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Earth’s �3.45 billion year old magnetic field is regenerated by dynamo action in its convecting liquid
metal outer core. However, convection induces an isentropic thermal gradient which, coupled with a high
core thermal conductivity, results in rapid conducted heat loss. In the absence of implausibly high
radioactivity or alternate sources of motion to drive the geodynamo, the Earth’s early core had to be sig-
nificantly hotter than the melting point of the lower mantle. While the existence of a dense convecting
basal magma ocean (BMO) has been proposed to account for high early core temperatures, the requisite
physical and chemical properties for a BMO remain controversial. Here we relax the assumption of a well-
mixed convecting BMO and instead consider a BMO that is initially gravitationally stratified owing to pro-
cesses such as mixing between metals and silicates at high temperatures in the core-mantle boundary
region during Earth’s accretion. Using coupled models of crystallization and heat transfer through a strat-
ified BMO, we show that very high temperatures could have been trapped inside the early core, seques-
tering enough heat energy to run an ancient geodynamo on cooling power alone.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Conducted heat loss is thought to be one of the greatest hurdles
for a terrestrial planet to overcome in the long-term sustenance of
a magnetic field by dynamo action (Stevenson, 2003). To avoid
thermal stratification and cessation of convection currents that
sustain the dynamo, this conducted heat must either be taken up
into the overlying sluggishly convecting solid mantle or returned
into the deeper core under the influence of a stronger buoyancy
source (Badro et al., 2016; O’Rourke et al., 2017; O’Rourke and
Stevenson, 2016; Hirose et al., 2017) or strong mechanical stirring
(Cébron et al., 2010; Le Bars et al., 2015). Heat loss to the mantle
results in core cooling, while re-ingestion of conducted heat can
partly delay core cooling. While crystallization of Earth’s solid
inner core may provide a significant composition-induced buoy-
ancy source for re-ingesting heat at the present day, the inner core
itself has likely existed for only a fraction of the age of the geomag-
netic field. Unless there is another buoyancy source to help drive
convection prior to inner core crystallization (O’Rourke and
Stevenson, 2016; Badro et al., 2016; O’Rourke et al., 2017; Hirose
et al., 2017), heat loss from the core to the mantle implies a mini-
mum of 500–1000 K of core cooling since 3.5 Ga (Gomi et al., 2013;
Labrosse, 2015). The actual cooling would be significantly higher if
one accounted for fluctuations in heat flow. The �7–14 TW of core-
mantle boundary (CMB) heat flow that is compatible with recent
estimates (Lay et al., 2008; Hernlund and McNamara, 2014) may
be insufficient to account for this degree of secular cooling.

Recent estimates of Earth’s core conductivity are roughly twice
to thrice as high as some earlier estimates (de Koker et al., 2012;
Pozzo et al., 2012; Gomi et al., 2013), which contributes to the high
degree of estimated core cooling. The precise value of the core con-
ductivity is still highly debated but studies performed before that
debate and using values of conductivity in the lower end of the cur-
rent debate or even smaller already recognized that the requisite
core cooling prior to the birth of the inner core meant that the
ancient core-mantle boundary (CMB) may have been hotter than
the solidus temperature of rocks in the deep mantle (Buffett,
2002; Labrosse et al., 2007). Combined with observations of
ultra-low velocity zones at the bottom of the mantle that have
often been ascribed to the presence of partial melt (e.g. Williams
and Garnero, 1996; Labrosse et al., 2015), even modest cooling
rates of the core imply a larger amount of melt in the past, leading
to the idea of an extensive ‘‘basal magma ocean” (BMO) of up to
�1000 km thickness that may have existed at the bottom of the
early Earth’s mantle (Labrosse et al., 2007).

Earlier models of BMO evolution were relatively simplistic, uti-
lizing an idealized phase diagram and assuming a homogeneous
magma existed at the end of Earth’s accretion. However, accretion
itself was probably a messy process, and is unlikely to have pro-
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duced the kind of neat conditions we have assumed in past models.
It is therefore worth relaxing previous assumptions to explore
whether the evolution model can permit a wider range of core sec-
ular cooling histories.

Here we consider the possibility that a dense iron-rich silicate
melt could have formed in the core-mantle boundary region of
the early Earth via silicate-metal mixing between liquids at high
temperatures, for example following a giant impact event. During
silicate-metal mixing, we expect a chemical reaction of the follow-
ing kind:

SiOSil
2 þ 2FeMet ! SiMet þ 2FeOMetþSil: ð1Þ
The superscripts Sil and Met denote the silicate and metal liq-

uids, respectively. Higher temperatures are known to shift reac-
tions of this kind to the right (Tsuno et al., 2013; Fischer et al.,
2016; Hernlund, 2016). Dissolution of Si from an oxide state into
metal at higher temperature is accompanied by production of
FeO, some of which may remain in solution in metallic liquid
and some of which will be partitioned into the silicate liquid.
Fig. 1 illustrates the evolution scenarios considered in previous
models compared to the present study.

There are many possible scenarios in which FeO-enriched melts
can be produced by silicate-metal mixing at high temperatures in
the CMB region. For example, in a scenario where the Moon is
formed by a giant impact between a Mars-sized embryo and the
proto-Earth (e.g. Canup, 2004; Canup, 2012), extensive turbulent
mixing should occur between the in-falling impactor core and
the surrounding molten mantle silicates (Deguen et al., 2014).
The resultant heavy silicate-metal mixture would be expected to
sink to the CMB region, after which metal droplets would
separate from the silicate liquid onto the top of the core. Such a
process would leave behind a FeO-rich silicate liquid at the bottom
of the mantle, and produce a Si- and O-enriched metallic fluid atop
the core. Such structures in the core could remain even after
crystallization of the molten mantle, so long as they are stable
against turbulent entrainment (Landeau et al., 2016). Such a
mechanism may be compatible with layering observed by
seismological analysis of the shallow core (Helffrich and
Kaneshima, 2010).

Production of FeO-rich fluid at the base of the mantle changes
two key properties that permit such a liquid to persist long after
Fig. 1. Illustration of evolution scenarios considered in previous models, compared to the
less steep than the liquidus, and the mantle freezes from the bottom-up. The generic BMO
freezing begins at depths shallower than the CMB and trapping a basalt melt below. In
gravitationally stratified by enrichment in FeO, but cooling of the layer and the under
scenarios A and B the initial core temperature is too low to allow for the large secular co
billions of years with a relatively large core thermal conductivity.
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Earth’s formation. The first is a density increase, allowing the
FeO-rich melt to remain gravity-stabilized beneath the overlying
relatively FeO-poor mantle. The second is a depression in the freez-
ing temperature (i.e., liquidus) which can allow the melt to persist
after the overlying mantle has solidified. The latter property occurs
because FeO is slightly (Andrault et al., 2011) to moderately
(Nomura et al., 2011; Tateno et al., 2014) incompatible and hence
promotes melting. This mechanism for producing a BMO is distinct
from previously discussed scenarios involving mid-mantle crystal-
lization from a homogeneous molten mantle at the intersection of
the liquid isentrope and liquidus, overturning and remelting of a
fractionally crystallized solid mantle, or melting from below of
the mantle owing to the initial superheat in the core (Labrosse
et al., 2015). The efficacy of this mechanism for initially producing
a BMO also does not depend upon the density difference between
melt and solid in equilibrium, although such difference would still
lead to different evolutionary scenarios.

The silicate-metal mixing scenario is unlikely to produce a
homogeneous well-mixed fluid underlying a relatively iron-poor
mantle. Owing to variable degrees of chemical interaction, hetero-
geneous temperature, and partial mixing between the dense liquid
and overlying mantle, it is more natural to expect a gradient in
density inside the residual silicate liquid, characterized by increas-
ing FeO-content with depth inside the layer. Such a layer would
not convect unless the thermal gradient were sufficiently steep
to overcome the stratifying effects of FeO.

The goal of this paper is to test the influence of an initially strat-
ified, liquid silicate layer at the core mantle boundary on the ther-
mal evolution of the core. We chose to approach the problem from
a parametric perspective, to characterize the importance of a range
of parameters on observables. Therefore this model cannot be used
to predict the degree of stratification or the size of the layer, but
rather provide tools to understand how such a layer would fit in
a global view of the early evolution of the Earth.

In the following, we first present equations to compute the ero-
sion of the stratification as the layer crystallizes. We then provide a
description of its implementation in an evolution simulation and a
discussion of the choice of parameters. In the results section, we
first describe the erosion process, irrespective of any particular
evolution scenario. Only after do we present typical predicted evo-
lution and discuss its influence on core cooling.
present model. The classic scenario (A) is one where the magma ocean isentrope is
scenario (B) involves a magma ocean isentrope steeper than the liquidus, such that
the present case (C), the magma ocean rapidly cools to the liquidus above a layer
lying core is inhibited by sluggish heat conduction through the stratified layer. In
re cooling that is required in order for thermal convection to power the dynamo for
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2. Model

We now consider the evolution of the initially stably stratified
liquid silicate layer. The tendency for such a stratified BMO to crys-
tallize from the top is enhanced owing to relative depletion of FeO
with height. Fractional crystallization (with solids containing rela-
tively lower concentrations of FeO) leaves behind a magma that is
enriched in FeO compared to its initial composition. This triggers
compositional convection that erodes the underlying stratification.

We separate the problem into a time-independent part, describ-
ing the erosion of the stratification through mass balance uniquely
for different degrees of arbitrary crystallization. We then embed
this into a complete thermal evolution coupling the overlying man-
tle and underlying core to describe the time evolution.

2.1. Erosion of the stratification

Upon crystallization, the top of the stratified layer becomes
increasingly enriched in dense iron. As the fraction of FeO in the
topmost liquid increases, its FeO content eventually exceeds that
of the underlying fluids immediately below. This causes a Ray-
leigh–Taylor unstable situation that leads to overturn, mixing,
and erosion of the layer stratification driven from above. Using
mass balance arguments and assuming a well mixed convective
region forms at the top of the BMO as this erosion proceeds, it is
possible to track composition changes between the different reser-
voirs and compute howmuch of the profile will be eroded by incre-
mental crystallization at the top of the layer. Fig. 2 illustrates some
of the notations used in the following sections.

The mass balance for component i in the convective layer can
conveniently be written as

dðmcÞ ¼ dmtopðc þ Dcl=sÞ þ dmbotðc þ DcstrÞ; ð2Þ

where m is the mass of the convective layer and c its concentration
in component i. Increments dmtop and dmbot are mass changes due to
crystallization at the upper boundary (net sink, dmtop < 0), and ero-
sion of the stratification at the lower boundary (net source,
dmbot > 0), respectively. The parameter Dcl=s is the composition dif-
ference between liquid and solid at the top, and Dcstr between the
convecting and neighboring stratified liquid at the bottom interface.
The very top of the stratified region has the same composition as
Fig. 2. Example evolution of (top) temperature profiles and (bottom) composition to illus
and top of the convective zone, respectively. This figure shows how the convective zone (
stratified zone in the process. In the bottom panel, composition is uniform within the c
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the convecting liquid, but with downward erosion has an excess
composition, which can be considered negligible to first order. Eq.
(2) can then be rewritten as

mdc ¼ �cðdmþ dmtop þ dmbotÞ þ Dcl=sdmtop ð3Þ
where the first term on the right hand side is exactly zero. Rewriting
mass changes as radius changes and using b and t subscript for bot-
tom and top radius, respectively, a differential equation for the
composition can then be obtained

dc
drt

¼ 3r2tDc
l=s

r3t � r3b
: ð4Þ

To solve for the crystallization front position rt that is required
in order to have a convective zone that extends down to the bot-
tom radius rb, one finally needs to define the strength of the strat-
ification gradient dc/dr = c. Replacing composition in Eq. (4) then
leads to

drb
drt

¼ 3r2t
r3t � r3b

Dcl=s

c
; ð5Þ

which can be solved to obtain

r3t ¼ 6B3 1� e�
R�rb
B

� �
þ 6B2 rb � Re�

R�rb
B

� �
þ 3B r2b � R2e�

R�rb
B

� �
þ r3b ;

ð6Þ
where R is the initial radius of the top of the basal magma ocean,
and B ¼ Dcl=s=c. The time required to crystallize down to this radius
however depends on the energy balance of the magma layer, which
we compute independently.

2.2. Thermal evolution

The previous considerations were time independent, consider-
ing the effect of an arbitrary crystallization increment on the
underlying structure. To assess the timing of evolution, we now
use a 1D heat conduction model, where convection is included
through an effective conductivity (Sasaki and Nakazawa, 1986;
Kimura et al., 2009)

@Q
@t

¼ 1
r2

@

@r
kr2

@T
@r

� �
þ 1
r2

@

@r
r2Fconv
� �þ qH; ð7Þ
trate notations. D is the initial thickness of the molten layer, rb and rt are the bottom
dashed lines) grows as the layer crystallizes, steepening the thermal gradient of the
onvective region, and retains its initial stratification below.
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where Q is the heat content in Jm�3; t is time, r is radius, T is tem-
perature, k is thermal conductivity, H is radioactive heating, and
Fconv is the effective convected heat flow. Eq. (7) is then solved from
the core mantle boundary to 100 km above the initial magma ocean
upper boundary. The boundary condition is a constant 2500 K at the
top, and the core is a cooling heat bath with initial temperature
Tcore. Following Sasaki and Nakazawa (1986) and Kimura et al.
(2009) we consider a parametrization of convective heat flow based
on mixing length theory (e.g., Spiegel, 1963). The convective heat
flow is computed as

Fconv ¼
qcpagl4

18m
dT
dr

� �
s � dT

dr

� 	2
; dT

dr

� �
s � dT

dr

� 	
> 0

0; dT
dr

� �
s � dT

dr

� 	
6 0

(
ð8Þ

where q is density, cp specific heat, a thermal expansivity, g gravi-
tational acceleration, m kinematic viscosity, l a characteristic length
and the subscript s refers to the isentropic state. The characteristic
length is chosen to be the distance to the closest boundary (l(r)
= min(rt � r; r � rb), Kimura et al. (2009)). The adiabatic gradient
is set to agT=cp, with the parameters values from Table 1. Finally
the temperature is obtained from the heat content Q as

TðQÞ ¼
Q
qcp

; Q � qcpTL < 0
Q�QL
qcp

; Q � qcpTL > QL

TL; otherwise;

8>><
>>: ð9Þ

where QL is the latent heat of crystallization and TL the liquidus
temperature.

The liquidus is a linear function of composition

TLðcÞ ¼ T0
L � ðc � c0ÞDTL ð10Þ

with T0
L = 4500 K, DTL is the liquidus drop between the iron-rich and

iron-poor end members and c0 is the initial liquid composition. The
idealized phase diagram is the same as that used in Labrosse et al.
(2007). Assuming that solute diffusion is negligible in the stably
stratified layer, the composition evolves only in the convective zone
where it takes the value of its lower boundary.

2.3. Model parameters and initial conditions

The layer is initially setup with a linear composition profile,
anchored so that the liquidus at the top of the layer is 4500 K.
The radius independent composition gradient c is a parameter of
the models (we always quote its absolute value, but density is
decreasing with radius). The initial radioactive heat sources con-
tent is assumed to be chondritic (McDonough and Sun, 1995). Dur-
ing crystallization, heat sources remain entirely in the liquid and
therefore become more concentrated with time.

The initial temperature gradient follows a 1 K/km gradient and
the core temperature is set to the value at the core mantle bound-
Table 1
Values of the fixed parameters of the model.

Name Variable Value Units

Core radius Rc 3480 km
Average density q 5000 kg m�3

Latent heat L 7.5 109 J m�3

Thermal expansivity a 2 10�5 K�1

Specific heat cp 1000 J kg�1 K�1

Liquid diffusivity Kb 10�5 m2 s�1

TBL diffusivity Km 2 10�6 m2 s�1

Density gradient c 6000 kg m�3 wt.%�1

Partitioning coef. Dcl=s 0.088 –
CMB gravity acceleration g 11 m s�2

Liquidus drop DTL 2000 K
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ary. The solid mantle is considered as a heat bath at 2500 K, cou-
pled to the basal magma ocean through a 100 km-thick
conductive boundary layer with thermal diffusivity Kb. The mantle
itself is given a high thermal diffusivity Km to insure temperature
remains constant and then evolves according to the diffusion
equation.

Values for the fixed parameters can be found in Table 1.
3. Results

The strength of the stratification controls the rate at which it
can be eroded (Fig. 3, top). A small stratification will be easier to
erode, which also means that a lower fraction of the basal magma
ocean will need to be crystallized before full erosion (Fig. 3, bot-
tom). On the other hand, a strong stratification is harder to erode.
This leads to cases where the convective zone quickly reaches a
maximum size at which the rate of crystallization is similar to that
of erosion. For instance, for a stratification of 10�7 wt.% m�1 and an
initial layer thickness of 500 km, the entire stratification is eroded
after only about 100 km of crystallization. For a stratification of 3
10�7 wt.% m�1, more than 300 km of crystallization is required
before complete erosion.

Once the convective zone evolution as a function of crystalliza-
tion radius is known, it is possible to estimate the size of the
Fig. 3. (top) Growth of the convective zone for different composition gradients as a
function of total layer thickness (for an initial BMO thickness D = 500 km), where
thicknesses are normalized by the initial size of the layer. (bottom) Equivalent
volume fraction to crystallize before complete erosion for the same set of
composition gradients.

positionally stratified basal magma ocean. Phys. Earth Planet. In. (2017),
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energy buffer that this layer represents. Fig. 4 (top) shows the total
energy that needs to be extracted by the mantle to account for the
latent heat of crystallization of the layer, the additional cooling
required by the liquidus depression and the gravitational energy
required to mix the initial stratification to a uniform concentration.
This is shown as a function of D, the initial BMO thickness.

The total energy increases both with the size of the layer, and
the strength of stratification. The values obtained are comparable
to global core cooling of about 100–600 K, neglecting any contribu-
tion from inner core crystallization. For thin layers, the latent heat
effect dominates, whereas at larger values gravitational energy
required to mix the initial stratification dominates (Fig. 4, bottom).
Fig. 4 (bottom) also shows the range of contributions over the
range of compositional gradients. For small stratification for exam-
ple the latent heat effect dominates, even for large initial BMO
thicknesses.

Thermal evolution models using the analytical constraints on
convection zone evolution and the energy balance of Eq. (7) show
the influence of the layer on the core-mantle boundary heat flow.
Fig. 5 shows the core mantle boundary heat flow evolution for sev-
eral initial layer thicknesses D and composition gradients c.

The general structure of the evolution has two peaks. The first
one corresponds to the peak induced by erosion of the stratifica-
Fig. 4. (top) Size of the energy buffer added by a stratified layer of various
thicknesses for different composition gradients. It includes the latent heat of
crystallization, the additional cooling required by the liquidus depression due to
iron enrichment at depth, and the gravitational energy required in order to mix the
initial stratification. (bottom) Range of relative contribution to the global heat
buffer over the range of stratification strengths 1–5 10�7 wt.%/m.
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tion, which actually steepens the temperature gradient of the strat-
ified region (see Fig. 2). Compared to a well-mixed magma ocean
this is a much smaller volume and it is therefore allowed to cool
faster, leading to an efficient way of increasing the temperature
difference between the convective zone and the core and thus,
the heat flow.

Once erosion is complete, the temperature difference between
the core and magma ocean goes to another ‘‘equilibrium” and the
heat flow drops suddenly. Over time it reaches a second peak
due to thinning of the magma ocean, as already observed in
Labrosse et al. (2007). These features remain valid throughout
the considered thickness and composition gradient range, only
the timing and amplitude vary.

For a given compositional stratification, a larger layer reduces
the average core mantle boundary heat flow (Fig. 6, top). This also
changes the timing required to reach a certain core mantle bound-
ary heat flow value and the time required for complete erosion.
Fig. 6 (bottom) shows the dependence of this initial evolution on
initial thickness and composition gradient. For thicknesses larger
than that depicted in the figure, that threshold is never reached.
Interestingly, while the composition gradient changes the timing
of the peaks, it does not really influence the average core-mantle
boundary heat flow value. This can be understood by the fact that
a larger compositional gradient merely delays core cooling (as can
Fig. 5. Core mantle boundary heat flow as a function of time for (top) different
composition gradients for D = 300 km, and (bottom) different initial layer thickness
for c = 3e-7 wt.%/m. Benchmark is a case with no initial stratification.

positionally stratified basal magma ocean. Phys. Earth Planet. In. (2017),
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Fig. 6. (top) Average core-mantle boundary heat flow during crystallization of the
basal magma ocean and (bottom), time required to reach a core-mantle boudary
heat flow of 12 TW, taken here as a proxy for geodynamo onset. Values larger than
that plotted on the figure never reach that threshold.
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be seen in Fig. 5, top), the early low heat flow being balanced by
larger values later on. The effect on the long term average is there-
fore minimal.
4. Discussion

The actual composition of the lower mantle being largely
unknown, we chose to consider an artificial mineralogy composed
of (Mg,Fe)O. The two end members have a factor two difference in
density, and we take the difference in liquidus between the end-
members to be 2000 K. This is justified by the fact that we do
not try to predict the composition of the layer here, but to under-
stand the general properties of the core mantle boundary heat flow
as driven by a stratified layer. Early onset of the geodynamo sug-
gests a small composition gradient and/or thin initial layer.

Compared to a well mixed magma ocean scenario, this model
predicts a shutoff of the dynamo a few hundred million years after
its onset, after erosion is complete. The exact timing of this shutoff
cannot be predicted from these simulations, but the general struc-
ture of the evolution is characteristic of cooling driven by a strati-
fied magma ocean. Depending on the exact amount of heat that can
be extracted from the core by conduction only, our model suggests
a non-continuous dynamo activity.

Contrary to the intuition, such a conductive, stratified layer
does not just delay core cooling. As we have shown this is due to
Please cite this article in press as: Laneuville, M., et al. Crystallization of a com
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the liquidus depression with depth associated with the stratifica-
tion. In such a system, the upper part of the layer is allowed to cool
much more than a well-mixed magma ocean in the early stages of
the evolution, which leads to the peak in core mantle boundary
heat flow. As stratified layers may be a typical consequence of
planetary formation, it is useful to understand how it couples with
the other planetary layers.

For the particular case of Earth’s dynamo, we have found that,
though this heat buffer can save up to 100–600 K of core cooling,
it is hard to maintain a thermally driven dynamo for more than a
couple of billion years, depending on the appropriate value for
the core heat conductivity. Low values, such as that presented in
Konôpková et al. (2016) require about 3.8 ± 1.6 TW, and our model
would then predict a continuous dynamo activity since its onset.
On the other hand, the large values presented in, e.g., Gomi et al.
(2013) require about 10 TW, which imply shutoff of the dynamo
before the onset of inner core crystallization. In such a situation,
an additional buoyancy source would still be required, such as
MgO or SiO2 exolution.

To summarize, the geodynamo problem is not to have enough
initial potential energy in the core to sustain more than 10 TW heat
flow over history (constant), it is that cores that would still leak
10 TW of heat today, would have had a much larger heat flow early
in history, leading to an integrated heat loss much larger than what
would be obtained from a constant 10 TW. A mechanism to keep
the heat flow close to that required to sustain core convection is
thus required, and a stably stratified basal magma ocean is an
example of such a process. We have shown that stratification of
the BMO helps sustain an ‘‘efficient” core cooling (i.e. by extracting
only the amount of heat required to drive a thermal dynamo), mak-
ing a long term thermal dynamo difficult, but not impossible.
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