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ARTICLE INFO ABSTRACT

Keywords: The heat flux pattern at Earth’s core-mantle boundary (CMB) imposes a heterogeneous boundary condition on
Core core dynamics that may profoundly affect the geodynamo. Owing to the expected temperature dependence of
Mantle seismic velocities, this pattern is classically approximated as proportional to the lowermost layer of seismic
Heat flux . . . . . .
tomography models for the global mantle. Two biases however undermine such a simple linear relationship: 1)
Core-mantle boundary . is . . . S fes .
Mantle convection other contributions than thermal (compositional and mineralogical) influence seismic velocities and 2) the radial
Seismic tomography average is inherent to tomographic models whereas the local thermal state at the CMB is relevant for the heat
flux. We analyze here simulations of thermochemical mantle convection where, owing to their spatial charac-
teristics, specific mantle components are readily identified: hot thermochemical piles (TCPs), “normal” mantle
(NM) and, when post-peroskite (pPv) is included, a cold region where this phase is present. Synthetic seismic
velocities (i.e. from the mantle simulations) are then computed based on thermal, compositional and mineral-
ogical sensitivities. A formalism to infer the CMB heat flux from these seismic shear velocity anomalies is derived.
In this formalism, within each mantle population (i.e. TCPs, NM or pPv) the CMB heat flux vs. seismic anomalies
follows a unique fitting function. The transition from one mantle population to another is marked by a jump in
the seismic anomaly, i.e. a range of seismic anomalies in between two mantle populations corresponds to a
similar CMB heat flux. Applying our formalism to the seismic anomalies from the mantle convection simulations
provides far superior fits than the commonly used linear fits. The results highlight reduced negative heat flux
anomalies beneath large low shear velocity provinces (LLSVPs), while positive heat flux anomalies are enhanced,
both with respect to the classical linear interpretation.

1. Introduction

The heat flowing through the Earth’s core-mantle boundary (CMB)
results from the mantle’s ability to transfer this heat to the planet’s
surface. Globally, the evolution and present-day value of its magnitude
control the thermal state of the lowermost mantle (see Lay et al., 2008;
Hernlund and McNamara, 2015, for syntheses). Related important
questions include: do patches at the bottom of the mantle remain
partially molten at present? Does post-perovskite (pPv) exist above the
CMB and, if yes, how is it distributed? The global heat power through the
CMB also largely affects the core dynamics as the dominant provider of
buoyancy, either because it permits cooling of the liquid core, or because
it enables the inner core growth (e.g. Christensen and Aubert, 2006;
Olson et al., 2015). At present, whether CMB heat flux is superadiabatic
or not dictates if a stable region of thermal origin occupies the top of the
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liquid core (Kaneshima, 2018; Irving et al., 2018).

While the amount of heat extracted globally by the mantle remains
uncertain, lateral variations of heat flux are anticipated as a natural
outcome of mantle convective dynamics. Mantle tomography models
confirm that cold material, such as subducting slabs, is adjacent to
presumably hotter regions associated to hot rising plumes beneath the
Pacific and Africa (e.g. Lekic et al., 2012; Cottaar and Lekic, 2016). The
pattern of CMB heat flux also has important consequences for core dy-
namics and the geomagnetic field (Amit et al., 2015a). Numerical dy-
namo models with heterogeneous outer boundary heat flux
demonstrated that the locations of positive heat flux anomalies deter-
mine preferred sites of outer core fluid downwellings that concentrate
intense geomagnetic flux patches (e.g. Olson and Christensen, 2002;
Gubbins et al., 2007; Sahoo and Sreenivasan, 2020). Likewise, negative
heat flux anomalies lead to outer core fluid upwellings that disperse
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Setups and some generic results of the six simulations used in this study. The values of the two specific parameters varied among these models are the dimensionless
activation energy E, controlling the temperature-dependence of mantle viscosity and the Clapeyron slope considered for the phase transition from bridgmanite to post-
perovskite. < T > is the averaged mantle temperature. F; and F, are the mean top and bottom heat fluxes, o, is the standard deviation of the latter. D18 refers to

Deschamps et al. (2018).

case E, pPv? Clapeyron label <T> F; Fy OF,
(MPaK™) in D18 K) (mW m?) (mW m?) (mW m?)

A 20.7 no - TC1 1830 341 54.8 63.1

B 13.8 no - TC2 1410 35.2 67.2 55.1

C 20.7 single crossing 8 - 1960 40.8 90.7 61.3

D 13.8 double crossing 13 TC2-pPv 1820 62.4 127.8 93.7

E 20.7 double crossing 13 TC1-pPv 2090 48.5 114.6 99.1

F 20.7 double crossing 16 - 2120 48.3 119.6 111.8

geomagnetic flux (Terra-Nova et al., 2016) and may result in surface
intensity minima as observed nowadays in the South Atlantic (Tarduno
et al., 2015; Terra-Nova et al., 2019). Low-latitude intense geomagnetic
flux patches, which are usually absent in dynamo models with homo-
geneous boundary conditions, may be driven by a specific CMB heat flux
pattern (Amit et al., 2015b). The geomagnetic secular variation, in
particular the hemispheric dichotomy between the active Atlantic to the
quiet Pacific, may also be affected by CMB heat flux heterogeneity
(Christensen and Olson, 2003). If the CMB driven flow extends along
axial columns (as expected in a rapidly rotating system) across the outer
core to the inner core boundary, then lower mantle heterogeneity may
prescribe preferred sites of inner core growth (Aubert et al., 2008;
Gubbins et al., 2011). On much longer timescales, CMB heat flux het-
erogeneity may control the frequency of paleomagnetic reversals (e.g.
Glatzmaier et al., 1999; Kutzner and Christensen, 2004; Olson et al.,
2010; Choblet et al., 2016), in particular the onset and termination of
superchrons (Biggin et al., 2012; Olson et al., 2015; Yoshimura, 2022).
All these observed geodynamo features are potentially controlled by
lower mantle heterogeneity and hence require precise knowledge of the
CMB heat flux pattern.

In principle, access to the CMB heat flux pattern may be provided by
the lowest layer of mantle tomography models. Inferring the thermal
state immediately above the CMB from seismic velocity anomalies
(averaged over typically 100-200 km above the CMB) can however be
challenged by two biases: (1) other sources than thermal may contribute
to the tomographic pattern, and (2) radial temperature gradients are
large in this region, so that a radial average might blur the CMB pattern.
While, to our knowledge, problem (2) has never been adequately
addressed, problem (1) is recognized as a classical issue for this exercise:
the deepest mantle is indeed considered as a deep mirror of the litho-
spheric region where compositional and mineralogical complexities also
prevail. Several hints, including the anti-correlation between shear and
bulk sound velocities (Ishii and Tromp, 1999; Masters et al., 2000;
Trampert et al., 2004; Houser et al., 2008), estimates of lateral varia-
tions in density (Trampert et al., 2004; Mosca et al., 2012; Moulik and
Ekstrom, 2016), tidal tomography (Lau et al., 2017), attenuation mea-
surements (Deschamps et al., 2019) and the 6-years variations in the
length-of-the-day (Ding and Chao, 2018), all point to the presence of
large-scale variations in lowermost mantle composition, with possible
enrichment in iron in regions associated with low shear velocity
(Trampert et al., 2004; Deschamps et al., 2012). Attempts at identifying
the thermal contribution to seismic velocity anomalies have been sug-
gested: Hernlund and McNamara (2015) proposed a CMB heat flux map
based on P-wave velocity inspired by the notion that these are less
affected than S-waves by changes in composition and the presence of
pPv. P-wave tomography models are however less precise and the P-
wave counterparts of LLSVPs are weaker. In addition, the consensus
among P-wave tomography models is less pronounced for the lowermost
mantle (Cottaar and Lekic, 2016) than the consensus among S-wave
models (Lekic et al., 2012). Amit et al. (2015b) used the thermal
component of a probabilistic tomography model that seeks to

independently constrain density and seismic velocity anomalies by
including normal mode data in the seismic data set (Mosca et al., 2012).
To provide a better mapping of CMB heat flux, we note however that
normal mode tomography models may need further developments, in
particular improved spatial resolution and a better treatment of mode
coupling to determine structure coefficients (e.g. Yang and Tromp,
2015).

An alternative approach is to guide the interpretation of mantle to-
mography by insights gained from mantle convection models. This as-
sumes that the latter provide dynamical constraints on the various
mantle components whose compositional or mineralogical characteris-
tics affect seismic velocities. Nakagawa and Tackley (2008) computed
synthetic shear velocity anomalies from mantle convection simulations,
at a significant distance (~ 150 km) from the CMB and compared these
to the CMB heat flux. The present study is largely inspired by this
approach. Amit and Choblet (2009) used such results to interpret to-
mography models in the presence of pPv. Amit and Choblet (2012)
envisioned that specific small-scale thermal anomalies might not be
resolved by tomographic models and studied their effect. Overall, the
CMB heat flux maps derived in such studies were found to provide either
modest changes that weakly affect the geodynamo (Amit and Choblet,
2009, 2012) or dramatic modifications when probabilistic tomography
models are used (Amit et al., 2015b).

Here, we propose to analyze mantle convection simulations that
include the effect of composition and phase-change in order to interpret
the shear velocity (V*) anomalies derived by global tomographic models.
A specific focus on the typical radial resolution (~ 200 km) of global
mantle tomography models (Problem 2 above) is proposed: we consider
the 200-km thick bottom layer of state-of-the-art mantle convection
simulations for the lowermost mantle (Deschamps et al., 2018) and
propose an algorithm to convert V* anomalies (an average over this 200-
km thick layer) into heat flux Q.,, anomalies (a local value at the CMB).
Section 2 describes the mantle convection simulations, the relationship
used to compute synthetic V* anomalies from these simulations as well
as the principle of our approach. The results are described and analyzed
in Section 3. An algorithm relating V* and Q. is proposed and its
applicability discussed in Section 4.

2. Methods

In this section, we describe the method used to compute synthetic
seismic velocities and CMB heat flux from the mantle simulations. These
distributions are derived from thermal, compositional and phase fields
obtained by numerical simulations of thermochemical convection.
Seismic velocity anomalies further require the prescription of seismic
sensitivities deduced from mineral physics data and equation of state
modeling. We then describe the method to relate seismic and thermal
anomalies in the mantle convection simulations.
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Fig. 1. Patterns of anomalies for the various fields (temperature T, composition C and, when pertinent, fraction of post-perovskite X,p,) as well as the resulting
seismic shear velocities (V*) above the CMB for the six simulations (A to F). The fields are averaged in a 200 km-thick layer above the bottom boundary of the

simulations.

2.1. Mantle convection simulations

The thermal, compositional and phase fields used to calculate syn-
thetic seismic velocity anomalies and bottom heat flux are snapshots
taken from six simulations of mantle thermochemical convection, some
of these already presented in Deschamps et al. (2018). The models
setups and some generic results are listed in Table 1. In order to assess
the specific role played by pPv, we considered two simulations without

pPv (A, B) and four with pPv (C-F). The phase transition to pPv is defined
with a reference temperature of 2700 K at 2700 km depth. Lateral de-
viations in the transition depth were determined using the phase func-
tion approach of Christensen and Yuen (1985), with a Clapeyron slope
that varies from 8 to 16 MPa K~ among the six simulations. The stability
field of pPv was further controlled by the temperature at the CMB, Tcpp,
which is set to 3750 K, on the basis of numerical simulations (Li et al.,
2015). As a consequence, one case only displays one phase transition
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from bridgmanite (Bm) to pPv (C) while the three others (D-F) present a
double crossing i.e. with a second phase change from pPv to Bm located
close to the CMB. Finally, the activation energy parameter E, (see
Deschamps et al., 2018) that describes viscosity variations with tem-
perature is lower in two simulations (B, D) when compared to the others
(A, C, E, F). This enables us to consider cases with weaker thermo-
chemical piles involving a stronger topography and a smaller area at the
CMB. As described below, all other parameters are identical for the six
simulations.

These simulations were obtained by solving the conservation of
mass, momentum, energy, and composition in a 3D-spherical shell for a
compressible, anelastic fluid with infinite Prandtl number. Spherical
geometry was modeled using Yin-Yang strips of 128 x 384 x 2
azimuthal cells (corresponding to 512 x 256 longitude and latitude grid
points) with 128 and 64 radial grid points for the cases with and without
pPv, respectively, and radial grid refinement at the top and the bottom
of the shell. As a result, the bottom 200 km of our models are well
sampled by 16 points for the pPv cases, and 8 points for the pPv-free
cases. The inner-to-outer radii ratio was fixed to its Earth’s mantle
value, i.e. 0.55. The compositional field was modeled with a collection
of tracers of two types, corresponding to regular (pyrolitic) mantle
material and dense material modeling the thermochemical piles (TCPs),
possibly corresponding to large low shear velocity provinces (LLSVPs).
The compositional field was then inferred from the concentration C of
particles of denser material in each cell, which varies between O for a cell
filled with regular material only, and 1 for a cell filled with denser
material only. Note that the exact nature of the compositional field was
not prescribed a priori (except for its density excess) in the simulation.
Prescribing this nature only matters for the calculation of seismic ve-
locity anomalies, and can be done during post-processing (Section 2.2).
The dense material was initially distributed in a basal layer representing
3.5% of the total volume of the shell. The density contrast Ap. between
the dense and regular materials is controlled by the buoyancy ratio,
measuring the ratio between Ap. and the density contrast associated
with super-adiabatic temperature jump. In all the simulations, this
parameter was fixed to 0.23, corresponding to Ap. = 140 kg m 3, Vis-
cosity was allowed to vary with depth, temperature and composition. In
particular, dense mantle material is assumed to be more viscous than
regular material by a factor 30, accounting for the fact that it may be
enriched in Bm (see Deschamps et al., 2018, for a discussion on this
aspect). The potential top-to-bottom thermal viscosity ratio was set to
10° or 108 for models with E, = 20.7 (A, C,E,F) and E, = 13.8 (B, D),
respectively. Due to adiabatic increase of temperature and to the pre-
scription of a temperature offset, the effective viscosity ratio is smaller
by about two orders of magnitude. In addition, a viscosity ratio of 30 was
added at the limit between the lower and upper mantle, at 660 km-
depth, and yield stress was imposed at the top of the shell to avoid the
formation of a stagnant lid close to the surface. As a result, the surface
horizontal velocity is around 1 cm/year. In addition to the phase change
from Bm to pPv mentioned above, the 660-km transition from ring-
woodite to Bm was modeled with a discontinuous phase boundary
controlled by the definition of a temperature-vs-depth anchor point
(here, z =660 km and T = 1900 km) and a Clapeyron slope (here fixed
to —2.5 MPa/K). For additional details on the numerical methods and on
the input properties of the simulations, we refer to Tackley (2008) and
Deschamps et al. (2018).

With these properties, the system evolves to thermochemical struc-
tures that depend at first order on the activation energy E,. For a
stronger (i.e. more viscous) lower mantle (E, = 20.7, cases A, C, E, F),
the global pattern consists in one or two large and stable reservoirs of
dense material that are also hotter than the surroundings. The distri-
butions of both thermal and compositional anomalies are dominated by
very long wavelengths, i.e., spherical harmonic degrees £/=2-3. For a
weaker lower mantle (E,=13.8, cases B and D), smaller piles are
distributed more homogeneously above the CMB (Fig. 1) with typical
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wavelengths corresponding to #=5-10. In both cases, plumes are
generated at the top of these reservoirs. pPv is only stable outside these
reservoirs. In the representative snapshots we used, the horizontally
averaged top and bottom heat flux are about 35-60 and 55-130 mW/
m?, respectively, while the volume average temperature (rescaled with
the super-adiabatic temperature jump, here fixed to 2500 K) varies be-
tween 1400 and 2100 K (see Table 1). In the bottom 50 km of the shell,
the average temperature reaches 3500 K, and the root mean square
(rms) lateral temperature anomalies is typically 200 K.

2.2. Computation of seismic velocity anomalies

To calculate shear-wave velocity (V°) anomalies associated with
thermochemical structures obtained by different simulations, we used
the method developed in Deschamps et al. (2012), which involves
seismic sensitivities, i.e. partial derivatives of seismic velocities to
temperature and to various compositional and phase parameters. For
each model, temperature anomalies are calculated with respect to the
radial profile of horizontally averaged temperature. Because the nature
of regular (C = 0) and dense (C = 1) material in the thermochemical
simulation is not a priori prescribed, it should be specified during the
calculation of seismic velocity. We assumed that the regular composition
is pyrolitic and that dense material is enriched (compared to pyrolitic
composition) in iron oxide by 3%, and in Bm by 18%, as suggested by
probabilistic tomography (Trampert et al., 2004). Following this
assumption, and accounting for the effect of pPv, the V*-anomalies
(dInV®) are given by

dlnV* olnV* dlnV* olnV*

ar dXr. o X, 1
or et ax, X ax D

dinV* =

where dT,dXr,,dXpn, and dX,p, are local anomalies in temperature, iron,
Bm, and pPv. Practically, dT and dX,p, are directly taken from the dis-
tributions predicted by the simulation (after rescaling in the case of dT),
and dXg. and dXgn, are deduced from the compositional field following
dXFe = CdXFe,pn'm and dXBm = CdXBm.prim where dXFe,prim = 0.03 and
dXpmprim = 0.18. Sensitivities of V* to temperature, iron, and Bm are
taken from Deschamps et al. (2012) and account for the presence of pPv
(orange curves and shaded areas in their Fig.6), and were calculated
from appropriate equation of state modelling and self-consistent
mineralogical dataset. The sensitivity to pPv is based on the compila-
tion of Cobden et al. (2015), which includes a more complete data set for
this phase, and is fixed to 2.0 x 1072,

2.3. Inferring CMB heat flux from seismic velocity anomalies

Our ultimate goal is to apply insights from the mantle convection
simulations (cf. 2.1) to seismic velocity anomalies from lowermost
mantle tomography models in order to infer the CMB heat flux pattern.
First, the heat flux on the inner boundary of the mantle convection
models is calculated based on the temperature distribution at the bottom
part of the shell. More specifically, in non-dimensional form, it is written

(> = 1)Oemp + 0, — 126,
z(l—7)

Ocmb = kemb (2

where O, and ke, are the temperature and thermal conductivity at the
CMB, 6; and 0, are the temperatures on the two lowermost grid-points
above the CMB (i.e at altitudes z; and 2,) and r = 2; /%2. The use of
three grid points enables to better capture the curvature of the tem-
perature profile in this thermal boundary layer. Second, the synthetic
seismic velocity anomalies (i.e. based on mantle simulations) are esti-
mated based on the equation of state and assumed appropriate sensi-
tivities (see 2.2). An analytical formalism is derived based on curves of
inner boundary heat flux vs. modeled seismic velocity anomalies similar
to Nakagawa and Tackley (2008).
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Fig. 2. Radial profiles of dimensionless temperature (black), composition (red) and, when pertinent, pPv fraction (blue) above the CMB for the six simulations (A to
F). The solid lines refer to horizontal averages at a given height above the CMB while dashed lines (dotted for X,p,) denote the minimum and maximum values.

Special attention is given to the vertical sampling of the various
quantities. The CMB heat flux anomalies g, are determined by the
temperature right above the CMB. Therefore, only a few radial grid
points above the inner boundary, corresponding to a thin thermal layer,
are used to calculate the inner boundary heat flux. In contrast, mantle
tomography models are obtained from vertically integrated arrival time
data. Accordingly, the modeled seismic velocity anomalies dInVs,, are
calculated from integration over a 200-km thick radial layer.

3. Results

3.1. Variations of temperature, composition and pPv in the 200 km-thick
layer above the CMB

The radial parameterization of global tomography models differ
from one model to another but typically involves a 100-200 km thick
layer above the CMB (cf. e.g. Lekic et al., 2012). We thus consider the
200-km thick bottom part of the spherical shell in numerical simulations
of thermochemical convection involving or not a phase change to pPv.
All three scalar fields involved in the numerical models (i.e. tempera-
ture, composition and pPv) display a specific behavior in this region

(Fig. 2).

Temperature T (black curves in Fig. 2). The neighborhood of the
CMB is the locus of the hot thermal boundary layer with a typical
temperature increase with depth involving several hundreds of K; note
that this increase is mostly caused by the increase of temperature in the
coldest regions, while the maximal temperature profiles representative
of the temperature in the dense, hot thermochemical piles remain
approximately constant over this height range above the CMB.

Composition C (red curves in Fig. 2). In contrast, this region does
not present in our simulations a strong radial gradient of composition
owing to the specific nature of thermochemical piles (Tackley, 2012). In
this example, piles are stable, thicker than 200 km and do not involve
strong topographic variations such as troughs or depressions in this re-
gion: this is an outcome of two main controlling parameters, the density
and viscosity contrasts associated with the dense layer (Li et al., 2014).
As a result, the region with an enriched value of C displays sharp steep
sides (cf. Fig. 1), a feature that may be shared in the deep mantle by
LLSVPs (cf. e.g. Ni et al., 2002).

Fraction of pPv X,p, (blue curves in Fig. 2 C-F). The transition from
Bm to pPv occurs above the region of interest: between 380 km (case C)
and 470 km above the CMB (case D). As mentioned above, among the
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Fig. 4. Relative contributions AV{_, of temperature (black), composition (red)
and, when pertinent, pPv (blue) to (dInV?) at the first grid point above the CMB
(i.e. 9.2 km for cases A and B, 5.6 km for cases C-F), as a function of the average
contribution in the the 200 km-thick region above AV%,,. Cases are denoted by
the associated letter.

four simulations involving pPv, only one (C) displays a single crossing
from Bm to pPv: as a result, in this case, the maximum value of X,p,
remains equal to 1 in the 200 km-thick region above the CMB, while the
minimum and average values of X,p, increase with decreasing height in
the bottom 100-km of the mantle. In contrast, the three other simula-
tions display a double crossing (Hernlund et al., 2005), with pPv tran-
sitioning back to Bm in the bottom 100-km. In cases D, E and F, pPv is
not present on the CMB but occupies a non-negligible area fraction of the
sphere starting from the second grid-point above the CMB. In all four
simulations, the area fraction reaches values of 40%-60% at about 100
km above the CMB. The two differing behaviors relate to the choice of
the Clapeyron slope and a relatively large temperature at the CMB.

3.2. Contributions to seismic shear velocity anomalies

Fig. 3 displays the contributions of the different fields to the seismic
shear velocity anomalies. The relative contributions vary with radius
owing to the respective profiles of the three fields (T and Xpp, - if
applicable - exhibit large radial gradients whereas C does not): the
thermal effect (black) gets larger as the distance from the CMB increases
while the compositional effect (red) remains similar in amplitude over
the whole depth range. It is larger by construction in the cases involving
pPv (C-F). The contribution of pPv to the shear velocity anomalies (blue)
increases with height above the CMB, up to approximately 100 km: as
shown in Fig. 2 C-F, this is caused by an increasing area fraction where
pPv is present.

In addition to amplitude effects, a key feature for inferring the CMB’s
thermal state from tomographic models is the pattern of lateral varia-
tions for all fields (including non-thermal) contributing to the seismic
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Fig. 5. Relationship between the normalized CMB heat flux anomalies g.m, and the temperature anomalies averaged in a 200 km-thick bottom layer dTo (the latter
in K). Each individual dot corresponds to a single doublet of latitude and longitude. Colors indicate the three mantle components: TCPs (red), NM (blue) and pPv
(green) with each volumetric fraction given in the legends. Distributions of the probability density for each mantle component are added on top and on the right of
each panel, with the same scale.
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jump &V} that is equal to the total effect of the pPv transition, while in black the size of the jump is only a fraction of the latter (the optimal fraction is indicated). The
rms values for the proposed and linear misfits are also displayed as well as the sum of the two populations in the “jumps” zones.



G. Choblet et al.

velocities. Fig. 1 precisely displays these patterns for the temperature,
the composition and the phase (pPv fraction) fields. The observed fea-
tures are encouraging in regard to our goal to infer the thermal state
immediately above the CMB (g.m») from the interpretation of dinV*
derived from global tomography models (an averaged quantity over
100-200 km). The two challenges mentioned earlier might not represent
definite obstacles: (1) in addition to temperature, composition and
mineralogy also contribute to the tomographic pattern, but the three
fields exhibit a high level of spatial correlation; (2) while large radial
temperature and mineralogy gradients exist in this region (so that a
radial average could in principle blur the tomographic pattern), the
patterns of lateral variations of these fields are similar over the whole
depth range. As a result, the existence of a possible surjection between
gemp and dInVs,, remains viable.

Significant distortions between the various contributions to the
seismic anomalies just above the CMB vs. over a layer of 200 km above it
can nevertheless be anticipated as the sensitivity of seismic velocities to
the temperature, composition and phase fields vary in this depth range
and, more importantly, because the relative contributions of each field
vary in this region. This is exemplified in Fig. 4 where the relative
contributions of the various fields to V* is compared between the layer
immediately adjacent the CMB (AV% ) and in a 200 km-thick layer
above it (AV3,), representative of tomography sensing. We emphasize
that V¢, is not accessed by tomographic models and that it involves a
largely arbitrary nature as based on one discrete layer at a distance from
the CMB that vary among the simulations, depending on the radial
discretization. In addition, while V¢, anomalies depend on three fields
(temperature, composition, mineralogy), the CMB heat flux anomalies
gemb Only depend on the radial temperature gradient. Examining local
contributions to V* above the CMB is nevertheless instructive. In the
cases without pPv (A, B), temperature (in black) is the main contributor
to V* anomalies, more than composition, but this predominance is less
pronounced (less than 60%) locally above the CMB than in the 200 km-
thick average (more than 85%). Such a distortion is also observed for
simulations including pPv (C-F) where the contribution of composition
(in red) is predominant at the CMB while the contribution of tempera-
ture (in black) prevails in the average. As expected, pPv contributes
marginally at most in the layer immediately above the CMB where the
anomalies in pPv fraction vanish (almost only pPv in the case with a
single crossing, C, almost no pPv in cases with a double crossing, D-F),
while on average it contributes to more than 25% of the V* anomalies in
the 200 km-thick layer.

The next sections describe in detail the nature of such distortions and
how a map of CMB heat flux can in principle be built from seismic ve-
locity anomalies.

3.3. CMB heat flux (local) and temperature (radially averaged)

We have not yet precisely introduced the variable measuring the
CMB heat flux anomalies. Our goal is to relate the pattern of heat flux
anomalies to a pattern of seismic anomalies and we leave the (impor-
tant) question of the amplitude of these quantities out of the scope of the
present work. We therefore introduce normalized quantities for both,
gemb and v, such that the average of each over the spherical surface is
0 and the range (maximum value minus minimum value) is 1 (cf. A).

For the six simulations, Fig. 5 displays at each location of the discrete
mesh on the sphere, the relationship between q.,, and the temperature
anomalies (in K) averaged in the 200 km-thick bottom layer (dT2g0). The
ensemble of locations is partitioned in two or three populations repre-
sentative of the mantle components (depending on whether pPv is
present or not): the hot thermochemical piles (in red), which we will
note “TCPs” in the following, defined by the criterion C > 0.5; the
coldest region where pPv is present (in green, when introduced in the
simulation), which we will note “pPv”, defined by the criterion
Xppy > 0.5; the normal mantle (in blue), which we will note “NM”,
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corresponding to the remaining regions.

As expected, the three populations occupy very distinct areas in
Fig. 5: TCPs are largely focused at high temperatures and low CMB heat
fluxes, while NM and pPv are more diffused toward the colder and
higher heat flux regions. In the cases with stronger piles (A, C, E, F, about
40-50%), TCPs represent a larger volume and heat flux variability at low
temperatures is larger. In cases with weaker piles, TCPs represent a
smaller volume (B, D, about 30-35%), and the heat flux range associated
to a given temperature is less spread. TCPs are extremely homogeneous
in the simulations presented here (also see Fig. 1) although temperature
variations in TCPs tend to be slightly larger in cases where pPv is not
introduced (A, B). When pPv is introduced, the pPv component repre-
sents the vast majority of the non-TCPs material.

The global shape is quite coherent, for any mantle component, with
an expected decrease of g, with increasing dT5g0. The curved shape is
related to the shape of the temperature profiles (i.e. almost isothermal
for the hottest regions, and with an error function decrease with
increasing height for the colder regions, Fig. 2). This was already
identified by Nakagawa and Tackley (2008) (see their Fig.3 for S-wave
velocity, corresponding to our Fig. 6). We emphasize that while Naka-
gawa and Tackley (2008) considered synthetic shear seismic wave
anomalies, and thus temperature, at a given depth (2750 km) above the
CMB, we opted for an average of the 200 km-thick layer above the CMB,
possibly reflecting better the construction of tomographic models. As a
result, the curved shape is more pronounced in our results than in theirs.
It also involves a different fitting expression and procedure (A).

3.4. CMB heat flux (local) and seismic shear velocities (radially
averaged)

Fig. 6 displays the relationship between q.n, and v§,. The latent heat
and geometrical effects (vertical averaging of the temperature field)
discussed above for the relationship between g.,, and dTsoo (Section
3.3) are naturally present. However the probability density distributions
for v, are spread out on a larger range. As already shown in Fig. 3,
systematic shifts in dInV%, are indeed caused by composition (the
hottest regions or TCPs, red, are even slower, owing to their enrichment
in iron, dinV3,,“=1.2% for cases where pPv is present, C-F, compared to
dinV3,,°=0.6% when it is not present, A and B) and the presence of pPv
(the coldest regions, green, are even faster, danEOOPPV =1.6%, C-F).
Nevertheless, as non-thermal effects are highly correlated spatially with
temperature (dense regions are hot, pPv regions, when present, are
cold), the overall shape of the v§,-qcmy mapping is similar to the one
between dTsg0 and gemp (Fig. 5). The three populations are therefore
more distinct.

3.5. Mapping CMB heat flux from radially averaged seismic anomalies

We now try to relate explicitly the local normalized heat flux
anomalies, g.mp, to the normalized radially-averaged seismic shear ve-
locity anomalies, v%,,. Our procedure first considers a map of seismic
velocity anomalies dInV%, and identifies three contributions of tem-
perature (T), composition (C) and mineralogy (pPv)

dinViy, = dinVig," +dinVs,© +dInVig,™ 3)

(the second and third terms on the right hand side of Eq. (1), associated
to iron content and Bm content, are grouped here in parameter C).

As the three mantle components (TCPs, NM, pPv) are clearly distinct,
the last two contributions in Eq. (3) are simple: in an idealized version of
the pattern observed in the six simulations (see details in A, Table A.2),
dinV3,€ is equal to some negative contribution (normalized value v )
of iron enrichment for TCPs and zero elsewhere (NM, pPv), while
dinV3,,*” is equal to some positive contribution (normalized value 5v3)
for pPv and zero elsewhere (TCPs, NM). danSZOOT applies gradually to the
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refers to the optimal value of ¢ obtained in the fitting procedure (when pPv is
present, we allowed for an additional fitting parameter, the variable jump &v3).
The x-axis corresponds to an estimate directly obtained from simulations. The
dashed red line indicates y = x.

three mantle components from the hot (and slow) TCPs to the cold (and
fast) pPv. Assuming this thermal effect is identical for all three mantle
components, we propose to fit the observed relationship between gcmp
and v, by a simple composite function (cf. Fig. 7, also see A): a single
function for the thermal effect and two distinct jumps for composition
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and mineralogy. In the idealized scheme considered here, the two jumps
(only one if pPv is omitted) correspond to empty populations for v§,.
They embody two characteristics of the boundaries between mantle
components. First, these boundaries are infinitely sharp and C and X,p,
only assume values equal to O or 1. In the case of pPv, when considering
vertical averaging, this last statement does not hold. While the pattern of
pPv averaged over the 200-km thick region is roughly similar to the one
at the CMB, we see in Figs. 1 and 2 that the average value evolves
radially (mostly in the 100-km layer above the CMB), and anticipate that
the effective amplitude of 6V shall represent only a fraction of the full
effect corresponding to the difference between no pPv and pure pPv.
Second, these boundaries are associated to a single temperature value (i.
e. there exist temperatures Ty and T, such that T < T, in the pPv
component, T, < T < Ty in the NM component and T; < T in the TCP
component). In practice, these characteristics are not strictly true and
“jumps zones” might correspond to a non negligible fraction of the
surface area (see values reported in Fig. 6 as well as pdfs above panels):
10% or smaller for cases A-C, but up to 40%-50% for case F. The latter
obviously results from the fact that the jump 615, related to the effect of
composition, involves in practice a major fraction of thermochemical
piles. Furthermore, we anticipate that in the case of mantle tomography,
regularization aspects might alter the validity of these two conditions
(see Section 4).

The proposed relationship for the fit is practically based on a single
parameter described below and in A. Even better agreements would
naturally be reached if additional fitting parameters were introduced to
account for the specific dynamics of the lowermost mantle in each
simulation. However, as these lack appropriate constraints when solely a
distribution of shear seismic velocity anomalies is considered, such
additional parameters would not be tractable.

The obtained best fits always lead to a significant improvement when
compared to a linear fit (the latter assuming that g, is equal to V5, i.e.
a purely thermal origin for seismic shear velocities). Typically, the
misfit, reported in Fig. 6, is one order of magnitude smaller. More pre-
cisely, as expected, the proposed fit ensures to generally capture the
curvature of the gemp-v, relationship towards higher flux for positive
values of seismic velocity anomaly and conversely, relatively lower flux
at lower values.

In the four cases involving the presence of pPv (C-F), we allowed for a
variable amplitude of seismic velocity jump 6V}, that measures the effect
of Xppy (black solid curve in Fig. 6, the grey curve corresponds to the full
effect). A better fit is of course retrieved for the variable amplitude of
6vy, although marginally in terms of rms values for misfit: this is
essentially due to the fact that the region adjacent to the boundary be-
tween the normal mantle (blue) and pPv (green) englobes a small
fraction of the surface area. The latter is witnessed in the value for the
“jumps zones” population already discussed, corresponding to jumps v}
and 6V},. Decreasing significantly the size of 6v§, e.g. halving in cases E
and F, only has a moderate effect on the “jumps zones” population, e.g.
minus one fifth. Again this is because jump 6v; involves a significant
fraction of TCPs that are particularly homogeneous and thus correspond
to a strong peak in the pdf. The optimal fraction of the full effect,
measured by 6V is shown to correlate to the average amount of pPv in
the region of interest (see Fig. 2): larger than 0.55 for cases C and D
while it is around 0.5 for cases E and F.

As shown in A, parameter c only relates to the absolute heterogeneity
in CMB heat flux: ¢ = min(Qcmb)/(max(Qcmb) —min(Qcmp)). In Fig. 6, we
present optimal values for this parameter corresponding to the best fits.
These can be compared to the actual statistics of CMB heat flux het-
erogeneity from the simulations (Fig. 8). Rather than
min(Qemb)/ (max(Qemp) —min(Qemp)), we use (F, —0.560f,)/0p,, more
representative of the global distribution, e.g. in some simulations
min(Qemp) is negative, in contrast with the simple analysis developed in
A, while the latter seems reasonable for the whole distribution. Indeed,
the agreement is good for all cases but C, i.e. when pPv is present at the
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Fig. 9. Comparison of the linear fit (left) and the proposed fit (right) for cases A and F. Bottom row: heat flux gcn,. Top row: error on g (i.e. absolute value of the
difference between the fit and the reference). The center panel in the bottom row indicates the reference heat flux (from the simulations).

Table A.2

Idealized pattern for the mantle involved in the fitting procedure.
mantle component C Xppy T range
pPv 0 1 [Trmin, T2]
NM 0 0 [T2, Th]
TCP 1 0 [T1, Tax]

CMB (double crossing of the pPv phase change). In this specific case, the
fit obtained with the value from simulations (0.98, not shown in Fig. 6)
is associated to an rms misfit of 0.03. We conclude that a variety of
parameterizations provide acceptable fits and that values of c in the
simulations are typically in the range [0.3, 1] (see Fig. 8). We further note
that when the size of 6V} is not inverted for but fixed as the full effect
prescribed in the simulations (grey lines in Fig. 6-C to F), the associated
value of ¢ is extremely large when compared to a physical interpretation
of the slope, an effect of distorting the fit because of a too large jump
around vj.

For two emblematic examples (A: no pPv, F: pPv with double
crossing), Fig. 9 enables to visualize in terms of pattern what is already
shown in Fig. 6 in terms of values. The proposed fit reproduces very well
the reference heat flux. In particular, two essential features are very well
captured: (1) a higher (less negative) heat flux for TCPs than predicted
by the linear approximation, and (2) when pPv is introduced (C, F), the
largest heat flux regions at the center of the pPv regions (whether a
single or a double crossing is involved) which fade away in the case of a
linear approximation. As g.,, averages out to zero by definition, this
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implies that the intermediate heat flux regions of the NM and the high
heat flux regions of the pPv regions correspond to relatively lower values
than in the linear approximation.

4. Discussion
4.1. Distinct mantle components

The analysis we propose is based on an idealized pattern for the three
mantle components: hot thermochemical piles (TCPs), “normal” mantle
(NM) and cold regions with postperovskite (pPv). While this partition
seems reasonable for pPv (imposed by the phase diagram) and should
remain valid for TCPs (if these present boundaries that are indeed as
sharp as suggested for example by Ni et al., 2002), the fact that an
average is envisioned on a 200 km-thick mantle layer already involves
departure from this idealized scheme. This is manifested in our simu-
lations where the “jumps zones” for dInVs,, involve in practice a non-
negligible fraction of the pdfs (see color curves above each panel in
Fig. 6). Nevertheless, the heat flux predicted by the fit in these “jumps
zones” approximates well the pattern obtained in the simulations.

In the Earth, the structure of large-scale mantle components, as
illuminated by seismic tomography, can certainly differ from those of
the specific mantle simulations chosen here. As already noted, in the
simulations, the mantle fraction that includes pPv is a direct conse-
quence of the parametrization adopted for the phase change (Clapeyron
slope) and the global thermal state of the mantle (e.g. the CMB tem-
perature). At present, global tomography models do not provide
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constraints on the area fraction of pPv-rich mantle: while fast clusters
above the CMB in vote maps analyzed by Cottaar and Lekic (2016) are
readily associated to slab material, the presence of pPv is not discussed.
As a consequence, distinctive interpretations of the same tomography
model may be equally plausible.

The population termed “TCPs” in the analysis of the simulations
possibly differs from the actual LLSVPs. The precise volume of actual
LLSVPs is a matter of debate and the volume in our simulations (3.5 %) is
in line with usual estimates (from 2 % to 8 % of the entire mantle,
Hernlund and Tackley, 2008; Cottaar and Lekic, 2016). In our simula-
tions, the thermochemical piles are also remarkably homogeneous (both
thermally and chemically). This feature is attributable to both a rela-
tively low viscosity and our choice to only consider one chemical
composition for the dense layer. While the composition of TCPs is not
sufficiently resolved by global seismic tomography models, some
advocate that it may be heterogeneous (French and Romanowicz, 2014).
Given our model assumption that the dense mantle material is of pri-
mordial origin, an obvious source of chemical heterogeneity would be
the addition of recycled mid-ocean ridge basaltic material (MORB). In
their pioneering effort to relate CMB heat flux from mantle convection
simulations to shear velocity anomalies, Nakagawa and Tackley (2008)
have opted for a purely basaltic interpretation of thermochemical pile
material. In terms of seismic velocity, the latter is associated to a faster
velocity than normal mantle so that thermochemical piles are not
LLSVPs in their model. However, it should be pointed out that the exact
influence of MORB on shear velocity depends on the assumed MORB
composition in main oxides. Available compositions are rather
dispersed, altering in fine MORB signatures (Deschamps et al., 2012). A
mixture of primordial and recycled material for TCPs is more likely and
its pdf could be more complex.

While significant jumps in seismic anomalies might be present in the
mantle above the CMB, it is also possible that tomography models blur
laterally this signal through damping and smoothing. In this case, even if
distinguishing the various mantle components is achieved easily on a
200-km averaged layer extracted from mantle simulations (Fig. 6), the
same exercise might not be as simple when applied to the pdf derived
from tomography models.

4.2. Jumps in seismic velocities

Individual probability density functions of mantle components in the
simulations are used to identify the values v} of boundaries between
mantle components. In practice, these are not known a priori, i.e. the
spherical distribution of dIinV%,, is obtained from the lowermost layer of
a tomography model, and only the global probability density is avail-
able. We note that locations v{ could arguably be estimated as local
minima in such a pdf, albeit predictably in a much less precise way.

Similarly, in the above analysis, amplitudes of jumps (§v) are
directly derived from values prescribed in the simulations. In the
absence of such a knowledge for the Earth’s mantle, these can be esti-
mated from mineral physics. Uncertainties on elastic moduli of lower
mantle minerals (and thus on shear velocity sensitivities to temperature,
composition and phase) remain large. However, it is important to note
that there is a consensus on the trends, i.e., shear waves travel slower in
regions with excess iron, and faster in pPv and in regions enriched in Bm.

4.3. Overall applicability of the proposed scheme

Two prerequisites enable the application of the scheme proposed
above. First, for dynamical reasons, the three main populations for the
deepest mantle considered here (TCPs, normal mantle, pPv) are not too
well-mixed. Second, the jumps in seismic anomalies associated to
compositional (TCPs to NM) and mineralogical (NM to pPv) changes are
sufficiently significant to detect these components in pdfs of shear wave
velocity anomalies.
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The first condition is obviously valid in our mantle simulations. It is
also valid in most dynamical interpretations of seismic velocity anom-
alies, whether thermochemical piles (e.g. McNamara and Zhong, 2005;
Deschamps and Tackley, 2009) are indeed present in the Earth mantle as
in the mantle simulations, or if purely thermal plume clusters explain
LLSVPs (see e.g. Bull et al., 2009; Davies et al., 2012) as the partition
between normal mantle and LLSVPs would then be trivial. One possible
complexity is that, because iron-rich Bm transforms to pPv at lower
pressure than pure Mg-Bm (see Cobden et al., 2015), patches of pPv may
exist at the bottom of LLSVPs, despite the high temperature of these
regions. Numerical simulations indicate that transient pPv patches can
form at the base of hot piles (Li et al., 2016), and it has further been
suggested that the ultra-low velocity zones (ULVZs) observed at the
bottom of the mantle (see Yu and Garnero, 2018, for a review) may be
small patches of iron-rich pPv (Mao et al., 2006). Basal pPv patches
within LLSVPs would however be limited in size, typically a few hun-
dreds of kilometers in length and a few tens in thickness, such that their
seismic signal would be diluted in tomographic models hence their
impact on the CMB heat flux would be limited.

The second condition further requires knowledge of the composition
of the deepest mantle. More specifically, while several hints indicate
that LLSVPs are compositionally different from the surrounding mantle
(assumed to be pyrolitic), the exact nature of these regions remains
debated. Considering that mantle rocks are built from five main oxides
(SiO,, MgO, FeO, Aly,03 and Ca0), an iron (FeO) excess (compared to
pyrolitic value) is often advocated because it is consistent with the
observed drop in V* (Deschamps et al., 2012), and is further supported
by the density excess reported by tidal tomography (Lau et al., 2017),
normal modes (other than Stoneley modes) (Trampert et al., 2004;
Mosca et al., 2012), and 6-year variations in the length-of-the day (Ding
and Chao, 2018). In addition to iron excess, TCPs may contain more Bm
(Trampert et al., 2004) to explain the anti-correlation between V* and
bulk-sound velocity. These conclusions are supported by a principal
component analysis (Vilella et al., 2020), which includes the effects of
aluminum, calcium, and oxidation state. Assuming the MORB compo-
sition of Workman and Hart (2005), with 49.5% SiO,, 8.0% FeO, and 9.7
MgO%, and based on numerical simulations of thermo-chemical con-
vection including basalt formation and recycling, Jones et al. (2020)
found that the bottom 100-200 km of TCPs could be entirely composed
of MORB. By contrast, taking into account the strong dispersion in
MORB composition, Deschamps et al. (2012) showed that TCPs entirely
composed of recycled MORBs would require very large temperature
excess, and thus appear less likely. However, small fractions of MORBs
may enter TCPs (Li et al., 2014), as proposed in the heterogeneous basal
melange (BAM) scenario (Tackley, 2012).

Alternatively, it has been suggested that LLSVPs may be stratified in
a layer of primordial material at the bottom covered by a layer of
recycled MORBs (Ballmer et al., 2016). If the the layer or primordial
material is thick enough (> 200 km), as suggested by Ballmer et al.
(2016), the presence of recycled MORBs above it would not affect our
approach. A thinner layer of primordial material may have stronger
impact on the calculation of shear-velocity, which may in turn affect
parameter values in our fitting function (A), but not the overall
approach. Additional simulations may however be needed to infer these
parameters.

An effect that may influence CMB heat flux but is not accounted for in
our calculations is the change of thermal conductivity with temperature
and composition. At lower mantle conditions, thermal conductivity
might be controlled by lattice vibrations rather than radiative heat
transfer (e.g. Keppler et al., 2008; Kavner and Rainey, 2016). In the past
decades mineral physics experiments that measured lattice thermal
conductivities of lower mantle minerals up to CMB pressures (Hsich
et al., 2017, 2018; Ohta et al., 2012, 2017) showed that these conduc-
tivities decrease with increasing fraction of iron oxide. In addition,
mantle minerals conductivities decrease with increasing temperature as
1/T", with n around 0.5 or lower (Klemens et al., 1962; Manthilake
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et al., 2011; Dalton et al., 2013). Interestingly, these trends amplify the
heat flux changes related to lateral variations in the radial thermal
gradient, as the conductivity of cold slabs (hot and iron-rich piles) would
be higher (lower) than that of average, pyrolytic mantle. Based on Hsieh
et al. (2017, 2018) experimental data and on thermo-chemical distri-
butions deduced from probabilistic tomography (Trampert et al., 2004;
Mosca et al., 2012), Deschamps and Hsieh (2019) estimated lateral
changes in thermal conductivity in the lowermost mantle and their
associated variations in CMB heat flux. These calculations indicate that
conductivity changes with temperature and composition may induce
heat flux anomalies around + 20%, compared to the horizontal average,
but the heat flux is still controlled by lateral changes in the thermal
gradient. Overall, accounting for lateral variations in thermal conduc-
tivity is expected to mostly affect the CMB heat flux amplitude and less
its pattern, with the latter being the focus of this study.

5. Conclusions

If the two conditions listed above in Section 4.3 prevail, any tomo-
graphic model can in principle be interpreted in terms of CMB heat flux
patterns using the procedure we propose with the thermal effect
described as a curved function. The latter mimics the relationship be-
tween heat flux and local temperature variations immediately above the
CMB to temperatures averaged over ~ 200-km, i.e. the typical radial
resolution of global tomography models. Two discrete jumps are sup-
plemented, associated to composition and mineralogy (if pPv-rich re-
gions are present).

A detailed application of this method shall involve various tomo-
graphic models and consider various jump values. The main effect of our

Appendix A. Mathematical formulation of the composite fit

A.1. Definition of variables
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interpretation relative to a linear relationship between heat flux and
seismic velocity appears to be that of an attenuation of negative heat flux
regions (i.e. hot mantle such as TCPs) while large heat flux regions (i.e.
cold mantle) become more pronounced. Moderate heat flux regions
become relatively weaker. A detailed application of this method shall
involve sensitivity tests to the chosen tomographic model and the pre-
scribed jump values. The consequences of such a distortion of the
inferred CMB heat flux pattern on the geodynamo shall be the topic of
future studies.
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Numerous variables have been introduced for the same physical quantities: specific definitions are listed below.

notation meaning
CMB heat flux:
Fy average flux (mW m 32
Qemb dimensionless flux
Q’cmb dimensionless flux with alternative temperature scale (only in A.3)
Gemb normalized flux anomaly (with a unity range and zero mean)
q normalized flux (ranging between 0 and 1)
shear-wave velocity:
% velocity
JlnV® partial derivative relative to e
0.
dinV® velocity anomaly
dinVi, velocity anomaly averaged over the bottom 200-km
dl“VSzooT temperature contribution to dinV%,
V500 normalized velocity anomaly (with a unity range and zero mean)
Vi,V location of velocity jumps (relative to v§,)
V3,6V amplitude of velocity jumps (relative to v§,)
vr normalized temperature contribution to velocity (ranging between 0 and 1)
1% normalized velocity (ranging between 0 and 1)
temperature:
T temperature (in K)
Temb temperature at the CMB (in K)
T200 temperature averaged over the bottom 200-km (in K)
dr temperature anomaly (in K)
9 dimensionless temperature
0 alternative dimensionless temperature (only in A.3)
Ocmb dimensionless temperature at the CMB

200 normalized value of T (ranging between 0 and 1)
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A.2. Normalized anomalies and seismic velocity jumps

The normalized anomalies for heat flux g.m, (and likewise for seismic anomalies, V%) used in the main text, whose average value is 0 on the
spherical surface, are simply related to the normalized heat flux g (and seismic velocities v) ranging between 0 and 1,

q(&,(ﬁ) _ qub(197¢) - min(qcmb) (A.l)

max(Gemp) — Min(Gemp)

and

v (8, 4}) o dlnv;(bll (8’ ¢) — min (dan;l]O) (A.Z)

" max(dInV3g,) — min(dInVsy,)

where latitude 9 and longitude ¢ are introduced at a given location and min and max denote the minimum and maximum value on the sphere. We also
introduce the normalized temperature anomalies averaged over the 200-km thick region of interest

oo (197 ¢> _ T00 (8, ¢p) — min(Tag) (A.3)

maX(Tz()()) — min(Tz()o)

Conversely, the normalized anomalies are
Gemb = 4 — <q> (A.4)

Vago =V — (V) (A-5)

where ( o ) means average of e over the spherical surface.
A rigorous formulation for the composite fit involves the introduction of an additional intermediate variable, namely the normalized thermal

component of the seismic velocity anomaly (v7) that ranges between 0 and 1:

Ve = dinViyy' (9, ¢) — min(dInVs,") (A.6)
’ max (dinV3g,") — min(dInV3,") .

In the simulations, Eq. (A.6) suffices to compute v'. It is however useful to relate v’ to the normalized seismic velocity v used in the main text

Yo e o
v % R A7)
o= —lvi;\,?v_i/;v; if vi+%ﬂ>v>vj—%ﬂ
vio= T‘:—ﬁv; if v‘}f%ﬁ>v

where the centers v§ of jumps (with e € {1,2}) are dictated by the probability densities of mantle components (V] delimitates v* values where TCP

(lower values) and NM (higher values) are predominant, v} delimitates NM and pPv, and the amplitudes of the jumps 6v§ correspond to the values

prescribed numerically:
SinVy,© — min(dinVsy,)

1T max(dinViy,) — min (dlnViy) *-8)

and

o, — 51nv;00""’" — min .(dln v;o(,‘) (A.9)
max (dln V'Eoo) — min (dln V'Eoo)

Such relationships assume a simplified pattern where the composition and mineralogy fields, C and X,p, have only values of 0 or 1 and that the
temperature ranges associated to each mantle component constitute a partition of the global temperature range (see Table A.2). Only then is Eq. (A.7)
supplemented by Egs. (A.8) and (A.9) equivalent to Eq. (A.6).

In practice, when averaged over the bottom 100-km of the mantle (see Fig. 2), X,,p, ranges between a strictly positive value and 1. We thus allow in
the following 6V} to be a fraction of the full effect corresponding to X,p, varying between 0 and 1.
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A.3. Scaling relationship between CMB heat flux and temperature averaged over a 200-km thick region above the CMB

As proposed by Nakagawa and Tackley (2008), the laterally averaged temperature profile above the CMB can be described by an error function
(erf)

_ (R - Rcmb)\/i_TFb
T(R) = Temp — ATerf {T} (A.10)

Here, all variables are dimensional and AT refers to a local temperature difference between the CMB and that in the well mixed convecting interior.
This leads in the dimensionless form

9’(r> = lferf{%r} (A.11)

where 6 (r) ranges from 1 (at the CMB) to 0 in the well mixed interior of the mantle. Again, Q;mb is made dimensionless with a local temperature
difference.

Integrating 6 (r) between r = 0 and r = § (the top of the 200-km thick averaging region for seismic tomography) provides the average temperature
in the bottom layer

— g Y
a’:%/je’(r)dr: | _é/o erf{%r}dr (A12)

With a variable change,
ad

- 1
0=1—— erf[h|dh (A.13)
as Jo

where a = %, so that, after integration

;2
6 =6(5)+— {1 —exp(—”Qﬂ#)] (A.14)
z Qcmh(s 4
In the regime of interest 6 ~ .1 and Q,,, ~ 30. In this case, 6(5) and the exponential term are close to 0 and
—~ 2
0 ~— (A.15)
71-Q<:mb(S

A.4. Lateral variations

The above derivations (Egs. (A.10)-(A.15)) are strictly proposed for a laterally averaged temperature profile. Simulation results show however that
significant lateral temperature variations exist (Fig. 2): these are precisely what we want to capture in the mapping as local variations in the tem-
perature gradients above the CMB control g (and q.,,), and lateral variations in temperature in the 200-km thick (or thickness §) region above the CMB
control v (and vi,).

In an effort to assess lateral variations of temperature, we remind that the value ¢ (§) = 0 refers to a local minimum at height 5. Lateral variations of

0 would then correspond to

o(00) =gy @16
Similarly, the heat flux should be rescaled to account for lateral variations and we thus introduce

Eq. (A.15) then becomes

5(19,4;) = 9(5, 8,(/}) +m (A.18)

where 6 is the dimensionless temperature in the simulations (i.e, the total non-adiabatic temperature difference is used as a characteristic scale).
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A.5. Return to normalized anomalies q, 6200 and vT

The normalized quantities introduced above (A.2), 8299 and q range between 0 and 1. These are related to 6 and Q..;; in the following way

Oro (8’ ¢) - Z(i;((g iﬁﬁ% — (p)A_amin(g) (A.19)
and

e a0
Eq. (A.18) thus translates into

O =212 _Aglin@  2A0(GA O, i min(Ome) 0“1 i c (A.21)
Owing to the normalization, the three coefficients a, b and c are related. For instance, a = —c. We only use ¢ = % that measures the amplitude of

heat flux variations at the CMB. It finally comes that

1+c¢ 1}
q+c

G0 = ¢ { (A.22)

Since the normalized thermal component of the seismic velocity anomaly, v! (also ranging between 0 and 1), is simply equal to 1 —699, Thus

RN | (A.23)
q+c
or
T
Ccv
A e (A.24)

A.6. Proposed algorithm

The algorithm to produce gcms from the knowledge of the spherical distribution of dInV%,, and the centers (v}) and amplitudes (§v}) of jumps, would
then be:

1. first compute the normalized seismic velocity v (ranging between 0 and 1, Eq. (A.2)), then its anomaly v}, (with a zero mean, Eq. (A.5)),
2. compute the normalized temperature contribution v’ (ranging between 0 and 1, Eq. (A.7)),
3. compute the normalized CMB heat flux g (ranging between 0 and 1, Eq. (A.24)), then its anomaly ¢, (with a zero mean, Eq. (A.4)).

Note that step (3) involves the a priori choice of a value for c. We have shown that the latter relates (Eq. (A.18)) to the statistics of q (or, alter-
natively, if parameter a is chosen, of 6¢). Further work would be required to analyse this relationship in more details. In the six simulations presented
here, ¢ varies in the range [0.3,1]. The general outcome of the composite fit (a curved function complemented by jumps, Fig. 7) is only moderately
affected by the choice of this value (see the various curvatures in Fig. 6).
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