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The postperovskite transition in MgSiOs at conditions similar to
those expected at the D” discontinuity of Earth’s lower mantle
offers a paradigm for interpreting the properties of this region.
Despite consistent experimental and theoretical predictions of this
phase transformation, the complexity of the D” region raises
questions about its geophysical significance. Here we report the
thermoelastic properties of Cmcm postperovskite at appropriate
conditions and evidences of its presence in the lowermost mantle.
These are (i) the jumps in shear and longitudinal velocities similar
to those observed in certain places of the D” discontinuity and (ii)
the anticorrelation between shear and bulk velocity anomalies as
detected within the D” region. In addition, the increase in shear
modulus across the phase transition provides a possible explana-
tion for the reported discrepancy between the calculated shear
modulus of postperovskite free aggregates and the seismological
counterpart in the lowermost mantle.
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he recent discovery of the postperovskite transition in

MgSiOs; (1) was followed by a series of new findings that may
shed light on the enigmatic properties of the D" layer, the lowest
250 km of Earth’s lower mantle (LM), just above the core—
mantle boundary. Pressures in this region vary from ~125 to
~135 GPa, while temperatures should vary from ~2,500 to
~4,000 K. So far, two first-principles quasiharmonic calculations
(2, 3) have offered consistent thermodynamic phase boundaries
compatible with experimental findings (1, 3-6) and with seis-
mologic/geodynamic inferences of this region (7). Static first
principles elasticity calculations (3, 8-10) have indicated that
postperovskite’s elasticity may cause some of the puzzling ob-
servations of this region, such as discontinuity jumps, anisotropy,
and lateral heterogeneities. Because of the static nature of these
calculations, these inferences were not definite.

Here we present the thermoelastic properties of the postper-
ovskite phase at relevant conditions obtained by first-principles
computations within the quasiharmonic approximation. We
compute shear, longitudinal, and bulk velocities of the postper-
ovskite phase, compare with those of the perovskite phase (11),
and, by invoking our previous thermodynamic phase boundary
(2), we predict the seismic signature of its presence in the LM,
i.e., density and velocity jumps across this transformation. We
also predict in a continuum P, T space various ratios of relative
changes in velocities and density caused by temperature and
phase change in pure aggregates. They prove to be fundamental
for interpreting the unexplained origin of lateral heterogeneities
in D".

Results and Discussion

The elastic constants of MgSiO3 postperovskite are remarkably
different from those of perovskite (11). Postperovskite is a
layered structure, expands anisotropically, and has complex
pressure- and temperature-dependent elastic behavior (see ref.
8 and Fig. 4, which is published as supporting information on the
PNAS web site). However, its aggregate moduli do not differ
dramatically from those of perovskite. The adiabatic bulk moduli
of both phases, Bs(P, T) (Fig. 14), are very similar at >80 GPa.
The shear modulus of postperovskite, G(P, T) (Fig. 14), is larger
and has larger pressure and temperature gradients. This result
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and the fact that postperovskite is ~1.5% denser than perovskite
at deep LM conditions determine the velocity contrasts between
these phases. The shear velocity, Vs(P, T), of postperovskite and
its gradients are larger than those of perovskite (see Fig. 1 legend
and ref. 11). Because of G(P, T), postperovskite’s Vs(P, T) is also
larger and has larger gradients. The longitudinal velocity, Vp(P,
T), is a little larger and has slightly larger gradients because of
G(P, T) as well (see Fig. 1B). In contrast, the bulk velocity, V(P,
T), is smaller than that of perovskite because of their similar
Bg(P, T) values and the larger density (p) of postperovskite.
Something similar is observed across the phase transition in
postperovskite synthesized from natural samples of (Mg,Fe)SiO3
orthopyroxene (14). Fig. 1C shows the velocity jumps across the
calculated phase boundary (2) (see Fig. 1 legend). These results
are consistent with the increase in seismic velocities observed
~200-300 km above the core-mantle boundary in certain places
(15) but most easily detected beneath regions of past subduction,
presumably cold places, such as beneath Central America (15).
There, AVs > AlVp and AVs ~ 2-3% is observed, but this
observation is clearly a regional property of a notably hetero-
geneous layer (refs. 16-18 and references therein).

Another baffling property of D" revealed by global tomo-
graphic models (19) is the anticorrelation between lateral (iso-
baric) heterogeneities in V', and V. The likely causes are usually
addressed by comparing the seismic parameters, Rsp = (dlnlVs/
dlnVp)p and Ryys = (9InV/dInVs)p, to theoretical or experimen-
tal predictions of these ratios at relevant conditions (20). It is
known that in the shallow LM Rgp ~ 2.3 and Rys ~ 0.0, whereas
in D" Rgjp ~ 3.4 and Rys ~ —0.2 (19). Velocity anomaly ratios
produced by isobaric temperature changes in pure postperovs-
kite and perovskite aggregates are displayed in Fig. 2.4 and B
along with the seismic parameters extracted from ref. 19 and
reported in ref. 20. In pure perovskite aggregates, Rsp increases
with pressure and temperature but reaches at most ~2.3 at 135
GPa and 4,000 K, whereas Rgys is approximately pressure
independent and slightly decreases with temperature to reach
~0.16 at similar P, T values (see Fig. 24). In postperovskite Rsp
decreases with pressure, but because of its larger (9G/aT)p, it
increases more rapidly with temperature to reach ~ 2.8 at the
same P, T values. Rys is smaller than that of perovskite, 0.1, at
these conditions (see Fig. 2B). It has been argued that anelas-
ticity, anisotropy effects, and lateral variations in calcium con-
tent in the deepest mantle might be necessary to produce large
values for Rg/p and negative ones for R s, unless there is a phase
transformation (20).

Fig. 2C compares the seismic parameters with the computed
ratios of velocity anomalies caused by the postperovskite tran-
sition along our phase boundary (2). Very large values for Rgp
(>6) and negative values for Rys (<—0.5) result from this phase
change. Therefore, lateral variation in phase abundances en-
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Fig. 1.  Elastic properties as functions of pressure and temperature. (A)
Pressure dependence of aggregate adiabatic bulk (Bs) and shear (G) moduli
and density (p) of postperovskite along the 300K (red), 1,000 K (orange), 2,000
K (green), 3,000 K (blue), and 4,000 K (purple) isotherms. (B) Isotropic longi-
tudinal [Vp = V/(Bs + 4G/3)/pl, shear (Vs = VVG/p), and bulk (Vs = VVB/p) wave
velocities. Filled circles in A and B are PREM values (12) for comparison. (C)
Velocity jumps across the previously obtained phase boundary (2). Thick black
lines represent the jumps at the center of our phase boundary with a density
functional theory-related uncertainty of 10 GPa. Shaded areas are possible
values throughout the boundary uncertainty domain (2). Open triangles and
squares, respectively, are results from molecular dynamics simulations at 135
GPa and 4,000 K and 136 GPa and 3,000 K (13).* The vertical dashed line
indicates the approximate topmost location of the D” discontinuity.
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hances the seismic parameters in the correct directions. This
effect was approximately estimated in ref. 3 assuming the
temperature dependence of perovskite and postperovskite’s
velocities were the same. The presence of secondary phases, such
as magnesiowiistite and CaSiOs, will decrease these anomaly
ratios. In addition, the phase boundary and the velocities of
minor element bearing perovskite and postperovskite should
produce a P, T domain for perovskite/postperovskite coexist-
ence also with unknown properties. Nevertheless, the effect of
lateral variations of phase abundances on these parameters
seems very robust.

As pointed out from the outset, the topography of D" is
consistent with a phase transition with positive Clapeyron slope
(=~4-10 MPa-K~!) induced by lateral temperature variations (7).
Interestingly, the correlation between geographic location and

*The molecular dynamics simulation in ref. 13 used a supercell of 60 atoms and the GGA
approximation for exchange correlation. The latter is the likely source of the discrepancy
in Bs, the adiabatic bulk modulus, displayed in Fig. 1.
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Fig. 2. Ratios of velocities and/or density anomalies. Seismic parameters
Rsip = (0InVs/aInVp)p, Ryss = (3|HV¢/8|an)P, and Rys = (dlnp/alnVs)p at several
temperatures for postperovskite (A) and perovskite (B) (color code same as in
Fig. 1). These values are presented for comparison. Filled circles with error bar
(£20%) are from molecular dynamics simulations (13). (C) Contribution of
phase transition to these parameters with uncertainties (shaded blue areas)
related to phase boundary computation (same as in Fig. 1C). Seismic values
extracted from ref. 19 and uncertainties (gray shaded areas) were summarized
in ref. 20.

nature of V, and Vs anomalies is also consistent with this
assumption if postperovskite is abundant in D”. Beneath the
Central Pacific Iy, is faster and Vs is slower than their spherical
mantle averages, whereas beneath the Circum-Pacific the oppo-
site holds. These regions are generally considered to be respec-
tively hotter and colder than average. The positive Clapeyron
slope of this transition implies that hotter regions should contain
less postperovskite and therefore have faster I, and slower Vs,
whereas colder regions should be enriched in the latter and have
slower V, and faster Vs, as observed. Lateral variations in phase
abundances alone do not account for the complex structure and
properties of D”. However, this perspective should be useful as
a reference model from which deviations should be interpreted.
Obviously the effect of secondary phases and minor element
partitioning on the postperovskite phase boundary and on
aggregate elasticity, particularly the important effect of iron
(21), must be determined before a more quantitative reference
mineralogical model for D” is developed.

The origin of the negative values of Rys above D” indicated in
Fig. 2B is also unclear. It could originate in the degree of
resolution of tomographic models. However, if this effect is real,
it could have several origins, including anelasticity. A possible
mineralogical origin and an argument against anelasticity alone
will be discussed at the end of the text in connection with the
elasticity of postperovskite-free aggregates (11) and the stability
of iron-rich postperovskite (21).

These results and inferences imply that a third seismic param-
eter, Rys = (dlnp/dlnVs)p, the average ratio between p and Vs
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anomalies caused by the postperovskite transition, should be
positive and perhaps increase with depth in the lowermost
mantle (see lowest portion of Fig. 2C), unless other effects such
as change in anelastic effects or chemical heterogeneities (18, 20,
22)% occur simultaneously. Some 3D density models do not
support this prediction (24), whereas others do (25). Estimates
of this parameter obtained by joint inversions of seismic and
geodynamic data also tend to offer a positive ratio (26). It
appears that until a clear consensus on the 3D structure of p is
reached, this issue will remain an open point. Recently, it has
been pointed out that an average excess density of 0.4% in the
lowermost mantle is possible (27), in agreement with our
expectations.

Another pressing issue is the anisotropy of D", a case of
boundary layer anisotropy possibly enhanced by the bias of
seismic detection techniques toward these regions. Despite the
lack of global seismic coverage of D", the observed diversity of
anisotropy styles (16, 28), and the numerous possible sources of
anisotropy (29), evidence has been accumulating suggesting that
anisotropy in certain places of D" could result from lattice
preferred orientation in largely strained aggregates produced by
mantle circulation (ref. 30 and references therein). The analogy
between the D” region and the topmost upper mantle, where
anisotropy is also strong, is very compelling. Beneath regions of
past and present subduction, such as the Caribbean, where
colder than average and largely deformed paleo-plates are
expected to reside, and horizontal flow presumably happens,
transverse isotropy with Vsy > Vsy is generally observed
[Vsh(svy being the velocity of horizontally (vertically) polarized
shear waves propagating horizontally]. It is plausible that in
postperovskite the primary slip system involves (010). Lateral
material displacement should then align mainly the silica layers
parallel to the horizontal plane. However, this simple picture
does not provide a satisfactory explanation for the anisotropy in
D" (8). Static elasticity calculations have shown that (Vsg — Vsy)
in transversely isotropic aggregates with this preferred orienta-
tion is positive but small (2, 3, 8). The largest Vs splitting is
produced by aligning [001] vertically, not [010] (8).

Fig. 3 shows the calculated shear wave splittings along the
thermodynamic phase boundary (2) for various vertical align-
ments of the crystalline axes of these phases and of periclase
(MgO) (31)," the presumably most abundant secondary phase in
the LM. It can be seen that at relevant P, T' conditions that (7)
vertical alignment of postperovskite’s [001] produces the largest
positive (Vsg — Vsy) but considerably smaller than that pre-
dicted at T = 0 K (8); (i) the shear wave splittings in perovskite
and postperovskite have similar magnitudes regardless of ori-
entation; (iif) similarly to the static results (32), only vertical
alignment of perovskite’s [100] produces positive (Vs — Vsv);
and (iv) horizontal alignment of MgO’s {100}, its primary slip
plane at high Ps (33), produces considerably larger (Vsu — Vsv).
Despite our lack of direct information on the slip systems of these
phases at D” conditions, it appears that unless a significant
alteration in plastic deformation mechanism from diffusion to
dislocation creep accompanies the postperovskite transition, it is
unlikely that postperovskite can be a more significant source of
anisotropy in D” than perovskite.

Despite being less abundant (=20 vol%) magnesiowiistite (33)
is the most anisotropic (31, 34) and weaker phase present. It is
therefore likely to undergo more extensive deformation (33) and
be a more important source of lattice preferred orientation-
derived anisotropy (30), particularly in D”. Across the postper-

SRef. 22 indicates the existence of excess iron in the mantle beneath Hawaii, presumably
originating at the core-mantle boundary. This chemical heterogeneity should result in
negative R,s (23) as appears to be observed (24).

TThe high P, T elasticity of MgO was presented in ref. 31.
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Fig.3. Shear wave splittings (Vsy — Vsy) (see text) in MgSiO3 postperovskite
and perovskite, along the thermodynamic phase boundary with respective
uncertainties, for horizontally propagating waves in transversely isotropic
aggregates with three possible alignments of the major crystalline axes along
the vertical direction.

ovskite transition, the contrast in strength between MgSiO3 and
MgO should increase because the strength of a material usually
increases with the shear modulus (see Table 1). MgO therefore
could undergo greater deformation next to postperovskite.

Finally, it has been pointed out (11) that G in the shallow LM,
as extracted from the Preliminary Reference Earth Model
(PREM; GPREM) (12), agrees well with that of an aggregate of
(Mg,Fe)SiOs-perovskite and (Mg,Fe)O with approximately py-
rolitic composition at 7s predicted by a standard adiabatic
geotherm (G¥°) (35). However, in the deep LM GPREM exceeds
G by ~10-15 GPa, i.e., differs by more than estimated
uncertainties (11). The nonthermal nature of this phenomenon
was indicated by the reasonably good agreement between B =M
and BE', or possibly a slightly smaller BBSRFM. Presently, the
larger GPREM s an argument against anelasticity in the LM.
PREM, being a 1D model with a narrow D" layer only 150-km
thick without discontinuities in this region, smoothes the effect
of a discontinuous increase in Vs and G throughout the lower-
most mantle (ref. 16 and references therein). Therefore, the
existence of postperovskite with larger G (=20 GPa; see Table
1) in the D" layer could contribute to the type of inconsistency
between GPREM and G observed in ref. 11.

Another enticing origin for this inconsistency could be of
mineralogical nature. With respect to a homogeneous and
postperovskite free LM, the existence of a nonhomogeneous
distribution of postperovskite introduces positive shear and
negative bulk velocity heterogeneities. Their spherical averages
increase and decrease as well. The spherically averaged shear
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Table 1. Elastic properties in GPa, km/s, and K of MgSiOs perovskite (1) and postperovskite (2, 4, 6) at 125 GPa and 2,500 K and (3)

140 GPa and 4,000 K

Property (4B 22 33 2 13 €23 Cas Cs5 Ces Bs G Ve Vs Vo
Mmm 874 1095 1077 539 436 469 311 255 296 655 276 13.9 7.2 11.1

)m 1146 888 1139 454 418 507 311 238 352 656 294 14.0 7.4 111

N 1119 900 1131 498 486 536 343 231 326 685 284 14.0 7.3 11.3

(4) oM/ oP 6.4 4.5 6.3 2.9 2.3 2.5 3.1 2.2 2.7 3.6 2.2 0.032 0.022 0.022

(5) oM/oT —0.083 -0.037 —0.069 0.0011 0.022 —0.0054 -0.011 -0.028 -—0.045 -0.017 —0.030 —0.00029 —0.0003 —0.000073

(6) 02M/aPaT 0.00061 0.00017 0.00026 —0.000063

0.000089 —0.00013 0.00076 0.00030 0.00014 0.000063 0.00032 0.0000035 0.0000053 0.0000012

Diagonal cjs are typically underestimated by ~2%, off-diagonal ones by ~1.5%, and shear ones by <1%. Bs and G are Voigt-Reuss-Hill averaged adiabatic
bulk and shear moduli. Typically they are underestimated by 2% (random deviations in individual ¢;; are averaged out). Vp, Vs, and Vg are compressional, shear,

and bulk velocities.

and bulk moduli increase and remain approximately unchanged
(or decrease slightly depending on the average geotherm),
respectively. Ref. 11 pointed to this type of deviation starting at
pressures as low as =75 GPa. This finding and the simultaneous
observation of anticorrelations above ~80 GPa indicated in Fig.
2 could be pointing to the existence of postperovskite already at
these pressures, perhaps in regions with substantially greater
iron content (20), or of another phase introducing the same type
of elastic anomaly. In short, the origin of negative Ry values
above D" could be the same as of those discrepancies observed
in ref. 11.

This discussion is speculative, but it is essential to recognize
this relationship. Until we have more information about equi-
librium high P, T properties of (low and high spin) iron bearing
aggregates this issue will not be simply tackled, including the role
of anelasticity.

Theoretical Methods

The methodology used here has been used in several previous
investigations and reported in detail in other publications (2, 9,
11, 36) and is described in Supporting Methods, which is published
as supporting information on the PNAS web site, with individual
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elastic constants of postperovskite and perovskite. It proved very
successful when applied to the perovskite phase (11) at these
conditions, producing results in excellent agreement with those
obtained in molecular dynamics calculations (37). A recent
investigation of the thermodynamic properties of the postper-
ovskite phase (36) indicates that the quasiharmonic approxima-
tion is also valid for this phase at relevant conditions. Both
phases are mechanically and vibrationally very stable well be-
yond their thermodynamic stability fields, and, at D" conditions,
their thermodynamic properties are very similar (36). This
characteristic is reflected in the nature of the postperovskite
transformation: it is kinetically slow displaying large hysteresis in
pressure (1, 4, 5).
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Supporting Methods

The techniques used here and the details of this calculation are similar to those used in
previous high P, T calculations of the Pbmn-perovskite (1) and Cmcm postperovskite
phase (2, 3). Computations were performed by using the local density approximation
(LDA) (4, 5) and the generalized gradient approximation (6). Pseudopotentials for
oxygen and silicon were generated by the method of Troullier—Martins (7). The cut-off
radii are (i) for oxygen in the configuration 2s* 2p”, r(2s) = r(2p) = 1.45 arbitrary units
(a.u.), with p locality and (ii) for silicon in the configuration 3d® 3p* 3d°, r(3s) = r(3p) =
r(3d) = 1.47 a.u., with d locality. The method of von Barth—Car (U. von Barth & R. Car,
unpublished data) was used for magnesium. Five configurations, 3s® 3p°, 3s* 3p?, 3s'
3p%° 3d%%, 35! 3p®®, and 3s* 3d* with decreasing weights 1.5, 0.6, 0.3, 0.3, and 0.2,
respectively were used. Cut-off radii were r(3s) = r(3p) = r(3d) = 2.5 a.u. with d
nonlocality. The plane wave energy cutoff was 70 Ry. Brillouin zone sampling for
electronic states (phonons) was carried out on 6 (14) and 2 (18) special k-points (g-
points) for the postperovskite and perovskite phases, respectively. Phonon frequencies
were obtained by using density functional perturbation theory (8). Structural
optimizations were performed by using variable cell shape molecular dynamics (9).
Thermodynamic properties were determined by using the quasiharmonic approximation
(10).

Our approach to high P, T elasticity is the same one used previously to calculate the
thermoelastic properties of MgSiO3 perovskite (1). It exploits the volume and strain
dependence of the vibrational frequencies to determine the thermal contribution to the

free energy within the quasiharmonic approximation (QHA). Isothermal elastic constants

2
were obtained asc' (P,T) = 9G(P.T) , and converted to adiabatic as
! 0&,0¢;
cS(P,T)=c'(P,T) o2 S(P.T)| | S(.T) , Where G, g, V, Cy, and S are Gibbs
! ! C, og; || Oe; .

free energy, strain, constant volume specific heat, and entropy, respectively. At least 15



strained configurations at each P, T were required. The magnitude of applied strains was
0.01, as in refs. 1 and 3. The vibrational density of states of postperovskite was sampled
at 39, 47, and 60 points throughout the irreducible Brillouin zones of the orthorhombic
(g1, €2, €3 deformations) and monoclinic (es, €5, and g deformations) geometries,

respectively.
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