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1 INTRODUCTION

SUMMARY

Mantle flow induces dynamic topography at the core—-mantle boundary (CMB), with distribu-
tion and amplitude that depend on details of the flow. To assess whether observations of CMB
topography can give constraints on deep mantle structure, we determine CMB dynamic topog-
raphy associated with different models of mantle convection, including thermochemical and
purely thermal models. We investigate the influence of key controlling parameters, specifically
the thermal viscosity ratio (Anr) and, for thermochemical models, the density contrast (Apc)
and viscosity ratio (Anc) between primordial and regular materials. In purely thermal models,
plume clusters induce positive topography with an amplitude that decreases with increasing
Ant. In thermochemical models with moderate density contrasts, around 100-200 kg m3,
reservoirs of dense material induce depressions in CMB topography, surrounded by a ridge of
positive topography. The average depression depth and ridge height increase with increasing
Apc and Anc, but decrease with increasing Ant. We find that for purely thermal models or
thermochemical models with A pc ~ 90 kg m~> and less, the long-wavelength (spherical har-
monic degrees up to / = 4) dynamic topography and shear wave velocity anomalies predicted
by thermochemical distributions anticorrelate. By contrast, for models with A pc > 100 kg m—3
and Anc > 1, long-wavelength dynamic topography and shear wave velocity anomalies cor-
relate well. This potentially provides a test to infer the nature, that is, either purely or mostly
thermal (Apc < 100 kg m— m~?) or strongly thermochemical (Apc > 100 kg m~?), of the
low shear wave velocity provinces observed by global tomographic images. The presence of
post-perovskite, provided that its viscosity is similar to that of bridgmanite, does not alter these
conclusions.

Key words: Composition and structure of the mantle; Mantle processes; Structure of the
Earth; Dynamics: convection currents, and mantle plumes.

Deschamps et al. 2015; Garnero et al. 2016). LLSVPs were first
associated with superplumes or clusters of smaller plumes, that

The seismic structure of the lowermost mantle is dominated by two
large low shear wave velocity provinces (LLSVPs) below Africa
and the Pacific, where shear wave speed decreases by a few per
cent compared to its horizontal average. LLSVPs are observed
by all global seismic tomography models, with some differences
in the detailed structure and amplitude of the velocity drop (for
a comparison of models published between 2005 and 2010, see
Ritsema et al. 2011). Their presence is further supported by a va-
riety of seismic data and methods (Leki¢ et al. 2012), suggesting
that they are not simple artefacts of tomographic models. In partic-
ular, because they are seen by normal mode data (Ishii & Tromp
1999; Trampert et al. 2004; Mosca et al. 2012), they are unlikely
the result of wave-propagation complexities. While the presence of
LLSVPs is generally accepted, their nature is still a matter of de-
bate (for recent discussions on this problem, see Davies et al. 2015;

is, buoyant structures triggered by purely thermal (hot) anomalies.
Several hints, however, including the anticorrelation between shear
wave and bulk-sound velocity anomalies (e.g. Ishii & Tromp 1999;
Masters et al. 2000; Trampert et al. 2004), and the de-correlation
between density and seismic velocity anomalies (Trampert et al.
2004), indicated that LLSVPs cannot be explained by purely ther-
mal anomalies, but partially originate from compositional anoma-
lies (Trampert et al. 2004; Mosca et al. 2012). Alternatively, it
has been proposed that the anticorrelation between shear wave and
bulk-sound speeds could be mostly explained by complex wave-
propagation effects (Schuberth et al. 2012), or by the presence of
post-perovskite (pPv; Davies et al. 2012).

Thus, a clear diagnosis on the nature of LLSVPs, purely thermal
or thermochemical, cannot be based on current seismic velocity data
only, but requires additional observational constraints independent
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Figure 1. Influence of mantle dynamics on core—mantle boundary (CMB) topography. Thin black arrows denote the stress applied on the CMB. (a) Thermal
plumes pull the CMB upwards, inducing positive topography. (b) Slabs stretch the CMB downwards, inducing negative topography. (c,d) Thermochemical

piles depress the CMB, inducing negative topography with amplitude that depends
regular mantle. Some elements of this sketch are taken from Garnero et al. (2016).

of seismic velocities. Two promising observables are long-period
electromagnetic C-responses, which are related to the distribution
of electrical conductivity in the deep mantle and are different for
purely thermal and thermochemical structures (Deschamps & Khan
2016), and seismic attenuation, which is mostly sensitive to tem-
perature and can be inferred from waveform data (e.g. Konishi
et al. 2017). Another potential constraint is the core—mantle bound-
ary (CMB) topography. Using Very Long Baseline Interferometry
(VLBI) data, Gwinn et al. (1986) showed that the CMB dynamical
flattening (strictly speaking, the dynamical flattening of the outer
core), that is, the spherical harmonic degree and order / = 2 and
m = 0 of CMB topography, is larger than its theoretical value for
a hydrostatic Earth model by 5 per cent. If more complexities are
taken into account, the excess CMB dynamical flattening reduces
to 3.8 per cent (Mathews et al. 2002). Seismic normal modes data
further indicate that the peak-to-peak amplitude of the spherical har-
monic degree / = 2 in CMB topography should not exceed 5.0 km
(Koelemeijer et al. 2012). Analysis of seismic phases reflecting on
the CMB underside (PKKP) and upperside (PcP) suggests that 95
per cent of the CMB topography is distributed between —4.0 and
4.0km (Garcia & Souriau 2000). Several studies, using different
CMB transmitted or reflected seismic phases, have also attempted
to draw global maps, but generally disagree on both the pattern
and amplitude of CMB topography (Morelli & Dziewonski 1987;
Doornbos & Hilton 1989; Sze & van der Hilst 2003; Tanaka 2010).

on the chemical density contrast between the material of these piles and the

For spherical harmonic degrees up to / = 4, the peak-to-peak am-
plitude ranges from 3.5 km (Koper et al. 2003) to 12 km (Morelli &
Dziewonski 1987).

Insights on CMB topography may further be obtained from geo-
dynamic models. In a fluid animated by convection, flow gener-
ates normal stress at its interfaces, which in turn induces dynamic
topography (e.g. Ricard et al. 1984; Hager & Richards 1989).
Plumes stretch the base and push the surface of the fluid upwards
(Fig. la), inducing positive topography on these boundaries. In
contrast, downwellings pull the surface and push the base of the
system downwards, leading to negative topography (Fig. 1b). Dy-
namic topography is sensitive to mantle viscosity and its lateral
variations, and to the density jump at the boundaries. In the Earth’s
mantle, the detailed CMB dynamic topography thus strongly de-
pends on the mode of mantle dynamics, in particular on lateral
variations in density due to large-scale chemical heterogeneities.
The 2-D-Cartesian simulations of Hansen & Yuen (1989) indicated
that piles of dense material at the bottom of the system strongly
depress the CMB, inducing negative topography (Figs 1c and d).
Lassak ef al. (2007) pointed out that in models combining large
thermal viscosity contrast and piles with small chemical density
contrast, the negative CMB topography induced by slabs is much
larger than that caused by the pile. Lassak ef al. (2010) further
showed that imposing a large thermal viscosity contrast flattens
out the topography induced by thermochemical piles, because these
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regions are hotter, and thus less viscous, than surroundings. Using
models of convection in which density anomalies are scaled from
seismic tomography, Yoshida (2008) showed that if LLSVPs are
purely thermal structures, they should result in positive topogra-
phy with amplitude around 5 km, while, on the contrary, if they are
thermochemical piles, they would induce local depressions. These
models, however, are limited to moderate chemical density con-
trasts, around 60 kg m~> and lower, and assume that the viscosity is
independent of the type of material, dense or regular.

In this study, we performed models of convection in 3-D-spherical
geometry, including models with chemical density contrast larger
than 100 kg m—>, which may be more appropriate for LLSVPs,
models with an intrinsic viscosity ratio between primordial and reg-
ular materials, whose effects on CMB dynamic topography have
not yet been investigated, and models accounting for the pPv phase
transition. Results from these models provide a criteria to discrimi-
nate between possible models of LLSVPs, purely thermal or slightly
thermochemical on one hand, or strongly thermochemical, that is,
with chemical density contrast around 100 kg m~> or more, on the
other hand.

2 MANTLE CONVECTION MODELLING

We performed numerical simulations of purely thermal and ther-
mochemical convection in 3-D-spherical geometry using StagY'Y
(Tackley 1998, 2008), a software that solves the conservation equa-
tions of energy, momentum, and mass for a compressible, anelastic
fluid with infinite Prandtl number. Thermochemical models dis-
tinguish two types of material, regular (pyrolitic) mantle and pri-
mordial material, and further solve the conservation equation of
composition. Primordial material accounts for chemical hetero-
geneities that may be present at the bottom of the mantle as a
result of early differentiation. An additional source of chemical het-
erogeneity, which we do not take into account in our models, is
the recycling of subducted oceanic crust (MORB). Recent mod-
els of convection (Li et al. 2014a) indicate that subducted MORB
may be partially incorporated into pre-existing reservoirs of primor-
dial material, and partially re-entrained to the surface by plumes,
in agreement with the Basal Melange (BAM) scenario (Tackley
2012). Because subducted MORB is denser than pyrolitic mantle,
their effect on CMB topography is likely similar to that of pri-
mordial material, and neglecting its contribution may not alter our
conclusions.

For details on the numerical methods employed to solve the con-
servation equations, we refer to Tackley (2008). The setup used in
this paper is essentially that used in Deschamps ef al. (2015) except
for the viscosity law, which now includes yield stress, and for the
explored range of control parameters. Details of this setup can be
found in previous studies (Deschamps & Tackley 2009), but for
clarity we discuss them again below.

Spherical geometry is modelled by a set of Yin and Yang grids
(Kageyama & Sato 2004) with resolution equivalent to a spherical
grid with 256 points in latitude and 512 points in longitude at each
depth. The vertical resolution is fixed to 128 or 64 nodes for models
with and without pPv, respectively. Grid refinement is imposed at
the top and at the bottom of the shell, allowing a good resolution of
reservoirs of primordial material and thermal boundary layers. The
ratio between the radius of the core and the total radius is set to its
Earth value, that is, /= 0.55. The bottom and surface boundaries
are free slip. The system is heated both from the bottom and from
within, and the heating rate of primordial material is increased by
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Figure 2. Thermodynamical reference state as a function of depth. Profiles
shown are for temperature (7rr), density (pref), thermal expansion (oref) and
Griineisen parameter () ref). The discontinuity in density at non-dimensional
depth of 0.228 corresponds to the limit between upper and lower mantle.

a factor 10 compared to that of regular material. The total mantle
heating rate is equivalent to a surface heat flux of 10 mW m~2,
which is about half the value expected for Earth’s mantle (Jaupart
et al. 2015), and leads to a ratio of internal to basal heating close to
0.3. Compressibility generates additional sinks and sources of heat,
that are controlled by the dissipation number, Di. Because it depends
on thermal expansion, Di varies with depth. In all our models the
surface value of the dissipation number is fixed to Dis = 1.2, and the
depth variations of thermal expansion (Fig. 2) imply that its volume
average is equal to 0.43.

The conservation equations involve the definition of a reference
state, which here consists of a set of vertical profiles for density, tem-
perature, and thermal expansion calculated using thermodynamic
relationships for the Earth’s mantle (Tackley 1998). Fig. 2 plots the
variations of the reference state with depth. Note that thermal ex-
pansion decreases by a factor 5 from surface to bottom, and that the
Griineisen parameter, ¢, varies in such a way that its product with
reference density is constant with depth. Temperature is scaled with
respect to the super-adiabatic temperature difference across the sys-
tem, AT, and density and thermal expansion are scaled with respect
to their surface values. Table 1 lists the thermodynamic properties
used to build the reference state, together with other scalings and
properties.

Because the fluid properties (density, viscosity, thermal diffu-
sivity, and thermal expansion) are allowed to vary throughout the
system, the definition of the Rayleigh number is non-unique. In
our simulations, we prescribed a reference Rayleigh number Ray,
defined at surface values of the thermodynamic parameters and
reference viscosity 7. In all simulations shown here, Ra, is set to
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Parameter Symbol Value Units Non-dimensional
Non-dimensional parameters

Reference Rayleigh number Ras 3.0 x 108
Surface dissipation number Dig 1.2
Volume average dissipative number Di 0.43
Total internal heating Hc 10 mW m—2 4.8
Compositional heating ratio AHc 10

Compositional parameters (thermochemical cases only)

Buoyancy ratio B, 0.15-0.70
Volume fraction of dense material (%) Xprim 2.5-7.0
Physical & thermodynamical parameters

Acceleration of gravity g 9.81 ms~2 1.0
Mantle thickness D 2891 km 1.0
Reference adiabat Tas 1600 K 0.64
Super-adiabatic temperature difference ATs 2500 K 1.0
Surface density ps 3300 kgm™3 1.0
Surface thermal expansion as 5.0 x 1073 K~! 1.0
Surface thermal diffusivity Ks 6.24 x 1077 m? s~! 1.0
Heat capacity Cp 1200 Tkg ! K™! 1.0
Surface conductivity ks 3.0 Wm~ ! K™! 1.0
Surface Griineisen parameter ys 1.091

Density jump at z = 660 km Ape6o 400 kg m—3 0.1212
Clapeyron slope at z = 660 km 660 -2.5 MPa K~! —0.0668
Post-perovskite density jump Apppy 62 kgm™3 0.0188
Clapeyron slope of post-perovskite Cppy 13 MPa K~! 0.3474
CMB temperature Tems 3750 K 1.5
Density jump at CMB ApcmB 5280 kgm™3 1.6
Viscosity law

Reference viscosity 70 1.6 x 102! Pas 1.0
Viscosity ratio at z = 660 km Ane60 30

Logarithmic thermal viscosity ratio E, 13.816-23.026

Logarithmic vertical viscosity ratio Va 2.303

Compositional viscosity ratio Anc 1-10%

Surface yield stress oo 290 MPa 7.5 x 10°
Yield stress gradient 0 0.01 Pa/Pa 0.01

3.0 x 103, leading to an effective Rayleigh number (i.e. the Rayleigh
number at the volume average viscosity) between 10° and 2.0 x 10°,
depending on the case.

In thermochemical cases, the compositional field is modelled
with a collection of 100 million particle tracers (200 million for
cases with pPv), leading to an average number of tracers per cell
of 15, which is enough to properly model entrainment (Tackley &
King 2003). Tracers are of two types, modelling the regular man-
tle and primordial material, respectively, and are advected fol-
lowing a fourth-order Runge—Kutta method. At each time step,
the compositional field is inferred from the concentration C of
particles of primordial material in each cell. This concentration
varies between 0 (corresponding to a cell filled with regular ma-
terial only) and 1 (for a cell filled with primordial material only).
The primordial material is initially distributed in a basal layer, the
thickness of which is controlled by fixing the volume fraction of
dense material, Xyin. In most of our calculations, we fixed Xyim to
3.5 per cent, corresponding to an upper estimate of the volume of
LLSVPs (Hernlund & Houser 2008). In addition, we conducted
calculations for Xpim = 2.5 per cent and Xy, = 7.0 per cent.
The primordial material is assumed to be denser than the regular

(pyrolitic) mantle, and the density contrast between the two mate-
rials is controlled by the buoyancy ratio. In our calculations, the
buoyancy ratio is defined with respect to a reference density that
increases with depth following a thermodynamical model of Earth’s
mantle,

B — Ap. (2) ’ )

asp (z) ATs

where A p.(z) is the density contrast between dense and regular ma-
terial, s the surface thermal expansion, p(z) the reference density
at depth z, and ATs the super-adiabatic temperature jump. In our
models, the reference density increases with depth but B, remains
constant, implying that the chemical density contrast increases with
depth proportionally to the reference density. With this definition,
the buoyancy ratio required to obtain a chemical stratification of the
system is smaller than when the surface density is taken as reference
density. For equivalent chemical density contrast at the bottom of
the system, however, results of the simulations do not differ sub-
stantially. We set B, to 0.23 in most of our models. At the bottom of
the system, and taking ag = 5.0 x 107> K™, ppo; = 4950 kg m™>
and ATs = 2500 K, this leads to a density contrast between dense
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and regular material around 142 kg m~3, that is, about 2.5 per cent
of PREM density (Dziewonski & Anderson 1981) at these depths,
in agreement with the peak-to-peak chemical density anomalies
mapped by normal modes data (Trampert et al. 2004; Mosca et al.
2012). Because the buoyancy ratio is certainly the most sensitive
parameter controlling the dynamics of the system, we performed
additional calculations with B, between 0.15 and 0.70. This latter
value allows maintaining a layer of primordial material that covers
nearly all the CMB.

Viscosity is allowed to vary with depth, temperature, and com-
position. An additional viscosity ratio Angs = 30 is added at the
660 km phase transition, and to avoid the formation of stagnant lid
at the top of the system, we impose a yield stress. The viscosity is
then fully described by

1

n=—-: 2

ooy
where

oy + 0. P
= 3)

e
is the yield viscosity, and
m (z, T,C) =no [1 +29H (z — 660)]
[VZ+E ATs +KC] o
xexp|Va— a————— .C .
PL™D (T + Ton)

The yield viscosity (eq. 3) is defined from the yield stress,
oy = 0y + 6. P, and the second invariant of the stress tensor, é.
The yield stress is set to o at the surface and increases with pres-
sure following a gradient 4.. In eq. (4), 1 is a reference viscosity,
H the Heaviside step function, z the depth, D the mantle thickness,
ATs the superadiabatic temperature difference across the system
and T,¢ the temperature offset, which is added to the temperature
to reduce the viscosity jump across the top thermal boundary layer.
The reference viscosity 1, is defined for the surface value of the
reference adiabat (i.e. 7,3 = 0.64AT5s), and at regular composition
(C = 0). The viscosity variations with temperature are controlled
by E,, modelling the activation energy. To quantify the thermally
induced increase of viscosity, we define a potential thermal viscos-
ity ratio as Anr = exp(E,). However, due to the adiabatic increase
of temperature and to the temperature offset, which we fixed to
Tore = 0.88 AT, the effective top-to-bottom thermal viscosity con-
trast is smaller than Ant by about two orders of magnitude. Here,
we fixed E, to 20.723 (corresponding to Anr = 10°) in most sim-
ulations, and did additional calculations with values of E, in the
range 13.816-23.032 (10° < Anr < 10'). The viscosity variations
with depth are controlled by V,, modelling the activation volume.
In all simulations performed here, we fixed the value of V, to 2.303,
leading to an increase of viscosity from top to bottom by a factor
300. This includes the viscosity jump at 660 km, but excludes the
decrease due to adiabatic increase of temperature and the thermally
induced increase in thermal boundary layers. The viscosity varia-
tions with composition are controlled by the parameter K,, and the
viscosity ratio between primordial and regular material (or chem-
ical viscosity ratio) is given by Anc = exp(K,). The viscosity of
bridgmanite is larger than that of ferro-periclase by up to 3 orders
of magnitude (Yamazaki & Karato 2001). If LLSVPs are enriched
in bridgmanite by up to about 10 per cent, as suggested by prob-
abilistic tomography (Trampert et al. 2004; Mosca et al. 2012),
they should be intrinsically more viscous than surrounding mantle.
Recent numerical experiments (Li et al. 2014b; Deschamps et al.
2015) further indicate that intrinsically more viscous primordial

material increases the topography of reservoirs of dense material
and the sharpness of their edges. The value of the chemical viscos-
ity ratio depends on poorly constrained parameters, including the
rock deformation model and the distribution of phases (bridgman-
ite and ferro-periclase) within the aggregate, and is thus difficult to
estimate. In most of the thermochemical models presented in this
study, we impose primordial material to be more viscous than regu-
lar material with Anc = 30. Finally, it should be pointed out that our
viscosity law does not account for viscosity variations with grain
size, which may influence mantle dynamics and evolution. The de-
tailed effects of grain size remain a matter of debate. For diffusion
creep, viscosity is usually assumed to increase with grain size fol-
lowing a power law with exponent in the range 2-3 (e.g. Korenaga
& Karato 2008). Large grain size further favours the transition from
diffusion to dislocation creep regimes, and it has been suggested
that this transition may occur for grain size as low as 0.1-1 mm (Li
et al. 1996). Due to various physical and chemical processes, grain
size may strongly vary in space and time. For instance, because in
early Earth grain growth occurred in a partially molten environment,
initial grain size may have been rather large, while recrystallization,
in particular during the ringwoodite to bridgmanite phase transi-
tion, leads to smaller grain size. Regions with larger grain size in
primordial mantle had larger viscosity, and depending on the vigour
of convection, they may have mixed efficiently or, on the contrary,
poorly with regions of lower viscosity (Solomatov & Reese 2008). If
thermochemical reservoirs in our models resulted from early mantle
differentiation, their intrinsic viscosity may differ from that of the
regular mantle by up to a few orders of magnitude. A simple way
to account for this effect would then be to systematically vary the
chemical density contrast, Anc, up to very large values, for exam-
ple, 10° and more. This, however, neglects recrystallization effects
that may affect the primordial material during its circulation in the
mantle.

Fig. 3, plotting viscosity profiles along the initial temperature
profile, illustrates the radial viscosity variations in our models when
thermal and chemical effects are taken into account. The effect
of intrinsically more viscous (Anc = 30) dense material at the
bottom of the mantle is denoted by the dashed curve. Note that
for £, = 20.723, which is the case of most of our models, the
regular increase with depth (V, = 2.303) in the lower mantle is
nearly compensated by the decrease due to adiabatic increase of
temperature.

The phase change at 660 km is modelled with a discontinuous
phase transition controlled by defining a point on the phase bound-
ary and a Clapeyron slope, I'gs. Here, we imposed z = 660 km
and 7 = 1900 K as anchor point, and I'gsp = —2.5 MPa K~!. The
density contrast at the phase transition is Apgs = 400 kg m™3
and is scaled with the surface density. In cases that include pPv
phase, the pPv phase transition is modelled with a reference tem-
perature of 2700 K at 2700 km depth. Lateral deviations in the
transition depth are determined using the phase function approach
of Christensen & Yuen (1985). The Clapeyron slope and the den-
sity contrast are set to I'yp, = 13 MPa K™! (Tateno ef al. 2009)
and Apyp, = 62 kg m™* (corresponding to a relative contrast of
~1.0 per cent, Murakami et al. 2004), respectively. Determining
the stability field of pPv further requires fixing the temperature at
the CMB, Tcvg. Based on the numerical simulations of Li ef al.
(2015), which pointed out that values of Tcyp around 3750 K
describe best lower mantle structure and dynamics, we assumed
Tems = 3750 K.

The dynamic topography at the CMB, Acus, is calculated from
the normal stress, o,,, induced by the flow on this boundary, and
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Figure 3. Radial viscosity profiles along initial temperature profile for
purely thermal models or thermochemical models with chemical viscosity
contrast Anc = 1 (plain curves), and thermochemical models with Anc =30
(dotted curve). Two values of the thermal viscosity contrast (controlled by
the parameter £,) are shown.

takes into account self-gravitational effects following Zhang &
Christensen (1993). At each point of the CMB, dynamic topog-
raphy is given by
zz + ¢ A .
hows = 0. CMB PCMB’ (5)
Apcvpg

where Apcwp i the density difference between the mantle and the
outer core, Ocyp the perturbation of gravitational potential at CMB,
and g the acceleration of gravity. The normal stress is given by

v, 1
Uzz=27l ar _gvv ) (6)

where v is velocity and v, its vertical component. Note that the
divergence of velocity in the right hand side of eq. (6) is due to
compressibility. Gravitational potential perturbations are obtained
by solving Poisson’s equation for a distribution of density anomalies
(with respect to a reference state) that includes thermal and chemi-
cal effects, and variations in CMB topography. For comparison, we
also calculated dynamic topography neglecting self-gravitation, but
only found small differences, mostly in amplitude, with the topog-
raphy accounting for self-gravity. For a given set of parameters, the
rms amplitude of dynamic topography is, on average, smaller by
5 per cent if self-gravitational effects are included. It is usually as-
sumed that the mechanical boundary condition, free or free-slip,
does not affect the boundary topography, because this topography is
very small compared to the lateral lengthscale, and therefore slopes
are also very small. This has been well tested for the surface bound-
ary (Crameri et al. 2012). For large slopes, such as at subduction
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zones trenches, differences may however be important, and a free
surface may help single-sided subduction (e.g. Crameri & Tackley
2014).

The initial temperature distribution is built by adding small ran-
dom perturbations to an adiabatic radial profile with thin supera-
diabatic boundary layers at the top and bottom of the shell. Purely
thermal experiments are run up to a dimensional time of 4.5 Gyr.
Thermochemical experiments start with a long (up to 1.5-2.0 Gyr)
transient phase during which the bottom layer of dense material
heats up, and are run up to a dimensional time of 15 Gyr. Mod-
els do not reach stationary state, that is, the location of plumes
and downwellings vary with time. However, after a period of time
that depends on each case, average velocity and surface and bot-
tom heat fluxes stabilize and oscillate around constant values, thus
defining a dynamic quasi-equilibrium. All the snapshots presented
and discussed in Section 3 are taken in the quasi-equilibrium stage.
In thermochemical models, the detailed shape of thermochemical
piles varies with time, but the selected snapshots are generally rep-
resentative of the thermochemical structure obtained for each case.
Snapshots are taken at 2.7 Gyr for purely thermal cases, and 11.2
or 15.0 Gyr for thermochemical cases. 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. This would further require adding time-decreasing radioac-
tive heating and CMB temperature in our models. Instead, the aim
is to obtain various characteristic thermochemical structures, for
example, plume clusters or thermochemical piles, to estimate the
influence of these structures on CMB dynamic topography. Thus,
time indication in our experiments should not be used to discrim-
inate between possible models of mantle dynamics, or to interpret
early mantle evolution.

3 RESULTS

Using the setup described in Section 2, we performed a series of
21 numerical experiments with various values of the buoyancy ra-
tio, volume fraction of dense material, and thermal and chemical
viscosity ratios (Table 2). All models are in the mobile-lid regime,
with horizontal surface velocities of around 1 cm yr~'. The surface
heat flux is in the range 35-40 mW m~2, depending on the model.
These are rather low values compared to heat flux measured at the
surface of the Earth, the average of which is around 86 mW m™2
(Davies 2013). It should however be kept in mind that the observed
surface heat flux is likely overestimating the heat flux at the top of
the mantle because it includes a contribution related to crustal heat
production, which is difficult to estimate, but likely around 8 TW
(Jaupart et al. 2015). In cratonic regions, for instance, this contri-
bution may be large and the mantle heat flux could be as low as
15-20 mW m~2? (Jaupart & Mareschal 2007). In addition, because
our models do not include plate tectonics, they do not distinguish
between continental areas and oceanic regions, where observed heat
flux is usually highest. Finally, our models do not include secular
cooling of the mantle, which contributes up to half of Earth’s surface
heat loss (Jaupart e al. 2015). The bottom heat flux is around 80—
100 mW m~2 depending on the model, equivalent to a total power
around 12-15 TW, that is, in good agreement with the expected core
heat flow, in the range 5—17 TW (Jaupart ef al. 2015).

Table 2 further lists the rms amplitude of dynamic topography
for each model. To better quantify the dynamic topography caused
by plumes, downwellings, and reservoirs of dense material, we de-
fine several regions above the CMB. The plume, or plume cluster,
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Table 2. Run properties and corresponding output core—mantle boundary (CMB) topography. The prefix T and TC denote purely thermal and
thermochemical cases, respectively. B is the buoyancy ratio, Xprim the volume fraction of dense material, Anc the intrinsic (chemical) viscosity ratio,
and E, the logarithmic thermal viscosity contrast (eq. 3). Other properties are listed in Table 1 and are the same for all runs. CMB topography statistics
includes rms of global topography, and average topography (%) in primordial reservoirs or plume clusters. For primordial reservoirs, we distinguish the

average depth of their interiors (h™), and the average elevation of their surrounding ridges, (h™). All topographies are given in km.

Run B, Xprim Anc E, pPv Resolution hCMB (km)
rms (h™) (ht)

T1 - — — 20.723 no 512 x 256 x 64 2.7 — 1.9
T2 - - - 13.816 no 512 x 256 x 64 2.7 - 2.9
T3 - — — 23.026 no 512 x 256 x 64 2.4 - 1.6
T1-pPv - - - 20.723 yes 512 x 256 x 128 2.4 - 2.5
T2-pPv - — — 13.816 yes 512 x 256 x 128 3.1 — 3.9
TC1 0.23 3.5 30 20.723 no 512 x 256 x 64 2.8 -1.5 1.5
TC2 0.23 3.5 30 13.816 no 512 x 256 x 64 2.6 —-1.7 1.8
TC3 0.23 3.5 30 23.026 no 512 x 256 x 64 2.7 —-1.3 1.4
TC4 0.15 3.5 30 20.723 no 512 x 256 x 64 3.1 —0.6 1.3
TCS 0.50 3.5 30 20.723 no 512 x 256 x 64 3.0 —2.4 2.0
TC6 0.70 3.5 30 20.723 no 512 x 256 x 64 3.4 —-2.5 2.8
TC7 0.23 3.5 1 20.723 no 512 x 256 x 64 2.0 -0.7 1.0
TC8 0.23 3.5 10 20.723 no 512 x 256 x 64 2.4 —1.2 1.4
TC9 0.23 3.5 100 20.723 no 512 x 256 x 64 2.5 —-1.7 1.5
TC10 0.23 2.5 30 20.723 no 512 x 256 x 64 2.4 —-1.7 1.3
TC11 0.23 7.0 30 20.723 no 512 x 256 x 64 2.6 -1.3 1.4
TC1-pPv 0.23 3.5 30 20.723 yes 512 x 256 x 128 2.8 -1.9 1.5
TC2-pPv 0.23 3.5 30 13.816 yes 512 x 256 x 128 3.8 2.2 2.4
TC4-pPv 0.15 3.5 30 20.723 yes 512 x 256 x 128 3.0 —-0.9 1.3
TC6-pPv 0.70 3.5 30 20.723 yes 512 x 256 x 128 39 -2.5 2.7
TC7-pPv 0.23 3.5 1 20.723 yes 512 x 256 x 128 2.7 -0.9 1.2

region is defined as the area where the temperature is larger than
Torume = T + Cptume(Tmax — Tm), Where Ty, and Ty, are the max-
imum and average temperatures above the CMB, respectively, and
Cpuume @ constant that we fixed to 0.5. The region where downwellings
accumulate is defined as the region where the temperature is lower
than Tg.p = Ty — Cstab(Tin — Tinin), Where Ty 1 the minimum tem-
perature above the CMB, and ¢y, a constant that we fixed, again,
to 0.5. In thermochemical cases, reservoirs of dense material are
defined by the region where the concentration in dense particles, C,
is larger than 0.5. Note that because the transition between the dense
reservoir and its surroundings is very sharp, the size and extension
of the reservoir do not vary with threshold values of C larger than
0.3. By contrast, fiXing cpume = Csiap = 0.5 is rather subjective, and
changing these values leads to variations in the extents of plume and
downwelling regions, inducing in turn variations in the estimated
average topography within these regions. For instance, reducing
cs1ab Increases the area of downwelling regions by including regions
with smoother topography, thus decreasing the average topography.
Importantly, while the extent of plume and slab areas may influence
the estimated average CMB topography in these regions, it does not
affect the trend, that is, the fact that plumes induce elevations in the
CMB, and slabs depressions.

Figs 4 and 5 show snapshots of the temperature, composition
and CMB dynamic topography for cases T1 and TC1, respectively,
which we take as reference cases for purely thermal and thermo-
chemical models. In case T1, plumes are generated at the CMB
and are grouping in two main clusters (Figs 4a and b). Plumes
are interconnected through hot ridges, and the typical angular dis-
tance between two plumes is 20°. Cold downwellings reach the
CMB in the wide regions located between plume clusters. At their
base, plumes generate upwards normal stress, and therefore pos-
itive dynamic topography (Figs 4c and d). In the plume clusters

region, the average amplitude of dynamic topography is 1.9 km.
By contrast, as they reach the CMB, downwellings induce negative
dynamic topography, that is, depressions of the CMB. These de-
pressions are strongly localized, but have large amplitude. In case
T1, the slab stacking region covers less than 0.5 per cent of the
total CMB area, but within this region the rms amplitude of dy-
namic topography is 17 km. A distribution histogram of the CMB
topography (Fig. 6a) indicates that throughout most of the CMB
(~90 per cent of its total surface) dynamic topography ranges be-
tween —2.0 and 3.0 km. Downwellings slightly skew the distribu-
tion towards topography deeper than —5.0 km. Note that for con-
venience, the histogram is truncated to the interval [—10; 10] km,
implying that topography caused by downwellings is not entirely
represented. However, for topography deeper than —10 km the fre-
quency is very small, less than 1073 for a 1 km-stacking bin.

In case TC1, the thermochemical structure at the bottom of the
system is dominated by two large antipodal reservoirs of primordial
material culminating about 500 km above the CMB (Figs 5c¢ and
d). Reservoirs are hotter than average, and plumes are generated
at their edges and in their central areas (Figs 5a and b). Large
downwellings reach the CMB in regions located in between the
two thermochemical reservoirs. Each reservoir of dense material
induces a large depression throughout most of its base, surrounded
by a thin ridge of positive topography on its edges (Figs 5e and ). On
average, the depth of the depression and the height of the ridge are
equal to —1.5km and 1.5 km, respectively (Table 2). As in case T1,
downwellings induce deep local depressions with rms amplitude of
6.2 km. Interestingly, the CMB topography distribution is different
from that obtained for purely thermal model T1 (Fig. 6b), and
now follows a bimodal distribution, with a peak between —2.0 and
—1.0km, corresponding to the interior of the reservoir of primordial
material, and a second, less pronounced, peak between 1.0 and
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Figure 4. Snapshot of a purely thermal case without post-perovskite (T1). Left and right columns show two opposite views of the same snapshot. (a,b)
Isosurface of the non-dimensional temperature for 7= 0.72. (¢,d) Core—mantle boundary dynamic topography (colour scale). The orange and blue dotted lines
in plots (c) and (d) indicate the limits of the plumes and downwelling regions, respectively. Black dotted lines in plots (b) and (c) denote the path along which

topographic profiles in Figs 15(a) and (b) are drawn.

2.0 km, corresponding to its edges. Overall, most of the CMB area
(>90 per cent) has a topography between —3.0 and 4.0km. As in
case T1, the distribution is slightly skewed by downwellings towards
topography deeper than —5.0 km.

Figs 7 and 8 show snapshots for cases T1-pPv and TC1-pPyv,
which are similar to T1 and TCl1, respectively, except that they
include the pPv phase at the bottom of the system. Adding the pPv
does not substantially modify the convection patterns obtained for
cases T1 and TC1, except that downwellings are globally less well
developed. For the CMB temperature we imposed, pPv is stable
outside the plume clusters regions for the purely thermal case (T1-
pPv; Figs 7c and d) and outside the reservoir of primordial material
for the thermochemical case (TC1-pPv; Figs 8e and f). Note that
in these models, the viscosities of pPv and bridgmanite are similar.
Weak pPv, with a viscosity smaller than that of bridgmanite by three
orders of magnitude, may slightly modify the convection pattern, in
particular for the thermochemical cases (e.g. Li et al. 2015). The

effects on dynamic topography are similar to those obtained without
the pPv phase. In purely thermal models, plume clusters induce
positive topography with an average height of ~2.4km (Figs 7e
and f), while in thermochemical models, reservoirs of primordial
material cause a depression of the CMB in their interiors and a ridge
on their edges, with average depth and height equal to —1.9 km and
1.5 km, respectively (Figs 8g and h). Again, downwellings cause
deep local troughs. Distributions of topography are slightly more
dispersed, with most of the topography ranging between —4.0 km
and 4.0 km for model T1-pPv, and between —4.0 and 5.0 km for
model TC1-pPv, but are globally unchanged (Figs 6¢ and d).
Increasing the volume fraction of dense material, Xpyin, obviously
increases the size of reservoirs of primordial material, in particular
the fraction of CMB area they cover, but does not substantially mod-
ify their stability (Li et al. 2014b). All other parameters being equal
to those of case TC1, our calculations for X,m = 2.5 per cent (case
TC10) and Xyim = 7.0 per cent (case TC11) further indicate that
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Figure 5. Snapshot of a thermochemical case without post-perovskite (TC1). Left and right columns show two opposite views of the same snapshot. (a,b)
Isosurface of the non-dimensional temperature for 7= 0.67. (c,d) Isosurface of the composition for C = 0.5. (g,h) Core—mantle boundary dynamic topography
(colour scale). The white and blue dotted lines in plots (e) and (f) indicate the limits of the reservoirs of dense material and of downwelling regions, respectively.
Black dotted lines in plots (e) and (f) denote the path along which the topographic profile in Fig. 15(c) is drawn.
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Figure 6. Distribution histograms of dynamic topography at the CMB for cases T1 (a), TC1 (b), T1-pPv (c) and TC1-pPv (d) (see Table 2 for the properties
of these cases). Frequency is normalized to the total area of the CMB. For convenience, histograms are truncated to the interval [—10; 10] km, implying that

topography caused by downwellings is not entirely represented.

dynamic topography is only slightly affected by a change in Xim
(Table 2). Other parameters of the model, in particular the buoy-
ancy ratio and the thermal and compositional viscosity contrasts,
induce more substantial changes on the flow pattern. We now further
explore the consequences of these changes on the CMB dynamic

topography.

3.1 Buoyancy ratio

Fig. 9 shows snapshots of models with buoyancy ratio B, = 0.15
(case TC4) and B, = 0.7 (case TC6), corresponding to chemical
density contrasts of 93 and 433 kg m~3, respectively. In case TC4,
the chemical density contrast is too small to prevent strong entrain-
ment of primordial material, leading to the formation of narrow,
elevated thermochemical piles with sharp edges (Figs 9a—d). The
dynamic topography induced by these piles is strongly attenuated
compared to that of case TC1. The average depth of central depres-
sion reaches only 0.6 km, and the average height of surrounding
ridge 1.3 km (Table 2). As observed by Lassak et al. (2007), the
depressions induced by slabs are much larger, with, in case TC4,
an average depth of 11.6km. The distribution of topography is no
longer bimodal but peaks between 1.0 and 2.0 km (Fig. 10a), sim-
ilar to the distributions obtained for purely thermal cases. In case
TC6, on the contrary, the large chemical density contrast strongly
inhibits entrainment of primordial material, leading to a nearly strat-
ified system in which the core is almost fully covered by a layer of
primordial material (Figs 9e—h). Compared to case TC1, dynamic
topography is more pronounced, with average depth of depression
and height of ridge around —2.5 and 2.8 km, respectively (Table 2).
The negative CMB topography caused by slabs, on the contrary,
is attenuated, with an average depth of 4.2 km. In addition, topo-
graphic highs around the reservoir reach large values, 10 km and

more, strongly skewing the distribution of topography towards high
values (Fig. 10b).

Overall, increasing the buoyancy ratio of primordial material in-
creases the amplitude of dynamic topography generated by thermo-
chemical piles and reservoirs. Additional cases including the pPv
phase transition (cases TC4-pPv and TC6-pPv in Table 2) indicate
that this trend is not altered when pPv is present.

3.2 Thermal viscosity contrast

Thermal viscosity contrast has a strong influence on the shape
and stability of reservoirs of primordial material (Deschamps &
Tackley 2009; Li et al. 2014b). These reservoirs are hotter, and there-
fore less viscous than their surroundings. This viscosity contrast
increases with E,, which in turn reduces the mechanical coupling
of dense material and their entrainment by plumes. Figs 11(a)-
(d) show a snapshot of thermochemical case TC2 with thermal
viscosity contrast £, = 13.816, corresponding to a maximum (or
potential) bottom-to-top viscosity contrast, Anr, of 10°. Compared
to case TC1, for which E, = 20.723 and Any = 10°, the shape
and stability of the reservoirs of dense material are substantially
altered. Reservoirs have smaller length-scale, larger topography,
and sharper edges, as already observed in the simulations of Li
et al. (2014b). Changes in thermal viscosity contrast strongly af-
fect the amplitude of CMB dynamic topography beneath reservoirs.
Viscosity in reservoirs decreases with increasing thermal viscosity
contrast, leading to flatter topography (Table 2). The average depth
of depression and height of surrounding ridge are around —1.7 and
1.8 km for case TC2 (E, = 13.816), and —1.3 and 1.4 km for case
TC3 (E, = 23.026). We observe a similar effect for purely ther-
mal models, that is, the topography induced by plumes decreases
in amplitude with increasing thermal viscosity contrast (Table 2).
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Figure 7. Snapshot of a purely thermal case with post-perovskite (T1-pPv). Left and right columns show two opposite views of the same snapshot. (a,b)
Isosurface of the non-dimensional temperature for 7= 0.80. (c,d) Stability field of the post-perovskite phase. (e,f) Core-mantle boundary dynamic topography
(colour scale). The orange and blue dotted lines in plots (e) and (f) indicate the limits of the plumes and downwelling regions, respectively.
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Figure 8. Snapshot of a thermochemical case with post-perovskite (TC1-pPv). Left and right columns show two opposite views of the same snapshot. (a,b)
Isosurface of the non-dimensional temperature for 7= 0.67. (c,d) Isosurface of the composition for C = 0.5. (e,f) Stability field of the post-perovskite phase.
(g,h) Core—mantle boundary dynamic topography (colour scale). The white and blue dotted lines in plots (g) and (h) indicate the limits of the reservoirs of
dense material and of downwelling regions, respectively.
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Figure 9. Snapshots of thermochemical cases TC4 (a—d) with buoyancy ratio B = 0.15, and TC6 (e-h), with buoyancy ratio B = 0.70. Left and right columns
show two opposite views of the same snapshot. (a,b) Isosurface of the composition for C = 0.65. (¢,d) Core—mantle boundary dynamic topography (colour
scale). (e,f) Isosurface of the composition for C = 0.5. (g,h) Core—mantle boundary dynamic topography (colour scale). The white and blue dotted lines in
topography plots indicate the limits of the reservoirs of dense material and of downwelling regions, respectively. Black dotted lines in plots (c) and (d) denote
the path along which the topographic profile in Fig. 15(d) is drawn.
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Figure 10. Distribution histograms of dynamic topography at the CMB for six thermochemical cases, (a) TC4, (b) TC6, (c) TC2, (d) TC3, (e) TC7 and (f) TC9
(see Table 2 for the properties of each case). Frequency is normalized to the total area of the CMB. For convenience, histograms are truncated to the interval
[—10; 10] km, implying that topography caused by downwellings is not entirely represented.

In our models, the average elevation drops from 2.9 km for model
T2 (E, = 13.816) to 1.6km for model T3 (£, = 23.026). Inter-
estingly, in thermochemical models, reducing the thermal viscosity
contrast changes the distribution of topography. Contrary to cases
TC1 (Fig. 6b) and TC3 (Fig. 10d), the distribution of topography for
case TC2 (Fig. 10c) is not bimodal. In addition, it is slightly more
dispersed, with most of the topography being in the range —5.0 and
5.0km. Again, the addition of pPv does not modify this trend, as
indicated by comparison between cases TC1-pPv and TC2-pPv, and
T1-pPv and T2-pPv (Table 2).

3.3 Chemical viscosity contrast

Increasing the chemical viscosity ratio between primordial and reg-
ular materials, Anc, has the opposite effect to that of increasing the
thermal viscosity contrast. The shape and stability of reservoirs are
only slightly modified. Reservoirs are flatter if primordial and reg-
ular material have similar intrinsic viscosity (Anc = 1; case TC7,
Figs 11e and f) than if primordial material is more viscous (e.g. case
TC1, Figs 5c and d). The amplitude of CMB dynamic topography
beneath the reservoirs increases with increasing intrinsic viscosity.

Peak-to-peak amplitude rises from 1.8 km for case TC7 (Anc = 1)
to 3.2 km for case TC9 (Anc = 10?) (Table 2). For Anc = 1, most
of CMB topography ranges between —2.0 and 3.0 km with a peak
between 0 and —1.0 km (Fig. 10e), while for Anc = 10 or more, the
CMB topography is more dispersed and follows a bimodal distribu-
tion (Figs 6b and 10f). Finally, comparison between cases TC7 and
TC7-pPv shows that the addition of pPv does not alter the influence
of Anc.

4 COMPARISON WITH
SEISMOLOGICAL CONSTRAINTS

A key question is whether CMB dynamic topography, provided it
can be mapped from seismic data, can discriminate between purely
thermal and thermochemical models of Earth’s mantle. CMB to-
pography predicted by our models strongly differ both in amplitude
and pattern depending on the properties of each model, suggesting
that CMB topography may bring important insights on lowermost
mantle structure. Available seismic models on CMB topography,
however, are limited to long wavelengths, up to spherical harmonic
degree 4, for which purely thermal and thermochemical models
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Figure 11. Snapshots of thermochemical cases TC2 (a—d), with £, = 13.816, and TC7 (e-h), with Anc = 1. Left and right columns show two opposite views
of the same snapshot. (a,b) Isosurface of the composition for C = 0.65. (c,d) Core—mantle boundary dynamic topography (colour scale). (e,f) Isosurface of the
composition for C = 0.5. (g,h) Core—mantle boundary dynamic topography (colour scale). The white and blue dotted lines in topography plots indicate the
limits of the reservoirs of dense material and of downwelling regions, respectively.
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Table 3. Columns 2—7 list the root mean square (rms) and peak-to-peak amplitude of long-wavelength dynamic topography for four different spherical
harmonic filters. For comparison, the peak-to-peak amplitudes of CMB topography observed by Morelli & Dziewonski (1987) (MD87), Doornbos &
Hilton (1989) (DHS89), Sze & van der Hilst (2003) (SV03), Koper ef al. (2003) (KPF03), Tanaka (2010) (T10) and Koelemeijer et al. (2012) (KDT12)
are also indicated. All topographies are given in kilometres. Column 8 lists the fraction of CMB area with topography between —4.0 and 4.0 km, x4k .
Observed value is from Garcia & Souriau (2000) (GS00). The last column lists the correlation between long-wavelength (/ = 0-4) dynamic topography
and shear velocity anomalies, x ,-4mnvs, predicted by each model of convection.

Rms Peak to peak amplitude X4km X h-dInVs

1=2 =24 =04 1=2 =24 =04 =04
Run
Tl 1.3 1.3 1.6 5.1 6.6 8.5 0.94 —0.86
T2 0.7 1.9 2.1 2.0 7.1 8.7 0.89 —0.94
T3 0.8 0.9 1.2 2.7 4.1 5.8 0.95 —0.54
T1-pPv 1.3 1.3 1.5 4.5 5.9 7.7 0.91 —0.83
T2-pPv 0.8 2.1 2.3 34 9.8 11.5 0.81 —0.98
TC1 0.7 0.8 1.0 2.3 3.5 4.4 0.88 0.71
TC2 0.6 0.8 1.0 2.3 3.1 4.5 0.89 —0.13
TC3 0.7 1.2 1.3 2.9 5.7 6.7 0.92 0.33
TC4 1.1 1.2 1.6 44 54 7.6 0.89 —0.68
TCS 1.3 1.6 2.5 5.2 7.5 9.8 0.82 0.93
TC6 2.5 2.3 2.2 7.3 9.1 8.2 0.75 0.88
TC7 0.2 0.6 0.7 0.9 2.7 3.5 0.95 0.27
TC8 0.4 0.5 0.9 1.2 2.9 4.0 0.93 0.58
TC9 0.5 0.7 1.0 1.7 3.0 4.0 0.90 0.82
TC10 0.4 0.7 0.9 1.8 34 5.1 0.93 0.58
TCI11 1.0 1.2 1.5 34 5.8 6.8 0.92 0.65
TCl1-pPv 1.1 1.3 1.6 4.6 5.2 7.1 0.87 0.54
TC2-pPv 0.4 0.8 1.5 1.5 3.9 6.8 0.72 —0.29
TC4-pPv 1.1 1.2 1.5 4.8 5.6 8.6 0.89 —0.50
TC6-pPv 2.3 2.4 2.9 9.1 11.5 14.9 0.70 0.89
TC7-pPv 0.6 0.9 1.2 2.2 43 6.0 0.91 0.05
Observed
KDTI12 <5.0
T10 5.0
MD87 12.0
DHS89 8.0
SV03 4.0
KPF03 3.5
GS00 0.95

may have similar signatures (Lassak et al. 2010). In this section, we
examine more in details the long-wavelength structure of our CMB
topography models.

4.1 Amplitude: comparison with observed CMB
topography

Table 3 and Fig. 12(a) quantitatively compare CMB topography
predicted by our models with available seismological constraints
for different spherical harmonic filters. Normal modes data further
suggest that the amplitude of spherical harmonic degree / = 2 of
topography should be smaller than 5 km (Koelemeijer et al. 2012).
Our models fit this observation well (Table 3), with the notable ex-
ception of thermochemical models with very strong density contrast
(TCS5, TC6 and TC6-pPv), around 300 kg m~> and more. These later
models induce a strong chemical layering (Figs 9¢ and f) that is not
seen by seismic velocity data, and are therefore very unlikely. Note,
also, that the peak-to-peak amplitude of CMB topography predicted
by purely thermal model T1 is slightly larger than the 5 km limit sug-
gested by seismic normal modes, and that models with small density
contrast (TC4 and TC4-pPv), around 90 kg m~ and less, are close to
this limit. Several studies have attempted mapping long-wavelength
(up to spherical harmonic degree / = 4) CMB topography

(Morelli & Dziewonski 1987; Doornbos & Hilton 1989; Koper et al.
2003; Sze & van der Hilst 2003; Tanaka 2010). The resulting maps
differ strongly both in pattern and amplitude, a major difficulty be-
ing that CMB topography trades off with lowermost mantle seismic
velocity anomalies, and upper outer core structure. Studies includ-
ing all spherical harmonic degrees up to / = 4 have peak-to-peak
amplitude between 3.5 km (Koper et al. 2003) and 12 km (Morelli
& Dziewonski 1987). In general, for this spherical harmonic filter,
the dynamic topography predicted by purely thermal models or ther-
mochemical models with small density contrast have peak-to-peak
amplitude ranging from 6 km to 11 km, somewhat larger than that of
thermochemical models with moderate density contrast (from ~100
to 200 kg m™), which ranges between 3.5 and 7.5 km, depending
on input parameters (Table 3 and Fig. 12a). Using degrees / = 2 and
! = 4 only, Tanaka (2010) found a peak-to-peak amplitude of 5 km,
in fair agreement with the peak-to-peak topography predicted by
thermochemical models with moderate density contrast (between
2.5 and 5.5 km), but slightly lower than that of purely thermal mod-
els, which are around 6 km and more, except for model T3 (Table 3
and Fig. 12a).

Constraints on peak-to-peak amplitude may further be inferred
from seismic phases reflecting either on the core side or on the
mantle side. Using PKKP and PcP phases, Garcia & Souriau (2000)
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Figure 12. (a) Peak-to-peak amplitude of dynamic topography predicted by our models of convection (colour code) for three spherical harmonic filters (/ = 2,
/=2 and 4 and / = 0-4). For comparison, amplitudes observed by Morelli & Dziewonski (1987) (MD87), Doornbos & Hilton (1989) (DH89), Sze & van der
Hilst (2003) (SV03), Koper et al. (2003) (KPF03), Tanaka (2010) (T10), and Koelemeijer ez al. (2012) (KDT12) are also indicated. (b) Correlation coefficient
between long-wavelength (I = 0-4) shear-velocity anomalies and CMB dynamic topography predicted by each model of convection. See also Table 3 for

numerical values.

showed that 95 per cent of CMB topography with wavelength larger
than 300 km should be between —4.0 and 4.0 km. Our thermal and
thermochemical models are in good agreement with this observation
(Figs 6 and 10; Table 3). The fraction of CMB area with topography

ranging between —4.0 and 4.0 km calculated from unfiltered models
is higher than 85 per cent except, again, for of thermochemical
models with very large density contrast (Table 3). Importantly, the
observations of Garcia & Souriau (2000) do not rule out the presence
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Figure 13. Shear wave velocity anomalies in the lowermost mantle (2700-2891 km) (left column), CMB dynamic topography (middle column) and CMB
isostatic topography (right column) predicted by purely thermal model T1 (Fig. 4) and thermochemical models TC1 (Fig. 5), TC4 (Fig. 9a-d), and TC7
(Fig. 11e-h), filtered for spherical harmonic degrees up to / = 4. Model properties are listed in Table 2. Shear wave velocity anomalies are calculated from the
thermal and compositional fields predicted by each model using the seismic sensitivities of Deschamps et al. (2012), and are averaged out in the depth range
2700-2891 km, corresponding to the lowermost layer of Masters et al. (2000) tomographic model. For thermochemical models, primordial material is assumed
to be enriched in iron and bridgmanite by 3 per cent and 18 per cent, respectively, compared to regular (pyrolitic) material. Isostatic topography is calculated
from density anomalies averaged in the lowermost 400 km of the mantle (2591-2891 km). These density anomalies are directly estimated from the thermal and
compositional fields predicted by each model, without using seismic sensitivity. Relative density anomalies, not shown here, are fully correlated with isostatic
topography, with scaling factor between isostatic topography (in km) and relative density anomalies (in per cent), Ry, indicated at the bottom right of each plot.
Interval of contour levels are 0.5 per cent for dIn/s and 1 km for CMB topography. Root mean square (rms) of each distribution is indicated at the bottom left

of each plot.

of deep troughs associated with downwellings since, according to
our models, such features would be very localized and would cover
a small fraction of the CMB area.

Opverall, the peak-to-peak amplitude of long-wavelength dynamic
topography is unlikely to provide a clear diagnosis on the nature,
thermal or thermochemical, of the deep mantle. On average, thermo-
chemical models with density contrast in the range 100-200 kg m—3
have peak-to-peak amplitude lower than other models, but peak-to-
peak amplitude further depends on other parameters, in particular
to the sensitivity of viscosity to temperature.

4.2 Pattern: correlation between long-wavelength
topography and shear wave velocity

Lassak et al. (2010) showed that CMB dynamic topography in-
duced by purely thermal and thermochemical models of convection

strongly differs at short wavelengths, but are not substantially dif-
ferent at long wavelengths, that is, that current seismic maps of
dynamic topography, which are limited to spherical harmonic de-
gree / = 4, would be unable to discriminate between purely ther-
mal and thermochemical structures. They further pointed out that
long-wavelength topography and shear wave velocity would be an-
ticorrelated. This conclusion may however change, depending on
details of the thermochemical model. Left and middle columns
in Fig. 13 compares the long-wavelength (spherical harmonic fil-
ter / = 0-4) distributions of lowermost mantle shear wave ve-
locity anomalies and CMB dynamic topography for models T1,
TC1, TC4, and TC7 (Table 2). For each model, we calculated
shear wave velocity anomalies from the thermal and composi-
tional distributions they predict, using the approach and seismic
sensitivities described in Deschamps ef al. (2012). We then aver-
aged out these anomalies according to the radial parametrization of
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Masters et al. (2000), in which the lowermost layer samples
the depth range 2700-2891 km. Non-dimensional temperature is
rescaled with the super-adiabatic temperature jump A7s = 2500 K,
leading to rms temperature anomalies typically around —400 K and
550 K in plume and slab regions, respectively, and 450 K within ther-
mochemical reservoirs. For thermochemical models, we assumed
that the dense material is enriched in iron and bridgmanite by 3 per
cent and 18 per cent compared to regular (pyrolitic) material. For
purely thermal model T1, plumes cause slower than average seismic
velocity and positive topography. As a result, long-wavelength seis-
mic velocity anomalies and CMB dynamic topography are strongly
anticorrelated (Figs 13a and b). In thermochemical models with
small density contrast, typically ~90 kg m~ and less, as model TC4
(B, = 0.15, corresponding to Apc = 93 kg m~?) and the models of
Lassak et al. (2010), thermochemical piles induce shallow depres-
sions (Figs 9a—d). However, when filtered to long-wavelengths, to-
pography beneath piles is positive, and long-wavelengths shear wave
velocity anomalies and CMB topography are, again, strongly anti-
correlated (Figs 13g and h). CMB topography may thus be unable to
discriminate between a purely thermal and a weakly (Apc < 100 kg
m~3) thermochemical structure of the mantle. However, for larger
density contrasts, in particular model TC1 (B, = 0.23, correspond-
ing to Apc = 142 kg m~?), reservoirs of primordial material induce
slower than average shear wave velocity (because they are hotter
than average and enriched in iron), and cause a depression in the
CMB (Fig. 5). Shear wave velocity anomalies and CMB topog-
raphy are then strongly correlated (Figs 13d and e). For model
TC7, in which intrinsic viscosities of primordial and regular mate-
rial are similar (Anc = 1), the depression caused by reservoirs
of primordial material is less pronounced (Figs 11g-h), result-
ing in a poorer, but still significant correlation between the maps
of shear wave velocity anomalies and CMB dynamic topography
(Figs 13j and k). Our models are not expected to strictly re-
produce observed seismic patterns above the CMB. It is how-
ever interesting to compare long-wavelength shear wave velocity
anomalies predicted by models of convection (Fig. 13, left col-
umn) with observed tomography from model SB10L18 (Masters
et al. 2000) at z = 2790km depth (Fig. 14a). For model T1,
shear wave velocity anomalies averaged in the layer 2700-2891 km
vary in the range —0.7 to 0.7 per cent with rms amplitude
around 0.3 per cent. This is much smaller than SB10L18, which
varies between —2.5 and 1.4 per cent, with rms amplitude of 0.9
per cent. Explaining amplitudes of shear wave velocity anoma-
lies observed in SB10L18 would require much larger tempera-
ture anomalies, around £ 1200 K. In thermochemical models,
by contrast, shear-velocity anomalies have rms amplitude com-
parable to that of SB10L18. For model TCI, for instance, they
vary between —2.1 and 1.7 per cent with rms amplitude around
1.1 per cent. Shear-velocity anomalies patterns predicted by models
TC1 and TC4 are dominated by spherical harmonic degrees 2 and
3, and their power spectra are overall in good agreement with that of
SB10L18 (Fig. 14b). The pattern predicted by model TC7 is more
complex, with a strong contribution of spherical harmonic degree
4 that is not seen in SB10L18.

To quantitatively compare long-wavelength patterns of topogra-
phy and shear wave velocity predicted by models of convection,
we calculated the correlation y.4,vs between these distributions
(Table 3 and Fig. 12b). Clearly, CMB topography and shear-velocity
anomalies for purely thermal models and thermochemical mod-
els with small density contrast anticorrelate, with x;_gsmvs < —0.5,
while they correlate for most thermochemical models with moder-
ate and strong density contrast, with x;.s,vs > 0.5. Interesting
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Figure 14. Long-wavelength shear wave velocity anomalies in the lower-
most mantle. (a) Observed tomography (SB10L18, Masters et al. 2000)
filtered for spherical harmonic degrees up to / = 4. Interval of contour lev-
els is 0.5 per cent. (b) Power spectra of SB10L18 (histogram) and selected
models shown in Fig. 13 (colour code) up to spherical harmonic degree
1=28.

exceptions are cases with moderate thermal viscosity contrast
(Ant = 10% TC2 and TC2-pPv), for which CMB topography and
shear-velocity anomalies are de-correlated or slightly anticorrelated,
and, again, models with no chemical viscosity contrast (Anc = 1;
TC?7), for which distributions of topography and shear-velocity are
only slightly correlated.

These results suggest that long-wavelength CMB dynamic topog-
raphy potentially provides a test to discriminate between purely ther-
mal models of lower mantle and thermochemical models in which
LLSVPs consist of material substantially denser (Apc > 100 kg
m~3, i.e. ~1.8 per cent of PREM and more) and intrinsically more
viscous than the surrounding mantle. Interestingly, Tanaka (2010)
found depressions of ~2 km deep beneath Africa and the Pacific,
that is, fairly correlated with LLSVPs. If correct, and following our
models, this would support the hypothesis that LLSVPs are ther-
mochemical structures denser than the surrounding mantle, with
density contrast typically in the range 100-200 kg m~>. This sce-
nario is further supported by available estimates of chemical den-
sity anomalies (Trampert et al. 2004; Mosca et al. 2012), which
have a peak-to-peak amplitude around 2.0-3.0 per cent. In addi-
tion, because primordial material may be enriched in bridgmanite
(Trampert et al. 2004; Mosca et al. 2012), which is more viscous
than ferro-periclase by up to 3 orders of magnitude (Yamazaki &
Karato 2001), LLSVPs may be intrinsically more viscous than the
surrounding mantle. Other models of CMB topography, however,
do not observe clear correlation or anticorrelation between shear-
velocity and CMB topography patterns. For instance, the topography
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observed by Doornbos & Hilton (1989) is dominated by spherical
harmonic degree 1 with a depression beneath India and a topo-
graphic high beneath Western Europe and Africa, while the pattern
obtained by Morelli & Dziewonski (1987) is more complex, with
topographic highs beneath South Indian Ocean, Northern Atlantic
and Northern Pacific.

Soldati et al. (2012) performed inversion of P-wave data and
reflected seismic phases (PcP and PKP) jointly for compressional
velocity anomalies and CMB topography, using a geodynamically
constrained method. More precisely, density anomalies were scaled
with seismic velocity anomalies and combined with CMB topogra-
phy kernels calculated using a spectral method (e.g. Forte & Peltier
1991). Resulting CMB topography maps have peak-to-peak am-
plitude around 8 km, and are fairly anticorrelated with compres-
sional velocity maps above the CMB. In particular, LLSVPs are
associated with topography highs with strong positive topography
of up to about 5 km, beneath the central Pacific and southern tip of
Africa. It has further been pointed out that CMB topography models
inferred from geodynamically constrained tomography fit normal
mode constraints better than models deduced directly from seismic
tomography (Soldati ez al. 2013). It should be noted, however, that
the approach used by Soldati ef al. (2012) implicitly assumes that
chemical anomalies are small, and that they are, at a given depth,
fully correlated with seismic velocity anomalies. Furthermore it
does not account for lateral variations in viscosity (e.g. related to
variations in temperature), which, as illustrated by our calculations
and those of Lassak et al. (2010), may substantially affect the am-
plitude of topography.

5 DISCUSSION

Our calculations show strong differences between the CMB dy-
namic topographies induced by purely thermal and thermochemical
models of convection. In purely thermal models plumes elevate the
CMB, while hot thermochemical piles depress it. In both cases, in-
creasing the thermal viscosity contrast decreases the amplitude of
CMB topography. In thermochemical models, the buoyancy ratio,
measuring the density contrast between primordial and regular ma-
terial, and the thermal and compositional viscosity contrasts further
affect the shape and stability of reservoirs of primordial material,
and the amplitude of dynamic topography, as sketched in plots ¢ and
d of Fig. 1. Increasing the chemical density contrast and viscosity
ratio enhances the depression beneath reservoirs.

5.1 Influence of post-perovskite

Our calculations further indicate that the presence of pPv at the
bottom of the mantle does not substantially influence the dynamic
topography. All other parameters being the same, the presence of
pPv slightly modifies the amplitude of topography, but the effects
due to varying one specific parameter are unchanged. This conclu-
sion assumes that the viscosity of pPv is similar or close to that of
bridgmanite. If, in contrast, and as suggested by ab initio calcula-
tions (Ammann et al. 2010), pPv is less viscous than bridgmanite
by two to three orders of magnitude, dynamic topography may be
strongly altered. Both the numerical models of Yoshida (2008) and
the CMB maps of Soldati et al. (2012) report a strong attenua-
tion of CMB topography when a low viscosity layer is imposed in
the lowermost 200 km of the mantle completely surrounding the
core. In our models, the pPv stability region does not cover the en-
tire core surface, but forms discontinuous patches located outside
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plume clusters and, in the thermochemical cases, outside reservoirs
of primordial material. In these regions, and if pPv is much less
viscous than bridgmanite, CMB topography may thus flatten out
compared to that found in our models.

5.2 Comparison with previous models

Our models are in overall agreement with those of Lassak ef al.
(2010). In particular, the influences of buoyancy ratio and thermal
viscosity contrast on CMB topography they observed are similar to
what we see in our simulations. Note, however, that due to differ-
ent choices of the super-adiabatic temperature jump and reference
thermal expansion (Table 1), and of a different definition of the
buoyancy ratio (eq. 1), the chemical density contrast at the bottom
of the system for a given value of buoyancy ratio is much larger in
our models. For instance, in the models of Lassak et al. (2010) with
B = 0.6 it is around 60 kg m~> (1 per cent of PREM), whereas in
our models with B, = 0.23 it reaches 142 kg m=3 (2.5 per cent of
PREM). As a result, in model TC7 thermochemical reservoirs in-
duce a 0.7 km deep depression in dynamic topography (Figs 8e-h),
and a plateau with low elevation in Lassak ef al. (2010) models. In
model TC1 (Fig. 5), this trend is amplified by the fact that primor-
dial material is intrinsically more viscous than the regular material
by a factor 30, which deepens the depression beneath reservoirs of
primordial material.

To investigate the influence of LLSVPs on dynamic topography,
Yoshida (2008) ran models of convection in which density anoma-
lies are scaled from seismic tomography model SMEAN (Becker
& Boschi 2002), and arrived at similar conclusions regarding the
effect of the chemical density contrast. In purely thermal models,
LLSVPs result in positive topography of ~5 km. Models assuming
piles denser by 1 per cent lead to a relatively flat positive topography
beneath LLSVPs, while a larger density contrast (2 per cent) causes
relatively flat topography with local depressions ~2 km deep, not
unlike our model TC7. Interestingly, this negative topography flat-
tens out when the viscosity of the lowermost mantle is decreased by
one or two orders of magnitude. Note, however, that Yoshida (2008)
did not run models in which LLSVP viscosity is intrinsically dif-
ferent from that of surrounding material.

5.3 Predicted isostatic topography

A recent analysis of Stoneley mode splitting data, which are sensi-
tive to the lowermost mantle structure, indicates that LLSVPs might
be lighter than surrounding mantle (Koelemeijer ez al. 2017), in con-
tradiction with earlier normal mode studies (Ishii & Tromp 1999;
Trampert et al. 2004; Mosca et al. 2012). Stoneley mode are further
sensitive to CMB topography, and density estimates thus trade-off
with this topography. Assuming that long-wavelength (>1000 km)
CMB topography is due to isostatic compensation, Koelemeijer
et al. (2017) found that, for degree 2, their data set is best fitted if
LLSVPs are lighter than PREM by about 1.4 per cent and CMB
is elevated by about 1km. For degrees 4 and 6, best fits are, by
contrast, obtained for LLSVPs denser than average mantle by about
2.5 per cent and a CMB depressed by 1-5 km. When all structural
degrees are taken into account, light LLSVPs with CMB topography
around 1 km or more are again preferred, but the overall fit is much
reduced. In addition, when accounting for seismic normal modes
used in previous studies, density models do not have preference
for denser or lighter LLSVPs. Finally, it should be kept in mind
that splitting data are based on the self-coupling approximation
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(Woodhouse & Girnius 1982), which might bias the inference of
density structure (Al-Attar ef al. 2012; Yang & Tromp 2015).
Lateral variations in temperature and composition predicted by
our models can be used to estimate lateral density anomalies and
reconstruct CMB isostatic topography. For purely thermal models,
one expects that CMB dynamic and isostatic topographies have
similar trends. On the contrary, because thermochemical piles and
reservoirs are hotter than average, patterns of dynamic and iso-
static topographies may differ substantially, in particular for low
buoyancy ratio. Right column in Fig. 13 plots CMB isostatic topog-
raphy estimated from density anomalies averaged in the lowermost
400 km of the mantle for models T1, TC1, TC4 and TC7. Den-
sity anomalies, not shown here, are, by definition, fully correlated
with isostatic topography, with scaling factor between topography
(in km) and relative density anomalies (in per cent) around —0.27
(the exact value of this scaling factor depends on the average den-
sity in the lowermost 400 km layer, which is very similar for all
4 models shown here). For the calculation of density anomalies,
temperature anomalies are rescaled with the super adiabatic tem-
perature jump, and thermal expansion and density are rescaled with
their surface values (Table 1). Reference density and thermal ex-
pansion vary as indicated in Fig. 2, and density anomalies are cal-
culated with respect to horizontal average (which is different and
usually higher than the reference density). For comparison with the
dynamic topography shown in the middle column of Fig. 13, we
filtered density anomalies and isostatic topography for spherical
harmonic degrees / = 0—4. For purely thermal model T1, isostatic
topography has a pattern similar to that of dynamic topography, but
its amplitude is smaller by about a factor 4. Within plume regions,
the average filtered density anomaly and isostatic topography are
—0.1 per cent and 0.4 km (Fig. 13c), respectively, and are thus con-
sistent with Stoneley mode splitting measurements of Koelmeijer
et al. (2017). In thermochemical models, thermal effects alter the
effective density within reservoirs and piles of dense material. For
small density contrast, as in model TC4 (Fig. 13i), thermal effects
nearly compensate chemical effects within piles, leading to aver-
age density anomaly and isostatic topography of about 0.3 per cent
and — 1.0 km, respectively. For larger density contrast, as in models
TC1 and TC7, density anomalies within piles are still dominated by
chemical effects, resulting in relatively large isostatic topographies
(Figs 13f and 1). For instance, in model TC1, density anomalies
within thermochemical reservoirs and isostatic topography beneath
them are equal to 0.8 per cent and —3.2 km on average. Such reser-
voirs provide poorer fit to Koelemeijer e al. (2017) observations
than light elevated plume clusters in purely thermal models, but are
still in reasonable agreement with these data (see their fig. 3 for
Ry = —0.6 and H = —5, corresponding to LLSVP total density
anomaly of 0.8 per cent and isostatic topography of —2.5 km).
Isostatic topography at CMB may be considered as a first order
estimate of CMB topography, taking into account only the effects
of hydrostatic pressure. Dynamic topography further accounts for
stresses related to mantle flow, in particular slab pushing or plume
pulling. This appears very clearly when comparing middle and right
columns in Fig. 13. For instance, in case T1, hot, lighter plumes
induce positive isostatic topography. They further pull the CMB
upwards, thus increasing CMB topography. As a result, compared
to isostatic topography (Fig. 13c), dynamic topography has a sim-
ilar pattern, but more amplitude (Fig. 13b). For thermochemical
cases, dynamical and isostatic effects are opposing each other. Dy-
namic and isostatic topographies have slightly different patterns,
and depressions beneath thermochemical reservoirs are shallower
in dynamic topography (compare, for instance, Figs 13e and f for

case TC1). Note that for small chemical density contrasts, as in case
TC4, dynamic effects lead to very shallow depressions (Fig. 9c), and
when filtered for long-wavelengths, dynamic topography beneath
thermochemical piles is positive (Fig. 13h). Because it accounts for
dynamics effects related to mantle flow, we expect dynamic topogra-
phy to provide a better description of CMB topography than isostatic
topography does. Interestingly, in dynamic topography predicted by
case TC1 and filtered with / = 0—4, the depth of the depressions be-
neath thermochemical reservoirs is on average —1.0 km (Fig. 13e),
which still reasonably fits Stoneley mode observations.

5.4 CMB excess ellipticity

An important constraint on dynamic topography is provided by the
excess ellipticity of the CMB, that is, its spherical harmonic degree
/ = 2 and order m = 0 term (Y2). This excess can be deduced
from Very Long Baseline Interferometry (VLBI) measurements of
the retrograde annual nutation of the Earth’s rotation axis. More
precisely, the period of the free core nutation (FCN) depends on the
CMB dynamic flattening, er, and the resonance between FCN and
retrograde annual nutation increases the amplitude of this annual
nutation. The FCN period deduced from VLBI data, first measured
by Gwinn et al. (1986), indicates that the CMB dynamical flatten-
ing is larger than the value expected for a hydrostatic Earth, with an
excess dynamical flattening of 5 per cent. Assuming that this flat-
tening is due to a homogeneous non-hydrostatic layer at the top of
the outer core, it can be interpreted as an excess difference between
the equatorial and polar radii of the CMB of 490 £ 110 m. Taking
into account more complexities, including ocean tides, electromag-
netic coupling between core and mantle, and anelastic effects in the
mantle, Mathews et al. (2002) found a slightly smaller excess, of
~390 m, corresponding to an excess CMB dynamical flattening of
3.8 per cent. This excess of CMB ellipticity is usually attributed
to mantle dynamics (Gwinn et al. 1986; Forte et al. 1995; Lumb
et al. 1995). Our models do not define a polar axis and associated
equatorial plane that would allow the calculation of excess CMB
ellipticity. Nonetheless, one may point out that excess CMB ellip-
ticity would be difficult to reconcile with large, deep depressions
in CMB dynamic topography, as those predicted in model TC1
(B, = 0.23 and Anc = 30), located along the equator. This prob-
lem may be solved in models with a slightly lower buoyancy ratio,
around B, = 0.2 (Apc = 124 kg m~?), which is still consistent with
density anomalies observed in the lowermost mantle (Trampert et al.
2004; Mosca et al. 2012), and/or lower chemical density contrast
(typically, Anc around 10 and less). In these models, the depres-
sions associated with reservoirs of primordial material are much
attenuated, as illustrated by model TC7, and would therefore have
a limited influence on excess CMB ellipticity. Interestingly, such
models still predict long-wavelength topographies that are distinct
from those obtained for purely thermal convection (Fig. 13), with,
for models with Anc around 10 a correlation with shear wave ve-
locity anomalies that is still important (around 0.6 for model TCS).
In addition, the link between dynamic topography and observed
excess ellipticity may be affected by other factors. First, it should
be kept in mind that the period of the FCN constrains the dynamic
flattening, and that interpreting this flattening in terms of geometric
flattening requires the prescription of a non-hydrostatic layer at the
top of the outer core, with thickness and density as free parame-
ters. Moreover, it has been pointed out that other components of
CMB topography than its Y5, term may influence the period of the
FCN (Wu & Wahr 1997), and therefore the VLBI measurements
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Figure 15. Topographic profiles along different great circles for (a,b) model T1 (Fig. 4), (c) model TC1 (Fig. 5), and (d) model TC4 (Figs 9a—d). Note that the
scale of the vertical axis is exaggerated by about a factor 115 compared to that of the horizontal axis, that is, profiles appear much steeper than in real data.

and the estimates of the excess CMB ellipticity inferred from them.
Finally, gravitational and viscous couplings between specific mantle
structures (e.g. LLSVPs) and the core may also affect the period of
the FCN. For instance, a recent study (Chao 2017) showed that the
6 yr periodic variations of the length of the day are well explained
by gravitational coupling between the inner core and the lowermost
mantle. Interestingly, this coupling implies mass excess in regions
overlapping LLSVPs (Ding & Chao, submitted), thus contradicting
the Stoneley mode analysis of Koelemeijer et al. (2017), but sup-
porting earlier normal mode studies (Ishii & Tromp 1999; Trampert
et al. 2004; Mosca et al. 2012). The effect of this coupling on the
period of the FCN, however, remains to be investigated.

5.5 Implications for core dynamics

Another interesting question that remains to be investigated is the
effect of dynamic topography on outer core flow. Calkins et al.
(2012) run core flow models in cylindrical geometry with ridges
(i.e. trenches on the mantle side) of Gaussian shape, and found that
this topography results in stationary Rossby waves, which, in turn,
increase the strength of the zonal flow and induce flow structures
that remain fixed relative to the mantle. More recently, Tarduno
et al. (2015) suggested that a step-like topography in CMB due to
the African LLSVP could induce upwellings at the top of the core

beneath the south of Africa, resulting in reversed magnetic flux at
the CMB and persistent low magnetic field at the surface of the
Earth. The gradient topography predicted by our models are rather
modest, as illustrated in Fig. 15 (note that the scale of vertical axis is
exaggerated by about a factor 115 compared to that of the horizon-
tal axis). For instance, the positive topography induced by plume
cluster in model T1 gently increases up to its culminating point
(Fig. 15a). The depressions induced by thermochemical reservoirs
in model TC1 are flat with marked slopes on their edges, but the gra-
dient of these slopes are typically around 24 m km~! (Fig. 15c).
In models with small chemical density contrast, the depressions
induced by piles are attenuated and much shallower than the nega-
tive topography beneath slabs (Fig. 15d). Slabs induce deeper and
steeper depressions on more localised areas, but again, topographic
gradients remain limited, up to 15 m km~! (Fig. 15b). Thus, if CMB
topography of real Earth is well described by the dynamic topogra-
phy predicted by our models, it may have a limited influence on the
outer core flow.

6 CONCLUSIONS

We calculated the dynamic topography at CMB induced by differ-
ent models of mantle convection, and investigated the influence of
important input parameters of these models. In all models, cold
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downwellings, modelling slabs, induce very deep, but local depres-
sions. In purely thermal models, plumes or plume clusters induce
positive topography that decreases in amplitude as the thermal vis-
cosity ratio increases. For moderate buoyancy ratios, corresponding
to compositional density contrast (Apc) in the range 100-200 kg
m™3, consistent with estimates of chemical density anomalies in the
lowermost mantle (Trampert ef al. 2004; Mosca et al. 2012), large,
stable reservoirs of primordial material are generated. In their in-
teriors, these reservoirs cause depressions in the CMB topography,
surrounded by a ridge at their edges. The depth of the depressions
and the height of the ridges increase with increasing A pc and chem-
ical viscosity contrast (Anc). The presence of the pPv phase at the
bottom of the mantle does not alter these conclusions, provided that
the viscosity of pPv is similar to that of bridgmanite. If, in contrast,
pPv viscosity is lower by 2 orders of magnitude or more (Amman
et al. 2010), the CMB topography may substantially flatten out,
as suggested by models in which a weak (low viscosity) layer is
imposed at the bottom of the mantle (Yoshida 2008; Soldati et al.
2012). Additional calculations are, however, needed to determine
the influence of discontinuous patches of weak pPv, as those ob-
tained in models T1-pPv (Figs 7c and d) and TC1-pPv (Figs 8e
and f).

The peak-to-peak amplitude of CMB dynamic topography pre-
dicted by our models for different spherical harmonic filters is com-
parable to that estimated by available seismic constraints on CMB
topography. Purely thermal models usually have larger amplitude
than thermochemical models with similar properties, and for spher-
ical harmonic filters including degree / = 2 and degrees / = 2
and / = 4, the amplitude predicted by purely thermal models is
overall slightly larger than the maximum amplitude estimated from
seismic data. Because it is sensitive to other model parameters,
peak-to-peak amplitude alone is however unlikely to discriminate
between purely thermal and thermochemical structures of lower
mantle. On another hand, a comparison between long-wavelength
patterns of shear wave velocity anomalies and topography may pro-
vide important clues. The positive topography induced by plumes,
when filtered to long wavelengths, anticorrelates with shear wave
velocity anomalies induced by the thermal field. By contrast, for
thermochemical models, long-wavelength CMB topography corre-
lates well with seismic velocity anomalies for models with Apc
around 140 kg m~> or more and intrinsically more viscous primor-
dial material (Anc > 1). Shear wave velocity and CMB topography
maps progressively decorrelate with decreasing A pc or decreasing
Anc, and for Apc around 90 kg m~> and less, CMB topography
and shear wave velocity anticorrelates, as for purely thermal cases.
Long-wavelength pattern of CMB topography, provided they can
be measured accurately, therefore provides a potential constraint to
discriminate between different possible thermochemical structures
of lowermost mantle.
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