American Mineralogist, Volume 107, pages 1470–1476, 2022

The interplay between twinning and cation inversion in MgAl2O4-spinel: Implications for a
nebular thermochronometer
Venkateswara Rao Manga1,2,*, Krishna Muralidharan1,2, and Thomas J. Zega1,2
1
Lunar and Planetary Laboratory, University of Arizona, 1629 E. University Boulevard, Tucson, Arizona 85721, U.S.A.
Department of Materials Science and Engineering, University of Arizona, 1235 E. James E. Rogers Way, Tucson, Arizona 85721, U.S.A.

2

Abstract
We report a first-principles-based thermodynamic investigation of the interplay between cation
inversion and twinning in MgAl2O4 spinel (MAS). We examine the atomic-scale structure of (111)
twins and characterize the local octahedral and tetrahedral distortions. We observe that the asymmetric
nature of polyhedral distortions about the (111) twin plane causes anisotropy in cation inversion energies
near the planar fault. The predicted enthalpies and entropies of inversion reveal that in comparison to
the Kagome layer, the anti-site occupancies of Al and Mg, i.e., cation inversion, on the mixed-cationlayer near the twin boundary are more favorable and stable in the entire range of temperature of twin
stability. Structurally, such a stable inversion is necessitated by the minimization in the polyhedral
distortions, especially by the octahedral distortion, which exhibits a reduction of four orders of magnitude relative to the polyhedra with no inversion. The fundamental understanding obtained on the
thermodynamics of the twin-cation inversion interplay in conjunction with the kinetics of inversion
was used as a basis for developing a thermochronometer for deducing the temperature of twinning
in MAS. This work serves as an important steppingstone for experimental characterization of MAS
structures within a host of Earth and planetary materials. In the case of the latter, our results enable
the use of planar faults, such as twins, as important markers for deducing the physical and chemical
landscape that MAS experienced in its evolution and transport within the solar protoplanetary disk.
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Introduction
Magnesium aluminate spinel (MAS) MgAl2O4 finds interest
across scientific fields because of its technological, geological,
and astrophysical relevance (Ganesh 2013; Biagioni and Pasero
2014; Parisi et al. 2014; Bosi et al. 2016). The crystal chemistry
and the underlying thermodynamics of spinel materials has
therefore, received considerable attention for decades (e.g.,
Navrotsky and Kleppa 1967; Méducin et al. 2004). In planetary
science, MAS is a significant phase (Brearely and Jones 1998).
It occurs as a constituent mineral in calcium-aluminum-rich
inclusions (CAIs, MacPherson 2014), which are the first solids
to have condensed in our early solar nebula (Amelin et al. 2002;
Connelly et al. 2012). Consequently, the mineralogy and the
crystal chemistry of MAS, as well as other phases in CAIs, are
important for understanding the origins and physical processes
of the early solar nebula.
An interesting feature of MAS crystal chemistry is the way
in which its Al and Mg cations populate its crystallographic sites
within its cubic structure (space group: Fd3m) as a function of
temperature. These cations can disorder, which occurs when
the Al atoms substitute into tetrahedral sites normally occupied
by Mg, whereas Mg substitutes into octahedral sites normally
occupied by Al. This process is referred to as inversion, and the
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inversion reaction Al(M) + Mg(T) = Mg(M) + Al(T), where M
= the octahedral site and T = the tetrahedral site, is thermally
activated (O’Neill and Navrotsky 1984; Kashii et al. 1999;
Redfern et al. 1999). At 1 atm pressure, inversion was shown to
occur at temperatures > ~300 K and reached a value of x = ~0.37
in (Mg1–xAlx)T(Al2–xMgx)MO4 at 2000 K (Navrotsky and Kleppa
1967; Méducin et al. 2004). Given that MAS grains in CAIs and
possibly other planetary materials could have experienced largescale transport within the solar protoplanetary disk (Ciesla 2007,
2010; Brownlee 2014) and hence a wide range of thermodynamic
conditions, it is important to understand the extent of inversion as
a function of temperature and pressures relevant to the early solar
nebula. Such information is currently unavailable and represents
an important and relevant knowledge gap.
Cation disorder in MAS is also sensitive to structural perturbations in the form of planar faults (Rasmussen et al. 2011),
which can include twin planes within the phase. Twins can occur
during deformation, phase transitions, or crystal growth and are
named accordingly as deformation twins, phase transition twins,
or growth twins. The twin plane is denoted by the (hkl) crystallographic plane parallel to which the twin occurs and demarcates
the planar fault that divides twin domains from each other. As a
coherent interface between the two twin domains whose lattice
vectors are inclined to each other at a specific angle, these twin
planes are energetically unfavorable in terms of their formation
energies. As a result, these faults tend to minimize their energies
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