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abstraCt

Majorite garnets with the composition Mj70Py30 have been deformed in the multi-anvil apparatus at 
17 GPa and 2000 °C. The microstructure has been characterized by transmission electron microscopy. 
It is shown that under these conditions majorite garnet is ductile. Dislocations with <100> and ½<111> 
Burgers vectors are observed with a density 1–5 × 1012 m−2. The absence of clear glide planes and the 
occurrence of subgrain boundaries suggest the importance of diffusion and climb in the plasticity of 
majorite garnets in mantle transition zone conditions.
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introduCtion

The so-called transition zone of the Earth’s mantle is defined 
by the phase transitions in olivine, which give rise to seismic 
discontinuities at ca. 410 and 520 km depth before the forma-
tion of a perovskite-dominated assemblage at 660 km depth. 
However, a significant part of the transition zone is made of a 
garnet phase called majorite (40% of a pyrolite mantle; the garnet 
fraction may even reach 90% of subducted MORB material at 
transition zone depths) that results from the opening of a solid 
solution between garnets and pyroxenes at high pressure (e.g., 
Gasparik 1990; Gwanmesia et al. 2000; Ita and Stixrude 1992). 
Hence, mantle majorite is expected to be a complex solid solu-
tion containing O, Si, Mg, Al, Ca, Fe, Cr, etc. However, in most 
studies, mantle majorite is approximated in the so-called pyrope-
majorite system, i.e., along the join Mg3Al2Si3O12-Mg4Si4O12 
(Heinemann et al. 1997; Nakatsuka et al. 1999). This system 
involves a symmetry change because pyrope is cubic (Ia3d), 
whereas MgSiO3 majorite garnet is tetragonal (I41/a) (Angel et al. 
1989; Barnhoorn et al. 2010; Hatch and Ghose 1989; Heinemann 
et al. 1997; Nakatsuka et al. 1999; Parise et al. 1996; Wang et al. 
1993). However, even at pressure and temperature conditions of 
the Earth’s transition zone, natural garnets remain cubic because 
they do not approach the composition of pure majorite (Hatch 
and Ghose 1989; Heinemann et al. 1997). Therefore, the study 
of majorite garnets should be done using a pyrope-majorite solid 
solution to remain relevant.

Since majorite garnet is the second most abundant phase 
of the transition zone, its rheological properties are of primary 
importance to understand the role played by this layer on global 
mantle convection. However, the rheology of garnets is poorly 
understood, even in the context of the lower crust and the upper 
mantle conditions. Garnet has long been considered as a rigid 

mineral, however, several studies have suggested that garnets 
may deform under high-temperature conditions (Ando et al. 
1993; Barnhoorn et al. 2010; Ji et al. 2003; Ji and Martignole 
1994; Kleinschrodt and McGrew 2000; Mainprice et al. 2004; 
Prior et al. 2000; Storey and Prior 2005; Voegelé et al. 1998a, 
1998b). In some cases, microstructural evidences support glide 
of dislocations as a deformation mechanism, which produces 
crystal-preferred orientations. In most cases, the usual ½<111> 
(commonly observed in body-centered cubic materials) Burgers 
vector is invoked (Kleinschrodt and McGrew 2000; Storey and 
Prior 2005). However, Voegelé et al. (1998a, 1998b) have shown 
that <100> are also activated in garnets. Interestingly, several 
authors have highlighted the role played by diffusion (Bestmann 
et al. 2008; Kleinschrodt and McGrew 2000; Prior et al. 2000; 
Storey and Prior 2005; Terry and Heidelbach 2004; Voegelé et al. 
1998a, 1998b), whether dislocation activity is involved or not.

The case of majorite is even less documented although it 
raises additional questions like (1) the role of crystal chemistry 
(majorite garnet is enriched in silicon), (2) the role of pressure 
(typically the one of the transition zone, i.e., 14–24 GPa) and 
the role of symmetry (cubic vs. tetragonal) although the latter 
effect is not expected to be significant. Pioneering studies have 
shown that majorite garnets can support large stresses at ambient 
temperature (Kavner et al. 2000). Following the first deforma-
tion experiments at high pressure performed on pyrope, Li et al. 
(2006) and Hunt et al. (2010) have assessed the relative strength 
of majorite over pyrope. It is found that at high temperature 
(above ca. 800 °C) a majorite-rich garnet is weaker than a pure 
pyrope. Unfortunately, no microstructural investigation was 
carried out in this study and the only information regarding 
dislocations in majorite garnets come from non-intentionally 
deformed samples (both natural and synthetic) that showed 
occurrence of ½<111> and <100> Burgers vectors (Voegele et 
al. 2000). However, these defects could not be related to plas-
tic deformation and the deformation mechanisms of majorite 
garnets are still unconstrained.
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