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ABSTRACT

The structural environment of substitutional Cr3+ ion in a natural pyrope Mg3Al2Si3O12 has been 
investigated by Cr K-edge extended X-ray absorption fine structure (EXAFS) and X-ray absorption 
near edge structure (XANES) coupled with first-principles computations. The Cr-O distance is close 
to that in knorringite Mg3Cr2Si3O12, indicating a nearly full relaxation of the first neighbors. The local 
C3i symmetry of the octahedral Y site is retained during Cr-Al substitution. The second and third shells 
of neighbors (Mg and Si) relax only partially. Site relaxation is accommodated by strain-induced bond 
buckling, with angular tilts of the Si-centered tetrahedra around the Cr-centered octahedron, and by 
a deformation of the Mg-centered dodecahedra. 
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INTRODUCTION

Much interest is currently devoted to the study of defects in 
minerals. In particular, the precise determination of the structure 
around impurities is fundamental to understand the mechanisms 
of their incorporation or the physical properties of minerals such 
as coloration.

Chromium-bearing pyrope is an important mineral of the 
lithospheric upper mantle. Chromium concentration in this 
mineral increases with depth and is used in mantle barometry 
(Grütter et al. 2006). The presence of Cr in the garnet lattice 
shifts significantly the spinel-garnet transformation (a major 
phase boundary in the Earth’s upper mantle) to pressures as high 
as 7 GPa (Klemme 2004). Pyrope Mg3Al2Si3O12 and knorringite 
Mg3Cr2Si3O12 form a complete solid solution and garnets close 
to the pyrope 50-knorringite 50 composition occur as inclusions 
in natural diamonds (Irifune et al. 1982). In garnet of structural 
formula X3Y2Z3O12 (Novak and Gibbs 1971, with Z = Si in the 
present case), Cr3+ is small enough to substitute for Al3+ in the 
Y site, at the center of a slightly distorted octahedron of C3i (3) 
symmetry, giving rise to characteristic optical absorption spec-
tra (Amthauer 1976). The Cr-O distance inferred from crystal 
field splitting indicates a significant relaxation of the Cr site in 
pyrope (Taran et al. 2004). However, direct information on the 
complete relaxation process is still lacking for Cr3+ substituted at 
minor amounts in garnets. In the -Al2O3– -Cr2O3 and MgAl2O4-
MgCr2O4 solid solutions, the Cr substitution for Al induces a 
significant relaxation, with a spatial extension depending on 
the host structure (Gaudry et al. 2006; Juhin et al. 2007). The 

precise determination of the relaxation in these kinds of systems 
is also crucial for the correct interpretation of data obtained from 
spectroscopies, such as X-ray absorption near edge structure 
(XANES), which are widely used to characterize these materials 
(see for example Quartieri et al. 2006 and Oberti et al. 2006). 

The present work investigates the relaxation caused by the 
substitution of Al3+ by Cr3+ in pyrope. The combination of X-ray 
absorption spectroscopy (XAS) and density functional theory 
(DFT) calculations demonstrates a nearly full relaxation of the 
substituted Y site, the structural relaxation extending at least to 
the third neighbor shell.

EXPERIMENTAL METHODS

Experimental details
We investigated a natural gem-quality pyrope single crystal from Garnet Ridge, 

Arizona, brought up by ultramafic diatremes of the Navajo Volcanic Field and 
considered as characteristic of the underlying shallow upper mantle (Wang et al. 
1999). Its density was estimated as 3.53 by the standard Archimedes method with 
a toluene bath. The pyrope contains (wt%) 40.6 SiO2, 19.8 MgO, 22.3 Al2O3, 2.09 
Cr2O3, 9.59 FeO, 4.01 CaO, and 0.48 MnO. The composition was analyzed using 
the Cameca SX50 electron microprobe at the CAMPARIS facility (Universities 
of Paris 6/7, France). A 15 kV voltage with a 40 nA beam current was used. X-ray 
intensities were corrected for dead-time, background and matrix effects using the 
PAP correction procedure (Pouchou and Pichoir 1985). The standards used were 
CaMgSi2O6, KAlSi3O8, -Fe2O3, and -Cr2O3. 

Optical measurements were performed at 293 K between 4000 and 30 000 cm–1. 
The pyrope single crystal was investigated in transmission using a UV-visible-NIR 
computerized Cary 5G double beam spectrophotometer. The spectral resolution 
varied from 1 nm in the UV region to 2 nm in the visible region.

Chromium K-edge X-ray absorption spectra were collected at room temperature 
on beamline BM30b (FAME), at the European Synchrotron Radiation Facility 
(Grenoble, France) operated at 6 GeV. Calibration was made with respect to the 
first inflection point in a Cr metal foil (5989 eV). The data were recorded using the 
fluorescence mode with a Si (220) double crystal and a Canberra 30-element Ge * E-mail: amelie.juhin@impmc.jussieu.fr


