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The lowermost (42400 km) Earth’s mantle mapped by seismic tomography is strongly heterogeneous,

the most striking feature being two large regions where shear-wave velocity drops by a few percent

compared to averaged mantle. Additional seismic observations indicate that these structures cannot

result from purely thermal effects. Compositional anomalies are required to fully explain seismic

provinces unlikely consist of recycled oceanic crust (MORB). We calculated seismic sensitivity to high-

pressure MORB, and found that in the lowermost mantle shear-wave velocity increases with increasing

fraction of MORB. Therefore, unless they are heated up to unrealistic temperatures, high-pressure

MORB would induce high shear-wave velocity, in contradiction with the observations. Instead, material

enriched in iron by �3.0% and in (Mg,Fe)-perovskite by �20% compared to regular mantle provides a

good explanation for the low shear-wave velocity provinces and for the high bulk-sound velocities

observed in the same areas. In addition, several geochemical and geodynamical arguments support a

primitive origin for this material. Low shear-wave velocity provinces may thus consist of reservoirs of

primitive material that have differentiated early in the Earth’s history.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Earth’s lowermost (42400 km) mantle structure mapped
from seismic tomography is dominated by two large low shear-
wave provinces (LLVSP) about 5000 km wide and located beneath
the Pacific and Africa (e.g., Su et al., 1994; Li and Romanowicz,
1996). LLVSP were first interpreted as hot, buoyant superplumes,
but several seismological observations invalidated this hypoth-
esis. The depth variation of the laterally averaged seismic ratios
(van der Hilst and Kárason, 1999; Masters et al., 2000), the strong
lateral dispersion of these ratios at a given depth (Deschamps and
Trampert, 2003), the anti-correlation between bulk-sound and
shear-wave velocity anomalies (Ishii and Tromp, 1999; Masters
et al., 2000; Trampert et al., 2004), and the decorrelation between
the shear-wave velocity and density anomalies mapped by
normal mode tomography (Ishii and Tromp, 1999; Trampert
et al., 2004) cannot be explained by variations of temperature
only. Additional geophysical observations, independent from
seismology, suggest that LLVSP have remained stable since at
least 200 Ma. First, reconstructed positions of large igneous
provinces are systematically located above LLVSP (Torsvik et al.,
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2008). Second, a recent mass redistribution at the bottom of the
mantle, leading to the actual LLVSP, would induce a true polar
wander significantly larger than the observed one (Dziewonski
et al., 2010). These observations further invalidate a purely
thermal nature of LLVSP, since hot superplumes would be
dynamically unstable in the long term. By contrast, it is possible
to build models of thermo-chemical convection in which basal
reservoirs of dense material remain stable over periods compar-
able to the age of the Earth (next paragraph). Geophysical
observations and geodynamic models thus clearly indicate that
LLVSP result from the combination of thermal and chemical
heterogeneities. The nature of these chemical anomalies is how-
ever still debated, and two end-members hypotheses, the recy-
cling of oceanic crust (MORB) and the survival of reservoir(s) of
primitive material, are usually advocated.

Dynamically, both the segregation of MORB and the survival of
dense material are feasible. Numerical models of thermal con-
vection showed that cold downwellings can cross the endother-
mic phase transition at 660-km depth (e.g., Machetel and Weber,
1991), and early models of thermo-chemical convection indicated
that recycled crust may be segregated at the bottom of the mantle
(Christensen and Hofmann, 1994). More recent models pointed
out that the shape and stability of the reservoirs of MORB depend
on the assumed composition of MORB in main oxides (Nakagawa
et al., 2010). Meanwhile, experimental (Davaille, 1999; Le Bars
and Davaille, 2004) and numerical (Tackley, 2002; McNamara and
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Zhong, 2004; Tan and Gurnis, 2007; Deschamps and Tackley,
2008, 2009) models of thermo-chemical convection including an
initial layer of dense material showed that reservoirs of dense
material can be maintained at the bottom of the system. The
shape and stability of these reservoirs depend on several
parameters, including the chemical density contrast between
the dense and regular materials (Davaille, 1999; Le Bars and
Davaille, 2004; McNamara and Zhong, 2004; Deschamps and
Tackley, 2009), and the thermal viscosity contrast (Deschamps
and Tackley, 2008). The combination of a moderate (80–100 kg/m3)
chemical density contrast and a large (104 and more) thermal
viscosity contrast allows pools of dense material to be maintained
for periods of time comparable to the age of the Earth. Furthermore,
the endothermic phase transition at 660-km adds some negative
buoyancy, which prevents the dense material from massively
entering the upper mantle (Le Bars and Davaille, 2004; Deschamps
and Tackley, 2009, van Summeren et al., 2010).

Recycled MORB and primitive material are both denser than
average mantle, but differ in their seismic signatures. The details
of these signatures may thus be used to assess the nature of
LLVSP. Inferring seismic signatures requires the knowledge of
appropriate seismic sensitivities to the temperature and chemical
components that contribute in the mantle aggregate. This, in turn,
requires careful modeling of the equation of state of the mantle
aggregate. One difficulty when modeling the mantle aggregate
equation of state is to account for uncertainties in the thermo-
dynamic and thermo-elastic properties of mantle minerals. This
difficulty can however be addressed by performing Monte-Carlo
searches, resulting in full probability density functions of the
seismic sensitivities (Trampert et al., 2001; Deschamps and
Trampert, 2003). So far, no sensitivities were calculated for MORB.
Here, we have calculated a set of seismic sensitivities, including
MORB sensitivities, using a recent mineral physics dataset
(Stixrude and Lithgow-Bertelloni, 2011). We have then calculated
synthetic seismic velocities induced by both high pressure MORB
and materials enriched in iron and silicate, and compare them
with seismic tomographic features. We also derived seismic
velocity anomalies from thermo-chemical distributions predicted
by recent numerical models of convection (Deschamps et al.,
2011). Our calculations suggest that LLVSP are better explained by
material enriched in iron and silicate than by recycled MORB.
2. Seismic sensitivities

Linking thermo-chemical anomalies to seismic velocity and
density anomalies requires knowledge of seismic sensitivities,
which can be calculated from appropriate equation of state
modeling and mineral physics data. Here, we calculated sensitiv-
ities of shear-wave velocity (VS), bulk-sound velocity (VF), and
density (r) to temperature, MORB, iron (partitioned in FeO and
FeSiO3), perovskite (meaning MgSiO3 plus FeSiO3), and post-
perovskite by combining a recent equation of state modeling
(Cobden et al., 2012) and a self-consistent mineral physics dataset
(Stixrude and Lithgow-Bertelloni, 2011). Our approach accounts
for various sources of uncertainties in thermo-elastic data, and
therefore allows the determination of full distribution of these
sensitivities.

2.1. Method

Seismic sensitivities are defined as the partial derivatives
@lnVS=@x, @lnVF=@x, and @lnr=@x, where x is either the tempera-
ture or the volume fraction of a chemical component, and are
calculated as the finite difference between the seismic properties
of a reference mineralogical model and those of a perturbed
model. The reference model has a temperature and mineralogy
chosen at random within very broad ranges (Supplementary
Tables S1–S3). In the perturbed model, we alter the composition
or temperature by a fraction of a percent relative to the reference
model. For calculating the sensitivity of seismic properties to
temperature changes the chemical composition is the same in the
reference and perturbed models, but the temperature may vary
by up to 1 K. In this case,

@lnV

@T
¼

1

V ref

ðVper�V ref Þ

ðTper�Tref Þ
, ð1Þ

where V refers to VF, VS or r, and subscripts per and ref refer to
the perturbed and reference models, respectively. For chemical
changes, T is kept fixed and the volume fraction of the chemical
component of interest X (e.g., MORB, global iron, SiO2, perovskite)
is changed by up to 0.1% between the reference and perturbed
model. Where X is a mineral assemblage rather than a single
mineral, the relative proportions of the constituent minerals of X

are kept constant. Likewise, while the volume of the residual
chemical component (i.e. the non-MORB component) changes by
up to 0.1%, the ratios of the minerals within that component are
the same for the reference and perturbed models. In this case,

@lnV

@X
¼

1

V ref

ðVper�V ref Þ

ðWper�Wref Þ
, ð2Þ

where W is the volume fraction of chemical component X in the
bulk mineralogical assemblage. Differences between the reference
and perturbed models are summarised in Supplementary Table
S4. We performed additional calculations in which temperature
and chemical perturbations, dT and dW, are allowed to vary by
much larger amounts, up to 2000 K and 20% (100% for MORB), and
found that the sensitivities remain unchanged, both in average
value and distribution. Our sensitivities therefore do not depend
on the choice of dT and dW.

The values of seismic derivatives depend not only on the T or X

with respect to which they are calculated, but will also change
according to the temperature and composition of the reference
model (Trampert et al., 2001) and, in the case where X is an
assemblage of minerals, according to the volume fractions of the
different minerals within X. Because we do not know the precise
reference (average) thermo-chemical structure of the mantle
(Cobden et al., 2009), we calculated seismic derivatives for
100,000 reference and perturbed models, with each reference
model having a different and randomly selected temperature and
composition, and, where relevant, each chemical component X

having a different composition. Such a Monte-Carlo procedure,
first employed by Trampert et al. (2001), therefore turns the
unknown thermo-chemical reference model into uncertainties. In
our case, it produces a collection of 100,000 measurements of
dlnVF, dlnVS and dlnr, which we can analyse statistically to place
robust constraints on the likelihood of different thermo-chemical
structures existing in the mantle. The model space of mineralo-
gical composition we need to explore is huge. To test the stability
of our approach, i.e. that we properly sample the model space of
oxide composition, we analysed distributions of sensitivities
obtained with the number of samples N varying between 100
and 200,000. We found that the average in distributions vary very
little with N, by 5% or less. More importantly, for NZ10,000, the
full distributions of seismic sensitivities do not change signifi-
cantly, as indicated by frequency histograms in Figure S1. Seismic
sensitivity distributions obtained by sampling the composition
model space with 100,000 realisations, as we do in this study, are
therefore statistiscally relevant.

We calculated @lnV/@X for changes in the volume fractions of
MORB, perovskite, iron, SiO2, and post-perovskite. Perovskite
changes are defined as changes in the total volume fraction of



Table 1
Mineralogy ranges for MORB component when calculating the seismic sensitivities to MORB. Ranges are

based on several published MORB compositions (Hofmann, 1998; Irifune and Ringwood, 1993; Ono et al.,

2001, 2005; Hirose et al., 2005; Ricard et al., 2005; Perrillat et al., 2006; Ricolleau et al., 2010). Unit is

volume fraction.

Mineral Min Max

MgSiO3 0.210 0.281

FeSiO3 0.120 0.190

CaSiO3 0.238 0.286

Al2SiO3 0.167 0.179

SiO2 Fixed as 1.0 minus the sum of above components, restricted to the range 12–22%
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MgSiO3 plus FeSiO3, whilst iron (Fe) changes refer to changes in
the volume fractions of FeO plus FeSiO3. SiO2 changes refer to
changes in the volume fraction of the free-SiO2 phase only. The
petrologically-observed chemical composition of MORB is highly
variable, and therefore we allow the composition of the MORB
component in our models to vary within ranges that accomodate
a large number of observations (Table 1, and references therein).

Seismic derivatives are calculated every 100 km between 700
and 2900 km depth, and using the mineral elastic parameters of a
recent dataset (Stixrude and Lithgow-Bertelloni, 2011) together
with the equation of state in (Stixrude and Lithgow-Bertelloni,
2005). This is a third-order finite strain Birch–Murnaghan equa-
tion of state, coupled with a Mie–Grüneisen thermal pressure
correction for the temperature.

To convert from thermo-chemical structure to seismic proper-
ties, we first calculate the bulk modulus K, shear modulus G, and
density r for each mineral present at the pressure and tempera-
ture of interest. Then, we compute the overall bulk and shear
moduli of the full mineral assemblage by taking the Voigt–Reuss–
Hill average of the K’s and G’s of the constituent minerals. The
bulk density is taken to be the average of the densities of all of the
minerals present, weighted according to their volume fractions.
Seismic velocities VS and VF are calculated using these averaged
values for K, G and r. Note that velocities are not corrected for
anelasticity since the effects of anelasticity have been shown to be
negligible in the lower mantle (Brodholt et al., 2007), where the
effect of high pressure dominates over high temperature.

Mineral physics uncertainties are taken into account by
allowing the elastic parameters of each mineral to adopt a value
chosen at random from within the uncertainty bars published in
Stixrude and Lithgow-Bertelloni (2011). Elastic parameters for
each mineral do not change between a reference and its asso-
ciated perturbed model, but rather vary between the 100,000
reference–perturbed model pairs. We find that the seismic effect
of the mineral physics uncertainties published in Stixrude and
Lithgow-Bertelloni (2011) is much smaller than the effect due to
changes in the temperature and composition of the reference
model or of X.

We include seven end-member mineralogical phases in our
calculations: MgSiO3 perovskite, FeSiO3 perovskite, FeO wüstite,
MgO periclase, Al2O3 perovskite, CaSiO3 perovskite, and SiO2

seifertite. Below 2200 km, we run two sets of simulations: one
with only these seven minerals, and one in which MgSiO3, FeSiO3

and Al2O3 may also be present as post-perovskite. For clarity in
the figures we here show only the seismic derivatives of the
100,000 models not containing post-perovskite. However, we
discuss the effect of including post-perovskite (which is generally
small) in Section 4. For computational efficiency, and because
phase changes in free SiO2 at high pressure are poorly con-
strained, we assume that SiO2 is present as the seifertite phase
throughout the lower mantle. According to our elastic parameter
dataset, the elastic properties of the various lower mantle SiO2
polymorphs are similar, and the seismic sensitivity to free SiO2 is
very small, so this simplification does not change our results.

We chose to impose a mineralogical composition rather than to
calculate it from Gibbs free energy minimization because such
minimization would require an exaggerated computational time.
However, it is important to note that our range of mineralogical
compositions encompasses feasible compositions for the lower
mantle to which we added some error bars a priori, and that we
varied the average temperature within a possible range for the
lower mantle. Doing so, we implicitly explore the model space of
mineralogical composition, thus compensating the fact that we do
not solve for the exact composition. We have also checked (Section
5) that material enriched in iron and perovskite, which we find to
explain LLVSP better than MORB, is stable at lower mantle tem-
perature and pressure, and can be obtained by minimization of
Gibbs free energy. The advantage of our approach is that we obtain
full distributions of seismic sensitivities, which can further be used
to calculate full distributions of seismic velocity anomalies, allowing
quantitative comparison against seismic tomography.

2.2. Results

Fig. 1 displays seismic sensitivities to MORB. A remarkable
feature is that the sensitivities of both VS and VF are mostly
positive (i.e. VS and VF increase with increasing MORB fraction)
throughout the lower mantle. In the lowermost mantle, the
sensitivities of VS and VF are positive with a confidence level of
0.75 and 0.60, respectively. This observation has two important
consequences. First, to induce VS-anomalies around �2.0%, a
typical value for LLVSP (Su et al., 1994; Li and Romanowicz,
1996; Ishii and Tromp, 1999; Masters et al., 2000; Trampert et al.,
2004), high-pressure MORB should be very hot. Second, VS- and
VF-anomalies should be correlated, in contradiction with seismic
tomography (Masters et al., 2000; Trampert et al., 2004). We
further quantify these effects in Section 3.

Sensitivities to temperature, iron, and perovskite (Supplementary
Figures S2–S4) are comparable to those calculated in previous
studies (Deschamps and Trampert, 2003; Trampert et al., 2004),
with slight changes in amplitude. In particular, VS strongly decreases
with increasing fraction of iron, whereas VF increases with increas-
ing fraction of perovskite. Material enriched in iron and perovskite
would therefore appear slower than pyrolitic mantle in VS, and
faster in VF. Supplementary Figure S5 shows the sensitivity to free
SiO2, which may be in excess in the lowermost mantle (Javoy et al.,
2010). The sensitivity of VS to SiO2 is small and goes to zero in the
lowermost mantle, whereas the sensitivity of VF to SiO2 is positive
throughout the lower mantle. The influence of SiO2 should thus be
close to that of perovskite (compare Supplementary Figs. S4 and S5).
A notable difference, compared to perovskite, is that the sensitivity
of VS to SiO2 is slightly larger than that of VS to perovskite. Therefore,
if excess in perovskite is replaced by excess in free SiO2, a larger
fraction of iron and/or larger temperatures may be required to
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induce low (up to �2.0%) shear-wave velocity anomalies. Finally,
Supplementary Figure S6 plots the sensitivities to post-perovskite
where applicable (i.e., in our calculations, at depths larger than
2200 km). These sensitivities indicate that an increase in post-
perovskite would result in an increase of VS, but would leave VF

unchanged.
3. Synthetic seismic velocity anomalies

Using the sensitivities in Fig. 1 and Supplementary Figs. S2–S4,
we calculated synthetic relative shear-wave (dlnVS) and bulk-
sound (dlnVF) seismic velocity anomalies induced by a combina-
tion of temperature anomalies and compositional anomalies of
different nature. We considered two independent sources of
chemical heterogeneity, recycled MORB (with dXMORB¼1 in
Eq. (3) below) and material enriched both in iron (partitioned
in FeO and FeSiO3) and silicate (parameterized as an enrichment
in Fe- and Mg-perovskite, hereafter referred to as perovskite). In
the latter case, we assumed enrichment (compared to horizontal
average) in iron and perovskite by 1.5% and 9.0%, respectively, as
suggested by probabilistic tomography (Trampert et al., 2004).
Thermo-chemical models from updated probabilistic tomography
(Mosca et al., 2012), which also accounts for the presence of post-
perovskite, confirm such excess in iron and perovskite, with
somewhat larger (up to 3.0–4.0%) iron excess. Synthetic anoma-
lies are then simply writen as the sum of thermal and composi-
tional anomalies weighted by appropriate sensitivities. For each
of the two sources of chemical anomalies we considered, the
relative seismic anomalies are calculated by

dlnV ¼
@lnV

@T
dTþ

@lnV

@XMORB
dXMORB, ð3Þ
and

dlnV ¼
@lnV

@T
dTþ

@lnV

@XPv
dXPvþ

@lnV

@XFe
dXFe, ð4Þ

where V stands for VF, VS or r, and XMORB, XPv, and XFe are the
volume fractions of MORB, perovskite, and iron. One may point
out that because MORB is naturally enriched in iron, increasing
the volume fraction of MORB fraction or the volume fraction of
global iron fraction should lead to similar results. A major
difference, however, is that MORB does not include periclase
(MgO) and ferropericlase (FeO). Because the effects of iron on
shear-wave velocity are more pronounced in periclase (Kung
et al., 2002) than in Mg-perovskite (Kiefer et al., 2002), a global
increase in the global volume fraction of iron is unlikely to be
equivalent to an increase of the volume fraction of MORB.

3.1. Frequency histograms and likelihoods

Since we calculated full distributions of seismic sensitivities,
we could determine full distributions of seismic velocities and
density anomalies by sampling the seismic sensitivities according
to their own distribution. Distributions give access to several
statistical quantities, including probabilities that dlnV lie within a
specific range. Fig. 2 shows frequency histograms of dlnVS and
dlnVF induced either by high pressure MORB or by material
enriched in iron and perovskite in the layer 2700–2880 km
(corresponding to the lowermost layer of tomographic model
SB10L18), and Fig. 3a plots the likelihoods that dlnVS and dlnVF

are within prescribed ranges as a function of the temperature
anomaly. Note that the distributions for MORB are broader, due to
the uncertainties in MORB composition in the main oxides
(Table 1 and references therein).

Figs. 2 and 3a clearly show that for a temperature excess in the
range 400–700 K, a combined enrichment in iron and perovskite is
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more likely to explain LLVSP than recycled MORB. For a temperature
excess of 500 K, frequency histograms of the dlnVS and dlnVF

induced by enriched material have median values equal to �1.6%
and 0.3% (Fig. 2), respectively, which are typical values observed by
classical (Masters et al., 2000) and probabilistic (Trampert et al.,
2004) tomography. The likelihood of simultaneously finding dlnVS

between �3.0 and �1.0% and dlnVF between 0 and 1.0% is high
(40.6) in the range of temperature excess 400–700 K (Fig. 3a).
Median anomalies decrease with increasing excess temperature, and
for DT41000 K the median dlnVF is negative, in contradiction with
seismic tomography (Ishii and Tromp, 1999; Masters et al., 2000;
Trampert et al., 2004). By contrast, MORB with an excess tempera-
ture in the range 500–1000 K induces positive dlnVS (Fig. 2), and
therefore does not explain the observed dlnVS. To induce dlnVS in
agreement with observed values, around �2.0%, the excess tem-
perature in MORB should reach 1500 K. For such temperature
excess, the likelihood that �3.0%rdlnVSr�1.0% peaks at 0.3,
but it drops to less than 0.1 if one also requires that
0.0rdlnVFr1.0% (Fig. 3a). Note that individually an excess in iron
or an excess in perovskite is unlikely to fully explain seismic
tomography. Sensitivities of both VS and VF to iron are negative
(Supplementary Figure S3), i.e. an excess in iron alone would result
in negative anomalies in both VS and VF. Sensitivity of VF to
perovskite is positive throughout the lower mantle (thus inducing
positive VF-anomalies), but sensitivity of VS to perovskite spreads
around zero (Supplementary Figure S4), implying that VS-anomalies
around �2.0% would require a large (41000 K) temperature
excess.

The main conclusion of this series of calculations is that
recycled MORB are unlikely to induce dlnVS observed in LLVSP,
unless they are heated at 1500 K above the average mantle
temperature (in which case the likelihood of explaining both
dlnVS and dlnVF remains low). There is no direct measurement of
the excess temperature in the deep mantle, but a good approx-
imation can be deduced from the excess temperature in hotspots,
keeping in mind that several effects including internal heating,
which induces sub-adiabatic temperature profiles (Parmentier
et al. 1994), adiabatic cooling being greater at higher temperature
(Albers and Christensen, 1996; Bunge, 2005; Leng and Zhong,
2008), lateral diffusion (Mittelstaedt and Tackley, 2005) viscous
dissipation, and the presence of chemical reservoirs at the
bottom of the mantle (Farnetani, 1997) may strongly reduce the
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temperature excess in the plume. Petrology indicates a tempera-
ture excess in plumes of 250–300 K (Campbell and Griffiths,
1990), which, for a compositional excess density between 2.0%
and 5.0%, implies temperature anomalies at the foot of the plume
between 600 and 800 K (Farnetani, 1997). The excess temperature
in the lowermost mantle may also be estimated from the super-
adiabatic temperature jump at the bottom DTbot, assuming that
the total lateral temperature difference at the bottom of the
mantle scales as the temperature jump across the bottom thermal
boundary layer. Most recent estimates of DTbot are around 1500 K
(Tackley, in press), leading to lateral anomalies of temperature
(relative to average) around 7750 K. Both estimates are consis-
tent with a material enriched iron and perovskite (Fig. 3), but are
about half the temperature excess required for MORB to induce a
dlnVS around �2.0%.

3.2. Anomalies reconstructed from geodynamic modeling

As an additional test, we have calculated the seismic velocity
anomalies induced by the distribution of temperature and com-
position predicted by thermo-chemical convection. Here, we used
a recent 3D-Cartesian model (Deschamps et al., 2011) represented
in Fig. 4. This model was obtained with StagYY (Tackley, 2008),
which solves the conservation equations of mass, momentum,
energy, and composition for an anelastic, compressible fluid with
infinite Prandtl number. The effective Rayleigh number is around
3.0�106, which is consistent with expected values of the Ray-
leigh number for the Earth’s mantle. The compositional field is
modeled by a collection of tracer particles of two types, regular
Fig. 4. Thermo-chemical distributions used as input for the calculation of seismic veloc

and d) Isosurfaces of the residual non-dimensional temperature (with respect to the

DT¼2500 K as characteristic temperature scale, this leads to temperature anomalie

anomalies, dln rC. (f) Profile of the RMS of dln rC. (g) SHMs of the thermal density anom

be found in Deschamps et al. (2011).
and dense. At each location, the composition is calculated by the
concentration C of dense particles, which varies between 0 and 1.
The density contrast between the dense and regular material is
controlled by the buoyancy ratio, which is here fixed to 0.22
(equivalent to a chemical density contrast of 90 kg/m3). The
nature of the dense material is however not prescribed a priori.
Viscosity is strongly temperature-dependent, with logarithmic
viscosity ratio of 106 leading to a top to bottom viscosity ratio of
4000, and a viscosity increase at 660-km depth of factor 30. The
Clapeyron slope of the 660-km phase transition is fixed to
�2.5 MPa/K. For this set of parameters, large reservoirs of dense
material are generated at the bottom of the model (Fig. 4, plots a
and b). These structures remain stable during a period of time
larger than the age of the Earth, and they induce strong chemical
density anomalies, as indicated by spectral heterogeneity maps
(representing Fourier spectra as a function of depth) of chemical
density anomalies (Fig. 4, plot e) and profiles of the RMS in
chemical density anomalies (Fig. 4, plot f). Strong temperature
anomalies, including cold downwellings, are also generated
(Fig. 4, plots c and d). Note that the dense reservoirs are hotter
than average. Together with the cold downwellings, this induces
substantial thermal density anomalies in the lowermost part of
the system (Fig. 4, plots g and h).

Again, we calculated relative anomalies of shear-wave and
bulk sound velocities assuming two different possible natures for
the compositional anomalies: high-pressure MORB (following
Eq. (3)), and material enriched in iron and perovskite (following
Eq. (4)). In the case of MORB, the composition in each cell varies
between regular mantle (C¼0) and 100% MORB (C¼1). In the case
ity anomalies. (a and b) Isosurface of the compositional field, with value C¼0.5. (c

mean temperature), with values dT¼�0.125 (blue) and dT¼0.125 (red). Taking

s of 7312.5 K. (e) Spectral heterogeneity maps (SHM) of the chemical density

alies, dln rT. (h) Profile of the RMS of dln rT. Details of the numerical modeling can
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of enriched material, the composition in each cell varies between
regular mantle (C¼0), and material enriched in iron and perovs-
kite by 3.0% and 18% compared to the regular mantle (C¼1). At
the bottom of the system, where compositional reservoirs are
present, this leads to anomalies relative to horizontally averaged
mantle of 71.5% in iron and 79.0% in perovskite, consistent with
estimates from probabilistic tomography (Trampert et al., 2004).
Note that since the sensitivities we calculated are only defined
with lower mantle minerals, the seismic anomalies we calculated
are not relevant for the upper mantle. For convenience, we
however assumed that lower mantle minerals are also stable in
the upper mantle, and we extrapolated our sensitivities upward
to the surface, and represented synthetic seismic anomalies over
the entire system. Since our main focus here is the lower-
most mantle, this flaw does not alter our main conclusions.
Fig. 5. Relative shear-wave (dlnVS) and bulk-sound (dlnVF) velocity anomalies pred

collection of models obtained by varying seismic sensitivities according to their distribu

and lateral resolution are degraded to those of seismic tomography. Each of the 5 maps

coordinates along the y-axis (see orientation on Fig. 4) of the box. Two types of chem

material enriched (compared to pyrolitic mantle) in iron and (Mg,Fe)-perovskite by 3%
Furthermore, compositional anomalies are very small in the
upper mantle (Fig. 4, panels a–b and e–f), and thus, they do not
significantly contribute to the reconstructed seismic velocity
anomalies, which are dominated by thermal anomalies. In experi-
ments of thermo-chemical convection, temperature is non-
dimensional. The determination of the thermal contribution to
the seismic anomalies therefore requires rescaling the thermal
distribution with the super-adiabatic temperature jump. Here, we
varied this jump in the range 2000–3000 K to account for
uncertainties in its real value. For comparison with seismic
tomography, we degraded the resolution of the synthetic seismic
anomalies. First, we vertically averaged these anomalies according
to the vertical parameterization of SB10L18 (Masters et al., 2000). In
each layer, we then applied a 2D-Fourier filter to obtain a lateral
resolution equivalent to spherical harmonic degree ‘¼20. Finally, to
icted by thermo-chemical convection. Represented anomalies are average in a

tion, and the super-adiabatic temperature jump in the range 2000–3000 K. Vertical

in each panel represents a vertical slice of the seismic velocity anomalies at fixed

ical heterogeneities are considered, MORB with dXMORB¼1 in Eq. (3) (top), and

and 18%, respectively (bottom).
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model possible uncertainties in the observed seismic tomography,
we added random noise following a Gaussian distribution with
standard deviation equal to 20% of the unperturbed anomalies.

Fig. 5 displays the average in a collection of reconstructed
dlnVS and dlnVF obtained by varying seismic sensitivities accord-
ing to their distribution and the super-adiabatic temperature
jump in the range 2000–3000 K. The RMS of dlnVS and dlnVF in
the lowermost three layers, and the RMS of the uncertainties in
dlnVS and dlnVF (taken as one standard deviation around the
Table 2
RMS of average (denoted /xS) and uncertainties (denoted sx) in a collection of

randomly chosen models of relative shear-wave (dlnVS) and bulk-sound (dlnVF)

velocity anomalies at the bottom of the system. For comparison, RMS from

SB10L18 (Masters et al., 2000) are also listed.

Quantity Depth (km) MORB 1.5% Feþ9.0% Pv SB10L18

/xS sx /xS sx

2300–2520 0.45 0.28 0.78 0.19 0.64

dlnVS (%) 2520–2700 0.51 0.38 1.02 0.25 0.79

2700–2880 0.73 0.36 0.80 0.21 1.02

2300–2520 0.28 0.21 0.15 0.10 0.27

dlnVF (%) 2520–2700 0.32 0.28 0.21 0.14 0.29

2700–2880 0.27 0.26 0.25 0.12 0.37
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Fig. 6. Effect of the presence of post-perovskite on seismic sensitivities. Plots show sens

and density (right column) to temperature (top row), MORB (2nd row), iron (3rd row)

post-perovskite is either absent (green areas) or present (orange areas) in the range 22

quartiles (i.e., 70% of the explored sensitivities lie within this area), and the thick dashe

side of this line).
average value) are listed in Table 2. Thermo-chemical reservoirs
clearly have different seismic signatures depending on their
assumed composition. If they consist of MORB, thermo-chemical
reservoirs appear faster than average for both VS and VF, in
contradiction with seismic tomography (Ishii and Tromp, 1999;
Masters et al., 2000; Trampert et al., 2004). Furthermore, the RMS
in average dlnVS is slightly too low compared to that of SB10L18
(Table 2). By contrast, if they consist of material enriched in iron
and perovskite, thermo-chemical reservoirs appear slower than
average for VS and faster for VF, with RMS in dlnVS and dlnVF in
good agreement with observed ones (Masters et al., 2000). The
RMS of uncertainties in reconstructed anomalies (Table 2) indi-
cates that these signatures are robust features.
4. Influence of the post-perovskite phase

The seismic sensitivities to post-perovskite indicate that VS

increases with increasing fraction of post-perovskite, and that VF

remains unchanged (Figure S6). Post-perovskite is thus unlikely
to explain LLVSP, since it would result in positive dlnVS. The most
recent models of probabilistic tomography (Mosca et al., 2012)
reach a similar conclusion. One may point out that if LLVSP are
hotter than average, post-perovskite may be a good explanation
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d curves denote the median value (i.e., 50% of the explored sensitivities lie on each
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to LLVSP. However, if LLVSP are too hot, they would be outside the
stability field of post-perovskite.

Although it cannot explain LLVSP alone, post-perovskite
slightly modifies the seismic sensitivities and may have a small
influence on the interpretation of seismic tomography. Fig. 6
compares sensitivities obtained with (orange areas) and without
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Fig. 7. Frequency histograms of shear-wave velocity (orange), and bulk sound

velocity (blue) anomalies for material enriched in iron and (Mg,Fe)-perovskite

with post-perovskite in the reference composition (top row), high pressure

MORB with post-perovskite in the reference composition (middle row), and

high pressure MORB surrounded by post-perovskite (bottom row). Two

values of the excess temperature are considered, dT¼500 K (left), and dT¼1500 K

(right). Shaded vertical bands indicate typical values for LLVSP observed from

seismic tomography. Calculations are made in the layer 2700–2880 km, corre-

sponding to the lowermost layer of tomographic model SB10L18 (Masters et al.,

2000).

Fig. 8. Sensitivities of shear-wave velocity (left), bulk-sound velocity (middle), and den

assuming that all the non-MORB material is in the post-perovskite phase. The color co
(green areas) post-perovskite in the depth range 2200–2900 km.
Overall, the presence of post-perovskite has only small to mod-
erate effects on seismic sensitivities. Importantly, the relative
roles of temperature and chemical compounds remain un-
changed. In particular, excess in iron decreases VS and increases
VF, whereas MORB increases both VS and VF, whether post-
perovskite is present or not. Note that sensitivities to iron remain
mostly unchanged (Fig. 6, plots g to i). The largest discrepancies
are for sensitivities of VS to temperature, MORB, and perovskite,
and sensitivities of VF to perovskite. Sensitivities of VS to tem-
perature are slightly smaller in amplitude when post-perovskite
is present (Fig. 6, plot a), i.e. the signature of temperature is
slightly attenuated. Furthermore, if post-perovskite is present, the
sensitivity of VS to MORB spans around the origin with a median
value close to zero (Fig. 6, plot d). Consequently the presence of
MORB is unlikely to result in large VS-anomalies, although it is
easier to generate negative VS-anomalies. Another substantial
change is that the sensitivity of VF to perovskite is smaller
(Fig. 6, plot k). Inducing moderate (0 to 1.0%) VF-anomalies would
thus require a larger fraction of perovskite and/or smaller tem-
perature. To quantify the influence of these changes on the
interpretation of seismic tomography, we calculated histograms
of the distributions in dlnVS and dlnVF at various temperatures
(Fig. 7), and combined likelihood that �3.0%rdlnVSr�1.0% and
0.0rdlnVFr1.0% (Fig. 3b), assuming that post-perovskite is
present. Again, Figs. 3b and 7 suggest that MORB is unlikely to
explain simultaneously low VS and high VF. For a temperature
excess around 500 K, both dlnVS and dlnVF are too small
in amplitude (Fig. 7, plot c), and the likelihood that
�3.0%rdlnVSr�1.0% and 0.0rdlnVFr1.0% peaks around 0.1
(Fig. 3b). Note that compared to the case where post-perovskite
was neglected (Fig. 3a), the maximum of likelihood has shifted to
lower temperatrure anomalies, around 1000 K. This value is
however still high compared to those estimated by excess
temperature in plumes. By contrast, material enriched in iron by
1.5% and in perovskite by 9% explains low VS and high VF with
likelihood up to 0.65. Again, compared to the case where post-
perovskite was neglected, the excess temperatures required to
explain low VS and high VF are smaller, in the range 200–500 K,
which is still consistent with excess temperatures in plumes.

Finally, we considered the possibility that LLVSP consist of hot
MORB entirely surrounded by post-perovskite. For this, we
calculated an additional set of seismic sensitivities assuming a
reference model in which all the non-MORB material is in the
post-perovskite phase (Fig. 8). Compared to the case with no post-
perovskite (Fig. 1), the sensitivity of VS to MORB in the lowermost
mantle is slightly negative (although it is spreading around zero
within error bars), and the sensitivity of VF is still positive, but
sity (right) to the volume fraction of MORB in the depth range 2200–2900 km, and

de and curves description are similar to those in Fig. 1.
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larger. As a consequence, for temperature excess in the range
500–1000 K, the dlnVS induced by MORB are too small in
amplitude, around �0.5%, and the dlnVF are too high, around
2.0% (Fig. 7, plots e and f). Furthermore, the induced dlnVP are
positive, in contradiction with the observed ones (Masters et al.,
2000). For temperature excess around 1500 K, dlnVF is smaller in
amplitude but still too large to explain the observed values, and
dlnVS is now slightly too large in amplitude.

Overall, the additional tests we performed indicate that the
presence of post-perovskite in the lowermost mantle would not
alter our main conclusions, i.e. LLVSP are better explained by
material enriched in iron and silicate (the latter being in the form
of perovskite), than by high pressure MORB, and rather consist of
material enriched in iron and silicate (in the form of perovskite).
5. Concluding discussion

The seismic signatures we calculated clearly show that the
chemical component in LLVSP is unlikely to consist of high-
pressure MORB, but rather of a material enriched in iron and
perovskite. A remaining question concerns the origin of such
reservoirs. LLVSP may have been stable for at least 200 Ma
(Torsvik et al., 2008; Dziewonski et al., 2010), and models of
thermo-chemical convection (Deschamps and Tackley, 2008,
2009) indicate that thermo-chemical structures can be main-
tained over periods comparable to the age of the Earth. A possible
hypothesis is that LLVSP result from the partial differentiation of
the mantle early in the Earth’s history (Solomatov and Stevenson,
1993; Labrosse et al., 2007; Lee et al., 2010), and subsequent
interaction with mantle convection. Interestingly, recent mineral
physics experiments (Nomura et al., 2011) predict that a primitive
reservoir resulting from the crystallization of a basal magma
ocean would be richer in iron. A primitive nature for LLVSP is also
supported by geochemical observations. Enstatite chondrite mod-
els of Earth’s composition (Javoy et al., 2010) lead to an Earth’s
lower mantle enriched in iron and silicate. In addition, the specific
signatures of Ocean Island Basalts (OIBs) in rare gases and trace
elements suggest the presence of reservoirs of undegassed mate-
rial in the deep mantle (e.g., Farley et al., 1992; Hofmann, 1997;
Stuart et al., 2003). Because they are sampled by OIB, these
reservoirs are not strictly isolated, and small amounts of primitive
material are entrained towards the surface. Recent numerical
models (Deschamps et al., 2011) showed that the entrainment of
dense material by plumes is less than 10%, in agreement with
geochemical estimates (All�egre and Moreira, 2004). Finally, it is
worth noting that the Fe/Mn ratio in Hawaiian lavas indicates that
the source region of the Hawaiian plume, which may be located in
the lowermost mantle, is enriched in iron (Humayun et al., 2004).

The enrichment in iron and (Mg,Fe)-perovskite needed to fit
seismic observation, respectively around 3.0% and 18%, differ
substantially from a regular pyrolitic composition. We checked
that such compositions are stable at lower mantle temperatures
and pressures using Perple_X (Conolly, 2005), which determines
the most stable mineralogical composition at a prescribed com-
position, temperature, and oxides composition by minimizing the
Gibbs free energy. Assuming volume fractions of FeO, MgO, and
SiO2 in pyrolite of 6%, 50%, and 40% (Ringwood, 1982), the volume
fraction of (Mg,Fe)-perovskite at a depth of 2800 km and a
temperature of 2500 K is around 70%. Figure S7 shows the phase
diagram of material enriched in iron (FeO) by 3.0% and silicate
(SiO2) at same depth and temperature. We varied the fraction of
SiO2 in the range 40–50% (the fraction of MgO varying accordingly
in the range 50–40%). For volume fractions of SiO2 in the range
44–47%, the volume fraction of perovskite is larger than that
in pyrolite by more than 18%, indicating that the combined
enrichment in iron and perovskite required to explain seismic
tomography is mineralogically viable at deep mantle conditions.
For fractions of SiO2 larger than 47%, some perovskite is replaced
with free SiO2 (seifertite), but the sum of the volume fraction of
perovskite and free SiO2 remains constant at around 92%. Because
the seismic sensitivities to free SiO2 are comparable to those of
perovskite (Figure S5), such change would be difficult to detect
with tomography. More importantly, it does not alter our main
conclusion that LLVSP are well explained by a combined enrich-
ment in iron and silicate, most of the silicate being included in the
perovskite phase.

Our results do not mean that recycled MORB is not present at
the bottom of the mantle. Tomographic images of slabs in the
lower mantle (e.g., van der Hilst et al., 1997) clearly indicate that
MORB may reach the lowermost mantle. However, this MORB
would be distinct from the LLVSP, and its seismic signature would
consist of positive anomalies in both VS and VF. The combination
of primitive and recycled chemical heterogeneities at a global
scale, and the presence of post-perovskite locally, may produce
more complex seismic and geochemical signatures, including a
substantial de-correlation between density and seismic velocity
anomalies (keeping in mind that part of the observed de-correla-
tion can be accounted for by vertical averaging), and a full
description of the large scattering of the Helium isotopic ratio
observed in OIB. Post-perovskite alone is unlikely to explain LLVSP,
but may slightly modify the thermo-chemical interpretation of
seismic tomography (Section 4). To fully explain geophysical and
geochemical constraints, future models of thermo-chemical con-
vection should thus include two chemical sources, recycled crust
and primitive reservoirs, and the post-perovskite phase.
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