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Abstract

Numerical simulations of thermo-chemical mantle convection with the newly-discovered post-perovskite (PPV) phase
change are used to characterize its dynamical consequences for the DQ region, which has frequently been interpreted as being
thermo-chemical in origin. A strong lateral variation in the appearance of the PPV region is observed, with high CMB

temperatures leading to bdouble-crossingQ of the phase boundary in average or cold regions, or no crossing in hot regions.
Lower CMB temperatures result in a single crossing everywhere but with highly variable depth. The strongly exothermic nature
of the post-perovskite phase change induces an anti-correlation between regions containing a thick PPV layer and piles of

chemically dense material formed by the segregation of the crustal component from subducted slabs. The PPV phase change
destabilizes chemically-dense material, allowing subducted slabs to easily penetrate into a dense layer, forming isolated patches
of the post-perovskite phase. Whereas the lateral spectrum of thermal anomalies in the deep mantle is dominated by long

wavelengths, the lateral spectrum of composition is relatively flat and is the dominant contributor to seismic velocity variations
at all wavelengths except the very longest ones.
D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Three proposed origins for the highly heteroge-
neous structures in the CMB region observed in

various seismological studies are (1) compositional,
(2) thermal, and (3) phase change related. Regarding
composition, several global tomographic studies
(e.g., [1,2]) have indicated that compositional varia-
tions are necessary to explain large-scale, high
amplitude structures in the deep mantle, possibly
consistent with numerical models of thermo-chemi-
cal mantle convection in which dpilesT of dense
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material form underneath large-scale upwellings [3–
5]. On the other hand, to explain the bLayQ discon-
tinuity observed at the top of DQ in many areas and
the negative velocity gradient below this, Sidorin et
al. [6] found, by comparing synthetic seismograms
calculated for various numerical convection models
with data, that a strongly exothermic phase transi-
tion deflected by temperature variations fits the
observations better than a chemical boundary.
Thus, the preferred explanation of deep mantle
structure probably involves both compositional var-
iations and an exothermic phase change interacting
with temperature variations. Previously this explana-
tion had the problem that no suitable phase change
was known, but recently a phase change from per-
ovskite to a post-perovskite (PPV) phase, expected
to take place at approximately 2700 km depth, was
discovered and investigated [7,8]. This new phase
change is strongly exothermic, with a Clapeyron
slope in the range +8 to +10 MPa K!1 [8,9].
Due to its strongly positive Clapeyron slope com-
bined with the large temperature gradients that are
expected in the thermal boundary layer above the
CMB, it has been proposed that a second (bdoubleQ)
crossing of the phase change back to the perovskite
stability field occurs several tens of kilometers
above the CMB, and that such a feature has been
found in the Eurasia region by comparing real data
with synthetic seismograms generated for such a
bdouble-crossingQ scenario [10–12].

A numerical modeling study of the effect of this
phase change on purely thermal mantle convection
[13] indicated that it destabilizes the lower boundary
layer, resulting in a greater number of small-scale
boundary-layer instabilities (leading to plumes) and
a warmer mantle interior. However, that exploratory
study lacked certain features that are thought to be
important in mantle dynamics, particularly composi-
tional variations in the deep mantle, and variable
viscosity with plate-like lithospheric behavior. Thus,
the modeling is here extended to include these
complexities. In this study, numerical simulations
of thermo-chemical mantle convection in a two-
dimensional cylindrical shell are used to investigate
the relationship and interaction between chemically-
dense material and the PPV phase boundary in the
CMB region. The present study focuses on ques-
tions such as: (1) What is the spatial relationship

between the PPV phase change and possible com-
positional dpilesT? (2) How does the PPV phase
change affect the stability of dense material above
the CMB? (3) Which structures best fit the seismo-
logical data?

2. Model

The numerical code STAG3D is used to study
thermo-chemical mantle convection in a two-dimen-
sional cylindrical shell (e.g., [14]) with the radii of
the CMB and surface boundaries rescaled such that
surface area ratios match those in spherical geometry
[15]. The compressible anelastic and infinite Prandtl
approximations are made, as usual. The physical
properties density, thermal expansivity, and thermal
diffusivity are assumed to be dependent on depth, as
given in [14]. Phase changes are incorporated at 400
km (+2.5 MPa K!1) and 660 km (!2.5 MPa K!1)
in addition to the deep mantle PPV phase change.
The version of the model used here is presented in
great detail including all relevant equations in
[20,21]. The only major change is made because of
the large PPV Clapeyron slope and the possibility of
crossing the PPV phase boundary twice or not at all
[10], which makes it important to use a numerical
phase change treatment that allows these possibilities
and correctly includes phase change deflection,
rather than one in which the phase change is
assumed to occur at a fixed depth. Thus, a phase
function approach, based on that in [16], is used:

Cppv T ; dð Þ

¼ 0:5þ 0:5tanh

!

d ! dppv ! cppv T ! Tppv
" #

w

$

ð1Þ

where Cppv is the phase function for post-perovskite,
which varies from 0 for perovskite to 1 for post-
perovskite, T and d are temperature and depth,
respectively, (Tppv, dppv) is a point on the phase
boundary, cppv is the Clapeyron slope and w is the
width of the phase transition, which for numerical
reasons must be taken to be wider than realistic. The
values of these parameters are given in Table 1. The
energy equation is identical to that given in previous
studies (e.g., Eq. (3) of [20,21]) but it is instructive
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to reproduce it here because the latent heat term is
affected by the post-perovskite transition:

qPcPp
BT

Bt
þudjT

% &
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" #

þ q̄qRh þ
Dis

Ra
sijui; j
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i¼1
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dCi
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where the barred quantities q̄, c̄p, ā and k̄ are radius-
dependent reference state properties density, heat
capacity, thermal expansivity and thermal conductiv-
ity respectively, the calculation of which is defined
in Eqs. (11) to (14) of [3]. Dis is the surface dis-
sipation number, Ra is the Rayleigh number defined
using reference (generally surface) parameters, u is
velocity, Rh is internal heating rate and sij is the
stress tensor. In the last (latent heat) term, Pi is the
conventional phase buoyancy parameter for the ith
phase change and Ci is the phase function for the ith
phase change. C for the post-perovskite transition is
given above and its form for the other two transitions
is given in [20,21]. The technical implementation of
phase changes in STAG3D has been discussed in
detail in [3,14,20,21]. To summarize: a different
reference state is calculated for each phase, and the
properties in a particular grid cell (most importantly,
reference density) depend on the relative fraction of
the different phases as given by the appropriate
phase functions. In order to avoid possible numerical
problems associated with the last term in (2) when
Ci changes rapidly, the advection step is performed
on potential temperature rather than total tempera-
ture, as potential temperature is not changed by
phase transitions or adiabatic heating/cooling so has
a much simpler energy equation. Potential tempera-

ture is then transformed to actual temperature to
compute other terms in (2).

The viscosity is temperature-, depth-and yield
stress-dependent, given by

gd T ; zð Þ ¼ g0 1þ Dg! 1ð ÞH z! 0:223ð Þ½ 'exp 4:6z½ 'exp
'

27:631

T þ 1! Ts

(

rY zð Þ ¼ rb þ rdz

g T ;z;ėeð Þ ¼ min gd T ; zð Þ; rY zð Þ
2ėe

! $

ð3Þ

where gd(T, z) is the ductile viscosity, Dg is the
viscosity jump between the upper and lower man-
tles, H is the Heaviside step function, rY(z) is the
depth-dependent yield stress, rd is the yield stress
gradient, rb is the yield stress at the surface, ė is the
second invariant of the strain rate tensor, Ts is the
surface temperature and z is the vertical coordinate,
which varies from 1 at the CMB to 0 at the surface.
In this formulation, the viscosity changes by six
orders of magnitude with temperature, two orders
of magnitude with depth (although the increase
along an adiabat is less), and Dg =10 across the
660 km discontinuity. Since material properties of
perovskite and post-perovskite (i.e., elasticity and
thermodynamical properties) are similar [17,18], it
does not appear necessary to include a viscosity
jump at this phase transition.

Some notable recent studies have included the
temperature-dependence of thermal conductivity in
addition to the pressure-dependence included here,
including [29] who also included the post-perovskite
phase change. Here, in order to not introduce too
many complexities at once, we focus on the combined
effect of compositional variations and the post-per-
ovskite phase transition and leave temperature-depen-
dent thermal conductivity to a future study.

Compositional variations are assumed to arise from
melt-induced differentiation, which is treated in the
same manner as in previous studies [19–21], i.e., by
comparing, after each timestep, the local temperature
to a depth-dependent solidus (shown in Fig. 1 of [19]).
When the temperature in a cell exceeds the solidus,
the fraction of melt necessary to bring the temperature
back to the solidus is generated and instantaneously
placed at the surface to form crust, then the cell
temperature is set back to the solidus [20]. Composi-
tion is represented by the variable C, which varies
from 0 (harzburgite) to 1 (basalt/eclogite). The density

Table 1

Physical parameters for the post-perovskite phase change

Symbol Meaning Dimensional values

Dqppv Density jump 66.4 kg m!3

cppv Clapeyron slope 0, +8, +16 MPa K!1

Tppv Temperature at phase boundary 2650 K

dppv Depth at phase boundary 2700 km

w Width of phase boundary 30 km

The density jump is calculated by using experimental data Mura-

kami et al. [7].
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contrast between these extremes is here taken to be
constant with depth for simplicity.

Radioactive heating is included and is enhanced by
a factor of ten in the dense material, to crudely
account for the partitioning of incompatible heat-pro-
ducing elements into the oceanic crust. Thus:

Rh C; tð Þ ¼ H0

!

1þ 9C

1þ 9hCi

$

exp ta ! tð Þln2=sð Þ ð4Þ

where H0 is the present-day heating rate in the regular
mantle, ta is the age of the Earth (4.5 Gyr), t is the
time since the beginning of the calculation and s is the
average half-life of radiogenic heating, taken to be
2.43 Gyr. The average present-day internal heating
rate in the mantle is set to 23.7 in the non-dimensional
equations, corresponding to a dimensional value of
6.2(10!12 W kg!1.

The boundary conditions at the top and bottom
boundaries are impermeable and shear stress free for
velocity, isothermal for temperature and zero mass flux
for composition. The side boundaries are periodic. The
bottom thermal boundary condition accounts for cool-
ing of the core, and is given by dTCMB/dt=!KFCMB

where TCMB is CMB temperature, which is initially
set to 4200 K, K is the cooling coefficient given as

K =3qmcmd/qcccrCMB (e.g., Steinbach et al. [22]),
and FCMB is the CMB heat flow given by the
thermo-chemical mantle convection calculation. A
numerical grid of 256 (horizontal)(128 (vertical)
cells is used, with an average of 16 tracers per grid
cell to track the composition. This grid results in ~25
km vertical grid spacing, with 13 cells in the DQ

Fig. 1. Comparison of identical cases with different numerical resolutions: (a) the standard resolution (256(128) and (b) higher vertical

resolution (256(192), which has approximately 15 km vertical spacing. The cases have a PPV Clapeyron slope of +8 MPa K!1 and a 2%

density difference between basaltic and hartzburgitic material. The general character and statistical nature of the temperature, composition and

phase function fields are quite similar to each other, indicating that the original resolution is sufficient for characterizing such structures in the

CMB region.

Table 2

Physical mantle parameters

Symbol Meaning Non-dimensional

value

Dimensional

value

Ra0 Rayleigh number 1(107 N/A

d Thickness of the

mantle

1 2890 km

g0 Reference viscosity 1 1.4(1022 Pa s

q0 Reference (surface)

density

1 3300 kg m!3

g Gravity 1 9.8 m s!2

a0 Reference (surface)

thermal expansivity

1 5(10!5 K!1

j0 Reference (surface)

thermal diffusivity

1 7(10!7 m2 s!1

DTsa Temperature scale 1 2500 K

Ts Surface temperature 0.12 300 K

rb Yield stress 105 117 MPa

rd Yield stress gradient 4(105 162.4 Pa m!1

Ra0=q0a0DTsad
3 /j0g0.
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region, i.e., the 300 km directly above the CMB. In
the horizontal direction, 256 cells gives a grid spa-
cing of ~14 km at the CMB. As a resolution test, an
identical case was computed but with 192 vertical
cells (compared in Fig. 1). The qualitative similarly
of chemical and phase-change features between these
calculations indicates that the standard resolution is
sufficient to resolve the features investigated in this
study. Although this calculation includes a quantita-
tive description of the thermal evolution of the
Earth’s core, we focus on the interaction between
the PPV phase change and thermochemical convec-
tion; the thermal evolution of the core in this situation
will be addressed in another paper. The physical
parameters for the mantle used in this study are listed
in Table 2. Cases are started from an initial condition
in which the temperature field is adiabatic (potential
temperature, 1600 K) with thin error function thermal
boundary layers at the top and the bottom plus small

random perturbations, and the compositional field is
initialized at a constant C =0.3.

In order to investigate the relationship between
compositional variations and the PPV phase change,
the most important parameter of each is varied, namely
density contrast and Clapeyron slope, respectively.
The density difference between subducted MORB
and pyrolite in the deep mantle is quite uncertain.
Thus, we test three plausible values for the density
change between C =0 harzburgite and C =1 MORB:
0%, 2% and 3% of the reference (surface) density, i.e.,
0, 66 or 99 kg m!3. These correspond to values of the
chemical buoyancy parameter B =Dqc/q0a0DTsa of 0,
0.16 and 0.24. In order to clearly elucidate the effect
that the post-perovskite phase change is having, we
test not only the predicted value of 8 MPa K!1 but
also zero, and twice the predicted value, i.e., 16 MPa
K!1, here referred to as bexaggeratedQ. This leads to a
total of nine cases.

Fig. 2. The time evolution of temperature (left), phase function (center) and composition (right) fields for the case with an exaggerated (+16

MPa K!1) Clapeyron slope and a 2% compositional density variation. The fields are plotted at (a) 3.379 Gyrs before present, (b) 2.148 Gyrs

before present, (c) 1.144 Gyrs before present, and (d) the present day, i.e., after 4.5 Gyrs of model evolution. The temperature field is colored

from hot (red) to cold (blue). For the phase function, blue is olivine, sky blue is spinel, yellow is perovskite and red is post-perovskite.

Composition varies between basaltic (red) and harzburgitic (blue).

T. Nakagawa, P.J. Tackley / Earth and Planetary Science Letters 238 (2005) 204–216208



3. Results

3.1. Time evolution

The time evolution of the thermo-chemical struc-
ture and phase boundaries for the case with a 2%
compositional density variation and the exaggerated
value of the PPV transition (16 MPa K!1) is illu-
strated in Fig. 2. The evolution of the composition and
temperature fields is similar to that in previous models
that have continuous crustal differentiation (e.g., [19–
21]), with a highly heterogeneous structure develop-
ing over billions of years, although with this 2%
density contrast subducted crust is not able to form
a long-term stable layer above the CMB. At early
times, convection is somewhat layered, with the
upper mantle becoming depleted (blue) more rapidly
than the lower mantle.

The plots of dphaseT show the locations of different
mineralogies: blue=olivine, cyan=spinel, yellow=
perovskite, red=post-perovskite. At early times,
when the core is hot enough that the CMB tempera-
ture and pressure is in the perovskite stability field,
some features predicted by [10] are observed: (i) post-
perovskite occurs in a bsandwichQ, with perovskite
above and below, and (ii) it does not blanket the
entire CMB, because in regions where the mantle is
hot the geotherm does not pass through the PPV
stability field. Furthermore, at the earliest time illu-
strated (Fig. 2a) an isolated patch of PPV is visible
some distance from the CMB within the base of a
cold davalancheT. With increasing time the core cools,
leading to a pinching off of the near-CMB perovskite
region (Fig. 2c) until eventually the PPV phase
extends to the CMB and occurs everywhere (Fig.
2d). Even with a ubiquitous boundary, however, the
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(a) Zero Clapeyron slope

(b) Predicted Clapeyron slope (+8MPa/K)

(c) Exaggerated Clapeyron slope (+16MPa/K)

Temperature Composition Phase function

Fig. 4. (a–c) Temperature, phase and composition fields for cases with zero compositional density variation. Colors as in Fig. 1. Blue arrows

indicate velocity.

(a) Zero Clapeyron slope

(b) Predicted Clapeyron slope

(c) Exaggerated Clapeyron slope

Temperature Composition Phase function

Fig. 5. (a–c) Temperature, phase and composition fields for cases with a 2% compositional density difference. Colors and blue arrows as in Fig.

1. White arrows indicate the position of small-scale flow inside the dense piles or layer.
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topography is considerable, with a very thin PPV
layer in hot regions but thick layer in cold regions.
As dense segregated subducted crust is swept
towards upwellings (see Fig. 2d), there is an antic-
orrelation between regions where a thick PPV layers
exists, which are where cold subducted slabs accu-
mulate, and regions where piles of subducted crust
build up.

Fig. 3 (from [10]) illustrates how these different
structures may be explained by different geotherms
interacting with the phase diagram, with geotherms
plotted in Fig. 3a and schematic structures for a hot
core scenario illustrated in Fig. 3b. Thus for a hot
CMB that is in the perovskite stability field, the
average mantle adiabat may result in a double cross-
ing and a PPV sandwich, while a cold region (e.g., a
slab reaching the CMB) will experience a thicker
sandwich, and a hot region (e.g., an upwelling
plume) may miss the PPV stability field altogether,
i.e., have zero crossings. The reason for a transition
from double- or zero-crossing to a single crossing as
the CMB temperature is decreased is also clear from
Fig. 3a.

3.2. Dependence on compositional density variation
and Clapeyron slope

Fig. 4 shows thermo-chemical structures for cases
with zero chemical density variation and the three
values of Clapeyron slope, after 4.5 billion years of
evolution. As expected, subducted crust does not
settle above the CMB but is instead passively
stretched and folded by the flow. In all cases the
core has cooled sufficiently that a continuous layer
of PPV is formed above the CMB, which is flat in the
case of zero Clapeyron slope. The PPV layer becomes
thicker with increasing Clapeyron slope, indicating
greater cooling of the core and deep mantle. The
phase boundary is shallow in regions where cold
slabs reach the CMB region and deep in hot regions,
as previously discussed.

With a 2% chemical density difference and zero
Clapeyron slope (Fig. 5a), subducted oceanic crust
can settle into a messy layer covering the CMB.
However, with the Clapeyron slope increased to the
predicted value (Fig. 5b), such a layer is not stable and
instead the dense material is swept into piles under-

(a) Zero Clapeyron slope

(b) Predicted Clapeyron slope

(c) Exaggerated Clapeyron slope

Temperature Composition Phase function

Fig. 6. (a–c) Temperature, phase and composition fields for cases with a 3% compositional density difference. Colors and blue arrows as in Fig.

1. White arrows indicate the position of small-scale flow inside of the dense piles or layer.
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neath the upwelling regions. When the Clapeyron
slope is doubled (Fig. 5c), any deep layering becomes
even more tenuous. These results indicate that the
exothermic PPV phase transition destabilizes the
thermo-chemical boundary layer above the CMB.
They also further illustrate the anticorrelation between
places with a thick PPV layer and places with piles of
dense material. Regarding core cooling, there is a
competition between two effects: reduction of the
cooling rate by blanketing of the core by a dense
layer (e.g., [19]) and increased cooling rate due to
the PPV transition [13].

With a 3% chemical density difference (Fig. 6), a
layer of dense subducted crust forms above the CMB
regardless of the strength of the PPV transition. This
dense, radioactive heating enriched material makes
the CMB region hot, so that when the Clapeyron
slope is as predicted (Fig. 6b), only a very thin PPV
layer is formed, and with an exaggerated Clapeyron
slope (Fig. 6c), PPV is localized to the tip of a sub-
ducted slab. The formation of a PPV patch in the tip
of a slab gives it an additional negative buoyancy that
helps it to penetrate deeper towards the CMB.

Fig. 7 shows the mantle geotherms for each density
variation and Clapeyron. With a 0% chemical density
variation (Fig. 7a), the mantle geotherms for cases
with a positive post-perovskite Clapeyron slope are
slightly cooler than for a zero Clapyeron slope, which
seems to contradict our previous results [13] in which
this phase change resulted in a warmer mantle. These
results can be reconciled by considering the thermal
evolution aspect, which was missing in our previous
study: The post-perovskite phase change causes
higher CMB heat flow so that the core becomes
cooler, which also reduces lower mantle temperatures.
An additional mechanism arises from melting: If the
mantle starts hotter then more melting occurs, which
can rapidly reduce the temperature.

With a 2% or 3% chemical density variation (Fig.
7b and c), geotherms for positive Clapeyron slope
cases are typically higher than those for zero Cla-
peyron slope cases, except in the deepest mantle
where a layer may form. This is because the presence
of a dense basaltic layer results in higher temperatures
inside the layer and lower temperatures above the
layer, and adding the post-perovskite phase change
reduces this layering, causing more of the heat-produ-
cing element enriched material to be entrained.

3.3. Implications for seismic structure in the CMB
region

It is useful to convert model thermal and composi-
tional anomalies to seismic velocity anomaly, in order
to compare to constraints from global seismic tomo-
graphy models (e.g., [1,2]). As in our previous paper
[5], composition is converted to iron fraction using
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XFe=0.05+0.1C, and scaling factors from XFe or
temperature to seismic shear wave velocity are taken
from [2].

Here we focus on the lateral spectra of shear
wave velocities at 2700 km depth, which are plotted
for the different cases in Fig. 8. With a zero Cla-
peyron slope (Fig. 7a), large amplitude, low degree
(i.e., long wavelength) structure is observed. How-
ever, as the compositional density contrast is
increased to 2% then 3%, this low-degree structure
decreases in amplitude, leading to a flatter spectrum.
In order to understand why this is happening, the
contributions of temperature and composition to the
spectrum are plotted separately (Fig. 8d and g,
respectively). The temperature spectrum is barely
influenced by the compositional density contrast
and is very red, decreasing strongly with increasing

degree. In contrast, the spectrum of composition is
much flatter, presumably because small-scale varia-
tions that would be generated by the compositional
effects (see white arrows shown in Figs. 4a and 5a
for instance) are not erased by diffusion as with the
thermal field, and changes dramatically with compo-
sitional density contrast. Comparing these individual
spectra with the total spectra (Fig. 8a), it is clear that
composition dominates except perhaps at the very
longest wavelengths.

When the predicted Clapeyron slope is used (Fig.
8b, e, h) the same characteristics and trends are
observed. This is presumably because the PPV transi-
tion destabilizes the dense material. When the Cla-
peyron slope is further increased (Fig. 8c, f, i) the 3%
density contrast case also becomes more similar to the
other cases.
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Fig. 8. Lateral spectra of calculated seismic shear wave velocity anomalies at 2700 km depth. Top row: total spectra (assuming both temperature
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These results suggest that the formation of a
stable layer of dense material above the CMB causes
a decrease in lateral heterogeneity compared to cases
with no layering (0% density contrast) or semi-stable
bpilesQ (2% or 3% density contrast). The main effect
of the PPV transition is to alter the density contrast
at which this change in planform takes place. It
should be noted that for these spectra, PPV is
assumed to have the same seismic velocity as per-
ovskite, which is probably not realistic [16,23]. If
PPV were assumed to have a different Vs, then
lateral variations in the PPV region would add an
additional contribution to the spectrum, which must
be evaluated in future studies.

These results also suggest that the contribution of
compositional variations to seismic wave variations is
far larger than the contribution of temperature varia-
tions, which is consistent with recent seismological
constraints on mantle structure [2,24]. There is some
uncertainty in the conversion factors between the
model C field and XFe and between T or XFe and
Vs, but the differing slopes of the thermal and com-
positional spectra guarantees that composition will
dominate at shorter wavelengths.

4. Conclusions and discussion

In this study, the interaction between the post-
perovskite phase transition and thermo-chemical
structures in the CMB region is investigated using a
numerical model of thermo-chemical mantle convec-
tion. The major findings are:

(1) A zero-, single- or double-crossing of the PPV
phase boundary can occur depending on the
temperatures of the CMB and deep mantle.

(2) Regions where a thick PPV layer exists are
anticorrelated with piles of dense material,
because the vertical temperature profile through
the hot dense piles may not intersect the PPV
stability field at all (if the CMB is in the per-
ovskite stability field) or crosses it very close to
the CMB (if the CMB is in the PPV stability
field).

(3) If a stable dense layer covers the entire CMB,
then the transition to PPV may not occur at all
(if the CMB is in the perovskite stability field)

or occurs very close to the CMB (if the CMB is
in the PPV stability field).

(4) A thick post-perovskite layer is typically found
in regions where subducted slabs pool above the
CMB, and sometimes isolated patches of post-
perovskite are found in the tips of downwelling
slabs as they approach the CMB region.

(5) The post-perovskite phase change destabilizes
dense material above the CMB, such that a
larger chemical density contrast is needed to
stabilize layering or piles.

(6) Whereas temperature has a bredQ lateral tem-
perature spectrum that decreases rapidly with
increasing degree, the spectrum of composition
is relatively flat, guaranteeing that composition
is the dominant contributor to seismic wave
velocity at short wavelengths and possibly
even at long wavelengths.

(7) A stable layer of dense material results in lower
amplitude long-wavelength structure than pas-
sive composition or marginally-stable dense
piles.

Recent analysis of seismograms (i.e., using wave-
form fitting between real data and synthetic seismo-
grams) has indicated that, in the Eurasia area and
Caribbean Sea area, features consistent with double-
crossing of the PPV phase boundary are found [10–
12]—namely, two seismic discontinuities in the low-
ermost mantle, with a positive change in seismic
velocity for the shallower one and a negative change
in seismic velocity for the deeper one. This implies
that the CMB is in the perovskite stability field, i.e.,
hotter than in the models presented here after 4.5 Gyr
evolution. Improvements in our model such as a more
sophisticated treatment of heat balance in the core
[19] and a higher initial core temperature, would
most likely result in a higher, presumably more rea-
listic present-day CMB temperature, and should be
investigated in the future.

Several other aspects of the model could be made
more realistic in the future, including: (1) a proper
treatment of a pyrolite-like mantle composition (e.g.,
[25–27]), i.e., including non-olivine phase transitions
[14,20] and possible dependence of the PPV transi-
tion boundary on composition; (2) a convective vigor
that is closer to Earth-like; (3) three-dimensional
geometry, in which dpilesT may turn out to be ridges;
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and (4) the formation of seismic anisotropy in the
CMB region [28], which could be enhanced by the
presence of PPV [16,23]. It would also be useful to
investigate the influence of PPV on CMB heat flow
and thermal evolution of the Earth’s core [19], and
the influence of PPV on Vs and density changes on
seismological observations of the deep mantle. Addi-
tionally, other material properties such as tempera-
ture-dependence of thermal conductivity may
influence deep mantle thermal structure and CMB
heat flow (e.g., [29]).
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