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a b s t r a c t

We have used first principles methods to calculate the partitioning of water between perovskite and

ringwoodite under lower mantle and Fe-free conditions. We find that incorporation of water into ringwoodite

is more favourable than into perovskite by about 0.25 eV per formula unit, or about 24 kJ/mol. This translates

to a ringwoodite to perovskite partition coefficient of between 10 and 13, depending on temperature. These

values are in good agreement with the partitioning experiments of Inoue et al. (2010) on Fe-bearing samples,

where they find a partition coefficient of about 15. We also find that water incorporates into perovskite more

readily than into periclase (also under Fe-free conditions), and we predict a perovskite to periclase partition

coefficient of 90 at 24 GPa and 1500 K. We conclude, therefore, that the lower-mantle is able to contain

substantial amounts of water, perhaps as much as 1000 ppm.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

It has long been known that the nominally anhydrous transi-
tion zone minerals, wadsleyite and ringwoodite, can incorporate
substantial amounts of water into their structure (Bell and
Rossman, 1992; Smyth, 1994; Kohlstedt et al., 1996; Bolfan-
Casanova, 2005). This has led to various models for how the
dynamics and behaviour of upper mantle and transition zone may
be affected by water, particularly through hydrolytic weakening
and lowering of melting temperatures. Although the ability of the
upper mantle and transition zone to incorporate large amounts of
water is well accepted, the actual amount of water that the lower
mantle is able to contain is still a matter of some debate. Some
experimental studies conclude that perovskite can accommodate
almost no water into its structure (Bolfan-Casanova et al., 2000,
2002), or perhaps a maximum of 100 ppm (Litasov et al., 2003),
while others (Murakami et al., 2002; Inoue et al., 2010) have
reported larger water uptake, ranging between 0.1 and 0.2 wt%
(1000–2000 ppm).

It is currently not clear which results are correct. The apparent
discrepancies between the available experimental reports can
perhaps be explained in terms of the differing compositions
employed in each study. Although all the experiments analysed
pressure and temperature quenched samples far from their

thermodynamic stability field, the earlier experiments of Bolfan-
Casanova et al. (2000) used infra-red (IR) spectroscopy to analyse
for water content, while Inoue et al. (2010) used secondary ion
mass spectroscopy (SIMS). It is possible that the samples lost their
bound OH during quench, which would reduce the IR signal, but it
is also possible that the SIMS analysis includes a contribution
from micro-fluid inclusions. Whatever the reason, it is important
to understand which is correct and to quantify H2O solubility in
perovskite.

We have, therefore, used first principles methods to calculate
water partitioning between pure Mg-endmember perovskite and
ringwoodite under mantle conditions. We find a partition coeffi-
cient of 13 at 1500 K and 10 at 2000 K. These are slightly lower,
but still very similar to those found by Inoue et al. (2010). We also
found that water strongly prefers perovskite over periclase (again
under Fe-free conditions). We suggest, therefore, that the solubi-
lity of water in perovskite may indeed be as high as 1000 ppm.
This figure results if we accept the partition coefficients between
olivine, wadsleyite, ringwoodite and perovskite to be 6:30:15:1
(Inoue et al., 2010; Chen et al., 2002) and assume a maximum
water storage capacity of 3.3 wt%, as determined by Inoue et al.
(1995).

Because of its important geophysical implications, the incorpora-
tion of hydrogen into mantle minerals has been addressed employ-
ing computer simulations by several authors. Wright and Catlow
(1994) studied the structure and energetics of OH defects in olivine
using empirical potentials; Haiber et al. (1997) used first-principles
molecular dynamics to study the dynamics of interstitial protons in
the a, b and g polymorphs of Mg2SiO4. Brodholt and Refson (2000)
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used density functional theory to study hydrogen as an interstitial
impurity and in interaction with cation vacancies in forsterite; they
showed that the presence of hydrogen could promote the formation
of cation vacancies, and this in turn could result in hydrolytic
weakening. Braithwaite et al. (2003) used empirical potentials,
quantum-mechanics/molecular-mechanics embedding methods
and periodic electronic structure calculations to study the structure,
energetics and vibrational frequencies of hydroxyl defects in for-
sterite. They found that hydroxyl ions were most likely to bind to
cation vacancies forming neutral defects. Walker et al. (2006) later
extended that study to cover also the cases of wadsleyite and
ringwoodite. A review of the simulation work on hydrogen in
mantle-forming minerals can be found in Wright (2006). More
recent studies include those of Verma and Karki (2009), Panero
(2010), and Umemoto et al. (2011). Verma and Karki (2009) have
reported an extensive first principles study of both native and
protonated defects in Mg2SiO4 polymorphs up to pressures of
30 GPa. Using the same methodology, Panero (2010) concluded that
hydrogen would be most likely found in ringwoodite bound to
cation vacancies; in particular, this study reported that the most
abundant hydrogen-containing defect should be the Mg vacancy
saturated by two protons, followed by the Si vacancy, containing
four protons, and, less abundant, a substitutional Mg cation at a
Si vacancy, saturated by two protons. Recently Li et al. (2011)
calculated the elastic constants of H bearing olivine, wadsleyite
and ringwoodite. They found that the bulk modulus of ringwoodite
was unusually sensitive to water content, and suggested that
d ln Vs=d ln Vp could be used as a discriminator for water content
in the transition zone.

The structure of this paper is as follows: in Section 2 we review
our computational procedure, and derive an approximate expres-
sion for the partition coefficient. In Section 3 we present our
results, starting with an evaluation of the ringwoodite to per-
ovskite plus periclase phase boundary; this is a necessary pre-
requisite to evaluate the hydrogen partition coefficient at the
relevant coexistence conditions. We then discuss the structures of
various relevant cation vacancy-hydrogen complexes, and present
our estimation of the hydrogen partition coefficient. Finally, our
conclusions and discussion are presented in Section 4.

2. Computational details

2.1. First principles calculations

Our calculations have been carried out using the VASP program
(Kresse and Furthmüller, 1996), an efficient code that implements
density functional theory using a plane-wave basis set, with a
convenient charge-density extrapolation technique (Alf�e, 1999)
which speeds up the simulations by roughly a factor of two.
The valence electron–ion interaction has been treated employing
the Projector Augmented Wave (PAW) method of Blöchl (1994) as
implemented in VASP (Kresse and Joubert, 1999). We retained
the 3s2 electrons of Mg, the 3s23p2 electrons of Si and 2s22p4

electrons of O, as well as the 1s1 electron of H (when appropriate),
in the valence. A plane-wave kinetic energy cutoff of 500 eV was
employed in all calculations, and the exchange–correlation energy
was accounted for with the Perdew–Wang GGA functional (Perdew
and Wang, 1992).

In order to determine the ringwoodite to perovskite and
periclase phase boundary at finite temperatures we have used
the quasi-harmonic approximation to obtain the Helmholtz free
energy of each phase at constant volume. This was done by
determining the phonon density of states of each phase at a series
of volumes. The phonon band structure and density of states were
obtained using the program PHON (Alf�e, 2009) in conjunction

with VASP. From the phonon densities of states two different
approximations can be obtained to the free energy, namely a
quantum approximation, which results from considering the
lattice vibrations as an ensemble of quantum harmonic oscilla-
tors, or a classical one. These approximations are equivalent at
high temperatures, but can differ slightly in the limit of low
temperature.

Protonated cation vacancies in ringwoodite were modelled in
the conventional cubic unit cell, which contains 56 atoms (16 Mg,
8 Si, 32 O). Since we anticipated that in both ringwoodite and the
perovskite structures protons would preferentially substitute at
Mg vacancies (see e.g. Panero, 2010), we performed our calcula-
tions in a 2�2�1 supercell of perovskite (a total of 80 atoms),
thus containing the same number of Mg ions as the ringwoodite
cell. Convergence tests indicated that a 3�3�4 Monkhorst–Pack
(1976) grid gave sufficiently converged values of total energy and
pressure in the case of the perovskite structure, while for ring-
woodite a 4�4�4 grid was employed. Structural optimisations
were carried out with a convergence criterium requiring the
absolute value of the force components to be smaller than
0.03 eV/Å.

2.2. Partition coefficient

The main objective of the present study is to provide an
estimate of the partition coefficient of protons between the
ringwoodite and perovskite phases at pressure conditions rele-
vant to their coexistence in the Earth’s mantle. Let us denote by nr

and np the number of proton-containing cation vacancies, VXðHnÞ,
in ringwoodite and the perovskite phases, respectively, where
X¼Mg or Si and n¼2 (if X¼Mg) or n¼4 (if X¼Si). The total
number of VXðHnÞ complexes, nv, is fixed, which implies the
constraint nrþnp ¼ nv. We will further impose the condition of
thermodynamic equilibrium between ringwoodite and the per-
ovskite and periclase phases; this being the case, we can assume
that there will be the same number of ringwoodite unit cells as of
perovskite, denoted by N. However, because of the stoichiometry
difference between these materials, there will be twice as many
Mg sites in the former as there are in the latter. With the further
assumption that the number of vacancy–proton complexes is
small compared to N, i.e. nv5N, we can construct a simple
statistical model to estimate the partition coefficient, np=nr , as
follows: let us denote by GPðnPÞ the Gibbs free energy of the
perovskite phase containing np VXðHnÞ complexes. With the above
assumptions, this free energy can be written as

GpðnpÞ ¼ G0
pðnpÞ�TSConf

p ðnpÞ, ð1Þ

where G0
pðnpÞ is the Gibbs free energy of N unit cells of perovskite

containing np isolated (i.e. not clustering) VXðHnÞ complexes, and
SConf

p ðnpÞ is the configurational entropy associated with the differ-
ent ways in which np VXðHnÞ can be distributed among N lattice
sites. This configurational entropy has the form

SConf
p ðnpÞ ¼ kB ln

NX!

ðNX�npÞ!np!
, ð2Þ

where NX is the number of X cation sites in the crystal (which in
the cases considered is equal to N except in the case of Mg sites in
ringwoodite, where NX ¼ 2N; see below), and kB is Boltzmann’s
constant. The first term in Eq. (1) can be written as

G0
pðnpÞ ¼ ðN�npÞF

0
pþnpFf

pðVXðHnÞÞþnpPDVp, ð3Þ

where it is assumed that VXðHnÞ complexes remain sufficiently
far apart from each other that their mutual interaction can be
ignored. In Eq. (3) F0

p is the Helmholtz free energy per unit cell for
the perfect perovskite phase, Ff

pðVXðHnÞÞ is the free energy of
formation of a single VXðHnÞ complex, P is the external pressure,
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and DVp is the change in unit cell volume upon formation of the
complex.

Likewise, the Gibbs free energy of N unit cells of ringwoodite
(i.e. 2N Mg sites) containing nr VXðHnÞ complexes would, under
the same set of simplifying assumptions, be written as

GrðnrÞ ¼ G0
r ðnrÞ�TSConf

r ðnrÞ: ð4Þ

The only difference with respect to the case of the perovskite phase
is the fact that in the case of ringwoodite, due to the different
stoichiometry, there are twice as many Mg sites among which to
distribute the VMgðH2Þ complexes, which affects the configurational
entropy.

The total free energy of a system containing equal amounts of
Mg2SiO4 ringwoodite (with nr VXðHnÞ complexes) and MgSiO3

perovskite (with np VXðHnÞ complexes), and MgO periclase, is
thus Gtotðnr ,npÞ ¼ GrðnrÞþGpðnpÞþGpe. Under conditions of thermal
equilibrium, the complexes will partition themselves among the
different phases in such a way as to minimise the total free
energy. If we assume that VXðHnÞ do not form in periclase, which
is trivially the case for VSiðH4Þ complexes, we can estimate the
partition coefficient of such complexes between ringwoodite and
the perovskite phase by simultaneously minimising Eqs. (1) and
(4). As will be discussed below, the assumption that VMgðH2Þ

complexes do not form in periclase is not entirely justified, but
their concentration should be some 90 times smaller than in the
perovskite phase. Bearing in mind that the total number of
VMXðHnÞ complexes is fixed (which implies that variations in np

must be of equal magnitude but opposite sign as variations in nr),
and using Stirling’s approximation for the factorials in Eq. (2), we
find, after some simple algebra, the following expression for the
partition coefficient of VMgðH2Þ complexes

np

nr
¼

1

2
eDGf

rpðVMgÞ=kBT , ð5Þ

where DGf
rpðVMgÞ ¼ Gf

r ½VMgðH2Þ��Gf
p½VMgðH2Þ� is the difference of

Gibbs free energies of formation of a VMgðH2Þ complex in ring-
woodite and perovskite, respectively. So, in order to estimate
the partition coefficient of protons within the set of simplifying
assumptions listed above, we need to evaluate DGf

rp. This free
energy difference should, strictly speaking, include the vibrational
contribution to the free energies, necessitating at least the use of
the quasi-harmonic approximation. While this could be an inter-
esting prospect for future developments, at the present time we
assume that the vibrational contribution of the protons to the free
energies will be similar for both phases, and hence the difference
will be small relative to the static energy difference. In this case
the Gibbs free energies reduce to enthalpies, which are simpler to
evaluate. The partition coefficient for VSiðH4Þ has the same
expression as Eq. (5) but without the 1/2 factor on the rhs, as
the number of Si sites per unit cell is the same in ringwoodite
as it is in the perovskite phase, and substituting DGf

rpðVMgÞ for
DGf

rpðVSiÞ.

3. Results

3.1. Ringwoodite to perovskite and periclase transition

In our derivation of an approximate expression for the parti-
tion coefficient between MgSiO3 perovskite and ringwoodite
it has been assumed that these phases are in thermodynamic
equilibrium with each other. Our starting point must therefore
be to determine the coexistence conditions of these phases.
We should note that at low temperatures a phase boundary
between ringwoodite and the perovskite phase plus periclase
is not expected, as there exists another phase of MgSiO3,

akimotoite1 that should have its stability field lying between
those of ringwoodite and the perovskite phase. Ringwoodite,
akimotoite and the perovskite phase (the latter two together
with periclase) should coexist at a triple point, the temperature
coordinate of which is not known precisely, but is expected to be
close to 1500 K (Stixrude and Lithgow-Bertelloni, 2011). At higher
temperatures ringwoodite transforms directly into the perovskite
phase plus periclase. Nevertheless, for the sake of simplicity we
have obviated the existence of akimotoite and calculate the
coexistence conditions between ringwoodite and perovskite at
zero temperature.

We have evaluated the enthalpy of the ringwoodite, perovskite
and periclase phases at volumes roughly corresponding to 5 GPa
pressure intervals ranging between 15 and 35 GPa. From the
resulting enthalpies, displayed in Fig. 1 we can extract a coex-
istence pressure of 24.3 GPa. This value is in line with what is
expected, both on the basis of experimental studies and previous
theoretical calculations. For example, Yu et al. (2007) determined
a transition pressure of 26.8 GPa on the basis of their GGA first
principles calculations. Their value is only 2.5 GPa higher than
ours; this could be due to a number of technical differences
between their calculations and ours (a similar, but ultimately
different exchange-correlation functional was used, and we
employed the PAW method to describe core electrons, while they
used norm-conserving pseudopotentials). It should also be borne
in mind that the enthalpies (and more generally, free energies)
cross at very small angles, as can be appreciated in Fig. 1, so small
relative errors in the enthalpy of one phase with respect to the
other can shift the coexistence pressure by several GPa. After
evaluating the zero-temperature phase boundary, we proceeded
to extend it into the finite temperature domain using the quasi-
harmonic approximation to the free energy (see Section 2.1) for
each of the phases considered. The quasi-harmonic free energies
were evaluated at a series of volumes that corresponded to a
pressure range of 0–30 GPa at zero temperature, at intervals of
2.5 GPa. A temperature grid ranging from 0 to 2500 K, with a
temperature interval of 50 K was then constructed, and the
Helmholtz free energy was evaluated for each phase on the
resulting temperature–pressure grid. At a given temperature,
the Helmholtz free energy of each phase was fitted to a third-
order Birch–Murnaghan equation of state. From this the Gibbs

Fig. 1. Coexistence pressure of ringwoodite and perovskite plus periclase. Panel

(a) shows a third-order polynomial fit of the enthalpies versus pressure, while

panel (b) shows their difference, DH¼HðMgSiO3þMgOÞ�HðMg2SiO4Þ; the point at

which DH becomes zero marks the transition pressure (indicated by the arrow).

1 MgSiO3 akimotoite is rhombohedral, having the same structure as ilmenite.
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free energy was then constructed, and the finite temperature
phase boundary was located at each temperature in the grid by
determining the pressure at which the Gibbs free energy of
ringwoodite was found to be equal to the sum of Gibbs free
energies of the perovskite plus periclase phases. Our resulting
phase boundary is illustrated in Fig. 2. Two theoretical phase
boundaries have been obtained, employing either the quantum or
classical form of the quasi-harmonic approximation to the Helm-
holtz free energies. As can be seen in Fig. 2, though these deviate
slightly from each other in the low temperature limit, they are in
close agreement at higher temperatures.

The theoretical phase boundaries derived from this work are
compared to experimentally determined ones in Fig. 2. Specifically,
we have drawn straight lines with slopes adjusted to best fit the
corresponding experimental data, as given in the original references.
A first observation to be extracted from Fig. 2 is that our calculated
phase boundaries fall within the range spanned by the experimental
ones. The empirical phase boundaries share the characteristic of
having a negative slope, a fact that our calculations correctly
reproduce. The value of this slope, however, is difficult to determine
precisely, and hence the scatter of experimental values should not be
surprising. Early reports tended to give large negative slopes around
�3 MPa/K; Ito and Takahashi (1989) report a value of �2.8 MPa/K,
while Akaogi and Ito (1993) give it as �3 MPa/K and Shim et al.
(2001) place it at �2.75 MPa/K. More recent studies tend to favour
shallower slopes. For example Katsura et al. (2003) estimate the slope
to be in the range �0.4 to �2 MPa/K; Fei et al. (2004) place it at
�1.3 MPa/K and Litasov et al. (2005) report a value of �0.5 MPa/K. A
very recent study by Ishii et al. (2011) favours a steeper value of
�2 MPa/K. Our calculated value is �0.8 MPa/K (� 1236 K=GPa), and
is the same for both theoretical phase boundaries shown in Fig. 2 in
the range of temperatures of geophysical interest (ca. 1600–2000 K).
This value is close to the lower range of experimental slopes (Katsura
et al., 2003; Fei et al., 2004; Litasov et al., 2005). The slope has also
been calculated theoretically by Yu et al. (2007), who report values of
�2.9 and �2.6 MPa/K when using a GGA and the LDA exchange-
correlation functionals, respectively. As noted earlier, a number of
technical differences between their computational procedure and

ours could account for this discrepancy. Overall, from Fig. 2 we can
conclude that our calculated phase boundary is in reasonable agree-
ment with the reported experimental data.

3.2. Cation-vacancy proton structures

We have considered the partitioning of two types of proto-
nated cation-vacancy complexes, namely the VMgðH2Þ complex, in
which two protons occupy the site of an Mg vacancy, and the
VSiðH4Þ complex, in which four protons are placed at the site of a
Si vacancy. In ringwoodite Mg cations occupy octahedral sites,
while in the perovskite phase they are found at cuboctahedral
sites with a coordination of 12. Si cations, in contrast, occupy
tetrahedral sites in ringwoodite, and octahedral ones in the
perovskite phase. These differences will result in varying struc-
tures for their protonated vacancies, as we will see below. Let us
first consider the structure of VMgðH2Þ in ringwoodite. In this
structure we have found a minimum energy configuration in
which the two protons lie along the O–O edges of the oxygen
octahedron containing the vacancy. Each proton is bound to one
of the oxygens on the octahedron edge, at a distance slightly
under 1.1 Å that varies very little with pressure. The nearest non-
bonded oxygen to the proton lies at a distance of 1.57 Å at 15 GPa,
a distance that reduces to 1.45 Å upon increasing the pressure to
35 GPa. The O2H � � �H angle remains fairly constant with pressure
at 1601. Thus the incorporation of two protons into the void of the
VMg results in the formation of two hydrogen-bonded bridges that
partially saturate the Mg–O bonds broken by the creation of the
vacancy. This structure corresponds to that labelled as H2a by Li
et al. (2009), and to the structures reported by Blanchard et al.
(2005, 2009) for the VMgðH2Þ complex, and is illustrated in the
upper left panel of Fig. 3.

Fig. 2. Phase boundary between ringwoodite and perovskite plus periclase. Two

theoretical curves are shown: the red line is obtained from quantum quasi-

harmonic free energies, while the blue line is obtained using classical quasi-

harmonic free energies. These phase boundaries deviate slightly from each other

at low temperatures, but are in close agreement at higher temperatures, as

expected. For comparison, boundaries inferred from experimental data are also

shown. The light green line with circles is from Ito and Takahashi (1989); yellow

line with squares Shim et al. (2001); brown with diamonds (Fei et al., 2004);

purple with upward pointing triangles (Litasov et al., 2005), and dark green

with downward pointing triangles (Ishii et al., 2011). (For interpretation of the

references to colour in this figure caption, the reader is referred to the web version

of this article.)

Fig. 3. Configurations of the most stable VMgðH2Þ and VSiðH4Þ complexes found in

ringwoodite and perovskite. Protons are shown as small white spheres; oxygen,

magnesium and silicon atoms are shown as red, green and brown spheres,

respectively. The upper-left and right panels show the configurations of VMgðH2Þ

found in ringwoodite and perovskite, respectively, at 15 GPa. The octahedral vacancy

volume in which the protons are accommodated in ringwoodite is highlighted in

yellow. Likewise, the lower left and right panels show the configurations of VSiðH4Þ

in ringwoodite and perovskite, respectively. In some cases hydrogen bonds have been

indicated by thin dotted lines. Figures have been created using J mol (an open-source

Java viewer for chemical structures in 3D). (For interpretation of the references to

colour in this figure caption, the reader is referred to the web version of this article.)

E.R. Hernández et al. / Earth and Planetary Science Letters 364 (2013) 37–4340



Author's personal copy

For the VMgðH2Þ complex in the perovskite phase the most
stable configuration we have found follows the same general
principles as that found in ringwoodite, although adapting to the
different structures of the VMg in perovskite. We find an O–H
bond distance close to 1.1 Å, decreasing slightly with pressure, an
O � � �H distance of 1.65 Å, again reducing slightly with pressure,
and a somewhat smaller O2H � � �H bond angle that ranges
between 1461 and 1561 depending on its orientation. The struc-
ture we have found to be most stable is illustrated in the upper
right panel of Fig. 3.

Concerning the structure of the VSiðH4Þ complex in ringwoo-
dite, there appears to be some controversy in the literature:
Blanchard et al. (2009) report a structure in which the protons
lie along the edges of the oxygen tetrahedron surrounding the
vacancy as their most stable structure, while Li et al. (2009) claim
that the most stable configuration has the protons pointing
towards the VSi. This latter configuration appears to be rather
strange, as intuitively one would expect a high repulsion between
protons in this arrangement. Indeed we have not been able to
reproduce the finding reported by Li et al., and the structure we
obtain as most stable (shown in the lower left panel of Fig. 3)
corresponds to that reported by Blanchard and coworkers, being
nearly 1 eV more stable than the structure of Li et al. at 15 GPa.
We cannot rule out the possibility that this trend may be reversed
at lower pressures, though this seems unlikely given the large
energy difference we find. In the range of pressures considered
here we have always found the structure of Blanchard et al. to be
the most stable one.

The structure of the VSiðH4Þ complex in perovskite that we
have found most stable among those that we have tried is best
understood as two equivalent pairs of protons. Each proton in the
pair saturates an oxygen atom of the octahedron, and forms a
hydrogen bond with one of the two unsaturated oxygen atoms
that remain in the defective octahedron, in such a way that both
protons in the pair form hydrogen bridges to the same unsatu-
rated oxygen. This structure is shown in the lower right panel
of Fig. 3.

We have also considered the possibility of having VMgðH2Þ

complexes in periclase. In contrast to what happens in both
ringwoodite and the perovskite phase, where the structure of
the Mg vacancy is such that it allows for the formation of
hydrogen bonds contributing to the overall stabilisation of the
structure, the more compact configuration of the Mg vacancy in
periclase appears to preclude their formation in this phase. In
Fig. 4 we represent the most stable structure we have found for
the VMgðH2Þ complex. It can be appreciated that the protons are
forced to lie in a linear configuration, bonded to oxygen atoms in
opposite vertices of the Mg octahedron containing the vacancy, by
the presence of nearby cations. This linear configuration, with the
two protons pointing towards the Mg vacant site, is energetically
unfavourable, particularly at high pressures. Indeed, the energy
involved in forming a VMgðH2Þ complex in periclase is 0.58 eV
higher than in the perovskite phase at a pressure of 15 GPa,
and this difference increases rapidly with pressure. Given these
results, we can estimate, using the same arguments as employed
in Section 2.2, that there would be 90 times more VMgðH2Þ

complexes in perovskite than in periclase at the coexistence
pressure and 1500 K.

Finally, we should stress that the catalogue of vacancy–proton
complexes that we have contemplated in this work does not
exhaust all the possibilities. For example, a complex in which a
Mg cation occupies a Si lattice site, with two protons then
entering into the Mg vacancy thus created would be a possible
candidate. Such a complex has been studied by Blanchard et al.
(2009), who concluded that its formation in ringwoodite was less
energetically viable than that of either the VMgðH2Þ or VSiðH4Þ

complexes. Further possibilities exist, but it is to be expected that
the cases we have considered here are the most representative
ones, and that other possible mechanisms of hydrogen storage in
these minerals would be of minor importance in comparison.

3.3. Hydrogen partitioning

As stated in Section 2.2, in this work we estimate the
partitioning of hydrogen between ringwoodite and the perovskite
phases assuming that the vibrational contribution to free energy
differences is small. Thus the formation free energy difference
appearing in Eq. (5) reduces to a difference of enthalpies of
formation:

DGf
rpCHf

r ½VMgðH2Þ��Hf
p½VMgðH2Þ�: ð6Þ

Rather than attempting to evaluate each enthalpy of formation
independently and then taking the difference, it is computation-
ally more convenient to evaluate directly the enthalpy difference.
This can be done by evaluating the following expression:

DHf
rp ¼ ðHr ½VMgðH2Þ��HrÞ�ðHp½VMgðH2Þ��HpÞ ð7Þ

where HrðpÞ½VMgðH2Þ� is the enthalpy of a ringwoodite (or perovs-
kite) supercell containing a single VMgðH2Þ complex, while HrðpÞ is
that of the corresponding system without defect. Eq. (7) can be
evaluated either at constant pressure, in which case the volume of
the systems containing the vacancy complex must be carefully
adjusted so as to retain a consistent, constant pressure for all
phases, or at constant volume, using the same volume for both
the perfect and defective system, in which case it reduces to
a simple energy difference. It is easy to see that these two
seemingly different approaches must give similar results; this is
because the difference between both methods is, to leading order,
proportional to the inverse of the bulk modulus of the materials
involved, and therefore small. We have done the calculation
both ways and verified that these alternative procedures lead to
essentially equivalent results. Invariably, the creation of a VMgðH2Þ

complex results in a pressure reduction if the calculation is
performed at constant volume; this is so both for ringwoodite
and the perovskite phases, and the pressure reduction can vary
between 0.5 and 1 GPa, with the larger value corresponding to
external pressures of 35 GPa. On the other hand, the creation of

Fig. 4. Configuration of the most stable VMgðH2Þ complex found in periclase.

Protons are shown as small white spheres; oxygen and magnesium atoms are

shown as red and green spheres, respectively. Figure generated using J mol (an

open-source Java viewer for chemical structures in 3D). (For interpretation of the

references to colour in this figure caption, the reader is referred to the web version

of this article.)
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a VSiðH4Þ at constant volume increases the pressure by as much as
2.5 GPa in both phases. So, in order to evaluate Eq. (7) at a
constant common pressure for all terms, we have fitted each term
to a pressure polynomial, and then used those fits to calculate
DHf

rp. In Fig. 5 we display our estimated values for DHf
rp½VMgðH2Þ�

and DHf
rp½VSiðH4Þ� versus pressure, calculated using both second-

and third-order pressure polynomial expansions for each of the
terms in Eq. (7). As can be seen, the results obtained are not very
sensitive to the order of the polynomials employed. It can also be
appreciated in Fig. 5 that the value of DHf

rp½VMgðH2Þ� is rather
insensitive to pressure, remaining close to avalue of �0.25 eV in
the whole pressure range considered in this study. The negative
sign indicates that the creation of VMgðH2Þ complexes is more
favourable in ringwoodite. DHf

rp½VSiðH4Þ� displays a slightly more
marked pressure dependence, varying from �0.54 eV at 15 GPa to
�0.6 eV at 35 GPa. Again the negative sign is indicative of the fact
that these complexes will form more easily in ringwoodite than in
the perovskite phase.

With the previous results in mind, we can now proceed to
evaluate the partition coefficient Eq. (5) for both complexes. In
the spirit of the approximations that allowed us to derive
Eq. (5), we will assume that the processes underlying the partition
of VMgðH2Þ and VSiðH4Þ are mutually independent. In Fig. 6 we
display the partition coefficients evaluated from Eq. (5) at our
previously estimated coexistence pressure of 24.3 GPa (see
Section 3.1), as a function of temperature. As seen in the figure,
we obtain, for VMgðH2Þ, a partition coefficient of 0.076 at 1500 K,
increasing to 0.12 at 2000 K, while for ½VSiðH4Þ� the values are
0.016 and 0.045 at the same temperatures. Recently Inoue et al.
(2010) have reported an experimental partition coefficient of
1/15¼0.067 at temperatures of 1673 and 1873 K. It should be
understood that their partition coefficient is a global one, natu-
rally incorporating all the relevant hydrogen inclusion mechan-
isms, while in our case we have only considered two. Even so, the
agreement we obtain with their result is rather good, which we
take as an indication that, in spite of its simplicity, our partition
model accounts for the essential physico-chemical effects at play
in these systems.

4. Discussion

In this work we have employed first principles total energy
calculations to estimate the partition coefficient of hydrogen between
Mg2SiO4 ringwoodite and MgSiO3 perovskite at their predicted
coexistence conditions. Our calculated partition coefficient is smaller
than, but similar to that obtained experimentally by Inoue et al.
(2010), but very different from the one reported by Bolfan-Casanova
et al. (2000). The reasons for this marked disagreement between

these two experimental determinations of the partition coefficient
remain as yet unexplained. Both measurements followed similar
experimental procedures, involving synthesis of samples at high
pressures and temperatures followed by quenching to ambient
conditions for subsequent analysis. Other than the fact that the
samples employed by Bolfan-Casanova et al. (2000) were Fe-free,
while those used by Inoue et al. (2010) contained some Fe, the main
difference between these experiments were the techniques employed
to quantify the amount of hydrogen present in the recovered
minerals: Bolfan-Casanova et al. (2000) used IR spectroscopy, while
Inoue et al. (2010) employed SIMS. This, however, is probably not the
cause of the discrepancy, since Murakami et al. (2002) employed both
IR spectroscopy and SIMS to determine the water content in their
samples, obtaining consistent results. In view of the good agreement
between our estimated partition coefficient and that measured by
Inoue et al. (2010), it is unlikely that the presence of Fe in their
samples could account for the difference with the results of Bolfan-
Casanova et al. (2000), as our calculations were performed on Fe-free
minerals. It seems, therefore, obvious that further experimental
studies will be needed before the question of how much hydrogen
can the perovskite structure accommodate is satisfactorily resolved.

As noted above, our estimated partition coefficient is slightly
smaller than that determined by Inoue et al. (2010) (10–13
compared to 15). There are a number of reasons which may
explain this difference: our results are on the Fe-free system, and
we ignore the vibrational contribution to the free energies,
accounting for temperature only through the configurational
terms. Our model also assumes that water concentrations are

Fig. 5. Formation enthalpy differences for vacancy-proton complexes. Panel (a) shows the formation enthalpy difference for the VMgðH2Þ complex between ringwoodite

and perovskite. The continuous and dashed lines are enthalpy differences evaluated at constant pressure and fitted to a second or third order polynomial in pressure (see

text); the filled squares are values obtained from total energies at constant volume. Panel (b) shows the same information for the VSiðH4Þ complex; additionally, filled

circles give the formation enthalpy difference for the VMgðH2Þ between perovskite and periclase.

Fig. 6. Partition coefficient for VMgðH2Þ and ½VSiðH4Þ� complexes evaluated from

Eq. (5) at the calculated coexistence pressure of 24.3 GPa (see Fig. 1).
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sufficiently low that interactions between protons on different
vacancy sites are negligible. Finally, there may be other mechan-
isms for water incorporation that we did not consider, such as Mg
and two protons substituting for Si (Panero, 2010). Further
refinement of our calculations by improving on these approxima-
tions could potentially improve the observed agreement with the
experimental results, but in the absence of more detailed knowl-
edge of the contributing mechanisms of water uptake in ring-
woodite and perovskite, such refinements are unlikely to result
in a quantitative agreement. Nevertheless, the level of accord
between the experimental data of Inoue et al. (2010) and
our results is, we believe, indicative of the fact that our model
captures the essential features of the process of water partitioning
between these minerals.

Our results support the claim that perovskite is able to take up
substantial amounts of water into its structure, perhaps as much
as 1000 ppm or more. However, Inoue et al. (2010) also used their
partition coefficients to suggest that the lower mantle should
contain significantly less water than the upper mantle and
transition zone. For instance, assuming 0.2 wt% water in wad-
sleyite, they used their partition coefficients to estimate that the
lower mantle should contain only 0.007 wt% water. However, this
is based on chemical equilibrium between the transition zone
and lower mantle. Since even water diffusion is likely to be much
slower than convection, chemical equilibrium will not be
achieved. Instead, these partition coefficients show that as long
as the upper mantle and transition zone contain less than about
0.1 wt% (1000 ppm) water, then the lower mantle should contain
that amount as well.
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