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INTRODUCTION

As our views of the composition and structure of the deep 
mantle become more detailed, the complexities in physical prop-
erties caused by multi-component solid solution in high-pressure 
minerals are being investigated more carefully. Because alumi-
num is probably the most abundant element in the bulk mantle 
after O, Mg, Si, and Fe, and is even more signiÞ cant in basaltic 
compositions, its mechanisms of dissolution in deep-mantle 
silicates has begun to receive particular attention. 

A common theme in systems where Al3+ substitutes for oc-
tahedral Si4+ is the role of oxygen vacancies, as their presence 
may have important implications for both thermodynamic and 
transport properties. For example, it is clear that Al3+ can (at least 
in part) substitute into MgSiO3 perovskite by a Tschermak-like 
mechanism, with A representing the large central site (gener-
ally eight-coordinated) and B the symmetrical octahedral site 
(reviewed by Navrotsky et al. 2003; Walter et al. 2004):

MgA
2+ + SiB

4+ ↔ AlA
3+ + AlB

3+. (1)

However, there is also evidence that in a chemical environ-
ment with excess MgO, as may typify the lower mantle, Al3+ 
can also substitute at the B site preferentially, leaving oxygen 
vacancies in the structure (Navrotsky 1999):

SiB
4+ + 1/2O2� ↔ AlB

3+ + 1/2V0
O. (2)

Extensive experimental and theoretical studies, reviewed in de-
tail in several recent papers (Navrotsky et al. 2003; Akber-Knutson 
and Bukowinski 2004; Jackson et al. 2004; Walter et al. 2004), have 
noted that the predominant mechanism may have major effects 
on properties such as bulk modulus and sound velocities, which 
are key to large-scale models of the structure of the Earth. It is ap-
parent that the concentration of oxygen vacancies will depend not 
only on component activities but also on coupled substitution of 
Al3+ with Fe3+ (Walter et al. 2004); higher pressure is also likely to 
signiÞ cantly reduce the importance of vacancies (Akber-Knutson 
and Bukowinski 2004; Walter et al. 2004). Vacancies may have 
an especially interesting geochemical role in at least the upper 
part of the lower mantle, however, as they may serve to allow 
incorporation of H+ and thus H2O (Navrotsky 1999).

Although several structural studies of aluminous perovskites 
by X-ray diffraction have provided detailed information on 
long-range average structure (Walter et al. 2004), spectroscopic 
constraints on the real, local structure around substituent Al3+ 
cations have been limited to Al X-ray absorption data (Andrault 
et al. 1998) and to two high-resolution 27Al MAS NMR stud-
ies. The Þ rst of these, on a stoichiometric phase with Mg/Si = 
1, conÞ rmed a 1:1 ratio of Al at the A and B sites (Stebbins et 
al. 2001); the second, on a phase with a nominal composition 
on the MgSiO3-MgAlO2.5 join, noted considerable excess Al at 
the octahedral B site, consistent with a considerable fraction of 
vacancies (Stebbins et al. 2003).

Models of substitution of Al in stishovite have features com-
mon to those proposed for MgSiO3 perovskite, again involving 
both oxygen vacancies and the possibility of substantial water * E-mail: Stebbins@pangea.stanford.edu

Aluminum substitution in stishovite and MgSiO3 perovskite: High-resolution 27Al NMR 

JONATHAN F. STEBBINS,1,* LIN-SHU DU,1 KIMBERLY KELSEY,1 HIROSHI KOJITANI,2                          
MASAKI AKAOGI,2 AND SHIGEAKI ONO3

1Department of Geological and Environmental Sciences, Stanford University, Stanford, California 94305-2115, U.S.A.
2Department of Chemistry, Faculty of Science, Gakushuin University, 1-5-1 Mejiro, Toshima-ku, Tokyo 171-8588, Japan

3Institute for Research on Earth Evolution, Japan Agency for Marine-Earth Science and Technology, 2-15 Natsushima-cho, Yokosuka-shi, 
Kanagawa 237-0061, Japan

ABSTRACT

Aluminum is an important minor constituent of a number of high-pressure mantle silicates in which 
it substitutes for octahedrally coordinated silicon. In several cases, its solid solution may be linked to 
the presence of oxygen vacancies; in others, to charge balance with H+. Here we present new data from 
high-resolution, high-Þ eld (18.8 Tesla) 27Al NMR of aluminous stishovite and of a non-stoichiometric 
perovskite with nominal composition MgSi0.95Al0.05O2.975. For the stishovite, we characterize the local 
structure of the symmetrical, octahedral site for Al. These results, combined with 27Al{1H} REDOR 
NMR, are consistent with hypothesized H+ charge balance, although the presence of a signiÞ cant 
fraction of randomly distributed oxygen vacancies could remain undetected. As in a recent previous 
study of a related perovskite composition, the observed ratio of Al at symmetrical octahedral B sites 
to that of Al at large, central A sites is about 2:1, indicating the presence of oxygen vacancies to ac-
count for charge neutrality in this phase. Such vacancies are not preferentially associated with the Al 
octahedra, however, suggesting a random distribution in the structure.
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