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Abstract

A suite of Fe-bearing natural and synthetic grossular-rich [(Ca,Fe)s(AlFe),Siz0,] and
pyrope-rich [(Mg,Fe);AL,Si;O),] garnets were investigated using *’Al and °Si MAS NMR and
*"Fe Mossbauer spectroscopy. This was done to study the state of cation order-disorder in garnet
solid solutions by analyzing paramagnetically shifted resonances in high-resolution NMR
spectra. The M&ssbauer spectra, along with electron microprobe results, give the concentrations
of Fe** and Fe" and their site occupancies, even in grossular samples with very low
concentrations of Fe. MAS NMR spectra were collected on Fe**-bearing grossular- and pyrope-
rich garnets with up to 25 mol% almandine component and on other Fe*"-bearing grossular
samples with up to 9 mol% andradite component. Despite peak broadening and signal loss,
structural information was even obtained from garnet with relatively high Fe contents (25% mole
percent almandine component). Paramagnetically shifted NMR peaks, related to the presence of
Fe’", were observed in grossular samples and are similar in nature to those reported previously
for natural, relatively low-Fe*' pyrope garnets by Stebbins and Kelsey (2009). Additional NMR
peaks appear as the concentration of Fe®' increases, reflecting an increase in the average number
of neighboring Fe”" cations around AlOg and SiO, groups. These newly observed peaks hold
potential to provide information concerning the presence or absence of short-range ordering in
certain Fe-bearing silicate garnets. The effect of Fe’* on the MAS NMR spectra of garnet
appears to be less pronounced, because it does not produce any observable paramagnetically
shifted resonances.

Keywords: NMR spectroscopy, Mossbauer spectroscopy, pyrope, grossular, almandine,

garnet, paramagnetic shifts, short range order
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Introduction

Garnet is an important mineral in various petrological, geochemical and geophysical
investigations. It occurs in numerous geologic environments throughout Earth’s crust and upper
mantle and it is stable with increasing pressure into the deeper transition zone. Garnet’s crystal
chemical formula is given by V"'X;¥Y,"VZ;0,, with its three crystallographically independent
cation sites. The common rock-forming silicate garnets, WHX:;V[YzIVSi;O]g, can incorporate a
number of different divalent cations at X and trivalent cations at Y. The resulting solid-solution
behavior accounts for the rich crystal chemistry of the garnet group and compositions reflect the
conditions of formation (Baxter et al. 2013). Indeed, most natural garnets are typically found as
multicomponent solid solutions and crystals rarely occur as pure or nearly pure end members
such as grossular (Ca3zAl:Si30),), pyrope (MgsAl>Si301,), almandine (FesAl,Siz0,,) and
andradite (CasFe;Si30,,). It follows that the structural state, including questions of short- and
long-range cation order, is important, because it will affect stability and must be considered in
any thermodynamic solid-solution model of garnet.

Diffraction investigations have shown that the aluminosilicate solid-solution garnets,
X3A1Si30,, with X = Ca, Fe*”, Mg and Mny, both synthetic and natural, possess no long-range
cation order as given by their space group /a-3d (Armbruster et al. 1992; Merli et al. 1995).
There may be rare exceptions. For example Griffen et al. (1992) argued, based on single-crystal
X-ray diffraction results, that a garnet of composition (Fe, gsCao 7sMgo 24Mno 10)2.07
(Al s6Fe0.03Ti0.01)200Si3.01012 shows slight cation order at two crystallographically different X
sites in space group /4/acd. The so-called ugrandite garnets, Ca3Y,Si;0;2, with Y = Al, Fe3',
and Cr’", on the other hand, appear to show partial long-range ordering of the Y cations in

different space group symmetries lower than /a-3d, as described by a number of workers (e.g.
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Takéuchi et al. 1982; Allen and Buseck 1988; Kingma and Downs 1989; Wildner and Andrut
2001).

The question of the presence or absence of local short-range order of the cations in both
types of garnets is not well understood and has received very little experimental study. Short-
range order can, of course, occur even in symmetry /a-3d, and is not detectable by standard
diffraction measurements. Indeed, the number of methods that can be used to address the
question of short-range order is very limited, if nonexistent in a practical sense. The NMR
experiment would be, in principle, well suited to study short-range order in garnet and this has
been done for synthetic compositions, namely (Mg;.xCay)3Al:Si5015. Here, it has been argued,
using **Si MAS NMR measurements, that a slight degree of Mg/Ca short-range order in
intermediate compositions is possible (Bosenick et al. 1995; 1999). This proposal is supported by
empirical pair potential (Bosenick et al. 2000) and ab intio calculations (Freeman et al. 2006) and
combined computational approaches (Vinograd and Sluiter 2006). Unfortunately, nearly all
natural garnets contain paramagnetic cations in various concentrations and thus investigations
using conventional MAS NMR spectroscopy are restricted. Early NMR work on a natural
pyrope-rich and iron-poor garnet from Dora Maira, Italy, showed that even small amounts of
Fe’ cause significant broadening of the *’Si resonance (Geiger et al. 1992), thus limiting
quantitative spectral interpretation. The presence of paramagnetic transition metals in various
other geologic materials led to similar results in early MAS NMR studies (Oldfield et al. 1983;
Sherriff and Hartman 1985).

However, recent NMR studies have shown that, despite the problems involved with the
presence of paramagnetic species (i.e. signal loss, peak broadening), in some favorable cases

information can be gleaned from the NMR spectra of transition-metal-bearing silicate (Dajda et
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al. 2003; Palke and Stebbins 2011; Bégaudeau et al. 2012; McCarty et al. 2012; McCarty et al.
2014), rare-earth-element-bearing phosphate (Palke et al. 2013), and transition metal
oxide/hydroxide minerals (Kim et al. 2008; Nielsen et al. 2008: Kim et al. 2011; Nielsen et al.
2011). In such cases structural information can be obtained by the observation and analysis of
distinct paramagnetically shifted peaks that often fall well outside the range of ordinary chemical
shifts. In some, probably more limited situations, NMR signal loss, ordinarily seen as a
complication caused by the presence of paramagnetic species, has been used to answer questions
about short-range order/disorder in geologic materials (Palke et al. 2012). NMR spectroscopy of
technologically important paramagnetic inorganic materials (cf. Middlemiss et al. 2013) as well
as proteins and other organic compounds (cf. Bertini et al. 2005) are flourishing areas of
research. NMR spectroscopic study of paramagnetic species has yet to be widely applied to
geologically important minerals.

In this paper we report the results of a ”’Al and ’Si MAS NMR and *"Fe Mssbauer

spectroscopy study of a suite of natural and synthetic Fe-bearing grossular- and pyrope-rich

+

garnets. While Fe®' is largely absent from pyrope-rich garnets, in grossular-rich garnets both Fe’
and Fe®" can be found at the X- and Y-sites, respectively. High-resolution NMR spectra can be
collected to identify important structural components, such as the likely presence of tetrahedral
Al in certain synthetic garnets and paramagnetically shifted resonances, as already documented
in natural low Fe*' pyrope-rich garnets (Stebbins and Kelsey 2009; Palke and Stebbins 2011).
Despite peak broadening at higher concentrations of Fe’™ (up to 25 mol% Fe”" replacing either
Mg or Ca), individual peaks can still be resolved and assigned to specific local structural
configurations around SiO, or AlOg groups having various numbers of nearby Fe’" neighbors.

Careful analysis of the intensities of these features in the NMR spectra of compositionally
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homogeneous Fe*'-bearing garnets could provide information on the question of short-range

ordering in pyrope- and grossular-rich garnets.

Experimental

Natural and synthetic garnet samples

Table 1 lists the geographical localities of the natural garnets and literature references for
both natural and synthetic samples studied herein. In the absence of literature citations,
established labels for samples that came from the research collection of one of the authors
(CAG) are reported in case they are used in future studies. Sample labels are also provided for
those from the Stanford Research Mineral Collection — #50790 (sample G10 in Table 1) and
#64758 (not included in Table 1 because no spectra are presented — however this sample is
discussed below). However, considering the large number of garnets from various sources, a new
labeling scheme was employed. Grossular-rich samples are labeled G1 through G12, in order of
increasing Fe concentration. Pyrope-rich samples are likewise labeled as P1 through P6. In most
instances the label is followed by a simple compositional description in terms of the mole
percent of the garnet end members. For instance, sample G1, composed of a 99.5 mol% grossular
and a 0.5 mol% andradite component, is referred to as G 1-Grsgg sAndg s. The pyrope component
of grossular-rich samples is usually less than 2-3 % and was ignored and vice versa for the
grossular component in pyrope garnets. Therefore, the grossular samples are described using
compositions normalized to the following three components: grossular (Grs — CasAl:Si305),
andradite (And — Ca;Fe;Si;0),), and almandine (Alm — Fe;A1,Si30)5). Pyrope garnets are
reported in terms of the pryope (Prp — Mg;Al,Si30;5) and almandine components. Abbreviations

for garnet end members are taken from Whitney and Evans (2010).
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The synthesis of several garnets (i.e., GI11, G12, P3 and P6, Table 1) is described in
Geiger et al. (1987). The synthesis of one sample for this work (G8, Table 1) followed closely
the procedure outlined in Armbruster and Geiger (1993). That for another synthetic garnet (G7,
Table 1) attempted to closely follow the procedure of Geiger et al. (1987), replacing the step in

which the starting materials are melted in a graphite crucible with melting in air in a platinum

crucible. The synthetic garnets G11, G12, P3 and P6 have been well characterized (Geiger et al.

1987). In many, but not all, cases this includes powder IR spectroscopy (Geiger 1998; Boffa
Ballaran et al. 1999), *’Fe Mossbauer spectroscopy (Geiger et al. 2003), and X-ray powder

diffraction and electron probe microanalysis (Geiger and Feenstra 1997).

X-ray powder diffraction

Powder XRD was performed for selected samples on a Rigaku Geigerflex X-ray
diffractometer and data were compared to those published by the International Centre for
Diffraction Data. In general, XRD peaks could be indexed to pyrope- or grossular-rich garnet
with no indication of minor “impurity” phases. Full structure refinements were not performed
and the interatomic distances cited below for pyrope-almandine and grossular-almandine-
andradite garnets are assumed to be similar to those for the dominant end member (pyrope or

grossular). References to previously published XRD data can be found in Table 1.

Electron probe microanalysis

The compositions of all samples were analyzed using Electron Probe MicroAnalysis

(EPMA) on either the JEOL 733 at Stanford University or the Cameca SX-100 at the University

of California, Davis, using various natural or synthetic materials for intensity standards. Data for
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several samples were collected in both labs and were in good agreement. Relative uncertainties
in the EPMA data are 1.5 % or less for major elements (Al, Si, either Mg or Ca, and sometimes
Fe) and 15 to 25 % for minor elements (Mn, Ti, sometimes Fe, and either Ca or Mg). EPMA data
were reduced to garnet crystal chemical formulae (V"' X;"'Y,'VZ;0,,) by assigning Si and Ti to
the tetrahedral Z site, Al and Fe’" to the octahedral Y site, and Mg, Ca, Mn, and Fe’" to the
dodecahedral X site (Table 1). Relative amounts of Fe*" and Fe** were determined by
Mossbauer spectroscopy as described below. While it may be controversial to relegate Ti to the
tetrahedral Z site, this element is present in such small amounts that the actual site preference of

Ti in these garnets is inconsequential for this study.

"Fe Mssbauer spectroscopy

Spectra were recorded using the standard set-up of the Salzburg Mossbauer lab (e.g.
Redhammer et al. 2005), which is outlined just in short form here. Transmission powder spectra
were recorded at 293 K using a conventional spectrometer in horizontal arrangement (*’Co/Rh
single line thin source, 50 mCi initial activity, constant acceleration mode with a symmetric
triangular velocity shape, multi-channel analyzer with 1024 channels, velocity range = 4 mm/s).
Powdered garnet was held between plastic discs fitted into a Cu-ring of 10 mm inner diameter
covered with Al-foil on one side. The two symmetric spectra (512 channels each) were folded,

calibrated against a-iron and evaluated using the fit program RECOIL.,

PSi and YAl NMR MAS spectroscopy

*Si MAS NMR spectra were collected either with a Varian Infinity-Plus 400

spectrometer at 9.4 T (79.5 MHz) or a Varian Unity/Inova 600 spectrometer at 14.1 T (119.1
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MHz) using Varian/Chemagnetics “T3”-type probes and 3.2 mm ZrO; rotors spinning up to 23
kHz. External TMS was used as a frequency reference. For low concentration Fe-containing
samples, *’Si spectra were collected with a single pulse sequence using carefully calibrated 30°
tip angles. It proved difficult to collect spectra with a smooth baseline for garnets with higher
concentrations of Fe because of rapid signal decay. Thus, for these samples (G12, P4, P5, and
P6, Table 1) *’Si spectra were collected at a field of 9.4 T using a spin-echo pulse sequence (90-
7-180) with a minimal echo delay of one rotor period and a pulse delay of 0.1 s. These spectra
were fully relaxed using this short pulse delay due to the larger amount of Fe present. However,
samples with less Fe (~1 wt.% FeO or less) were not fully relaxed using a pulse delay of 0.1 s,
even using a smaller tip angle of 30°. The *’Si spectra shown in this work were collected either
with single pulse or spin echo sequences and pulse delays of 0.1 s in order to emphasize
paramagnetically shifted peaks. However, in some cases pulse delays of up to 600 s were used in
combination with spectra collected with short pulse delays of 0.1 s to get accurate peak area
measurements on fully relaxed spectra.

”Al MAS NMR spectra were collected at three fields from the Infinity-Plus 400
spectrometer at 9.4 T (104.1 MHz) to the Varian Unity/Inova 600 spectrometer at 14.1 T (156.3
MHz) to the Varian Unity/Inova spectrometer at 18.8 T (208.3 MHz). In all cases a
Varian/Chemagnetics “T3" probe was used with 3.2 mm ZrO; rotors at spinning speeds up to 22
kHz. External 0.1 M aqueous AI(NOs); solution was used as a frequency reference. Pulse delays
of 0.1 s gave fully relaxed spectra and maximized signal to noise in most cases, but a few
samples with low Fe concentrations (<1 wt.% FeQ) required pulse delays of up to 10 s to collect

fully relaxed spectra.
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Estimated uncertainties for NMR peak integrals were determined by fitting spectra from
multiple single-pulse spectra collected at varying spinning speeds, pulse delays, and/or magnetic
fields for certain samples. In general, uncertainties in peak integrals are estimated to be +5-10 %
absolute intensity for each peak. Other estimated uncertainties in the NMR spectra reported here
are typically £ 0.5 ppm for peak position and = 5 % of full width at half maximum (FWHM).
When observed, spinning sidebands corresponding to the central transitions were included in
relative peak areas; when needed for peaks with large paramagnetic shifts, central resonances

were distinguished from spinning sidebands by varying the spinning speed.

Results and Discussion

"Fe Mossbauer and EPMA results

All natural grossular-rich samples were analyzed by Mossbauer spectroscopy to
determine their Fe**/(Fe*" + Fe*") = Fe'/Fey ratios and to assign Fe*' and Fe®' to the X or Y
site of garnet. This is necessary in order to separate the distinct contributions from either Fe** or
Fe'" to the various features of the >’Al and °Si NMR spectra. Fe® /Feiow was determined from
simple two doublet fits to the various spectra (one Fe’' and one Fe®" doublet) as shown in Figure
1. The doublet assignments for Fe in common silicate gamet are known well (Amthauer et al.
1976) and the minor effect of anisotropic recoil free fraction on the exact shape of the Fe*'
doublet (Geiger et al. 1992; Geiger et al. 2003) was not considered. The recoil free fractions for
Fe’ and Fe’" are considered to be the same. The determination of Fe*'/Feyoq in the natural
samples was challenging due to the low concentration of Fe and the low natural abundance of
*"Fe, as shown in the fair to poor signal to background ratios of some spectra. However, through

the long counting times employed, Fe®'/Few could be measured for most samples with

10
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reasonable accuracy (Table 1). M&ssbauer spectra were also collected for two synthetic >’ Fe-
enriched grossular-rich garnets, G7 and G8. Data for these samples were analyzed as for the
natural samples and their Fe2+/Femza| ratios are reported in Table 1. No interpretable Méssbauer
spectrum could be collected for G1; however, we assume that most of the iron in this sample
exists as Fe’* based on the absence of any paramagnetically shifted *’Si NMR peaks related to
Fe?', as described below. However, given the low concentration of Fe in this sample, it would be
difficult to ascertain the oxidation state with either Méssbauer or *Si NMR.

Measurements of Fe*'/Fe o were used in conjunction with EPMA data in order to
determine the stoichiometric garnet compositions for the samples studied here and the results are
reported in Table 1. The synthetic samples in this study were generally found to be somewhat
compositionally heterogeneous. This is especially true for samples G11 and P3 and to a lesser
extent G12 and P6. Compositional heterogeneity is usually manifested as small domains (~1-10
um) of relatively almandine-rich crystals that were observed using backscattered electron
imaging on the electron microprobe. When the almandine-rich data points are not considered for
samples G12 and P6, the result is a fairly homogeneous composition approaching the intended
bulk composition for these samples (25 mole % almandine and 75 mole % grossular or pyrope).
Given the low abundance of these almandine-rich domains in G12 and P6 (less than a few %),
compositions are reported based on the corrected data set as just described (Table 1). G11 and
P3 were more compositionally heterogeneous. We therefore report the intended bulk
compositions for these two samples in Table 1. The natural pyrope-rich samples P4 and P5 are
broken sand- to small gravel-sized fragments taken from larger crystals from two separate
localities at the Dora Maira, Italy ultra-high pressure locality. While individual grains can be

compositionally homogeneous, the proportions of pyrope and almandine vary significantly from
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grain to grain. Compositions for P4 and P35 therefore are averages of 10 to 20 analyses of various

grains from samples that came directly out of the NMR rotor after collection of their spectra.

Garnet crystal structure

In order to better understand the NMR results and the various possible local X cation
configurations, we discuss briefly the garnet structure, as reviewed by Geiger (2013). The cubic
structure, space group Ja-3d. consists of strongly bonded ZO; tetrahedra and YOg octahedra that
share corners, giving rise to a quasi three-dimensional framework. The more weakly bonded X
cations are coordinated by 8 oxygen atoms in the form of a triangular dodecahedron. Local
relationships among the three coordination polyhedra relevant to this work are shown in Figures
2a-c¢, which illustrate the first and/or second X-site neighbors to Si and Al and the bond
pathways that connect them. These structural relationships are important for assigning

paramagnetically shifted NMR peaks to specific local configurations (see below).

27 Al NMR spectroscopy

Paramagnetically shifted NMR peaks and local Fe*'-Al configurations. The Al
NMR spectra of three pyrope-rich garnets, P2-Prpg; 3Almg 7, P4-Prpgs 0Alm, 20, and P5-
Prps32Almyes, are shown in Figure 3. 7’ Al NMR spectra for sample P2-Prpos Alme 7 were
reported previously by Stebbins and Kelsey (2009) and Palke and Stebbins (2011). Two
paramagnetically shifted NMR resonances, labeled A1 and A2 occurring at +33.6 and +66.0
ppm, respectively, were observed in addition to the main, “unshifted” peak at +1.1 ppm
corresponding to that of end-member pyrope (*’Al surrounded by only Mg in nearest

neighboring dodecahedra), labeled as A0 in Figure 3. This is in close agreement with the value
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of the isotropic chemical shift of +2.9 ppm as measured by Kelsey et al. (2007). The same
features are seen in the spectra of P4-PrpsgoAlmys and P5-Prpg; ;Almg g in addition to a new,
low intensity feature seen at +94.0 ppm (labeled A3 in Figure 3) for P5-Prpg; 2Alm ¢ s. The Al
cations in AlOg octahedra in almandine/pyrope garnets have 6 crystallographically identical X-
site nearest neighbors at a distance of about 3.201 A (Armbruster et al. 1992) that can be
occupied by either Mg or Fe*™. Palke and Stebbins (2011) assigned the A0, Al, and A2
resonances to AlOg groups with 0, I, or 2 Fe?* cations in one of these six neighboring X-sites
(Figure 2a), respectively. These assignments were made considering the higher intensity of Al
compared to A2 and the increasing intensity of both these peaks with increasing Fe'
concentration. This proposal is further bolstered by the fact that A2 is shifted in frequency twice
as far from A0 as A 1. The presence of A3 in only the pyrope with the highest Fe** concentration,
along with its frequency shift from AO that is roughly three times larger than that for Al,
indicates that this resonance can be assigned to AlOg octahedra having three Fe*” neighbors in
the first shell of X-sites (Figure 2a). It follows that at slightly higher concentrations of Fe’* one
would expect to observe a fifth resonance A4 at approximately +120 ppm. In fact, in a single
crystal Al NMR study of an almandine garnet with composition Prp22Alm78, Brinkmann and
Kaeser (1972) described discrete resonances for AlOg groups having 4, 5, and 6 Fe’* neighbors.
They used the relative intensities of these peaks to determine the almandine component by
measuring the amount of Fe®' occupying the garnet X-site. A rigorous comparison of Fe®'
content and site populations in our study was not attempted because of the compositional
heterogeneity of P4-PrpggoAlm, 0, and P5-Prpgs 2Alm s 3. However, with compositionally
homogeneous pyrope-almandine garnets it could be possible to investigate the state of cation

order-disorder at the X-site,
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In general, the >’ Al NMR spectra of the Fe-bearing grossular samples are characterized
by the presence of a single peak around -6 ppm when measured at a field of 14.1 T, in close
agreement with the previously measured isotropic chemical shift of -3.5 ppm (Kelsey et al.
2007). Only one relatively low Fe sample (G4-Grsog 0Almg sAndg ) showed the characteristic
quadrupolar splitting expected for end-member grossular (Kelsey et al. 2007). For the most part,
"AI NMR peak widths (full width at half maximum = FWHM) increase with increasing Fe;g, +
Mn content (Figure 4a). However, there is no monotonic increase in peak width with increasing
Feioru + Mn from sample to sample. This is likely due to the variable influence of Fe*’, Fe*', and
Mn*' on NMR relaxation rates and the difference in the relative proportions of these cations in
the garnets of this study (Table 1). A similar relationship is observed for *’Si NMR peak widths
as a function of Feiy + Mn content (Figure 4b). The Al NMR spectra of the grossular-rich
garnets G7-Grsos 9Almy sAnd, ¢, G9-Grsgg 7AIm; 9Andg 4, G10-Grsgy 2Andg g, G11-Grseg oAlmygo,
and G12-Grsys 2Alma, g are shown in Figure 5. The spectrum of G11-Grseg oAlm o shows three
distinct peaks, one main, intense peak at -5.1 ppm, one smaller resonance at +15.8 ppm, and a
minor, low intensity peak at +59.3 ppm. The relative intensity of the feature at +15.8 ppm and
the magnitude of its frequency shift from the main peak is similar to that of peak A1 observed in
the spectra of pyrope-almandine garnets. We assign this feature in G11-Grsgg pAlmg 0 to a local
configuration with an AlOs octahedron with one Fe®* cation in a nearest neighboring X-site
(Figure 2a), as for the pyrope garnets above. The smaller frequency shift of A1 from AQ in
grossular-almandine (+21.9 ppm) vs. pyrope-almandine (+32.5 ppm) garnets is reasonable given
the longer distance between Al and the X-site cation of 3.309 A in grossular (Geiger and
Armbruster 1997) vs. 3.201 A in pyrope (Armbruster et al. 1992). Peak A1 is probably also

present as a low intensity shoulder on the main peak in the spectrum of G9-Grsgs 7Alms gAndy 4,
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although this is not readily apparent in Figure 5. The *’Al NMR spectrum of the grossular
sample with the highest almandine component (G12-Grsss2Alm,a g) shows a very broad peak (ca.
80 ppm FWHM) centered at +12.1 ppm. There may also be a minor contribution from a narrower
resonance (ca. 30 ppm FWHM) located at -5.7 ppm. Although peak broadening is too large to
resolve contributions from individual resonances, the shift in the center of gravity by nearly + 20
ppm and the 80 ppm line width are almost certainly caused by the presence and overlap of
multiple, unresolvable peaks corresponding to AlOs groups having 0, 1, 2, 3, and 4 next nearest
Fe*' neighbors at X-sites (i.e. peaks A0, A1, A2, A3, and A4). However, neither peak Al nor
any other paramagnetically shifted peaks are seen in the spectra of the other grossular-rich
samples. This is due to their lower Fe’* concentrations and their generally broader peaks
compared to the pyrope-rich garnets — e.g. 15 ppm vs. 9 ppm FWHM for peak A0 for grossular
and pyrope samples having similar almandine components, G 11-GrsgyAljo and P3-PrpeoAlg,

respectively, Table 2.

Tetrahedrally Coordinated Al in Garnet. A low intensity resonance is observed at
+59.3 ppm in the ’Al NMR spectrum of G11-GrsooeAlmyop. One possible interpretation assigns
it to an AlOs group with two Fe*' cations in nearest neighbor X-sites, analogous to resonance A2
in the spectra of pyrope-rich garnets. However, this peak at +59.3 ppm in G11-GrsgoAlmop is
located at a position more than twice the frequency shift of peak A1, which should lead to an A2

resonance at +37.7 ppm.

Alternatively, this resonance at +59.3 ppm could be assigned to Al at the tetrahedral site
of this garnet. Similar peaks are observed at +59.7 ppm in the *’Al NMR spectra of sample G7-

Grsos 0Alm; sAnd, ¢ (Figure 5) and G8-Grsos sAnd, s (not shown). The presence of this resonance
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in the spectra of grossular-rich garnets with only Fe?' or only Fe*" indicates it is not a
paramagnetically shifted Al peak. Thus, it is assigned to AlO4 groups. Tetrahedrally coordinated
Al is known to occur in certain uncommon silicate garnets such as kimzeyite,
VilCa, Y17,V AL'VSIO); (Schingaro et al. 2001) or hutcheonite, V"'Ca;"'Tiy'V AL'YSiO2 (Ma and
Krot 2014), but as far as we know, it has never been documented experimentally for common
aluminosilicate garnets. Tetrahedrally coordinated Al has been proposed, in some cases, based
on indirect arguments using chemical data in order to maintain stoichiometric garnet composition
(cf. Huggins et al. 1977; Deer et al. 1992). Another possibility is that the tetrahedrally
coordinated Al might reflect a minor “impurity” phase in the garnet. However, as noted above,
these samples have been characterized for phase purity using XRD, EPMA, and *Al and *°Si
NMR spectroscopy. The only indication of an “impurity” phase comes from EPMA mapping of
sample G7-Grsgg0Alm; sAnd, ¢ in which a few small grains (~1-5 um) were observed as bright
spots in backscattered electron images. One of these was large enough to obtain two EPMA
measurements identifying them as a wollastonite-like phase (CaSiO3). However, only a small
amount of Al was measured here, corresponding to 0.001 to 0.076 atoms of Al per formula unit.
This is insufficient to explain the presence of 5-10% tetrahedrally coordinated Al in the 7TAl
NMR spectra of G7-Grsos oAlm; sAnd, 6, G8-Grsos sAndy s and G11-GrsegoAlmyge. All this
strongly suggests that synthetic grossular samples can contain small amounts of tetrahedrally
coordinated Al. The possibility for the occurrence of tetrahedrally coordinated Al in
aluminosilicate garnet was also suggested in the 7 Al NMR spectra of synthetic Sc-bearing
pyrope and grossular (Kim et al. 2007).

The charge-balancing substitution mechanism by which AP’ could substitute for Si*" is,

as yet, unknown. One could suggest the concomitant substitution of dodecahedrally coordinated
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Fe’* (0.78 A, Shannon 1976) for Ca>* (1.12 A, Shannon 1976) to allow for some tetrahedrally
coordinated AI**, but Fe*" is probably too small to reside at the X-site of garnet. We also did not
observe any octahedrally coordinated Si in the »Si NMR MAS spectra of these garnets, thus
eliminating a mechanism of Al-Si disorder over the tetrahedral and octahedral sites. It may also
be possible that tetrahedrally coordinated Al could be present as a defect at an interstitial site
(Geiger et al. 2013). Finally, it should be noted that this tetrahedrally coordinated Al is present
only in synthetic garnet crystallized at high temperature and rapidly quenched. There is no
evidence for tetrahedrally coordinated Al in the natural grossulars studied here, most of which
formed in Ca-rich mineralized pods in serpentinites (i.e. rodingites) at relatively low
temperatures of ~200-300°C (Normand and Williams-Jones 2007; Bach and Klein 2009). It is
possible, then, that the tetrahedrally coordinated Al only occurs in high temperature synthetic

garnets.

»Si NMR spectroscopy

Paramagnetically shifted NMR peaks and local Fe**-Si configurations. The *Si
NMR spectrum of G7-Grses 9Alm; sAnd, ¢ is shown in Figures 6a-b along with that for P1-
Prpe7 3Alm; 7 from Stebbins and Kelsey (2009) and Palke and Stebbins (2011) for comparison.
The spectra of both samples share the same fundamental features with a main peak at -83.3 ppm
for G7 and -71.9 ppm for P1 and two lower intensity peaks shifted to lower frequency at -94.0
ppm (S1) and -101.4 ppm (S2) for G7 and -79.8 ppm (S1) and -88.1 ppm (82) for P1 (Figure
6a). For G7-Grsos 9Alm, sAnd, ¢ it was necessary to use a lower-field spectrometer (9.4 T) and
3.2 mm rotors spinning at 23 kHz in order to locate peak S4, found in previous studies of Dora

Maira pyropes (Stebbins and Kelsey 2009; Palke and Stebbins 2011), which has a large positive
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frequency shift (+103 ppm for G7 vs. +134 ppm for P1, Figure 6b). The position of the main
peaks for G7 and P1 agree with those measured for pure endmember grossular and pyrope at -
83.4 (Janes et al. 1985) and -72.0 ppm (Phillips et al. 1992), respectively. This provides the
assignment of these peaks to SiO; groups with zero nearby Fe*' neighbors (i.e. within ~6 A). In
the spectra of both G7-Grsgs 0Alm| sAnd, ¢ and P1-Prpgs 3Alms 7 peaks S1 and S2 have nearly
equal integrated intensities, while S4 has half the intensity of either S1 or S2. This agrees well
with the peak assignment scheme proposed by Palke and Stebbins (2011), wherein S4 is assigned
to a local configuration where Fe' occupies one of the two edge-shared dodecahedral X-sites
linked to a SiO; tetrahedron with a Si-X distance of 2.863 A in pyrope (Armbruster et al. 1992)
and a Si-X distance of 2.959 A in grossular (Geiger and Armbruster 1997) — see Figure 2b. Peak
S2 is assigned to a configuration with Fe' at one of the four corner-shared dodecahedral X sites
with a Si-X distance of 3.506 A in pyrope (Armbruster et al. 1992) and a Si-X distance of 3.624
A in grossular (Geiger and Armbruster 1997) — see Figure 2b. Based on the above analysis
whereby the peaks S2 and S4 are assigned to local configurations with edge- and corner-shared
dodecahedra to the SiOy tetrahedron, only peak S1 is left unassigned. Therefore, we must also
consider local configurations with dodecahedral sites that are four bonds away from Si (e.g. Si-
0-Al-0-X, X = Mg, Ca, Fe?"). This gives 12 more dodecahedral sites that are split into three
symmetrically inequivalent groups of four dodecahedral X-sites with Si-X distances of 5.356,
5.356, and 5.726 A for pyrope (Armbruster et al. 1992) and Si-X distances of 5.536, 5.536, and
5.918 A for grossular (Geiger and Armbruster 1997). These local configurations are shown in
Figure 2c. The presence of Fe’" in these sites should produce three more paramagnetically
shifted **Si peaks. The fact that only S1 is observed, indicates that occupation of only one of

these dodecahedral sites by Fe®” produces a significant frequency shift for the >’Si nucleus. Peaks
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arising from Fe®" at the other two X-sites may have frequency shifts that are too small to be
observed. The existence of four dodecahedra at which Fe®* can be located to produce either S1 or
S2 and only two for S4 explains the 1:2 ratio of peak intensities of S4 to either S1 or S2.

The *’Si NMR spectrum of Fe**-bearing, Fe*'-free garnet G8-Grsos sAndy s is also shown
in Figure 6a. No paramagnetically shifted ’Si peaks are observed, as is also the case for the
other Fe*'-free garnet G 10-Grsg; 2Ands 5. The spectra for these samples are characterized by a
single resonance having an unusual lineshape, which, due to its relatively broad base, cannot be
adequately fit using a single Lorentzian or Gaussian peak or a combination of the two. A
minimum of two Lorentzian components was needed to sufficiently model the resonances in
these spectra. In the best fit of the spectra, the relative contributions of the narrow and broad
components are similar with the broad component comprising 62 and 67% of the total signal for
G8-Grsys sAndy s and G10-Grsg; 2Andg 5, respectively. The lack of a significant increase in the
intensity of the broad component as the ferric iron content increases indicates that this unusual
lineshape is not related directly to the presence of paramagnetically shifted peaks as seen in the
*Si and Al NMR spectra of ferrous-iron-bearing pyrope garnets and other minerals (Stebbins
and Kelsey 2009, Palke and Stebbins 2011, McCarty et al. 2012, Bégaudeau et al. 2012). The
likely explanation is that the two-component fit to this resonance in the ¥Si NMR spectra is
simply a useful approximation to describe a single resonance with an unusual lineshape, neither
completely Gaussian nor Lorentzian, related to the poorly understood effect of ferric iron on the
nuclear spin relaxation of *’Si in these materials.

Most of the grossular-rich garnets in this study are solid solutions consisting of grossular,
almandine, and andradite components. Their *Si NMR spectra should, in principle, contain

features characteristic of both grossular-almandine and grossular-andradite solid solutions.
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Figure 7 shows the 2Si NMR spectrum of synthetic grossular G7-Grsgs 9Alm; sAnd, ¢ along with
the individual components used in fitting the spectrum. Paramagnetically shifted peaks S1 and
S2 are present due to the presence of Fe?". However, a fit consisting only of the main unshifted
resonance and peaks S| and S2 does not provide an accurate description of the measured
spectrum. The addition of a broad component underlying the main unshifted peak (“USB” in
Figure 7), as described for the Fe*'-rich garnets above, significantly increases the quality of the
fit. Using the fits shown in Figure 7, peaks S1 and S2 have relative intensities of 5.5 % and 4.9
%, respectively. Assuming a statistically random distribution of Fe*" over the X sites in garnet,
we can calculate the intensities of peaks S1 and S2 from the equation, | = mx* (1-x)™*. Here “m”
is the number of local configurations that can give rise to a specific peak (equal to 2 for peak S4
and 4 for S1 and S2), “x” is the probability of Fe*" occupying an X-site (the almandine
component from Table 1), “k™ is the number of Fe®* cations interacting with the *Si nucleus
giving rise to the peak in question, and “n” is the total number of sites at which Fe?" can be
located to create a paramagnetically shifted peak (i.e. equal to 10 here for the 2, 4, and 4 sites
related to peaks S4, S1, and S2). Instead of calculating the intensities of peaks S1 and S2, one
could alternatively measure the concentration of Fe** using their observed intensities. Most of
the grossular samples studied here show peaks S1 and S2 in their #Si NMR spectra and the
concentrations of Fe*' obtained from the measurement of their intensities are reported in Table
2. The ’Si MAS NMR parameters obtained from fitting the spectra for these samples are
provided in the Supplementary Table S1. Concentrations obtained in this way agree well with
those measured by a combination of EPMA and Méssbauer spectroscopy (Table 2). The good

agreement between our NMR data and EPMA (+ Mdssbauer) results suggests that the intensities
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of paramagnetically shifted peaks can provide reliable and quantitative determinations of Fe*" in

Fe-bearing silicates.

Relevance to X-cation short-range order-disorder. One of the main goals of this
investigation is to address the state of cation order-disorder in Fe-bearing pyrope- and grossular-
rich garnet solid solutions. The Si spectra of the four garnets with the highest Fe concentration
in this study, P4-PrpggoAlm 20, P5-Prpgs 2Almygs, P6-Prp7s 7Almag 3, and G12-Grsys 2Almay g, are
shown in Figures 8a-b and 9. Peaks S1 and S2 are observed in addition to the main unshifted
peak for P4-PrpggoAlm» 0. However, because of increased peak broadening at higher
concentrations of Fe*", it is impossible to resolve individual peaks in this central region of the
spectra. For garnets P3-Prps; 2Almye s, P6-Prp73 7AImze 3, and G12-Grsys ;Almog g, the main
unshifted peak and peaks S1 and $2 merge into a single broad, asymmetric band of resonances
with a center of gravity that shifts to progressively lower frequency with increasing Fe*'
(Figures 8a-b). The loss of resolution in this band of resonances can also be attributed, in part, to
the presence of peaks related to SiO, tetrahedra having two or more nearby Fe?* neighbors in
configurations related to peaks S1 and S2 (corner-shared sites or second cation neighbors). In
other words, at higher concentrations of Fe”*, peaks consisting of combinations of S1 and S2,
such as S2+82, S1+S2+82, S1+S1+S1, etc., will have non-negligible intensities. The overlap of
all these peaks leads to asymmetric, heterogeneous line broadening in addition to the
homogeneous broadening caused by the relaxation effects of paramagnetic Fe'.

Despite the loss of resolution between peaks S1, S2, and the unshifted peak at high Fe*
concentration, resonances with larger paramagnetic shifts (e.g. 84) can still be observed, which

correspond to SiOy groups having Fe®* in adjacent edge-shared X-sites. They can, thus, provide
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information of the state of order-disorder of Fe*" at the X-sites in pyrope- and grossular-rich
garnets. The peaks centered at about -70 to -90 ppm have only Mg”" or Ca”" in adjacent edge-
shared dodecahedral X-sites, while S4 at about +100 to +130 ppm has one Fe’" and either Mg*’
or Ca®" in adjacent edge-shared X-sites. In the four garnets with the largest almandine contents,
an additional low intensity resonance is observed at about +310 and +330 ppm for grossular- and
pyrope-rich compositions, respectively (Figure 9). This peak is only observed in spectra
collected at a low magnetic field (9.4 T), where high spinning speeds of 23 kHz were sufficient
to separate spinning sidebands from the isotropic resonances. This feature is shifted by about
+400 ppm from the pure pyrope or grossular peaks, at about -70 or -80 ppm, respectively, while
peak S4 is shifted by about +200 ppm. The fact that the paramagnetic shift of this new feature is
twice that of S4, along with its low intensity (about 5-15 % of the total), argues for its
assignment to SiOy tetrahedra having Fe’" in both adjacent edge-shared X-sites. We hereafter
refer to this peak as S4+54.

Because there is some compositional heterogeneity and/or zoning in these four garnets, it
is difficult to determine their precise structural state (i.e., if, for example, short-range cation
order is present). We note that the presence of the S4+S4 resonance indicates that a local
configuration with Fe®* cations in the two dodecahedra sharing polyhedral edges with a common
SiQ, tetrahedron can occur in grossular- and pyrope-rich garnets. The computational studies have
shown that in grossular-rich compositions that it is energetically unfavorable to have Mg cations
in the two dodecahedra sharing polyhedral edges, and vice versa with respect to Ca cations in
pyrope-rich garnets (Bosenick et al. 2000; Freeman et al. 2006). Given the similarity in ionic
radii between Y'"Mg®* (0.89 A) and V"'Fe?* (0.92 A), one might expect that the local

configuration reflected by the S4+S4 peak will also be energetically unfavorable in grossular-
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rich garnets. Further NMR studies using demonstrably homogeneous samples are needed to
clarify the question of order/disorder in pyrope- and grossular-rich garnets. Future work might
also focus on the effect that synthesis/formation temperature will have on the potential short-
range order that might be observable using NMR spectroscopy.

It should be expected that if any short-range X-site cation order is present in garnet solid
solutions, that it would be more readily detectable in intermediate compositions. However, the
problems associated with paramagnetic interactions become more severe with increasing
concentrations of the paramagnetic species. The NMR spectra are, then, difficult, if not
impossible, to interpret. There are few published MAS NMR studies of silicate minerals with
higher concentrations of transition metals than the Dora Maira pyrope garnet with a 6.7 mol%
almandine component (P1-Prpos 3Alms 7, Table 1) reported previously (Stebbins and Kelsey
2009; Palke and Stebbins 2011). In order to test the limits of our methodology, we measured the
*Aland *’Si MAS-NMR spectra of a natural, Fe-rich garnet (Stanford Research Mineral
collection, sample #64758) of composition [Mgo 42Feo 44Cao 13Mng 01 13A12Si301> as obtained by
EPMA with Fez*/Felmm assumed to be 1.00. However, the YAl and >°Si spectra showed simply a
single very broad peak (>100 ppm FWHM) and the manifold of associated spinning sidebands.
This was observed even at a spinning speed of 23 kHz and a field of 14.1 T, which were used in
an attempt to separate spinning sidebands from the isotropic resonance. The central peaks were
so broad for both nuclides that their positions could not be determined. Nonetheless, the results
of this experiment place an approximate upper limit on the almandine component that can be
present in garnet, beyond which no informative MAS NMR spectra can be measured. Lower

fields and/or faster spinning speeds could extend this range somewhat.
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Implications and future work

Based on the results of this investigation, we show that it is possible to collect
interpretable and informative Al and *°Si MAS NMR spectra of garnets with up to a 25 mol%
almandine component (up to 12.6 wt% FeQ). NMR spectra have also been collected on Fe- or
Mn-rich oxide/hydroxides (Kim et al. 2008; Nielsen et al. 2008; Kim et al. 2011; Nielsen et al.
2011) and other materials of technological importance in which Fe, Mn, or other transition metal
cations are major components (c.f. Middlemiss et al. 2013). Other aspects of the challenges of
applying NMR to Fe-bearing silicates have been described recently (c.f. Bégaudeau et al. 2012).
However, MAS NMR ?’Al and *°Si spectra of common silicate minerals with similarly high
concentrations of paramagnetic species are rare. In fact, an early Si MAS NMR study of
forsterite-rich olivine with a 5 mol% fayalite component [(Mgo osFeq 05)25104, 5.0 wt.% FeO]
found no discernible paramagnetically shifted peaks. Only a single resonance, shifted slightly
from that of pure forsterite but with ~20 ppm line broadening was observed (Grimmer et al.
1983). The authors reported, furthermore, the absence of any NMR signal for an olivine with 8.8
wt.% FeO. In our study, grossular G12 and pyrope P6 with a 25 mol% almandine component
(11.7 and 12.6 wt.% FeO, respectively) show *’Si MAS NMR peaks with 40-50 ppm line
broadening, roughly scaling with the peak broadening relative to wt.% FeO observed in the
spectrum of olivine of Grimmer et al. (1983). However, in the case of garnet, there are three
discernible peaks relating to three different local Si0O4-XOg configurations (X = Ca-Fe’" or Mg-
Fe’"). Therefore, the featureless spectrum of the (Mgo osFeo.05)2Si04 olivine is probably not
simply a result of severe line broadening related to paramagnetic effects on nuclear relaxation.
Because olivine, of orthorhombic symmetry, has a larger number of local SiO;-MOy

configurations, involving two crystallographically independent octahedral M-sites, its NMR
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spectra should show more paramagnetically shified peaks than in the case of garnet. In other
words, Fe-bearing olivines have many 21 NMR resonances leading to a loss of spectral
resolution at high concentrations of Fe?'. In fact, McCarty et al. (2012, 2014) have demonstrated
the presence of a large number of paramagnetically shifted peaks in high-resolution Si MAS
NMR spectra of synthetic Mg>SiO, forsterite with small concentrations, less than 1 mol%, of a
Fe,SiO,; component. Thus, NMR studies on minerals containing paramagnetic transition metals
or rare earth elements must consider the crystal structure and the number of possible local atomic
configurations around the target NMR nuclide.

Finally, while it is surprising that *’Al and ’Si MAS NMR spectra can be recorded for
garnets with up to 12.6 wt.% FeO, it is important to put this finding in the context of what can be
determined regarding local structural properties. In particular, if an appropriate suite of garnets
were procured, the methodology developed in this study could be used to address two important
problems, namely, 1) The presence or absence of tetrahedral Al and 2) The state of short-range
order/disorder of X-site cations in garnets with roughly less than 50 mol% almandine. Both
questions are important for understanding the precise crystal chemistry and thermodynamics of
garnet. The detection of subtle structural features described herein may put MAS NMR
spectroscopy in a unique position to help resolve both of these questions. In fact, the large
separation in frequency between paramagnetically shifted peaks seen here may actually allow for
a higher level of structural information when considering the question of short-range ordering by
increasing the resolution between distinct atomic configurations. The methodology described in
this study may also be used to shed light on questions beyond that of short-range ordering such
as site occupancy and intracrystalline partitioning of minor to trace elements. The gaining

momentum in the application of NMR spectroscopy to paramagnetic geologic materials is set to
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take advantage of the potential for future work on a wide variety of silicate and non-silicate

minerals.
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Figure Captions

Figure 1. Room temperature Mdssbauer spectra of samples G5-GrsogsAlmgsAndos, G6-
Grsge sAlm 2Ands 0, G9-Grsos 7AImz9Ando s, and G10-Grsgj 2Andsg. Solid lines are fits to the

data with the two-doublet model as described in the text.

Figure 2a. Local coordination relationships between a central AlOg octahedron and XOs
dodecahedra in pyrope-rich (X = Mg) and grossular-rich (X = Ca) garnets. Al is depicted by the
central black sphere and X-site cations by the cross-hatched spheres. Bonds between cations and

oxygen are shown by gray sticks.

Figure 2b. Local coordination relationships between a SiOy tetrahedron and XOs dodecahedra
only two bonds away (i.e. Si-O-X) in pyrope-rich (X = Mg) and grossular-rich (X = Ca) garnets.
Si is depicted by the central gray sphere and tetrahedron. XOg dodecahedra edge-shared to the
SiO, tetrahedron are shown by the cross-hatched circles while those sharing corners with the

SiO tetrahedron by black circles. Bonds between cations and oxygen are shown by gray sticks.

Figure 2c. Local coordination relationships between a SiOy tetrahedron and XOg dodecahedra up
to four bonds away (i.e. Si-O-X-0-X) in pyrope-rich (X = Mg) and grossular-rich (X = Ca)
garnets. Si is depicted by the central gray circle and tetrahedron. The Si atom “sees™ three
symmetrically inequivalent types of XOg dodecahedra in this coordination shell shown by the
black, cross-hatched, and two-toned circles. XOg dodecahedra edge-shared and corner-shared to
the SiO, tetrahedron are shown by white circles (see Figure 2b). Bonds between cations and

oxygen are shown by gray sticks.

35

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5062

Figure 3. 7A1 NMR spectra (9.4 T) of pyrope-rich garnets P2-Prpos 3Almg 7, P4-PrpssoAlmiao,
and P5-Prpgs 2Almie ¢ showing the main unshifted pyrope peak, A0, and paramagnetically shifted

peaks A1, A2, and A3. Spinning sidebands are marked by “*”.

Figure 4a. >’ Al NMR peak widths (14.1 T) vs. Feio + Mn in atoms per formula unit (afu) for
grossular-rich garnets in this study. Note that only those samples with homogenous compositions
are included here. Estimated uncertainties for peak widths are * 5 % of full width at half

maximum (FWHM).

Figure 4b. #Si NMR peak widths vs. Feya + Mn in atoms per formula unit (afu). Closed circles
represent grossular garnets and open circles represent pyrope garnets. Note that only those

samples with homogeneous compositions are included here. Estimated uncertainties for peak

widths are + 5 % of full width at half maximum (FWHM).

Figure 5. “’Al NMR spectra (18.8 T) of grossular-rich garnets G7-GrsesoAlm; sAnd, ¢, G9-
Grsos 7AIm2 0Andg 4, G10-Grso; 2Ands g, and G11-GrsoooAlmioo and the Al NMR spectrum (9.4
T) of grossular-rich garnet G12-Grsys 2Almas 3. A portion of the spectrum of G7 is shown with an
enlarged vertical scale to emphasize the presence of tetrahedral Al at 60 ppm. Paramagnetically

shifted peak “A1"" is marked for sample G11.

Figure 6a. Si NMR spectra (9.4 T) of grossular-rich garnets G7-Grsgs 9Alm; sAnd; ¢ and G8-

Grsos 4Ands ¢ as well as pyrope-rich garnet P1-Prpo; 3Alma 7 centered around the main, unshifted
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grossular or pyrope peaks. Paramagnetically shifted peaks are marked as “S1” and ““S2” and the

spectrum of G7 is shown with an enlarged vertical scale to emphasize these features.

Figure 6b. »Si NMR spectra (9.4 T) of grossular-rich garnet G7-Grsgs 9Alm; sAnd, ¢ and
pyrope-rich garnet P1-Prpo7 3Alm; 7 showing paramagnetically shifted peak S4. Both spectra are
also shown with an enlarged vertical scale to bring out this feature. Spinning sidebands are

marked with “** for the main band of resonances and “*S4*” for peak S4.

Figure 7. Results of the fitting procedure of the main band of resonances from the *Si NMR
spectrum of grossular gamet G7-Grses 90Alm; sAnd; s showing individual contributions from
specific resonances described in the text. “S17 and “S2” refer to paramagnetically shifted peaks
while “USN” and “USB” refer to the narrow and broad component needed to fit the main,
unshifted peak. The experimental spectrum is shown above the “SUM? of the fitted components

with the residual to the fit at the bottom.

Figure 8a. “’Si NMR spectrum (9.4 T) collected with a spin echo pulse sequence for pyrope-rich
garnets P4-PrpggoAlmizo, and PS5-Prpgs;Almies, and P6-Prps7Almys 3 with relatively large
almandine components. The main band of resonances is shown at about -70 to -90 ppm. Peaks

S1 and S2 are observed and labeled for P4 but not for the other samples.

Figure 8b. ’Si NMR spectrum (9.4 T) collected with a spin echo pulse sequence for grossular-

rich garnet G12-Grsys,Almay ¢ with a relatively large almandine component. The main band of
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resonances is shown at about -105 ppm. Note the wider frequency scale range compared to

Figure 8a.

Figure 9. 2Si NMR spectrum (9.4 T) collected with a spin echo pulse sequence for pyrope-rich
garnets P4-Prpgs oAlmiao, P5-PrpssaAlmigs, P6-PrpsssAlmyss, and grossular-rich garnet G12-
Grsys2Almag . The spectra highlight the main band of resonances at about -70 to -100 ppm, peak
S4 at about +100 to +130 ppm, and peak S4+S4 at about +330 ppm. Simplified atomic diagrams
are presented above each peak showing their relationship to configurations of SiOy tetrahedra
with zero, one, or two Fe’" in edge-shared X-sites. Spectra of P4 and P5 are shown as well with

the vertical scale enlarged 5x to highlight low-intensity features. *S0*, *S4*, and *S4+S4* mark

the respective spinning sidebands.
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G10
0.000(1)
0.000(2)

G9

G8
0.000(1)  0.084(8)
0.000(1)  0.087(5)

G7
0.045(5)
0.044(5)

G6

0.030(4)
0.035(2)

G5
0.021(3)
0.025(3)

4
0.012(2)
0.014(4)

Table 2. Concentration of Fe* (atoms per formula unit) estimated by NMR in comparison to Massbauer+EPMA measurements
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Figure 1
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Figure 2a

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5062 9/10

Figure 2b
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Figure 2c
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Figure 4a
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Figure 4b
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Figure 5
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Figure 6a
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Figure 6b
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Figure 8a
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Figure 8b
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Figure 9
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