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'Institut de Physique du Globe de Paris, Sorbonne Paris Cité, 75005, Paris, France, “Ecole Polytechnique Fédérale de
Lausanne, Lausanne, Switzerland, 3Department of Earth Sciences, University College London, London, UK

Abstract silicon and oxygen are potential light elements in Earth's core because their stronger affinity
to metal observed with increasing temperature posits that significant amounts of both can be incorporated
into the core. It was proposed that an Fe-Si-O liquid alloy could expel SiO, at the core-mantle boundary
during secular cooling, leaving the core with either silicon or oxygen, not both. This was recently challenged
in a study showing no exsolution but immiscibility in the Fe-Si-O system. Here we investigate the
liquidus field of Fe-Si and Fe-O binaries and Fe-Si-O ternaries at core-mantle boundary pressures and
temperatures using ab initio molecular dynamics. We find that the liquids remain well mixed with ternary
properties identical to mixing of binary properties. Two-phase simulations of solid SiO, and liquid Fe
show dissolution at temperatures above 4100 K, suggesting that SiO, crystallization as well as liquid
immiscibility in Fe-Si-O is unlikely to occur in Earth's core.

Plain Language Summary The standard hypothesis is that Earth's core inherited its composition
(iron-nickel alloy + lighter elements such as Si, O, S, and C) during core formation by interaction with
Earth’s silicate magma ocean and has since remained fixed and well mixed through geological time. It
was recently proposed, on the basis of high-pressure experiments, that silicon and oxygen dissolved in the
core could crystallize as SiO, at the core-mantle boundary during secular cooling, challenging our
understanding of core composition and evolution. While other experimental studies have not corroborated
these findings, a recent study involving experiments and calculations proposed no SiO, exsolution but rather
liquid-liquid immiscibility in the iron-silicon-oxygen system. In this study, we use ab initio molecular
dynamics simulations to theoretically investigate the liquidus field of Fe-Si, Fe-O and Fe-Si-O alloys. We
find that (1) the liquid alloys remain stable and well mixed, with the volumes of iron, silicon, and oxygen
mixing ideally at core conditions; (2) no sign of SiO, crystallization or phase separation (i.e., immiscibility);
and (3) simulations of solid SiO, in contact with liquid Fe show mixing of both phases, ruling out silica
precipitation out of the core.

1. Introduction

The Earth's core was formed by gravitational segregation of liquid iron and molten silicates in a magma
ocean during primordial differentiation (Ringwood, 1959). While siderophile elements are stripped by iron
that now forms the metallic core, some nominally lithophile elements are also found to dissolve in iron,
namely, Si and O (e.g., Asahara et al., 2007; Badro et al., 2018; Blanchard et al., 2017; Bouhifd & Jephcoat,
2011; Chabot & Agee, 2003; Fischer et al., 2015; Frost et al., 2010; Jackson et al., 2018; Mann et al., 2009;
Ricolleau et al., 2011; Siebert et al., 2012; Takafuji & Hirose, 2005; Tsuno et al., 2013) and recently Mg
(Badro et al., 2016, 2018; Du et al., 2017). The incorporation of both Si and O into the core during core-mantle
differentiation provides a mechanism to account for the core's density deficit. The thermodynamic proper-
ties of the molten Fe-Si-O ternary are therefore essential to understand the thermal and chemical evolution
of the core. The conditions (pressure, temperature, and composition) of metal-silicate equilibration during
core formation set the composition of the bulk core by the end of accretion, and this is considered frozen
from then onward. This last hypothesis is supported by the fact that the mantle cannot be in chemical equi-
librium with the core (Jacobson et al., 2014; Stevenson, 1981; on the basis of highly siderophile element man-
tle abundances) and that the core and mantle have remained essentially isolated chemically after the end of
core formation. Recently, Hirose et al. (2017) proposed a scenario that relaxes that hypothesis, where dis-
solved Si and O in the core would crystallize during secular cooling and float out due to its negative buoy-
ancy, hence changing core composition over time.
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One caveat of that study is that the proposed SiO, crystallization model and temperature were calculated
from a thermodynamic model based on high-pressure metal-silicate equilibrium experiments. But those
same experiments (e.g., Badro et al., 2016, 2018; Blanchard et al.,, 2017; Bouhifd & Jephcoat, 2011;
Chidester et al., 2017; Du et al., 2017; Fischer et al., 2015; Huang & Badro, 2018; Jackson et al., 2018;
Ricolleau et al., 2011; Siebert et al., 2012, 2013; Tsuno et al., 2013) have not observed any SiO, exsolution
and even support that the present-day core could be undersaturated in Si and O (Brodholt & Badro, 2017).
Since this discrepancy has never been addressed from a theoretical standpoint, we performed ab initio mole-
cular dynamics (AIMD) simulations on liquid Fe-Si-O ternaries, Fe—O and Fe-Si binaries, and pure Fe at
core-mantle boundary (CMB) pressure (136 GPa) and temperatures ranging from 3800 to 4300 K, covering
the whole range of CMB temperatures from the Hadean eon to the present (Nimmo, 2015).

2. Methods

AIMD simulations were performed using Vienna Ab initio Simulation Package (Kresse & Hafner, 1993) with
the projector augmented wave (PAW) method (Blochl, 1994; Kresse & Joubert, 1999). The PAW potentials
for iron, silicon, and oxygen have valence configurations of 3p64513d7, 3sz3p2, and 2322p4 and core radii of
1.16,1.31, and 0.82 A, respectively. Perdew-Wang (Wang & Perdew, 1991) type generalized gradient approx-
imation (GGA) was used for exchange-correlation functional. The energy cutoff for the plane wave expan-
sion was 500 eV, with T' point to sample the Brillouin zone. Simulations at high cutoff energy (900 eV)
and a denser (2*2*2) k-point grid were run on various snapshots from each molecular dynamics (MD)
run, in order to estimate the Pulay stress, which was found to be less than 0.6 GPa. Temperature was
controlled using a Nosé-Poincaré thermostat. Single-particle orbitals were occupied according to the
Fermi-Dirac distribution with an electronic temperature equal to the macroscopic temperature.

Two types of simulations were performed: single-phase liquid simulations and two-phase solid-liquid simu-
lations. In the single-phase simulations, a box containing 108 Fe atoms was first heated up to 6000 K at
136 GPa for 20 ps to obtain a well-mixed liquid structure then cooled to four different temperatures relevant
to the CMB (3800, 4000, 4300, and 4800 K). Then, some Fe atoms were replaced by Si and O atoms to obtain
six different compositions (FeggSig, FeggSisa, FegoOg, FegsOaa, FeggSigOo, and FeggSi1011). In the two-phase
simulations, a box containing 100 Fe atoms in the liquid state was equilibrated with a box containing 32 SiO,
units in the solid seifertite structure at three different temperatures (3800, 4100, and 4300 K). The systems
were run at constant NVT (canonical ensemble) for 20-63 ps with a time step of 1 fs to attain full equilibra-
tion and adequate statistics on thermodynamic functions. The first 1 ps were discarded and intensive vari-
ables such as P and T were calculated from the time average. The statistical uncertainties were evaluated
using the blocking method (Flyvbjerg & Petersen, 1989) and give uncertainties in pressure between 0.1
and 0.2 GPa. A typical GGA underestimate of 10 GPa under CMB conditions was corrected following pre-
vious studies (Alf¢ et al., 2002; Badro et al., 2014).

3. Results and Discussion
3.1. Liquid Structure

In all our single-phase ternary (FegoSigOg and FegsSi;;011) simulations, liquid structure is confirmed by the
partial radial distribution functions (RDFs). They are defined as the probability of finding an atom of species
B in a shell dr at the distant r of the species a, given by

dNp(r)
gaﬁ(r) = W’

ey

where ngis the number density of species 8 and dNg(r) the number of 8 atoms in the spherical shell (7, r + dr)
around a reference atom of species « (there are six possibilities in a three-component system, for example,
8rere(T), &sisi(h), 8oo(r), gresi(), greo(r), and gsio(r)). We average the RDFs over different sizes of time
windows along the whole simulation and find no fundamental differences based on the choice of windows,
which confirms that the system is well equilibrated. Figure 1a shows the partial RDFs of a typical liquid
structure for the ternary FegqSi; ;01 at 136 GPa and 3800 K. As can be seen from the position of the first peak
of goo(r), the distance to the nearest neighboring oxygens (~2.3 A)is significantly larger than the Fe-O (~1.8
A) or Si-0 (~1.7 A) distances. This indicates that oxygen has two effective radii in liquid iron alloy, a small
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3800 K/ 136 GPa 4000 K/ 136 GPa

r(A) r(A)

Figure 1. Partial radial distribution functions g(r) for the FeggSi;1017 mixture at (a) 3800 K, (b) 4000 K, (c) 4300 K, and (d) 4800 K at core-mantle boundary

pressure.

one when bonding with iron or silicon and a large one when interacting with itself, which is in excellent
agreement with previous simulations on Fe-O and Fe-Si—O mixtures (Alfé et al., 1999; Pozzo et al., 2013).
The bond lengths of Fe-Fe, Si-Si, and Fe-Si are similar between 2.2 to 2.3 A, showing that iron and
silicon atoms have similar and single effective radii when interacting with each other or themselves
(Brodholt & Badro, 2017). Comparing partial RDFs at different temperatures spanning 1000 K at CMB
pressure (between 3800 and 4800 K) shows that no resolvable changes of RDF patterns can be observed.
The first peak in ggio(r) is effectively the weakest, and on the same order as the second neighbor peak,
showing no Si-O bond clustering, which would indicate the formation of SiO, units. This is further
strengthened by an analysis of the coordination numbers of the ions in the melt.

The coordination number C,g(the average number of atoms § around an atom «) is calculated by integrating
the first peak of the RDFs and is plotted in Figure S1 in the supporting information:

Cop = 41 nﬁfomi" r? gog(r)dr, (2)

where rn, is the position of the first minimum in g.s. The total number of neighbors (Fe + Si + O) surround-
ing each iron atom is constant (~13.5), which is consistent with previously observed numbers (between 13
and 14) in liquid Fe under core conditions (Umemoto & Hirose, 2015; Vocadlo et al., 1997). The number
of oxygen neighbors of each silicon atom is systematically lower than 1, from 3800 to 4800 K, indicating
nonstoichiometric (SiO,) bonding and ruling out the formation of SiO, units.

It is noteworthy that the shortest distance exists between silicon and oxygen, indicating a shorter and
probably stronger Si-O bond compared to all the other bonds. This should therefore make it easier to preci-
pitate silicon and oxygen as SiO, from liquid iron or equivalently to block the dilution of Si and O in the
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metal. In order to test this hypothesis, our Fe-Si-O ternary compositions were intentionally designed
starting with silicon and oxygen atoms gathered at the same part of the simulation box, effectively simulating
a two-phase system with pure iron on one end and an Si-O liquid on the other end. At all temperatures down
to 3800 K, silicon and oxygen quickly mixed with iron as seen from the snapshots of MD trajectories
(Figure S2 and Movie S1), yielding well-mixed liquid Fe-Si-O mixture, which opposes the tendency of the
liquid to undergo phase separation.

3.2. Dynamics and Diffusion

Another line of argumentation stems from the analysis of atomic mean square displacements (MSDs) in the
liquid, plotted in Figure 2. The MSD is given by an Einstein relation:

MSD(t) = Nip;vz;ﬂr,-(t + to)—"i(to)|2>7 (3)

where N, is the number of particles, r; is the position of the particle i at time ¢, and <-> represents ensemble
average, which can be evaluated by averaging over different time origins ¢, along the simulation. During the
first 20 fs, the atoms are moving freely before colliding with each other, as plotted in Figure 2 where the
initial MSD increases as the square of time. After 200 fs the MSD establishes a linear behavior with time,
which is typical of liquid structure (e.g., Pozzo et al., 2013; Umemoto & Hirose, 2015). The self-diffusion coef-
ficient (D) is obtained from the linear part of MSD by

“)

As expected, the diffusion coefficient increases with temperature (Figure 2). At 136 GPa and 3800 K, we find
Dre = 041078 m?/s, Dg; = 0.3-10~° m?/s, and D = 1.0-10~% m?/s: Fe and Si have very similar diffusion
coefficients, whereas Dq is about 3 times faster. These data agree with those obtained from liquid iron
(Dge = 0.4-0.5-10"° m?/s; Posner, Rubie, et al., 2017; Vocadlo et al., 1997), Fe-O (Dg. = 0.8-10~% m?/s and
Do = 1078 m?/s; Alfe et al., 1999; Posner, Steinle-Neumann, et al., 2017), Fe-Si-O (Dg. = Dg; = 0.4—
0.5-10"® m?/s and Dg = ~1.3-10~® m?/s; Pozzo et al., 2013) under core conditions. This excellent agreement
further confirms that the FegeSi;;01; mixture remains a single well-mixed liquid under all
conditions (Figure S3).

3.3. Mixing Properties and Ideality

The properties of multicomponent iron alloys have often been calculated from those of the binaries based on
ideal mixing of volumes (Badro et al., 2014; Brodholt & Badro, 2017; Huang et al., 2013). While this serves a
tremendous purpose of using available data to explore core compositions at relevant P-T in complex systems,
it has yet to be proven valid. For the sake of seismic properties of liquid planetary cores, the relevant material
properties are density (i.e., volume) and bulk sound velocity (i.e., density and isentropic bulk modulus). Ideal
mixing assumes that there is no excess volume upon mixing, that is, linear addition of end member volumes
instead, described by

av oV
Viix = Vre + 30 + 5—Xsi, ©)
aXo dei
where Viix is the volume of the ideal mixture; V., the volume of pure iron; and gx—‘g or 537‘1, the partial
derivative of volume with respect to O (xo) and Si (xs;) concentration, respectively.

Figure 3a shows the volume (and Figure 3b, density) as a function of composition, for Fe-O and Fe-Si
binaries, as well as Fe-Si-O ternaries. All calculations are performed at CMB conditions of 4300 K and
136 GPa (see details in supporting information). The binaries are calculated for two O and Si concentrations
and show that increasing light element concentration in iron always decreases density, as observed in pre-
vious simulations (Badro et al., 2014; Brodholt & Badro, 2017; Umemoto & Hirose, 2015). The perfect linear
relationship between volume (or density) and concentration (i.e., no curvature as a function of concentra-
tion in Figures 3a and 3b) for the Fe-O and Fe-Si binaries demonstrates that iron and silicon or oxygen form
perfectly ideal volume mixtures. As for ternaries, the volumes (and densities) were calculated in two ways:
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one was by actual MD simulations on the previously described ternary compositions (FeggSigOg and
FegeSi;1011) and one by mixing the binaries according to equation (5). It is striking that both calculations
produce identical results, proving that the generally assumed hypothesis of ideal mixing of volumes
(Badro et al., 2014; Brodholt & Badro, 2017; Huang et al., 2013) of binaries is indeed valid at CMB conditions.
In other words, Fe-Si-O ternary mixtures can be formed by ideal mixing of Fe-O and Fe-Si binary volumes
under CMB conditions. The conclusion also holds for velocities, which are derivative properties (bulk
modulus is the derivative of pressure with respect to volume), plotted in Figure 3c; the bulk sound velocities
of the ternaries FeggSigOg and FeggSi;101; equal those obtained by ideally mixing the volumes of binaries,
within uncertainties.

3.4. SiO, Exsolution and Immiscibility in the Fe-Si-O Liquid

In solution crystallization, clusters with a short-range order usually form before the precipitation/
crystallization of nuclei (Erdemir et al., 2009; Schenk et al., 2002). This comes with the change of bonding
environments for the elements that are going to precipitate. As our structural analysis (partial RDF and coor-
dination number) shows no change in the Si-O environment, the ternary liquids should be far from the con-
ditions for SiO, crystallization. Another evidence comes from diffusion properties in liquid iron alloy. Our
calculated diffusion rates of Fe, Si, and O agree well with previous calculations and experiments on liquid
Fe, Fe-0, Fe-Si, or Fe-Si-O under core conditions (Alfe et al., 1999; Posner, Rubie, et al., 2017; Posner,
Steinle-Neumann, et al., 2017; Pozzo et al., 2013; Vocadlo et al., 1997). In particular, the well-equilibrated
liquid Feg 79Sig 0300.13 ternary at 4000 K and 136 GPa from Pozzo et al. (2013) not only provides almost iden-
tical diffusion coefficients of Fe, Si, and O as in our calculations but also is at odds with the proposed SiO,
exsolution isotherms (Hirose et al., 2017) by having higher concentrations of Si and O than what the preci-
pitation model allows for (Figure S3). The discrepancy between the SiO, exsolution model and ab initio cal-
culations could possibly be due to the thermodynamic model used by Hirose et al. (2017) to predict SiO,
saturation temperature. While their low-pressure model fits well with existing metal-silicate partitioning
data, their high-pressure model that suggests a lower saturation value is obtained by extrapolation and needs
to be evaluated in the light of recent higher P-T metal-silicate partitioning data (Badro et al., 2018).

Our simulations in the Fe-Si-O ternary showed no phase separation, which is a necessary but not sufficient
condition to address the possibility of SiO, exsolution. This is in contrast with a recent experimental and
first-principle calculation study (Arveson et al., 2019) where SiO, exsolution was not observed but where
the presence of Fe-Si and Fe-Si—O immiscible liquids was proposed. Here no immiscibility between Fe-Si
and Fe-Si-O liquids was observed in the liquid state as described above, but instead liquid Fe-Si-O is well
mixed at temperatures down to 3800 K and 136 GPa. As in Arveson et al. (2019), we analyzed the trajectories
of Si and O in our FeggSi; 104, ternary at 3800 K, which is close to one of their simulated compositions. Si and
O were initially clustered (as described previously), and the trajectories are plotted after 10, 20, and 29 ps in
Figure 4, showing full mixing in the longest simulation runs. These are significantly longer than the simula-
tions in Arveson et al. (2019), whose trajectories showing immiscibility were run for 6.6 to 14.8 ps. Such short
simulation times do not allow to fully mix the system, as confirmed by our trajectories after 10 and 20 ps. In
fact, both our results and theirs are consistent at short times (see the 10 ps run in Figure 4), and our inter-
pretation is that although their simulations should produce the proper behavior, they were not run for long
enough times to see full mixing.

Two computational methods allow to be more conclusive on the SiO, exsolution as well as the phase separa-
tion issue: Gibbs free-energy calculations of all the phases or long two-phase simulations (reversals) that
circumvent the ergodicity requirement of the direct exsolution/phase separation case. The latter solution
was favored here, and we reversed the experiment by investigating a two-phase simulation in a larger box
containing solid SiO, (96 atoms) in the seifertite structure (e.g., Grocholski et al., 2013; Zhang et al., 2016)
in contact with liquid Fe (100 atoms) at various temperatures (3800, 4100, and 4300 K). Above 4100 K, the
Si0, and Fe phases mix in a short time (less than 10 ps); see Movies S2 and S3. At lower temperature, the
process is much slower and becomes hard to see at 3800 K (Movie S4) even for longer simulation times
(63 ps). Kinetics are also at work; no observed dissolution does not mean that the system does not dissolve
(false negative), but observing dissolution necessarily means the system dissolves (true positive). While we
cannot place a lower bound on the temperature at which SiO, exsolves, we clearly can say that it should
not exsolve at 4100 K or above. The same holds for immiscibility in the liquid state.
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29 ps

Fe Si

Figure 4. Fe, Si, and O atoms trajectories for three durations of the molecular dynamics simulations (10, 20, and 29 ps) for the FegsSi;1011 mixture at 3800 K
and 136 GPa. The system starts (see main text) with Si and O clustered in one part of the box and is allowed to evolve; 3800 K is the lowest temperature studied
here and should be the most favorable for observing exsolution (Hirose et al., 2017) or immiscibility (Arveson et al., 2019). However, the system evolves toward full
mixing in about 30 ps. The initial topology (spaces devoid of oxygen or silicon) is still observed at 10 ps but slowly vanishes with longer simulation times to disappear
at ~30 ps; no immiscibility observed between Fe-Si and Fe-Si-O liquids. Shorter (10 ps) simulations give the impression of immiscibility, and those durations
are comparable to the ones (6 to 14 ps) used in Arveson et al. (2019). The two sets of simulations are therefore consistent, but the observed immiscibility seems an
artifact due to the nonergodicity of the system at short times.
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4. Conclusions

Using AIMD simulations, we investigated Fe-Si-O ternaries from 3800 to 4800 K at CMB pressure
(136 GPa), along with Fe-O and Fe-Si binaries in the same conditions. Partial RDFs and coordination num-
bers agree well with previously reported liquid structures and show no sign of SiO, clustering. The analysis
of the MSD of the atoms shows a typical liquid structure. Ternaries formed by ideal volume mixing of Fe-Si
and Fe-O binaries have identical density and bulk sound velocity as those obtained in the calculated ternary,
implying that equations of state of binary liquids (Fe-Si and Fe-O) can be used to obtain reliable equations
of state of Fe-Si-O ternary alloys at core conditions. Finally, two-phase simulations starting with solid SiO,
+ liquid Fe and liquid Si-O + liquid Fe show rapid and full mixing of Fe, Si, and O, supporting a well-mixed
system and suggesting no phase separation or immiscibility. This implies no sign of SiO, exsolution from the
core nor any sign of Fe-Si-O two-liquid immiscibility down to at least 3800 K, which is a lower bound on the
present-day temperature at the CMB.
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