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Giant impacts are disruptive events occurring in the early stages of planetary evolution. They may result
in the formation of a protolunar disk or of a synestia. A central planet and one or several moons
condense upon cooling bearing the chemical signature of the silicate mantles of the initial bodies; the
iron cores may partly vaporize, fragment and/or merge. Here we determine from ab initio simulations the
critical point of iron in the temperature range of 9000-9350 K, and the density range of 1.85-2.40 g/cm?,
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corresponding to a pressure range of 4-7 kbars. This implies that the iron core of the proto-Earth may
become supercritical after giant impacts and during the condensation and cooling of the protolunar disk.
We show that the iron core of Theia partially vaporized during the Giant Impact. Part of this vapor may
have remained in the disk, to eventually participate in the Moon’s small core. Similarly, during the late
veneer a large fraction of the planetesimals have their cores undergoing partial vaporization. This would
help mixing the highly siderophile elements into magma ponds or oceans.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Understanding the behavior of iron during extreme shock is
critical to correctly model planetary cores during disruptive im-
pacts. Once differentiated, planets and planetesimals cores are
dominated by liquid or solid iron, alloyed with nickel and vari-
ous lighter elements (Hirose et al., 2013). Because of its obvious
geophysical significance, considerable effort was put to determine
both theoretically and experimentally its phase diagram (Alfé et
al., 1999; Campbell, 2016; Caracas, 2016; Tateno et al., 2010) up to
Earth’s inner core conditions (around 360 GPa and 6000 K) and be-
yond. Pressures of 1400 GPa were reached using high power lasers
at the National Ignition Facility (Smith et al., 2018). Recently, a
complete set of equations of state (EOS) was proposed, covering 7-
30 g/cm? densities and 10,000-1,000,000 K temperatures (Sjostrom
and Crockett, 2018).

The studies of iron at low density are scarce. The density of liq-
uid iron at 0.2 GPa has been measured by Hixson et al. (1990) up
to 4000 K. Grosse and Kirshenbaum (1963) measured the liquid-
vapor equilibrium density up to the boiling point at 1 bar and
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3160 K. In order to obtain the critical point, a large extrapolation
must be made. The first method is to employ empirical equa-
tions of state with several parameters, which can be determined
from available experimental data (Fortov and Lomonosov, 2010;
Medvedev, 2014); the second one is to use the law of rectilinear
diameter (Grosse and Kirshenbaum, 1963). However, it is unclear
whether these extrapolations work at high temperature where no
experimental data are available. Indeed, the regime of low densi-
ties and high temperatures, which is still not yet well character-
ized, is typical for the after-shock state of proto-planetary cores
occurring in the aftermath of catastrophic events such as giant im-
pacts.

The Earth’s Moon formed after such a giant impact between
the proto-Earth and Theia, an astronomical body whose most
commonly accepted size is that of Mars (Asphaug, 2014; Canup,
2004a). Hydrodynamic impact simulations show that it results in
the formation of a disk (Canup, 2012; Canup and Righter, 2000;
Cuk and Stewart, 2012) or a synestia (Lock et al., 2018). The disk
might be iron-depleted, producing a small or even non-existent
Moon core. However, results of these simulations heavily rely on
available EOS. An experimental result on iron found the shock
pressure required for vaporization when compressed from ambient
conditions and then decompressed to 1 bar to be around 507 (465,
—85) GPa (Kraus et al., 2015), lower than previous estimates of 887
GPa (Pierazzo et al., 1997). A lowering of the vaporization thresh-
old pressure makes impactors with even lower velocities prone to

0012-821X/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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releasing iron vapor from their core. This implies that the cores of
a large number of the planetesimals from the late stages of accre-
tion largely vaporized during the impacts (Kraus et al., 2015).

In order to assess whether the core of the planets undergoes
significant vaporization during a giant impact, we employ ab initio
molecular-dynamics simulations, to explore iron over a wide den-
sity region encompassing the critical point (CP) and the Hugoniot
lines of the shocked cores. As the liquid-vapor dome ends at CP,
the position of the latter determines the time evolution of the pro-
tolunar disk/synestia during its condensation. The regions in the
disk that lie outside the liquid-vapor dome, above CP in the super-
critical state and/or in the liquid stability field, are formed of one
homogeneous fluid phase. Vapor and liquid phases separate below
CP, resulting in chemical segregation and different mixing and con-
vection regimes.

2. Calculation details
2.1. First-principles molecular-dynamics calculations

We study the hot fluid iron at temperatures extending into the
supercritical state using first-principles (FP) molecular-dynamics
(MD) simulations. In MD simulations, the particles follow the New-
tonian dynamics under the action of interatomic forces. We per-
form NVT simulations, where the number of particles, N=108
atoms, and the volume, V, is kept fixed; the temperature, T, is
allowed to fluctuate around a constant average value using the
Nosé thermostat (Nosé, 1984). We use a timestep of 1 fs. The
total simulation time at each temperature and density condition
is at least 10 ps. The interatomic forces are computed using the
density-functional theory in the VASP implementation (Kresse and
Furthmiiller, 1996). We employ the projector-augmented wave-
function (PAW) flavor of the DFT (Blochl, 1994; Kresse and Jou-
bert, 1999), using the Perdew-Burke-Ernzerhof formalism (Perdew
et al., 1996) of the generalized-gradient approximation for the ex-
change correlation term. We consider an iron pseudopotential with
eight valence electrons (3d’4s'). We sample the Brillouin zone in
the gamma point. The energy cut-off for the plane-wave basis set
was set to 550 eV. The number of electronic bands was adapted
to the density and temperature conditions such as to cover the
entire spectrum of the fully and partially occupied states and to
include enough non-occupied bands. The convergence of the pres-
sure tensor and the energy are on the order of a few percent when
compared to a grid of 4x4x4 k-points at a kinetic energy cut-off
of 850 eV. Additional tests using 324 atoms show little effect on
the pressure of the fluid iron.

It should be noted that both experiments (Waseda and Suzuki,
1970) and theoretical simulations (Lichtenstein et al., 2001) sug-
gest that liquid iron is in a paramagnetic state. As discussed by
Marqués et al. (2015), the spin-polarized MD simulations yield a
small, but inherent and fluctuating residual long-range ferromag-
netic order. In order to avoid such residual magnetic state, we
decided to perform non-spin-polarized simulations to approximate
the paramagnetic state of liquid iron at low pressure and high tem-
perature. This is the mean field approximation of the paramagnetic
state, even if it neglects the spin fluctuations.

2.2. Construction of the spinodal and determination of the critical point

During the simulations at low temperatures, with decreasing
density the pressure reaches a local minimum. This marks the
liquid spinodal point, the minimal density at which the liquid is
stable: at densities lower than the spinodal, the liquid is unsta-
ble and cavitation occurs (Speedy, 1982). Under further expansion,
the pressure starts to increase; the local maximum marks the gas
spinodal - the maximum density at which the gas is metastable.

Between the gas and liquid spinodal densities, neither gas nor lig-
uid can exist as a single phase, but rather they co-exist. This is
similar to the van der Waals gas-liquid equilibrium model. In order
to fit the pressure - density curves we employ a simple third-
order polynomial function, as this polynomial approximates well
the van der Waals relation. This method has been successfully used
by other theoretical studies on supercooled silicon (Vasisht et al.,
2011). Spinodal lines with negative pressure have been reported
in experiments (Green et al., 1990), classic MD simulations on the
metastable extension of liquid water (Poole et al., 1992), and first-
principles MD on the metastable extension of liquid silicon (Zhao
et al,, 2016).

2.3. Entropy calculations

The release after shock is done along quasi-isentropic trajecto-
ries. Hence knowing its value along the Hugoniot equation of state
of shocks allows us to reconstruct the entropic state of the protolu-
nar disk. We can determine the entropy for a fluid in several steps.
The starting point is the atomic velocity autocorrelation function,
defined as:

N
(LI vi0vi(0))
where v; is the atomic velocity of the ith atom, () represents the
ensemble average and N is the total number of atoms. The Fourier-

transform of the velocity auto-correlation function yields the total
movement of the atoms in the fluid, defined as,

d(t) = (1)

F(v) = / O (t)cos(2mvt)dt. (2)
0

The entropy can then be obtained by integrating over the vibra-
tional part of this spectrum, in the same way as we do for solids.
However, Equation (2) captures not only the agitation of the atoms
but also their diffusion. The latter is zero in solids, which allows
us to directly obtain the entropy; but for fluids by definition it is
finite and positive, and thus must be removed from the spectrum
of the Equation (2).

For this we employ the two-phase thermodynamic method (Lin
et al., 2003) to decompose the total spectrum of Equation (2) into
a diffusive, gas-like part and a purely vibrational solid-like part:

Fv)y=( _fg)Fs(V)+ngs(V), (3)

where fg is the gas-like fraction. The entropy stemming from the
gas-like and the solid-like parts is obtained using the hard sphere
model and the harmonic oscillator model respectively. This method
gives a reasonable estimation of entropy for pure liquid metals
(Desjarlais, 2013). We verify again our implementation and use the
same parameters as Desjarlais (2013) and conduct simulations at 0
GPa and 1800 K for liquid iron. We obtain a value for the entropy
of 11.05 kg/atom, compared to 12.00 kg/atom in Desjarlais (2013).
The discrepancy comes from the magnetic entropy, which is esti-
mated to be about 1 kg/atom (Desjarlais, 2013) and which we did
not include in our calculation.

2.4. Transport properties

The asymptotic slope of the mean square displacement with re-
spect to time yields the diffusion coefficient D in the long-time
limit:

1 MSD(t
D=1 tim MPO)

6 T>0 T

(4)
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Here, the atomic mean square displacement (MSD) is defined as
the average ( ) of the square of the distance traveled by the atoms
i in a period of time 7, as:

MSD(t) = {[ri(to + 7) — ri(to)]*)- (5)

The time origin tg is arbitrary. T represents a sliding time window
spanning a portion of the trajectory. The values are averaged over
the total number of atoms and time origins.

3. Results and discussion
3.1. Ab initio simulations to find the critical point

We perform first-principles molecular dynamics simulations in
the 3000-15000 K temperature range and densities below 8 g/cm?>.
This regime is characteristic of the aftermath conditions of giant
impacts (Canup, 2004b). We compute the pressure dependence of
the density along several isotherms (Fig. 1). As simulations of the
low-density gas phase may have inherent shortcomings related to
ergodicity (Reed and Flurchick, 1994), we focus on the liquid spin-
odal, which lies at accessible densities.

Our simulations give at 3000 K and ambient pressure conditions
a liquid density of 6.2 g/cm?, in excellent agreement with exper-
imental values of 6.22 g/cm?® (Hixson et al., 1990). At the same
pressure but 4000 K, the liquid density decreases to 5.7 g/cm?>.
This is only 0.2 g/cm? larger than the experimental value of 5.5
g/cm® obtained from experimental measurements (Hixson et al.,
1990). This good agreement indicates the reliability of our ab initio
methodology.

We use a third-order polynomial expansion of the pressure as
a function of density to identify the liquid spinodal and the posi-
tion of the critical point, as detailed in the methodology. For iron,
we identify a liquid spinodal point for all isotherms up to 9000 K.
Along this latter isotherm the minimum pressure corresponding to
the liquid spinodal is obtained at 2.40 g/cm3. At 9000 K, we ex-
tend the simulations towards even lower densities, which allows
us to observe also a maximum along the pressure - density curve.
This corresponds to the gas spinodal, lying at 1.85 g/cm>. Starting
with the 9350 K isotherm the pressure varies monotonically with-
out any local minimum or maximum; this is characteristic of the
supercritical state. Therefore, the position of the CP is bracketed
by the two spinodal lines, which intersect in the CP itself, and by
the last isotherm with minima and maxima and the first isotherm
with monotonical pressure variation. For iron, using the results of
our simulations we predict that the CP lies in the 1.85-2.40 g/cm?,
and 9000-9350 K range (Fig. 1). These values correspond to pres-
sure of 4-7 kbars.

3.2. Conditions for vaporization

The behavior of materials under shock can be described using
the Rankine-Hugoniot equations. These equations relate the den-
sity, pressure, and internal energy after shock to the initial state
by,

_ (P +Pg)(Vo— V)
=
where E, P, V are the internal energy, pressure and volume, re-
spectively. And the O subscript denotes the initial state. The MD
simulations that we performed at various isotherms contain all the
information needed to build the Hugoniot EOS.

We consider two representative initial states. The first case has
iron at 1 GPa and 1500 K, conditions similar to what we could
expect to have in small planetesimals. For these conditions that
we call warm Hugoniot the EOS intercepts the iron melting curve

E—Ep (6)
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Fig. 1. Variation of pressure as a function of density for iron along several isotherms.
Along a given isotherm below the critical temperature, with volume expansion, the
pressure may decrease to reach negative values. These negative pressures indicate
the presence of hydrostatic tension in the system. According to the classic nucle-
ation theory (Karthika et al., 2016), the first-order transitions need to overcome
energy barriers due to the surface energy, which prevents the formation of the ther-
modynamic stable phase. Therefore, this stage is thermodynamically metastable but
mechanically stable. The minimum of the pressure marks the liquid spinodal (solid
symbols). Joining the spinodal points yield the spinodal line (the black solid line).
At densities lower than that of the liquid spinodal the pressure starts to increase
until it reaches a maximum, which marks the gas spinodal, as shown in the left
inset figure. At densities between the two spinodal lines a two-phase mixture coex-
ists. Because of technical computing limitations we compute the gas spinodal only
at temperatures close to the critical one, that is 9000 K. Above the critical tempera-
ture (9350 K) the pressure decreases continuously with decreasing density, but does
not show any minima or maxima. We obtain the critical point to be in the range
1.85-2.40 g/cm3 and 9000-9350 K (black empty rectangle). The right inset shows
comparisons of the critical point, between our estimate and the ones inferred from
experiments (Fortov and Lomonosov, 2010; Medvedev, 2014). (For interpretation of
the colors in the figure(s), the reader is referred to the web version of this article.)

at 130 GPa. Previous shock experiments (Chen and Ahrens, 1997)
on face-centered cubic iron with an initial condition at 1570 K and
1 bar show that the Hugoniot intercepts the iron melting curve at
80 GPa. In the second case we consider the initial state at 40 GPa
and 4000 K, which may be representative for the state of the core
in Mars-size impactors (Canup, 2004b). At these conditions iron is
already molten. Fig. 2(a) shows the computed Hugoniot EOS for
these two cases. During shocks the temperature can easily reach
thousands of degrees and the pressures hundreds of GPa. These
would be typical conditions for the core state during the Giant
Impact.

Then the core, as well as the rest of the protolunar disk or
of the synestia will start to cool down and to depressurize along
quasi-isentropic trajectories. The position of the iron CP that we
find in our ab initio molecular dynamics simulations is inside the
outer surface of synestias (Lock et al., 2018). This implies that
both the impactor’s core and the proto-Earth’s core might evolve at
temperatures and pressures higher than those of the critical point
throughout the giant impact and the condensation of the protolu-
nar disk. Only iron ejected in the outermost parts of the disk, like
the one originating from the impactor’s core can reach low-enough
pressures and temperatures to actually arrive at the conditions of
the liquid-vapor dome. Indeed, the temperatures in these outer re-
gions of the disk or of the synestia are low enough not to exceed
the critical temperature and the pressures are below the liquid
spinodal so that vaporization conditions can be attained.

The actual amount of vaporization possible after an impact de-
pends on entropy. The entropy at the boiling point was estimated
at 15.84 kg/atom at 3100 K and 1 bar (Kraus et al., 2015). If the
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Fig. 2. Computed Hugoniot lines for iron starting from two realistic warm initial
states. (a) Temperature - pressure plots for various impact scenarios. The principal
Hugoniot (Sjostrom and Crockett, 2018) that starts at ambient conditions and the
melting curve of iron (Bouchet et al., 2013) are shown for reference only. In gen-
eral, impacts with Moon-sized impactors (Cuk and Stewart, 2012) yield hot final
states, impacts with Mars-sized impactors (Canup, 2012) yield higher pressure final
states. For the former case the warm initial state conditions are at 1 GPa and 1500
K, for the latter case the hot initial state is at 40 GPa and 4000 K. The Hugoniot
lines cross because the gains in temperature and pressure is not linear with respect
to changes in initial conditions. The shaded area represents estimated temperature
gradients ranges in the metallic cores of the different objects involved in the impact
(Antonangeli et al., 2015; Hirose et al., 2013; Stewart et al., 2007). (b) Computed en-
tropy along the two Hugoniot lines. The star indicates the experimentally estimated
entropy of boiling liquid iron at 3000 K, marked also by the dashed line.

peak shock conditions during impact exceed this entropy value,
then the onset of vaporization may take place and part of the
shocked material can vaporize upon release and cooling (Ahrens
and O’Keefe, 1972). We compute the entropies of the liquid along
the two Hugoniot lines and at the spinodal points (Fig. 2(b) and
Table 1) as a function of temperature from the vibrational spec-
tra (Supplementary Material Fig. S1). For peak shock conditions at
15000 K, we estimate that entropy can reach 19.1 kg/atom and
18.6 kg/atom along the warm and the hot Hugoniot curves respec-
tively. At these conditions the entropy is high enough to result in
partial vaporization of the iron. Our results show that above 7500
K, the entropy along the warm Hugoniot is less than along the
hot Hugoniot. The entropy difference between these two Hugo-
niot lines is relatively small (0.5 kg/atom) in the 7500 K to 15000
K range. If we relate entropy to the peak shock pressure, based
on the computed entropy along the warm Hugoniot line, we find
that the shock pressure required to reach the onset of vaporization
upon release and cooling is 312 GPa. This is less than previous es-
timates of 390 GPa (Kraus et al.,, 2015). Along the hot Hugoniot,
the onset vaporization pressure is 365 GPa. This is only slightly
higher than that of warm Hugoniot.

The onset of core vaporization can easily be reached in case
of impacts of small planetesimals, like the ones that might have
occurred either during the first stages of formation of the solar
system, or during the late veneer. As a model example we consider

Table 1
Temperature, density and entropy along the spinodal and two Hugoniot lines.

Temperature (K) Density (g/cm?3) Pressure (GPa) Entropy (kg/atom)

spinodal
3000 6.25 —10.00 13.94
4000 5.70 —7.23 1519
5000 5.22 —5.03 16.45
6000 4.62 —3.08 17.53
7500 3.57 —-091 19.51
8100 311 —0.25 20.39
8750 2.44 0.26 21.24
9000 2.40 0.42 21.79

the warm Hugoniot
4000 10.90 129.87 11.65
6000 11.63 199.56 13.42
8000 1217 263.39 14.84
10000 12.62 32235 16.07
12000 13.01 378.95 17.36
15000 13.52 459.61 19.10
22000 14.47 637.87 22.56

the hot Hugoniot
4000 8.85 40.00 13.18
6000 11.05 161.62 13.75
8000 12.30 273.67 14.79
10000 13.14 369.79 15.90
12000 13.81 457.36 16.94
15000 14.60 577.05 18.60
22000 15.98 829.76 21.87

a differentiated planetesimal with a mantle made of enstatite and
a core made of iron; we set the core-mantle boundary at 1 GPa
and 1500 K (Raymond et al., 2009). We approximate the shock
wave as a planar wave (Melosh, 2011) traveling through the two
layers. However, this yields a simplified estimate of the peak pres-
sure and does not thoroughly describe the pressure distributions in
these bodies. When the impact occurs, shock waves travel through
the silicate layers of the two bodies. At the core-mantle bound-
ary, because of the density contrast between silicates and iron, the
shock wave is partly reflected, going backward into the mantle, and
partly transmitted, going forward into the core. Assuming a steady
shock in a model MgSiO3-based mantle (Militzer, 2013) and in the
iron core, the impedance match method allows us to determine the
properties of the reflected wave in the mantle and the transmitted
wave in the core (Forbes, 2012). Fig. 3 illustrates the propagation
of the shock wave according to this model through the planetesi-
mal.

As the shock proceeds through the mantle of the impactor this
can lead to partial fragmentation. During this process the man-
tle fragments and can detach from the core leaving behind bare
fragments of shocked core. In the post-shocked state, fragments
of planetesimal core without mantle confinement can undergo an
isentropic release into vacuum. In this case, if the entropy reached
during the shock is high enough, the core may partly vaporize;
otherwise it will remain liquid and accrete to the impacted body,
or escape gravitationally and eventually crystalize.

3.3. Vaporization of small planetesimals

For heads-on collisions of small planetesimals, the impact ve-
locity required to onset vaporization is around 11.5 km/s. With an
impact velocity around 13.5 km/s, peak pressure and temperature
reach 450 GPa and 15000 K (Fig. 4). At these conditions about 22%
of iron would vaporize. In contrast, oblique impacts greatly reduce
the peak pressure, due to a sin(6) factor where 6 is the oblig-
uity (Pierazzo and Melosh, 2000a). For the maximum frequency
impact angles of 45° (Pierazzo and Melosh, 2000b), the velocity
threshold to onset vaporization increases to 15.3 km/s. With mean
impact velocities at 14.5 km/s and median impact angles at 40°,
around 70% of the impacts of N-body simulations (Raymond et al.,
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during the release. If this entropy is larger than that of the boiling point then partial
vaporization may occur. We compute the entropy along the spinodal and the Hugo-
niot lines at different temperatures, which allows us to map the entropy increase
during various impact scenarios. We find that the entropy of the critical point, at
21.8 kg/atom, is reached for impacts with peak pressures of 605 GPa in the case
of small planetesimals or for peak pressures of 825 GPa in the case of Mars-sized
objects. Peak pressures of 312 GPa are enough to provide entropy higher than the
entropy at boiling of iron at 1 atm, i.e. 15.84 kg/atom (Kraus et al, 2015). These
conditions can be easily exceeded during the Giant Impact between the proto-Earth
and Theia, but could also be reached in almost half of the impacts with planetesi-
mals during the late veneer. However, the liquid-vapor dome is reached only if the
density, and hence the pressure, is allowed to decrease sufficiently. This can happen
if the mantle is stripped away when fragments of the core are allowed to decom-
press without the mantle confinement.

2009) yield velocities larger than our threshold. This suggests that
core vaporization is a common process during planetary formation.
During the collision with the Earth’s mantle, the core of the incom-

ing planetesimal can be efficiently mixed into the molten silicate
pond locally produced by the impact itself or into a pre-existing
larger magma ocean. If such impacts happen after the Earth’s core
formation, this process would then increase the amount of highly
siderophile elements that is seen today trapped and dispersed into
the Earth’s mantle.

3.4. Vaporization during the Giant Impact

In the case of the Giant Impact, the geometry effect plays an
important role in controlling the shock peak conditions. As the va-
lidity of the impedance matching method is limited to the impacts
where the lateral dimension of the impactor is small compared to
the distance the shock wave has propagated (Melosh, 2011), it has
only a limited applicability. However, the entropic and pressure
criteria for vaporization still hold. For impacts with Mars-sized
bodies, because of the hotter initial state of their cores, our simula-
tions suggest a vaporization pressure of only 312 GPa. This is again
smaller than previous estimations by Kraus et al. (2015) suggesting
that even more iron will be vaporized than previously thought.

However, the amount of iron that can be vaporized depends
also on the local pressure conditions as the process of the impact
itself takes its due course. As the predicted pressure thresholds for
vaporization can be easily reached, a large amount of iron receives
enough entropy to vaporize. The entropy threshold can even be
easier exceeded due to the entropy gain after the first and sec-
ondary shocks and the conversion of gravitational potential energy
to internal energy (Carter et al., 2020; Nakajima and Stevenson,
2015). Once again during this process the confinement of core
fragments by the surrounding mantle may prohibit the isentropic
expansion and thus the vaporization. But if during the impact parts
of the mantle are detached from fragments of the core (Nakajima
and Stevenson, 2015) then during the isentropic release the pres-
sure on those core fragments may drop below about 1 GPa (Fig. 3).
These fragments will then undergo partial vaporization. Part of the
vapor will remain in the outer part of the disk and eventually con-
dense to form the Moon’s core while the rest will fall into the
central body and mix into the magma ocean.

Kendall and Melosh (2016) suggest fully mixing between im-
pactor’s core and proto-Earth Magma Ocean can be achieved for
iron blobs that are less than 100 km across. Consequently, core
fragmentation, promoted by partial vaporization during release,
will enhance equilibrium and/or mixing between the impactor’s
core and the molten silicates, on a larger degree than the pre-
vious estimations of hydrodynamic simulations, which generally
predicted the impactor’s core directly merge into the Earth’s core
(Canup, 2012; Cuk and Stewart, 2012). Then the mixing process
can easily explain the recent W-isotope data, which require at least
30% core-mantle equilibration in the aftermath of the giant impact
(Nimmo et al., 2010; Rudge et al., 2010; Touboul et al., 2015).

Stirring and disruption during the giant impact and inside the
protolunar disk can bring large parts of the silicates mantle and of
the impactor’s core in contact with each other. As our results and
previous work (Carter et al., 2020; Nakajima and Stevenson, 2015)
show there is a large entropy gain during the impact, it is con-
ceivable that the temperature rise due to this gain is enough to
enhance the mixing of lithophile elements with iron metal, which
subsequently increase the lithophile element content of the Earth’s
core. This would boost the mantle-core chemical exchange and
equilibration from an early stage and provide the necessary initial
state from which chemical unmixing can proceed to fuel the first
stages of the dynamo, as was suggested in experiments recording
the exsolution of various lithophile components from the liquid
core (Badro et al., 2016; Hirose et al., 2017).
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Fig. 5. The diffusion coefficients of the fluid iron as a function of density for var-
ious temperatures. These are obtained from the slope of the atomic mean-square
displacements as a function of time (Supplementary Material Fig. S2).

3.5. Transport properties of the various fluid phases of iron

The partial core vaporization would also strongly affect the
transport properties of the materials constituting the protolunar
disk or the synestia. There are almost two orders of magnitude
difference in the diffusion coefficients of liquid iron deep inside
the disk and of the supercritical iron in the outer parts of the disk.
This comes from a combination of temperature and density differ-
ences, which is directly translated into different mixing rates and
different chemical and isotopic exchanges with the surrounding sil-
icates.

The diffusivity increases by about two orders of magnitude
from 1.05x107% m?s~! at 7.75 g/cm® and 3000 K to 1.33x1076
m?s~! at 0.37 g/cm® and 12000 K (Fig. 5a). The general effect of
decreasing the density or increasing the temperature is to enhance
the atomic mobility. Below 12000 K, the diffusivity - density rela-
tion can be described as a power law. However, at 12000 K, there
is a significant deviation from this trend, especially below 1.46
g/cm3. With such high diffusion coefficients, our results suggest
that chemical exchanges would be enhanced in the supercritical
state.

4. Conclusions

We perform ab initio molecular dynamics to determine the posi-
tion of the supercritical point of iron, and to characterize the fluid
iron over a wide density and temperature range, with a special
focus on the supercritical state. Based on our calculations, we pre-
dict the critical point of iron to be in the 9000-9350 K temperature
range and 1.85-2.40 g/cm? density range, corresponding to a pres-
sures range of 4-7 kbars.

The determination of the Hugoniot equations of state and our
estimations of the amounts of entropy gained during the Giant Im-
pact show that the core of Theia underwent partial vaporization.
Part of this vapor may have remained in the disk to eventually
participate to the Moon’s small core, another part may have fallen
back to the proto-Earth. The presence of vapor considerably in-
creases the mobility of iron, at the atomic level, thus enhances
chemical mixing. Moreover, during the late veneer, a large frac-
tion of the planetesimals’ cores would undergo partial vaporiza-
tion. This would help mixing the highly siderophile elements into
magma ponds or oceans (Rubie et al., 2015).

Concerning Theia’s core, its partial vaporization contributed to
its fragmentation. This was not captured in the early numerical
simulations of impacts (Canup, 2012; Cuk and Stewart, 2012), as
their resolution was typically on the order of the 100 km, sug-
gesting more work should be dedicated to the resolution aspects.
These simulations also do not model phase separation between
liquid and vapor although they take into account explicitly the pos-
sible two-phase evolution of the iron part of the two bodies.

In general, our results are on the lower end of the range of
thresholds for velocities obtained from ANEOS extrapolations (Pier-
azzo et al,, 1997), which overestimate the onset pressure and thus
limits the vapor production. But as ANEOS extrapolations are based
on liquid and solid phases, without experimental or numerical data
points on the vapor side of the dome, they can easily fail at high
temperature and low densities. New impact simulations are clearly
needed to understand the behavior of the core during giant im-
pacts; the use of our ab initio results related to the position of the
CP and the entropy during shock, together with better high-density
EOS would definitely improve the reliability of such disk-scale sim-
ulations.
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