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Several seismological observations indicate the existence of compositional het-
erogeneities in the lowermost mantle, in particular, the anticorrelation between bulk
sound and shear wave velocity anomalies, and anomalously high values (i.e.,> 2.7)
of the ratioR = dlnVS/dlnVP . Constraining the composition of such heterogeneous
material is fundamental to determine its origin and its possible role on the dynam-
ical evolution of the Earth’s mantle. In this paper we propose a new approach to
constrain the composition of chemically denser material in the lower mantle. Using
geodynamical and seismological constraints we show that the denser material has
to be enriched in both iron and silica with respect to a pyrolitic lower mantle. The
required enrichment is reduced if we consider that at high pressure Al-perovskite
decreases the iron-magnesium partition coefficient between magnesiowüstite and
perovskite. We then apply the estimated composition to the distribution of chem-
ical heterogeneities calculated by our thermo-chemical convection model. In the
deep mantle we predict broad seismic velocity anomalies and strong lateral veloc-
ity variations. Moreover, we find that areas of anticorrelation are associated with
upwelling mantle flow, in agreement with tomographic studies. The calculatedR

ratio varies laterally and may locally have values greater than 2.7, often associated
with areas of anticorrelation. Our results compare well with seismic observations
and provide a way to reconcile apparent discrepancies between global tomographic
models. Finally, we suggest that only an enrichment in iron and silica in the
lowermost mantle is required to explain seismological observations.
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1. INTRODUCTION

Seismic tomography is a powerful tool for imaging the Earth’s
deep mantle structure. Despite technical differences (i.e., data
treatment procedures, parametrization, and inversion method)
tomographic models display many common features, for ex-
ample, the increase of the Root Mean Square (RMS) of body
waves seismic velocity anomalies below a depth of 2000 km
[Grand et al., 1997; Kennett et al., 1998; Masters et al.,
2000; Mégnin and Romanowicz, 2000] and the increase of
their wavelength [Mégnin and Romanowicz, 2000; Su and
Dziewonski, 1991;Li and Romanowicz, 1996]. These obser-
vations suggest the presence of broad seismic velocity anoma-
lies in the deep mantle, also generally observed by different
tomographic models [Grand et al., 1997;van der Hilst et al.,
1997;Masters et al., 2000;Mégnin and Romanowicz, 2000]
and inferred by normal mode and free-air gravity data [Ishii
and Tromp, 1999]. The large size of these anomalies is in-
consistent with purely thermal convection and rather suggests
the existence of chemical heterogeneities in the lowermost
mantle. Seismic tomography provides supplementary infor-
mations on the nature of deep mantle heterogeneities by using
ratios and relative variations of seismic velocities for real and
theoretical body waves such as: (i) The ratioR of the rela-
tive variations of S-wave to P-wave velocities. Horizontally
averagedR profiles show thatR increases below 2000 km
depth from 1.7 to values greater than 2.7 near the Core-Mantle
Boundary (CMB) [Masters et al., 2000;Saltzer et al., 2001;
Romanowicz, 2001]. Such highR cannot be explained by
temperature differences alone but require the presence of com-
positional heterogeneities [Masters et al., 2000] and possibly
anleasticity [Karato and Karki, 2001]. (ii) The anticorrelation
between bulk sound speed and shear wave velocity anomalies
in the lowermost mantle is also derived from several tomo-
graphic models [Kennett et al., 1998;Masters et al., 2000;
Saltzer et al., 2001;Antolik et al., 2003], and suggests the
presence of chemical density heterogeneities. While there is
a general agreement on the RMS profiles and on the presence
of broad seismic velocity anomalies in the lowermost mantle,
highR values and the anticorrelation between VS and Vφ are
not commonly shown by tomographic models (see [Masters
et al., 2000] for a review). However, these differences are not
necessarily contradictory. Indeed,Saltzer et al.[2001] found
that indicators of compositional heterogeneity (i.e.,R > 2.7
and anticorrelation between Vφ and VS) can be hidden in hor-
izontally averaged profiles because of their lateral variability.
They found that areas away from slab regions present both
R > 2.5 and anticorrelation between VS and Vφ, while areas
near slab regions haveR < 2.5 and no anticorrelation. This
could explain, among other things, the apparent discrepancies

between different tomographic models, concerningR profiles
and the presence of anticorrelation.

Tomographic models thus strongly suggest the existence
of compositional heterogeneity in the deep mantle, which is
also required by geochemical considerations. The large differ-
ences in trace elements and noble gases between Mid Ocean
Ridge Basalts (MORBs) and Ocean Island Basalts (OIBs)
require the presence of at least two distinct reservoirs for
billions of years (see [Hofmann, 1997] for a review). Lab-
oratory experiments (e.g., [Lebars and Davaille, 2002] and
references therein) and 2D-3D numerical simulations (e.g.,
[Tackley, 2002;Samuel and Farnetani, 2003] and references
therein) have investigated the long term stability and stirring
of chemically denser material. A major conclusion is that
even a small excess of chemical density (∼ 1%) profoundly
affects the nature of mantle convection. Under certain condi-
tions, thermochemical convection provides a way to maintain
separated reservoirs for billions of years. Assuming a rel-
atively undegassed denser material, [Samuel and Farnetani,
2003] show that thermochemical convection can explain the
observed helium ratios for MORB and OIB.

It is therefore difficult to interpret several geophysical and
geochemical observations without the presence of chemically
denser material in the lowermost mantle. Previous studies
investigated possible mechanisms that could generate a chem-
ical density excess,∆ρχ, in the lower mantle. Considering
a lower mantle assemblage of perovskite (Fe,Mg)SiO3 and
magnesioẅustite (Fe,Mg)O,Forte and Mitrovica[2001] and
more recentlyDeschamps and Trampert[2003] suggested that
∆ρχ could be due to variations of the iron and silica content as
proposed byKellogg et al.[1999], whileSidorin and Gurnis
[1998] claimed for the additional presence of SiO2 stishovite
to satisfy their geodynamical and seismological constraints.
Furthermore,Karato and Karki[2001] concluded that varia-
tions in Si and Fe content alone cannot explain values ofR >
2.7, and proposed that the presence of Ca-perovskite could
satisfy this constraint. It is hard to directly compare these
results, because they ensue from different reasonings: for in-
stance the chemical density contrast considered by [Sidorin
and Gurnis, 1998] is much higher than the one required by
[Forte and Mitrovica, 2001]. Anelasticity is neglected in
[Sidorin and Gurnis, 1998] and [Deschamps and Trampert,
2003], contrary to [Karato and Karki, 2001] and [Forte and
Mitrovica, 2001]. Finally, the constraints considered by these
studies for the composition of the chemically denser material
differ widely.

In this paper, we focus on the lower mantle and we in-
vestigate the effect of compositional heterogeneities on seis-
mological models and observations. Similar to [Forte and
Mitrovica, 2001] we assume that the lower mantle is an as-
semblage of the main perovskite and magnesiowüstite phases
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and do not consider the effect of less abundant components
such as Ca and Al. We also assume that the composition of the
heterogeneous denser material in the lowermost mantle is due
to variations in Fe, Mg and Si content, relative to a pyrolitic
lower mantle. First, we model thermochemical convection
from 2 Gy ago to present day time, in order to: (i) constrain
the chemical density excess∆ρχ required for the material to
remain stable, (ii) obtain the temperature field, the geometry
and distribution of the chemical heterogeneities. Second, we
calculate the seismic velocity anomalies of P-wave, S-wave
and bulk sound for a wide range of compositions. Third, we
use geodynamical and seismological considerations to con-
strain the composition of the dense material. Finally, we
assign the calculated composition to the dense material in our
geodynamical model. Our predicted seismic velocity anoma-
lies, R profiles and distributions and anticorrelation are then
compared to seismological observations.

1.1. Convection model

We use the numerical code for solid state convection STAG3D
by P. Tackley, which has been described in detail in [Tackley,
2002] and references therein. The code, in cartesian geome-
try, solves the equations of conservation of mass, conservation
of momentum, conservation of energy, and the advection of a
compositional field. In our two dimensional convection cal-
culations, we use 25 active tracer particles per cell to model
the presence of chemically denser material. The code allows
vertical compressibility, therefore the densityρ, the thermal
expansionα and the thermal conductivityk are depth depen-
dent, as described in the next section.

The characteristic scales used to normalize the governing
equations are the mantle depthD=2890 km, the surface den-
sity ρ0, the superadiabatic temperature drop∆T=2500 K. A
thermal diffusion timescale is used :D2/κ whereκ = k/ρCP

is the thermal diffusivity, the specific heatCP =1200 J kg−1

K−1 is assumed constant. The internal heating is scaled over
ρD2/k∆T . Three non dimensional numbers appear from the
normalization of conservation equations: the surface dissipa-
tion number

Di0 =
α0gD

CP
, (1)

the Rayleigh number based on surface parameters:

Ra =
ρ0α0∆TgD3

κ0ηr
, (2)

the surface buoyancy number:

B =
∆ρχ

ρ0α0∆T
, (3)

whereα0 is the surface thermal expansion, the reference
viscosityηr = 1.13 1022 Pa s, the gravitational acceleration
g=10 m s−2. ∆ρχ is the chemical density excess with respect
to the reference density. Therefore, temperature and compo-
sitional effect on densityρ are calculated with the linearized
equation of state:ρ = ρ0(1− α(T − T0) + ∆ρχ/ρ0χ).

Similar to [Samuel and Farnetani, 2003], homogeneous
internal heatingH is linked to concentrations of238U, 235U,
232Th and40K that vary as a function of time because of ra-
dioactive decay (using values of radioactive decay constants
listed in [Turcotte and Schubert, 1982]). This yield values
of H from 31 at t=2 Gy B.P. to 19, corresponding to ac-
tual concentrations of U=17 ppb (with238U/235U=135.88)
232Th=65 ppb and40K=25 ppb (using the heat production
rates for238U, 235U, 232Th and40K given in [Turcotte and
Schubert, 1982]).

Our model domain is constituted of 768×128 square cells
providing the resolution of 22.6 km/cell. At the top and
bottom surfaces the temperature is constant and we impose
zero vertical velocity and horizontal free slip. At the sidewalls,
periodic boundary conditions for temperature and velocity are
imposed.

1.2. Thermodynamical model and parameters

1.2.1. Thermodynamical model. The code uses a ther-
modynamical model for depth dependent parameters (temper-
ature, density and thermal expansion). The depth dependence
of temperature is assumed adiabatic:

∂T ′

∂z′
= −DiT ′, (4)

where the primes denote non-dimensional values. Den-
sity varies with depth according to the Adams-Williamson
equation of state:

∂ρ′

∂z′
= −Di

γ
ρ′, (5)

γ = αKS/ρCP is the thermodynamical Grüneisen pa-
rameter, with the assumption thatγρ is constant.KS is the
adiabatic bulk modulus.

Thermal expansionα varies according to the semi-empirical
relation [Anderson et al., 1992]:

α = α0 exp

[
−δT0

n

(
1−

(
ρ0

ρ

)n)]
, (6)

with δT0 = −( 1
KT

)(∂KT

∂T )P the isothermal Anderson Grüneisen
parameter at ambient conditions,n is a constant equal to 1.4,
andKT is the isothermal bulk modulus.
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1.2.2. Thermodynamical parameters. Our objective is
to investigate the effect of the presence of chemically denser
material on seismic velocity anomalies in the lowermostmantle.
For simplicity, we do not consider phase changes and vari-
able viscosity. Since we are interested in lower mantle com-
positions, we consider only lower mantle assemblages with
two phases: perovskite (Fe,Mg)SiO3 and magnesioẅustite
(Fe,Mg)O. The third component, CaSiO3 perovskite, has elas-
tic parameters close to (Fe,Mg)SiO3 perovskite and is thus
neglected, which appears to be a reasonable assumption as
shown by [Deschamps and Trampert, 2003]. Therefore, the
values of the parameters chosen for our convection calcula-
tions must be consistent with respect to this assemblage. As-
suming a pyrolitic composition for the reference mantle, the
density of the assemblage of perovskite and magnesiowüstite
at room conditions isρ0=4160 kg m−3 (using relations given
in Table 1).

Surface values ofρ0, γ0, δT0 , andα0, listed in Table 2,
were evaluated assuming an assemblage of perovskite and
magnesioẅustite. We takeδT0=4.6 for the mantle composi-
tion which falls well withinδpv

T0
=4.1 [Gillet et al., 2000] and

δmw
T0

=6 [Chopelas and Boehler, 1992] at ambient conditions.
γ0=1.33 was estimated by doing a Voigt average ofγpv

0 =1.31
andγmw

0 =1.41 [Jackson, 1998] with a volumic proportion of
80% perovskite. The thermal expansion coefficient at ambi-
ent conditions for perovskite ranges between∼ 2 10−5 K−1

and∼ 4 10−5 K−1, depending on its iron content [Karki
and Stixrude, 1999], while for magnesioẅustite studies seem
to agree for a value close to 3 10−5 K−1 [Hama and Suito,
1999], therefore we useα0=2.7 10−5 K−1.

Using Equations 4, 5 and 6, we obtainρ=5620 kg m−3 at
the Core-Mantle Boundary (CMB), which is in good agree-
ment with PREM [Dziewonski and Anderson, 1981]. The
calculated thermal expansion coefficientα=0.9 10−5 K−1 at
the CMB is also consistent with high pressure experiments
[Chopelas and Boehler, 1992]. The temperature at the CMB
Tb=3470 K is about 100 K lower than a previous estimation
by [Brown and Shankland, 1981]. This choice of physical and
thermodynamical parameters leads to a surfaceRa = 107.

2. CALCULATION OF SEISMIC VELOCITIES

2.1. Formalism

In order to compare our thermochemical model with seismo-
logical observables, we calculate the seismic velocities for a
wide range of mineralogical compositions combined with the
temperature field obtained with the convection code. Making
the assumption that the lower mantle is seismically isotropic
[Meade et al., 1995], the seismic velocities of P-wave and
S-wave are respectively:

VP =
(

KS + 4
3µ

ρ

)1/2

VS =
(

µ

ρ

)1/2

, (7)

whereKS is the adiabatic bulk modulus andµ the shear
modulus. Another parameter commonly used in tomographic
models is the theoretical bulk sound speed:

VΦ =
(

V 2
P −

4
3
VS

2

)1/2

=
(

KS

ρ

)1/2

. (8)

KS , µ andρ depend on temperature, pressure and compo-
sition. For our mineralogical model composed of perovskite
(Fe,Mg)SiO3 and magnesioẅustite (Fe,Mg)O, the composi-
tion is defined by: the iron molar ratioxFe = nFe/(nFe +
nMg) = 1−xMg, the silica molar ratioxSi = nSi/(nFe+
nMg), and the iron-magnesium partition coefficient:

KFe =
(xFe/xMg)mw

(xFe/xMg)pv
. (9)

For a givenxSi, xFe composition andKFe we calculate
KP,T

S , µP,T andρP,T for each of the two phases considered.
We can then deriveVP (T, P ), VS(T, P ) andVΦ(T, P ) in our
mantle domain, proceeding as follows:

We consider a third order Birch-Murnaghan finite strain
formalism [Birch, 1952], for which the pressure along an
adiabat writes:

P =
3
2
KP0,TS

S

[(
ρP,TS

ρP0,TS

)(7/3)

−
(

ρP,TS

ρP0,TS

)(5/3)
]

(10){
1 +

3
4
(K ′

S − 4)

[(
ρP,TS

ρP0,TS

)(2/3)

− 1

]}
,

whereK ′
S = (∂KS/∂P )P=P0 , TS0 is the temperature at

the top of the adiabat considered (Figure 1a), andρP0,TS is
approximated by:

ρP0,TS = ρP0,T0 [1− (TS − T0)αP0,T0 ]. (11)

For each phaseρP0,T0 the density at ambient conditions
T0=300 K andP0 ∼ 0 Pa, is calculated using the molar mass
and molar volume of each component (Fe, Si, Mg, O). This
yields the relations given in [Wang and Weidner, 1996] (see
Table 1). Thus, using Equation 10, we calculate for each
phase,ρP,TS the density along the adiabat.

Following [Stacey and Davis, 2004], we calculateKP,T
S for

perovskite and magnesiowüstite at pressureP and temperature
T by differentiation of Equation 10 and by considering a linear
dependence ofKS with temperature:
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KP,T
S = P

−a(5/3)Γ5/3 + b(7/3)Γ7/3 − 3cΓ3

−aΓ5/3 + bΓ7/3 − cΓ3
(12)

+
(

∂KS

∂T

)
P

(T − TS),

where Γ = ρP,TS /ρP0,TS , a = −2(K ′ − 4) + (8/3),
b = −4(K ′ − 4) + (8/3) andc = b− a.

The next step before calculatingρP,T is to expressαP,T ,
the thermal expansion coefficient atP andT . We make the
reasonable assumption thatT is above the Debye temperature
and we use the relationship:

γP,T ρP,T = γP0,TS0ρP0,TS0 , (13)

with

γ =
αKS

ρCP
. (14)

Combining Equations 13 and 14 gives:

αP,T =
γP0,TS0ρP0,TS0CP

P

KP,T
S

, (15)

where we consider a pressure dependence for the specific
heatCP (see appendix B). Then we calculateρP,T using the
equivalent form of Equation 11.

The pressure (or volume) dependence of shear modulus is
then evaluated using the relationship [Davies, 1974]:

µP,T0 =
(

ρP,T0

ρP0,T0

)5/3

(16){
µP0,T0 +

1
2

[
5µP0,T0 − 3

(
∂µ

∂P

)
T

KP0,T0

]}
[
1−

(
ρP,T0

ρP0,T0

)2/3
]

,

and its temperature dependence is expressed as:

µP,T = µP,T0 +
(

∂µ

∂T

)
P

(T − T0). (17)

Finally we obtainρP,T , KP,T
S andµP,T for pure perovskite

and magnesioẅustite. We next calculateϕP,T , the volumic
proportion of perovskite in the assemblage of a given compo-
sition. The elastic coefficients for the assemblage are obtained
by doing a Voigt-Reuss-Hill average [Watt et al., 1976], while
the density of the assemblage is calculated by doing a Voigt
average:

ρP,T
a = ϕP,T ρP,T

pv + (1− ϕP,T )ρP,T
mw . (18)

Using Equations 7 and 8, we obtain the P-wave and S-wave
velocities as well as the bulk sound speed for the assemblage
of perovskite and magnesiowüstite.

Note that since we do not take into account phase changes
and consider only lower mantle phases, we take pressure from
PREM [Dziewonski and Anderson, 1981] instead of comput-
ing the lithostatic pressure with our densities, which would
have biased the results.

The isothermal bulk and shear modulus for Mg-perovskite
and periclase and their derivatives with respect toT andP we
use for the calculations detailed above are given in Table 3.
We have chosen to use these values derived from molecular
dynamic calculations [Matsui, 2000] because they are au-
tocoherent and compatible with recent experimental results.
We made however an exception for the value of∂µ/∂T=-
0.019 GPa K−1 for perovskite which appears too low com-
pared with values proposed by other studies, that generally
range between -0.027 GPa K−1 and -0.029 GPa K−1 [Duffy
and Anderson, 1989;Sinelnikov et al., 1998]. Thus, we use
∂µ/∂T=-0.024 GPa K−1, the average of the extreme values.
Since seismic waves propagation is adiabatic, we convert the
isothermal values for bulk modulus (Table 3) to the adia-
batic case (see appendix A). For shear modulus, there is no
significant difference between adiabatic and isothermal case
[Poirier, 1991].

In these calculations, the influence ofxFe on the elastic
coefficients is taken into account for Mgxpv

Mg
Fexpv

F e
SiO3 per-

ovskite and for Mgxmw
Mg

Fexmw
F e

O magnesioẅustite (Table 1).
Experiments have shown that the bulk modulus of perovskite
[Yeganeh-Haeri, 1994] is not affected by the presence of iron.
The influence of iron on the shear modulus of perovskite is
expected to be small (see [Wang and Weidner, 1996] and ref-
erences therein), however there are no confirmation available
from high pressure and temperature experiments.

2.2. The reference mantle

Seismic tomography displays velocityanomalieswith respect
to a reference model, which is often PREM, or with respect
to the average velocity. Therefore, we need to choose a ref-
erence model in order to express our seismic velocities in
terms of velocity anomalies. The assumed pyrolitic com-
position for our reference mantle is defined byxSi = 0.68
andxFe = 0.11. AlthoughKFe is pressure dependent its
value above 40 GPa (i.e., below∼ 1000 km depth) seems to
be constant and about 3.5 [Guyot et al., 1988]. Therefore,
we assumeKFe = 3.5 through all our reference mantle.
The reference temperature profile (shown in Figure 1a) is
assumed to be adiabatic with a top adiabat at 1700 K, plus
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thermal boundary layers∼ 90 km thick at the top and bot-
tom. The calculated reference density (Figure 1b) gives a
very good fit to PREM in the lower mantle. As expected,
the fit is poor in the upper mantle since we have considered
only lower mantle phases. Figure 1c shows depth profiles
of thermal expansion coefficient for pure perovskite, pure
magnesioẅustite and for the assemblage. At ambient condi-
tions, the thermal expansion coefficient for perovskite and for
magnesioẅustite are respectively 2.6 10−5 K−1and 4.1 10−5

K−1. Such values are higher than experimental estimates for
Mg-perovskite [Fiquet et al., 2000;Gillet et al., 2000] and
magnesioẅustite (see [Hama and Suito, 1999] and references
therein). However, these experiments have been performed on
pure Mg-perovskite and periclase, while our results include
the presence of iron in both phases. As pointed out by [Karki
and Stixrude, 1999], measurements on Fe-bearing samples
yield much higher values of thermal expansion at ambient
conditions. The calculated volumic proportion of perovskite
in the assemblage at ambient conditions isϕP0,T0 = 82%,
providing a thermal expansion coefficient for the assemblage
αP0,T0=2.8 10−5 K−1. At high pressure and temperature
(P=135 GPa andT=3450K)α is 1.0 10−5 K−1 for magne-
siowüstite and 0.94 10−5 K−1 for perovskite, which compare
well with experiments on Mg-perovskite [Gillet et al., 2000]
and MgO [Chopelas and Boehler, 1992].

3. RESULTS

3.1. Behavior of the chemically denser material

We start the calculations att0=2 Gy before present, which cor-
responds to the mean age of continental crust, and assume that
the dense layer represents 25% of the whole mantle volume.
We choose this ‘initial’ time in order to avoid the modeling of
continental crust extraction.

Similar to [Tackley, 2002], our initial condition for tem-
perature was obtained by running the calculations with the
dense layer until reaching a thermal equilibrium. We affect
a large value of the buoyancy number (B=0.5) in order to
keep the denser material in the bottom of the lower mantle
with no topography. Att0, the surface buoyancy numberB is
set to 0.25, which corresponds to a chemical density contrast
∆ρχ/ρ0=1.7%.

Plate 1a shows the non dimensional potential temperature
field (i.e., the temperature without the adiabatic gradient) ob-
tained after running our calculation for 2 Gy aftert0. The pres-
ence of relatively small chemical density excess∆ρχ/ρ=1.7%
greatly influences the nature of convection. The hot denser
material develops a topography and is not continuous, be-
ing deflected by cold plumes (e.g. see Plates 1a and 1b at
x/D=0.20 and x/D=5.5). Therefore we use the term ‘dense
material’ rather than ‘dense layer’. The chemical density

excess prevents the dense material from a complete mixing
with the overlying mantle, however it is not high enough to
produce a flat interface. The interface is a thermal boundary
layer across which the temperature jump ranges between 300
and 800 K, as shown also in the horizontally averaged tem-
perature profile (Figure 1a). Hot plumes are generated from
domes of dense material, the height of the domes is on average
500± 250 km and can extend to a depth of 1500 km (e.g.
see Plate 1b at x/D=5.0). The volume of the dense material
accumulated at the bottom of the lower mantle is about 15%
of the whole mantle volume, therefore 40% of its initial vol-
ume has been brought in the overlying mantle, where stirring
is efficient [Farnetani and Samuel, 2003;Samuel and Farne-
tani, 2003]. Filaments of heterogeneous dense material (i.e.,
χ > 0) stretched by the convective stirring are easily visible
in Plate 1b.

Finally, the value of∆ρχ/ρ=1.7% allows a significant
amount of dense material to remain stable at present day
time, with a topography. Indeed, if∆ρχ/ρ is lower than
1.7%, the dense material cannot remain stable and will be
rapidly mixed with the overlying mantle, while if∆ρχ/ρ is
to high, the dense material will form a flat interface, which is
not observed by seismology. We remark that variable viscos-
ity would help to stabilize the dense material [Tackley, 2002;
Samuel and Farnetani, 2003]. Therefore, we can reasonably
consider that∆ρχ/ρ required to give a stable dense material
with a topography ranges between1% and2% and perhaps
less, depending on the distribution of heat producing elements
in the mantle.

In our model, the homogeneous internal heating rate is
linked to the time-decreasing concentrations in heat producing
elements (due to radioactive decay, see section 1.1). Therefore
the term ‘present day’ indicates a time for which the concen-
trations of heat producing elements in our model corresponds
to present-day estimates of U, Th and K mantle content, based
on chondritic models (e.g., [McDonough and Sun, 1995]. We
should point out that the relatively high value of the constant
viscosity chosen here yields the dimensional time based on
a convective time scale about 6 times smaller then the one
based on the diffusive time scale. Nevertheless, even when
choosing a convective time scale, we checked that the dense
material could survive at least 2 Gy after our initial condition.
The reason for this is that the set of parameter chosen for the
convection model yields a quasi-dynamic equilibrium of the
thermochemical system and the entrainment of dense material
by thermal plumes is relatively low. However, when viscosity
is temperature dependent, one should expect a higher entrain-
ment [Zhong and Hager, 2003]. This would therefore require
a somewhat higher value of the chemical density contrast in
order for the dense material to survive for 2 Gy.
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3.2. Constraints on the composition of the dense material

In the following, we consider two mineralogical end mem-
bers: (i) the reference mantle, assumed to have a pyrolitic
composition, (ii) the denser material, whose mineralogical
composition has to be constrained. Our approach is to use
seismological models and observations as well as geodynam-
ical considerations, to constrain the composition of the dense
material. Our strategy is to calculate the seismic velocity
anomalies with respect to our reference mantle for a large
range of mineralogical compositions, and then to use seis-
mology and geodynamics to constrain the composition of the
dense material. For seismological constraints, we especially
focus on the anticorrelation between shear wave velocity and
bulk sound speed anomalies, associated with slow shear wave
velocities. The second type of constraint arises from geody-
namical considerations on the stability of the dense material.
As previously mentioned, we can reasonably consider that
∆ρχ/ρ (at ambient conditions) required to produce a stable
dense material with a dynamical topography is between 1%
and2%.

Therefore, we require the following constraints to be sat-
isfied simultaneously:
(1) dlnVφ/dlnVS < 0 associated with dlnVS < 0.
(2) ∆ρχ/ρ = 1− 2%.

The calculation of seismic velocity anomalies is first per-
formed at a pressure of 100 GPa, corresponding to∼ 2200 km
since at this depth: the dense material in our numerical model
starts to appear, and seismological observations indicate the
existence of heterogeneity. According to our reference tem-
perature profile (Figure 1a), the temperature atP=100 GPa is
2200 K. Following the approach detailed in section 2.1, we
calculate the seismic velocity anomalies for a large range of
xFe andxSi molar ratios. Plate 2 shows the results for two
cases, where we vary the temperature contrastδT between
the reference mantle and the hot dense material, and/or the
iron-magnesium partition coefficientKFe between magne-
siowüstite and perovskite for the dense material. In the first
case (Plate 2a)δT=400 K andKFe=3.5 for the dense mate-
rial. The blue curve corresponds to dlnVS=0 while the red
curve corresponds to dlnVφ=0. Above the blue and the red
curves, dlnVS and dlnVφ are negative, respectively. There-
fore, areas in dark and light grey correspond to compositions
that would give an anticorrelation between bulk sound speed
and shear wave velocity. Moreover, the light grey area corre-
sponds to compositions for which anticorrelation between VS

and Vφ is associated with slow shear wave velocity. This cor-
responds to our first constraint. The composition of the dense
material should therefore lie within the light grey area. We
can further constrain the composition by taking into account

our geodynamical considerations (constraint 2). Isocontours
of chemical density excess at ambient temperature are rep-
resented by the black lines in Plate 2:∆ρχ/ρ=0% (i.e., no
chemical density excess), 1%, 2% and 4%, while the green line
is a specific isocontour∆ρχ/ρ = 1.7% corresponding to our
geodynamical model.∆ρχ/ρ were obtained by computing
the densities at ambient temperature for the reference pyrolitic
mantle and for a wide range ofxFe andxSi compositions, as
detailed in section 2.1 but at T=300K. The normalized density
difference between the reference mantle and composition cor-
responding to variousxSi andxFe thus represents∆ρχ/ρ.
The compositions which satisfy both geodynamical and seis-
mological considerations lie within the orange area since they
satisfy simultaneously constraints 1 and 2. In agreement with
previous work [Kellogg et al., 1999] the dense material has
to be enriched in both iron and silica with respect to a py-
rolitic composition (represented by the triangle in Plate 2).
For ∆ρχ/ρ = 1.7%, the composition which differs the least
from the reference pyrolitic composition is defined by the in-
tersection of the green line (∆ρχ/ρ = 1.7%) and the red line
(dlnVφ=0).

We find xFe = 0.17 andxSi = 0.81 when δT=400 K
andKFe=3.5 for the dense material (Plate 2a). For a higher
temperature contrast between the reference mantle and the hot
dense materialδT=800 K, (Plate 2b) a greater increase ofxSi
is required, whilexFe remains unchanged with respect to
the previous case. However, such high temperature contrast
is inconsistent with the excess temperature of mantle plumes
[Farnetani, 1997]. We also investigate the influence of a
lower KFe for the dense material, which could be due to
the presence of a small amount of aluminum in perovskite at
high pressure [Andrault, 2001]. Al-perovskite is not explicitly
taken into account in our calculations, since we neglect the
possible effect of Al onV0, K andµ for perovskite. However,
this simplification is probably reasonable since the amount
of Al-perovskite necessary to decreaseKFe is relatively low
[Andrault, 2001]. We find no significant differences in silica
and iron content with respect to the cases whereKFe=3.5.
Table 4 summarizes the main results presented in Plates 2a-b.

Calculations have also been conducted at higher (i.e., up to
135 GPa) and lower (i.e., 25 GPa) pressures. In either case we
find that the results described above remain valid. Similarly,
we investigated the effect of the reference mantle temperature
and find that even a wide range of temperatures (1800-3000
K) does not affect significantly our results. Therefore, for the
most plausible case,δT=400 K, our preferred compositions
for the dense material (i.e., those which differ the least from
the reference pyrolitic mantle) range between 0.77 and 0.81
for xSi, and between 0.14 and 0.17 forxFe, depending on
the chemical density contrast∆ρχ required (see Table 4).
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3.3. Comparison with seismological observables

3.3.1. Check of models coherency.From further con-
siderations, we fix the composition of the dense material
to xSi=0.81,xFe=0.17, andKFe=3.5, thus for∆ρχ/ρ =
1.7%. Since we use two different formalisms for the geody-
namical model (Equations 5 and 6) and for the post-processing
calculation of seismic velocities (see section 2.1), it is impor-
tant to check that our preferred composition produces the same
critical quantities obtained by the numerical convection code.
From a geodynamical point of view, the critical quantity for the
stability of the dense material, for a given temperature field, is
the effective buoyancy number:Beff = ∆ρχ/(ρα(T −T0)).
In Figure 2a we compare the horizontally averagedBeff ob-
tained from STAG3D withBeff from our post-processing
calculations, while in Figure 2b we compare the horizon-
tally averaged chemical density contrast∆ρχ/ρ0 (without
the effect of temperature) given by STAG3D with∆ρχ/ρ0

from our post-processing calculations. In both figures, the
small differences indicate a satisfactory coherence between
thea priori thermodynamical model used in STAG3D and the
post-processing calculations.

3.3.2. Seismic velocity anomalies.We calculate seis-
mic velocity anomalies with respect to our reference using the
temperature and the compositional fields shown in Plates 1a
and 1b. Values of xSi and xFe are linearly linked to the
value of the compositional field:χ=0 corresponds to a py-
rolitic composition whileχ=1 corresponds toxSi = 0.81 and
xFe = 0.17. The obtained seismic velocity anomaly field for
bulk sound (Plate 1c) and shear wave (Plate 1d) have glob-
ally a comparable shape, mainly induced by the temperature
field. The amplitude of the anomalies for shear wave ranges
between±4% while for for bulk sound speed, less sensitive
to temperature heterogeneity, the anomalies range between
±1%. Seismic velocity anomalies for P-waves (not shown)
range between±1.7%, and have a similar shape to dlnVS

and dlnVφ fields. The calculated velocity anomalies compare
fairly well with seismic tomography of the lower mantle (e.g.,
[Mégnin and Romanowicz, 2000]). Another important feature
in good agreement with local seismic studies of the lower man-
tle [Bréger et al., 2001] is the sharp lateral variation in seismic
velocity, induced by the coexistence of hotter, denser material
with cold plumes. We remark that strong lateral variations
in temperatures are a specific feature of thermochemical con-
vection and cannot be generated by purely thermal convection
models, for which the hot buoyant material is free to rise at
shallower depths.

Although seismic velocity anomaly fields for bulk sound
and shear wave have globally a comparable shape, several
differences can be observed (e.g. compare Figures 1c and

1d at x/D= 0.25 andz/D=0-0.25), where dlnVS is nega-
tive while dlnVφ is positive. These differences produce areas
of anticorrelation between VS and Vφ (Plate 1e). The com-
position chosen for the dense material, combined with our
temperature field, is responsible for this anticorrelation asso-
ciated with slow shear wave velocities. We remark that these
areas are not located everywhere inside the dense material be-
cause the temperature contrastδT between the two materials
is too high to produce any anticorrelation (see Plate 2). In-
stead, anticorrelation areas are mostly located at the interface
between the hot dense material and the overlying pyrolitic
mantle where temperature (and compositional) gradients are
strong. Moreover, anticorrelation areas are mainly associated
with upwelling regions, while there is almost no anticorre-
lation in downwelling regions. This is in remarkably good
agreement with recent observation bySaltzer et al.[2001].

The amplitudes of our calculated seismic velocity anoma-
lies are higher than those displayed by tomographic models,
mainly for two reasons: First, our model resolution of 22.6
km is much higher than the resolution of tomographic mod-
els in the lower mantle. Thus, we are able to display small
structures that cannot be imaged by seismic tomography. We
altered the resolution of our model from 22.6 km to 180 km
using a filter (see appendix C) and we find that the ampli-
tudes of seismic velocity anomalies are reduced to±3.5% for
shear wave,±1% for compressional waves and±0.5% for
bulk sound speed. Note that even with filtering, all the results
described above remain unchanged. The second reason is that
tomographic models underestimate the amplitude of seismic
velocity anomalies, sometimes by a factor 3, as a result of
damping [Bréger et al., 1998].

3.3.3. RMS seismic velocity profiles. A common fea-
ture of tomographic models is the increase of the Root Mean
Square (RMS) seismic velocity anomaly below∼ 2000 km
[Masters et al., 2000;Mégnin and Romanowicz, 2000]. Since
RMS seismic velocity gives a measure of the lateral variations
of seismic velocity anomalies, the observations suggest an in-
crease of mantle lateral heterogeneity below 2000 km. Fig-
ure 3a shows the RMS seismic velocity anomalies for shear,
compressional and for bulk sound. Note that we purposely
exclude values corresponding to depth greater than 2800 km
because our constant temperature boundary condition at the
bottom hinders lateral temperature variations below this depth.
All calculated RMS profiles show an increase below∼ 2000
km depth, in good agreement with tomographic studies. This
is due to the topography formed by the dense hotter material
in the lowermost mantle. Again, we note that purely thermal
convection models are unable to reproduce the observed RMS
profiles.
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3.3.4. The ratio R in the lower mantle. Supplemen-
tary informations about mantle chemical heterogeneity can be
provided by the ratioR of shear to compressional velocity
anomaly:

R =
dlnVS

dlnVP
. (19)

It has been argued that above a critical value ofR=2.5-2.7
seismic velocity anomalies cannot be explained by tempera-
ture differences alone, but point out chemical density differ-
ences [Masters et al., 2000;Karato and Karki, 2001]. Global
joint tomographic models [Robertson and Woodhouse, 1996;
Masters et al., 2000], have shown that, on average,R increases
with depth from about 1.5-1.7 at 1000 km, to values some-
times greater than 3 near the core-mantle boundary, withR
becoming greater than 2.5 at approximately 2000 km depth.
Saltzer et al.[2001] have shown that theR ratio has a lat-
eral variability, especially in the lowermost mantle, with areas
whereR is greater than 2.5 and others whereR is lower than 2,
depending on the lateral position. Our calculated horizontally
averagedR profile is about 1.5 at 1000 km and increases with
depth to 2.2 at 2800 km depth (Figure 3b). However,R has a
large lateral variability as clearly visible in Plate 1f which dis-
plays areas withR >2.7. These areas match fairly well areas
of anticorrelation between Vφ and VS (Plate 1e), emphasizing
that these two features are closely related to each other. The
maximumR values (Figure 3b) show that the horizontally
averagedR profile hides lateral variations ofR >2.7, which
can instead reach values up to 5. The good agreement of our
results with tomographic studies, in particular [Saltzer et al.,
2001], strongly supports the idea that chemical heterogene-
ity varies laterally as well as the anticorrelation between VS

and Vφ. This may explain the reason why some tomographic
models find relatively lowR (< 2.5) [Kennett et al., 1998],
depending on the seismic area covered.

3.3.5. Effect of anelasticity. Anelasticity as well as an-
harmonicity may play an important role when one tries to ex-
plain values ofR greater than 2.7 [Karato, 1993;Karato and
Karki, 2001]. We thus investigated the effect of anelasticity
on our results, following Karato& Karki’s approach [Karato
and Karki, 2001]. Details of calculation can be found in ap-
pendix D. As shown in Figure 3b, when anelastic effects are
taken into account, the averagedR profile is higher, leading
to values that range between 2.7 and 4 below 2000 km, in
agreement with [Karato and Karki, 2001]. However, anelas-
ticity as well as the presence of Ca variations do not seem
to be necessary to explain values ofR greater than 2.7, con-
trary to the conclusions of [Karato and Karki, 2001]. This
discrepancy between our results and the study ofKarato and
Karki [2001] can be explained by the higher lateral tempera-

ture variations they have considered in the lowermost mantle.
It is important to remark that considering anelasticity does not
modify our results on the composition of the dense material.
This can easily be seen in Plate 2 where we determine our pre-
ferred composition for the dense material as the intersection
between the two isocontours∆ρχ/ρ = 1.7% and dlnVφ=0.
Since anelasticity affects only S-waves but not P-wave or bulk
sound speed, it will not change the position of the two iso-
contours∆ρχ/ρ = 1.7% and dlnVφ=0 in Plate 2 and thus the
composition of the dense material according to our criteria.

3.3.6. Differences between our reference model and
PREM. Although it is relatively simple, our reference model
gives a reasonably good fit to PREM’s profiles with a mean de-
viation less than1%±0.4% for VS , and1.0%±0.5% for Vφ.
Actually, we did not expect the seismic velocities of our refer-
ence model to match perfectly PREM. In fact, the assumption

made in PREM of a Bullen parameterηB = dKS

dP + 1
g

d(V 2
φ )

dr =1
through all the lower mantle implies, among other things, that
internal heating and the presence of thermal boundary layers
are neglected [Poirier, 1991]. This assumption may not have
a dramatic effect on densities, since the thermal expansion of
the lower mantle is relatively small, but it can have an impor-
tant effect on the elastic coefficientsK andµ, and thus on
VP VS and Vφ. Furthermore, as pointed out by [Dewaele
and Guyot, 1998], PREM underestimates the anelastic effects
on seismic waves. This can also be seen in appendix D. Tak-
ing into account all these complications, we consider that our
reference model is not incompatible with PREM.

3.3.7. Effect of thermodynamical parameters. The re-
sults previously described bear strong implications for under-
standing the structure and composition of the deep mantle.
However, one should wonder to what extent our choice of
model parameters affects our results. From the various lab-
oratory studies and numerical simulations it is clear that the
thermoelastic parameters and their derivatives for perovskite
and magnesioẅustite are affected by significant uncertainties.
To investigate the effect of these uncertainties on our results
we can consider separately the effect of each thermoelastic
parameter listed in Table 3. Reasonable variations of KP0,T0

T

andµP0,T0 will not affect significantly our results since it is
the variation of these elastic coefficients with pressure and
temperature which produces seismic velocity anomalies. The
effect of iron on all elastic parameters is reported to be small,
therefore, the relatively small increase of the iron content that
we propose for parts the lowermost part of the mantle does
not need to be considered. Thus, we can simply investigate
the effect of pressure and temperature derivatives on the slope
and position of the curve dlnVφ=0, because it determines the
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composition of the dense material for a given chemical density
contrast (see Plate 2). At a given depth the lateral variation of
bulk sound speed is produced by temperature variations and
composition at (almost) constant pressure, therefore slight
variations of(∂µ/∂P )T and(∂K/∂P )T parameters do not
affect our results. Similarly,(∂µ/∂T )P does not affect the
curve dlnVφ=0 since Vφ does not depend onµ. In contrast,
the temperature variation ofK has a considerable effect on
the slope and on the position of the curve dlnVφ=0.

For example, ifδT=400 K,KFe=3.5 and∆ρχ/ρ = 1.7%
for the dense material, an increase of(∂KS/∂T )P from -
0.015 GPa K−1 to -0.006 GPa K−1 for the assemblage will
require a decrease ofxSi from 0.81 (see Table 4 or Plate 2b)
to 0.75, with almost no change inxFe for the dense material.
For the same conditions, a value of(∂KS/∂T )P =-0.026 GPa
K−1 for the assemblage yieldsxSi=0.90 . Interestingly, in
that case we have observed that a low value forKFe (0.5
instead of 3.5) reduces the required Si enrichment to 0.78.

The variations of(∂KS/∂T )P investigated here are rather
large compared to values that converges to∼ -0.015 GPa K−1

(see appendix A). Still, it appears that thexSi value of the
dense material is strongly correlated to this uncertainty.

4. DISCUSSION

A robust conclusion of our study is that the dense material
must be enriched in both Fe and Si with respect to a pyrolitic
composition as proposed byKellogg et al.[1999], in order to
satisfy geodynamical and seismological constraints. Several
hypothesis can be advanced for such enrichment in Si and Fe.

(1) Subducted oceanic crust is enriched in Si and Fe and
which was reported to be denser than a pyrolitic mantle at
lower mantle pressures [Hirose et al., 1999;Guignot and An-
drault, 2004]. Indeed, the mineralogy of a MORB-type ma-
terial becomes∼ 30% mol. of Al(Mg,Fe)-perovskite (with
xFe ∼ 0.4 and xSi ∼ 0.75) and∼ 20% mol. of SiO2

stishovite [Guignot and Andrault, 2004]. These iron and
silica-rich phases could react with a pyrolitic mantle, yield-
ing an enrichment in both Si and Fe. Following values listed
in [Guignot and Andrault, 2004],xSipyrolite/xSiMORB ∼
xFepyrolite/xFeMORB , where the subscript ‘MORB’ refers
to Al(Mg,Fe)-perovskite and stishovite present in a MORB.
To explain the highest enrichment in Si (i.e.,xSi=0.85) and
Fe (i.e.,xFe=0.17, see Table 4) proposed in this study, about
30% vol. of subducted oceanic crust should be mixed with
70% vol. of pyrolitic mantle. Assuming a past subduction
rate of∼ 30 km3/year and that the volume of the enriched ma-
terial is 25% the whole mantle volume, the necessary amount
of subducted oceanic crust would be reached after∼ 1.5 Gy
of subduction.

(2) The iron enrichment could be due to the incorporation of
iron from the outer core into the mantle [Knittle and Jeanloz,
1991], probably during the early stages of the Earth history,
when convection was more vigorous.

(3) A previous experimental study [Guyot et al., 1997]
proposed that Si could be incorporated inFemetal at shallow
depth and high temperature, during the early stages of core
formation. At greater depth the Si incorporated inFemetal

is no longer stable and SiO2 would be formed [Guyot et al.,
1997]. This process could participate to the Si enrichment in
the lowermost mantle.

(4) Another possibility is that the Earth’s bulk composition
is not derived from CI chondrites, as generally assumed, but
is derived from another type of material such as Enstatite
chondrites, as proposed by Javoy [Javoy, 1995]. In such
case, the bulk composition of the Earth could be depleted in
Mg relative to a CI-derived bulk composition. Therefore, it
would yield a Fe and Si-enriched lowermost mantle, since the
upper part of the mantle is close to pyrolite.

5. CONCLUSIONS

Combining seismic tomography with geodynamical consider-
ations provides a new way to constrain the nature of composi-
tional heterogeneity in the lowermost mantle. We conducted
thermochemical convection simulation, with a chemical den-
sity excess∆ρχ/ρ=1.7% for the dense material, starting the
calculation 2 Gy before present. After 2 Gy of convection,
the dense hotter material develops a dynamical topography
but remains stable in the lowermost mantle. Using a lower
mantle thermodynamical model considering the assemblage
of perovskite and magnesiowüstite, we constrain the compo-
sition of a dense material with respect to a reference mantle,
assumed to have a pyrolitic composition. Available data and
models are all compatible with the presence of a chemically
denser material simultaneously enriched in Fe and Si. This
enrichment is lower when the temperature contrast between
the dense hotter material and the overlying mantle decreases.

We apply the composition which satisfies geodynamical
and seismological constraints to the temperature and com-
positional fields extracted from convection simulations, and
computed the main seismological parameters. Our results re-
produce well seismological observations, in particular:
(1) The presence of broad seismic velocity anomalies in the
lowermost mantle.
(2) The increase of the RMS seismic velocity anomalies be-
low 2000 km depth.
(3) The presence of anticorrelation between bulk sound speed
and shear wave velocity anomalies, mainly located in up-
welling areas.
(4) The presence of areas ofR=dlnVS /dlnVP > 2.7 that
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match fairly well areas of anticorrelation between VS and
Vφ.
(5) The horizontally averagedR profile which increases be-
low 2000 km to the CMB. When anelasticity is considered,R
values are higher but anelasticity is not necessary to explain
R > 2.7, unless if the latter are horizontally averaged. In that
case, the strong lateral variations observed for composition
and temperature can hide values ofR > 2.7.

Several mechanisms can be advanced for the origin of a
Si and Fe enrichment in the lowermost mantle such as the
presence of subducted oceanic crust, the incorporation of Fe
from the core in the early stages of Earth’s mantle, chemical
reactions between Si andFemetal, and/or a bulk composition
of the Earth’s mantle slightly different from the main canonical
models.

APPENDIX A: CONVERSION FROM ISOTHERMAL
TO ADIABATIC

Values for the isothermal bulk modulusKT (Table 3) are
converted to adiabatic bulk modulusKS using:

KS = KT (1 + αγT ), (A.1)

The thermodynamical Grüneisein parameterγ is volume
dependent according to [Anderson, 1995]:

γ = γ0

(
ρ0

ρ

)q

, (A.2)

where the subscript 0 indicates reference ambientP and
T . Under the quasi-harmonic approximation, the derivative
of Equation A.1 with respect to temperature at constantP ,
yields :

(
∂KS

∂T

)
P

=
(

∂KT

∂T

)
P

(1 + αγT ) (A.3)

+KT αγ

{
1 + T

[
αq +

1
α

(
∂α

∂T

)
P

]}
,

while the derivative with respect to pressure at constantT
yields:

(
∂KS

∂P

)
T

=
(

∂KT

∂P

)
T

(1 + αγT ) (A.4)

+γT

[
1

KT

(
∂KT

∂T

)
P

− αq

]
.

For each of the two phases considered (i.e., perovskite
and magnesioẅustite) we calculate the terms in Equations

A.3 and A.4 for ambient conditions using, in addition to Ta-
ble 3, the following values of thermodynamical parameters:
γpv
0 =1.33 [Jackson and Rigden, 1996],(∂α/∂T )pv

P =4.9 10−8

K−2 [Gillet et al., 2000], γmw
0 =1.41 [Jackson and Rigden,

1996] ,(∂α/∂T )mw=0.7 10−8 K−2 [Suzuki, 1975]. Equation
15 providesαpv

0 =2.6 10−5 K−1 andαmw
0 =4.1 10−5 K−1, and

q is close to one for both phases. This yields(∂KS)/(∂T )pv
P =-

0.015 GPa K−1 and (∂KS)/(∂T )mw
P =-0.019 GPa K−1, in

good agreement with [Jackson, 1998;Gillet et al., 2000] for
perovskite and with [Sunmino et al., 1983;Isaak et al., 1989]
for magnesioẅustite. We obtain(∂KS)/(∂P )T =4.09 for per-
ovskite and(∂KS)/(∂P )T =4.03 for magnesioẅustite, values
that are slightly different from the isothermal case, as reported
by [Dewaele and Guyot, 1998].

APPENDIX B: PRESSURE DEPENDENCE OFCP

The pressure dependence of the specific heatCP = T (∂S)/(∂T )P

is expressed as follows:

CP
P = CP0

P +
(

∂CP

∂P

)
T

(P − P0). (B.1)

The pressure dependence ofCP writes:(
∂CP

∂P

)
T

= T
∂

∂T

((
∂S

∂P

)
T

)
P

(B.2)

Using the Maxwell relationship(∂S)/(∂P )T =−(∂V )/(∂T )P

= αV (V being the volume) one gets:(
∂CP

∂P

)
T

= −TV

[(
∂α

∂T

)
P

+ α2

]
(B.3)

Therefore Equation B.3 gives the pressure dependence of
CP . For simplicity we assume that(∂CP )/(∂P )T is constant
and we choose the value at ambient conditions.

APPENDIX C: SEISMIC FILTERING

Our seismic filter is a moving average Gaussian operator
[Vacher et al., 1996]:

dlnV (x, z) = dlnV (x0, z0) (C.1)

exp

{
−1

2

[(
x− x0

Lx

)2

+
(

z − z0

Lz

)2
]}

,

dlnV (x0, z0) is the velocity anomaly at the center of the
moving window. The horizontal and vertical correlation
lengths,Lx andLz are taken equal to 180 km.
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APPENDIX D: SEISMIC ATTENUATION

At a given pressure and for a weak anelasticity, the effect of
seismic attenuation on seismic velocities car be expressed as
follows [Karato, 1993]:

V (w, T ) = V0(T )

[
1− 1

2Q(w, T )
cotan

(aπ

2

)]
. (D.1)

The attenuation of seismic waves is then given by the in-
verse ofQ, the quality factor, which depends on the frequency
w of seismic waves and on temperatureT according to [Karato
and Karki, 2001] :

Q(w, T ) ∼ wαaexp

(
αaβTm

T

)
. (D.2)

αa andβ are non dimensional constants, the latter depend-
ing on the activation enthalpyH∗ according toH∗ = βRcTm,
with Rc the gas constant andTm the melting temperature of
the material considered. Following [Wang, 1999] the pressure
dependence ofTm was estimated by integrating Lindemann
law:

Tm = Tm0exp

[
2γS

(
1− ρ0

ρ

)
+

2
3
ln

(
ρ0

ρ

)]
, (D.3)

with the Slater gammaγS = 1
2

(
dKT

dP − 1
3

)
. We take

Tm0 = Tm(P0, T0)=2800 K for both perovskite and magne-
siowüstite [Wang, 1999;Anderson, 1995], w=0.25 Hz (i.e.,
a period of 4s),αa=0.2 for the assemblage [Karato and
Karki, 2001]. TakingH∗=230 kJ/mol for magnesioẅustite
and H∗ ∼ 300 kJ/mol for perovskite (according to values
listed in [Karato and Karki, 2001]) we obtainβmw=9.9 and
βpv=12.9. For the assemblage of the two phases we calculate
β by doing a simple Voigt average. Assuming a constant vo-
lumic proportion of perovskiteϕ=0.85, we obtainβ=12.5 for
the assemblage. Figure 4 shows the calculated shear quality
factor average profile for our reference mantle and for our
geodynamical model. Due to the decrease ofQ in the low-
ermost mantle induced by temperature, attenuation becomes
more important in the dense hotter material. Note that the
shear quality factor for our reference model significantly dif-
fers from PREM which assumes thatQ=312 through all the
lower mantle.
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P and S wave heterogeneity in the mantle,Geophys. Res.
Lett, 28, 1335–1338, 2001.

Samuel, H., and C. G. Farnetani, Thermochemical convection
and helium concentrations in mantle plumes,Earth Planet.
Sci. Lett., 207, 39–56, 2003.

Sidorin, I., and M. Gurnis, Geodynamically consistent seis-
mic velocity predictions at the base of the mantle, inThe
Core-mantle Boundary Region, edited by M. Gurnis, M. E.
Wysession, E. Knittle, and B. A. Buffett, pp. 209–230,
American Geophysical Union, Washington, DC, 1998.

Sinelnikov, Y. D., G. Chen, D. R. Neuville, M. T. Vaughan,
and R. C. Liebermann, Ultrasonic shear wave velocities of
MgSiO3 perovskite at 8 GPa and 800 K and lower mantle
composition,Science, 281, 677–679, 1998.

Stacey, F. D., and P. M. Davis, High pressure equations of
state with applications to the lower mantle and core,Phys.
Earth. Pl. Int., 142, 137–184, 2004.

Su, W., and A. M. Dziewonski, Predominance of long-
wavelength heterogeneity in the mantle,Nature, 352, 121–
126, 1991.

Sunmino, Y., O. L. Anderson, and Y. Suzuki, Temperature
coefficients of single cristal MgO between 80 and 1300 K,
Phys. Chem. Miner., 9, 38–47, 1983.

Suzuki, I., Thermal expansion of periclase and olivive, and
their anharmonic properties,J. Phys. Earth, 23, 145–159,
1975.

Tackley, P. J., Strong heterogeneity caused by deep
mantle layering, Geochem. Geophys. Geosyst., 3(4),
10.1029/2001GC000,167, 2002.

Turcotte, D. L., and G. Schubert,Geodynamics : Application
of continuum physics to geological problems, John Wiley,
New York, 1982.

Vacher, P., A. Mocquet, and C. Sotin, Comparison between
tomographic structures and models of convection in the
upper mantle,Geophys. J. Int., 124, 45–56, 1996.

van der Hilst, R. D., S. Widiyantoro, and E. R. Engdahl, Evi-
dence for deep mantle circulation from global tomography,
Nature, 386, 578–584, 1997.

Wang, Y., and D. J. Weidner,(∂µ/∂T )P of the lower mantle,
Pure Appl. Geophys., 146, 533–549, 1996.

Wang, Z. W., The melting of Al-bearing perovskite at the core
mantle boundary,Phys. Earth. Pl. Int., 115, 219–228, 1999.

Watt, J., G. Davies, and R. O’Connel, The elastic properties
of composite materials,Rev. Geophys. Space Phys., 14,
541–563, 1976.

Yeganeh-Haeri, A., Synthesis and re-investigation of the elas-
tic properties of single-crystal magnesium silicate per-
ovskite,Phys. Earth. Pl. Int., 87, 111–121, 1994.

Zhong, S., and B. H. Hager, Entraiment of a dense layer by
thermal plumes,Geophys. J. Int., 154, 666–676, 2003.
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Table 1. Iron dependence of physical parameters for perovskite
and magnesioẅusite ([Wang and Weidner, 1996] and references
therein).

Table 1. Iron dependence of physical parameters for perovskite and magnesiowüsite ([Wang and Weidner, 1996] and
references therein).

Parameters MgxMg
FexF e

SiO3 MgxMg
FexF e

O
K0(xFe)(GPa) K0(0) K0(0) + 7.5xFe

µ0(xFe)(GPa) - µ0(0) + 77.0xFe

ρ0(xFe)(kg/m3) 4108 + 1070xFe 3583 + 2280xFe

V0(xFe) (cc/mol) 24.46 + 1.03xFe 11.25 + 1.00xFe

Table 2. Model parameters

Table 2. Model parameters

Parameter Surface value Bottom value Unit
T 300 3470 K
Di 0.65 0.35 -
γ 1.33 1.01 -
α 2.7 10−5 0.9 10−5 K−1

ρ 4160 5620 kg m−3

k 3 5.4 W m−1

Table 3. Isothermal elastic constants of Mg-perovskite and peri-
clase and their first orderP andT derivatives, from [Matsui, 2000],
except value with * (see text).

Table 3. Isothermal elastic constants of Mg-perovskite and periclase and their first orderP andT derivatives, from
[Matsui, 2000], except value with * (see text).

MgSiO3 MgO
KP0,T0

T (GPa) 258.1 161.0
µP0,T0 (GPa) 176.8 131.0(

∂KT

∂T

)
P

(GPa K−1) -0.029 -0.028(
∂KT

∂P

)
T

4.1 4.05(
∂µ
∂T

)
P

(GPa K−1) -0.024∗ -0.024(
∂µ
∂P

)
T

1.4 2.4
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Table 4. Compositions of the dense material which satisfies geo-
dynamical and seismological considerations for different chemical
density contrasts and temperature contrasts with respect to a refer-
ence pyrolitic mantle, atP=100 GPa.

Table 4. Compositions of the dense material which satisfies geodynamical and seismological considerations for different
chemical density contrasts and temperature contrasts with respect to a reference pyrolitic mantle, atP=100 GPa.

∆ρχ/ρ δT (K) KFe xSi xFe
1% 400 3.5 0.77 0.14
1% 800 3.5 0.80 0.14

1.7% 400 3.5 0.81 0.17
1.7% 800 3.5 0.85 0.17

Plate 1. (a) Non dimensional potential temperature field and ve-
locity field at present day time; (b) Corresponding compositional
field, χ >0 indicates chemically dense material; (c) Seismic ve-
locity anomalies for bulk sound and (d) for shear wave. (e) Areas
of anticorrelation between positive bulk sound and negative shear
wave velocity anomalies (grey). (f) Areas whereR=dlnVS /dlnVP

> 2.7 (grey).

Plate 1. (a) Non dimensional potential temperature field and velocity field at present day time; (b) Corresponding
compositional field,χ >0 indicates chemically dense material; (c) Seismic velocity anomalies for bulk sound and (d) for
shear wave. (e) Areas of anticorrelation between positive bulk sound and negative shear wave velocity anomalies (grey).
(f) Areas whereR=dlnVS /dlnVP > 2.7 (grey).

Figure 1. Depth profiles: (a) Temperature profile at present day
time for our geodynamical model (plain) and for our reference
model (dashed). (b) Density profile for our reference mantle (plain)
and PREM density profile (dashed). (c) Thermal expansion coef-
ficient for our reference pyrolitic mantle, for perovskite (dashed),
magnesioẅustite (dotted) and the whole assemblage (plain).

Figure 1. Depth profiles: (a) Temperature profile at present day time for our geodynamical model (plain) and for our
reference model (dashed). (b) Density profile for our reference mantle (plain) and PREM density profile (dashed). (c)
Thermal expansion coefficient for our reference pyrolitic mantle, for perovskite (dashed), magnesiowüstite (dotted) and
the whole assemblage (plain).

Figure 2. Comparison of horizontally averaged quantities calcu-
lated with the numerical convection code (dashed lines) and our
post-processing calculations (solid lines). (a) Effective buoyancy
numberBeff = ∆ρχ/(ρα(T − T0)). (b) Chemical density con-
trast∆ρχ/ρ at ambient temperature.

Figure 2. Comparison of horizontally averaged quantities calculated with the numerical convection code (dashed lines)
and our post-processing calculations (solid lines). (a) Effective buoyancy numberBeff = ∆ρχ/(ρα(T − T0)). (b)
Chemical density contrast∆ρχ/ρ at ambient temperature.
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Plate 2. Compositions of the dense material (xFe andxSi). All
calculations are preformed atP=100 GPa andT=2200 K. Blue
curve: dlnVS=0, above it dlnVS < 0. Red curve: dlnVφ=0, above
it dlnVφ < 0. Grey areas: compositions of the dense material
which produce dlnVφ/ dlnVS < 0. Light grey area: compositions
that satisfy simultaneously dlnVφ/ dlnVS < 0 and dlnVS < 0 (see
text). Blue triangle: assumed pyrolitic composition of reference
mantle. Black lines: isocontours of chemical density contrasts at
ambient temperature∆ρχ/ρ at 0%, 1%, 2% and 4%, green line:
∆ρχ/ρ=1.7% corresponds to our geodynamical model. Orange
area: the compositions that satisfy both geodynamical and seismo-
logical constraints (see text). Crosses: composition of the dense ma-
terial which satisfies simultaneously∆ρχ/ρ=1.7%, dlnVφ/ dlnVS

< 0, dlnVS < 0 and which differs the least from a pyrolitic compo-
sition. (a)δT=400K andKFe=3.5; (b)δT=800K andKFe=3.5
(See text).

Plate 2. Compositions of the dense material (xFe andxSi). All calculations are preformed atP=100 GPa andT=2200
K. Blue curve: dlnVS=0, above it dlnVS < 0. Red curve: dlnVφ=0, above it dlnVφ < 0. Grey areas: compositions
of the dense material which produce dlnVφ/ dlnVS < 0. Light grey area: compositions that satisfy simultaneously
dlnVφ/ dlnVS < 0 and dlnVS < 0 (see text). Blue triangle: assumed pyrolitic composition of reference mantle. Black
lines: isocontours of chemical density contrasts at ambient temperature∆ρχ/ρ at 0%, 1%, 2% and 4%, green line:
∆ρχ/ρ=1.7% corresponds to our geodynamical model. Orange area: the compositions that satisfy both geodynamical
and seismological constraints (see text). Crosses: composition of the dense material which satisfies simultaneously
∆ρχ/ρ=1.7%, dlnVφ/ dlnVS < 0, dlnVS < 0 and which differs the least from a pyrolitic composition. (a)δT=400K
andKFe=3.5; (b)δT=800K andKFe=3.5 (See text).

Figure 3. (a) RMS seismic velocity anomaly profiles calculated
for VS (solid line), VP (dotted line) and Vφ (dashed line). (b) Hor-
izontally averagedR=dlnVS /dlnVP profile for our model, without
anelastic effects (dashed line), with anelastic effects (dotted line).
The maximumR values are plotted for the case where anelastic
effects are not considered (solid line). The grey area corresponds
to R >2.7

Figure 3. (a) RMS seismic velocity anomaly profiles calculated for VS (solid line), VP (dotted line) and Vφ (dashed
line). (b) Horizontally averagedR=dlnVS /dlnVP profile for our model, without anelastic effects (dashed line), with
anelastic effects (dotted line). The maximumR values are plotted for the case where anelastic effects are not considered
(solid line). The grey area corresponds toR >2.7

Figure 4. Horizontally averaged profile of shear quality factor, for
our reference mantle (dashed line) and for our model (solid line).

Figure 4. Horizontally averaged profile of shear quality factor, for our reference mantle (dashed line) and for our model
(solid line).
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