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Melting of the Earth’s inner core
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The Earth’s magnetic field is generated by a dynamo in the liquid
iron core, which convects in response to cooling of the overlying
rocky mantle. The core freezes from the innermost surface out-
ward, growing the solid inner core and releasing light elements
that drive compositional convection' . Mantle convection extracts
heat from the core at a rate that has enormous lateral variations®.
Here we use geodynamo simulations to show that these variations
are transferred to the inner-core boundary and can be large enough
to cause heat to flow into the inner core. If this were to occur in the
Earth, it would cause localized melting. Melting releases heavy
liquid that could form the variable-composition layer suggested
by an anomaly in seismic velocity in the 150 kilometres immedi-
ately above the inner-core boundary®~”. This provides a very simple
explanation of the existence of this layer, which otherwise requires
additional assumptions such as locking of the inner core to the
mantle, translation from its geopotential centre”® or convection
with temperature equal to the solidus but with composition vary-
ing from the outer to the inner core’. The predominantly narrow
downwellings associated with freezing and broad upwellings assoc-
iated with melting mean that the area of melting could be quite
large despite the average dominance of freezing necessary to keep
the dynamo going. Localized melting and freezing also provides a
strong mechanism for creating seismic anomalies in the inner core
itself, much stronger than the effects of variations in heat flow so
far considered"’.

The core responds passively to the non-uniform heat flow imposed by
the mantle: it plays a purely passive role in this coupled convective
system. Variations in heat flux around the core-mantle boundary
(CMB), created by mantle convection, are likely to be large. They can
be estimated by two independent methods, one using seismic tomo-
graphy'" within the supposed thermal boundary layer at the base of
the mantle, and the other using mantle convection studies*. Both suggest
variations comparable with the average heat flux. Inhomogeneous
boundary conditions can produce enormous effects on core convec-
tion'>"*, and when background convection is small the boundary varia-
tions can aid magnetic field generation through enhanced helical
motions in fluid columns'. Many geodynamo simulations have incor-
porated thermal boundary conditions based on seismic tomography to
explain the non-axisymmetric time average of the geomagnetic field'*%,
low secular variation in the Pacific'*", frequency of polarity reversals®,
and persistent polarity transition paths during reversals*'.

We have explored the heat flux variability on the inner-core bound-
ary (ICB) using numerical geodynamo calculations driven by thermal
convection with an inhomogeneous upper boundary heat flux and
constant lower boundary temperature. The details of our dynamo
model are given in the Methods. Examples using the ‘tomographic’
boundary condition'' suffice to illustrate the possibility of inward heat
flow at the lower boundary. The important parameter g* = (Guax —
Gmin)/2qmean Measures the strength of the lateral variation in CMB
heat flux relative to the average; a range from g* = 0.15 to 0.45 gives
dynamos that vary from one relatively unaffected by the boundary
condition to one where the magnetic field is almost stationary, or
statistically locked’ to the boundary®.

Figure 1 gives the heat flux distribution on the upper and lower
boundaries for a locked dynamo at g* = 0.45. The pattern of heat flux
on the ICB mirrors that on the CMB; negative patches of heat flux
indicate heat flow into the inner core at sites of melting if this were part
of the model. Figure 2 shows two snapshots and a time average for a
dynamo with g* = 0.15; again there are patches where the heat flux is
negative despite the weaker lateral variations. Upwellings in the outer
core are broad while downwellings are narrow and vertical in all these
dynamos (Fig. 3), producing concentrated patches of high ICB heat
flux immediately beneath high CMB heat flux. The regions of melting
are therefore relatively large in comparison with the total amount of
melting. We note, however, that dynamo models with different oper-
ating parameters and buoyancy profiles need not produce heat flowing
into the lower boundary: a weakly convecting regime in which lateral
variations at the upper boundary are allowed to propagate all the way
to the lower boundary appears to be the most conducive for inner-core
melting.

Three complications must be taken into account when applying the
results of a thermal geodynamo simulation to the Earth. The first is the
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Figure 1 | Effect of mantle inhomogeneity on heat flux distribution at the
inner core surface. Heat fluxes are applied to the upper boundary (a) and
calculated on the constant-temperature lower boundary (b) in a geodynamo
simulation where the flow is strongly coupled to the boundary thermal
anomalies (¢* = 0.45). The range of heat flux across the upper boundary ranges
from 0.77 to 2.16 dimensionless units outwards and across the lower boundary
ranges from —0.51 to 2.89 dimensionless units (negative values indicate heat
flux into the inner core). This model uses an Ekman number 1.2 X 10™%,
Rayleigh number 1.5 times the critical value for onset of convection, Prandtl
number 1 and magnetic Prandtl number 10. (See the Methods section for
definitions of these dimensionless numbers.)
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Figure 2 | Calculated heat flux on the lower boundary of a geodynamo
model where g* = 0.15 for the upper boundary heat flux. Panelsaandb are
snapshots and ¢ shows the time average over several magnetic diffusion times.
Heat fluxes range from —0.287 to 2.126 (a), —0.124 t0 1.976 (b) and —0.276 to
1.86 (c) for the time average. The parameters used in this model are the same as
in Fig 1.

heat conducted down the adiabat. This was omitted from a recent
mantle convection study that explored the effects of a postperovskite
layer and variations in chemical composition on the heat flux across
the CMB and its correlation with seismic shear wave velocity*.
Postperovskite makes little difference to heat fluxes but lateral varia-
tions in composition, such as a subducted slab lying on the CMB,
greatly increase the ratio g*. To apply these results to core convection
we must first subtract the heat conducted down the adiabatic temper-
ature gradient. Typical estimates of the adiabatic gradient at the CMB
(1 Kkm™!) and core thermal conductivity (k =50 W m 'K give a
conducted heat flux of 50mWm 2, comparable with ge,n for the
mantle convection calculations. Subtracting this raises the relevant
q* dramatically because it reduces gpen to nearly zero while leaving
the range gpax — gmin Unchanged. In fact there is nothing to stop g*
becoming infinite, as it nearly does for the most realistic mantle model
in the previous study* (model TC-3.6, which has a compressible py-
roxene content), it merely means the top of the core is thermally
neutral. Most dynamo simulations have been restricted to rather low
q* because the dynamo tends to fail for large lateral heat flux varia-
tions'>'®. In our models with internal heating the dynamo fails by
q* =1 but dynamos with basal heating and stratified upper layers
continue to work for large g* (ref. 23). The upper region of the
Earth’s fluid core is likely to be stably stratified, or at most only weakly
convecting’***, and a high g* is therefore quite possible and appropri-
ate for the Earth. Two factors are likely to increase g* with depth. First,
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Figure 3 | Temperature (colour contours) and fluid flow (arrows) on the
equatorial section for the statistically locked tomographic model

(q* = 0.45). The lowest temperature is blue and the highest temperature is
deep red. We note the narrow downwellings beneath cold regions (the two
major ones coinciding with the ‘ring of fire’ around the Pacific) and broad
upwellings (corresponding to the mid-Pacific and African superplume). This
leads to relatively large areas of negative (melting) and low-positive heat flux on
the ICB and relatively small areas of strong-positive heat flux (freezing).

the adiabatic gradient weakens with depth by a factor of about three
between the CMB and ICB. At the ICB the adiabatic heat flux must be
added back on to the model results, reducing any heat flow into the
inner core; however, the weakened adiabat makes this a relatively small
effect. Second, narrow downwellings and the spherical geometry tend
to concentrate the convected heat flux, increasing the lateral variations.

The second complication to consider is compositional convection.
The compositional gradient is neutral or stabilizing at the CMB
(assuming no passage of light elements into the mantle): convection
at the top of the core is purely thermal. Compositional buoyancy tends
to dominate thermal buoyancy deeper in the outer core, particularly
near the ICB, as the following calculation shows. The buoyancy force is
p(occ + arpT)g, where p is the density, g the acceleration due to gravity,
orr the thermal expansion coefficient and o, the compositional expan-
sion coefficient. Compositional changes therefore have the thermal
equivalent o.c/orr. Comparing heat and mass fluxes in the respective
diffusion equations show that the conversion factor is Cpo/or,
where C, is the specific heat. Freezing 1 kg of liquid at the ICB releases
L joules of latent heat and pc kilograms of mass with thermal equi-
valent Cpocc/or joules. The effective buoyancy ratio is therefore
Cpacc/Loey = 2.3 for a concentration ¢ = 0.0252, corresponding to a
density jump at the ICB of 0.6 gcm > (from PREM?) assuming that
0.34gcm ™ of this comes from the solid-liquid phase transition for
pure iron””. Compositional buoyancy dominates and will be even lar-
ger for larger ICB density jumps: 4.1 for 0.8 gcm ™ and 5.8 for 1.0g
cm . Thus temperature variations are relatively unimportant in the
buoyancy force near the ICB but are crucial in determining the rate of
freezing, and therefore the supply of buoyancy through the release of
light elements. Lateral variations in temperature imposed by the upper
boundary will be carried down to the ICB by compositional convec-
tion, assisted by thermal convection, so we expect the variations on the
ICB observed in the thermal or codensity geodynamo simulations to be
sustained in a thermo-chemical system.

The third complication is the possible dynamic consequences of the
variable-composition layer. The density gradient across the layer of
freshly melted, heavy liquid is vastly steeper than anything arising
from convection in the main part of the outer core: a density change
of the order of 0.1 gcm ™ across a 150-km layer compared to a typical
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convective density fluctuation of 10~ °gcm ™ or less across a compar-
able or longer length scale, as estimated from a buoyancy-Coriolis
force balance near the ICB*. Such a steep density gradient would
prevent downwellings from reaching the ICB, but plumes of light
material produced by freezing would rise through it, drawing heavy
liquid along the ICB towards the regions of freezing and maintaining
mixing of the variable-composition layer. Laboratory experiments
suggest that the plumes could mix the layer if the melting exceeds
20% of the freezing®, but the plumes on the ICB are determined by
thermal, not compositional, effects. Further study is needed to under-
stand the influence of this layer.

Regional melting of the inner core that results from heat flux varia-
tions at the CMB provides the simplest explanation of the observed
variable-composition layer at the base of the outer core. It also provides
a strong mechanism for seismic anomalies in the solid inner core itself
because areas of melting will consist of recently exposed, precom-
pressed material whereas areas of freezing will have layers of recently
formed, unconsolidated mush. Variations in heat flux have already
been invoked to explain seismic anomalies inside the inner core®
but actual melting will produce even stronger effects’. In both cases,
any correlation with mantle anomalies and persistence of locality
requires the inner core and, to some extent, the core flow to be locked
to the mantle. If these observations hold up to further scrutiny—in
particular, if the variable-composition layer turns out not to require
inner-core locking—they will provide important constraints on core
evolution, convection and the dynamo.

METHODS SUMMARY

We consider a thermal convection-driven dynamo operating in an electrically
conducting fluid. The Earth’s outer core is modelled as a spherical shell confined
between a solid iron inner core of radius r; and an insulating mantle at radius .
The radius ratio ri/r, is taken to be that of the Earth, 0.35. In the Boussinesq
approximation®, the time-dependent, three-dimensional magnetohydrodynamic
equations for the velocity u, the magnetic field B and the temperature T are solved
numerically. The governing equations and numerical method are described in the
Methods. The inner boundary in the model is considered to be at a fixed temper-
ature, whereas the outer boundary is subject to a lateral variation in heat flux that
has the same structure as the seismic shear-wave velocity variation in the lower
mantle'". This assumes shear velocity is determined by temperature and not by
composition. The dominant pattern is a fast (cold) ring around the Pacific rim and
slow (hot) regions beneath the Pacific and Africa (see Fig. 1).

The parameter regime used in this paper has been considered in the study of a
boundary-locked dynamo'***. The Ekman number is kept sufficiently small to
make the dynamics rotationally dominant, and the Rayleigh number is chosen
such that free convection does not swamp the effect of the CMB lateral inhomo-
geneity. When the heat flux inhomogeneity ratio g* is sufficiently large, this regime
is characterized by a boundary-driven thermal wind balance', that is, a balance
between the lateral buoyancy and Coriolis forces. This force balance causes the
narrow downwellings to remain locked at preferred longitudes, which can explain
the quasi-stationary, non-axisymmetric flux patches in today’s geomagnetic field.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Numerical dynamo model. We consider a thermal convection-driven dynamo in
which an electrically conducting fluid is confined between two concentric, co-
rotating spherical surfaces. The radius ratio r;/, is chosen to be that of the Earth,
0.35. In the Boussinesq approximation®, the time-dependent, three-dimensional
magnetohydrodynamic equations for the velocity u, the magnetic field B and the
temperature T are solved numerically’'. The governing dimensionless equations

are:
E [Ou n
Pm \ 0t

(V x u) xu) +2% x u=—Vp+RaPmPr 'Tr+ )
1
(V x B) x B+EV?u

B )
E:Vx(uxB)—s—VB (2)
ot —1y2
a +(ueV)T=PmPr~ 'V°T (3)
Veu=V.B=0 (4)

The dimensionless groups in the above equations are the Ekman number,
E=v/2QD? the Prandtl number, Pr=v/k, the magnetic Prandtl number,
Pm = v/ij and the ‘modified’ Rayleigh number Ra = go;D*/2Qx, which is the
product of the conventional Rayleigh number and the Ekman number. The defi-
nition of the Rayleigh number depends on the basic state (conductive) profile in
the model (see below). In the above dimensionless groups, v is the kinematic
viscosity, « is the thermal diffusivity, i is the magnetic diffusivity, D is the gap-
width of the spherical shell, Q is the angular velocity of rotation, g is the gravita-
tional acceleration, « is the coefficient of thermal expansion and f3; is a constant
that determines the basic state temperature profile, T,. The Ekman number is a

measure of the rotation rate and the Rayleigh number represents the strength of
convective buoyancy in the problem. Our models use an Ekman number of
E=12X10"" a Rayleigh number of 1.5Ra,, where Ra, is the critical Rayleigh
number for onset of nonmagnetic convection, a Prandtl number Pr=1 and
magnetic Prandtl number Pm = 10.

No-slip boundary conditions are imposed on the flow at the ICB and at the CMB.
The inner core is considered to be at a fixed temperature and electrically conducting.
The isothermal condition at the ICB is reasonable for a solid core of high thermal
conductivity. However, compositional buoyancy in the form of light-element
release over areas of freezing can complicate the boundary condition at the ICB.
The upper boundary in the model is maintained electrically insulating to mimic the
mantle and subject to a lateral variation in heat flux that has the same structure as
the seismic shear-wave velocity variation in the lower mantle. The basic state
temperature profile imposed in the model represents a uniform distribution of heat
sources, and is given by To(r) = B, (r? —r?) /2, where r; is the inner radius and f; is
related to a prescribed, uniform heat source Q; as follows: ff; = Qy/3k.

The velocity and magnetic field vectors are expressed in terms of poloidal and
toroidal scalars, as follows:

u=V x V x [Pur]+V x [Tyr]

(5)
B=V x V x [Ppr]+V x [Tpr]

whereby the continuity equations (4) are satisfied. The standard numerical
method used here involves expanding the above four scalar variables and the
temperature T in spherical harmonics in latitude 6 and longitude ¢, and time-
stepping the spectral coefficients. Finite differences are used in the radial direction.
The numerical integration of the equations is performed for at least five magnetic
diffusion times.
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