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INTRODUCTION

The most common mineral in the Earth’s lower mantle is
MgSiO3 with the perovskite structure, in which Si4+ occupies
octahedral “B” sites ([6]Si) and Mg2+ occupies central, eight- to
twelve-coordinated “A” sites ([8]Mg) (Knittle and Jeanloz 1987;
Zhang and Weidner 1999). After FeO and possibly Fe2O3, the
most abundant substituent in this phase is Al2O3, which com-
prises about 2 to 4 wt% of the entire mantle (Anderson 1989;
Wood and Rubie 1996). Despite large effects on phase equilib-
ria (Kesson et al. 1995; Wood and Rubie 1996; Weidner and
Wang 1998; Kubo and Akaogi 2000), elastic (Zhang and
Weidner 1999; Brodholt 2000) and electrical (Dobson and
Brodholt 2000) properties, and their consequences for under-
standing the large-scale structure of the Earth, the mechanism(s)
by which Al2O3 dissolves in MgSiO3 perovskite are not fully
understood.

Two types of solid solution have been proposed. A coupled
substitution at both sites would maintain a 1:1 ratio of Mg/Si,
with the composition remaining on the MgSiO3-Al2O3 binary:

Mg2+
A + Si4+

B ´ Al3+
A + Al3+

B                               (1)

In contrast, Al3+ could substitute at the B site, leaving O-
atom vacancies in the structure and producing compositions
on the MgSiO3-MgAlO2.5 join:

Si4+
B + 1/2O2– ´ Al3+

B + 1/2V0
O                          (2)

O-atom vacancy substitutions are well-known in perovskite-
structured oxides, for example the well-studied system CaTiO3–
CaFeO2.5 (Becerro et al. 1999; McCammon et al. 2000). Such
materials have important technological applications, especially
when the resulting oxide ion mobility provides anionic con-
ductivity in sensors and fuel cell electrolytes (Navrotsky 1999;
Kim and Grey 2002; Stebbins 2002). It has been suggested that
the second mechanism may play an important role in the lower
mantle, which is likely to contain an MgO-rich oxide phase
(ferropericlase) as well as perovskite, favoring a ratio of Mg/
Si > 1 in the latter (Navrotsky 1999; Brodholt 2000). O-atom
vacancies are particularly interesting as they may be a “sink”
for hydroxyl groups and hence water in the earth (Navrotsky
1999; Murakami, et al. 2002) and may have large effects on
diffusivity, conductivity, strength, and creep rate of the mantle.
Stoichiometric MgSiO3 perovskite, in contrast, apparently can
accommodate very little OH in its structure (Bolfan-Casanova
et al. 2000). As yet, however, there is no clear structural (as
opposed to compositional) evidence for O-atom vacancies in
MgSiO3-based perovskites.

Recent spectroscopic studies of Al-substituted perovskite
have concentrated on the stoichiometric join, MgSiO3-Al2O3.
X-ray absorption spectroscopy suggested that significant sub-
stitution occurs at both sites (Andrault et al. 1998). A high-
field, high-resolution 27Al NMR study of similar material
revealed Al at two distinct types of sites, with roughly equal
populations, favoring the domination by the coupled substitu-
tion in at least this composition (Stebbins et al. 2001). One site
showed the symmetrical octahedral geometry expected for the
defect-free B site; the other was more distorted and disordered,
with six or higher coordination, suggesting a partially collapsed* E-mail: Stebbins@pangea.stanford.edu
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ABSTRACT

In the Earth’s mantle, the mechanism(s) of solid solution of Al in MgSiO3 perovskite strongly
impacts its thermodynamic and transport properties. We present 27Al NMR data for perovskite samples
of nominal composition Mg(Si0.9Al0.1)O2.95, to test a mechanism by which Al3+ substitutes at the
octahedral Si4+ sites, leaving a corresponding number of O-site vacancies. We find evidence for this
process in a significantly greater peak area for Al at B (Si) sites vs. A (Mg) sites in the structure, and
the possible identification of a small concentration of five-coordinated Al adjacent to such vacan-
cies. However, substitution of Al3+ at the A sites remains significant. As in perovskite-type techno-
logical ceramics, O-atom vacancies may play an important role in enhancing ion mobility and the
dissolution of water.
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