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ABSTRACT
We present a first-principles computational study of the structural properties of ringwoodite and the influence of cation exchange on these properties as well as the enthalpy
differences between ringwoodite and inverse ringwoodite. Our results agree with lowtemperature experiments, in that cubic ringwoodite is the stable structure up to 25 GPa.
This pressure range encompasses the lower part of the mantle transition zone where ringwoodite is thought to be the most abundant phase. The equation of state as derived from
experiment and theory are in good agreement. In contrast to normal ringwoodite, inverse
ringwoodite compresses highly anisotropically and the compression mechanisms differ
considerably for the two structures. The predicted enthalpy difference between normal and
inverse ringwoodite is significantly smaller than that obtained from a simple ionic model
(O’Neill and Navrotsky 1983), emphasizing the importance of including structural relaxation in models that address the energetics of order-disorder reactions, at least in the case
of ringwoodite.

INTRODUCTION
Ringwoodite is thought to be the most abundant mineral
in the lower part of the transition zone (Ringwood 1958;
Ita and Stixrude 1992), which implies that its physical
properties should determine those of the mantle at this
depth (520–660 km) to a first approximation. Experiments show that ringwoodite has cubic symmetry at low
temperatures (Meng et al. 1994). However, the cation distribution of Mg and Si over tetrahedral and octahedral
sites (normal-inverse) is poorly constrained because the
X-ray scattering factors for Mg and Si are similar. Even
if the cation distribution in ringwoodite were known at
low temperatures, this would not necessarily represent
transition zone conditions, due to the high temperatures
at this depth (in excess of 1500 8C). For these reasons,
the symmetry of ringwoodite at transition zone conditions
is still unknown. Knowing the symmetry is important because the cation distribution in ringwoodite is expected
to influence substantially its physical properties, particularly on the elastic constants, which are critical for correlating seismic anisotropy and mantle flow (Karato
1997) in this depth range.
Experimental and theoretical efforts were used to describe the state of ringwoodite at pressure and temperature conditions representative of the lower part of the
transition zone. Hazen et al. (1993) analyzed X-ray diffraction patterns from quenched samples that were prepared under transition zone conditions. Systematic deviations of the Si-O bondlength from an average value in
silicates was associated with 4% Mg occupancy in the
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tetrahedral site. O’Neill and Navrotsky (1983) assumed
that disorder has no effect on the crystal symmetry or
cell shape of ringwoodite. Consequently they described
Mg/Si disorder in the experimentally determined (cubic)
low temperature structure of ringwoodite. Using bond
length systematics and experimentally measured cation
distributions, they concluded that only a very small
amount of cation disorder is present at transition zone
temperatures. However, in both cases, the effects of pressure were not considered and the amount of disorder was
inferred only indirectly from bond length systematics.
The amount of disorder might also change during the
quench process, and it is therefore not clear how the results apply to the mineralogy in the lower part of the
transition zone.
We performed first-principles calculations to investigate
the influence of cation exchange on the physical properties of ringwoodite. This method is very well suited to
evaluate these changes because we can specify the atomic
arrangement, allowing us to characterize the system
uniquely in terms of cation exchange with respect to a
reference configuration. The calculations do not require
any experimental input and allow us to follow changes in
the system on an atomic scale. We consider two endmembers to evaluate the influence of cation exchange on
physical properties: normal and inverse ringwoodite. We
performed full structural optimizations for both structures
to evaluate differences in the equation of state, compression mechanisms, and the relative stability of the two
structures as a function of pressure up to 25 GPa, which
encompasses the lower part of the transition zone.
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