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Tokyo Institute of Technology, Japan, 5Geodynamics Research Center, Ehime University, Japan, S|nstitut Universitaire de
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Abstract Magnesium partitioning between metal and silicate was experimentally investigated between
34 and 138 GPa, 3,500 and 5,450 K using laser-heated diamond anvil cells. The 22 measurements are
combined with previously published data (total of 49 measurements) to model magnesium metal-silicate
partitioning using a thermodynamically consistent framework based on the interaction parameter formalism.
The observations support the mechanism of MgO dissolution in the metal, ruling out other mechanisms. The
magnesium partition coefficient depends on temperature and metal composition, but not on pressure or
silicate composition. The equilibrium concentration and the exsolution rate of MgO in Earth’s core can
therefore be calculated for any P, T, and composition. Using a core thermal evolution model, the buoyancy
flux converts to a magnetic field at Earth’s surface, with dipole intensities between 40 and 70 pT prior to inner
core growth, consistent with the paleomagnetic record going back to the Archean.

Plain Language Summary We measure the incorporation of magnesium oxide (one of the main
components of Earth’s mantle) into iron (the main constituent Earth’s core), using extremely high pressure
and temperature experiments that mimic the conditions of Earth’s mantle and core. We find that magnesium
oxide dissolution depends on temperature but not on pressure, and on metal (i.e., core) composition but not
silicate (i.e., mantle) composition. Our findings support the idea that magnesium oxide dissolved in the core
during its formation will precipitate out during subsequent core cooling. The precipitation should stir the entire
core to produce a magnetic field in Earth’s distant past, at least as intense as the present-day field.

1. Introduction

Thermal and dynamical models of Earth’s core stipulate that the present-day geodynamo is powered by
compositional buoyancy due to inner core growth (Buffett et al., 1996; Gubbins et al., 2003; Labrosse, 2015;
Labrosse et al., 1997). Since the paleomagnetic record traces the existence of a magnetic field at least as early
as 3.45 Gyr ago (Tarduno et al,, 2010), and because estimates of the age of the inner core are younger than
that (Biggin et al,, 2015; Labrosse, 2015; Pozzo et al.,, 2012), an alternative source is required to power an early
geodynamo prior to inner core growth.

The exsolution (or precipitation) of magnesium from Earth’s core was recently proposed (O'Rourke &
Stevenson, 2016) as a mechanism causing compositional buoyancy in core prior to inner core growth, with
the potential to drive a dynamo. Recent experimental evidence (Badro et al.,, 2016) reported magnesium
dissolution in iron with a drastic increase with temperature. The argument was made that during subsequent
core cooling, the dissolved component should precipitate out of the core at the core-mantle boundary (CMB),
providing compositional buoyancy able to drive a dynamo. This interpretation was recently challenged (Du
etal, 2017), with a model of magnesium partitioning that has no temperature dependence, but depends only
on the oxygen concentration in the metal. Their primary conclusion was that, while magnesium can be
incorporated in the core during its formation, it remains essentially trapped during subsequent core cooling
because the oxygen concentration in the core is roughly constant; hence, no magnesium exsolution would
occur as a plausible buoyancy source to power a geodynamo.

The essential question raised by these conflicting reports is that of the proper thermodynamic model
describing magnesium metal-silicate partitioning. While one study assumes MgO dissolution (Badro et al.,
2016) into liquid metal, the other (Du et al., 2017) proposes iron-magnesium exchange. In order to effectively
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Figure 1. Search for a thermodynamically consistent model of magnesium metal-silicate partitioning. The equilibrium
constants are plotted as a function of reciprocal temperature, assuming (a) dissolution (equation (5)), (b) dissociation
(equation (4)), and (c) exchange (equation (6)), along with error bars propagated from analytical uncertainties (Table S1).
The (a) dissolution and (b) dissociation reactions provide an excellent description of the data, where the gray fitted line
has an R? = 0.959 and 0.957, respectively. The (c) exchange reaction shows little correlation (R* = 0.681). The parameters (a
and b) of the fitted black lines are given in Table S2, and all models show no resolvable pressure dependence (c = 0). It
is noteworthy that the uncertainties (error bars plotted only for the present data + data from Badro et al., 2016) are on the
same order as the scatter in the data, which is statistically self-consistent. The orange data points labeled as “This study (*)"
are reanalyses of previous experiments (Blanchard et al., 2017).

discriminate between the models and resolve this issue, an accurate and thermodynamically consistent
framework is required. One such model is the interaction parameter model (Ma, 2001), that has been
successfully implemented in recent metal-silicate partitioning studies (Corgne et al., 2008; Siebert et al.,
2011, 2013). However, it requires a substantial data set, unavailable to date for magnesium; the extremely
high temperatures required for magnesium partitioning into metal are attainable only in laser-heated
diamond anvil cell experiments, explaining the scarcity of available data.

2, Experiments

Here we report 22 new experiments carried out between 34 and 138 GPa and 3,500 and 5,450 K in the
laser-heated diamond anvil cell. Two series of metal-silicate equilibration experiments (see supporting
information) were carried out at IPGP (Paris, France) and ELSI (Tokyo, Japan). In both cases, the samples were
compressed to target pressure, equilibrated at high temperature using double-sided laser heating,
temperature-quenched in several tens of microseconds, and finally decompressed. Thin sections were
extracted from the center of the laser-heating spot using a focused ion beam instrument. All sections show
a coalesced metal ball in the center of the sample, surrounded by quenched molten silicate (Figure S1),
indicating equilibration above the liquidus temperature of both metal and silicate. The chemical composition
of the metal and silicate phases (Table S1) were measured by high-resolution (FEG source) EPMA (ELSI) and
EDX spectroscopy (IPGP). Some of the experiments are from Blanchard et al. (2017) and were reanalyzed
using a high spatial resolution FEG probe (orange circles in Figures 1 and 2). Details about the experimental
and analytical protocols can be found in supporting information. The 22 new data (including 10 reanalyzed
data from Blanchard et al., 2017) were combined with the other available data sources to date: 6 experiments
from Badro et al. (2016), 4 experiments from Chidester et al. (2017), 2 experiments from Du et al. (2017), and
15 experiments from Jackson et al. (2018), producing a total data set of 49 samples.

3. Thermodynamic Model

Magnesium partitioning between metal and silicate can a priori follow one of three different reactions: a
dissociation reaction (equation (1)), a dissolution reaction (equation (2)), an iron-magnesium exchange
reaction (equation (3)):

Dissociation : MgO*c@® s pMgmet® 4 ometal, (1)

Dissolution : MgO @ — pMgometa )

Exchange :Mgosilicate + FememI@, Feosi/icate + Mgmeral. (3)
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Figure 2. Comparison between measured and calculated magnesium concentrations, using the two valid (Figure 1) ther-
modynamic models: (a) dissolution (model in equation (9)) and (b) dissociation (model in equation (8)). The dissolution
model is more accurate (fits well all but the two highest concentrations, red and light blue outliers in (a)) and was used in
the main discussion. The dissociation model is considered in supporting information.
The equilibrium constant K was calculated for each of the three reactions (see supporting information). The
equilibrium constant for the dissociation reaction (equation (1)) can be written as
metal gvera/
Mg I I
|OgK = IOQW + |Ogym;m + |Og}’g’em7 (4)
MgO
that for the dissolution reaction (equation (2)) as
metg/
Mg | I
|09K - Iog Xsilicate + quyﬂ;m + quygem’ %)
MgO
that for the exchange reaction (equation (3)) as
meta/ Xls:ili(c)ate
_ 9 e metal metal
logk = log xmetal ysilicate + IOQyMg - IonFe ’ Q)
Fe MgO
where X; are the molar concentration of each component in the relevant phase and y; are their activity
coefficients in that same phase obtained using the interaction parameter formalism where the coefficients
are broken down into multiple sums of interaction parameters & (see supporting information). Note that in
the case of dissolution (equation (5)), the activity coefficients of Mg and O are considered; because it is
assumed that the dissolved MgO component further breaks down to Mg and O ions in the metal, rather than
remaining covalently-bonded MgO (see supporting information and Figure S2). Therefore, while MgO is the
species undergoing the reaction between metal and silicate (hence, Xygo in equation (5)), the relevant
activity coefficients (that depend solely on the composition of the metal alloy) should be those of Mg and
O (hence, yug and yo in equation (5)).
The logarithm of each equilibrium constant is also equal to
b P
logk =a+=-+c= 7
9 7T @
where T is temperature, P is pressure, and a, b, and c are the entropy, enthalpy, and volume changes of the
considered reaction, respectively (Wood, 2008).
BADRO ET AL. 3
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Therefore, equations (4)-(6) can be rewritten as follows:

‘metal yymetal
Xpetelxm

|09 Xsi/icate
MgO

metal

b P .
—a+ T + - logye® — logyge™®, (8)

‘metal
Mgo b P metal
xijege = O F gt eq logg”

log logyget!, )

'metal ysilicate
XMQ XFEO b P metal
I — g+ -+ c=— log
xmetal ysilicate T T VMg

Fe MgO

log + logymetal, (10)

where the left-hand-side of the equation reflects the (measured) chemical composition, and the right-hand-
side of the equation groups the T and P dependence with the unknowns: a, b, ¢, and activity coefficients y,f"e“"
in the metal. These were obtained for each of the three models by ordinary least-squares linear regression of
equations (8)-(10), and the parameters are reported in Table S2 and plotted along with the data in Figure 1.

While the thermodynamics of the dissociation (equation (1)) and dissolution (equation (2)) reactions show an
outstanding fit to the data (R® of 0.959 and 0.957, respectively) and statistical significance (Table $2), that of
the exchange reaction (equation (3)) yields a significantly poorer fit to the available data (R of 0.681). This is
clearly seen in Figure 1, where log K shows remarkable linearity with reciprocal temperature for dissociation
and dissolution, and arbitrary scatter with a nonstatistically significant temperature dependence for
exchange. It is not surprising for dissociation and dissolution to yield comparable results, because
equations (4) and (5) are very similar, and only differ in the way oxygen is accounted for in the reactions.
In the case of dissolution, it is correlated to magnesium concentration, whereas in the dissociation reaction,
Mg and O concentrations are independent. These two successful models can further be compared in the way
they reproduce the experimental observations (Figure 2); apart for the two highest temperature points, the
dissolution model reproduces all the experimental observations, whereas the dissociation model shows more
significant scatter mainly at higher MgO (and oxygen) concentrations in the metal. While our observations
favor the dissolution model, more experiments (especially with varying oxygen concentrations in the metal)
are needed to definitely support one model over the other.

4. Magnesium Concentration in the Core

Because there is no resolvable pressure dependence (¢ = 0 with a p value of 0.828, Table S2) of magnesium
partitioning, the concentration of magnesium in the core is a function of temperature and composition only.
The equilibrium molar concentration of MgO in the core (between core and mantle, at the CMB) can be
obtained by rewriting equation (9) as

IogX,CV‘,’g’% =a-+ ﬁ + |ogxﬁ;g“e — Iogy,‘v‘,’g’e — logyg™, (11)
where Tcyg is temperature at the CMB, xmggf’e is the molar concentration of MgO in the mantle, and yj7® and
y5'€ are the activity coefficients of Mg and O in liquid iron at CMB conditions, respectively. These are
calculated using the interaction parameter formalism following equations S3 and S4 (see supporting informa-
tion) and depend only on temperature and metal composition. Therefore, the concentration of magnesium in
the core (equation (11), left-hand term) is solely a function of CMB temperature (second right-hand term),
mantle composition above the CMB (third right-hand term), and core composition below the CMB (fourth
and fifth right-hand terms).

Assuming a pyrolitic mantle (50 mol% MgO) and an average (3 wt% O, 3 wt% Si) core composition (Badro
et al, 2015), the equilibrium magnesium concentration in the core is plotted in Figure 3a as a function of
Tcme, along with uncertainties inherited from the thermodynamic model (Table S2). Its slope is the exsolution
rate, plotted in Figure 3b. Note that the experimental temperature range (3,600-5,500 K, Figure 1) straddles
that of Ty, so that the concentrations and exsolution rate models (Figure 3) are interpolated rather than
extrapolated. The effect of core composition is discussed in supporting information; it only slightly affects
equilibrium concentrations in the core and exsolution rates, and is on the same order as the uncertainties.

BADRO ET AL.
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Figure 3. Equilibrium MgO concentration (a) and exsolution rate (b) in the core as a function of CMB temperature. The
solid lines are the average values, and the underlying colored bands are the uncertainties propagated from the
thermodynamic model (parameters and uncertainties in Table S2). This assumes an average light-element composition of
the core (3 wt% O and 3 wt% Si) and an overlying mantle containing 50 mol% MgO (pyrolite). Similar plots with different
compositions can be found in supporting information. CMB = core-mantle boundary.

This argues against the hypothesis that MgO exsolution is critically sensitive to the light-element composition
of the core (O'Rourke & Stevenson, 2016).

5. Exsolution and the Geodynamo

The exsolution rates obtained here (Figure 3b) correspond to the lower-bound in the thermal evolution
model of O'Rourke et al. (2017) that incorporates MgO precipitation in the energy and entropy balances
(see supporting information). These models can in turn be used to transform the temperature dependence
into time dependence and exsolution rates into mass (or buoyancy) fluxes. The evolution of CMB
temperature and core cooling rate through time plotted in Figure S3 and equilibrium concentration and
exsolution rates of MgO in the core (Figures 3a and 3b) are converted to a time-dependence in Figures 4a
and 4b, respectively. The exsolution rate is then converted to an exsolution (buoyancy) flux at the CMB
(Figure 4c), which is comprised between 2 x 10% and 10° kg/s. These figures are comparable to the
present-day buoyancy flux (3 x 10% to 3 x 10° kg/s) due to inner-core growth (Aubert et al., 2017;
Christensen & Aubert, 2006) which is the main driver of the modern geodynamo, making for a compelling
case to operate an exsolution-powered geodynamo prior to inner-core growth. As in the case of inner core
growth, latent heat should be released by the exsolution of MgO to the mantle. This source of energy should
be however of little consequence in the present case, because it is released at the top of the core and
extracted immediately to the mantle. Thus, it provides no work in the core to power a dynamo, but on the
contrary a source of heat that needs to be extracted and could marginally reduce the exsolution rate.

An exsolution-driven dynamo should have the same properties as a convective dynamo driven by secular
cooling, that is, by a prescribed heat flux at the CMB. This configuration has previously been shown to sustain
a dipole-dominant magnetic field (Aubert et al., 2009). The RMS amplitude B, of the magnetic field
generated inside Earth’s core by convection can be estimated from the buoyancy flux, through a
power-based scaling law (Aubert et al., 2009; Christensen & Aubert, 2006) consistent with the intensity of
the current geodynamo (see supporting information):

| .
eétae — pima (22 ) 12

where p = 10* kg/m? is the density of the outer core, 1o = 4m.10~7 H/m is the magnetic constant, go = 10 m/s*
is gravity at the CMB, D is outer core thickness (equal to core radius prior to inner core growth,
rems = 3480 km), and F is the buoyancy flux (Figure 4c) driving core convection. It has been shown (Aubert
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Figure 4. Equilibrium MgO concentration (a), exsolution rate (b), exsolution flux (c) in the core as a function of time, along
with the dipolar magnetic field (d) produced at Earth’s surface. As with Figure 3, the solid lines are obtained from the
average values of the parameters in Table S2, and the underlying band are the uncertainties propagated from those
parameters. (a) and (b) are the same data as Figure 3a and Figure 3b, with the x axis converted to time using the core
thermal evolution model of O'Rourke et al. (2017) plotted in Figure S3. () Is the exsolution flux at the core-mantle
boundary, which is obtained from the exsolution rate (b) and the cooling rate of the core (Figure S3). The associated dipolar
magnetic field produced at the surface is obtained by converting the flux (c) using equations (12) and (13).
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et al,, 2009) in the thermally driven dynamo that y = 0.6 is a geometrical factor related to the distribution of
buoyancy within the core, and £ = 1/7 converts the internal field in the core to dipolar field amplitude at the
CMB. The RMS dipolar field intensity at Earth’s surface is attenuated and scales as

3

dipole rems

Bsurface - chb( ) ) (13)
Earth

where rggn = 6,370 km is Earth’s radius.

The intensity of the dipolar component of the exsolution-driven magnetic field at Earth’s surface is plotted in
Figure 4d. Intensities are comprised between 70 (4.5 Gyr ago) and 40 uT (immediately prior to inner-core
growth), comparable to the present dipolar field of 40 uT that has prevailed form most of the Phanerozoic
(Biggin et al., 2009) and consistent with paleointensities recorded in Proterozoic and Archean rocks dating
as far back as 3.45 Ga. There could be little to no abrupt change in dipolar field intensities during the
transition from that ancient exsolution dynamo prior to inner core crystallization to the modern dynamo
powered by light-element release due to inner core growth. This is inline that there would also be no change
in dipolar field intensity (Landeau et al., 2017) in the transition from a thermal to a buoyancy-driven dynamo
at the onset of inner-core nucleation.

The onset of MgO exsolution and the initiation of the associated buoyancy-driven geodynamo is a function of
the initial concentration of MgO in the core, inherited from its formation (Badro et al., 2015) and any additions
due to giant impacts during accretion (Badro et al., 2016; Piet et al., 2017). If the core is oversaturated in MgO
(i.e., the concentration is higher than the equilibrium concentration) at the end of core formation, MgO will
precipitate out of the core until it reaches its equilibrium concentration (Figures 3a and 4a), and then follow
that equilibrium concentration curve during subsequent core cooling; in this case, an MgO exsolution-driven
dynamo may have operated on Earth immediately after its formation. If on the other hand the core starts out
undersaturated in MgO, precipitation will only start when the temperature of the core reaches the point
where its MgO concentration is equal to the equilibrium value; as the core keeps cooling and exsolution
proceeds, its MgO concentration will once again follow the equilibrium concentration curve (Figures 3a
and 4a). In this case, knowing the initial MgO content of the core will determine when the MgO
exsolution-driven dynamo switches on.

The exsolution process described here assumes the MgO concentration in the mantle above the core is
relatively constant, which supposes the mantle instantly absorbs MgO released by the core. This is certainly
the case in a magma ocean regime (whether a global or a basal magma ocean), where the buoyant MgO
component is immediately incorporated into and upwelled by the denser molten silicates, and should take
place over a long timeframe starting at the end of Earth’s accretion and core formation until the freezing
of the last remnants of a basal magma ocean (Labrosse et al., 2007). Once the magma ocean atop the CMB
solidifies, released MgO can accumulate as a layer at the CMB, which will significantly slow down the
exsolution process (equation (11)); it will then be governed by mantle dynamics and its potential to entrain
the buoyant MgO crystals away from the boundary, refreshing the silicate in contact with the core.

Our thermal evolution and magnetic intensity prediction models stop at the point where the inner core
nucleates. At this onset, the cooling rate drops dramatically leaving an MgO exsolution flux on the order of
a few 10* kg/s, which will be rapidly overcome by bottom-driven buoyancy from the core (about
3 x 10° kg/s at present). From a paleomagnetic evolution standpoint, the evolution falls back to existing
post-nucleation scenarios (e.g. Aubert et al., 2009).

The geophysical implications of MgO exsolution have been discussed assuming the thermodynamics of MgO
dissolution from an oxygen- and silicon-bearing core. It is striking that the geophysical implications are
indistinguishable if one assumes MgO dissociation instead, or if one assumes an O-rich core or an Si-rich core,
as shown in supporting information (section 5 and Figures S4-59).

6. Conclusions

A formally correct thermodynamic framework making full use of the interaction parameter activity model
shows that MgO dissolves in the metal as a function of temperature and metal composition. The model is
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fully consistent with all available data to date, published (27 data) and new (22 data). On Earth, this means
that dissolved MgO in the core (inherited from core formation) should precipitate out as the core cools.
The exsolution fluxes are on the order of 10°-10° kg/s which should produce a strong dipolar field at
Earth’s surface, on the same order as that observed today, prior to inner core growth, and potentially
throughout most of Earth’s history (Biggin et al., 2009; Tarduno et al., 2015; Weiss et al., 2018).
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