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AbStrACt

We present variable-temperature (VT, 31 to 204 °C) 29Si magic angle spinning NMR (MAS-NMR) 
spectra of a synthetic forsterite containing dilute paramagnetic impurities and 27Al and 29Si spectra of 
two iron-bearing natural pyrope garnet specimens from the Dora Maira ultrahigh-pressure metamor-
phism locality. Previous NMR studies of these materials reported multiple “anomalous” resonances 
outside the range of expected frequencies. It has been hypothesized that these peaks were caused by 
interactions between paramagnetic centers and the resonating nuclei. Our VT MAS-NMR study shows 
a linear relationship between peak position and inverse temperature for the “anomalous” resonances, 
confirming their assignment as paramagnetic shifts. A detailed analysis of the peaks in the pyropes 
indicates that the “anomalous” resonances are caused by a combination of the Fermi contact and 
pseudocontact interactions. The paramagnetic shifts in the 29Si spectra are likely caused by Fe2+ in the 
first, second, and third nearest dodecahedral sites while those in the 27Al spectra are likely caused by 
one or two Fe2+ in the first shell dodecahedral site.
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introduCtion

High-resolution solid-state nuclear magnetic resonance 
(NMR) spectroscopy has been a valuable tool in the study of geo-
logical materials for more than three decades (Kirkpatrick et al. 
1985; Stebbins 1995; Engelhardt and Michel 1987; MacKenzie 
and Smith 2002; Fechtelkord 2004). It was recognized early on 
that the presence of even small concentrations of paramagnetic 
species in these materials had significant effects on the lineshapes 
of the recorded spectra and the relaxation rates of the resonat-
ing nuclei (Oldfield et al. 1983; Watanabe et al. 1983; Barron 
et al. 1983; Sherriff and Hartman 1985). These studies pointed 
out that significant concentrations of paramagnetic species can 
obscure information on chemical shift anisotropy and can lead 
to excessive line broadening and decreased signal resolution 
(Oldfield et al. 1983). Sherriff and Hartman (1985) collected 29Si 
NMR spectra of natural feldspars and found that concentrations 
of only 1.4% Fe could cause poor resolution and low signal to 
noise. These detrimental effects on NMR spectroscopy have also 
been observed for glasses containing 1 to 5 wt% FeO (Murdoch 
et al. 1985). However, Kelsey et al. (2009) demonstrated that 
information about 27Al coordination environments could be 
obtained in synthetic, high-pressure aluminosilicate glasses 
containing up to 5 wt% FeO. Moreover, when present in very 
small concentrations these paramagnetic species can enable 
spectra to be collected more quickly without loss of resolution 
due to increased nuclear relaxation rates (Sherriff and Hartman 
1985). In fact, many synthetic glasses and minerals prepared 
for NMR spectroscopy are doped with small amounts (e.g., 0.2 
wt%) of paramagnetic materials such as Co3O4 or Fe2O3 to re-

duce pulse recycle delays without compromising signal intensity 
(MacKenzie and Smith 2002).

None of the early NMR studies involving natural geological 
minerals reported distinct resonances due to interactions with 
paramagnetic centers. However, more recently such peaks have 
been described in synthetic, V4+-containing zircon (Dajda et al. 
2003). Additionally, in a study of natural iron-bearing pyroxenes 
“anomalous” resonances have been reported in the 29Si spectra 
well outside the range of tetrahedral chemical shifts in silicate 
minerals (Bégaudeau et al. 2009). Such resonances are often 
referred to as paramagnetically shifted peaks (a generic term 
for two distinct interactions, see below) and are caused by a 
coupling of nuclear spin states with the unpaired electron spins 
of paramagnetic centers including ions of most of the transition 
metals and lanthanides. Paramagnetic shifts are a well-known 
phenomenon and have been widely used to elucidate the structure 
of organic molecules in the solid state and in solution (Brough 
et al. 1993; La Mar et al. 1973). Paramagnetic interactions have 
also been increasingly used in solid-state NMR spectroscopy of 
inorganic crystalline materials to provide information about the 
extent of solid solutions, cation order/disorder, site occupancy, 
and clustering (Grey et al. 1989; Harazono et al. 1998a, 1998b, 
2001; Lee et al. 2002; Marichal et al. 1995).

In a recent report of the 27Al and 29Si NMR spectra of two 
natural pyrope (Mg3Al2Si3O12) garnets from the Dora Maira 
ultrahigh-pressure metamorphism locality in Italy, Stebbins and 
Kelsey (2009) reported the presence of “anomalous” resonances, 
some of which fell far outside the known range of chemical shifts. 
These were attributed to minor concentrations of an almandine 
(Fe3

2+Al2Si3O12) component (up to 3.5 wt% FeO). Hence, it was 
hypothesized that these “anomalous” resonances were due to 
interactions between paramagnetic centers and the resonating * E-mail: apalke@stanford.edu


