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Abstract Convection in Earth’s outer core is driven by the release of heat and light elements at the inner i
Mathieu Dumberry

core boundary. A key question is whether these buoyancy sources drive convection throughout the core, or

whether a stable layer exists just below the core-mantle boundary (CMB). Recent simulations incorporating DecembeRrCTC 10 ]\;)25
CMB heat flux heterogeneities propose locally stable “regional inversion lenses” (RILs) rather than a global Revised:
layer, allowing stable and unstable regions to coexist. However, these simulations combine thermal and com- April 18, 2026; May 8,
positional anomalies, ignoring differences in diffusivities and boundary conditions. Here we simulate thermal, 2026
chemical, and thermochemical convection at Ekman number E = 1075, with thermal and chemical flux Rayleigh Accepted:
numbers 13217 =30 —4000 and ﬁag =30 - 100000, and Prandtl numbers Prr = 1 and Pry = 10. Purely chemical /\/F"i)ll)l?shzgf
simulations accumulate light elements below the CMB, forming locally stable regions near the poles or global May 15” 2026

layers, depending on I?c;g. These chemically stratified regions persist in thermochemical simulations even when
thermal forcing is destabilising. Introducing heterogeneous CMB heat flux produces thermally stratified RILs
even with strongly destabilising compositional buoyancy. Our simulations reveal a diverse range of locations,
properties, and morphologies of stable regions depending on Rar and I?c;_g, they can have seismically detectable
thickness and strength, and might also have a signature in geomagnetic observations.

Non-technical summary  Earth’s magnetic field is generated by fluid motion in the liquid iron
outer core, which arises from the release of heat and light elements at the inner core boundary. A long-standing
question is whether fluid motion arises throughout the core, or whether parts of the uppermost core, just be-
neath the core-mantle boundary (CMB), resist fluid motion and are therefore stably stratified. The existence
of stable regions at the top of Earth’s core has the potential to strongly affect how we interpret seismic and
geomagnetic observations, but their existence, properties, and origin remain uncertain. Here, we use numer-
ical simulations of core dynamics to understand the formation and properties of stable regions below Earth’s
CMB. Unlike previous studies, we consider core fluid flow driven both by the release of heat and light elements
at the inner core boundary and by the presence of thermal anomalies in the overlying mantle. We show that
light elements can naturally accumulate beneath the CMB, particularly in polar regions, forming chemically
stable regions even when thermal buoyancy is strong. Thermally stable regions form in equatorial regions
below Africa and the Pacific, where the lower mantle is anomalously hot, and persist despite strong chemical
buoyancy. These stable regions vary widely in size, strength, and location, can be thick enough to be detected
seismically, and may influence observable features of Earth’s magnetic field.

1 Introduction

The core-mantle boundary (CMB) remains one of the most
enigmatic regions of the deep interior of our planet, and a
decades-old debate continues over whether the uppermost
core is convecting or stably stratified. The presence of local
regions or a global layer of stability would fundamentally
change interpretations of geomagnetic observations, which
only probe the top of the core, by obscuring the underly-
ing convection and dynamo action, and may have important
geophysical implications for the long-term thermochemical
evolution of the core (see e.g., Buffett and Seagle, 2010; Brod-
holt and Badro, 2017; Greenwood et al., 2021; Davies and
Greenwood, 2023). Regions that depart from a well-mixed

*Corresponding author: s.naskar@leeds.ac.uk

isentropic profile could be imaged seismically if there is an
accompanying departure of the compressional wave veloc-
ity; however, previous studies (which generally interpret ve-
locity anomalies as a globally stable layer) have advocated
for a range of scenarios, from no seismically visible layer
(Alexandrakis and Eaton, 2010; Irving et al,, 2018), to lay-
ers several hundreds of kilometres thick (Kaneshima, 2018;
Helffrich and Kaneshima, 2010). A layer that is stable to
convection could also affect the geomagnetic secular vari-
ation by suppressing radial motion, and the presence or ab-
sence of radial flow near the top of the core is also a long-
standing topic of debate (Whaler, 1980; Whaler, 1986; Amit,
2014; Lesur et al., 2015; Huguet et al., 2018). Other indirect
observational constraints on core stratification rely on spe-
cific mechanisms: Gubbins (2007) argued that a stable layer
could be at most 100 km-thick if flux expulsion is the cause
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of the current reversed flux enhancement in the southern
hemisphere, while Buffett (2014) argued for a O(100) km-
thick layer in order to explain a 60-yr dipole fluctuation by
a certain class of magnetohydrodynamic waves. The present
uncertainty regarding the stability of the uppermost core re-
stricts our ability to predict the heat and mass flux through
the CMB, which are vital for elucidating the structure, dy-
namics, and evolution of the CMB region.

The origin of a global stable layer below the CMB is gen-
erally attributed to mechanisms external to the core, such
as incomplete mixing during core formation (Landeau et al.,
2016), subadiabatic heat flow at the CMB (Gubbins et al.,
1982; Labrosse et al., 1997; Pozzo et al., 2012; Greenwood
et al., 2021; Labrosse, 2015) or chemical interactions with the
mantle (e.g., Buffett and Seagle, 2010; Brodholt and Badro,
2017; Davies and Greenwood, 2023). Numerical studies gen-
erally assume a global layer (Christensen, 2006; Nakagawa,
2011; Christensen, 2018) and find strongly suppressed radial
motion below the CMB and surface magnetic fields that be-
come morphologically dissimilar to the observed geomag-
netic field as the strength and thickness of the layer are in-
creased (Gastine et al., 2020; Aubert, 2025). However, flow
and field behaviour can change significantly when simula-
tions incorporate lateral variations in CMB heat flow. Olson
et al. (2017) found that strong lateral heat flow variations
can partially destabilise a pre-existing stable layer, produc-
ing localised regions of radial flow. Mound et al. (2019) stud-
ied non-magnetic rotating convection with no pre-existing
layer and found that stable regions at the top of the core can
arise by imposing a laterally varying CMB heat flux pattern
derived from seismic tomography. These O(100) km-thick
stable regions, called Regional Inversion Lenses (RILs), arise
under the Pacific and African Large Low Velocity Provinces
(LLVPs) where heat flow is suppressed and are characterised
by a stabilising temperature gradient and weak upwelling
flow. These stable regions offer the possibility to reconcile
the conflicting interpretations of seismic and geomagnetic
observations by allowing the coexistence of both stable re-
gions with suppressed radial flow and unstable regions with-
out any such flow suppression. Mound and Davies (2023)
found that dynamo simulations with dynamically generated
RILs match the modern-day morphology and secular varia-
tion of the geomagnetic field.

Previous studies of stable regions have considered convec-
tion driven by thermal buoyancy (Mound et al., 2019) or a
generalised “codensity” that combines the effects of latent
heat and light element release due to solidification of the
inner core (Olson et al., 2017). While these approaches are
theoretically and computationally convenient, they ignore
double-diffusive effects arising from the vastly different dif-
fusivities and boundary conditions of the thermal and chem-
ical fields. The purpose of this study is to understand how
these effects influence the structure and stability of RILs.

Various regimes of double diffusive convection can arise
depending on the relative size of the diffusion coefficients
and the component (temperature or composition) that is sta-
bilising (e.g., Turner, 1973). In this study, we focus on the
“top-heavy” regime where both temperature and composi-
tion are destabilising, but have different diffusivities and
boundary conditions. Few studies have considered this con-
figuration in rotating spherical shell geometry (Breuer et al.,
2010; Tramper et al., 2012; Tassin et al., 2021) and none have
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imposed laterally varying outer boundary conditions on the
thermal field. Here we use the “tomographic” heat flow pat-
tern and thermal buoyancy profile employed in our previous
studies (Mound and Davies, 2017; Mound et al., 2019; Mound
and Davies, 2023) in a suite of top-heavy double-diffusive
rotating spherical shell convection simulations. The com-
positional field is destabilising throughout the core and can
therefore potentially disrupt the RILs. On the other hand,
previous studies have found that compositional stratification
due to light-element accumulation (LEA) can arise naturally
from the internal dynamics of chemical convection (Bouffard
et al., 2019).

In this study, we present 92 new numerical models, with 7
purely chemical and 85 thermochemical top-heavy double-
diffusive simulations of non-magnetic rotating spherical
shell convection, combined with previous purely thermal
models (Mound and Davies, 2017). In the thermochemical
models, we consider the CMB heat flux to be either spa-
tially homogeneous (49 models) or heterogeneous (36 mod-
els) with a pattern derived from seismic tomography (hence-
forth designated as homogeneous and heterogeneous simu-
lations, respectively). Our objective is to explore the double-
diffusive fluid dynamics in order to investigate the existence,
morphology, strength, and thickness of the RILs. We find
LEA-driven chemical stratification in both purely chemical
and thermochemical homogeneous models. This reveals the
existence of quasi-stationary stable regions/layers driven by
LEA, for the first time, complementing previous work that
identified non-stationary chemically stable layers in purely
chemical rotating convection (Bouffard et al., 2019). In the
heterogeneous thermochemical models, we find that LEA be-
low CMB may lead to both local and global stable regions
with similar strength and thickness as the RILs. However,
the RILs in our thermochemical models remain the domi-
nant stable regions near the topmost core in most hetero-
geneous models for the region of parameter space explored.
The RILs in our new thermochemical simulations have simi-
lar strength and thickness to the previous pure thermal mod-
els (Mound et al., 2019).

This paper is organised as follows. The numerical model is
briefly described in section 2, with the full model equations
detailed in Appendix A. The results are presented in section
3; we assess the global force balance in our models in section
3.1, which relates to the behaviour of stable regions that we
analyse in section 3.2. The results are summarised, and their
implications for Earth’s core are discussed in section 4. All
simulation diagnostics can be found in the supplementary
table (see Appendix B).

2 Methods

We employ a numerical model of rotating convection of a
Boussinesq fluid. A spherical coordinate system (r,0,¢) is
used to represent the domain bounded by the inner and outer
boundaries, r; and r,, respectively. The whole system rotates
with a constant angular velocity Q = QZ about the vertical
axis, and gravity varies linearly with radius. Velocity bound-
ary conditions are no-slip on r; and r,.

The fluid is a mixture of light components dissolved in a
comparatively heavy liquid (e.g., oxygen mixed in liquid iron
in Earth’s outer core). The relevant physical properties of the
mixture are the kinematic viscosity, v, the thermal and chem-
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ical diffusivities, xr and «¢, and the coefficients of thermal
and chemical expansion, ar and a;. The thermal diffusivity
is defined as xr = kr/p,cp, Where kr is the thermal conduc-
tivity, po is the reference density, and ¢, is the specific heat
capacity of the mixture.

In our simulations, thermal convection is driven by basal
heating, which represents the release of latent heat at the in-
ner core boundary (ICB) of Earth’s core, subject to a fixed
flux on both boundaries. The conductive temperature gradi-
ent at the boundaries is expressed as VT, = —(B7/r?)#, where
7 is the unit vector in the radial direction, and fr is related to
the ICB heat flow through Or; = 47rX(—kr VT,) = 4nky frF.
To model the release of light elements from the inner core
boundary, we follow a standard setup (e.g., Kutzner and
Christensen, 2002) and impose fixed flux conditions at r; such
that V&, = —(Bz/r?)F. We assume zero compositional flux at
ro (ie., Qg , = 0). To ensure stationary solutions, we assume
that the flux from the inner core is balanced by a spatially
homogeneous sink (S¢) that maintains the global balance of
lighter elements (see é.g., Kono and Roberts, 2001).

The governing equations for the conservation of mass,
momentum, energy, and chemical composition are standard
and can be found in equations A1-A4 in Appendix A. They
are nondimensionalised using the shell gap (h = r, —1;) as
the length scale, the viscous diffusion time (h?/v) as the time
scale, fr/h as the temperature scale, and B:/h as the scale of
the chemical field (equations A14-A17 in Appendix A). The
non-dimensional numbers appearing in these equations are
the Ekman number (E), thermal and chemical flux Rayleigh
numbers (Rar and Ray), and thermal and chemical Prandtl
numbers (Prr and Pry) defined as

% goarPrh? otz Peh’
E= 7 T="—"T",") Rag = ———,
2Qh VKTFS VKT,
PVT=L, Pr§=l. (1)
KT Kg

Additionally, modified flux Rayleigh numbers are used in
this study; they relate to the flux Rayleigh numbers as Rar =
RarE and Ray = Ra¢E.

In addition to homogeneous thermal boundary conditions,
in some simulations we impose a laterally heterogeneous
thermal flux at the CMB, following Mound and Davies (2017).
The parameter space now also includes the pattern and am-
plitude of lateral variation in the CMB heat flux. In this study,
the pattern is fixed using an inferred heat flux pattern from
seismic tomography following Masters et al. (1996). The
amplitude of heterogeneity is characterised as q* = (g%, —
q-.)/ anUg where g7, ... q7 . ,and qgvg are the maximum, min-
imum, and horizontally averaged heat flux through the CMB,
respectively. We consider values of g* € {2.3, 5, 10}, where
q" > 2 has been reported to produce RILs for pure thermal
convection (Mound et al., 2019). The homogeneous models
correspond to g* = 0. Notably, the average heat flux anUg is
the same for homogeneous and heterogeneous models, inde-
pendent of g*.

The stable regions that emerge in our simulations are char-
acterised by their thickness (§) and strength (|N/2Q)]) as esti-
mated from the locally averaged radial profiles of the squared
Brunt-Viisila (BV) frequency (N?/4Q?), defined as
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Rar oT*  Rag o¢*
—— + —

N?/40* = r*E* A
Prr or*  Prg or*

= N2/4Q% + N§/4QZ,
(2)

where N%/ 40?% and Ng/ 4Q? are the BV frequencies estimated
from the individual radial gradients of thermal and chemical
fields. The derivation of equation 2 and the local averaging
procedure is outlined in section A.1.3 in Appendix A. We de-
fine the thickness of a stable region as the depth beneath the
CMB of the zero crossing of the N?/4Q? profile (i.e., radial
location of neutral stability, r5) and its strength as the square
root of the maximum positive value of N 2/4Q0?, that is

2

d =r,—rs where (F) =0 (3)
N2

IN/ZleaX = max{@(r)}- (4)

2.1 Force balance

The global force balance in our simulations can be assessed
from the ratio of various terms in the momentum equation
(Appendix A, equation A15). In this equation, the second and
third terms on the left-hand side describe the Inertia (I) and
Coriolis (C) forces, whereas the second and third terms on the
right-hand side represent the thermal and chemical buoyan-
cies (i.e., Archimedean forces, At and Ay). In the study by
Naskar et al. (2025), the forces and curled forces are parti-
tioned into mean (i.e., azimuthal average) and corresponding
fluctuating parts (see also e.g., Calkins et al. (2021); Nicoski
et al. (2024)), and we only consider the fluctuating part of the
forces (indicated by a prime), giving

’ ’ 1 ’
I'=u -Vu, C’:E(éxu )

, Rar ~, , Rag ~
Al ==—=T|r, A,=|(=—¢]r. 5
T (PY‘T )7‘ ¢ (Pr{gé: r ()

All forces are integrated over the bulk fluid, which excludes
regions of radial thickness 10 times the Ekman layer depth
adjacent to the upper and lower boundaries (defined based
on the linear intersection method). The results are time-
averaged, and subsequent notation implicitly includes both
spatial and temporal averaging.

The metrics we use to classify the dynamical balances are
based on the ratio of the magnitudes of the inertia and Cori-
olis forces, and their curls (Naskar et al., 2025) that are, re-
spectively,

'd IV x I'|
L oy i T M 6
o €T T ke (©)

Additionally, we introduce a metric to estimate the relative
importance of the two buoyancy forces,

(7)
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2.2 Numerical details

The velocity field is represented by toroidal and poloidal
scalar fields, which are expressed as radially varying
Schmidt-normalised spherical harmonics. Radial variations
are expressed using second-order finite differences on the ze-
ros of Chebyshev polynomials. A predictor-corrector scheme
is used for time stepping in spectral space that treats the
diffusion terms implicitly. Further numerical details can be
found in previous studies that use the same solver (Willis et
al., 2007; Davies et al., 2011; Matsui et al., 2016). The solver
has been validated against a benchmark solution proposed
by Breuer et al. (2010) and a selection of simulations from
Tassin et al. (2021).

We have considered purely thermal, purely chemical, and
thermochemical simulations. In most simulations, we have
fixed E = 107>, Prr = 1 and Prg = 10 and sampled a region of
the (Rar/Ray, Rag/Ray) plane that includes both thermally
dominated and chemically dominated convection. Here, Iﬂ?\(dz;
and Ra, ¢ are critical modified Rayleigh numbers at the on-
set of pure thermal and pure chemical convection, respec-
tively, as reported in Table C1 in Appendix C. The homo-
geneous purely thermal simulations reported in Mound and
Davies (2017) are also included (14 simulations, diamonds in
Figure 1), as well as 7 new purely compositional simulations
(ﬁ’gars in Figure 1) with compositional Rayleigh varying from
Rag = 10% - 10° (right y-axis). The pure thermal (Rag = 0) and
chemical (Rar = 0) simulations were plotted at 1?51;* /fi’zg =0.2
and ﬁ&ﬁﬁ&? = 0.2, respectively, to enable the use of a log
scale in Figure 1.

Furthermore, we report 49 new homogeneous (i.e., g* = 0)
thermochemical models (triangles), with varying (E&T,Eag).
For the thermal and chemical fields in these thermochemical
simulations, we use the same Prandtl numbers as their pure
convection counterpart (i.e., Prr =1, Prg =10, Qr,; = Qr,0 and
Q¢ = 0). In these simulations, Eag is varied from 30 — 10° at
three fixed values of f?VaT = 90,550 and 1200 (39 simulations,
see top x-axis of Figure 1), while Rar is varied from 30 — 4000
for two fixed values of R‘Zzg =300 and 10* (10 simulations).

We also investigate 26 new heterogeneous thermochem-
ical models with a spatial pattern of outer boundary heat
flux inferred from seismic tomography (Masters et al., 1996)
where the degree of heterogeneity is fixed at g* = 5. We in-
clude 13 pure thermal simulations from Mound and Davies
(2017), which also use the same “tomographic” heat flux pat-
tern with g* = 5, with the other parameters same as the ho-
mogeneous models (i.e., E = 107>, Pry = 1 and Pr¢ = 10).

The strength and structure of thermal RILs are expected to
be influenced by the amplitude of the heterogeneous bound-
ary condition. Therefore, we also investigate simulations
with ¢* = {2.3,10} in thermochemical simulations run at
three values of thermal Rayleigh Rar = {90,550,1200} and a
fixed chemical Rayleigh | Rag = 10000 (6 simulations), and one
simulation with ¢* =1, RaT = 1200, Rag =10000.

Under conditions relevant to Earth’s core, chemical buoy-
ancy is widely expected to dominate over thermal buoy-
ancy, with estimates indicating that }F?ngv > E&T (Gubbins,
2001; Jones, 2000). Consistent with this expectation, the con-
vective power available from compositional driving, which
scales with Rag/Pry, is inferred to be substantially larger
than that associated with thermal driving, proportional to

4

| Thermochemical convection with core-mantle boundary heterogeneity

Rar/Pry (Lister and Buffett, 1995; Davies, 2015; Nimmo,
2015). Quantitative estimation of the Rayleigh number ratio
for the bulk of the outer core may be complicated by the po-
tential presence of a mushy layer at the inner core boundary
(Wilczynski et al., 2025). Here, we focus on systematically
exploring a region of the (Rar, ﬁag) parameter space to assess
the differences between thermally and chemically dominated
convection. Systematically investigating the effect of vary-
ing E is beyond the scope of this study; however, we perform
an initial check of Ekman dependence using 3 additional
thermochemical simulations with supercriticalities that tar-
get the rapidly rotating regime for E = {107%,3x1075,107%}.

All simulation parameters and diagnostics are tabulated in
the supplementary table (Appendix B). These simulation di-
agnostics, as defined in Appendix A (section A.1.3), as well as
the time-averaged results presented in section 3 are averaged
over at least 100 convective time-scales after the simulations
reach a quasi-stationary state.

3 Results

Our main objective is to characterise the strength and thick-
ness of the stable regions that emerge in our simulations. To
scale these properties towards the extreme parameter regime
that applies to Earth’s core, we need to choose simulations
with a geophysically relevant dynamical balance. In rotat-
ing convection, the turbulent flow regime with strong rota-
tional constraints, known as the "rapidly-rotating" regime,
is considered geophysically most relevant (Kunnen, 2021).
We begin our analysis in section 3.1 by studying the force
balance to distinguish between various dynamical regimes
of thermochemical convection. In particular, we investigate
the role of non-linear inertia relative to the Coriolis force in
the momentum equation (A15). Our estimates of the rela-
tive importance of inertia F;c and CFj,c, as defined in sec-
tion 2.1, follow Naskar et al. (2025) to identify simulations
that should be geophysically most relevant. The previous
force analysis for pure thermal convection (Naskar et al.,
2025) has been extended to thermochemical convection in
this study. In particular, we introduce a new metric to ex-
amine the relative importance of thermal vs. chemical buoy-
ancy, Ar/¢, to determine which buoyancy source should de-
cide the density distribution in the bulk of the core. We stress
here that our thermal and chemical fields are different in two
aspects: (a) the thermal field diffuses faster than the chem-
ical field (i.e., Prr = 1 and Pry = 10) and (b) there are differ-
ent boundary conditions for the two fields, with equal to-
tal heat flow across the ICB and CMB, whereas there is zero
chemical flux across the CMB. Following the force analysis,
in section 3.2 we will present visualisations of two simula-
tions with homogeneous boundary conditions: one simula-
tion with A7/ < 1 (chemical buoyancy > thermal buoyancy),
and one simulation with A7 /¢ > 1 (thermal buoyancy > chem-
ical buoyancy). These two simulations will then be compared
with equivalent heterogeneous models with ¢* = 5 that con-
tain thermal RILs. Regional variations within the simula-
tions are explored by comparing locally averaged radial pro-
files of N7/4Q?, N2/4Q2 and N2/4Q? beneath selected ref-
erence locatlons (equatonal Africa, equatorial Pacific, equa-
torial Americas, North Pole) and globally averaged profiles.
Finally, the strength and thickness of stratification are esti-
mated from these profiles (section 3.2.2) and the scaling of
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Figure 1: Regimes of force balance in homogeneous models. The symbol shapes indicate purely thermal (diamonds), purely chemical (stars)
and thermochemical (left/right triangles). The symbols are coloured by the fluctuating curled force ratio CF;c, indicating the role of inertia
in the force balance relative to the Coriolis force. Open symbols are used for fluctuating force ratio F;c > 0.1, while filled symbols indicate
Frjc < 0.1. The thermochemical models are classified with the ratio of thermal to chemical buoyancy A7/¢ < 1 (left triangles) and Ar/z > 1
(right triangles), respectively. The dashed red lines at the lower left corner indicate the critical lines for the onset of convection. Blue and red
squares indicate, respectively, the example chemically-dominated and thermally-dominated simulations discussed in the text.

the RILs beneath Africa and the Pacific with model parame-
ters is investigated in section 3.2.3.

3.1 Regimes of force balance

Most of our simulations were run with E = 107>, Prr = 1 and
Prg = 10, varying the balance of chemical to thermal buoy-
ancy and the strength of thermal boundary heterogeneity.
We begin by considering the dynamics of simulations with
homogeneous heat flux at the CMB (q* = 0). The parameter
regime of these simulations is shown in Figure 1, which also
shows the role of inertia compared to the Coriolis force us-
ing two force ratio metrics F;c and CFy;c (equation 6). The
force ratio Fr/c measures the role of inertia compared to Cori-
olis force in the primary force balance, while the curled force
ratio CFy/c is an appropriate measure to investigate the rela-
tive role of inertia in the secondary balance. The majority of
these simulations are quasi-geostrophic (QG), having a pri-
mary balance between Coriolis and pressure terms, with a
secondary contribution from inertia. For a few simulations
at the highest Rar considered, inertia enters the primary
force balance (as measured by Fy/c > 0.1, equation 6) and the
simulations are non-QG. As either I?er or I?Zzsz increases, the
simulations gradually transition from non-turbulent to vig-
orously turbulent conditions as the relative importance of in-
ertia increases compared to rotation in the secondary force
balance (as measured by CF/c). When the curled force ratio
is of order one, convective motions are considered turbulent.
Together, the two criteria help distinguish simulations that

5

fall within the geostrophic turbulent flow regime—where the
role of inertia is significant in the secondary balance (i.e.,
CFyjc ~ O(1)), ensuring vigorous turbulence, but it does not
enter the primary QG balance (i.e., Fi/c < 0.1), thereby main-
taining rotational constraint (Naskar et al., 2025). The het-
erogeneous simulations cover a similar parameter space (see
Appendix B) and have similar force balances, although they
have stronger thermal buoyancy at large length scales com-
pared to their homogeneous counterparts.

3.2 Stable regions

With an overview of the global force balance established,
the development of regions with inverted density gradients
can now be investigated in various regimes of thermochem-
ical convection. We begin with the visualisation of flow
and scalar fields in four simulations: one chemically dom-
inated and one thermally dominated, both with ¢* = 0; and
two corresponding simulations with g* = 5, having otherwise
the same parameters. These simulations are marked by red
and blue symbols in Figure 1, and instantaneous snapshots
of thermal anomaly, chemical anomaly, and radial velocity
fields are presented in Figures 2 and 3 for the homogeneous
and heterogeneous simulations, respectively. In all cases, the
thermal and chemical fields are correlated, as reported in pre-
vious studies (Trimper et al., 2012; Tassin et al., 2021), albeit
with smaller length scales present in the chemical field due to
the lower chemical diffusivity. Thermochemical plumes are
visible in the equatorial slices, and the elongation of struc-
tures parallel to the rotation axis is evident in the meridional
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Figure 2: Scalar fields and their gradients in homogeneous simulations. The equatorial, meridional and spherical (r = 0.54) surfaces are
colored by thermal anomaly (a,d), chemical anomaly (b,e), and radial velocity (c,f). The contour colours indicate hot (red) or cold (blue)
fluid in (a,d), high (orange) or low (purple) concentration of light elements in (b,e), and positive (red) or negative (blue) radial velocity in
(c,f), while grey represents zero velocity. The green iso-volume depicts time-averaged chemically stable regions with 9¢/dr > 0 in (b,e), and
convectively stable regions with N2/4Q% > 0 in (c,f). Chemlcally dominated convection (a,b,c) at Rar = 90 and Rag 30000, compared to

thermally dominated convection (d,e,f) at Rar = 1200 and Raf 300. To avoid obscuring the interior structure, the stable regions (green

isovolume) are clipped in the front hemisphere.

slices.

For all four of the cases in Figures 2 and 3, there are regions
near the CMB that, in the time average, have either a stabilis-
ing thermal or chemical gradient. The total density gradient
is a combination of thermal and chemical effects, and, de-
pending on the simulation setup, both components can pro-
duce net stable regions; that is, regions with a positive value
of the squared BV frequency N?/4Q? > 0 (see equation 2).

3.2.1 Purely chemical stability

In the homogeneous simulations (Figure 2), stable regions
arise only due to chemical enrichment near the top of the
core (9¢/dr > 0). The extent of the chemically-enriched re-
gions and the amplitude of 9£/dr tend to increase with Ray;
although they can form regardless of whether thermal or
chemical driving of convection is more important (see also
section 3.2.3). The regions with 9¢/dr > 0 have maximum
thickness and strength near the poles, similar to previous
observations (Bouffard et al., 2019). A global layer with
0&/or > 0 can form beneath the CMB in some cases; how-
ever, the chemically stratified regions can also be disrupted
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by sufficiently vigorous thermal convection. For our example
homogeneous simulation with A7/ < 1, the region of over-
all convective stability (N?/4Q? > 0) is more localised near
the poles than the region with 9¢/dr > 0 (compare Figure 2b
and c). For the homogeneous simulation with Ar/s > 1, the
thermal driving overpowers the chemical effects, and there
is no net convective stability (Figure 2f), which is the case
for most of our A7 > 1 simulations at g* = 0.

The formation of chemically stable regions can be under-
stood from the integrated balance of the terms in equation
(A17), as presented in supplementary section A.1.6. Light el-
ement conservation requires that, once the solution reaches
a steady state, the sum of the contributions from the con-
vective flux, diffusive flux, and volumetric sink is indepen-
dent of radius (see Appendix A figure A5). Therefore, the
sum of convective and diffusive fluxes needs to match the
energy flux unaccounted for by the sink (Asink). For low
supercriticalities, the diffusive flux remains a positive (i.e.,
outward) quantity near the topmost core. With increased
forcing, the amplitude of advective transport increases and
the interior fluid becomes increasingly well mixed, conduc-
tive flux in the fluid interior approaches zero, and the advec-
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3—§>0 (c) N%>0

Thermally dominated (O0)

v Thermal anomaly

v~ Chemical anomaly

Radial velocity

Figure 3: Scalar fields and their gradients in heterogeneous simulations. The interpretations of the contour colour and isovolumes are the
same as in Figure 2. These heterogeneous simulations for ¢g* = 5 have otherwise the same parameters as their homogeneous counterparts in
Figure 2. To avoid obscuring interior structures, the time-averaged stable regions (green isovolume) are clipped in the entire front hemisphere

in the middle panels, and for z > 0.6 in panel (c).

tive flux approaches Asink. With further increase in Ray, the
advective flux locally rises above Asink and light element is
delivered to the top of the core faster than it is assimilated. In
the simulations for which this occurs, excess light elements
accumulate near the outer boundary, resulting in stable re-
gions. These regions grow through time until they reach a
steady state with the inverted chemical gradient (9¢/dr > 0)
driving the negative (i.e., inward) diffusive flux required for
light element conservation. The evolution of the system and
the growth of the regions below the outer boundary to their
steady-state thickness and level of enrichment occurs on the
order of one viscous decay time. We analyse the layer prop-
erties in the steady state, noting that the saturation time of
the layer properties should depend on the chemical Prandtl
number, as well as the initial condition of the simulations.

3.2.2 Thermochemical stability

When the tomographic heat flux pattern with ¢* = 5 is ap-
plied to the outer boundary, regions with 9T /dr > 0 form at
the top of the core beneath the African and Pacific LLVPs
(Figure 3, see also Figure Al). The morphology of these
African and Pacific RILs is similar to that reported in pre-
vious pure thermal simulations (Mound et al., 2019). Radial
flow near the top of the core exhibits considerable longitu-
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dinal variation in simulations with heterogeneous heat flux
boundary conditions, for both Ar/¢ > 1 and A7/¢ < 1, due to
the localised suppression of convection beneath the LLVPs.
The zero chemical flux boundary condition tends to suppress
convection everywhere near the top of the core, which is ap-
parent in A;¢ < 1 simulations. These observations can be
more readily confirmed from the maps of radial velocity near
the top of the core (Figure A4). The morphology of stable re-
gions and the accompanying pattern of flow near the top of
the core depend on both the strength of the imposed thermal
heterogeneity and the overall balance of thermal to chemical
driving (A7/¢).

Stable regions can arise due to both the thermal and chem-
ical fields. Chemically stabilised regions preferentially form
near the poles; however, they extend to low latitudes in all
of our exemplar simulations (Figures 2 and 3). Thermal RILs
form below LLVPs when sufficiently strong heterogeneous
boundary conditions are applied (¢* > 2). Whether a local
profile or the global average profile has a net density strati-
fication (i.e., N2/4Q? > 0), depends on the combined effects
of the thermal and chemical gradients. When A7 /¢ is greater
than (less than) one, the thermal (chemical) gradient tends
to set the net density profile (compare the locally averaged
radial profiles of non-dimensional frequency N?/4Q? of Fig-
ure 4 with the component profiles of Appendix A Figures A2
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Figure 4: Variation of N2/4Q? with depth below CMB near the top of the core for homogeneous (a,b) and heterogeneous (c, d) models,
averaged around various locations (see Figure Al in Appendix A) for models with compositionally dominated convection (a,c) at Rar =90
and Rag = 30000, and thermally dominated convection (b,d) at Rar = 1200 and Rag 300.

and A3). The profiles of N?/4Q? in the thermally dominated
homogeneous simulation (Figure 4b) have little dependence
on location, and the chemical enrichment in the polar re-
gions is too weak to greatly perturb the global average. In
contrast, the polar regions in the chemically dominated ho-
mogeneous case (Figure 4a) have a sufficiently large adverse
gradient to produce a stable region in the globally averaged
profile, even though the equatorial regions remain fully con-
vecting. For the heterogeneous models (Figure 4c,d), the pro-
files of N?/4Q? beneath Africa and the Pacific indicate the
existence of thermal RILs, and these are stronger in the sim-
ulation with Ar s¢ > 1. However, these thermal RILs are not
sufficiently strong to make N?/4Q? positive in the global av-
erage, although N?/4Q? > 0 does occur in the heterogeneous
simulation with A7z < 1 due to the polar chemical enrich-
ment. In the simulations with Ar/¢ < 1 (e.g., Figure 4a,c), the
local stable polar regions with N2/4Q? > 0 exist beneath a
thin (5—10 km) thermally convecting region, while the ther-
mally stabilising gradients under equatorial Africa and Pa-
cific extend to the CMB in the heterogeneous case. This LEA-
driven stratification near the poles leaves a global signature
underneath a convecting region (15— 20 km). The profiles
of N%/4Q? for the homogeneous and heterogeneous models
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differ primarily due to the presence of RILs beneath Africa
and the Pacific.

For most heterogeneous models (¢* = 5), the thermal
RILs beneath the Pacific and Africa are the thickest (Fig-
ure 5a) and strongest (Figure 5b) stable regions among
the six locations considered for local averaging (see sec-
tion A.1.3). However, for three cases with {RaT,Rag} €
({30,10000}, {90,30000}, {90, 100000}) and A ¢ < 1, the most
strongly stabilised regions are due to LEA near the poles.
With increasing chemical forcing (Rag), the region of LEA-
driven stability increases in thickness; strength, and extent.
These chemically stabilised regions can be sufficiently strong
to make N?/4Q* > 0 in the globally averaged profile, and
with further increase in Rag, a global stable layer develops.
Notably, the stable regions of both thermal and chemical ori-
gin can be O(100) km thick with normalised BV frequency,
IN/2Q|~ O(0.1). The thermal RILs are the dominant stable
regions for most of our simulations, and their strength is only
weakly sensitive to ﬁ&g in the investigated parameter regime.
This can be attributed to our choice of a chemically neutral
boundary condition at the top of the core (i.e., 9&/9r = 0 at
r =ro), in contrast to the thermal field that is either fully
convecting over the whole CMB (for g* = 0 ) or only locally
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Figure 5: Regimes of thermochemical stability in the heterogeneous models. The symbols are colored by their thickness (a) and strength (b).
The thickness/strength in the colorbar represents the maximum value among the locally averaged profiles we considered (e.g see Figure A3).
The globally averaged profile exhibits stratification in the model represented by a circle, though some regions (e.g., beneath America) remain
fully convecting (Figure 4c). A complete global layer of stratification is found for the model indicated by a diamond symbol.

stable (for ¢* = 5). Therefore, convective variations near the
top of the core are not as strongly impacted by the chemical
boundary condition. Consequently, we will mainly focus on
the properties of the African and Pacific RILs as a function
of Rar, noting that the strength of chemical forcing can also
affect their properties.

3.2.3 Scaling of RIL properties

The thickness and strenfg\tﬁh of the African and Pacific RILs
generally increase with Rar (Figure 6). However, the trend

9

also depends on the ratio of thermal to chemical buoyancy
forcing, especially when considering the thickness of the
RILs. For 200 < Rar < 3000, RIL thickness approximately

increases as & ~ R?l%z and RIL strength closely follows a

IN/2Q|~ 135(;5 scaling, which can be compared to previous
theoretical scaling laws proposed for purely thermal convec-
tion (Mound and Davies, 2020). Irllhe construction of these
empirical fits, simulations with Rar < 200 have been ex-
cluded as either (a) the models are too weakly turbulent, fol-
lowing the criteria presented in (Long et al., 2020), or (b) the
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Figure 6: Scaling of thickness (a,b) and strength (c,d) of the stable regions averaged around Africa (a,c) and the Pacific (b,d). The symbol
shapes indicate purely thermal (diamonds) and thermochemical (left/right triangles) simulations. The thermochemical models are classified
with the ratio of thermal to chemical buoyancy Ay s < 1 (left triangles) and Ar/¢ > 1 (right triangles), respectively. The simulations with

Frjc > 0.1 or E&T/kﬁ < 8, marked by open symbols, have been excluded from the fit (Long et al., 2020; Naskar et al., 2025).

strongly turbulent models with high E&g have LEA-driven
globally stable regions, making the properties incomparable
to the theoretical scaling laws proposed for purely thermal
RILs. We also exclude simulations with high thermal forcing
(Rar > 3000) as they are non-QG (Fp/c > 0.1), according to
the criteria described in equation 6. Despite the exclusion of
simulations with strong chemical stabilisation, the empirical
scaling exponent of 0.2 for the thickness of these thermo-
chemical RILs is approximately double the theoretical predic-

tion (i.e., § ~ I?&OTJ (Mound and Davies, 2020)). The strength
of the RILs almost perfectly follows the theoretical estimate

(ie, |[N/2Q|~ E&OT'S), except for one model with global chem-
ical stability (diamond in Figure 5), for which [N/2Q| is ap-
proximately 3 times higher than other simulations with the
same value of Rar. The RIL strength and thickness also in-
crease with increasing ¢*, though more simulations at vary-
ing g* should be performed to establish reliable scaling rela-
tions.
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4 Discussion and conclusions

We have used numerical simulations of thermochemically-
driven convection in a rotating spherical shell to investi-
gate the formation and properties of thermally and/or chem-
ically stable regions at the top of Earth’s outer core. Unlike
previous studies where thermal and chemical buoyancy are
treated together as "codensity”, here we have imposed a later-
ally varying heat flux boundary condition derived from seis-
mic tomography on the temperature field alone, while zero
chemical flux is assumed at the CMB. This geophysically rel-
evant setup allows thermally and chemically stable regions
to form and evolve separately, and also allows the destabilis-
ing buoyancy from one component to influence the stabilis-
ing regions induced by the other component. Our main find-
ing is that thermally stable Regional Inversion Lenses (RILs),
which were previously identified in simulations of thermal
convection (Mound et al., 2019), are also a robust feature
of our thermochemical simulations. These RILs form at low
latitudes under the Pacific and Atlantic Large Low Velocity
Provinces, where the boundary heat flow is anomalously low.

In our simulations, RILs are O(100) km-thick with a nor-
malised BV frequency of N?/4Q? ~ 0.1 similar to our pre-

JSEDI | volume 2 | paper 4 | 2026



JSEDI |

(a) (b)

| Thermochemical convection with core-mantle boundary heterogeneity

Figure 7: Scalar fields and their gradients in a heterogeneous model at E = 107%. Contours and isovolumes have the same meaning as in
Figure 3. The Rayleigh numbers for this model are Rar = 2000 and Ra;z = 30000. The time-averaged stable regions (green isovolume) are
clipped in the front hemisphere in panel (b) for better visualisation of the internal dynamics.

vious work (Mound et al., 2019; Mound and Davies, 2020)
and are characterised by a stabilising overall density gradient
(driven by the thermal field) and weak upwelling flow. We
emphasise here that the radial flow near the outer boundary
is not completely suppressed inside the stratified regions in
any of our simulations (e.g., see Figure A4). The radial pen-
etration of the flow inside the RILs depends on their strat-
ification strength N%/4Q?, and scaling this property to core
conditions to infer radial motion near the top can be difficult,
as discussed later in this section. The boundary heterogene-
ity also drives zonal flows, with velocity magnitudes simi-
lar to the deep jets associated with columnar convection in
our homogeneous simulations. This similarity is evident in
the comparable zonal velocity amplitudes for both homoge-
neous and heterogeneous models (Figure A8), which broadly
follow an established scaling law, relating the zonal velocity
with input convective power, based on a balance between
Reynolds stresses and Ekman friction (for details see section
A.1.9 and Aubert, 2005). Considering uncertainties (e.g., re-
sulting from dependence on ﬁag, boundary conditions, large
Ekman number), the best fit scaling exponent 0.6 is reason-
ably close to the theoretical scaling exponent 0.8. In the pres-
ence of a magnetic field, the zonal flow is expected to follow
a shallower scaling with exponent 0.5 that gives a reasonable
extrapolated estimate for zonal flow amplitude at the top of
Earth’s core (Aubert, 2005).

Our simulations show thermochemically stable regions
with varying characteristics. Chemically driven local or
global stable regions arise in our homogeneous simulations
when chemical buoyancy dominates thermal buoyancy. In
this parameter regime, these regions co-exist with thermally
driven RILs in our heterogeneous models. The strength and
thickness of the chemically stable regions increase with the
compositional Rayleigh number and can reach values com-
parable to those for the thermal RILs in the parameter space
studied. The strength and thickness of the thermally sta-
bilised regions increase with the thermal Rayleigh number.

The thermal RIL strength scales as I?Zz(;s, similar to pure ther-
mal models (Mound and Davies, 2020); however, the RIL

thickness follows a steeper (~ @%Z) scaling compared to the

—~0.1
theoretical Ra; scaling, the difference being attributed to
the chemical driving.

Chemically stable regions in our simulations arise natu-
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rally from the internal dynamics of the rotating convection
rather than through an imposed external mechanism, as is
often assumed (e.g., Buffett and Seagle, 2010; Landeau et al.,
2016; Brodholt and Badro, 2017). Bouffard et al. (2019) found
global dynamically-induced chemically stable layers in simu-
lations of pure chemical rotating spherical shell convection.
These layers were non-stationary and grew slowly on the
viscous diffusion timescale. By contrast, the chemically sta-
ble regions in our simulations reach a steady state in about
a viscous diffusion timescale. In the steady state, the down-
ward diffusive chemical flux (together with some downward
entrainment) balances upward advection of light material
into the stable region. Bouffard et al. (2019) implemented
a novel numerical method to neglect chemical diffusion en-
tirely in order to approximate the high Pr; limit appropriate
to Earth’s core and suggest that diffusion should remain non-
negligible even at Pry ~ 1000. Although this is larger than the
value Pry = 10 adopted in our simulations to reduce computa-
tional cdsts, the role of the downward diffusive chemical flux
in the balance should remain important at higher Prg. The
chemically stable regions in both studies exhibit latitudinal
variations with maximum thickness and strength near the
poles, which gradually reduce towards the equator. In our
simulations, this effect seems to be caused by enhanced ver-
tical transport of chemical plumes inside the tangent cylin-
der (Figure A7) combined with meridional circulation, which
transports light elements away from the poles. Additionally,
higher stirring and mixing outside the tangent cylinder than
inside, and/or thermal convection eroding the layer at the
equator may also play a role (Bouffard et al., 2020).

Both the fingering (thermally stable but compositionally
unstable RILs below Africa and Pacific) and semi-convection
(thermally unstable but compositionally stable RILs at the
poles) regimes of double-diffusive convection might coexist
in our simulations for at least some parameters. In the fin-
gering regime (Guervilly, 2022; Tassin et al., 2024), the result-
ing flow structures depend on the relative strength of strat-
ification and rotation, represented by N?/4Q2. Our simula-
tions should fall in the rotation-dominated columnar convec-
tion regime, and therefore, gravity-aligned finger structures
are unlikely to develop in the equatorial RILs. Similarly, al-
though turbulent semi-convection (Pruzina et al., 2025) may
produce a stable layer overlaying a deeper convecting re-
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gion, direct comparisons with these studies are difficult due
to differences in setup and the local nature of the stratifica-
tion in our study. Flow structures are columnar in both the
potential fingering and semi-convection regions of our simu-
lations, indicating the dominant effect of rotation, and we do
not observe any obvious signature of either double-diffusive
dynamic structure inside the stratified regions.

Our simulations are set up to mimic a geophysically re-
alistic distribution of thermochemical buoyancy and access
a regime of rapidly rotating geostrophic turbulence that is
broadly characteristic of Earth’s core. However, they lack
a magnetic field and did not reach the high value of Prg
and the low value of Pry that characterise Earth’s core dy-
namics. Our previous thermally-driven dynamo simulations
showed that strong and thick RILs were preserved from cor-
responding non-magnetic cases (Mound and Davies, 2023),
which supports theoretical arguments that the magnetic field
does not dictate the gross properties of the RILs (Mound and
Davies, 2020). The results of Bouffard et al. (2019) suggest
that thick and strongly stable chemical regions at the top
of the core emerge with increasing Pr, which suggests that
the stable regions found in our simulations would not be de-
stroyed in the limit Prg — oco. The strength of the chemi-
cally stable region near the poles generally increases with in-
creasing 1?(35 and decreases with increasing Rar, since suffi-
ciently strong thermal driving can disrupt such regions (Fig-
ure A6). The E-dependence of the solutions is hard to assess
because the geophysically relevant value of E = 10~ is not
computationally accessible through direct numerical simula-
tion. Our one, thermally dominated, simulation at E = 107°
(Figure 7) has stable regions that are morphologically simi-
lar to counterparts at higher Ekman number, with a thick-
ness and strength of &5 ~ 213 km and |[N/2Q|~ 0.03. No
simple trend in these properties was found when comparing
this simulation to counterparts with E = 107>, 3x 107> and
10~* (Figure A9). The thickness and strength of RILs also ex-
hibit a broadly increasing trend with increasing turbulence
(i.e., Reynolds number, Re), when considering the simula-
tions that are included in the empirical fit in Figure 6. Ul-
timately, whether the properties of the dynamically-induced
stable regions found in this study continue to apply at more
realistic physical conditions must be tested by future numer-
ical simulations.

Our results suggest a number of implications that may im-
prove understanding of the structure and dynamics at the
top of Earth’s outer core. A mixture of stable and unsta-
ble regions below the CMB allows radial motion at the top
of the core, which seems a likely requirement to explain ob-
served geomagnetic secular variation (e.g., Amit, 2014; Lesur
et al., 2015; Gastine et al., 2020), while also preserving ther-
mochemical anomalies that might bear a seismically observ-
able signature. Thermally-driven dynamo simulations with
strong and thick RILs have generated magnetic fields that re-
produced the large-scale morphology and secular variation
of the recent geomagnetic field (Mound and Davies, 2023),
and future work should test this result for the thermochem-
ical case. Seismic studies have begun to investigate regional
variations in compressional wave velocity (Ma and Tkal¢i¢,
2024), and our results provide testable predictions for the
anomalous structures. Future studies could test these pre-
dictions by comparing SmKS body waves that sample distinct
regions of the core, including beneath Africa, the Pacific, and
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the polar regions. Finally, the strength of the stable regions
depends on the core’s chemistry, providing a means to infer
the range of candidate core compositions that are consistent
with the predicted value of N2/4Q2.
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A Supplementary Information

A.1 Detailed methodology

The governing equations for the conservation of mass, mo-
mentum, energy, and chemical composition can be written
as follows:

V-u=0, (A1)

(a_" +(u- V)u) +2(Qxu)=-VP+ Eg +vViu, (A2)
ot Po

g +(u- V)T =k V2T + 5, (A3)

O V)= KV S (A

The modified pressure, P, includes the centrifugal poten-
tial. Gravity varies linearly with the radius such that g =
—(go/ro)r, where g, is the reference gravitational accelera-
tion at the CMB (r = r,). We use the Boussinesq approxima-
tion where the variations of the density p due to the temper-
ature T and concentration of light elements Eare only taken
in the buoyancy force. Following a linear equation of state,
we get

L PP (T-T,) - ap(-£). (A5)
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by assuming |p — pol/po < 1, where T, &,, p, are the refer-
ence values at r = r,. Because the scalar magnitudes have
no dynamic significance (unlike the gradients of these scalar
quantities), we set (T,,&,) = (0,0). In this equation of state
A5, T is the departure from the destabilising background su-
peradiabatic temperature profile (T, henceforth referred to
as the conductive state), whereas gis the departure from the
compositional reference barodiffusive profile &, (Davies et
al., 2011), as expressed below:

T=T-T,
E=¢-&.

Fixed-flux thermal boundary conditions are imposed at the
inner and outer boundaries such that the total radial heat
flow is equal through the inner and outer surfaces (Qr; =
Or1,). The temperature gradient at the boundaries is ex-
pressed as VT, = —(Br/r?)# and related to the heat flux at the
inner core boundary (ICB) through Fourier Law as, Or,; =
47trl.2q‘;vg = 4nr¥(—kr VT,) = 4rkr pr#. The thermal convec-
tion is maintained entirely by this heat flow, and therefore,
we set St = 0 in equation A3. Without a heat source, the
thermal conduction equation can be expressed as

KT d szc _
r2 dr (r dr ) =9, (A7)

(A6)

subjected to the boundary conditions

dTC _ ﬁT ch __ﬁ_T
(@) () e

¥

The solution is

dT,
SN YO (A9)
dr re r

Here, the constant of integration c; is not constrained by
the boundary conditions. It can be set to zero without any
loss of generality, as only the gradient has dynamic signifi-
cance. The temperature drop across the shell for purely ther-
mal conduction is

- (A10)

ri T it

ATc:ﬁr(l—i) - brh
where h = r, —r; is the shell gap.

We assume zero compositional flux at the CMB (i.e. Q; , =
0), while imposing fixed flux conditions at the inner bound-
ary. To ensure stationary solutions, we assume that the flux
from the inner core is balanced by a spatially homogeneous
sink ( S¢ ) that maintains the global balance of lighter ele-
ments. With a sink term, the light element diffusion equation
can be expressed as
kg i ( 24

— —=< = All
r2 dr ’ dr)+5§ o (A1)

subjected to the boundary conditions

dé. _ :Bé" dé. _
() (&), o e

T
The solution is
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L

3 (r2+2r2/r)+cz,
drry-r;

_ 3
“O -

1

(A13)

where, S¢ = —3ﬁ§K§/(r2 - rl3) and the constant of integra-
tion ¢, is not constrained by the boundary conditions.

A.1.1 Non-dimensional governing equations

We proceed by non-dimensionalising equations A1-A4 using
the shell gap h as length scale, the viscous diffusion time,
h%/v , as time-scale, fr/h as temperature scale and Pe/h as
the scale of the compositional field. For these choices, the
non-dimensional equations become

v¥.u* =0, (A14)

* 1
VR (2><u*)
ot E (A15)
~ Ray ~
=-V*P* + Rar T+ —2 Ere+ ViR,
PrT Prg
aT* 1
+(u* - VT = — V2T, (A16)
ot* Prr
and
" 1 1 3
g +(W V) = — V- — —— — (A17)
ot* Pre Pre ri3 - r;‘3

A.1.2 Non-dimensional background states

Non-dimensionalising the background profiles in equations
A9 and A13, we get

dT; 1 1
< = Y Tc*(r*) =—+cCy, (A18)
dr* r*Z r*
= r:)— r)y=——— = s
c c 4 c o ri* r; ’7

where 1 = r;/r, is the radius ratio fixed at n = 0.35 in our
study. For the compositional background profile, we obtain

dé; 1 . w3

dr* - i3 3 (r —703/7' 2)’ (A20)
o i
%% 1 * 5 5
() = —Z(r*3 _r*3)(r 2 +2r03/r )+ ¢z, (A21)
o i

e e A0 n(n+2)
= ) — = . A22
Afc é:c(rz) gc(ro) ’72 2(1+’7+’72) ( )
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A.1.3 Diagnostic quantities

A few diagnostic quantities are tabulated in appendix B re-
flecting the time-averaged global behaviour of the simula-
tions, as well as properties of the stratified regions. The
global flow velocity, convective heat and light element flux
can be represented by the Reynolds number (Re = Uh/v =
U* = V2KE/Vs), thermal and chemical Nusselt numbers
(Nur = AT*/AT} and Nug = AE*/AE]), respectively. Here, U*
is the non-dimensional characteristic velocity, V5 is the shell
volume, KE = 1/2 ff . u".u"dV is the kinetic energy integral,
AT* and A¢* are the difference in surface and time average
temperature and light element concentration between inner
and outer radius, with the drop in conductive temperature
and concentrations (i.e. AT} and A&}) given in equations A19
and A22, respectively.

Figure A1: Geometric orientation of the RILs with respect to the
Earth’s surface.

We represent the radial gradient of density in terms of the
Brunt-Viisald (BV) frequency defined as

P
N:=_9 % (A23)

Po O

Combining equations A23 and A5, with (T,, &,) = (0,0) and
g/go =1/r, gives

r aT 2}
N? :go(r—) (6{75+O{§a—§); (A24)
o

The non-dimensional form of N? is given by

RaT oT*
Prr or*

Ra *
, Rag o2

N?/40Q% = r*E?
Prg or*

) = N2/4Q% + st /4%,
(A25)

where NZ/4Q* and N? /4Q? are the BV frequencies es-
timated from the radial gradients of thermal and chemical
fields. Henceforth, we drop the asterisk from the superscripts
of the non-dimensional quantities used in the following sec-
tion.
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A.14 BV frequency profiles of thermal and
chemical fields

In Figures A2 and Figures A3, the locally averaged radial pro-
files for N72~/4Q2 (top rows) and N;/ALQ2 (bottom rows) are
plotted to investigate the properties of the thermally and/or
chemically stable regions, while their sum N?/4Q? (equation
A25) is provided in the main text (Figure 4). In these fig-
ures, the profiles denoted as “Africa” and “Pacific” are aver-
aged from the radial lines whose outer edge falls within the
area over the CMB with an imposed stable temperature gra-
dient (i.e. dT/ar(r =r,) > 0), centered around the positive
(¢ = 0) and negative x-axis (¢ = ), respectively, for the het-
erogeneous models (see Figure A1l). The same area beneath
Africa and the Pacific has been used for the homogeneous
models to average the radial profiles consistently, although
there is no imposed stable temperature gradient at the CMB.
Two more spatially averaged profiles are calculated at the
equatorial regions, one averaged around ¢ = 377/2 (America)
and another around 6 = 0 (North Pole), from radial profiles
with their outer edge falling within an arbitrary spherical
surface on the CMB, that creates a solid angle of 7/2 with
the centre (Figure A1l). In general, the dashed arrows in Fig-
ure A1, colour-coded for correspondence with figures A2 and
A3 in this appendix and Figure 4 in the main text, indicate
the location around which the radial profiles are extracted
for spatial averaging. We note here that all these locally av-
eraged profiles in these plots, as well as the globally aver-
aged profile (black line), are extracted from time-averaged
fields of the scalar gradients. The profiles around the In-
dian Ocean (orange line) and the South Pole are similar to
American and North Polar profiles, respectively, and hence
are omitted from the figures for clarity.

A.1.5 Radial velocity field maps

Maps of the time-averaged radial velocity near the top of the
core (Figure A4) complement the visualisation of instanta-
neous radial flow (Figures 2 and 3 in the main text). The zero
CMB compositional flux condition at the CMB suppresses
motion near the top of the core in the chemically domi-
nated cases, compared to the thermally dominated cases. The
RILs in the thermally dominated heterogeneous case (Figure
A4(d)) suppress small-scale motion and are characterised by
a broad upwelling flow similar to the findings of Mound et al.
(2019).

A.1.6 Global balance of light elements

We study the mechanism of formation of chemically stable
regions at the top of the core from the balance of light el-
ements in equation Al7. Integrating the equation over a
spherical shell of inner radius r; and a varying outer radius
r, with shell volume, V; = (4/3)7(r® — r?), we get

///5Z_S:dV+//Vs(u.V)§dV_///SPLr§Vg§dV
_/// ;—édV:O, (A26)

where S¢ = -3/ (r3 - r?) is the non-dimensional volumetric
sink.

JSEDI | volume 2 | paper 4 | 2026



JSEDI |

Chemically dominated()
(a)

(©

| Thermochemical convection with core-mantle boundary heterogeneity

Thermally dominated()

(b)

(@)

Figure A2: Variation of NZ/4Q% (a,b) and N; /492 (c,d) with depth below the CMB, near the top of the core, averaged around various

locations for models for ¢* = 0 with compositionally dominated convection at Rar =90 and I?cdzg = 30000 (a,c), and thermally dominated

convection at Rar = 1200 and E&_g =300 (b,d).

Using the divergence theorem the second term reduces
to §S(u,§) dS = 4xr¥(u,£), while the third term becomes
—47r?(9€/dr) — 4xr. After some manipulation and rearrange-
ment, and using non-dimensional sink Sz = =3/(r2 —r}) we

get

3 3
Prg“// a—ng+4ﬂr2Pr§r<ur§) —47rr2§ +47‘[r3 r'3 = 47 .
v, ot - _— _ or ro—r; ~——
e R ~ convective flux diﬂu;\; ﬂux\ -~ - total
time derivative sink
(A27)

We note here that the integral of the time derivative also goes
to zero while considering the full shell volume (i.e. r = r,),
demonstrating global conservation of light elements:

Vs(ro) P)
Pr —§ dv =0. (A28)
¢ ot
s(ri)

The time-derivative term also drops out after time-
averaging the terms for statistically stationary solutions, and
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hence is not shown in Figure A5. The radial profiles of the
terms in equation A27 are demonstrated in Figure A5 and
discussed in the main text (section 3.2). Notably, the rela-
tive contributions of the convective and diffusive flux terms
in equation A27 (i.e., the second and third terms) vary with
ﬁc'zg, whereas the other terms are independent of that param-
eter.

A.1.7 Scaling of chemically-driven stratification

The thickness and strength of the chemically-driven strati-
fied regions beneath the north pole, as shown in Figure A6,
seem to increase with increasing Rag, and decrease with in-
creasing Rar.

A.1.8 Compositional fluxes in meridional plane

The transport of light elements by the instantaneous flow
is visualised from the longitudinally-averaged advective flux
components for a chemically-dominated homogeneous sim-
ulation in Figure A7.
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Figure A3: Variation of N%/4Q? (a,b) and NSE /492 (c,d) with depth below the CMB, near the top of the core, in the heterogeneous models

(g" = 5), averaged around various locations for compositionally dominated convection at Rar = 90 and R‘ag = 30000 (a,c), and thermally

dominated convection at Rar = 1200 and I?é_g =300 (b,d).

A.1.9 Scaling of zonal flow

The scaling of zonal flow velocity magnitudes (u*, which
is rescaled to rotational units) with input convective power
(expressed in terms of a rescaled Rayleigh number, Ray =
RarE? /Prjz.(Z/(rjr;‘ ))) in our thermochemical simulations is
compared with an established scaling law for pure thermal
convection proposed by Aubert (2005) (Figure A8). The the-
oretical scaling law, u* ~ (Rafl)o‘s, is based on the balance be-
tween the Reynolds stresses and the Ekman friction of the
zonal flow at the outer boundary.

A.1.10 Ekman and Reynolds dependence

The Ekman and Reynolds number dependence of the thick-
ness and strength of thermal RILs beneath Africa is depicted
in Figure A9. The thermal RIL beneath the Pacific exhibits
similar behaviour.
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B Simulation Diagnostics

Additional data is available in the supplementary file
supplementary_data.xlsx included with this submission.

C Table of critical Parameters

E ﬁ?l; fQVaE ms.  m
1074 16.4 183 5
3%x107°  20.1 256 8
107 247 341 12
1076 41.0 701 25 28

Yo

N DN =

Table C1: Critical parameters at the onset of pure thermal con-
vection with Prr = 1 and Qr; = Qr, , pure chemical convection
with Prg =10, and Q¢ = 0, at various Ekman numbers. The critical
Rayleigh numbers (EECT and ﬁ&c) and azimuthal wavenumbers (m$.
and mg) are calculated using SINGE (Kaplan et al., 2017; Vidal and
Schaeffer, 2015; Schaeffer, 2013).
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Chemically dominated (O) Thermally dominated (00)
(a) Homogeneous (b) ”
(c) Heterogeneous d)

Figure A4: Time-averaged radial velocity map ~ 100 km below the CMB for (a,b) homogeneous and (c,d) heterogeneous cases. For each
set, the Rayleigh numbers are (a,c) Rar = 90 and Rag = 30000 and (b,d) Rar = 1200 and Ra; = 300 ( same cases as Figures 2 and 3 in the main
text). The green lines show the boundary of stratified regions with N2/4Q? =

(@)

Figure A5: Radial dependence of the terms in equation A27 for varying 1-3715 for four purely compositional convection simulations at
13;15 € {100, 1000, 10000, 100000}. The full radial extent is shown in (a) and zoomed in near the boundaries in (b). The convective (coloured
solid lines) and diffusive (coloured dashed lines) flux terms are coloured by Rzg (colourbar). The solid teal line in (a) indicates the sink term,

which is independent of Eag. The black horizontal line represents the total sum, while the difference between the total and the sink term is
denoted as Asink (black dash-dot line)
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(a) (b)

(©) (@)

Figure A6: Thickness (a,c) and strength (b,d) of the stable regions averaged around the north pole plotted against thermal (a,b) and com-
positional (c,d) Rayleigh numbers. The symbol shapes indicate purely compositional (pentagrams) and thermochemical (left/right triangles)
simulations. The thermochemical models are classified by the ratio of thermal to chemical buoyancy Az < 1 (left triangles) and Ar/z > 1
(right triangles), respectively. The cases with N?/4Q? < 0 beneath the north pole are shown on the x-axis.

(@) (b) (©

Figure A7: Snapshot of longitudinally-averaged (a) radial (b) latitudinal and (c) longitudinal advective flux of composition for a homoge-
neous case at Rar = 90 and Ray = 30000 (same snapshot as Figure 2b in the main text). Here (.)4 indicates averaging in the longitudinal (¢)
direction. The dashed lines show the time- and ¢-averaged boundary of the chemically stratified region.
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Figure A8: Scaling of the zonal flow speed in thermochemical cases. The zonal velocity is calculated from the azimuthal kinetic energy
Ug = \J2(KE)y / Vs as defined in section A.1.3. Simulations with Fi;c > 0.1 (open symbols) are excluded from the fit.

(a) (b)

(c) (d)

Figure A9: (a,b) Ekman and (c,d) Reynolds number dependence of regional (a,c) thickness and (b,d) strength of the stable region beneath
Africa. The simulations with Fj;c > 0.1 (open symbols) are excluded from the fit in Figure 6.
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