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Abstract MgO exsolution has been proposed to drive an early geodynamo. Experimental studies,
however, have drawn different conclusions regarding the applicability of MgO exsolution. While many
studies suggest that significant Mg can dissolve into the Earth's core, the amount of MgO exsolved out of the
core, which hinges on the temperature dependence of MgO solubility, remains unclear. Here we present
new high-temperature experiments to better constrain the temperature and compositional dependence of
Mg partitioning between Fe alloys and silicate liquids. Our experiments show that Mg partitioning is weakly
dependent on temperature, while confirming its strong dependence on oxygen content in Fe alloys. This
implies that MgO exolution is limited as the core cools but can help drive an early geodyanamo if the core
heat loss is slightly subadiabatic. If an exosolution-driven geodynamo did occur, it was likely over a limited
time span that depends on the core thermal history and conductivity.

Plain Language Summary The existence of Earth's magnetic field has been dated back to at least
3.5 billion years ago. Yet its origin is under intense debates. A recent hypothesis is that abundant MgO, a
major component of the Earth's mantle, may exsolve out of the Earth's core, providing energy to generate
long-lasting magnetic field. However, how much MgO can exsolve out of the core is still poorly constrained.
Here we conduct new high-pressure experiments to study the geochemical behavior of MgO under the
Earth's core conditions. We find that the solubility of MgO in the Earth's core is weakly dependent on
temperature. This suggests that the exsolution of MgO as the core cools is limited and can only power the
geodynamo over a relatively limited time. Thus, the continuous operation of the Earth's ancient magnetic
field remains a mystery.

1. Introduction

The existence of an early geodynamo has been found going back to at least 3.5 Ga as indicated by the paleo-
magnetic signature of ancient rocks (Biggin et al., 2015; Tarduno et al., 2015). The energy sources, however,
that powered such an early geodynamo are hotly debated (e.g., Olson, 2013). Thermal convection associated
with core cooling may be insufficient in light of recent upward revisions to the thermal conductivity of the
Earth's core (e.g., Konopkova et al., 2016; Ohta et al., 2016; Pozzo et al., 2012). Compositional convection
associated with the solidification of the inner core was likely unavailable over much of this time because
the inner core is thought to be significantly younger (~0.5-1 Ga) than the oldest paleomagnetic evidence
(e.g., Driscoll, 2016; Labrosse et al., 2001).

Recently, the gravitational energy released by MgO exsolution has been hypothesized as a possible buoyancy
source to drive the early geodynamo (O'Rourke & Stevenson, 2016). Follow-up experimental studies con-
firmed that significant MgO may be dissolved into the core during late-stage high-energy impacts (Badro
et al., 2016; Du et al., 2017). Yet discrepancy exists in how much MgO can be exsolved during core cooling,
questioning the viability of this mechanism. Discrepancy in the exsolution rate is mainly due to challenges in
constraining temperature dependence of Mg partitioning between Fe alloy and silicate liquid. This is due, in
part, to the limited temperature range of 3000-5500 K of the experiments (e.g., Badro et al., 2018; Du et al.,
2017). In order to better constrain this temperature dependence, we present new experiments extending to
low temperatures of ~2000 K. We develop a thermodynamic model to describe the temperature, pressure,
and compositional dependence of Mg solubility. Lastly, we will discuss the implications for generating the
Earth's magnetic field.
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2. Methods

We investigate metal-silicate interactions at high pressures and high temperatures using a multi-anvil press
(supporting information). Chondrites (CI carbonaceous or EH4 enstatite chondrites; e.g., Wasson &
Kallemeyn, 1988) and Fe-FeO-FeS alloy are chosen to represent the mantle and core compositions, respec-
tively. Equilibrium is achieved at pressures from 3.5 to 8 GPa and temperatures from 1973 to 2173 K. Samples
are temperature-quenched by turning off the electric power supply. Run products are subsequently dry
polished with sand papers and alumina powder. Melting regions are identified by ex situ textural features
of recovered run-products (Figure S1 of the supporting information). Chemical analysis is performed with
a field-emission electron microprobe (supporting information). Two types of Fe alloys are observed to be
immiscible in these experimental conditions, namely, S-rich Fe alloy and S-poor Fe alloy (Figure S1).
The Mg concentrations in S-poor Fe alloys are below detection limit, primarily due to their low oxygen
contents, as discussed below. Therefore, only the Mg measurements for S-rich Fe alloy are reported,
shown in Table S1.

The exchange reaction of Mg between silicate liquid and Fe alloy may be expressed as follows:
Mgosilicate liquid =+ Fealloy _Feosilicate liquid + Mgalloy (1)

The exchange coefficient is calculated as Kyg = XpeoXmg/(XreXmgo)- Molar compositions of silicate liquid
and iron alloy are given as Xpeo, Xmgo, Xmg, and Xre, respectively. Alternative reactions, such as dissociation
and dissolution reactions (R2 and R3, respectively, in the supporting information) are also proposed to
describe how Mg is dissolved in Fe alloy (Badro et al., 2018; Du et al., 2017). For simplicity, we will focus
on exchange reaction (R1) to describe our experimental results and discuss possibilities of other reactions in
section 4 and 5.

3. Data

The measured Ky, values are plotted as red circles in Figure 1, along with previous experimental results in
blue symbols (Badro et al., 2018; Badro et al., 2016; Chidester et al., 2017; Du et al., 2017; Jackson et al., 2018;
Suer et al., 2017). Ky, values span ~3 orders of magnitude, nearly covering the ranges of previous studies.
This large range of Ky, is striking, given the limited range of pressure and temperature (3-8 GPa and
1973-2173 K), compared with the much wider ranges of 20-138 GPa and 3000-5500 K reported in previous
studies (Figure 1a). We then plot our results as a function of oxygen's mole fraction in the Fe alloy (Xo),
shown in Figure 1b. Interestingly, our results define a clear positive correlation between Ky, and Xo. This
suggests an important role of oxygen controlling Mg partitioning behavior, consistent with previous studies
(Badro et al., 2018; Du et al., 2017). Taking all available data into account, this trend is still evident but with
more scatters. This indicates other factors, besides X, are also affecting Kygg. Our present data are limited in
temperature and pressure, therefore separating oxygen effect from other effects on Mg partitioning. Once the
oxygen effect is determined, we can then combine our results with previous results at higher temperature
and pressures, further constraining the effect of temperature, pressure, and other compositional terms.
Alternatively, in order to identify and quantify all controlling factors, we constructed the following thermo-
dynamic model, taking into account the effects of pressure, temperature, and the interactions between Mg
and the light elements in the Fe alloys (see below).

4. Results

Similar to the approach by Du et al. (2017), Ky, may be expressed as a function of temperature (T, kelvin),
pressure (P, GPa), and the composition of Fe alloy (X;, the mole fraction of elements i (O, Si, C, S)), as follows:

log,y (Kmg) =a+b/T +cP/T + d log,y(1-Xo) + e log,o(1—-Xg;) + f log,,(1-Xc) + g logo(1-Xs)

where a-g are fitting parameters. We conducted a stepwise, nonweighted least squares regression to our
“combined” data set, including this study and previous studies (Badro et al., 2018; Badro et al., 2016;
Chidester et al., 2017; Du et al., 2017; Jackson et al., 2018; Suer et al., 2017). We find a = —3.0 + 0.26,
b = -2314 + 662, c = 26 + 10, d = —10 + 0.9, e = 1.6 + 0.3, with R* = 0.77. Quoted uncertainties are
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Figure 1. Temperature (a) and compositional (b) dependence of Kyjg. Xo is the mole fraction of oxygen in Fe alloy.
Symbols of each study are shown in red circles (this study), stars (B16; Badro et al., 2016), squares (Dul7; Du et al.,

2017), diamonds (Sul7; Suer et al., 2017), inverted triangles (B18; Badro et al., 2018), asterisks (C17; Chidester et al., 2017),
and triangles (J18; Jackson et al., 2018). The 1o error bars are plotted for uncertainties. See Table S1 for all experimental
results in this study.

1o errors. We find that terms for Xc and Xg are not significant at the 95% confidence threshold and
therefore not included in the regression; that is, f and g are set to be zero. See also Table S2 for a list
of fitted parameters and Figure 2 for a comparison between the experimental data (Observed) and our
model predictions (Predicted).

Our results confirm the previous findings that Ky, strongly depends on Xo, oxygen concentration in the Fe
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Figure 2. Comparisons of exchange coefficients log; o(Kng) between experi-
ments (Observed) and predictions from the best-fitted model (Predicted).
Parameters of the best-fitted model are given in the text and listed in
Table S2. Solid line is the 1:1 line, and dashed lines are +0.37 log-unit 1o

€rrors.

alloy (Du et al., 2017), evident from Figure 1b as discussed above. Du et al.
(2017) did not constrain the temperature dependence of Ky, due to lim-
ited data set. Our new results provide important constraints: moderate
temperature and pressure control on Ky, namely, small b and c, for 1/T
and P/T terms, respectively. This new empirical constrains differ from
previously assumed strong temperature dependence (O'Rourke &
Stevenson, 2016) when experimental results were unavailable. Badro
et al. (2018) also found moderate temperature dependence of Mg parti-
tioning, consistent with our results. We note that oxygen content in S-rich
Fe alloy varies from 0.3 to 12.6 wt%, which is correlated with the FeO con-
tent in silicate melt (Kiseeva & Wood, 2013). Meanwhile, oxygen in sulfur-
rich alloy controls the Mg partitioning (Figure 1b). So sulfur does not
directly influence Mg partitioning, in agreement with our regression
result, where parameter g is statistically insignificant. In our study, Mg
content is below detection limit in S-poor Fe alloy, primarily due to its
low oxygen contents, in agreement with previous findings (Badro et al.,
2018; Du et al., 2017).

It has been also suggested that Mg may be dissolved in Fe alloy as an MgO
component, shown in dissolution reaction (R3, supporting information;
Badro et al., 2018; Du et al., 2017). Our results agree with model predic-
tions by Badro et al. (2018); Figures S2a and S2b). Similar to Badro et al.
(2018), we find that dissociation (R2, supporting information) and dissolu-
tion (R3) yield greater value of R* ~ 0.97, compared to that of ~0.76 for
exchange reaction (R1). Based on this criterion, R2 and R3 may better
describe Mg (or MgO) speciation in iron-rich alloy (Badro et al., 2018).
However, we also point out that R* should not be the only criterion to
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judge the better or worse of thermodynamic models. Yet values of root mean square error are rather similar
for all three reactions, in the range of ~0.31-0.37 (Tables S2 and S3, supporting information). Therefore, we
consider that all models are viable mechanisms to describe the Mg speciation in Fe alloys. We will also show,
as follows, that the calculated exsolution rates, regardless of the choices of thermodynamic models, yield
similar results. This is, however, not surprising, given all models are based on the same data sets. Also,
the model predictions are within the experiments’ parameters space (namely, T, P, and compositions).
Therefore, we elect to use exchange reaction (R1) as an example to illustrate MgO exsolution process and
its implications on powering an early geodynamo.

5. Implications: MgO Exsolution During Core Cooling

Following the previous approach (Du et al., 2017; O'Rourke & Stevenson, 2016), we compute Mg solubility in
the core using experimentally determined Ky Mg can be dissolved in the impactors’ core primarily during
late-stage giant impacts (Badro et al., 2016; O'Rourke & Stevenson, 2016). Yet the physical conditions of
these giant impacts are largely unknown (e.g., Nakajima & Stevenson, 2015). Therefore, we assume that
the core is well mixed with an initial concentration of Mg (0-2 wt%), Si (3 wt%), and O (6 wt%; O'Rourke
& Stevenson, 2016]. During core cooling, MgO-rich liquid is exsolved out at the top of the core. To give an
upper limit to the possible exsolution rate, we choose the fitted parameters b and c on the higher end of their
1o uncertainty (i.e., b = —2900, c=16), which gives an upper limit to the temperature dependence of Ky;g. In
addition, 6 wt% O can be considered near the upper bound of possible oxygen content in the core (e.g., Badro
et al., 2015; Fischer et al., 2015). Therefore, the calculated Mg solubility and exsolution rate can be consid-
ered as an upper limit.

Calculated core Mg solubility and exsolution rate at core mantle boundary (CMB) pressure are shown (red
curves in Figure 3) as a function of temperatures, assuming exsolution as a liquid, along with previous results
(black curves) (Du et al., 2017). We also show the results from O'Rourke & Stevenson, 2016, where Ky is
assumed to be strongly temperature dependent. Model results, assuming dissolution reaction (R3) are also
shown as dotted curves, where a core of 3 wt% Si and 6 wt% O is in equilibrium with a pyrolitic lowermost
mantle (Badro et al., 2018).

Similar to a previous approach (Du et al., 2017), we illustrate exsolution process starting ~1.7 wt% Mg in the
core (Figure 3a). When the core cools, Mg content drops along the red solid curve to ~1.5 wt% at the present
day. O'Rourke and Stevenson (2016), assuming 2 wt% initial Mg, produces a core that is undersaturated in
Mg until ~4750 K. Then the Mg content decrease along the dashed curve to a much smaller value
~0.7 wt%. Our results, along with previous results (Badro et al., 2018; Du et al., 2017), show a weaker tem-
perature dependence of Mg solubility, changing by ~0.2 wt% from 5000 to 4000 K. This significantly limits
MgO exsolution, in contrast to previous studies (O'Rourke & Stevenson, 2016). Mg content is estimated to
be ~1.5 wt% in the present-day core. This should be treated as an upper bound, and its exact amount may
be investigated by further geophysical observations, such as densities and sound speeds of the core. The main
difference between our model and that of Badro et al. (2018) is that they calculate Mg solubility from equili-
brium constant K5 assuming MgO dissolution reaction (R3, supporting information). Both studies predict
similar temperature dependence, although differing the absolute values. Clearly, the temperature depen-
dences of Mg solubility is weak, for each of the thermodynamic models, R1, R2 or R3 (Figure S3,
supporting information).

Our results show that an exsolution rate is four times lower than the minimum value of 2 x 107> K *

estimated by O'Rourke and Stevenson (2017) and 10 times lower than the optimum value
(4-5 x 107°K™%; Du et al., 2017; O'Rourke & Stevenson, 2017) required to power a geodynamo early in
Earth's history. Badro et al. (2018) obtained similar low exsolution rate (0.4 x 107> K™%) assuming disso-
lution reaction (R3), consistent with our model predictions based on exchange reaction (R1). MgO exsolu-
tion can be an important source of buoyancy flux to drive fluid motion, thanks to its high efficiency of
converting gravitational energy to kinetic energy (e.g., Du et al., 2017; Olson et al., 2017; O'Rourke &
Stevenson, 2016).

To illustrate the contributions from thermal cooling and exsolution, we compute the buoyancy fluxes as a
function of heat flow at the CMB (Q.nmp) as detailed in the supporting information. For simplicity, we
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Figure 3. Calculated Mg solubility (a) and exsolution rate (b) at the Earth's core mantle boundary (CMB) pressure
(136 GPa) as a function of CMB temperature, from this study (red) and Dul7 (black; Du et al., 2017). Model result from
B18 (Badro et al., 2018) is a dotted line, assuming the same Si (3 wt%) and O (6 wt%) content in the core. The core is
assumed to be saturated with Mg after the core forms except in the study OS16 with initial Mg content of 2 wt% (O'Rourke
& Stevenson, 2016). In our study, we shift the fitted parameters b and ¢ by 1o uncertainty (i.e., b = —2,900, ¢ = 16) to the
upper end of temperature dependence of Kyjg. Therefore, the calculated exsolution rate can be considered as an upper
limit. The legend in (b) is identical with that in (a). Note that exsolution rates calculated from K5, K3, and Ko are similar
to those from Badro et al. (2018), shown in Figure S3.

assume no radioactivity in the core (e.g., Chidester et al., 2017; Suer et al., 2017; Xiong et al., 2018) and no
inner core growth so that Q. equals the heat from secular cooling (Qsec), Which is proportional to the
core cooling rate. We also adopt an adiabatic heat flow of Q,q = 12 TW and average exsolution rate of
~0.6 X 107> K~ !. We find that for Qcmb < 9.2 TW, the total buoyancy flux is negative; therefore, the
core is stratified, and no dynamo is expected. For 9.2 < Qcmp < 12.0 TW, thermal buoyancy is
subadiabatic, but the contribution from exsolution is enough to overcome thermal stratification to drive
convection, denoted as the “exsolution” regime (green in Figure 4). Note that during the exsolution
regime, the contribution from exsolution is needed to overcome thermal stratification, but thermal
buoyancy exceeds exsolution, so the regime name is somewhat semantic—both buoyancy sources
together must overcome the stratification. For Q.mp > 12 TW, both exsolution and thermal buoyancy
contribute to the convection, although exsolution is no longer necessary (red in Figure 4). The main
implication of Figure 4 is that even though exsolution can help drive a dynamo over a modest range of
subadiabatic CMB heat flows, thermal buoyancy is larger than exsolution and needs to be close to the
adiabatic value for an exsolution-dynamo to be possible. The range of core heat flows over which
exsolution is important of 9.2-12 TW is relatively small, implying that if exsolution was important in
the past it was relatively short-lived.

In addition to the “new core paradox” of Olson (2013), the core cooling rate is entangled with the “thermal
catastrophe” of the mantle (e.g., Korenaga, 2008), where the present mantle heat flow and typical cooling
laws predict the mantle to be unrealistically hot in the recent past. There are at least two proposed solutions
to this problem: (1) invoke a deep internal heat source (in the core or lower mantle) of ~3 TW that slows core
and mantle cooling (Driscoll, 2016), helping to maintain thermal convection in the core until inner core
nucleation around 1 Ga; or (2) invoke that the mantle cooling rate is inversely proportional to mantle tem-
perature (Korenaga, 2008), implying that heat loss was lower in the hot early Earth and that some other
source (such as exsolution) powered the geodynamo over much of the Earth history. Exsolution does not
play a major role in the first scenario as our experimental results predict a low energy contribution of <1
TW by exsolution over time (Du et al., 2017), implying that while exsolution can resolve the new core para-
dox it does not simultaneously resolve the mantle catastrophe. The feasibility of the second scenario has
been demonstrated by O'Rourke and Stevenson (2017). Indeed, we find that exsolution may have driven a
dynamo when the core was slightly thermally subadiabatic (Figure 4), but its role is limited to a modest
range of cooling rates. In either case, the core must have sustained a relatively high heat flow over much
of the Earth history so that the core is not too thermally stratified, and core exsolution may have played a
complementary role.
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Qad =12TW (Fpq =827 X 107 mz/s3) and no core heat sources. For Q. < 9.2 TW, the core is stratified (total
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buoyancy flux > 0), and an exsolution-driven dynamo is expected (green shading). For Qcmp > 12 TW, both thermal and
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6. Conclusions and Future Studies

We have conducted new experiments to investigate the partitioning of Mg between Fe alloys and silicate
liquids, expanding the temperature range of previous experiments. Like Du et al. (2017), we find that Mg par-
titioning has a weak temperature dependence and strong oxygen dependence. For nominal core composi-
tions, our results suggest that exsolution may have played a modest role in driving the early geodynamo if
the core was not too thermally stratified. However, exsolution does not resolve the thermal catastrophe,
implying that an alternative heat source, exotic mantle cooling, or a possible basal magma ocean may be
required (Driscoll & Bercovici, 2014; Ziegler & Stegman, 2013). A core enriched in radiogenic elements
seems unlikely as indicated by recent experiments and theoretical calculations (e.g., Chidester et al., 2017;
Suer et al., 2017; Xiong et al., 2018). A comparison of thermodynamic models demonstrates that exsolution
rates are less than 1 x 107> K~' and the predicted solubilities of Mg in the core can range from ~0.5 to
~1.5 wt% at the present day. Mg may still be an important light element in the Earth's core and it should
be further investigated by future experiments and models.
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