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Abstract. The heat flux across the core-mantle bound-
ary (CMB) is a fundamental variable for Earth evolution
and internal dynamics. Seismic tomography provides access
to seismic heterogeneities in the lower mantle, which can
be related to present-day thermal heterogeneities. Alterna-
tively, mantle convection models can be used to either infer
past CMB heat flux or to produce statistically realistic CMB
heat flux patterns in self-consistent models. Mantle dynamics
modifies the inertia tensor of the Earth, which implies a rota-
tion of the Earth with respect to its spin axis, a phenomenon
called true polar wander (TPW). This rotation must be taken
into account to link the dynamics of the mantle to the dy-
namics of the core. In this study, we explore the impact of
TPW on the CMB heat flux over long timescales ( ~ 1 Gyr)
using two recently published mantle convection models: one
model driven by a plate reconstruction and a second that self-
consistently produces a plate-like behaviour. We compute the
geoid in both models to correct for TPW. In the plate-driven
model, we compute a total geoid and a geoid in which lat-
eral variations of viscosity and density are suppressed above
350km depth. An alternative to TPW correction is used for
the plate-driven model by simply repositioning the model in
the original paleomagnetic reference frame of the plate re-
construction. The average TPW rates range between 0.4 and
1.8°Myr~!, but peaks up to 10° Myr~! are observed. We find
that in the plate-driven mantle convection model used in this
study, the maximum inertia axis produced by the model does
not show a long-term consistency with the position of the
magnetic dipole inferred from paleomagnetism. TPW plays

an important role in redistributing the CMB heat flux, notably
at short timescales (< 10 Myr). Those rapid variations mod-
ify the latitudinal distribution of the CMB heat flux, which is
known to affect the stability of the magnetic dipole in geo-
dynamo simulations. A principal component analysis (PCA)
is computed to obtain the dominant CMB heat flux pattern
in the different cases. These heat flux patterns are represen-
tative of the mantle convection cases studied here and can be
used as boundary conditions for geodynamo models.

1 Introduction

Temperature heterogeneities in the lower mantle impose a
heterogeneous heat flux at the top of the core, across the
core—mantle boundary (CMB). This CMB heat flux is an im-
portant variable of Earth’s thermal evolution and dynamics,
especially for core convection and the geodynamo. The mean
CMB heat flux controls the core cooling rate, which deter-
mines the power available for the geodynamo. Both the CMB
heat flux mean value and lateral variations affect dynamo
behaviour in numerical simulations, with strong effects on
magnetic reversal frequency and on the angle between spin
and magnetic dipole axes (Glatzmaier et al., 1999; Kutzner
and Christensen, 2004; Olson et al., 2010). Large heat flux
heterogeneities can even prevent dynamo action (Olson and
Christensen, 2002). It is therefore important to evaluate what
could be the evolution of the CMB heat flux on geologic
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timescales in order to assess consequences for the geody-
namo.

Because viscosity is much larger in Earth’s mantle than in
Earth’s outer core, the CMB is an isothermal boundary for
the mantle, while the core sees the CMB as an imposed lat-
erally varying heat flux. This heat flux changes on mantle
convection timescales, which are much larger than core dy-
namics timescales. Our understanding of the CMB heat flux,
and notably its spatial distribution, depends on our knowl-
edge of lower-mantle structure and dynamics. Seismic to-
mography offers a view of the lowermost mantle, revealing
more and more complex structures (e.g. Dziewonski et al.,
1977; Lay and Helmberger, 1983; Garnero and Helmberger,
1995; Su and Dziewonski, 1997; Durand et al., 2017, see Rit-
sema and Leki¢, 2020, for a review). Around the Equator,
two antipodal large low-velocity provinces (LLVPs) are par-
ticularly conspicuous and are interpreted as thermochemical
piles (Garnero and McNamara, 2008). They form a charac-
teristic structure dominated by spherical harmonic degree 2.
LLVPs are correlated with the degree 2 geoid, with positive
geoid anomalies being observed over each LLVP (Dziewon-
ski et al., 1977). Recent works suggest a chemically distinct
composition at the base of these structures, stabilizing them
by imposing a negative buoyancy (Richards et al., 2023).
Such stable structures in the lower mantle would act as a
thermal insulator for the core and have significant implica-
tions for the CMB heat flux (Nakagawa and Tackley, 2008;
Liu and Zhong, 2015). At scales too small to be resolved
in global tomographic models, ultralow-velocity zones (UL-
VZs) have also been observed using dedicated approaches
(e.g. Garnero and Helmberger, 1995; Rost et al., 2005). De-
spite these improvements, it is still difficult to have a clear
view of the CMB heat flux pattern. Thermal and chemical ef-
fects are notably difficult to distinguish in tomographic mod-
els (Trampert, 2004; Mosca et al., 2012), which only provide
a present-day snapshot of Earth’s history.

Records of eruption sites of hotspots suggest that LLVPs
could have remained fixed for the past 300 Myr at least
(Burke et al., 2008; Torsvik et al., 2010; Dziewonski et al.,
2010), providing a stable large-scale heat flux pattern through
time. This view of stable LLVPs has, however, been chal-
lenged by recent seismic tomography models (Davaille and
Romanowicz, 2020) and mantle flow reconstructions (Fla-
ment et al., 2022). Past CMB heat flux estimates have been
obtained from reconstructions of mantle flow driven by ob-
served plate motions for the past 450 Myr (Zhang and Zhong,
2011; Olson et al., 2015) and more recently for the past 1 Gyr
(Flament et al., 2022). These models show that the CMB heat
flux pattern is governed by plate motion through subducted
slabs, which cool the lower mantle. Large lowermost-mantle
chemical piles stay warmer than the surrounding mantle,
thereby increasing overall lateral heterogeneities of CMB
heat flux. CMB heat flux reconstructions can thus be used
to constrain core evolution and magnetic field generation. Ol-
son et al. (2015) used a plate-driven mantle convection model
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to drive a thermal evolution model of the core, while Zhang
and Zhong (2011) found equatorial heat flux minima around
170 and 100 Myr ago, which coincide with Kiaman and Cre-
taceous magnetic superchrons, respectively.

These models are useful to explore the past of mantle con-
vection. They are, however, limited by the accuracy of plate
reconstructions, which remain poorly constrained before the
assembly of Pangea (Miiller et al., 2022; Seton et al., 2023).
Alternatively, CMB heat flux estimates can be obtained from
self-consistent models, without prescribed surface velocities
(Liu and Zhong, 2015; Coltice et al., 2019). This approach
is less “Earth-like” than models with prescribed plate motion
in that it does not aim to reproduce Earth’s actual past. How-
ever, it makes it possible to obtain statistically realistic in-
formation on mantle convection depending on input parame-
ters. Using this kind of model, Nakagawa and Tackley (2008)
notably showed that lateral variations in the CMB heat flux
could be as large as the mean CMB heat flux.

Earth’s spin plays a crucial role in core dynamics. If we
are to explore the impact of realistic CMB heat flux patterns
on the geodynamo, it is essential that these patterns be pro-
duced in a reference frame that preserves the spin axis. Man-
tle convection simulations do not depend on the position of
Earth’s spin axis since rotational forces are negligible in the
mantle, and surface and CMB boundary conditions are not
affected by a global rotation of the mantle with respect to
its spin axis. However, mass redistribution and boundary to-
pographies caused by convection modify the moments of in-
ertia of the mantle (Munk and MacDonald, 1960; Phillips
et al., 2009), which can be obtained from the degree 2 coef-
ficients of the geoid (Schaber et al., 2009). The mantle there-
fore rotates in order to keep its axis of greatest inertia along
the spin axis (Goldreich and Toomre, 1969). This is called
true polar wander (TPW). This TPW is usually not consid-
ered in mantle convection models, which means that the z
axis of the reference frames of the models is not aligned with
the Earth’s spin axis. The TPW can, however, be obtained
in the models by computing the inertia tensor of the man-
tle. TPW emerging from mantle convection models has no-
tably been studied to retrieve the past track of the spin axis
(Steinberger and O’Connell, 1997; Schaber et al., 2009) or
to investigate the link between supercontinents and TPW in
mantle convection models (Zhong et al., 2007; Phillips et al.,
2009). Using this computed TPW, it is possible to rotate the
model outputs so that the maximum inertia axis stays aligned
with a fixed spin axis. This method is the only way to repo-
sition the model in the reference frame of the spin axis in
self-consistent models. TPW can also be corrected using this
method in plate-driven models. In this case, however, the past
locations of continents can also be used to constrain the posi-
tion of the mantle relative to the spin axis. If the plate recon-
struction is in a paleomagnetic reference frame, the latitudes
of continents relative to the spin axis are fixed and no cor-
rection is required. Despite this advantage, plate reconstruc-
tions in a paleomagnetic reference frame can be problem-
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atic when used as boundary conditions in mantle convection
models because they include a significant amount of net ro-
tation (Miiller et al., 2022). Plate-driven mantle convection
models thus classically use plate reconstructions placed in a
mantle reference frame following various methods (Coltice
et al., 2017; Cao et al., 2021; Miiller et al., 2022; Flament
et al., 2022). In this framework, only the present-day conti-
nent distributions are consistent with the position of the spin
axis, and the previous positions of the spin axis are lost.

This work aims at describing the CMB heat flux produced
by two up-to-date mantle convection models in the reference
frame relevant for core dynamics. One of these models is
driven by a plate reconstruction (Miiller et al., 2022), while
the other one is entirely self-consistent and free to evolve
(Coltice et al., 2019). For each model, we notably provide
representative CMB heat flux maps that can be used in geo-
dynamo simulations. These maps are obtained using a prin-
cipal component analysis (PCA), which brings out dominant
CMB heat flux patterns. We extract CMB heat flux and geoid
from the two different mantle convection models, compute
TPW from the degree two of the geoid, and rotate the simu-
lation frame accordingly to position CMB heat flux maps in
the reference frame relevant to core dynamics. For the plate-
driven mantle convection model, an alternative correction is
performed by rotating the model in the paleomagnetic refer-
ence frame of the plate reconstruction. This alternative cor-
rection is similar to what was done by Dannberg et al. (2024),
i.e. running the mantle convection model using the plate re-
construction of Merdith et al. (2021) in the paleomagnetic
reference frame (PMAG case in Miiller et al., 2022). Sec-
tion 2 describes the methods used for the successive steps of
the analysis. Results are presented in Sect. 3 and discussed in
Sect. 4. We conclude in Sect. 5.

2 Methods
2.1 3D mantle convection models

Our study rests upon an analysis of two published 3D mantle
convection simulations. Both models simulate mantle con-
vection in a 3D spherical shell including tectonic plates at the
surface and chemical piles at the bottom. They differ, how-
ever, in the way plate tectonics is handled. The first model
(similar to case NNR of Miiller et al., 2022), named MF in
the following, is driven by plates with structure and kinemat-
ics derived from geological observations. This model thus
aims at reproducing the actual history of Earth’s mantle con-
vection using constraints from surface kinematics and the po-
sition of subduction zones. The second model (Coltice et al.,
2019), named MC in the following, produces a plate-like
behaviour without imposing any surface kinematics. Plate-
like structures and subduction zones are obtained in a fully
self-consistent way using a pseudo-plastic rheology and a
strongly temperature-dependent viscosity. This model does
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not aim to reproduce the actual past or future history of man-
tle convection. Instead, it provides an alternative convection
history with statistically realistic parameters. The following
paragraphs describe the characteristics of the models relevant
for this study.

2.1.1 MF model

Model MF was computed using the code CitcomS (Zhong
et al., 2008; Bower et al., 2015) under the extended Boussi-
nesq approximation. The model is driven at the surface by
imposing plate velocities, the positions of subduction zones,
and the age of the oceanic lithosphere. These constraints are
taken from the plate reconstruction of Merdith et al. (2021)
expressed in the no-net-rotation reference frame as in Miiller
et al. (2022). This no-net-rotation reference frame only dif-
fers from the original paleomagnetic reference frame of the
plate reconstruction by net global rotations of the surface.
The model is initialized at 1.25 Gyr ago (Ga) with a 250 Myr
warm-up phase during which tectonic velocities, subduc-
tion zone positions, and lithospheric ages are derived from
the tectonic reconstruction at 1 Ga. The initial condition at
1.25 Ga consisted of slabs inserted down to 1000 km depth
and a 113 km thick basal layer of material with excess den-
sity §pp = 95.2kg m 3. The continents have a density deficit
of 8pc = —140kg m~3 on average (Flament et al., 2014). Af-
ter the warm-up phase, surface boundary conditions are up-
dated in 1-million-year increments with linear interpolation
at each numerical time step. The model is similar to case
NNR of Miiller et al. (2022), with differences listed below.
The Rayleigh number (based on the thickness of the man-
tle) is equal to 108 with an internal heating rate of 30 TW.
The excess density of the basal layer was 80,/ 0100 = 1.7 %,
where p10o = 5546 kg m~3 is the average density in the bot-
tom 100 km of the mantle in the Preliminary Reference Earth
Model (PREM) (Dziewonski and Anderson, 1981). Phase
changes are considered at depths of 410, 670, and 2740 km
and assumed to occur over a 40 km depth range. At 410 km
depth, the density change is 3 % of ambient mantle density
and the Clapeyron slope is equal to 4 MPa ~! (Billen, 2008,
and references therein). At 670 km depth, the density change
is 7% of ambient mantle density and the Clapeyron slope
is —2MPaK™! (Billen, 2008, and references therein). At
2740 km depth, the density change is 1.1 % of ambient man-
tle density and the Clapeyron slope is 12MPaK~! (Naka-
gawa and Tackley, 2014).

This model predicts CMB heat flux based on a reconstruc-
tion of past positions of tectonic plates and associated mantle
flow. The evolution of the thermochemical basal boundary
layer is dictated by subducting slabs, which are introduced
at the surface following the plate model. Heat flux patterns
are thus directly related to the past 1 Gyr of mantle convec-
tion history, which depends on the plate tectonic reconstruc-
tion imposed as a surface boundary condition. Whilst the
past 200 Myr are well constrained, notably from magnetic
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anomalies and hotspot tracks preserved in the oceanic crust,
plate motions are more uncertain for earlier geological times.
The advantages of model MF are that it generally matches
the present-day structure of the mantle (Flament et al., 2022;
Miiller et al., 2022) and is designed to reconstruct Earth’s
mantle convection based on available constraints.

2.1.2 MC model

Model MC reproduces in total 1131 Myr of mantle evolution
using the code StagYY in a 3D yin—yang geometry (Tack-
ley, 2008) and under the Boussinesq approximation. This
model has been set up to reproduce Earth-like mantle convec-
tion features, with particular attention to plate-like behaviour.
Coltice et al. (2019) presented results from this model fo-
cusing on plate tectonics. Here, we use the same model to
study the CMB heat flux. At the base of the mantle, chemical
piles are modelled as a material denser than the surrounding
mantle. Continents are modelled as a compositionally dis-
tinct material that is less dense and more viscous than the
ambient mantle, with 200 km thick interiors and 125 km thick
rims. The reference density pg and viscosity 1o have dimen-
sional values 4000kgm—> and 10?2 Pas, respectively. The
negative compositional density anomaly inside continents is
8pe = —225kgm™3, and the compositional density excess
in basal piles is § o, = 137 kg m~3. The dimensional internal
heating rate is 33 TW.

The initial state of the simulation is an equilibrated mantle
circulation obtained with two fixed antipodal 500 km thick
chemical piles around the Equator and fixed continents as-
sembled in a Pangea-like supercontinent placed above the
“Atlantic” pile. At the start of the simulation, continents and
piles are allowed to move freely. The relaxation to a new sta-
tistically steady state takes about 300 Myr. The first 300 Myr
are thus not considered in the following analysis.

In contrast with model MF, plate kinematics are not
imposed in this model. A plate-like behaviour is self-
consistently produced using a pseudo-plastic rheology and
a temperature-dependent viscosity (Tackley, 2000a, b). An
uppermost 14 km thick weak layer in oceanic regions makes
it possible to obtain asymmetric subduction zones (Crameri
et al., 2012). Model MC reproduces a statistically realistic
mantle convection that fits the observations of global features
(plate dimensions and velocities, surface heat flux, hypsome-
try, plume buoyancy flux) as well as local features (continen-
tal breakup, rifting, back-arc extension, mantle plumes) as
shown in Coltice et al. (2019). The extreme temperature de-
pendence of viscosity in the model gives rise to plumes that
display kinematic, thermal, and buoyancy properties similar
to Earth’s plumes (Arnould et al., 2020).

Regarding the objective of this work, the main advantages
of model MC are the Earth-likeness of surface processes and
its long time evolution. It captures the effect of realistic plate
tectonics on a CMB heat flux that varies in space and time
over nearly 1 Gyr. Model MC notably contains a complete
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cycle of breakup and assembly of a supercontinent, which is
thought to modulate CMB heat flux (Olson et al., 2013; Amit
etal., 2015). The similarity between model MC and the Earth
at the bottom of the mantle is less certain. Nevertheless, the
presence of chemical piles allows for strong, large-scale tem-
perature heterogeneities, as revealed by seismic tomography
(Trampert, 2004; Mosca et al., 2012).

2.2 Geoid

TPW is controlled by the change in the Earth’s moment of in-
ertia around its spin axis. The moment of inertia is obtained
from the degree 2 components of the geoid, which we thus
need to compute for our mantle flow models. The geoid is
the equipotential surface of gravity measured or computed
around a reference level, which is sea level for the Earth and
the top of the model for simulations. It can be computed
by integration of lateral density variations across the man-
tle model. Additional contributions arise from lateral mass
heterogeneities produced by deflections of interfaces, in par-
ticular the surface and CMB. These deflections are not ex-
plicit in the models (which assume spherical boundaries) but
can be computed from element 7, of stress tensor 7 at in-
terfaces, where r is the radial coordinate. Geoid computation
is an intrinsic capacity of both codes CitcomS and StagYY.
It follows Zhang and Christensen (1993) and is implemented
as in Zhong et al. (2008). Interface topographies and den-
sity heterogeneities are projected on spherical harmonics Y;".
Surface geoid and interface topographies are computed for
each spherical harmonic degree [ and order m using the flow
solver, complemented by an effective pressure term that ac-
counts for self-gravitation. Because of the large viscosity lat-
eral variations, this procedure is required over simpler meth-
ods based on geoid kernels assuming radial viscosity dis-
tributions (Richards and Hager, 1984; Ricard et al., 1984;
Hager et al., 1985). The reader is referred to Zhong et al.
(2008) for a more detailed description of the method. Geoid
spherical harmonic coefficients c; ,; and s; , are computed at
each time step. Geoid undulations N (A, ¢) can then be ex-
pressed as a function of latitude A and longitude ¢ as

N, ¢) =R

gk

!
> letmcosme + simsinme] P"(sinx), (1)
1=2m=0

||
(3]

where R is Earth’s radius and P/" the associated Legendre
polynomial of degree / and order m.

2.2.1 Geoid in model MF

Model MF is forced at the surface by the plate model.
To compute the geoid at a given time step, we solve the
Stokes flow with self-gravitation at this time step with a
free-slip condition at the surface as usually done in plate-
driven models (Steinberger, 2016; Flament, 2019; Mao and
Zhong, 2021). Two geoid outputs are computed for this
model. The first one, called the “total geoid”, is computed
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as described above, retaining complete density and viscosity
heterogeneities of model MF without any modification to the
density or viscosity fields. The computation of the geoid is
very sensitive to large lateral viscosity variations in the man-
tle (éadek and Fleitout, 2003; Flament, 2019). Model MF is
driven by a plate reconstruction model, updated every 1 Myr,
which notably imposes the positions of viscous slabs. The
update of the slab positions strongly affects this total geoid,
creating discontinuities in the time evolution of the geoid.
To tackle this issue, we compute a second geoid, called the
“no-LVV geoid”, for which we discard density and viscosity
lateral variations in the upper 350 km. This is done by set-
ting all temperatures at a given depth in this range to their
mean value before computing the geoid with the Stokes flow
solver with self-gravitation. The density and viscosity dis-
tribution in the mantle below 350km is not modified. In
rare cases, the flow solver does not converge. Such a case is
found at time —190 Myr in model MF for the no-LVV geoid
case. We then simply interpolate the geoid computed at times
—185 and —195 Myr. The total geoid is rather different from
the no-LVV geoid because cold slabs in the upper mantle
strongly increase the local viscosity, which has a large effect
on the surface dynamic topography it produces and hence
on the geoid (Flament, 2019). Radial viscosity profiles are
classically used to compute the geoid using geoid kernels
(Richards and Hager, 1984; Rouby et al., 2010; Steinberger
et al.,, 2019b). In our plate-like models, the largest lateral
variations of viscosity occur in the upper mantle. Remov-
ing the effects of these lateral variations in the upper mantle
thus enables us to compute a geoid that is closer to the one
computed from radial geoid kernels. A third geoid has been
computed by cancelling only the lateral variations of density
above 350 km depth. The geoid produced in this case is very
close to the total geoid and the TPW path does not signifi-
cantly differ. We thus discarded this case for this study.

2.2.2 Geoid in model MC

Model MC is fully self-consistent: no forcing is imposed at
the surface, where a stress-free boundary condition is ap-
plied. The total geoid computed in MC evolves smoothly. It
is thus not necessary to remove the effect of lateral variations
in the upper mantle to obtain a smoother geoid evolution as
was the case in model MF, and only the total geoid is com-
puted for this model. The geoid computation is done within a
benchmarked module of the StagYY code previously used for
the Earth’s case (Cammarano et al., 2011; Guerri et al., 2016)
as well as for Venus (Rolf et al., 2018). Though the time step
between two successive snapshots of the CMB heat flux is
1 Myr in model MC, we only have access to the geoid every
5 to 11 Myr. In order to obtain the position of the pole every
1 Myr, we performed a linear interpolation of the computed
geoids.
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2.3 True polar wander implementation

TPW is governed by the conservation of Earth’s angular mo-
mentum, yielding Liouville’s equation (Ricard et al., 1993).
Here we use a simplified approach to compute TPW by con-
sidering the Earth’s spin axis to align instantaneously with
the maximum inertia axis (Steinberger and O’Connell, 1997;
Zhong et al., 2007). This method neglects the viscous de-
lay due to the Earth’s equatorial bulge adjustment (Cambiotti
et al., 2011). Those principal axes are obtained from the
geoid computed in the mantle convection simulations. The
inertia tensor I due to mass redistribution in the mantle is
built from the degree 2 coefficients of the geoid, following
MacCullagh’s formula (Schaber et al., 2009):

€2.0
(v -2 —822 —C2,1
€2.0
I=MR* | 3| T Ao @
—c2,1 —52,1 —220
£ £ \/§

where M and R are Earth’s mass and radius, respectively.
The principal inertia axes are then obtained through a diago-
nalization of this matrix. The maximum inertia axis corre-
sponds to the largest eigenvalue, while the two equatorial
principal axes correspond to the smallest and intermediate
eigenvalues. Computing the maximum inertia axis gives two
new poles, one on each side of the planet. Which of the two
poles is the “north pole” is arbitrary and is chosen at the be-
ginning of the simulation.

TPW is then implemented iteratively by rotating the man-
tle at each time step to ensure that the spin axis follows the
position of the maximum inertia axis. The rotation direction
is chosen so that the new north pole remains in the same
hemisphere as the previous one, effectively limiting TPW
amplitudes to a maximum of 90° per iteration. Since TPW
is governed by the geoid, we have two different TPW paths
for model MF. In the following, the TPW associated with the
total geoid is called total TPW, while the TPW associated
with the no-LVV geoid is called the no-LVV TPW.

This TPW implementation corresponds to a change in the
reference frame in which data are represented. This new ref-
erence frame permanently wanders with respect to the ini-
tial simulation frame; we thus call it the wandering frame in
the following. The simulation is not related to any forcing in
model MC other than the initial conditions. The only prefer-
ential relation between the simulation frame and the wander-
ing frame is thus through the initial conditions in model MC.
In contrast, the simulation frame corresponds to the mantle
reference frame of the plate reconstruction in model MF. If
both the plate reconstruction and the resulting mantle convec-
tion simulation were perfectly tuned to the Earth, the wander-
ing frame should merge with the simulation frame (to within
a rotation in longitude) at the end of the simulation, i.e. for
the present time. In past times, the two frames are expected
to diverge because of the effect of TPW. In practice, a non-
negligible shift exists between the simulation and the wan-
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Table 1. Characteristics of the six cases analysed in this study. Atgsnap is the time step between two successive snapshots of the CMB heat
flux. Note that in model MC the time step between two geoid outputs is larger than Afgnap. Nsnap is the total number of CMB heat flux
snapshots. pp and § o are the excess density of chemical piles and deficit density of continents, respectively. The value of § oc in model MF
is an average over all continents (see Flament et al., 2014, for more details on the modelling of continents in model MF). The durations of
cases MCO and MC1 correspond to the total duration of model MC minus the first 300 Myr (relaxation time).

Name  Surface conditions Model duration ~ Afsnap  Nsnap  30p 8¢ Correction
MFO  Plate reconstruction 1000 Myr 5 Myr 201 +95.2kg m=3  —140 kg m~3  None

MF1 Plate reconstruction 1000 Myr 5 Myr 201 +95.2kg m—3  —140 kg m~—3  Total TPW
MF2  Plate reconstruction 1000 Myr 5Myr 201 +952kgm™> —140kgm™> No-LVV TPW
MF* Plate reconstruction 1000 Myr 5 Myr 201 +95.2kg m=3  —140 kg m—3 Paleomagnetic
MCO  Free-slip 831 Myr IMyr 832 +137kgm™3  —225kgm™3 None

MC1 Free-slip 831 Myr 1 Myr 832 +137kg m—3 —225kg m~3  Total TPW

dering frames at the end of the simulation in both the total
TPW and no-LVV TPW cases.

An alternative case is considered for model MF by rotat-
ing the model results into the paleomagnetic reference frame.
This case is more comparable to the work of Dannberg et al.
(2024), in which the plate reconstruction of Merdith et al.
(2021) is used in the paleomagnetic reference frame to drive
convection. To do so, we compute the net rotations from
the reconstruction of Merdith et al. (2021) in the paleomag-
netic reference frame using the software GPlates and rotate
the model outputs accordingly. In this case, the wandering
frame is the paleomagnetic reference frame. This alternative
correction enables us to position the surface of the mantle
model in a reference frame in which the magnetic dipole as
seen by paleomagnetism is aligned with the z axis. In this
reference frame, the surface and interior undergo solid-body
rotation. As a result, in our case MF*, the rotation of the
deep mantle is the combination of the net rotation of the
deep mantle in model MF and the solid-body rotation to set
the model in the paleomagnetic reference frame. This be-
haviour is what would be expected if all the net rotations of
the surface in the paleomagnetic reference frame were due
to a solid-body rotation of the mantle. In practice, this net
rotation of the surface is an undistinguishable combination
of solid-body rotation (part of which is due to TPW) and
differential rotation between the lithosphere and the mantle.
By forcing all the surface net rotations to entrain a solid-
body rotation in case MF*, the coupling between the surface
net rotations and the deep-mantle net rotations is overesti-
mated. We note that the coupling between the net rotations
of the lithosphere and the deep mantle is also likely overes-
timated in Dannberg et al. (2024) due to the absence of con-
tinental keels and stress-dependent rheology in their mod-
els (Juliane Dannberg, personal communication, 22 Febru-
ary 2024). Contrary to the TPW corrections based on the
geoid, this alternative approach is not a self-consistent way of
rotating the model outputs in the reference frame of the spin
axis. It moreover has the disadvantage of imposing lateral
displacements of the deep mantle, entrained by a net rota-
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tion of the surface (Rudolph and Zhong, 2014; Miiller et al.,
2022). We nevertheless consider this case as we are mostly
interested in the latitudinal distribution of the CMB heat flux,
and this correction gives the model outputs in a reference
frame in which continents have the correct latitudes regard-
ing paleomagnetic constraints.

In total, six cases are considered in the subsequent analy-
sis of CMB heat flux patterns. Their characteristics are sum-
marized in Table 1. Cases MFO and MCO are directly de-
rived from models MF and MC, ignoring TPW. Cases MF1
and MC1 are obtained by correcting for the total TPW com-
puted from the total geoid in both models. Case MF2 is de-
rived from model MF corrected from the no-LVV TPW, com-
puted from the no-LVV geoid. Case MF* is obtained from
model MF by rotating the outputs in the original paleomag-
netic reference frame of the plate reconstruction.

Spherical harmonic transforms and rotations are per-
formed using the library SHTns (Schaeffer, 2013). SHTns
provides an efficient implementation of spherical harmonic
rotations based on the stable recursive evaluation of Wigner’s
d-matrix proposed by Gumerov and Duraiswami (2015),
which is accurate up to very large degrees (> 10%).

2.4 Principal component analysis of CMB heat flux

We use a principal component analysis (PCA) to obtain the
dominant heat flux patterns at the bottom of the mantle in the
different models. PCA is a data analysis tool that can be ap-
plied to a dataset comprising several observations, with each
observation depending on several variables. It is used to ex-
press the dataset in a new orthonormal basis in order to limit
the number of variables needed to explain the data. This is
done by computing new variables (called principal compo-
nents), which are combinations of the initial variables. A full
mathematical description of PCA theory is given by Abdi and
Williams (2010); see also Pais et al. (2015) for an application
to core flows and details of the method. Considering a dataset
containing / observations described by J variables, the PCA
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consists of a singular value decomposition of the / x J data
matrix D as

D = WSP, 3

where W, S, and P have respective dimensions I x K, K X K,
and K x J, with K = min(/, J) the rank of the data matrix.
P is a basis of K new variables (or principal components),
called p, with k € [[1; K]], which are linear combinations of
the initial J variables. The amount of data variance explained
by p, decreases with increasing k. This variance is quantified
by a score, called si, corresponding to the singular values in
the diagonal matrix S. The square of s; gives the variance
explained by p,. The projections of the / observations on
this new basis are stored in the W matrix.

In the framework of this study, PCA is used to obtain
the principal components corresponding to heat flux pat-
terns that explain most of the heat flux signal at the CMB
as a function of time. The dataset consists of the spheri-
cal harmonics coefficients of gcymp for each snapshot of the
mantle convection model, truncated at a maximum degree
Imax = 50. PCA requires data to be centred, which means
in our case that the mean of each spherical harmonic co-
efficient on the whole time series has to be removed. This
operation is equivalent to removing the mean heat flux pat-
tern g (A, ¢) from the time series. Following previously de-
scribed notations, the kth principal component (PC) con-
sists of a J-dimension vector p,(l,m) of spherical har-
monic coefficients, a score called s, and a time-dependent
weight wy (t). We denote pi(A,¢) as the heat flux pattern
reconstructed from the p; (I, m) spherical harmonic coeffi-
cients. For each component, a time-dependent amplitude Ay
can be defined as Ay (t) = wi(t) x sx. Because of data cen-
tring, the heat flux patterns of the PCs have to be interpreted
as perturbations to the mean heat flux pattern.

Once PCA is performed, time-dependent CMB heat flux
maps can be reconstructed as

K
CICMB()\vqu):q()\sfﬁ)‘f‘zwk(t)skﬁk()h‘z’)- “

k=1

The first components give the highest contribution to the full
variability of CMB heat flux. They provide plausible CMB
heat fluxes that can also be applied as boundary conditions in
dynamo calculations.

3 Results

3.1 Model descriptions

Let us first present and discuss important characteristics of
the two mantle simulations we exploit. The radial profiles of
viscosity and temperature in model MF and MC are shown
in Fig. 1. The steeper temperature gradient at the base of the
mantle in model MF imposes a mean CMB heat flux about
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Figure 1. Viscosity and temperature profiles in model MF
and MC. The profiles in model MF are the present-day (¢t = 0 Myr)
horizontal-averaged profiles. The profiles in model MC are time-
averaged and horizontal-averaged profiles. Viscosity profiles are
computed from pressure and temperature profiles. Chemical anoma-
lies are not taken into account here (continents and chemical piles).
Model MC uses the Boussinesq approximation, while model MF
uses the extended Boussinesq formulation in which the effect of
compression is considered; hence, the lower-mantle temperature is
larger in model MF.

4 times larger in model MF than in model MC. Selected snap-
shots of topography, basal heat flux, and geoid undulations
are shown in Figs. 2 and 3 for models MF and MC, respec-
tively.

Both models reproduce the well-known bimodal topog-
raphy of the Earth, reflecting the difference between conti-
nental and oceanic lithosphere. Oceanic ridges and trenches
are well marked. Some plate boundaries can be easily recog-
nized in line “0 Myr” of model MF in Fig. 2, and topography
snapshots at —300, —600, and —900 Myr are identical (to
within a 180° rotation in longitude) to the “no-net-rotation”
plate reconstruction shown in Fig. 3 of Miiller et al. (2022).
Let us recall that mantle simulation MF is driven by plates,
while plates spontaneously form and move in mantle simu-
lation MC, and note that MC plates look similar to those of
model MF (Fig. 3).

CMB heat flux maps of both models show large-scale
variations that strongly correlate with the presence of basal
chemical piles (delineated by black lines). The heat flux is
low beneath these piles, which act as thermal insulators. In
both models, chemical piles are shaped and pushed by cold
slabs that reach the CMB. The CMB heat flux is dominated
by large-scale heterogeneities as shown by the spectra in
Fig. 4. The CMB heat flux in model MC is mostly domi-
nated by the degree 2, while it is dominated by degrees 2, 3,
and 6 in model MF.

Solid Earth, 15, 617-637, 2024
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Figure 2. Model MF. Maps of geoid undulations (first column panels: total geoid; second column panels: no-LVV geoid), surface topography
(third column panels), and CMB heat flux (last column panels) at selected times. The maps are shown in a Mollweide projection. Black lines

in the heat flux maps delineate the edges of basal chemical piles. The heat flux is low beneath chemical piles.

Movies showing the time evolutions of the fields shown
in Fig. 2 for model MF and Fig. 3 for model MC are
available in the Supplement, as are movies of the CMB
heat flux in the different cases. The full snapshots of the
geoids, the CMB heat flux, the topography, and the com-
position at the CMB are also available in HDF5 format
(every 2Myr for MCO and MCI), as are scripts to per-
form the PCA and the TPW correction from the snapshots
(https://doi.org/10.5281/zenodo.10868304, Frasson et al.,
2024).

3.2 Geoid

Our study requires computing the geoid in the models in or-
der to deduce the resulting TPW. The geoid stems from a
delicate balance between bulk density heterogeneities and
flow-induced interface undulations. The geoid computed in
model MC (first column in Fig. 3) and the total geoid in
model MF (first column in Fig. 2) have similar amplitudes.
They both display small-scale negative anomalies above ac-
tive subduction zones. In model MF, subductions are of-
ten associated with broader negative geoid anomalies. In
model MC, subducting slabs are, on the contrary, associated
with positive anomalies on larger scales (see snapshots at
—505 and —757 Myr in Fig. 3). It is notably the case for
the present-day time on Earth, with geoid highs above An-
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dine and Indonesian subduction zones (Crough and Jurdy,
1980; Hager, 1984). The chemical piles are mostly associated
in both cases with large-scale negative geoid anomalies (see
snapshots at —600 Myr in Fig. 2 and snapshots at —254 Myr
in Fig. 3). At the beginning of model MF, the piles are as-
sociated with positive anomalies in the total geoid, as can be
seen in the snapshot at —900 Myr. This positive signal above
the piles only lasts for the first 150 Myr of the simulation.
This change in sign of the geoid anomalies above the piles
could thus be an effect of the initial conditions. The corre-
lation between the piles and the geoid is stronger in model
MC, in which the density excess of the piles is larger than in
model MF. In both models, the piles are shaped by the sub-
ducting slabs as they reach the lower mantle. As on Earth,
deciphering the role of deep hot domes and subducting plates
in the geoid signal thus remains a fundamental issue (Rouby
et al., 2010). This is beyond the scope of this study.

The surface conditions of model MF are updated every
1 Myr. The total geoid being strongly affected by the posi-
tions of subducting slabs, the update of the surface condi-
tions implies fast variations of the geoid from one snapshot
to the next. We evaluate this effect by computing the no-LVV
geoid, shown in the second column of Fig. 2. We recall that
this alternative geoid is computed after removing density and
viscosity lateral variations in the upper 350 km of the man-
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Figure 3. Model MC. Maps of geoid undulations (left panels), surface topography (centre panels), and CMB heat flux (right panels) at
selected times. The maps are shown in a Mollweide projection. Black lines in the heat flux maps delineate the edges of basal chemical piles.

Heat flux is low beneath chemical piles.

=)
I
o
)
0]
>
2
o
]
j
—
]
=
/)
a
100 10! 102
Degree |

Figure 4. Time-averaged spherical harmonic spectra of the CMB
heat flux in model MF and MC. The spectra are given relative to the
power of the [ = 0 coefficient.
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tle. As expected, the sharp signature of subduction disap-
pears. This no-LVV geoid has a much smoother time evolu-
tion, since it is not affected by the high-frequency surface up-
dates. The large-scale pattern is also modified, and the geoid
amplitudes are larger than in the total geoid case. Removing
the contribution from the shallower mantle also increases the
correlation between the geoid and the chemical piles, with
mostly positive geoid anomalies appearing above the piles.
This correlation between the piles and positive geoid anoma-
lies is opposite to what is observed in model MC and in
model MF with the total geoid. It is, however, more repre-
sentative of the observations on the present-day Earth, with
two broad positive geoid anomalies above the LLVPs. De-
spite these differences in behaviour, the no-LVV geoid and
the total geoid in model MF are generally similar at the be-
ginning of the simulation (see snapshot at —900 Myr) and to
a lesser extent at the end of the simulation (see snapshot at
0Myr). The impacts on the CMB heat flux of the different
geoid behaviours are discussed in Sect. 4.

3.3 TPW correction

TPW is applied by computing the successive positions of the
maximum inertia axis and rotating the simulation frame to

Solid Earth, 15, 617-637, 2024
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Figure 5. TPW paths in cases MF1, MF2, and MC1 in a Mollweide projection. Colour disks represent the successive positions of the
maximum inertia axis in the simulation frames. The colour scale gives the time before the end of the simulation in millions of years (Myr).
Black-circled magenta disk shows the position of the maximum inertia axis at the end of the simulation. The inertial interchange TPW

event (IITPW) in case MF1 is highlighted by the black arrow.

align this axis with the spin axis. The successive positions of
the maximum inertia axis in the simulation frames of mod-
els MF and MC for cases MF1, MF2, and MC1 are shown in
Fig. 5. These successive positions represent the TPW path in
each case. The wandering frames would be identical to the
simulation frames if the maximum inertia axis stayed fixed
at either pole in the simulation frames. The rotation between
the wandering frame and the simulation frame is the largest
when the spin axis plots at the Equator.

Let us analyse the TPW paths for model MF, computed ei-
ther from the total geoid (MF1) or the no-LVV geoid (MF2).
The present-day position (black-circled magenta disk in
Fig. 5) of the maximum inertia axis is similar in both cases.
Since model MF satisfies plate configuration at r = 0, this
axis should plot at one pole of the simulation if it faithfully
reproduced actual mantle configuration. This is not precisely
the case, but we observe that the spin axis for MF1 mostly re-
mains at high latitudes after —600 Myr, implying a relatively
small correction between the wandering frame and the simu-
lation frame. Though the final position of the maximum iner-
tia axis in MF2 is similar to that in MF1, the paths followed
by the poles quickly diverge back in time. Contrary to MF1,
the maximum inertia axis stays at relatively low latitudes for
the whole simulation in MF2. During the first 150 Myr of
the simulation, the poles of the wandering frames in MF1
and MF2 are almost antipodal, meaning that the inertia axes
are almost aligned. This is consistent with the similar geoid
patterns in both cases at —900 Myr shown in Fig. 2. Note
that the TPW path for MF1 is very irregular due to a large
time variability in the total geoid, induced by the updates
of subduction zones every 1 Myr. This scatter of the posi-
tion of the spin axes mostly implies erratic deviation from
a mean path. It can, however, trigger larger discontinuities.
Such a large deviation occurs at —260 Myr. A second oc-
currence of spin-axis instability occurs between —425 and
—405 Myr. Interestingly, this unstable period starts with an
inertial interchange TPW (IITPW) event between —425 and
—420 Myr. This event is highlighted by a black arrow in
Fig. 5. An IITPW event occurs when the maximum inertia
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axis and the intermediate inertia axis switch order, resulting
in a ~ 90° rotation between the two successive time steps.
Such kinds of events have been suggested as an explanation
for fast apparent polar wander in the Cambrian and Ediacaran
periods (Kirschvink et al., 1997; Robert et al., 2017). No sig-
nificant TPW event is observed in MF2 at this time, suggest-
ing that this IITPW event in MF1 is triggered by shallow
heterogeneities.

Turning to model MC, we recall that this model is not re-
lated to any plate reconstruction. Hence no particular rela-
tionship is expected between the simulation frame and the
wandering frame. However, the two frames are linked due to
the relationship between chemical piles and the geoid in the
model. Chemical piles are introduced at the Equator at the
beginning of the simulation and remain at low latitudes by
spreading around the Equator. These piles are mostly asso-
ciated with geoid lows throughout the simulation. They thus
tend to move from low latitudes towards high latitudes due
to the TPW correction. As a result, the maximum inertia axis
tends to form a ~ 90° angle with the z axis of the simulation
frame as observed in Fig. 5.

In cases MF1 and MF2, the positions of the maximum in-
ertia axes can be compared to the position of the pole in the
paleomagnetic reference frame. By doing so, we can eval-
uate the consistency between the paleomagnetic constraints
and the geoid produced by the mantle convection model ro-
tated in the paleomagnetic reference frame as is done for
case MF*. We recall that running such a mantle convection
model is not desirable as it implies large lateral movements
of the whole mantle (Miiller et al., 2022). However, it has
the advantage of ensuring that the continent positions are
consistent with the paleomagnetic constraints. The deviation
between the positions of the inertia axis computed in MF1
and MF?2 and the spin axis in case MF* can be used to evalu-
ate the consistency between the moment of inertia and the
paleomagnetic reference frame. If this deviation is small,
the inertia axis and the magnetic dipole are nearly aligned
as expected for the Earth. If the deviation is large, the in-
ertia axis is not aligned with the magnetic dipole and the
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Figure 6. Angular distance between the maximum inertia axis com-
puted in MF1 and MF2 and the axis of the magnetic dipole (cor-
responding to the z axis of the paleomagnetic reference frame of
Merdith et al., 2021). A small angle means high consistency be-
tween the geoid and the position of the magnetic pole.

geoid is thus inconsistent with the orientation of the plate
reconstruction. The angular deviations between the maxi-
mum inertia axes (computed in MF1 and MF2) and the spin
axis in MF* are shown in Fig. 6. The deviation between
the maximum inertia axis and the spin axis widely varies
during the course of the simulation. The deviation is large
for both MF1 and MF2 at the beginning of the simulation.
Between —785 and —425 Myr, the deviation is significantly
smaller for MF2 than for MF1. For the last part of the simula-
tion, MF1 shows a smaller deviation than MF2 except during
the pole instability at —260 Myr. Neither the total geoid in
case MFI nor the no-LVV geoid in MF2 thus give a geoid
consistent with the position of the spin axis in case MF*.
The time evolution of TPW velocities (in °Myr_1) for
the different cases is shown in Fig. 7. Those velocities are
compared to values of TPW velocities from the literature
represented as horizontal dashed lines: Besse and Courtillot
(2002) gave a typical velocity of 0.27° Myr~! during TPW
events in the last 200 Myr, Gross and Vondrak (1999) mea-
sured a present-day TPW velocity of 0.98° Myr~!, Tsai and
Stevenson (2007) found 2.4° Myr_1 as a maximum TPW ve-
locity reachable for the present-day mantle, and Greff-Lefftz
and Besse (2014) obtained TPW velocities up to 10° Myr~!
during an IITPW event in simplified mantle convection mod-
els. The displacement rate of the spin axis of the wander-
ing frame in case MF* is shown in case MF1 and MF2 as
the light red curve. As for the TPW velocity, this rotation
rate gives the rate at which the mantle material is rotated
in latitude in case MF*. This displacement rate is not af-
fected by net rotations in longitude occurring in case MF*,
as these azimuthal rotations do not imply a displacement of
the spin axis. In all our cases, TPW velocities are roughly
contained between 0.01 and 10° Myr~!. Note that because
of the 5 Myr time step between two successive snapshots in
model MF, TPW velocities cannot be higher than 18° Myr~!
for MF1 and MF2. Similarly in MC1, TPW velocities are
limited to between 9 and 18°Myr~! depending on the time
step between two successive geoid snapshots. The average
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TPW velocity is ~ 1.79°Myr~! in MF1. This is much faster
than in MF2 and MC1, with averaged TPW velocities of
~0.42 and ~ 0.58° Myr~!, respectively. This faster TPW is
related to the greater scatter of successive inertia axis posi-
tions in MF1 compared to MF2 and MC1. The faster TPW
velocities are thus directly related to the updating of surface
conditions that implies a large time variability of the total
geoid in the MF simulation. The highest peak at —420 Myr
in MF1 reaches 17.5° Myr~!. This corresponds to a rotation
of 87° over 5 Myr (one time increment). Such a large rota-
tion is due to the IITPW event occurring between —425 and
—420 Myr. This velocity is greater than the one obtained by
Greff-Lefftz and Besse (2014) for an IITPW event in simpli-
fied mantle models, although Robert et al. (2017) obtained
similar values for the maximum velocity reached for a spe-
cific IITPW event during Ediacaran times. One should, how-
ever, keep in mind that we neglected the time delay due to
the equatorial bulge adjustment in our TPW correction (Ri-
card et al., 1993).

The average rotation rate in MF* is 0.33° Myr~!. Except
for the velocity peaks around —770, —570, and —280 Myr,
the rotation rates in case MF* are similar in amplitude to the
TPW velocity in MF2. The TPW velocity in MF1 is, how-
ever, consistently higher than the rotation rate of the spin axis
in case MF*. The fastest displacement of the spin axis occurs
between —440 and —410 Myr. During this period, the spin
axis moves at a rate of about 1° Myr~!, corresponding to the
present-day TPW velocity (Gross and Vondrdk, 1999). This
period of fast rotation in MF* coincides with a period of fast
TPW in MF1, during which the IITPW event occurs. It also
correlates with a relatively fast TPW period in MF2, though
not as fast as other TPW events. Though we compare the
rotation rate of the spin axis in MF* to TPW velocities, we
stress that the net rotations in MF* are not directly TPW ve-
locities. They strictly correspond to the displacement veloc-
ity of the magnetic dipole axis as defined in the reconstruc-
tion of Merdith et al. (2021) in the no-net-rotation reference
frame of model MF.

3.4 CMB heat flux
3.4.1 Time variability of large-scale patterns

Most studies exploring the effect of CMB heat flux het-
erogeneity on the geodynamo have focused on large-scale
patterns of spherical harmonic degrees 1 and 2 (Glatzmaier
et al., 1999; Olson and Christensen, 2002; Kutzner and Chris-
tensen, 2004; Olson et al., 2010). These low degrees are
strong in the averaged power spectrum of the CMB heat flux
in both MF and MC models, notably the degree 2. We thus
first examine the time evolution of these patterns in the dif-
ferent cases. The CMB heat flux is decomposed in spherical
harmonics following
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Figure 8. Time evolution of degree 1 and 2 spherical harmonic coefficients of the CMB heat flux in cases MFO, MF1, MF2, and MF*.
Cases MF1 and MF2 are derived from MFO by correcting for the TPW using the total geoid and the no-LVV geoid in model MF, respectively.
Case MF* is derived from model MFO by rotating model MF in the paleomagnetic reference frame of Merdith et al. (2021).
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For m =0, the imaginary part of the complex coeffi-
cients z;,, is null and we only consider the real part of
the coefficient. For m > 0, the z;,, coefficients have both
real and imaginary parts. We thus compute the module of
the coefficient, multiplied by a /2 factor to account for the
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m < 0 complex conjugate coefficients. The amplitude of de-
gree 1 and 2 spherical harmonic coefficients of CMB heat
flux is shown in Fig. 8 for cases MFO, MF1, MF2, and MF*
and in Fig. 9 for cases MCO and MCI. As expected, low-
degree patterns evolve rather smoothly, on mantle convection
timescales of several hundred million years, in cases MFO
and MCO.

We have seen that CMB heat flux variations are strongly
controlled by the distribution of basal chemical piles in
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Figure 9. Time evolution of degree 1 and 2 spherical harmonic coefficients of CMB heat flux in cases MCO and MC1. Case MCl is derived

from case MCO by correcting it for the TPW.

our models. When piles are at high latitudes, for exam-
ple at —600 Myr in case MFO (see Fig. 2), the CMB heat
flux is greater around the Equator, yielding a negative z5 ¢
coefficient. Inversely, with mostly equatorial piles at time
—500 Myr, case MCO has a strong positive z2 o coefficient
at that time. The end of MFO is dominated by the degree 2
and order 2 component. This pattern is expected at the end
of the MFO case, as model MF reproduces the present-day
positions of the observed antipodal LLVPs below Africa and
the Pacific (see Fig. 2).

True polar wander strongly impacts the behaviour of large-
scale CMB heat flux patterns. We first note that TPW mod-
ifies the hierarchy of these patterns. For example, while
the z» 1 coefficient dominates between —425 and —210 Myr
in MCO, its contribution becomes very weak in MC1. TPW
also changes the sign of these coefficients. Spreading of the
piles at the Equator in model MC translates into a large pos-
itive z o coefficient (weaker heat flux around the Equator)
in MCO. This coefficient becomes negative in MC1 because
the piles are moved towards higher latitudes by the TPW.
Similarly, z3 0 is negative most of the time in MFO but re-
mains positive due to TPW in MF2. This is not the case
in MF1, suggesting that the piles are more correlated with
the no-LVV geoid than with the total geoid. The coefficients
in MF* are the same as the one in MFO at the end of the
model, as there is no change in frame for the present day
in MF*. Changes in the hierarchy and sign of coefficients,
however, occur for past times, notably before the large dis-
placement of the spin axis between —450 and —400 Myr. The
degree 2 order O notably changes sign at —435 Myr, in the
middle of this event.

More importantly, our study reveals that TPW changes
large-scale patterns of CMB heat flux on timescales much
shorter than typical mantle convection timescales. This is
well illustrated by several sign reversals of the z ¢ coeffi-
cient in case MF1, which occur over time lapses shorter than
10 Myr. This is the case during the IITPW event between
—425 and —420 Myr. The large number of fast changes in
the spherical harmonic coefficients for MF1 is due to the
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rather rapid variations of the total geoid computed from
model MF. Nevertheless, slightly less rapid events are also
visible in MF2, MF*, and MCI1. The variations of the de-
gree 2 coefficients in MF* are particularly rapid around
—435 Myr, despite this case having the lowest rotation rates
of the spin axis. While the coefficients in MF* are very sim-
ilar to case MFO after this event, they largely differ before.
This is the case of the degree 2 order 0 that changes sign and
of the degree 2 order 2 that suddenly weakens after this event.

3.4.2 Principal component analysis of the CMB heat
flux

As mentioned earlier, exploration of the effect of CMB heat
flux heterogeneities on the geodynamo has previously mostly
focused on degrees 1 and 2. An alternative is to explore the
effect of heterogeneities inferred from seismic tomography
of the lowermost mantle (Olson et al., 2010; Mound and
Davies, 2023). However, the latter approach is only appropri-
ate to describe the present core—mantle coupling, assuming
the conversion of seismic tomography to temperature is well
understood. In order to assess past geodynamo behaviour,
one would like to test the effect of plausible past CMB heat
flux patterns and amplitudes. Snapshots of the heat flux maps
we computed could be used for this purpose. Another possi-
bility is to examine what the dominant heat flux patterns are
and how they evolve in time. This is what we propose, using
a principal component analysis (PCA).

PCA results consist of a set of components ranked by
decreasing contribution to the total CMB heat flux varia-
tions. Each component is described by a heat flux pattern
and an amplitude. The amount of variance vy explained by
the kth PC is given by the square of the associated score:
Vg = s,%.

The variance explained by the first three PCs is shown
in Fig. 10. These components account for 58 % and 66 %
of the total variance in cases MFO and MCO, respectively.
The amount of variance explained by the first three compo-
nents is lower in the cases rotated in the spin-axis frame. For
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Figure 10. Variance explained by the first three PCs normalized by
the total variance in the different cases.

model MF, the first three components explain 39 %, 42 %,
and 40 % of the total variance in cases MF1, MF2, and MF*,
respectively. This value reaches 48 % for MC1. These lower
values in rotated cases are due to the addition of a source of
time variability in the CMB heat flux due to the net rotations
occurring in the wandering frame. Among the rotated cases,
the explained variance is the lowest in MF1. This can be re-
lated to rotation rates of the wandering frame, which are the
fastest on average in case MF1, increasing the time variabil-
ity.

The patterns of the first three PCs are shown in Fig. 11
for cases MFO, MF1, MF2, and MF* and in Fig. 12 for
cases MCO and MC1. Those patterns are perturbations to the
average heat flux pattern, also shown in the figures for each
case.

The associated amplitudes of the first three PCs are shown
in Fig. 13 for cases MFO, MF1, MF2, and MF* and in Fig. 14
for cases MCO and MC1. The amplitudes of the first PCs
mostly vary on large timescales. However, the rotated cases
display amplitude variations at much higher frequencies due
to the time variability added by TPW. This is particularly vis-
ible for case MF1, which displays the largest rotation rate of
the wandering frame.

4 Discussion

Recent models offer the possibility to study mantle convec-
tion related to plate tectonics on timescales of the order of
1 Gyr. These models reproduce plate tectonics either self-
consistently (Coltice et al., 2019) or using plate reconstruc-
tions that have been extended to cover the last 1 Gyr by re-
cent works (Merdith et al., 2021). Both kinds of models en-
able studying the relation between surface tectonics and the
structure of the lower mantle (Cao et al., 2021; Flament et al.,
2022). The CMB heat flux is of particular interest for the geo-
dynamo (Glatzmaier et al., 1999; Kutzner and Christensen,
2004; Olson et al., 2010). However, these models have to be
rotated in a reference frame that preserves the spin axis in
order to study the relation between CMB heat flux and the
geodynamo. In this study, we analysed two such large recent
mantle convection simulations by correcting these models for
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the TPW in order to obtain the CMB heat flux in the frame
appropriate for the geodynamo.

4.1 Impact of TPW on the CMB heat flux

In the two mantle convection models studied here, we find
that correcting for the TPW (or rotating the model in a pale-
omagnetic reference frame in case MF*) induces fast varia-
tions of the CMB heat flux, even at low spherical harmonic
degrees. These fast variations, illustrated in Figs. 8 and 9,
can induce changes in the hierarchy of spherical harmonic
modes and in the sign of the coefficients. The TPW induced
variations do not originate from a change in the flux pattern
but rather from a global rotation of a given pattern. Though
mantle convection is completely unaffected by global rota-
tions of the mantle, it can be of great importance for the
core. The latitudinal distribution of the CMB heat flux has
indeed been shown to play a role in geodynamo simulations
(Glatzmaier et al., 1999; Kutzner and Christensen, 2004; Ol-
son et al., 2010). TPW has been suggested by several authors
as a source of time variation for the geodynamo, notably con-
cerning the reversal frequency of the magnetic dipole (Cour-
tillot and Besse, 1987; Zhang and Zhong, 2011; Biggin et al.,
2012). These fast TPW-induced time variations could thus be
related to abrupt changes in the magnetic dipole behaviour
such as the emergence or the end of superchrons. It is all
the more important to consider these variations that they can
occur on timescales potentially faster than typical variations
originating solely from mantle convection. As well as short
timescales, the CMB heat flux outputs in the different cases
include small length scales. Those small scales can be seen
in the heat flux snapshots of Figs. 2 and 3, and they also ap-
pear in the patterns of the first PCs in Figs. 11 and 12. At-
tempts to relate geodynamo models with mantle convection
have previously been made using either degree 1 or 2 fixed
heat flux patterns or tomographic patterns derived from seis-
mic tomography (Olson et al., 2010; Terra-Nova et al., 2019;
Mound and Davies, 2023). These attempts either overlook
the effect of small scales in the CMB heat flux or focus on a
present-day heat flux pattern, which may not be representa-
tive of the history of Earth’s mantle convection.

4.2 Effect of chemical piles on the CMB heat flux

The positions of chemical piles and subducted slabs in the
lower mantle dominate the large-scale CMB heat flux sig-
nal of both MF and MC models. Piles keep the mantle ma-
terial warm below them, while subducted slabs cool the sur-
rounding mantle. Piles can also be correlated with large-scale
geoid anomalies and be affected by TPW. The behaviour of
the combined system formed by piles and slabs is thus of
prime importance regarding the CMB heat flux and the way
it is redistributed by TPW. It has been suggested by studying
the locations of plume generation zones in the lower man-
tle that the chemical piles have stayed fixed over at least
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Figure 11. Patterns of the first three PCs of the CMB heat flux pj, po, and p3 in cases MFO, MF1, MF2, and MF*. The averaged heat flux
pattern is given in the top line for each case. The maps are shown in a Mollweide projection.

300 Myr (Burke et al., 2008; Torsvik et al., 2010; Dziewonski
et al., 2010). Such stability requires the piles to not be signifi-
cantly altered by mantle convection and to be associated with
a long-term positive geoid anomaly. If this is indeed the case,
TPW only occurs around an axis which passes through the
two antipodal piles (Dziewonski et al., 2010; Torsvik et al.,
2014). In this case, the positions of the piles relative to the
Equator would not be affected, and the TPW would not sig-
nificantly modify the large-scale CMB heat flux pattern. In-
stead, the CMB heat flux would be dominated by a strong
degree 2 order 2 component. As can be seen in Figs. 8 and 9,
the degree 2 order 2 component of the CMB heat flux does
not dominate during the whole duration of the simulation in
any of the cases. The 75 » coefficient, however, dominates for
most of the simulation in cases MF2 and MF*. In cases MF0
and MF*, the degree 2 order 2 pattern largely dominates for
the last 240 Myr of the model. This is consistent with the
expectations of stable piles at the Equator. The degree 2 or-
der 2 pattern slowly fades out when coming back in time
in both cases, as it is transferred to a degree 2 order O pat-
tern. A strong degree 2 order 2 pattern, however, reappears
at —440 Myr in MF*. The piles also play a key role in the
distribution in latitude of the CMB heat flux. In case MC1,
the negative geoid anomalies above chemical piles cause the
piles to move towards the poles. In Fig. 9, this results in a
negative degree 2 order O spherical harmonic coefficient of
the CMB heat flux (large equatorial heat flux) throughout
the whole simulation. In case MF2, the geoid anomaly above
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chemical piles is mostly positive, forcing the piles to stay
at low latitudes while polar regions are cooled by subduct-
ing slabs. In Fig. 8, the degree 2 order O coefficient of the
CMB heat flux thus stays positive (low equatorial heat flux).
In case MF1, for which the correlation between the geoid and
chemical piles is weaker, the z ¢ coefficient changes sign
during the simulation. This is also the case in MF*, for which
the correction does not depend on the position of the piles.

4.3 PCA of the CMB heat flux

The different PCAs we computed give the dominant heat flux
patterns for each case. The PCs of the CMB heat flux largely
reflect the positions of the piles. The insulating effect of the
piles indeed dominates the large scales of the CMB heat flux.
The dominant length scales of the heat flux patterns tend to
decrease with the increase in the PC number, but the length
scale separation between the first three components is rather
weak. It is particularly true for the TPW-corrected cases. This
is due to the addition of a source of complexity in these cases,
which results in more different large-scale components re-
quired to explain the CMB heat flux time series. This addi-
tional source of complexity in the dataset also translates into
a smaller amount of variance explained by the first PCs as
shown in Fig. 10.
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Figure 12. Patterns of the first three PCs of the CMB heat flux pj, py, and p3 in cases MCO and MC1. The averaged heat flux pattern is
given in the top line for each case. The maps are shown in a Mollweide projection.
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Figure 14. Time evolution of the amplitudes of the first three PCs of the CMB heat flux for cases MC0O and MC1.

4.4 Limitations and perspectives
4.4.1 Geoid scattering in plate-driven models

The strong instabilities of the total geoid in model MF due to
the imposed changes in surface conditions represent an im-
portant drawback of this geoid. These instabilities translate
into fast motions of the poles. Though the rotation rate in
case MF1 using this total geoid lies within expected values
for the Earth, the pole wanders significantly faster than in the
other cases that are not affected by this problem. The pole in-
stabilities create high-frequency variations of the CMB heat
flux throughout the whole simulation that are probably un-
realistic. Our attempt to remove the surface contribution to
the geoid by computing the no-LVV geoid is successful at
cancelling the high-frequency variations in the geoid. The
geoid pattern is, however, strongly impacted. The anomalies
associated with subduction zones and chemical piles are no-
tably affected, cancelling the first one and changing the sign
of the second. This implies a widely different TPW path in
case MF2 compared to case MF1. This path largely differs
from the displacement of the magnetic dipole in both cases,
which shows the inconsistency between the total geoid and
the paleomagnetic reference frame and between the no-LVV
geoid and the paleomagnetic reference frame in our plate-
driven mantle convection model. A possibility would be to
eliminate spurious fast variations of the geoid while secur-
ing agreement between the inertia axis of the mantle circu-
lation model and the Earth’s spin axis, as given by the mag-
netic dipole axis or (better) by paleogeographic constraints.
Such constraints could be implemented in a data assimilation
scheme (Bunge et al., 2003; Bocher et al., 2016).

4.4.2 Reference frame of the plate reconstruction

Plate-driven models introduce another complexity due to the
choice of reference frame in which the plate reconstruction
is considered. Depending on the reference frame, the surface
can undergo net rotations, as is the case in the plate recon-
struction of Merdith et al. (2021) given in a paleomagnetic
reference frame. The correct way to handle net rotations of
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the surface in plate-driven mantle convection models is still
in debate. Some of these net rotations are due to differential
rotations between the lithosphere and the mantle, while other
parts of the net rotations are due to a solid-body rotation of
the whole mantle (Rudolph and Zhong, 2014; Coltice et al.,
2017). Our model MF is driven by a plate reconstruction in
a no-net-rotation reference frame. A different choice could
have been made, as it is unclear that this reference frame
is the most geophysically appropriate (Miiller et al., 2022).
For case MF*, we chose to rotate the output of model MF
in the paleomagnetic reference frame by simply applying the
net rotations of the surface in the paleomagnetic reference
frame to the whole mantle. This method implies potentially
unrealistically large lateral displacement of the deep mantle
and assumes that all the displacements of the paleomagnetic
pole relative to continents are due to a solid-body rotation of
the mantle. Another possibility would be to directly drive the
convection model with the plate reconstruction in the paleo-
magnetic reference frame, as done by Dannberg et al. (2024),
with the drawback that it forces spurious flow in the deep
mantle. We do not consider imposing no net rotation at the
CMB as in Steinberger et al. (2019a) to be an appropriate al-
ternative. Note, however, that this indetermination does not
exist in self-consistent mantle convection models.

4.4.3 PCA patterns and rotation in longitude

From the point of view of core dynamics, rotations in lon-
gitude of a given CMB heat flux pattern are irrelevant. The
PCA computed here would, however, see two identical pat-
terns rotated in longitude as two distinct components. The
analysis conducted in this study could thus be improved by
gathering patterns that are similar by rotations in longitude
into the same component.

5 Conclusion

The two main goals of this work are to investigate how TPW
can affect the CMB heat flux in term of space and time
behaviour and to provide heat flux maps representative of
~ 1 Gyr of mantle evolution in a reference frame useful for
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geodynamo models. Notwithstanding current limitations in
predicting the geoid from forward mantle convection mod-
els, we show that TPW can greatly affect the large scales of
the CMB heat flux by changing the hierarchy between low-
degree spherical harmonics modes, by changing the sign of
these modes, and by adding time variations on timescales
shorter than often considered to be realistic. We performed
a principal component analysis to obtain the dominant heat
flux patterns at the CMB in the different considered cases.
These patterns represent long-timescale behaviour, and they
preserve small length scales that could be important for dy-
namo action. These patterns can thus be used as an alterna-
tive to snapshots to study implications of mantle convection
models for geodynamo models.

This work also highlights the need to better constrain long-
term mantle convection models using the moment of iner-
tia of the mantle. Aiming for core-mantle coupling, self-
consistent mantle convection models have to be repositioned
in a frame that keeps the maximum inertia axis aligned with
the rotation axis. This correction can also be used in plate-
driven models. In this case, however, it is also possible to
rotate the mantle convection model in a paleomagnetic ref-
erence frame if the relation between the paleomagnetic ref-
erence frame and the mantle reference frame of the model is
known. This second option is not consistent with the model
itself and does not ensure that the maximum inertia axis
is aligned with the rotation axis. In this case, the potential
differential rotation between the lithosphere and the deep
mantle is poorly constrained. The next generation of mod-
els driven by reconstructed plate motions could consider in-
cluding consistency with true polar wander as a constraint for
data assimilation.
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