GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L14303, doi:10.1029/2005GL023192, 2005

Effect of Al on the sharpness of the MgSiO; perovskite to

post-perovskite phase transition

S. Akber-Knutson,! G. Steinle-Neumann,” and P. D. Asimow'
Received 8 April 2005; revised 8 June 2005; accepted 13 June 2005; published 19 July 2005.

[1] Bymeans of static ab-initio computations we investigate
the influence of Al on the recently discovered perovskite to
post-perovskite phase transition in MgSiO;. We examine
three substitution mechanisms for Al in the two structures:
MgSi — AlAl; SiSiO — AlAIO; and Si — AIH. The
substitutions introducing oxygen vacancies (highly
unfavorable, energetically) and water (favorable) both
lower the 0 Kelvin transition pressure, whereas charge
coupled substitution increases it relative to 105 GPa for
pure MgSiO;. From the transition pressures for 0, 6.25,
and 100 mol% charge coupled Al,O3 incorporation
and simple solution theories, we estimate the phase diagram
of Al-bearing MgSiOj; at low Al concentrations. Assuming
the Clapeyron slope is independent of Al concentration, we
find the perovskite-to-post-perovskite transition region to
span 127—140 GPa, at 6.25 mol% Al,O3;. When the upper
pressure limit is bounded by the core-mantle boundary, the
phase coexistence region has width 150 km. Citation: Akber-
Knutson, S., G. Steinle-Neumann, and P. D. Asimow (2005), Effect
of Al on the sharpness of the MgSiO; perovskite to post-perovskite
phase transition, Geophys. Res. Lett., 32, L14303, doi:10.1029/
2005GL023192.

1. Introduction

[2] At the base of the Earth’s mantle lies a distinct layer a
few hundred kilometers thick. This layer, known as D",
serves as a thermal and chemical boundary layer between
silicate mantle rock and molten iron alloy outer core [Lay et
al., 2004]. Its distinguishing features include a sharp
discontinuity (of about 1%) in density and shear wave
velocity [Sidorin et al., 1998] in some places, and a low
velocity layer in other places [Garnero et al., 1993]. The
large lateral seismic heterogeneity and observed negative
correlation between shear and bulk sound speed cannot be
explained by thermal variations alone [Su and Dziewonski,
1997; Vasco and Johnson, 1998; Masters et al., 2000].
Additionally, seismic observations indicate shear wave
splitting in the D” [Garnero and Lay, 1997]. These features
potentially provide valuable constraints on its nature and
may be attributed to core-mantle reactions [Knittle and
Jeanloz, 1989, 1991], subduction debris [Van der Voo et
al., 1999], a phase change in mantle minerals, or a combi-
nation of the above.

[3] The discovery of MgSiO3 post-perovskite, stable at
lowermost mantle conditions, provides one of the possibil-
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ities mentioned, and has led to numerous efforts to integrate
this phase into the current view of the D” layer. According
to experimental [Murakami et al., 2004; Shim et al., 2004;
Oganov and Ono, 2004] and computational work [[itaka et
al., 2004; Oganov and Ono, 2004; Tsuchiya et al., 2004],
the structural transformation from MgSiO; perovskite to
post-perovskite occurs along a univariant line of positive
Clapeyron slope passing through 125 GPa at 2100 K and
up to 145 GPa at 2600 K, coinciding with D” conditions:
127-136 GPa, 2800—4000 K. The computed jumps in
density and acoustic velocities [Oganov and Ono, 2004]
are consistent with seismic observations [Sidorin et al.,
1998], and the ab initio molecular dynamics simulations
of [Stackhouse et al, 2005] determined that there is
enough anisotropy in post-perovskite to explain the
observed shear wave splitting.

[4] However, work has focused largely on pure MgSiOs,
for which the univariant transition is sharp; realistic mantle
compositions include Al and Fe. The width of the transition
is entirely a function of the partitioning of such elements
between the two phases and the resulting phase equilibria.
Furthermore, the effects of these elements on the transition
depth and Clapeyron slope have not been tested. Therefore,
further investigation of post-perovskite as a viable source of
the observed D” characteristics is warranted.

[s] Here we conduct static, 0 Kelvin first-principles
calculations to explore the effects of Al,O; on the
perovskite to post-perovskite transition. We find that at
pyrolitic abundances (6.25 mol% Al,O; in MgSiOs3),
Al increases the transition pressure by 7 GPa, or transition
depth by ~115—120 km. We use the transition pressures at
three Al,O3 concentrations (0, 6.25, and 100 mol%),
together with reasonable choices of simple solution models,
to determine the phase diagram of MgSiO; as a function of
Al concentration. Thus we constrain the coexistence depths
of the two phases in the presence of Al,O;. We find a
smooth transition over ~150 km, extending to pressures just
below CMB pressures (127—140 GPa). This suggests that,
in the presence of Al, the perovskite to post-perovskite
phase transition may not explain the sharp discontinuity at
the top of the D” layer; however, it is consistent with a
wide region of negative correlation between bulk and shear
wave velocities.

2. Computational Technique

[6] Internal energies are computed from first-principles
calculations based on density functional theory, using fixed-
volume cell optimizations with respect to cell shape, atomic
positions, and electronic wave functions. We use the
Vienna Ab Initio Simulations Program (VASP) [Kresse
and Furthmiiller, 1996a, 1996b]. Electronic exchange and
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Figure 1. Enthalpies of solution for various mechanisms
of Al,Oj3 incorporation into MgSiO3 perovskite and post-
perovskite structures.

correlation are approximated within the Generalized
Gradient Approximation (GGA) [Perdew, 1991]. Pseudo-
wave functions describe the core electrons [Vanderbilt,
1990; Kresse and Hafner, 1994] of Mg, Al, Si, H, and O,
with core radii (in Bohr) of 2.000, 1.820, 1.800, 1.250, and
1.550. Plane waves of kinetic energy up to 1000 eV are
included, and the electronic k-grids are described by
Monkhorst-Pack grids [Monkhorst and Pack, 1976] of 2°
for 80-atom cells, 4° for 20-atom cells, 8> for MgO periclase,
and 12 for Ice X. These cut-offs and grids guarantee total
energy convergence to within 1 meV per atom.

[7] We test the pseudopotentials by computing equations
of state for relevant MgSiO; and Al,O3 polymorphs and
find good agreement with previously published ab-initio
results'. Equations of state are obtained from fitting
internal energy versus volume to the third-order Birch-
Murnaghan equation of state. From this we get static
Helmbholtz free energy and volume as functions of pres-
sure, and may calculate the static Gibbs free energy and
relative stabilities:

Gstatic(P) = Fstatic(V(P)) +PVvtaz‘ic(P) (1)

We consider three Al incorporation mechanisms into
MgSiO5;: MgSi — AlAl (charge coupled mechanism:
CCM), SiSiO — AIAIO (oxygen vacancy forming
substitution: OVM), and Si — AIH (hydrous Al substitu-
tion: AIHM). In each case, the cell contains 80 atoms. For
CCM, Al,O5 concentrations include 6.25 and 100 mol%,
for OVM, 6.25 mol%, and for AIHM, 3.125 mol%. In the
first two cases, several choices of Al arrangement are
available; we choose ones having the lowest static
enthalpies, narrowing our search based on previous work
[Akber-Knutson and Bukowinski, 2004] for Al-bearing
MgSiO;3 perovskite and testing several cases for post-
perovskite.

[8] Volume ranges for internal energy calculations were
chosen to provide good equation of state fits at low
pressures and to reach pressures just above 200 GPa. In

'Auxiliary material is available at ftp:/ftp.agu.org/apend/gl/
2005GL023192.
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most cases, this corresponds to a volume range of approx-
imately 105—-65% of V5.

3. Results

[o] Enthalpies of solution for Al incorporation into pe-
rovskite and post-perovskite structures indicate that oxygen
vacancy substitution is highly unfavorable in both phases
(Figure 1). If water is available, the substitution of AIH for
Si has a small, positive enthalpy of mixing, relative to ice X;
this is easily overcome at finite temperature by the entropy
of mixing, yielding a negative Gibbs free energy of mixing.
In the anhydrous case, one need only consider charge
coupled substitution. From the CCM enthalpies of solution,
it is apparent that at a fixed concentration of 6.25 mol%,
Al,O3 is more soluble in perovskite than in post-perovskite.
Thus one would expect this amount of Al to stabilize
perovskite with respect to post-perovskite and increase the
transition pressure.

[10] Static enthalpy differences between post-perovskite
and perovskite in various substitutions indicate that Al — Si
type substitutions stabilize the former, whereas coupled
substitutions stabilize the latter (Figure 2). While OVM
may be neglected, the effect of even a small amount of AIH
in MgSiO; on decreasing the transition pressure to 99 GPa
is notable. On the other hand, CCM, at 6.25 and 100 Al120;
mol%, increases the transition pressure to 112 and 113 GPa,
respectively. Equations of state are summarized in Table 1.
CCM expands the volume and lowers the bulk modulus of
perovskite, whereas it decreases the volume and does not
much affect the bulk modulus of post-perovskite.

[11] Calculations are carried out with equal Al concen-
trations in the two phases; an equilibrium pressure deter-
mined by this means is “pseudo-univariant.”” However, the
end-member equilibria in pure MgSiO; and Al,O3 and one
pair of such calculations for Al-bearing perovskite and post-
perovskite at equal concentration are sufficient to determine
the divariant phase loop of Al-bearing MgSiOs, if a rea-
sonable assumption about the form of solution model is
made. We show the results of two such models for both
phases: Henry’s Law for dilute Al,O5 concentrations, and
symmetric regular solutions for the whole binary. In both
cases we focus on the CCM for Al incorporation.
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Figure 2. Enthalpy differences between post-perovskite
and perovskite as functions of pressure for various Al,O3
substitution mechanisms. The zero-crossings mark transi-
tion pressures.
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Table 1. Equations of State for Al-Bearing MgSiO; Perovskite
and Post-Perovskite®

Substitution AlLOs, mol% V, (A% Ko, GPa K’
Perovskite
None 0 41.75 235 3.84
CCM 6.25 41.86 232 3.86
CCM 100 42.83 205 4.03
OVM 6.25 42.36 214 3.96
AIHM 3.125 42.20 228 3.85
Post-Perovskite
None 0 41.83 204 4.18
CCM 6.25 41.79 207 4.13
CCM 100 41.78 201 4.29
OVM 6.25 42.33 194 4.15
AIHM 3.125 41.64 228 3.86

2All values have been normalized for approximately 5-atom unit cells;
for 6.25 mol% Al,O3 in OVM this corresponds to 79/16 atoms, and in
AIHM to 81/16 atoms.

[12] To derive both constructions, we begin with the end-
member equilibrium at the transition pressure, P,.

o Py

Wirgsios (Po) = Wizgsio, (Po) 2)

where ¢ is the chemical potential of component ¢ in phase
. At an arbitrary pressure P where the volume change
is not too large, relative to that at P,, equation (2) can be

re-written by relating volume to the Gibbs free energy
and pressure (V = 0G/OP).

HLES:‘O; (P) = H;\)/tﬁsm; (Po) + Vj}gSiO; (P —Py) 3)

where ¢ is either perovskite or post-perovskite. If the
pseudounivariant calculation at Al,Os fraction X; yields
the transition pressure P, then

TAvxfgsl'),,XlAzX, 03 (P1) = G{sz;s_ii;]/uxl 03 (P1) (4)

If we write expressions for the chemical potential of each
component for the solutions models of interest, then the
Gibbs free energy is obtained by summation of chemical
potentials over mole fractions, and equation (4) can be
solved for an unknown parameter in the solution models.

[13] In the first model, for low Al,O5 concentrations, one
may use Raoult’s Law for MgSiO;, at temperature 7,

[} 0o 0}
Wargsios = Haggsio, + RT ln(l _XA1203) (5)

where R is the universal gas constant, and Henry’s Law for
ALO3,

_ o o
H31203 = H21203 +RTIn }‘/112()3)(/101203 (6)

_ .t o
= W0, + RT I Xy, o,

()
where Henry’s constant is absorbed into the converted
standard state. The present work with 0 and 6.25 mol%
Al,O5 in MgSiOj; yields a difference between converted
standard states for Post-Pv and Pv of Ap! = 29 kJ/mol.
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[14] For the regular solution model, we instead use:
o) _ 00 1 0} o 0} 2
Hasgsios = Wugsio, T RT n<1 _XA1203> +W (XA1203) (8)

2
o _ ) q ®
Ranos = HZU?@ +RTInX, o, + Wb<1 *XA1203) )

where W is an interaction parameter representing deviation
from ideality. From the excess enthalpies derived in this
work, W = 40 kJ/mol and W™ = 69 kJ/mol.

[15] At any condition where Pv and Post-Pv coexist,

Post—Pv

1)
PLAIVZO3 = Hup0, (10)

__ . Post—Pv
= Mpsgsios

“‘%SiO; (11)
From the pure end-member transition pressures and phase
volumes, and from the pseudo-univariant transition pressure
(Py) at Al,O3 concentration (X;), we obtain the phase
diagrams in Fiigure 3, using Henry’s Law and the regular
solution model” at 7= 2500 K. Note that our 100% Al,O4
calculation does not lie at the position extrapolated using
Henry’s law from the 0 and 6.25% calculations; we
therefore warn that there must be a deviation from Henry’s
law at some Al,O; concentration. The regular solution
model fits all three concentrations and predicts this
deviation, including a miscibility gap in Post-Pv at Al,O4
concentrations and pressures higher than those relevant to
the lower mantle. Possible complexities, which can be
investigated with calculations at more concentrations,
include narrowing of the phase loop around basaltic
Al,O3 concentrations.

4. Discussion and Conclusion

[16] It is apparent that with even a small amount of
Al,03, MgSiOj3 perovskite and post-perovskite coexist over
a large range in pressure (~109—-122 GPa at 0 K and 6.25%
Al,O3). Assuming that the Clapeyron slope given by
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Figure 3. Phase diagram of MgSiO;, for MgSi — AlAl
substitution. The dashed curves are derived from Henry’s
Law, whereas the solid black curves are from regular
solution theory. The gray curve corresponds to the pseudo-
univariant phase transition. A temperature of 2500 Kelvin
was assumed.
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[Tsuchiya et al., 2004] for pure MgSiOs5 applies to the whole
phase loop, the pressure range at 2500 K becomes ~127—
140 GPa. If we limit the upper pressure to that of the core-
mantle boundary (136 GPa), and use the Preliminary
Reference Earth Model [Dziewonski and Anderson, 1981]
to convert pressure to depth, then the phases coexist over
~2740-2890 km. We find that the post-perovskite phase
transition may therefore not be sufficient to explain a
seismically sharp discontinuity at the top of the D” layer.
This broad region of phase coexistence is, however,
consistent with the seismically observed negative correla-
tions between shear and bulk sound velocity.

[17] There are additional issues to consider regarding the
phase transition width. If the Clapeyron slope decreases
with increasing Al concentration, then it is possible to
recover a relatively sharp transition in the divariant case at
high temperature; this remains to be tested. Furthermore,
increasing the temperature decreases the width of the phase
loop, but increases the transition depth. These trade-offs
must be considered. Our calculations do not account for the
effects of Fe in any oxidation or spin state. However, it
seems unlikely that adding more components and increasing
the variance of the coexistence region would narrow the
transition, though this should also be tested.

[18] Last, we note that the relative abundances of the
coexisting phases vary nonlinearly with pressure, with most
of the change occurring at lower pressure. Since we ignore
pressures larger than 136 GPa, we need not correct further
for this effect. Additionally, the apparent phase transition
width, as observed seismically, may differ from the actual,
petrologically determined width. For upper mantle transi-
tions, the apparent width can be calculated under the
assumption of normal incidence [Stixrude, 1997]. This
approximation does not apply to the D", where ray inci-
dence angles range from 70 to 80 degrees. An extension of
the treatment to larger ray angles is not straightforward, and
a more direct, seismic forward modeling approach would be
required to determine whether the phase transition structure
predicted for multicomponent mantle compositions would
be seismically visible.
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