be lost in the noise (Flemming and Luth 2002).
Given the noise level of the spectrum, though, this assignment
is not definitive.

The “Sc NMR data limit the possible content of excess,
undissolved Sc,0; as a separate phase in the garnet samples.
The two overlapped peaks for the pure oxide (corresponding
to two octahedral Sc sites) are known to have sharp central sin-
gularities that do overlap with the observed Y-site Sc peaks in
the garnets (Fig. 1b), but the overall peak width is about twice
as large because of larger C, values (Riou et al. 2002; Kim et
al. 2006), making it readily distinguishable. Thus, the fraction
of total Sc that could be present as the oxide phase is small,
probably less than 10% (0.5% of the total sample weight). This
finding is consistent with the results described in Oberti et al.
(2006), who noted that all or almost all Sc was incorporated into
the garnet structure, based on EMPA and single-crystal XRD. If
small amounts of impurity phases such as corundum or pyroxenes
are present, then it is likely that these will contain some Sc in
solid solution. However, unless the Sc is strongly partitioned
into such phases relative to the garnets, their low abundances
would preclude clear distinction of the NMR signal for the Sc
that they might contain.

DISCUSSION

In recent studies by XRD and XAS methods of the same
samples described here, it was concluded that in pyrope, Sc**
substitutes exclusively for Mg?* in the X site (Oberti et al. 2006).
Evidence was presented in that paper (see above) for charge
balance by substitution of Mg?** for Si** in tetrahedral sites. The
excess Mg and Si produced by this substitution could be present
as undetected, small grains of an enstatite-rich pyroxene. The
presence of sufficient Mg for this mechanism even in the grs80
solid solution may allow substantial X-site substitution of Sc*
there as well, as confirmed by NMR. The ¥*Sc NMR are consistent
with this conclusion, although they do not directly demonstrate
the presence of tetrahedral Mg; the Al NMR indicates that it is
possible that some (not all) charge compensation occurs through
tetrahedral AI’* as well, although again we emphasize that the
identity of the phase(s) containing this species in these samples
remains uncertain.

The #Sc NMR data suggest that most or all of the S¢** in the
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grossular is present in the octahedral Y site. Crystal chemically,
this isovalent substitution for AI** is the simplest mechanism,
and has been well-documented by XRD and XAS studies of
garnets in the Ca;Fe,Si;0,, (andradite)-Ca;Sc,Si;0,, binary where
complete solid solution was found (Quartieri et al. 2006). It also
agrees with the observation of a single Sc site for garnets in the
Y;ALALO,; (YAG)-Y;Sc,AL;O,, system (Tien et al. 2002). In
both of those cases, the relatively large X cation does not sub-
stitute into the tetrahedral site as suggested for Mg*" in pyrope.
We note, however, that unlike the Sc-doped pyrope-grossular
samples described here, those in the andradite- and YAG-con-
taining systems were synthesized to have the appropriate binary
stoichiometries (Quartieri et al. 2006; Tien et al. 2002). In the
case of simple Sc** = AI** substitution in grossular, an equivalent
amount of alumina should be present in another phase. High-
pressure phase equilibria (as well as the co-linearity of the gros-
sular-CATS-corundum compositions) indicate that this could be
an aluminous, CATS-type pyroxene (not corundum), which is at
least consistent with the ’Si and >’ Al NMR results although not
uniquely confirmed by these data. In more detail, the “Sc NMR
data show a minor amount of Sc** in the X site in the grossular,
requiring some other charge-balancing mechanism such as a
minor fraction of tetrahedral Al*".

Single-crystal X-ray structure refinements of crystals from the
Sc-doped grossular sample, in terms of both refined site-scatter-
ing values and mean bond lengths, are compatible with a nearly
equal partitioning of Sc** among the X, Y, and Z sites (Oberti et
al. 2006). This result was in good agreement with the measured
Ca, Al, and Si contents, and also obeyed local charge balance
requirements. Scandium EXAFS data were not well-fitted by a
model with simple substitution of Sc into the Y site of grossular,
requiring a more complex model for second-shell interactions
(reflecting the XRD results) but also retaining a mean first-shell
coordination of six (Oberti et al. 2006).

The reasons for the apparent discrepancies between the X-ray
and the ¥*Sc NMR data on the Sc-doped grossular are not clear.
There is the possibility that sample heterogeneities could lead to
differences in composition between the small single crystals and
the bulk powder examined by NMR, resulting in differences in
structural observations. Two high-pressure runs were required to
obtain the material needed for all of the data collection, but, after
the “recycling” procedure used to grow larger crystals (Oberti et
al. 2006), only pyrope crystals showed an excellent homogene-
ity, whereas Sc-grossular maintained significant heterogeneity.
On the other hand, NMR studies of “*Sc are still at an early
stage, and correlations between structure and chemical shifts
are empirical and not yet as clearly defined as for better-studied
nuclides such as Al and »Si. For example, although there seem
to be relatively well-defined ranges of chemical shift for six- and
eight-coordinated Sc in simple oxides, the presence of H and/or
F in the structure modifies these ranges (Kim et al. 20006). It is
also clear that simple correlations between mean Sc-O bond
distance and chemical shift, as expected from results on a variety
of other nuclides, are complicated by other ligand effects such
as variations in electronegativity of first neighbor cations, e.g.,
vanadates vs. phosphates (Kim et al. 2006; Rossini and Schurko
2006). With respect to the particularly interesting issue of four-
coordinated Sc in garnet, the apparent lack of stoichiometric
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oxides with four-coordinated Sc makes this finding somewhat
surprising but also obviates the collection of spectroscopic data
on appropriate tetrahedral model compounds. There remains, as
well, the possibility that tetrahedral Sc could be present, but that
such sites are extremely distorted and have very high quadrupolar
coupling constants, resulting in severely broadened NMR peaks.
We note, however, that Sc sites with C;, values much larger than
those described here for the garnets (e.g., 23.4 MHz for one site
in Sc,0;) were readily and accurately observed at 18.8 T (Kim
et al. 2000) and even at 9.4 T (Riou et al. 2002).

In both natural and in experimental systems, the mechanism
of solution of minor substituents in a mineral at a given tem-
perature and pressure depends not only on the structural details
of the host phase, e.g., the sizes of available cation sites and
of the substituent (e.g., charge and radius), but on the overall
composition of the system, which controls the activities of all
of the components involved. The syntheses discussed in this
and previous papers were done by adding 5% Sc,O; to starting
compositions of garnet stoichiometry, so that Sc incorporation
was not determined in advance. Different results could be ob-
tained starting from compositions where one major cation does
not obey garnet stoichiometry, and different Sc partitioning can
be expected in complex natural systems. Nonetheless, all of the
NMR, XRD, and XAS data confirm that the mechanism of Sc
substitution in pyrope and grossular are quite different, which
will require that models for partitioning of this and related ele-
ments in geological processes take the complex effects of garnet
composition into account (Oberti et al. 2006; van Westrenen et
al. 2003; Freeman et al. 2005).
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