Chapter 15

Large-Scale Thermo-chemical Structure
of the Deep Mantle: Observations

and Models

Frédéric Deschamps, Yang Li and P.]J. Tackley

Abstract Seismic tomography indicates that the lowermost mantle, from 2400 km
down to the core-mantle boundary (CMB) is strongly heterogeneous at large
wavelengths. The most striking features are two large low-shear-wave velocity
provinces (LLSVPs), where shear-wave velocity drops by a few percent com-
pared to averaged mantle. Several seismic observations further show that lower-
most mantle seismic anomalies cannot be purely thermal in origin. Compositional
anomalies are required to fully explain observations like the anti-correlation
between shear- and bulk-sound velocities, and the distribution of density mapped
by normal modes. In the meantime, models of thermo-chemical convection indi-
cate that reservoirs of dense, chemically differentiated material can be maintained
in the lowermost mantle over long periods of time and that thermal plumes ris-
ing up to the surface are generated at the surface of these reservoirs. Model
parameter searches indicate that maintaining such reservoirs requires a moderate
density contrast between dense and regular material and a large thermal viscos-
ity contrast. Current models of thermo-chemical convection also explain details
revealed by travel time and seismic waveform data, in particular the LLSVP
sharp edges, and the distribution of plumes at the surface of LLSVPs. A remain-
ing question is the detailed nature of the lower mantle large-scale chemical het-
erogeneities. Reservoirs of dense material may result either from early partial
differentiation of the mantle or recycling of oceanic crust (MORB). Seismic sen-
sitivities inferred from a coherent mineral physics database suggest that LLSVPs
are better explained by warm material enriched in iron and silicate, than by high-
pressure MORB. By contrast, if colder than the surrounding mantle by ~400 K,
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high-pressure MORB explains well seismic velocity anomalies in regions where
ancient slabs are expected to rest, e.g., beneath the Japan subduction zones and
beneath Central and South America. The post-pervoskite phase certainly plays a
significant role in explaining seismic observations, in particular the D” discontinu-
ity, but is unlikely to explain all seismic observations alone.

Keywords Mantle structure + Mantle composition + Mantle dynamics + LLSVPs -
Thermo-chemical convection

15.1 Introduction

Our description of the Earth’s deep mantle structure and dynamics has changed con-
siderably during the past decade, aided by advances in seismology, high-pressure
mineral physics, and geodynamics. The deep mantle appears much more heterogene-
ous than previously expected, both at small-scale (i.e., up to a few tens of kilometers;
see Rost et al., this volume) and large-scale (typically 1000 km across and more).
From depths of about 2400 km down to the core—mantle boundary (CMB), seismic
observations such as the radial and lateral variations in seismic ratios dlnVp/dInVs
and dInVg/dInVs (van der Hilst and Karason 1999; Deschamps and Trampert 2003),
distribution histograms of the shear-wave velocity anomalies (Deschamps and
Trampert 2003; Hernlund and Houser 2008; Burke et al. 2008), and the anti-corre-
lation between shear-wave and bulk-sound phase velocity (Ishii and Tromp 1999;
Masters et al. 2000; Trampert et al. 2004; Houser et al. 2008), are better explained if
chemical heterogeneities are present in the deep mantle although a thermally domi-
nated structure have also been advocated (see Davies et al., this volume). Seismic
observations invalidate the hypothesis that low-shear-wave velocity provinces
(LLSVPs) observed beneath Africa and beneath the Pacific result from purely ther-
mal anomalies. Normal-mode tomography (Ishii and Tromp 1999; Trampert et al.
2004; Mosca et al. 2012) gives further constraints on the deep mantle density distri-
bution, which further support the presence of large-scale compositional anomalies.

Due to the presence of compositional heterogeneities in the deep mantle, mod-
eling mantle dynamics requires the use of thermo-chemical convection simula-
tions. Compositional heterogeneities, in addition to temperature variations, cause
lateral variations in density, which in turn influence the flow pattern and the heat
and mass transfers. The key parameter controlling the thermo-chemical structure
of the system is the density contrast between the chemical anomalies and the regu-
lar material. When an initial dense layer is present at the bottom of the system,
the density contrast between the dense and regular materials controls the stability
and shape of this layer (e.g., Davaille 1999; Tackley 2002; McNamara and Zhong
2004; Deschamps and Tackley 2009). Models in which reservoirs of dense mate-
rial result from the segregation of recycled oceanic (e.g., Gurnis 1986; Christensen
1989; Olson and Kincaid 1991; Christensen and Hofmann 1994) also indicate that
the size and stability of these reservoirs strongly vary with the density contrast
between the recycled and regular materials.
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Mantle petrology is based on 5 main oxides (CaO, FeO, MgO, Al,O3, and SiO5)
from which the most abundant mantle minerals are built. In addition, MORB requires
NayO in weight fraction up to 2.0 %. The detailed petrology further depends on the
stability of each mineral, therefore on temperature and pressure. Chemical hetero-
geneities in the deep mantle may thus consist of variations in the fractions of these
5 oxides compared to a reference composition, e.g., the average pyrolitic composi-
tion (Ringwood 1975). The exact mechanism responsible for generating these vari-
ations is, however, still unknown. A straightforward source of heterogeneities is the
recycling of subducted slabs in the deep mantle, as suggested by tomographic images
(e.g., van der Hilst et al. 1997). Compared to the hypothetical pyrolite, MORB is
strongly depleted in MgO and enriched in SiO;, CaO, and Al;O3, and to a lesser
extent FeO (e.g., Ricard et al. 2005). Another possible source of chemical heteroge-
neity is the survival of reservoirs resulting from the early partial differentiation of the
mantle. Possible mechanisms of differentiation include the crystallization of regular
(i.e., crystallizing upwards from the CMB) or basal magma oceans (Solomatov and
Stevenson 1993; Labrosse et al. 2007; Solomatov 2007), upside-down differentia-
tion (Lee et al. 2010), and the recycling of an early crust (Boyet and Carlson 2006;
Tolstikhin et al. 2006). Alternatively, if the Earth was built from enstatite chon-
drites, an enrichment of the lower mantle in iron and silicates may result from the a
two-stage scenario of core formation, including a giant impact, and would thus not
require early differentiation of the mantle (Kaminski and Javoy, this volume).

In addition to thermal and chemical anomalies, the phase change from MgSiO3;
perovskite to post-perovskite (Murakami et al. 2004; Oganov and Ono 2004) may
be needed to fully explain available seismic observations. The transition from
perovskite to post-perovskite may correspond to the D” discontinuity, which is
locally observed in the lowermost mantle (Wookey et al. 2005). It was further-
more suggested that lateral variations in the depth of the transition from perovskite
to post-perovskite is responsible for the anti-correlation between shear-wave and
bulk-sound velocity (Wookey et al. 2005; Hirose 2007; Hutko et al. 2008). Davies
et al. (2012) proposed that seismic tomography can be fully explained by distribu-
tions of post-perovskite induced by lateral variations of temperature, but other stud-
ies (Deschamps et al. 2012; Mosca et al. 2012) arrived at the opposite conclusion.

In this chapter, we briefly review seismic observations that support the presence
of large-scale chemical heterogeneities in the deep Earth mantle. We then discuss the
parameters of convection models that allow reservoirs of dense material to be main-
tained in the deep mantle for a long period of time, and illustrate this with new models
of thermo-chemical convection in spherical geometry. We finally discuss the possible
nature of chemical heterogeneities and the role of the post-perovskite phase transition.

15.2 Thermo-chemical Structure: Seismological Hints

Seismic data are, so far, the most detailed information available to infer the Earth’s
mantle structure. Global seismic tomographic images have now reached a consensus
concerning the large-scale (i.e., ~1000 km across, or more) structures (for comparison
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between recent models, see Schaeffer and Lebedev 2013; Ritsema et al. 2011).
The strongest lateral heterogeneities are found at the top (shallower than 400 km) and
at the bottom (deeper than about 2400 km) of the mantle. In between these depths,
no notable large-scale structure is observed, and the RMS seismic velocity variation
is small, 0.5 % or less. Below the surface, anomalies of shear-wave velocity are well
correlated with surface tectonics down to depths of about 200-300 km (Schaeffer
and Lebedev, this volume). The ocean—continent distribution clearly appears, with
the slowest velocity being observed under mid-oceanic ridges. Within continents,
tectonically active regions also appear slower than average, whereas high-velocity
roots are observed beneath cratonic areas. In the lowermost mantle, the seismic
tomographic images are dominated by two large low-shear-wave velocity provinces
(LLSVPs) located along the equator beneath Africa and the Pacific. These regions
were first observed by global tomographic models in the 1990s (Tanimoto 1990; Su
et al. 1994; Li and Romanowicz 1996), and more recent models provided refined
images of these structures (e.g., Antolik et al. 2003; Houser et al. 2008; Kustowski
et al. 2008; Ritsema et al. 2011). Tomographic models of the mantle beneath Africa
(Ritsema et al. 1999) show that the African LLSVP has globally the structure of a
ridge with a NW/SE direction and is locally tilted toward the east. In contrast, the
Pacific LLSVP appears roughly oval in shape (e.g., Houser et al. 2008; Ritsema et al.
2011). Importantly, LLSVPs are also observed by normal-mode tomography (Ishii
and Tromp 1999; Trampert et al. 2004; Mosca et al. 2012). A cluster analysis applied
to recent tomographic models indicates that LLSVPs are robust structures, not arti-
facts (Lekic et al. 2012). An important methodological refinement of the past decade
is probabilistic tomography, first introduced by Resovsky and Trampert (2003), which
allows the determination of full probability density functions (pdf) (rather than single
values) of seismic velocity and density anomalies at each point of the model. This
provides robust estimates of the error bars in the tomographic images. Global mod-
els of probabilistic tomography published so far (Trampert et al. 2004; Mosca et al.
2012) are based on normal-mode data. A limitation of these models is that they are
restricted to spherical harmonic degrees 2, 4, and 6. Nevertheless, they indicate that
LLSVPs are robust structures.

Details on the lower mantle seismic structure, in particular the shape and extent
of LLSVPs, may be obtained from waveform modeling and travel times of seismic
phases sampling the lowermost mantle, including S, Sgif, and phases reflected at
the top of the outer core (ScS) or traveling through it (SKS). Keeping in mind that
their interpretations involve trade-off between the amplitude, shape, and size of the
velocity anomaly, these observations reveal interesting local features. The com-
plexity of SKS waveforms and the differential travel times (relative to S waves)
of ScS and SKS phases sampling the lowermost mantle beneath southern Africa
are well explained by an eastward tilt of the African LLSVP (Ni et al. 2002; Ni
and Helmberger 2003). Travel time delays further suggest that in this region, the
African LLSVP has sharp boundaries, typically around 50 km (Ni et al. 2002).
Around equatorial latitudes, S and P travel time and waveform data indicate that
the African LLSVP has a bell shape with a wide (~4000 km west to east) base
(Wang and Wen 2007). Additional constraints are also available for the Pacific
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LLSVP. S travel times and waveforms (He and Wen 2009) and tomographic
models (Ritsema et al. 2011) suggest that it may split into a western and an eastern
province with a gap of several hundreds of kilometers in between. Both provinces
have a trapezoidal shape, but the western region has stronger topography than the
eastern region. Sharp boundaries at the southern edge of the Pacific LLSVP have
been reported from the analysis of SHgisr waveforms (To et al. 2005), as well as at
its western edge (Takeushi et al. 2008).

First hints for the presence of chemical heterogeneities in the deep mantle
are provided by seismic ratios. The sharp increase of the laterally averaged ratio
between compressional and shear-wave velocity anomalies (dInVs/dInVp) in the
deep mantle (van der Hilst and Karason 1999; Masters et al. 2000) and the strong
lateral dispersion of this ratio at a given depth (Deschamps and Trampert 2003;
Deschamps et al. 2007) are more easily explained if the seismic velocity anoma-
lies are not purely thermal in origin. Furthermore, the distribution histograms
of shear-wave velocities anomalies in the lowermost mantle have a double peak
(Deschamps and Trampert 2003; Hernlund and Houser 2008; Burke et al. 2008),
which again is better explained if chemical heterogeneities are present. A key
observation from seismic tomography is the anti-correlation between shear-wave
velocity (Vs) and bulk-sound velocity (V) anomalies in a layer extending from
about 2400 km down to the CMB (Su and Dziewonski 1997; Masters et al. 2000;
Houser et al. 2008). In particular, V¢ is faster than average (by up to about 1 %)
throughout the region spanned by LLSVPs. Because the temperature derivatives
of Vg and Vg are both negative throughout the Earth’s mantle (e.g., Trampert et al.
2001; Deschamps and Trampert 2003), purely thermal anomalies are unable to
explain an anti-correlation between Vs and Vg anomalies, thus implying the pres-
ence of large-scale lateral variations in composition. It has recently been suggested
that the anti-correlation between Vs and Vg anomalies may result from wave-
propagation effects (Schuberth et al. 2011). However, the fact that normal-mode
tomography, which is not affected by potential propagation effects of the body
waves, also observes this anti-correlation (Ishii and Tromp 1999; Trampert et al.
2004; Mosca et al. 2012) strongly supports the hypothesis that it results from real
structures. An additional observation pointing to the presence of compositional
anomalies in the lowermost mantle is the de-correlation between seismic velocity
anomalies and density anomalies mapped by normal-mode tomography (Ishii and
Tromp 1999; Trampert et al. 2004; Mosca et al. 2012).

Seismic velocity anomalies result from variations in temperature and composi-
tion that one would like to map. A difficulty in solving this inverse problem is the
trade-off that exists between temperature and composition. Sensitivities of shear-
wave and bulk-sound velocities to one particular parameter are different in ampli-
tude, but usually have the same sign (e.g., Trampert et al. 2001; Deschamps and
Trampert 2003). For instance, both shear-wave and bulk-sound velocities decrease
with increasing amount of iron. A notable exception is SiO;, either free or in the
form of perovskite, for which the sensitivity of Vg goes to zero in the deep mantle,
whereas the sensitivity of V¢ remains strongly positive (Deschamps et al. 2012).
As a result, seismic velocities alone may qualitatively reveal the presence of
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thermal and chemical sources, but cannot quantitatively resolve the distributions
in temperature and composition. A detailed mapping of thermo-chemical anoma-
lies requires additional, independent observations, such as density distributions,
which can be retrieved from normal-mode data (Ishii and Tromp 1999; Trampert
et al. 2004; Mosca et al. 2012). Assuming that the chemically anomalous compo-
nent consists of material enriched in iron and perovskite, and using appropriate
equation of state modeling, Trampert et al. (2004) calculated distributions of tem-
perature, iron, and perovskite in the lower mantle. Their calculations indicate that
bulk-sound velocity and density anomalies are good proxies for the fraction of per-
ovskite and the fraction of iron, respectively (Fig. 15.1). In contrast, shear-wave

2000 < z < 2891 km
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Fig. 15.1 Seismic (left column) and thermo-chemical (right column) structures from probabilistic
tomography (Trampert et al. 2004) in the depth range 2000-2891 km. The seismic structure
includes relative anomalies in a shear-wave velocity, b bulk-sound velocity anomalies, and ¢ density
anomalies. The thermo-chemical structure includes absolute anomalies in d temperature, e fraction
of perovskite, and f fraction of iron
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velocity anomalies are not a good proxy for temperature anomalies, but likely result
from lateral variations in both temperature and iron. Updated models of probabilis-
tic tomography with a higher vertical resolution and accounting for the presence of
post-perovskite (Mosca et al. 2012) have confirmed these results.

Another difficulty in interpreting tomographic models is that they may be
biased by uneven data coverage and a priori information (mainly damping and
smoothing) imposed by inversion methods. These effects should be accounted
for when comparing seismic velocity distributions deduced from models of man-
tle dynamics, and those from tomographic models. The simplest filter is to add
random Gaussian noise based on estimated uncertainties in seismic velocity
anomalies (Deschamps et al. 2012). This approach is well suited for comparison
with tomographic models based on Monte Carlo methods (such as probabilistic
tomography), but may also be used for comparison with other models. For a more
detailed comparison with a specific tomographic model, a filter may be designed
from the resolution matrix of this model (e.g., Ritsema et al. 2007; Schuberth et al.
2009). Applying such filter to the seismic velocity distribution issued from purely
thermal models of convection (which are dominated by short wavelengths struc-
tures) adds substantial smearing that smooth out the input distribution (Ritsema
et al. 2007; Schuberth et al. 2009). Still, this smoothed distribution hardly explains
the observed tomographic model. By contrast, the synthetic seismic velocity
obtained from models of thermo-chemical convection provides a better match to
seismic tomography (Ritsema et al. 2007).

In addition to thermal and chemical anomalies, other effects, including the
presence of fluids or partial melts and lateral variations in the depth of phase tran-
sitions, can affect seismic observations. The phase transition from perovskite to
post-perovskite is of particular interest for the lowermost mantle structure (for a
detailed discussion on the seismic detection and presence of post-perovskite in
the deep mantle, we refer to Cobden et al., this volume). The lateral variations
in the depth at which the post-perovskite phase transition occurs may play a sig-
nificant role in explaining several seismic features, including the D” discontinuity
(Wookey et al. 2005) and arrival of diffracted seismic waves (Cobden et al. 2012;
Cobden et al., this volume). However, both seismic sensitivities from mineral
physics properties (Deschamps et al. 2012) and the most recent models of proba-
bilistic tomography (Mosca et al. 2012) indicate that the details of seismic tomog-
raphy cannot be explained only with thermal anomalies and lateral variations in
the post-perovskite phase transition. We further discuss this point in Sect. 15.5.

15.3 Models of Thermo-chemical Convection

Seismic tomography indicates that large-scale compositional heterogeneities are likely
present in the deep mantle, with LLSVPs being chemically distinct from the rest of
the mantle. Other geophysical constraints (Torsvik et al. 2008; Dziewonski et al. 2010;
Conrad et al. 2013; Sect. 15.6) further indicate that LLSVPs have remained stable
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during the past 300 Myr, and potentially over much longer periods of time. Models of
convection describing mantle dynamics should therefore include compositional varia-
tions in addition to the thermal variations usually considered and be able to maintain
large-scale thermo-chemical reservoirs during long periods of time.

A variety of experimental (e.g., Olson and Kincaid 1991; Davaille 1999;
Jellinek and Manga 2002) and numerical (e.g., Hansen and Yuen 1988;
Christensen and Hofmann 1994; Tackley 1998, 2002; McNamara and Zhong 2004,
2005; Tan and Gurnis 2005, 2007; Deschamps and Tackley 2008, 2009) models
of thermo-chemical convection have been developed, showing strong stratification
or a more complex structure, depending on the fluid properties. A major improve-
ment was to perform calculations that account for compressible fluids, using either
the anelastic (Tackley 1998), or the extended Boussinesq (Schott and Yuen 2004)
approximation. In these approximations, viscous dissipation and adiabatic heat-
ing are present, and thermo-chemical properties are allowed to vary with depth
through the prescription of a reference model. The decrease of thermal expansion
with depth, which is well documented from mineral physics data (e.g., Anderson
1995), is particularly important because it weakens the thermal buoyancy in the
deep mantle. As a result, chemical stratification or the development of stable
thermo-chemical structures requires a smaller buoyancy ratio than in the classical
Boussinesq approximation.

15.3.1 Stability of Thermo-chemical Reservoirs: Important
Parameters

The mode of convection of a chemically heterogeneous fluid, and therefore the
fluid thermo-chemical structure, is controlled by several parameters, including the
buoyancy ratio (measuring the chemical density contrast relative to the top-to-bot-
tom thermal density contrast), the fraction of dense material, and the rheology of
the fluid. Among these parameters, the buoyancy ratio, B, has a particular impor-
tance because it controls the stratification of the system and the amplitude of the
deformation of the dense layer (e.g., Davaille 1999; Le Bars and Davaille 2004;
McNamara and Zhong 2004; Jaupart et al. 2007). Variations in B lead to different
patterns, from a stable layer (large B), to a fully unstable layer (small B). The ana-
logue experiments of Davaille (1999) observe two regimes of convection, depend-
ing on the density contrast between the dense layer and the overlying material. If
the density contrast is smaller than 1 %, domes of dense material oscillate verti-
cally, but dense and regular material remain unmixed. For larger contrasts, the sys-
tem is stratified, i.e., the layer of dense material remains stable. Strong stratification
is also observed by numerical models, in cases for which the buoyancy ratio is too
large. A strong stratification is, however, not desirable in the case of the Earth’s
mantle, because it is not observed by seismic data and models. Moderate buoy-
ancy ratios lead to large thermo-chemical piles, whose spectral content agrees well
with that of thermo-chemical heterogeneities observed by probabilistic tomography
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(Deschamps et al. 2007). Unfortunately, these structures are short-lived, and they
do not survive convection (Deschamps and Tackley 2008). Dense and regular mate-
rials quickly mix, and the amplitude of chemical heterogeneities decreases with
time. Clearly, for the Earth’s mantle, the chemical density contrast between dense
and regular material should not be too high to avoid strong stratification, but other
parameters may control the formation and evolution of reservoirs of dense material.

A systematic search in the model space of thermo-chemical convection assum-
ing an initial layer of dense material identified two important parameters that may
enter a successful model of Earth’s mantle (Deschamps and Tackley 2008, 2009):
a moderate chemical density contrast (around 60-100 kg/m?), to avoid chemical
stratification, and a large thermal viscosity contrast (Ant > 104), which helps in
maintaining large pools of dense material and opposes mixing. In models that
combine these two properties, large reservoirs of dense material are maintained
over periods of time comparable to the age of the Earth, inducing density and seis-
mic velocity anomalies that are in good agreement with probabilistic tomography.

Another potentially important parameter is the Clapeyron slope of the phase
change at 660 km depth. A negative Clapeyron slope at 660 km, as is expected
for the transformation of ringwoodite to perovskite and periclase/wiistite, prevents
the dense material from massively flowing into the upper mantle. An endother-
mic phase change thus acts as a filter, but is not required to maintain reservoirs
of dense material in the lower mantle (Deschamps and Tackley 2009). One may
point out that the mineralogical transition from lower to upper mantle is complex,
multiple phase transitions with different Clapeyron slopes being involved (e.g.,
Stixrude and Lithgow-Bertelloni 2011). A positive Clapeyron slope would affect
the filtering of dense material, and larger amounts of this material may penetrate
in the upper mantle. If, as suggested by mineral physics experiments (Hirose
2002), hot plumes go through an exothermic phase change (from perovskite and
periclase/wiistite directly to wadsleyite and/or majoritic garnet) when entering
the upper mantle, the filtering of dense material at 660 km would be reduced. The
presence of recycled crust in plumes may further alter the value of the Clapeyron
slope of the 660 km phase transition. However, numerical experiments indi-
cate that the amount of dense material entrained by plumes remains compat-
ible with the entrainment expected from the lower end values of the helium ratio
(*He/*He) in Ocean Island Basalt (Sect. 15.4.1) even for a Clapeyron slope equal
to zero, provided that the buoyancy ratio of the dense material is slightly larger
(Deschamps et al. 2011).

15.3.2 Stability of Primitive Reservoirs
in Spherical Geometry

To check whether the conclusions obtained in 3D Cartesian geometry are also
valid in spherical geometry, we conducted additional numerical experiments with
StagYY (Tackley 2008). Spherical geometry is modeled by a set of Yin and Yang
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grids (Kageyama and Sato 2004), each grid having 64 x 192 azimuthal points.
At each depth, this is equivalent to a spherical grid with 256 points in longitude
and 128 points in latitude. We fixed the vertical resolution to 64 nodes, with grid
refinement at the top and at the bottom of the shell, which allows resolution of
the thermal boundary layers and the reservoirs of dense material. The ratio of
the core-to-total radii is set to its terrestrial value, f = 0.55. A phase transition
is imposed at z = 660 km with density contrast Apgso = 400 kg/m?. Viscosity
is allowed to vary with temperature and depth, and an additional viscosity con-
trast Aneso = 30 is added at the 660-km phase transition. The viscosity is fully
described by

1@z T) = no[l + 29H (z — 660)] exp Va% + +K,C|, (15.1)

E,——35

(T + Totr)
where 7ng is a reference viscosity, H is the Heaviside step function, D the mantle
thickness, ATs the super-adiabatic temperature difference across the shell, and Tyt
the temperature offset, which is added to the temperature to reduce the viscosity
jump across the top boundary layer. The reference viscosity ng is defined at regular
composition (C = 0), z = 0, and for the surface temperature of the reference adi-
abat (i.e., Tys = 0.64ATs). The viscosity variations with depth and temperature are
controlled by V, and E,, respectively, modeling the activation volume and energy.
In all calculations discussed here, we fixed the value of V, to 2.303, which leads
to a bottom-to-top depth viscosity ratio of 300 (including the viscosity jump at
660 km, but excluding the thermally induced increase in thermal boundary lay-
ers and the increase due to adiabatic increase of temperature, which are both con-
trolled by E,). We define a potential thermal viscosity contrast as Ant = exp(E,),
but due to the temperature offset, which we set to Toif = 0.88ATs, and to the adi-
abatic increase of temperature, the effective top-to-bottom thermal viscosity con-
trast is different from Ant. Overall, the effective contrast is smaller than Ant by
about two orders of magnitude. Finally, the viscosity variation with composition
is controlled by the parameter K,, the viscosity jump between dense and regular
material being Anc = exp(Ky).

The vigor of convection is controlled by the Rayleigh number, whose defini-
tion is non-unique due to the fact that viscosity and thermodynamic parameters
vary throughout the shell. Here, we prescribed a reference Rayleigh number Ray,
defined at the reference viscosity 19 and surface values of the thermodynamic
parameters. In all calculations, we fixed Rag to 3.0 x 108. This leads to an effec-
tive Rayleigh number (defined as the Rayleigh number at the volume average vis-
cosity) around 10°-2.0 x 10°, depending on the case.

We used a definition of the buoyancy ratio in which the reference density increases
with depth following an appropriate thermodynamical model (Tackley 1998)

Ape(z)

7= ma (15.2)

where Ap. is the chemical density contrast between dense and regular material,
p(2) the reference density at depth z, « the coefficient of thermal expansion at the
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surface of the Earth, and ATs the super-adiabatic temperature jump. Here, we
used ATs = 2500 K. Assuming a surface temperature of 300 K and an adiabatic
increase of 1000 K, which is a typical for the Earth mantle, this leads to a tem-
perature at the CMB of 3800 K, i.e., at the lower edge of the most recent estimates
from the phase diagram of iron (Anzellini et al. 2013), but at the higher edge of
the estimates from the solidus of pyrolite (Nomura et al. 2014). Calculations per-
formed with this definition of the buoyancy ratio are equivalent to calculations
made with a buoyancy ratio that refers to the surface density, Bs, but with larger
value of Bs. For instance, if the density increases by 50 % from top to bottom, the
structure obtained with a depth-dependent buoyancy ratio B, = 0.20 is equivalent
to that obtained with a surface buoyancy ratio Bs = 0.30. The compositional field
is modeled with 25 million particle tracers, leading to an average number of trac-
ers per cell of 15, enough to model the entrainment (Tackley and King 2003). The
dense material is initially distributed in a layer at the bottom of the shell, and the
initial thickness of this layer is controlled by prescribing the volume fraction of
dense material, Xpym. Here, we fixed the volume fraction of dense material to 7 %
of the volume of the shell, which is a bit large compared to the estimated volume
of the LLSVPs, and did an additional experiment with Xpy = 3.5 %, correspond-
ing to an upper estimate of the LLSVPs volume fraction (Sect. 15.3.3). The initial
condition for temperature consists of an adiabatic profile with thin super-adiabatic
boundary layers at the top and bottom of the shell, to which small random per-
turbations are added. With this setup, the experiment starts with a long transient
phase (that can last up to 1.5-2.0 Gyr in dimensional time), during which the
bottom dense layer heats up. After this phase, the evolution of the layer of dense
material depends on the input parameters, mainly the buoyancy ratio and the ther-
mal viscosity contrast (see below). In models that impose plate motions at the sur-
face of the shell (e.g., McNamara and Zhong 2005), the transient phase is much
shorter and thermo-chemical piles (if stable) form faster. Note that the experiments
discussed here are not designed to model the detailed evolution of the Earth’s
mantle, for which accurate initial conditions are not yet known. Instead, they aim
to identify the thermo-chemical structure obtained for a given set of parameters,
and whether or not these structures are stable in time. Thus, time indication in our
experiments should not be used to interpret early mantle evolution.

Figure 15.2 shows a snapshot of the case B, = 0.4 and Xpp = 7.0 %. Viscosity
depends on depth, but not on temperature (£, = 0), and the Clapeyron slope of
the 660-km depth phase transition is set to zero. For this set of parameters, the
system remains stratified (Fig. 15.2, plots ¢ and d), i.e., the layer of dense mate-
rial covers the entire core. This layer has substantial topography, typically around
200 km, with highs corresponding to the foot of thermal plumes and depressions
to downwellings. This layer is hot compared to the rest of the system and convec-
tion does not operate in it. Plumes are generated at its top, along a network of
hot ridges (Fig. 15.2, plots a and b), but convection remains weak throughout the
layer of regular material. A small fraction of dense material is, however, entrained
upwards by these plumes and mixes with the regular material. This structure
induces substantial chemical anomalies around the chemical discontinuity, but
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Fig. 15.2 Snapshot of a case with buoyancy ratio B, = 0.4 and Xpym = 7.0 %. The viscosity
jump at 660 km is equal to 30, and the viscosity depends neither on the temperature (£, = 0,
Ant = 1), nor on composition (Anc = 1). The Clapeyron slope at 660 km (/%¢0) is set to zero.
Snapshot is taken at non-dimensional time 7 = 2.12 x 102 (9.0 Gyr). a Isosurface of the resid-
ual non-dimensional temperature with contour level (T — (7)) = 0.05. b Polar slice of the non-
dimensional temperature. ¢ Isosurface of the composition with contour level C = 0.5. d Polar
slice of the composition

no or very weak variations elsewhere (Fig. 15.3b). The amplitude of thermal
anomalies is weak, with the largest anomalies being found at the top of the dense
layer (Fig. 15.3a), indicating that the thermal boundary layer is located at the top
of this layer. This reduces the temperature jump between the surface and the top of
the dense layer, and thus the vigor of convection in the shell.

To avoid strong layering, we decreased the buoyancy ratio to B, = 0.2
(Fig. 15.4). Other properties are similar to those of the case shown in Fig. 15.3
(in particular, viscosity does not depend on temperature). With B, = 0.2, the ini-
tial layer of dense material is unstable and quickly mixes with the regular material
(Fig. 15.4, plots ¢ and d). As a result, large-scale chemical anomalies are small
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Fig. 15.3 Spectral heterogeneity map (SHM) of the anomalies in temperature (left column)
and composition (right column) for three cases. Top row buoyancy ratio B, = 0.4, Xpm = 7 %,
E, =0 (Ant = 1), and I'sep = 0, corresponding to the snapshot represented in Fig. 15.2. Mid-
dle row B, = 0.2, Xpm = 7 %, E, = 0 (Ant = 1), and Is60 = 0, corresponding to the snap-
shot shown in Fig. 15.4. Bottom row B, = 0.2, Xpm = 7 %, E, = 20.723 (Ant = 10%), and
I'ss0 = —2.5 MPa/K, corresponding to the snapshot represented in Fig. 15.5

throughout the mantle (Fig. 15.3d). At large scale, the mantle therefore appears
homogeneous. Four large plumes are generated from a thin thermal boundary
layer at the bottom of the shell (Fig. 15.4, plots a and b), inducing moderate ther-
mal anomalies at the bottom and at the top of the system (Fig. 15.3c).

The model shown in Fig. 15.5 was obtained for E; = 20.723 (Ant = 10°,
leading to an effective thermal viscosity contrast around 3.0 x 10%). In addition,
we imposed an endothermic phase transition at 660 km depth, with a Clapeyron
slope I' = —2.5 MPa/K. Other properties are similar to those of the cases
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Fig. 15.4 Snapshot of the case B, = 0.2, Xpm = 7.0 %, E, = 0 (Ant = 1), and g6 = 0. The
viscosity jump at 660 km is equal to 30, and the viscosity does not depend on composition
(Anc = 1). Snapshot is taken at non-dimensional time ¢ = 1.06 x 1072 (4.5 Gyr). a Isosurface
of the non-dimensional temperature with contour level 7'= 0.55. b Polar slice of the non-dimen-
sional temperature. ¢ Isosurface of the composition with contour level C = 0.5. d Polar slice of
the composition

shown in Figs. 15.2 and 15.4. For this set of parameters, we observe two large
reservoirs of dense material culminating at ~1000 km above the CMB (Fig. 15.5,
plots ¢ and d). These reservoirs remain stable and induce strong lateral chemical
anomalies dominated by spherical harmonic degree 2 in the bottom part of the
shell (Fig. 15.3f). In contrast, the rest of the shell is chemically homogeneous at
large scale. Small-scale heterogeneities, due to entrainment of dense material by
plumes, are, however, present locally. Plumes are generated along hot ridges at the
top of the reservoirs and rise up to the surface (Fig. 15.5, plots a and b). Note that
they spread beneath the 660 km and that secondary thinner plumes are generated
on the top side of this phase transition. There is also evidence for plume interac-
tion with mantle horizontal flow below the 660-km phase transition (top left and
bottom right quadrants of Fig. 15.5b). The roots of these plumes are distributed
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Fig. 15.5 Snapshot of the case B, = 0.2, Xpm = 7.0 %, E, = 20.723 (Ant = 109), and
TI's60 = —2.5 MPa/K. The viscosity jump at 660 km is equal to 30, and the viscosity does not
depend on composition (Anc = 1). Snapshot is taken at non-dimensional time ¢ = 3.18 x 102
(13.5 Gyr). a Isosurface of the non-dimensional temperature with contour level 7= 0.55. b Polar
slice of the non-dimensional temperature. ¢ Isosurface of the composition with contour level
C =0.5. d Polar slice of the composition

throughout the surface of the reservoirs, including at their borders. By contrast,
we do not observe plumes originating from outside the reservoirs of dense mate-
rial. Plumes entrain small amounts of dense material (see, e.g., the top left quad-
rant of Fig. 15.5d), thus eroding the dense reservoirs. Importantly, this erosion is
very small, which prevent reservoirs from being completely entrained within a rea-
sonable time (i.e., comparable to the age of the Earth). Downwellings are located
between the reservoirs, suggesting that they strongly interact with the initial dense
layer by deflecting it and pushing it away. This thermal structure induces strong
thermal anomalies at the bottom of the shell and below its surface, where plume
heads spread (Fig. 15.3e).
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3D Cartesian models further indicated that the chemical viscosity contrast has
an influence on the shape of reservoirs. With increasing chemical viscosity con-
trast, these reservoirs are thicker, cover a smaller area, and have steeper edges
(McNamara and Zhong 2004; Deschamps and Tackley 2009). Additional calcula-
tions in spherical geometry confirm these trends (Li et al. 2014a).

Overall, the conclusions obtained in 3D Cartesian geometry regarding the sta-
bility and survival of reservoirs of dense material (Sect. 15.3.1) are also valid in
spherical geometry. Interestingly, the chemical structure of models that include
a moderate buoyancy ratio and strong thermal viscosity contrast is dominated by
spherical harmonic degree 2, as in the case of the Earth’s mantle, assuming that
the LLSVPs observed by seismic tomography are thermo-chemical structures.

15.3.3 Additional Constraints and Models

In the model shown in Fig. 15.5, we fixed the volume fraction of dense material
to 7 %, which is too large for comparison with the Earth’s mantle. As a result,
the reservoirs are significantly larger (both in lateral extension and thickness) than
the LLSVPs observed in the Earth’s mantle. The volume of LLSVPs is not very
well constrained. A rough estimate from HMSL-S06 (Houser et al. 2008) leads
to a volume fraction (with respect to entire mantle) of around 4.0 %. Burke et al.
(2008) defined the LLSVP boundaries as the —1.0 % contour of the dInVs maps
from the SMEAN model and found a volume fraction of 1.6 %. Estimates from
the non-Gaussian anomaly in the dlnVg distribution histograms gives values
in the range 1.7-2.4 % (Hernlund and Houser 2008). Therefore, models of con-
vection suitable for the Earth’s mantle should have a fraction of dense material
around 2-4 %. Interestingly, numerical experiments with a volume fraction of
dense material in the range 2.5-15 % (Li et al. 2014a) show that decreasing the
volume fraction of dense material does not alter the long-term stability of these
reservoirs. In addition, these experiments indicate that the distribution of plumes
is sensitive to the volume fraction of the dense material. For volume fractions
around 5 % and smaller, plumes are mostly distributed on the edges of the res-
ervoirs of dense material (Li et al. 2014a), whereas for larger volume fractions,
they are more evenly distributed throughout the surface of these reservoirs. As an
example, Fig. 15.6 shows a case with Xpy = 3.5 %, other parameters being simi-
lar to those in Fig. 15.5, except the chemical viscosity contrast, which is set to
Anc = 32. The distribution of plumes along the edge of the reservoirs of dense
material is globally consistent with the observation that the position of hot spots
and the reconstructed positions of the large igneous provinces (LIPs) at the time
they were active are preferentially located above the edges of LLSVPs (Burke and
Torsvik 2004; Torsvik et al. 2008). Note that in these reconstructions, a few active
hot spots and reconstructed LIPs are located within the LLSVPs. Furthermore, a
recent study (Austermann et al. 2014) suggests that the correlation between LIP
locations and LLSVP margins is statistically not significant and that observations
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Fig. 15.6 Snapshot of the case B, = 0.20, Xpm = 3.5 %, E; = 20.723 (Ant = 109), and
I's60 = —2.5 MPa/K. The viscosity jump at 660 km is equal to 30, and the chemical viscos-
ity ratio is Anc = 32. Snapshot is taken at non-dimensional time ¢ = 3.18 x 1072 (13.5 Gyr).
a Isosurface of the non-dimensional temperature with contour level 7 = 0.55. b Polar slice of
the non-dimensional temperature. ¢ Isosurface of the composition with contour level C = 0.5.
d Polar slice of the composition. Note that the view angle is different compared to that for Fig. 15.5

are also compatible with plumes originating from the LLSVP interiors. Finally,
due to thermal winds and plume spreading beneath the 660-km discontinuity and
beneath the surface (plots a and b in Figs. 15.5 and 15.6), the surface locations of
plumes may be slightly shifted compared to the position of their root.

Because it controls the increase of density with pressure (as, for instance, in
Birch—-Murnaghan equation of state), the bulk modulus may influence the shape
and stability of dense reservoirs (Tan et al. 2011). Density increases more rapidly
with depth for material having high values of the bulk modulus. In addition, a
high bulk modulus reduces the adiabatic increase of temperature, hence decreas-
ing the thermal buoyancy of reservoirs. Models in which the bulk modulus of the
dense material is larger than that of the surrounding fluid can remain stable for
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billions of years (Tan et al. 2011). Furthermore, these reservoirs have sharp edges,
in agreement with travel and waveforms observations (Sect. 15.2), and plumes are
preferentially located at their edges. Tan et al. (2011) have further investigated the
interactions between downwellings and primitive reservoirs and found that down-
wellings tend to push plumes toward the reservoirs.

The models of convection discussed earlier in this section have a free slip
mechanical surface boundary. As they reach the bottom of the shell, the downwell-
ings generated in these models interact with the dense layer by pushing it away. In
that sense, downwellings control the locations of the reservoirs of dense material.
However, a detailed comparison with the present day structure of the Earth mantle
requires the imposition of surface plate motions (e.g., using plate tectonic recon-
struction models), which allows a better description of the interactions between
downwellings and thermo-chemical piles. In models that use such reconstructions
(McNamara and Zhong 2005; Zhang et al. 2010; Bower et al. 2013), plumes are
preferentially generated at the edges of the dense reservoirs, in agreement with
reconstructions of LIPs positions (Burke and Torsvik 2004; Torsvik et al. 2008).
These models further explain the rounded shape of the Pacific LLSVP, and details
of the African LLSVP observed by travel time data and seismic waveform mod-
eling, in particular its sharp edges (Sect. 15.2).

The models discussed in this section consider only one source of chemical het-
erogeneity. A full description of the Earth’s mantle structure and dynamics may,
however, require two sources, reservoirs of dense primitive material (i.e., result-
ing from early mantle differentiation), and recycled oceanic crust entrained in the
lower mantle by slabs. We further discuss this point in Sect. 15.4.1.

15.4 The Nature of the Lower Mantle Chemical
Heterogeneities

15.4.1 Early Differentiated Material Versus Recycled MORB

The nature and origin of chemical heterogeneity detected by seismological obser-
vations is still a matter of debate. Two end-member hypotheses, the recycling of
oceanic crust (MORB) and the survival of reservoir(s) of primitive or early differ-
entiated material, are usually advocated and are both dynamically feasible.

The recycling of oceanic crust carried by slabs to the deep mantle is a straight-
forward source of heterogeneity. Seismic tomography clearly shows that slabs
can penetrate to the deep mantle and sink down to the CMB (Fukao et al. 2001;
Karason and van der Hilst 2000; van der Hilst et al. 1997). Dynamically, numeri-
cal models of thermal convection have established that the endothermic phase
transition at 660 km is not impermeable to downwelling slabs (e.g., Christensen
and Yuen 1985; Machetel and Weber 1991; Tackley et al. 1993, 1994). Thus,
stacking of the MORB component of slabs in the deep mantle may result in res-
ervoirs of dense, recycled material. This hypothesis has been tested by numeri-
cal models (Christensen 1989; Christensen and Hofmann 1994) and laboratory
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experiments (Olson and Kincaid 1991), but recent models indicate that only
small amount of oceanic crust may accumulate at the bottom of the mantle (Li
and McNamara 2013). The production and recycling of MORB have also been
modeled in a 2D-cylindrical shell and coupled with core evolution (Nakagawa
and Tackley 2004, 2005b) and with the presence of the post-perovskite phase
transition (Nakagawa and Tackley 2005a). These studies pointed out that the
formation of pools of dense material and their shape depends on core properties
(Nakagawa and Tackley 2005b), on the buoyancy ratio of MORB (Nakagawa and
Tackley 2004), and on the Clapeyron slope of the post-perovskite phase transi-
tion (Nakagawa and Tackley 2005a). Models that include self-consistent mineral-
ogy (Nakagawa et al. 2010) show that the shape and stability of the reservoirs of
segregated MORB depend on the assumed MORB composition in main oxides. A
MORSB that is richer in FeO segregates more readily to a stable dense layer around
the core. Finally, it has been suggested that recycled MORB may be episodically
incorporated in LLSVPs (Tackley 2012). 2D Cartesian models of convection
including two sources of heterogeneities have recently tested this hypothesis (Li
et al. 2014b). These simulations indicate that small amounts of recycled MORB
are injected in the piles of primitive material and subsequently entrained upwards
by the plumes generated at the top of the piles. If the MORB is less dense than the
primordial material, however, then it tends to accumulate above the dense material
(Nakagawa and Tackley 2014).

The presence of an undegassed, isolated reservoir hidden in the deep man-
tle has long been advocated by geochemists to be one of the sources of ocean
island basalt (OIB) (e.g., Farley et al. 1992; Hofmann 1997; Stuart et al. 2003).
A key geochemical observation is the strong dispersion of the isotopic helium
ratio (*He/*He) in OIB, ranging from 15,000 to 200,000. This suggests that the
plumes at the origin of OIB sample several sources in the mantle. The low val-
ues (<30,000) of OIB helium ratio further indicate that one of the reservoirs sam-
pled by OIB plumes is undegassed, and its lowest value (around 15,000) imposes
a constraint on the maximum amount of primitive material entrained by plumes
(Allegre and Moreira 2004). Other geochemical hints include the Argon budget
(Allegre et al. 1996), and the high values of the '“3*Nd/'#**Nd ratio measured in the
Baffin Island and western Greenland lavas (Jackson et al. 2010), which suggest
that these rocks were extracted from an early-formed (~4.5 Gyr) mantle reser-
voir. Additional results for the Sm-Nd, Lu-Hf, and Rb-Sr systems suggest that
Earth accreted from non-chondritic material depleted in incompatible elements,
and that pristine material may be preserved in the deep mantle until now (see
Caro, this volume). Numerical models showed that in models including a moder-
ate buoyancy ratio and a large thermal viscosity contrast, the entrainment of dense
material by plumes is less than 10 % (Deschamps et al. 2011), in agreement with
geochemical estimates based on mass balance calculations (Allegre and Moreira
2004). An endothermic phase transition at 660 km further reduces the entrain-
ment of dense material in the upper mantle, but plumes may instead go through an
exothermic transition as they enter the upper mantle (Hirose 2002; Sect. 15.3.1).
The large values (>100,000) of the OIB helium ratio suggest that another reservoir
sampled by OIB plumes is recycled oceanic crust (e.g., Hofmann 1997). Again,
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this is consistent with the numerical simulations of Li et al. (2014b), which show
that both primitive material and recycled MORB may be entrained by the plumes
rising from the top of the reservoirs of dense material.

Several mechanisms have been proposed for the early partial differentiation of
the Earth’s mantle, including fractional crystallization of a regular magma ocean
(Solomatov and Stevenson 1993; Solomatov 2007), crystallization of a basal
magma ocean (Labrosse et al. 2007), which also explains the ultra-low seismic
velocity zones (ULVZ) observed locally at the bottom of the mantle (Garnero
and Helmberger 1995; Williams and Garnero 1996), ‘upside-down’ differentia-
tion (Lee et al. 2010), which consists of the formation, crystallization, and sink-
ing of dense liquids in the upper mantle during the Earth’s first billion year, and
the recycling of a primitive crust (Tolstikhin et al. 2006), which is supported by
geochemical data (Boyet and Carlson 2006; Caro et al. 2003, 2004) and numeri-
cal models of convection (van Thienen et al. 2004, 2005). Alternatively, models
of mantle composition based on E-chondrite predict that the composition in main
oxides of the lower mantle is different from that of the upper mantle (Javoy et al.
2010). Kaminski and Javoy (2013) have further shown that a two-stage scenario
of Earth formation, consisting of the formation of a proto-core at low pressure and
temperature (around 50 GPa and 3500 K, respectively) followed by a giant impact,
can explain the chemical heterogeneities observed in the lowermost mantle (see
also Kaminski and Javoy, this volume).

Mineral physics experiments (Nomura et al. 2011) predict that a primitive res-
ervoir resulting from the crystallization of a basal magma ocean would be richer
in iron. 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 man-
tle, is enriched in iron (Humayun et al. 2004). E-chondrite models of Earth’s man-
tle composition also imply that reservoirs of primitive material should be enriched
in iron and silicate (Javoy et al. 2010). Interestingly, the compositional anomalies
inferred from probabilistic tomography (Trampert et al. 2004; Mosca et al. 2012)
show that LLSVPs are enriched in iron (partitioned between Fe-perovskite and
wiistite) and silicate (in perovskite). Furthermore, seismic sensitivities calculated
from a coherent mineral physics database (Stixrude and Lithgow-Bertelloni 2011)
indicate that LLSVPs are better explained by material enriched in iron (by about
3.0 %) and in perovskite (by about 20 %) than by recycled MORB, unless these
MORB are hotter than the surrounding mantle by 1000 K or more (Deschamps
et al. 2012). We further detail this point in Sect. 15.4.2.

15.4.2 Seismic Signatures of Differentiated Material
and Recycled MORB

Seismic signatures provide key information about the nature of the chemical het-
erogeneities in the deep mantle. Linking observed seismic velocity anomalies
to thermo-chemical distributions requires knowledge of seismic sensitivities to
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temperature and various chemical components. These sensitivities can be derived
from an appropriate equation of state modeling and available mineral physics data-
base. A Monte Carlo search allows accounting for various sources of uncertainties,
including uncertainties in the mantle thermo-chemical reference model, and in the
thermo-elastic and thermodynamic properties of the mantle minerals (Trampert
et al. 2001; Deschamps and Trampert 2003). Alternatively, algorithms minimizing
the Gibbs free energy of petrological aggregates, e.g., Perple_X (Connolly 2005),
provide the mineralogical composition and thermo-elastic properties for this
aggregate at given pressure, temperature, and composition in main oxides.

Seismic sensitivities to various chemical components (Trampert et al. 2001;
Deschamps and Trampert 2003; Deschamps et al. 2012) show that an enrichment
in iron induces a decrease in both shear-wave and bulk-sound velocities, whereas
an enrichment in silicate induces an increase in bulk-sound velocity but leaves
shear-wave velocity unchanged. Sensitivities to MORB further indicate that both
Vs and Vg increase with increasing MORB fraction throughout the lower man-
tle. As a result, a combined enrichment in iron and silicate is a good candidate to
explain LLSVPs and the anti-correlation between Vs- and Vp-anomalies. One may
point out that because MORB is naturally richer in iron, an increase in the MORB
fraction should have a seismic signature similar to that of a material enriched in
iron (distributed between periclase and perovskite). An important observation,
however, is that the effect of iron on Vs and Vg is much more pronounced in peri-
clase (Kung et al. 2002) than in perovskite (Kiefer et al. 2002). Because periclase
is not present in MORB, the seismic signature of an increase in the global vol-
ume fraction of iron on seismic velocities is significantly different from that of an
increase in the volume fraction of MORB.

Figure 15.7 shows frequency histograms of shear-wave (dlnVs) and bulk-sound
(dInVg) velocity anomalies induced either by high-pressure MORB or by mate-
rial enriched in iron and perovskite in the deep (2710-2890 km) mantle. Seismic
velocity anomalies for MORB and material enriched in iron and perovskite are
calculated by

0lnV 0lnV
dlnV = ar dXMORB.
n oT + OXMORD MORB (15.3)
d dinv=1Vr 00V L0V oy (15.4)
an nV = , .
aT Xpy VT oXpe e

respectively, where V stands for Vg or Vg, and Xpors, Xpy, and Xge are the volume
fractions of MORB, perovskite, and iron. The seismic sensitivities, d In V /93X,
are from Deschamps et al. (2012). These sensitivities were obtained from a self-
consistent mineral physics database (Stixrude and Lithgow-Bertelloni 2011) and
an equation of state modeling that takes into account various sources of uncertain-
ties in the thermo-elastic data and reference thermo-chemical model (Cobden et al.
2012). Seismic sensitivities are given as probability density functions (pdf) (rather
than single values) with nearly Gaussian distributions. As a result, for fixed values
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of the temperature (d7) and compositional (dXmors or dXpy and dXge) anomalies,
the seismic velocity anomalies calculated by Egs. (15.3) and (15.4) are also pdf
and can be plotted as frequency histograms. The strong dispersion in the frequency
histograms calculated for MORB results from the strong dispersion in the MORB
composition in main oxides. For instance, the FeO fraction in MORB can vary by
as much as 0.07, depending on the sample. For a temperature anomaly of 400 K,
material enriched in iron and perovskite results in dlnVg and dInVg around —2.0
and 0.5 %, respectively (Fig. 15.7g), in good agreement with the values observed
in LLSVPs. By contrast, the dlnVs predicted by high-pressure MORB are too
small in amplitude (around —0.5 %), compared to those in LLSVPs. Seismic sig-
natures of material enriched in iron and perovskite fit well LLSVP anomalies up to
temperature excess around 700 K (Deschamps et al. 2012). At higher temperatures
(plots d and h in Fig. 15.7), high-pressure MORB explains the dInVs observed
in LLSVPs better, but induces negative dlnV¢ anomalies, in contradiction with
seismic tomography (Ishii and Tromp 1999; Masters et al. 2000; Trampert et al.
2004; Houser et al. 2008). High-pressure MORB colder than the surrounding
mantle by 400 K induces dlnVs and dInVg around 1.0 and 0.5 %, respectively
(Fig. 15.7b). These values agree well with values of dlnVgs and dlnV¢ observed by
HMSL_SP06 (Houser et al. 2008) beneath the Japan subduction zone, where con-
tinuous high shear-wave velocities are observed down to the CMB (Ritsema and
van Heijst 2000), and beneath Peru, Bolivia, and western Brazil. This result is con-
sistent with the modeling of Tan et al. (2002). High-pressure MORB with larger
temperature deficit (1000 K and more) induces dInVg around 3.0 % (Fig. 15.7a),
which is too large compared to the value observed at the expected location of
stacked slabs.

Figure 15.7 further illustrates the trade-off existing between temperature and
composition, since LLSVPs may be explained by either warm (hotter than the sur-
rounding mantle by 400-700 K) material enriched in iron and perovskite, or very
hot (hotter than the surrounding mantle by 1000 K) recycled MORB. In the latter
case, it should, however, be noted that the predicted values of dlnVg in LLSVPs
are too small in amplitude, compared to those observed by seismic tomography.
There are no direct measurements of the amplitude of the lateral variations in
temperature at the bottom of the mantle. Recent estimates suggest peak-to-peak
variations around 1500 K (Tackley 2012), i.e., a temperature excess (compared to
average mantle) around 750 K. Another hint is given by estimates of the temper-
ature excess in plumes, around 250-300 K (Campbell and Griffiths 1990). Such
low values are consistent with the hypothesis that plumes originate from chemi-
cally distinct reservoir of dense material. For a compositional excess density
between 2.0 and 5.0 %, a 250-300 K temperature excess in plumes implies tem-
perature anomalies at the foot of the plume between 600 and 800 K (Farnetani
1997). Following this estimate, and according to Fig. 15.7, LLSVPs are better
explained by warm material enriched in iron and perovskite than by hot recycled
MORB. Note that other effects may contribute to reduce the temperature excess
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Fig. 15.7 Frequency histograms of shear-wave velocity (orange) and bulk-sound velocity (blue)
anomalies for high-pressure MORB (left column), and for a material enriched (compared to the
horizontally averaged mantle) in iron by 1.5 % and in (Mg, Fe)-perovskite by 9.0 % (right col-
umn). Four values of the temperature anomaly (compared to average mantle) are considered,
from fop to bottom dT = —1200 K, dT = —400 K, d7 = 400 K, and dT = 1200. Shaded vertical
bands in plots (a-b) and (e—f) indicate that typical values of seismic velocities observed beneath
Central America and South America, where subducted slab is assumed to be present. Shaded ver-
tical bands in plots (c—d) and (g-h) indicate typical values of seismic velocities in LLVSPs. Cal-
culations are made in the layer 2710-2890 km, corresponding to the lowermost layer of tomo-
graphic model HMSL-SP06 (Houser et al. 2008)
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in plumes, including internal heating (Parmentier et al. 1994), adiabatic cooling
(Albers and Christensen 1996; Bunge 2005), and lateral diffusion (Mittelstaedt
and Tackley 2005).

15.5 The Role of the Post-perovskite Phase

A major mineral physics discovery of the past decade is the post-perovskite phase
transition (Murakami et al. 2004; Oganov and Ono 2004; Tsuchiya et al. 2004a).
At pressure of 125 GPa and temperature of 2500 K, MgSiO3 perovskite transforms
to a post-perovskite phase. This phase transition has a large Clapeyron slope, in
the range 8—10 MPa/K (Oganov and Ono 2004; Tsuchiya et al. 2004a), and even
larger according to more recent estimates (Tateno et al. 2009). Furthermore, the
composition is likely influencing the pressure at which the transition occurs.
Experimental (Mao et al. 2004) and theoretical (Caracas and Cohen 2005) stud-
ies suggest that iron-rich perovskite transforms at lower pressures (110 GPa)
than pure MgSiO3 perovskite. Ohta et al. (2008) observed that compared to pure
MgSiOj3 perovskite, the transition to post-perovskite occurs at similar pressure for
a pyrolitic composition, and at slightly lower pressures for a MORB composition.
Mineral physics experiments have also explored the iron partitioning between per-
ovskite and post-perovskite. Andrault et al. (2009) found that for a temperature
of 3300 K, perovskite and post-perovskite may coexist throughout the lowermost
mantle, but that post-perovskite would be depleted in iron compared to perovskite,
with iron partitioning between perovskite and post-perovskite around 4.2. Sinmyo
et al. (2011) reached a similar conclusion and showed that during the perovskite to
post-perovskite phase transition, iron changes its valence from Fe3* to Fe?* and
preferentially partitions to ferro-periclase.

Due to the large Clapeyron slope of the phase transition to post-perovskite, the
depth at which this transition occurs is expected to strongly vary laterally, depending
on the temperature. In cold regions, perovskite should transform to post-perovskite
at relatively shallow depths (an effect that may be enhanced if these cold regions are
enriched in MORB), whereas in hot regions it may not transform at all. In cold and
warm regions, double crossings are expected to happen (Hernlund et al. 2005), the
thickness of the post-perovkite lens depending on the temperature at the CMB. On
seismograms, the transition to post-perovskite results in precursors to core-reflected
ScS waves (Hernlund et al. 2005). A double crossing induces a weaker intermedi-
ate arrival on seismograms. Waves diffracted at the CMB provide additional hints
for the presence of post-perovskite. A recent study showed that post-perovskite is
needed to explain shear- and compressional-wave velocity anomalies derived from
Paisr and Sqjgr arrivals (Cobden et al. 2012). More details on the seismic detection of
the post-perovskite may be found in Cobden et al. (this volume).

The thermo-elastic properties of post-perovskite are partly available (Tsuchiya
et al. 2004b; Caracas and Cohen 2007; Mao et al. 2007; Oganov and Ono 2004;
Stackhouse et al. 2005; Stackhouse and Brodholt 2007) and can be used to
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calculate seismic velocity and density sensitivities. These data indicate that shear-
wave velocity in post-perovskite is larger than in perovskite by about 2 %, but
that bulk-sound velocity is slightly lower, by less than 1 %. The phase transition
to post-perovskite is a good candidate for the D” discontinuity (Wookey et al.
2005), which has been detected in many locations (e.g., beneath North Siberia
and beneath Alaska), but is not ubiquitous. Its elevation above the CMB varies
between about 150 and 400 km, and the relative increase in Vs ranges from 2 to
4 % (Wysession et al. 1998). By contrast, because an excess in post-perovskite
(compared to the average pyrolitic mantle) would result in positive Vs anoma-
lies, post-perovskite is unlikely to explain LLSVPs, unless these regions are much
hotter than average, in which case post-perovskite would not be stable. The dis-
tribution of post-perovskite mapped from probabilistic tomography (Mosca
et al. 2012) clearly shows that post-perovskite is present only outside LLSVPs.
Post-perovskite slightly modifies seismic sensitivities to temperature and other
compositional parameters (Deschamps et al. 2012), which in turn influences the
interpretation of seismic tomography. The most notable effect is to slightly reduce
the sensitivity of Vg to temperature and to MORB.

Based on its seismic properties, it has been proposed that lateral variations in
the stability field of post-perovskite triggered by variations in temperature may
explain the anti-correlation between Vs and V¢ anomalies (Hirose 2007; Hutko
et al. 2008; Davies et al. 2012). Figure 15.8 displays pdf of the sensitivities of seis-
mic velocities to the volume fraction of post-perovskite calculated following the
method underlined in Sect. 15.4.2 (for details, see Deschamps et al. 2012). The
mean sensitivity of Vg to post-perovskite is positive throughout the lowermost
mantle (white dotted line in Fig. 15.8a), whereas the mean sensitivity of Vg is
slightly negative (white dotted line in Fig. 15.8b), thus inducing anti-correlation
between Vs and V. However, the pdf for the sensitivity of V¢ spread around the
zero value (Fig. 15.8b) and within the error bars it is not clear whether a transi-
tion to post-perovskite may trigger or not an anti-correlation between Vg and V.
Furthermore, it should be remembered that post-perovskite is not stable if tem-
perature is too high and would therefore be found preferentially in regions that
are colder than average. This may compensate, at least partially, the fact that bulk-
sound velocity is slightly lower in post-perovskite than in perovskite, and lead to
positive anomalies in both shear-wave and bulk-sound velocities.

The stability field of post-perovskite further implies that the phase change to
post-perovskite would result in an anti-correlation between Vs and Vg anoma-
lies in a layer of limited thickness only, typically less than 300 km. For instance,
Davies et al. (2012) do not observe any anti-correlation between their recon-
structed dInVg and dlnVg at 2500 km. In tomographic models, by contrast, such
anti-correlation is already present at a depth of 2500 km (Masters et al. 2000). The
calculations of Davies et al. (2012) further predict sharp variations in the hori-
zontally averaged dInVs/dInVp (with values varying between —2.0 and 5.0 within
a few tens of kilometers) and a strongly bimodal distribution in the values of
dInVs/dInVp at a given depth. Finally, the seismic velocity anomalies reconstructed
from the temperature distribution predict large amplitude (up to 6 % for dlnVs



504 F. Deschamps et al.

dinVg/dXopy (x10°7) dinVp /dXpy (x10°1)
20 10 0 10 20 20 -1.0 0 10 20
T 2400 2400 &
< S
= =3
a =
3 3
2800 2800
— o
2400
£ g
z =
5 =
g 3
2800
20 10 0 10 20 -20 -1.0 0 10 20
dInVp/dXopy (x10-) dinp/dXppy (x10-1)

. — e —

0.0 0.2 0.4 0.6 0.8 1.0
Cumulated frequency around median

Fig. 15.8 Sensitivities of a shear-wave velocity, b bulk-sound velocity, ¢ compressional-wave
velocity, d and density to the volume fraction of post-perovskite in the depth range 2200-
2900 km. The color code indicates the cumulated likelihood around the median value. On each
plot, the white dashed line indicates the median value (i.e., 50 % of the explored sensitivities lie
on each side of this line), and the blue curves represent the 0.15 and 0.85 quartiles (i.e., 70 % of
the explored sensitivities lie within the area bounded by these curves)

and more than 2 % for dlnVg) and small-scale structures. None of these effects
are observed by seismic tomography, although lateral and radial smearing may, at
least partially, alter them.

Overall, lateral variations in the stability field of post-perovskite are unlikely to
fully explain the available seismic observations, in particular the anti-correlation
between Vg and V¢ anomalies. Compositional anomalies are still needed to fully
explain seismic tomography. Based on refined maps of probabilistic tomography,
Mosca et al. (2012) reached a similar conclusion and pointed out that post-perovs-
kite may be found outside LLSVPs only. The post-perovskite transition is, how-
ever, a good candidate to explain the D” discontinuity, at least in regions where the
polarity of P waveforms is negative and that of S waveform is positive (Cobden and
Thomas 2013). Furthermore, because it is strongly anisotropic (Wookey et al. 2005)
and because it may inherit its fabrics from those of perovskite (Dobson et al. 2013),
post-perovskite is a good candidate to explain anisotropy observed in the D” layer.
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Finally, even if it does not fully explain the shear-wave velocity contrast between
the LLSVPs and the surrounding mantle, the presence post-perovskite outside
LLSVPs certainly enhances this contrast.

15.6 A Thermo-Chemical Lowermost Mantle

Combined with mineral physics data, seismological observations reveal a lower
mantle large-scale structure more complex than previously expected, involv-
ing phase transition (D” layer), and thermo-chemical anomalies (LLSVPs).
Figure 15.9 draws a simplified picture of the possible large-scale structure of the
lower mantle.

Observed D" reflections are likely due to the transition to post-perovskite in
regions where P and S waveforms have different polarities, but other explanations
(including chemical changes and anisotropy) are possible in regions where both P and
S waveforms have a positive polarity (Cobden and Thomas 2013). According to these
criteria, the nature of the D” layer may not be unique. It may be related to the pres-
ence of post-perovskite in some regions, and to chemical and/or anisotropic effects in
others. In that case, the presence of D” reflections within the area covered by LLSVPs
does not necessarily mean that post-perovskite is stable within these regions.

Hot spots

Post-perovskite
phase transition

----------- Post-perovskite phase transition
[ Recycled MORB

Differentiated material (LLSVP)
Il Residual of magma ocean (ULVZ)

Fig. 15.9 The Earth’s lower mantle? This simplified sketch shows the large-scale structures that
may be present at the bottom of the Earth’s mantle today. Lenses of post-perovskite are stable
around slabs, with thickness that depends on the temperature. Early differentiation and possible
regular re-feeding by subducted oceanic crust lead to chemically distinct structures, correspond-
ing to the large low-shear-wave velocity provinces (LLSVPs). These structures are enriched in
iron, and possibly silicates. Plumes are generated at their top and (but not uniquely) close to their
edges, entraining small fraction of undegassed material and recycled oceanic crust toward the
surface. Residuals of the magma ocean, strongly enriched in iron and corresponding to the ultra-
low velocity zones (ULVZ), are swept out toward the edge of LLSVPs
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LLSVPs clearly appear in tomographic models and cannot be explained by
thermal anomalies alone. Compositional anomalies are needed to fully explain
them. The exact nature of LLSVPs is still unclear, but an enrichment in iron is
likely because FeO-rich minerals are seismically slower. LLSVPs are better
explained by warm material enriched in iron oxide (the excess in FeO being dis-
tributed between ferro-periclase and Fe-perovskite) and in silicate (in the form of
an excess in perovskite) than by recycled MORB, unless these MORBs are very
hot (Deschamps et al. 2012). Enrichment in iron is further supported by mineral
physics experiments showing that differentiation of mantle material lead to the
formation of iron-rich reservoirs (Nomura et al. 2011). LLSVPs may thus result
from partial differentiation in the Earth history, possible mechanisms of differen-
tiation including the crystallization of a magma ocean (Solomatov and Stevenson
1993; Labrosse et al. 2007; Solomatov 2007), upside-down differentiation (Lee
et al. 2010), and overturn of the early crust (Tolstikhin et al. 2006). Alternatively,
an enrichment in iron is also consistent with E-chondrite models of Earth mantle
(Kaminski and Javoy 2013; Kaminski and Javoy, this volume).

Available tomographic images show that the subducted slab may experience
different fates (Karason and van der Hilst 2000; Fukao et al. 2001). Some slabs
are deflected and stacked around 700-1000 km depth (e.g., the Izu-Bonin slab),
whereas others penetrate deeper into the lower mantle, possibly through ava-
lanches (e.g., the Tonga and Central American slabs). Slabs entering the lower
mantle may reach the CMB and stack there, in which case they would have dif-
ferent seismic signatures depending on their temperature (Fig. 15.7). Based on
these signatures, we expect that the largest part of the subducted slab resides
outside LLSVPs. However, small amounts of oceanic crust may be incorporated
in LLSVPs, as recently suggested by Tackley (2012). Following this model, pro-
cesses of partial differentiation of the mantle at work throughout the Earth history
lead to reservoirs of distinct material, or heterogeneous basal mélange (BAM).
Reservoirs of BAM may have been first created early in the Earth history and
regularly re-fed since then by incorporation of small fractions of the subducted
oceanic crust. This scenario is supported by recent models of convection in 2D
Cartesian geometry (Li et al. 2014b).

Several hints suggest that LLSVPs are stable structures and that they remained
at their present location at least during the past 320 Myr. First, a major mass
redistribution at the bottom of the mantle, leading to the formations of LLSVPs,
would be expected to induce changes in the true polar wandering larger than those
observed during the past 200 Myr (Dziewonski et al. 2010). Second, the recon-
structions of the geographic positions of most LIPs during the past 320 Myr are
located above LLSVPs, mostly along their edges (Burke and Torsvik 2004;
Torsvik et al. 2008). Therefore, if LLSVPs are the source regions of the LIP
plumes, they must have remained at their present location since at least the past
320 Myr. Finally, mantle flow patterns inferred from tectonic plate motions recon-
struction indicate that upwellings are present beneath Africa and the Pacific (i.e.,
above the LLSVPs) and have been stable around these locations during at least the
past 250 Myr (Conrad et al. 2013). Models of thermo-chemical convection with an
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initial layer of dense material, including those discussed in this chapter (Figs. 15.5
and 15.6), show that reservoirs of dense material can remain stable for a period of
time comparable to the age of the Earth without mixing substantially with the sur-
rounding mantle. The plumes generated at the top of the reservoirs entrain small
amounts of dense material, but the erosion rate is small enough to prevent mixing
during the past 4.5 Gyr.

Assuming that they formed early in the Earth history, the reservoirs of dense
material should be mostly undegassed. Following the BAM hypothesis (Tackley
2012) and 2D Cartesian numerical models (Li et al. 2014b), regular re-feeding by
oceanic crust introduces some small patches of degassed material in these reser-
voirs. Thermal plumes are generated at the top of the primordial reservoirs and are
entraining small amounts of dense material and, if present, recycled oceanic crust
toward the surface, thus providing a probe to the chemistry of the deep reservoirs.
This is consistent with OIB geochemical signatures, which indicates that OIB
plumes sample both undegassed and recycled materials (e.g., Hofmann 1997).
Mass balance calculations further show that the fraction of undegassed material
entrained by OIB plumes is limited, 10 % or less (Allegre and Moreira 2004), a
value that is well explained by plume entrainment derived from models of convec-
tion (Deschamps et al. 2011).

The slow fractional crystallization of a basal magma ocean (Labrosse et al.
2007), from which LLSVPs may result, indicates that some pockets of partial
melt strongly enriched in iron may exist today at the bottom of the mantle. Good
candidates for such pockets are the ultra-low velocity zones (ULVZ). ULVZ, first
observed by Garnero and Helmberger (1995), are thin (between 5 and 40 km
thick) structures lying above the CMB, in which compressional-wave (Vp) and
shear-wave (Vs) velocities drop by about 10 %. They are usually interpreted as
regions with a strong increase in density (due to chemical differentiation, e.g., an
enrichment in iron) and/or partial melting (Williams and Garnero 1996; Rost et al.
2005). McNamara et al. (2010) noted that they are found predominantly in or at
the edge of LLSVPs and conducted high-resolution experiments of thermo-chemi-
cal convection with three chemical components (for regular material and two types
of dense material) indicating that the densest material (modeling the ULVZ) is
swept out toward the edges of the reservoirs formed by the intermediate material
(modeling the LLSVPs) and concentrates there.

15.7 Conclusion and Perspectives

Results obtained in seismology, mineral physics, and geodynamics during the past
decade indicate that the large-scale structure of the lowermost mantle, between
2400 km depth and the CMB, likely results from several effects. Thermal vari-
ations, compositional anomalies of different sources (early mantle partial dif-
ferentiation and regular recycling of oceanic crust), and the post-perovskite
phase transition may all play a role and combine together to induce the observed
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seismological features, including the D” discontinuity and the lower mantle
tomography.

Refined models of lower mantle structure, composition, and dynamics require
additional observables and modeling. The electrical conductivity of mantle rocks,
like their thermo-elastic properties, is sensitive to temperature and composition.
Interestingly, experimental data indicate that the electrical conductivity of Earth’s
lower mantle minerals increases with temperature (e.g., Xu et al. 2000; Vacher
and Verhoeven 2007), whereas seismic velocities and density all decrease with
increasing temperature. This should help breaking the trade-offs existing between
temperature and composition. Mantle electrical conductivity tomography may
be obtained from time variations of the magnetic field, but to date, available data
do not allow sampling the mantle at depths greater than 1600 km (e.g., Semenov
and Kuvshinov 2012). Lateral variations in the CMB heat flux influence the mag-
netic field pattern at the CMB, for which observations exist. They may thus be
used as an additional constrain on the lowermost mantle thermo-chemical struc-
ture. Preliminary calculations indicate that if LLSVPs are hotter than average and
enriched in iron, a belt of high electrical conductivity should be present in the low-
ermost mantle (Deschamps, 2015). Current estimates of heat flux lateral variations
used in models of geodynamo are based on temperature distributions derived from
shear-wave velocity tomography (e.g., Aubert et al. 2007; Amit et al. 2010), thus
neglecting the effects of chemical anomalies. Different models of dynamics and
thermo-chemical structure further result in different dynamic topographies at the
CMB, which may be used as an additional constraint. Inferring the CMB topog-
raphy from seismic data is, however, a difficult task, and so far no robust map of
CMB topography is available. Finally, models of thermo-chemical convection that
include two sources of chemical heterogeneities, i.e., recycled oceanic crust and
primordial undegassed material may provide a better explanation of OIB geo-
chemistry (Li et al. 2014b) and seismic tomography.
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