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abStraCt

Iron-bearing pyrope, an abundant silicate mineral in the Earth’s upper mantle, exhibits the largest 
quadrupole splitting (QS) in Mössbauer spectra among all common Fe-bearing rock-forming silicate 
minerals at ambient conditions, with a value of ~3.5 mm/s. Knowledge regarding the hyperfine QS 
of mantle minerals at relevant pressures and temperatures (P-T) is needed to aid our understanding 
of the electronic spin and valence states of iron and local site distortion in major mantle silicate min-
erals. The latter, in turn, is relevant for coherent model of electronic and mechanical properties of 
the Earth’s mantle. Here we have measured synchrotron Mössbauer spectra (SMS) of the high-spin 
Fe2+ in Fe-bearing pyrope garnet with two distinct compositions, (Mg0.8Fe0.2)3Al2Si3O12 (py80alm20) 
and Fe3Al2Si3O12 (alm100), up to 30 GPa and 750 K. Analyses of the SMS spectra revealed that the 
high-spin Fe2+ ions in the distorted dodecahedral site exhibit extremely high QS of ∼3.4–3.6 mm/s 
and relatively high chemical shifts (CS) of ∼1.2–1.3 mm/s at high P-T, indicating that the Fe2+ ions 
remain in the high-spin state. An increase in the Fe content in the pyrope-almandine series only slightly 
decreases the QS and CS of the Fe2+ ions. To decipher the energy separation (∆) between the two 
lowest energy levels of the 3d electrons of the Fe2+ ions in the sample, the dxy and dz

2 orbitals, the QS 
values of py80alm20 at high P-T were further evaluated using Huggins model. Our modeled results 
show that the ∆ of the Fe2+ ions in py80alm20 is ~156 meV at high P-T, and may be correlated to the 
change of the crystal-field energy splitting (∆C). Comparison of the QS, ∆, and ∆C values of Fe2+ ions 
in the distorted dodecahedral sites of pyrope and silicate perovskite indicates that the high-spin Fe2+ 
with the extremely high QS can remain stable at high P-T conditions, consistent with recent theoretical 
predictions. Our results thus contribute to our current understanding of the hyperfine parameters and 
spin and valence states of iron in the mantle silicate minerals at high P-T.
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introduCtion

Iron-bearing pyrope is one of the major constituents in the 
Earth’s crust and upper mantle, and is commonly found in many 
igneous and metamorphic rocks (e.g., Deer et al. 1982; Ringwood 
1991). The pyrope (Mg3Al2Si3O12; abbreviated as py)-almandine 
(Fe3Al2Si3O12; abbreviated as alm) solid solution represents the 
dominant garnet composition and is thus of great geological and 
petrological interest. Fe-bearing pyrope crystallizes in the cubic 
system with space group Ia3d in which the divalent Mg2+ and 
Fe2+ cations occupy the large eightfold dodecahedral sites, while 
the Al3+ and Si4+ cations are located in the center of the sixfold 
octahedral and fourfold tetrahedral sites, respectively (Zemann 
and Zemann 1961; Gibbs and Smith 1965). Due to its geologi-
cal abundance, physical properties of pyrope-almandine have 
attracted extensive research interest, including the study of their 
crystal structure (e.g., Gibbs and Smith 1965; Armbruster et al. 
1992), elasticity (e.g., Chai and Brown 1997; Conrad et al. 1999; 
Sinogeikin and Bass 2000; Jiang et al. 2004), and thermodynam-
ics (e.g., Haselton and Westrum 1980; Wang et al. 2000).

The particularity of the Fe-bearing pyrope in mineral phys-
ics pertains to the extremely high quadrupole splitting (QS) 
of 3.47–3.58 mm/s observed in Mössbauer spectra at ambient 
conditions. This is, in fact, the largest QS ever observed among 
all common Fe-bearing silicate minerals under ambient environ-
ments (e.g., Bancroft et al. 1967; Lyubutin and Dodokin 1970; 
Huggins 1975; Amthauer et al. 1976; Murad and Wagner 1987; 
Geiger et al. 1992, 2003; Černá et al. 2000). As measured by 
Mössbauer spectroscopy (MS), the QS represents the splitting of 
the nuclear energy levels caused by the interaction of the nuclear 
quadrupole moment with the electric field gradient (EFG) (Dyar 
et al. 2006). The QS value is governed by the iron electronic state 
and its local surrounding in the crystal lattice. It depends on the 
pressure-temperature (P-T), crystal-field splitting, and valence 
and spin states of Fe in minerals. The QS value also reflects the 
degree of the lattice distortion for the coordination polyhedron 
surrounding the Fe atoms (Burns and Solberg 1988). The largest 
QS in Fe-bearing pyrope thus indicates an extremely high lattice 
distortion of the dodecahedral Fe2+ site.

Data on the hyperfine QS values of minerals at a given P-T 
condition provide necessary constraints on the crystal-field * E-mail: zhumao@mail.utexas.edu


