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Abstract

Using first-principles theories, we show that the stability of garnet and perovskite phases in an Al-free system is strongly
influenced by both pressure and temperature, giving rise to a sequence of phase changes. Around 17 ± 3 GPa pressure, the
(Mg1−yCay)3(MgSi)Si3O12 majorite garnet dissociates into Ca- and Mg-perovskites. This divariant transition is associated with
structural, density and elastic changes, and for y ≈ 0.13 it has a width of ∼0.6 GPa. In CaSiO3 plus MgSiO3 aggregate, a (Mg,
Ca)SiO3 solid solution with an intermediate orthorhombic perovskite structure can be formed. The (Mg1−xCax)SiO3 solid solution
with x ≈ 0.04–0.06 is calculated to be stable at the transition zone base and uppermost lower mantle conditions, and with increasing
pressure it separates into perovskite end-members. The pressure–temperature stability limit for the perovskite solid solutions is close
to the mantle geotherms, suggesting the appearance of structural and chemical inhomogeneities driven by temperature anomalies
within the Earth’s lower mantle.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Seismic discontinuities in the Earth’s mantle have sig-
nificant impact on geodynamics. Extensive experimen-
tal and theoretical efforts focus on understanding their
physical and chemical origin. Today there exists a uni-
versal view of the nature of the global velocity changes
in the upper part of the mantle. The two main 410 and
660-km discontinuities result from isochemical phase
transitions in the olivine (olivine-wadsleyite) and ring-
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woodite (ringwoodite-perovksite plus magnesiowüstite)
(Helffrich and Wood, 2001). The less pronounced 520-
km discontinuity (Shearer and Flanagan, 1999; Shearer,
1990) has been proposed to be due to a phase change
from wadsleyite to ringwoodite (Helffrich and Wood,
2001), or, alternatively, to the exsolution of the calcium
silicate perovskite from majorite garnet (Canil, 1994; Ita
and Stixrude, 1992). The observed splitting of the mid-
transition zone discontinuity (Deuss and Woodhouse,
2001) supports the existence of both olivine and non-
olivine transitions. The origins of discontinuities in the
lower mantle are less clearly understood (Helffrich and
Wood, 2001; Vinnik et al., 2001; Kaneshima and Helf-
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frich, 1999). They are possibly related to transitions in
the most abundant minerals from this region produced by
the breakdown of ringwoodite (Vinnik et al., 2001; Badro
et al., 2003): MgSiO3-rich perovskites and (Mg, Fe)O.
Indeed, it was found that MgSiO3 perovskite transforms
to the post-perovskite phase above 125 GPa and 2500 K,
corresponding to conditions near the base of the mantle
(∼2700 km depth) (Murakami et al., 2002). Apart from
this deep mantle transformation, no other phase trans-
formations in Mg-perovskites have been observed so far
(Sergiou et al., 1998; Dubrovinsky et al., 1998; Stixrude
and Cohen, 1993; Kiefer et al., 2002). Most recent theo-
retical data on thermoelastic properties of (Mg, Fe)SiO3
plus (Mg, Fe)O pyrolite aggregates give evidence for
a radially heterogeneous lower mantle and suggest the
presence of another, still unknown mineral phase in this
region (Wentzcovitch et al., 2004).

The proportion of Ca-perovskite at mantle conditions
is estimated to be about 10–20% of mineral materials
from this region (Ita and Stixrude, 1992). In the upper
mantle calcium is present in pyroxene, which is grad-
ually dissolved in the garnet structure within the tran-
sition zone. At larger pressures majorite garnet trans-
forms into MgSiO3-rich perovskite plus CaSiO3 per-
ovskite (Canil, 1994). Despite the similarities between
the electronic structures, Mg and Ca are predicted to be
incorporated in separate perovskite phases throughout
lower mantle conditions (Irifune et al., 2000; Ahmen-
Zaid and Madon, 1995). Based on first-principles theo-
ries (Vitos et al., 2001; Blöchl, 1994), here we present an
insight into the phase diagram of Ca-bearing garnet and
perovskite phases and the interaction between Mg- and
Ca-perovskites. We show that the garnet-perovskite tran-
sition occurs near 17 ± 3 GPa, and for an average 10%
Ca on Mg + Ca sites, it has a width of ∼35 km. Further-
more, we find that a Mg − Ca perovskite solid solution
is stable at the transition zone base and uppermost lower
mantle conditions, and it can be formed near high tem-
perature anomalies throughout the lower mantle.

2. The thermodynamic model

We investigate the thermodynamics of the dissocia-
tion reactions

MgCa-gt → Mg-pv + Ca-pv

MgCa-pv → Mg-pv + Ca-pv
(1)

By considering these transformations we model
the exsolution of the MgSiO3 and CaSiO3 per-
ovskites (abbreviated by Mg-pv and Ca-pv) from
the (Mg1−xCax)SiO3 perovskite (MgCa-pv) and
(Mg1−yCay)3(MgSi)Si3O12 garnet (MgCa-gt) phases,

respectively. Here, and throughout the paper the con-
centrations are expressed in atomic fraction (specified
by x and y) or atomic percentage (%). In the Earth’s
mantle, both majorite garnet and Mg-perovskite contain
significant amount of Al and Fe. In the present study,
however, we neglect this elements and consider only
Al- and Fe-free systems.

The crystal structure of MgSiO3 has the orthorhom-
bic Pbnm symmetry (Stixrude and Cohen, 1993). Re-
cent experiments (Shim et al., 2002; Ono et al., 2004;
Kurashina et al., 2004) predict a tetragonal crystal struc-
ture as the stable phase of CaSiO3. However, the exact
space group is not specified in these experiments. Our
investigations based on ab initio methods (Section 3.1)
show that at high pressure CaSiO3 crystallizes in a tetrag-
onal I4/mcm structure. In all the dissociation reactions
considered in this work, we use this tetragonal structure
as the reference state for CaSiO3.

The unit cells of the Pbnm and I4/mcm structures
contain four ABO3 formula units (f.u.), and they can ap-
proximately be described by the average degree of BO6
octahedral tilt (Θ): Θ = 0 for the ideal cubic perovskite
structure, and increases with distortion. For the garnet
structure we use the tetragonal lattice with I41/a symme-
try, observed in (Mg0.84Ca0.16)3(MgSi)Si3O12 majorite
garnet (Hazen et al., 1994). The unit cell of garnet con-
tains 32 ABO3 f.u., with randomly distributed Mg and
Ca atoms on dodecahedral sites (Hazen et al., 1994). For
(Mg, Ca)SiO3 perovskite we assume an orthorhombic
Pbnm symmetry. The possible occurrence of such an
intermediate phase in high pressure and temperature Ca-
bearing assemblages has been reported in experiments on
mid-ocean ridge basalt (MORB) (Funamori et al., 2000).

At pressure P and temperature T the stable phase of
a mineral with volume V is determined by the mini-
mum of the Gibbs free energy G(P, T ) = E + PV − TS,
where E is the internal energy and S is the entropy.
In the present application, we approximate the entropy
by the configurational entropy. We expect that this ap-
proximation has only a minor effect on the energy bal-
ance �G, because the neglected vibrational terms ap-
pear on both sides of the reaction and thus they, to a
large extent, cancel each other (Grimvall, 2001). For
the configuration entropy we use the mean-field expres-
sion Smix = −kB[(1 − x) ln (1 − x) + x ln (x)], valid for
a fully disordered state. Here, kB is the Boltzmann con-
stant. At temperatures characteristic for the transition
zone and lower mantle (T � 1600 K) and for small x
values, this is a reasonable approximation.

The considered gt-pv and pv-pv phase transitions (1)
are not univariant and, therefore, the �G = 0 condi-
tion leads to a finite pressure–temperature phase loop
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