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ABSTRACT

As the protolunar disk formed by the giant impact with the incoming asteroid Theia started to cool, the Earth
condensed in its center as a molten planet. The outer layer, rich in lithophile oxides, formed the magma ocean,
whose dynamical behavior heavily influenced the entire evolution of the early Earth. Here, we employ first-
principles molecular dynamics simulations to characterize the magma ocean in its initial stage. We compute
the compressibility and the viscosity of the molten pyrolite, which best approximates the bulk silicate Earth
composition. With an extensive set of calculations, we span the entire relevant pressure-temperature range. We
provide a detailed analysis of the athermal and thermal equations of state in various formulations. We obtain a
linear temperature dependence for the bulk modulus using the 4th order Birch-Murnaghan equation of state. We
show that the liquid silicate accommodates compression by the collapse of the second Si-O coordination sphere,
whose corresponding coordination number passes from about 24 at the surface of the magma ocean to about 40
at its deepest point. We found that pyrolite melts have a very low viscosity, about one order of magnitude lower
than that of molten basalt. We also propose a revised position of the critical point of the bulk silicate Earth, which

lies around 6000 K and 1.1-1.2 kbars.

1. Introduction

It is widely accepted that most terrestrial planets and planetesimal
went through stages of partial or global magma oceans during their
accretion time (Elkins-Tanton, 2012; Greenwood et al., 2005; Kite et al.,
2021; Schaefer and Elkins-Tanton, 2018; Sturtz et al., 2022a, 2022b).
The energy, first originating from radioactive decay and later from
successive impacts, was sufficient to at least partially melt the outer
layer of oxides and silicates — the mantle (Dodds et al., 2021; Kaminski
et al., 2020; Neumann et al., 2012). As a result of this melting, all the
planetesimals larger than several tens of kms in diameter are expected to
have differentiated into at least two layers: the oxide-based mantle and
the iron-based core.

The lifetime of the molten state at the surface depended on a series of
factors, like loss of energy to space, presence of volatiles dissolved in the
melt, presence of a thermally protecting atmosphere, amount of radio-
activity, etc. Modeling the evolution of the magma ocean helps us un-
derstand the crystallization process in depth (Ballmer et al., 2017) as
well as the formation of the crust at the surface. There are several key
parameters that we need to know and to understand in order to perform
such a modeling. Amongst them, the equation of state of the liquid,
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which represents the densification of the molten silicate with pressure
and temperature, and the viscosity of the liquid, are some of the
fundamental functions required by the modeling.

Despite its importance, measuring experimentally the density of a
melt is a daunting task (Aksay et al., 1979; Sanloup, 2016; Sanloup et al.,
2013). For crystals, X-ray diffraction measurements of the unit cell pa-
rameters are straightforward today and provide relatively easy, accurate
equations of state. But melts do not have such a periodically repeated
unit cell, and consequently, X-ray diffraction is less straightforward in
this exercise (Yu et al., 2019). Alternatively, one can measure the vol-
ume of the sample at a given pressure and temperature, e.g. from X-ray
tomography, and, knowing the initial mass introduced in the experiment
and assuming the entire sample is uniformly melted, one could deduce
the density of that sample (Liu et al., 2008; Shi et al., 2013). However,
samples in diamond-anvil cell experiments are rarely completely
molten, because of the high thermal conductivity of diamond (Jephcoat
and Besedin, 1996). On the other hand, accurate microtomography can
help separate the fraction of melt from a melt-crystal mixture even in-
side a diamond-anvil cell, and thus, assuming the composition of the
molten part is homogenous, obtain the density (Shi et al., 2013). Finally,
the densification of glasses under compression (Murakami and Bass,
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2011; Prescher et al., 2017) can offer alternative information about the
behavior of a melt under pressure, though these measurements are
usually performed at ambient temperatures.

A successful alternative to static experiments is shock studies that
reach the melt stability field. They allow the direct measurement of the
density of a material at high temperature and pressure. The measure-
ment is done at one specific point along the Hugniot equation, whose
position depends on the initial conditions of the sample (density and
temperature) and the energy of the shock. Such experiments were pre-
viously carried out on a variety of simple and complex silicate melts and
glasses (Ahrens, 1995; Asimow, 2012; Baziotis et al., 2022; Miller et al.,
2012; Morard et al., 2020; Rigden et al., 1988; Thomas and Asimow,
2013)

Measurements of the viscosity of a molten material come with their
own experimental difficulties. They typically consist of measuring the
speed of a falling sphere inside a molten silicate with the help of X-ray
tomography (Sakamaki and Ohtani, 2022; Stagno et al., 2020; Suzuki
et al., 2002).

Here, we take a different approach and compute the density of sili-
cate melts as a function of temperature and pressure. We consider a 6-
component silicate melt containing NapO, CaO, Al,O3, FeO, MgO, and
SiOo, in proportions that reproduce to better than 1 wt% the bulk silicate
Earth composition (McDonough and Sun, 1995). We call this melt
pyrolite, as in our previous studies (Caracas et al., 2019; Caracas and
Stewart, 2023; Solomatova and Caracas, 2019, 2021). Its actual molar
composition is NaCasAlsFesMg30Siza4Ogg. We explore the temperature
and pressure range characteristics for the global magma ocean. Similar
first-principles calculations in the past provided equations of state
and/or melting curves of various melts of geological and geodynamical
interest, like MgO (Cohen and Gong, 1994; Cohen and Weitz, 1998;
Taniuchi and Tsuchiya, 2018), SiO2 (Gonzalez-Cataldo et al., 2016;
Mazevet et al., 2015; Usui and Tsuchiya, 2010), MgSiO3 (de Koker et al.,
2013; Karki, 2010; Karki et al., 2013; Petitgirard et al., 2015; Stixrude
et al., 2009; Stixrude and Karki, 2005), CaSiO3 (Braithwaite and Stix-
rude, 2019; Hernandez et al., 2022), Mg2SiO4 (de Koker et al., 2008),
Fe2SiO4 (Ramo and Stixrude, 2014; Thomas et al., 2012), etc., but, with
the notable exception of basalt (Bajgain et al., 2022), they have a rather
limited number of components. Here, we study a complex pyrolitic melt
that reproduces the bulk silicate Earth and thus best matches the
chemical composition of the magma ocean in its early stages of evolu-
tion (McDonough and Sun, 1995).

2. Methodology

We perform ab initio molecular dynamics (AIMD) simulations in the
canonical, NVT, ensemble. N represents the number of particles in the
system, V is the specific volume, and T is the temperature. N and V are
fixed throughout the simulation, while T is controlled using the Nose-
Hoover thermostat (Hiinenberger, 2005). T is determined from the ki-
netic energy of the atoms. The atoms move in the simulations according
to interatomic forces. We employ the density-functional theory as
implemented in the VASP package in the planar augmented wave-
function (Kresse and Hafner, 1993; Kresse and Joubert, 1999) approach
to determine the interatomic forces at each time step.

The electronic density is sampled in the reciprocal space in the
Gamma point. The simulation boxes contain 306 atoms, i. e. two formula
units. All the simulations are run in the spin-polarized approach, due to
the presence of ferrous iron. We employ the generalized gradient
approximation (GGA) for the exchange-correlation term in the Perdew-
Burke Erzernhof (PBE) formalism (Perdew et al., 1996). While other
functionals might better describe at least some of the physical properties
of these melts, here, the use of the PBE version of the GGA makes it
easier to compare these results with other studies on both melts and
solids, both past and future (Caracas et al., 2023). We take into account
the electronic temperature of the system using the standard Fermi-Dirac
thermal distribution of the occupancy of the electronic bands.
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We use timesteps of 1 femtosecond above 3000 K and 1 or 2 fem-
toseconds below that. At each simulation, we remove at least the first
500 steps to ensure thermalization, i.e. reaching a normal distribution of
the atomic velocities around an average temperature. Most simulations
run for at least 4 picoseconds, some going far beyond that. A few points
are run at slightly shorter times, as they serve mainly for refining the
pressure relations to density. In some cases, we perform several simu-
lations at the same density and temperature but starting with different
initial configurations. In all these cases, once thermalization is achieved,
the values of the thermodynamic parameters obtained in the individual
simulations roughly overlap with each other.

First, we fit one independent athermal equation of state (EOS) for
each isotherm. As there is no universal analytical equation of state form
for fluids, we decided to employ Birch-Murnaghan equations of state,
both at 3rd (BM3) and at 4th (BM4) order (Birch, 1947; Murnaghan,
1944). According to BM4, the pressure (P) is defined to relate to the

density (p) as:
. 1)

(G ho(2)
+% (KOK”+ (K =3)(K —4) +§> ((/J%)i - 12))

where py is the density at P = 0 GPa, K represent the compressibility at P
= 0 GPa, K’ and K’ are the first and the second derivatives of the
compressibility with respect to pressure.

BMS3 is then obtained from BM4 by making K = 0.

To fit a thermal EOS, we adopt the modified Holland-Powell equa-
tion (Angel et al., 2014; Holland and Powell, 1998), which relates the
volume to temperature via:

v

P(p) =
1)
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Where T is the temperature, Ty is the reference temperature, Vor and
Voo are the reference volumes corresponding to the densities p and py),
at, respectively, a temperature T and T = 0, and o9 and o are
coefficients.

As a further check, we also use the athermal Vinet 3rd order EOS to
fit the pressure-density relations along the different individual iso-
therms:

=) (- @ oo (-@))

Apart from the pressure determination, we also analyze the Si-O
bonding relations at all conditions of our simulations. For this, we
employ the UMD package (Caracas et al., 2021), and determine the Si-O
pair distribution functions, g(r). They are obtained by calculating the
distances between all the Si — O pairs at every time step of every simu-
lation. As is standard procedure, the first maximum of the gg;.o(r) defines
the most likely Si-O bond distance, the distance to the first minimum of
the gsi.o(r) defines the radius of the first coordination sphere, and the
integral over the first coordination sphere defines the coordination
number (Allen and Tildesley, 1987; Frenkel and Smit, 2002). Similarly,
the second peak and the second minimum of the gs; o(r) define respec-
tively the most likely Si-O-Cation-O bond distance and the second co-
ordination sphere.

The viscosity of the silicate melt is obtained from the auto-
correlation of the shear stresses (Caracas et al., 2021). As this proced-
ure is sensitive to the length of the simulations, we ensured that only the
simulations lasting more than 60 ps were treated to obtain the viscosity.

Compared to our previous simulations on molten pyrolite (Caracas
et al., 2019; Solomatova and Caracas, 2019, 2021), the current simu-
lations presented here have a better thermal and density resolution
(which ensures more reliable EOS), double the number of atoms (which
ensures better description of the chemical speciation in the melt), and a
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Fermi-Dirac thermal electronic treatment (instead of previously
Gaussian treatment, ensuring a better description of the electronic
properties at high temperatures). As such, we expect them to be more
reliably useful for further geodynamic modeling of the magma ocean.

3. Results and discussion

We run simulations along several isotherms, starting at 2000 K, and
increasing the temperature in 500 K steps, up to 6000 K. We consider
between 12 and 20 density points at each temperature. We try to avoid
exploring too far in the undercooled melt regime, where the system
shows no diffusion, rather behaving like a glass. We also exclude from
the final analysis the simulations where the pressure is beyond 180 GPa.
Thus, we avoid or in the worst case ensure a minimum overlap of the
cores of the pseudopotentials, which represents a critical constraint to
ensure the validity of the results.

We compute the pressure at each density-temperature point. We take
the average of the computed pressure over the entire simulation time to
fit the EOS. As is standard procedure in MD simulations, the pressure and
temperature fluctuate throughout the simulation. The temperature
fluctuation is directly related to the number of atoms in the system and
the quality of the thermostat (Allen and Tildesley, 1987). Increasing the
number of atoms decreases the amplitude of the fluctuations of both
pressure and temperature. While the temperature fluctuations are of no
interest in this context, we use the pressure fluctuations as error bars
when determining the equations of state. This procedure gives a very
conservative estimate of the error bars that is considerably larger than
the one obtained from the decorrelation method.

Fig. 1 shows a 3D representation of the pressure variation as a
function of density and temperature. Our calculations cover the 2000 —
5500 K temperature range and 1.0 — 6.0 g/cm® density range, corre-
sponding to pressures in the 0 — 180 GPa space. Table S1 lists all the
relevant values of the thermodynamic parameters, density, temperature,
pressure, and pressure fluctuations for each simulation. We also list the
total length of each simulation. Most of the simulations last at least 4 ps,
with a few exceptions lasting between 2 and 4 ps (see discussion below
about the relevance of these results). Some of the points are obtained by
averaging results from multiple simulations performed with different
initial configurations. As stated above, their individual results are almost
identical, which is reassuring. These multiple calculations provide
further reliability checks, longer simulations, and better general
statistics.

Pressure (GPa)

200 ] .

150 ..

Fig. 1. 3D representation of the pressure variation as a function of density and
temperature. Our simulations cover a 1-6 g/cm?® density range and 2000 — 5500
K temperature range, spanning the entire possible regimes of the magma ocean
in the aftermath of its condensation from the protolunar disk.
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3.1. Equation of state

The density at ambient pressures is well-defined at low temperatures.
At 2000 K, which are our closest temperatures to those of erupting mafic
and ultramafic lavas, similar to hotspots, mid-ocean ridge basalts, and
ocean island basalts, the computed density of pyrolite is 2.45 g/cm3.
The other computed values in the 2000 K - 5500 K temperature range
are given in Table 1. The values align themselves along a quasi-linear
curve. This validates the Holland-Powell choice for the thermal part of
the EOS (see below). The linear fit yields a thermal expansivity of 2.5 x
10~* g/cm®/K. All the values above 2000 K are directly computed, while
below 2000 K they need to be interpolated. The linear interpolation
down to 1500 K yields a value of density of 2.53 g/cm®. A 2nd order
polynomial fit on the same data yields a value of 2.52 g/cm®.

While there are no pyrolite lavas erupting today on the surface of the
Earth, we can, nevertheless, compare our results with data of basalts
(Lange and Carmichael, 1987; Sanloup, 2016), as examples of contem-
porary mafic and ultramafic lavas. Measurements of basaltic lavas in
Hawaii show densities in the range of 2.3 and 3.0 g/cm3, in shallow
environments with little depth-dependence (Moore, 2001). Further
measurements on basalt in Iceland put the density between 2.7 to 2.9
g/cm3, increasing with increasing MgO content (Hartley and
Maclennan, 2018).

The theoretical dry pyrolite magmas explored here are slightly
lighter than basalts, likely due to smaller amounts of iron oxide and the
absence of volatiles in the melt. The temperature of erupting basalts, at
about 1500 K, is also slightly smaller than our coolest melts at 2000 K,
and the extrapolation of the density is less reliable for such low
temperatures.

Table 2 lists the fitted parameters of the BM3 and the BM4 EOS for
the molten pyrolite in the 2000 — 6000 K temperature regime. Results
from further BM3 fits up to 250 GPa pressure range and the Vinet 3rd
order EOS (Eq. (3)) are listed in Table S2.

Both the BM3 and the Vinet fits are remarkably good in the 2000 —
5000 K temperature range, and are still usable at 5500 K. Provided
enough data points are available, BM4 offers a very good and reliable
alternative. For example, at the 3000 K isotherm, BM3 yields y?>=3.5421
and a goodness of fit of 0.9999, and the BM4 yields ¥?=0.0914 and a
goodness of fit of 1. Fig. 2 shows the difference between the actual value
of the pressures computed in the MD runs and the BM3 and BM4 fits at
2000 K and 4000 K. The deviations between the actual computed
pressure values and those provided by the EOS fits lie within the 1 GPa
range. There is always a tradeoff between the different EOS parameters,
and the 1 GPa deviation range gives an estimate of the global quality of
the EOS fits.

Once we reach about 10 pressure points that are relatively well
spread along each isotherm, the fits are close to convergence. However,
the length of the simulations needs to reach at least 2 ps, and preferably
at least 4 ps, at each simulation point. Otherwise, the pressure values lie

Table 1

The density of pyrolite melts at ambient
pressure and different temperatures. The
1500 K value (starred) is obtained by extrap-
olating a linear temperature dependence of
the density below 2000 K.

T (K) po (g/cm®)
1500 2.53*
2000 2.45

2500 2.35

3000 2.27

3500 2.12

4000 1.97

4500 1.83

5000 1.61

5500 1.03
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Table 2
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The parameters of the athermal 3rd (BM3) and 4th (BM4) order Birch-Murnaghan equations of state (EOS) were obtained by fitting the pressure-density points along
isotherms in the 2000 — 5500 K below 180 GPa. Due to the vicinity of the critical temperature, the fits to the 6000 K isotherm data fail. The weighted y? values are less

than 0.10; for reference BM4 at 4000 K yields weighted x> = 0.03.

BM3 EOS
T (K) K (GPa) st.dev. p (g/cm®) st.dev. p Kp st. dev. Kp
K (GPa) (g/cm®)
2000 13.06 3.51 2.39 0.07 6.67 0.66
2500 12.80 3.51 2.32 0.08 6.36 0.63
3000 12.38 2.87 2.24 0.06 6.06 0.48
3500 12.01 2.78 2.15 0.07 5.69 0.40
4000 10.76 2.49 2.03 0.07 5.46 0.34
4500 9.02 2.73 1.92 0.09 5.44 0.40
5000 6.52 2.47 1.74 0.11 5.48 0.44
5500 4.24 2.26 1.55 0.14 5.58 0.57
BM4 EOS
T (K) K st.dev. p (g/cm®) st.dev. p Kp st. dev. Kp Kpp st.dev. Kpp
K (GPa) (g/cm®)
2000 22.25 5.03 2.46 0.05 4.27 0.80 —0.07 0.11
2500 19.46 4.91 2.38 0.06 4.44 0.90 —0.12 0.17
3000 16.57 2.00 2.28 0.05 4.68 0.65 -0.21 0.17
3500 11.18 4.55 2.14 0.08 6.00 1.50 —0.92 1.15
4000 8.02 4.63 1.99 0.11 6.65 210 —1.83 2.87
4500 6.29 5.35 1.86 0.17 6.69 2.77 —2.35 5.04
5000 2.13 7.10 1.58 0.46 9.68 16.55 —20.61 167.30
2F :1: 2r T T
150 — 1 [ 1] ? 150 —— *
T *
OF T« }_ L 3 0 J—® .
o | + T
—-1F i l == -1r
120+ _of + 120 _of
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—
©
90+ O gol
0 S
o T = 4000K / =
) / 2
© 60} 3 eof
2 &
[%] —
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[
S
o
30+ 30+ J
. '6*/
e = . . . . \ 0 | 1 L . .
8.0 25 3.0 3.5 4.0 4.5 5.0 55 2.0 25 3.0 3.5 4.0 4.5 5.0 5.5
a) Density (g/cm3) b) Density (g/cm3)

Fig. 2. Comparison between the 3rd order (a) and 4th order (b) Birch-Murnaghan equations of state fits to the computed values of the pressure for molten pyrolite
along the 2000 K and 4000 K isotherms. The fits yield pressure values that are very close to the actual calculated points. The error bars on the symbols represent the

amplitude of the pressure fluctuations encountered in the simulations.

outside the 1 GPa pressure range above or below the EOS fit. In our
setting, with a thermostat mass of 4 VASP units, the pressure and tem-
perature fluctuations have an average period of 20 to 40 fs. The mini-
mum simulation time of 2 ps after thermalization corresponds to at least
50 fluctuations. This value seems to be sufficient for the system to
explore enough of the configuration space to correctly describe the
macroscopic thermodynamic parameters, like pressure, energy, and
temperature. Simulations at given density-temperature conditions
starting with different initial configurations yield similar pressure and
energy values, with overlapping fluctuations ranges.

The athermal BM4 EOS fits on molten pyrolite yield a density at 20
GPa of 3.58 g/cm3 at 2000 K, 3.53 at 2500 K, and 3.47 at 3000 K. For

comparison, depending on the experimental run and the composition,
peridotitic melts at 20 GPa have estimated densities of about 3.6 g/cm>
at 2633 K (Suzuki et al., 1998) and about 3.55 at 2300 K (Suzuki and
Ohtani, 2003). However, extrapolations from low-pressure experiments
put the density of peridotite melt to about 3.75 g/cm? at 2300 K.

But the most interesting aspects of the magma ocean reside in its
thermal evolution during the early Earth. This evolution depends on
thermal boundary conditions, thermal conductivity, etc. But the models
of its behavior and relation to the crystals that start to form as the
temperature drops below the liquidus are highly dependent on the
thermal EOS of the melt.

The main differences between 3rd order EOS (BM3 and Vinet) and
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the 4th order EOS (BM4) reside in the temperature variations of the EOS
parameters. Figure S1 and Fig. 3 show the temperature variation of the
BM3 and BM4 parameters, respectively. BM3 fits in the 0-180 GPa
pressure range show a non-linear decrease of the bulk modulus with
temperature. Vinet also shows a change of slope in the dK/dT after 3500
K. Instead, BM4 fits yield excellent linear dK/dT fits of —6.8 MPa/K.
Together with the quasi-linear thermal dilation, these can be used in the
next step, within the Holland-Powell term, to fit thermal EOS. We can
thus argue that, provided enough points are available for the EOS fit,
BM4 should be the preferred choice of an EOS. Moreover, this linear
relation could be potentially verified in experiments on the melt, at low
temperatures.

With 128 reliable pressure — temperature — density points distributed
over a wide temperature and pressure range (Table S1), we can reliably
use a BM4 EOS (Eq. (1)) and the Holland-Powell expression for the
thermal expansion (Eq. (2)) to describe the behavior of the magma
ocean. This combination of athermal and thermal EOS yields the
smallest standard deviation errors on the different fitted parameters. We
employed the EOSFit software (Angel et al., 2014) to perform the fitting.
The values of the different parameters are listed in Table 3.

3.2. Melt compressibility and the interatomic bonds

We can use our simulations to obtain a quick but reliable overview of
the Si-O bond lengths in our melts as a function of pressure and tem-
perature. The presence of 48 Si atoms in the unit cell, each surrounded
by several O atoms, ensures sufficient statistics that allow us to obtain

30 T T . .
25+ b
201 W b
g I
3 1
8 15) | . ]
10} + o] ]
T ﬁ Q
% 3 2 ¢ I T 4 1
% % € = * x Q
0 1 1 1 T —
2000 3000 4000 5000
—11 0—2 % J% J%
—1-100t i
()]
2
S 1102 .
—11 04 L Zt i
2000 3000 4000 5000

T (K)

Fig. 3. Temperature variation of the different parameters of the 4th order
Birch-Murnagham (BM) EOS. The athermal fits using the BM4 EOS show a
linear temperature variation of the bulk modulus. The fits at 5500 K yield huge
error bars, clearly showing the failure of standard BM fits for liquids close to the
critical point. Crosses, filled circles, open circles, and diamonds correspond
respectively to py (g/cm3), K (GPa), K’, and K".
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Table 3

The parameters of the 4th (BM4) order Birch-Murnaghan equations of state (Eq.
(1)) with Holland-Powell thermal expansion (Eq. (2)). The values are obtained
from the fitting over all the values spanning the entire 0 - 180 GPa pressure range
and 2000 - 5500 K temperature range. The reference temperature (ref) is set at
2000 K, and the density p,is fixed at 2.45 g/cm3, value extracted directly from
the MD simulations. The fit yields weighted y*>=1.64.

Parameter Unit Value St. dev.
Prey g/cm® 2.45 fixed
Kres GPa 24.864 1.597
K 4.197 0.270
K —0.087 0.022
dK/dT MPa/K —4.62 0.051
ao K 23.385 5.178
e K12 66.432 20.627

good pair distribution functions even for relatively short simulations,
some of only 4 ps.

A few selected computed Si-O pair distribution functions along the
4000 K isotherm are plotted in Fig. 4. The allure of the g(r) are smooth,
with a clear exclusion zone, a maximum corresponding to the most likely
Si-O bond distance, and a first minimum corresponding to the radius of
the first coordination sphere. As our simulation boxes are large, they
contain and thus can adequately describe not only the first coordination
sphere, but also the second coordination sphere. This allows us to
perform a thorough analysis of the structure of the melt.

The pressure evolution of the first coordination sphere has been
investigated in multiple previous studies on various silicates (Bajgain
et al., 2015; Davis et al., 2022; de Koker et al., 2008; Nomura et al.,
2011; Sanloup et al., 2013; Solomatova and Caracas, 2019, 2021). The
simulations presented here show a reduction of only a few percent of the
average Si-O bond along a given isotherm in the 0 — 150 GPa pressure
range. This is consistent, but slightly smaller, than our previous

130 GPa
53 GPa
16 GPa

5 GPa
0 GPa

10
0 GPa
8_
e 5 GPa
Rel
n
é 61 16 GPa
S 53 GPa
= 130 GPa
S 4l
e 4
3
4
2_
0
0

Distance (A)

Fig. 4. Selected Si-O pair distribution functions at 4000 K and several pres-
sures. The plots show two maxima corresponding to the first and second co-
ordination spheres and two minima corresponding to the largest extent of the
two coordination spheres. The computed pair distribution functions (g(r))
provide a solid numerical interpretation of the compressibility. Our simulations
are sufficiently large to correctly describe not only the first Si -O coordination
sphere but also the second sphere.
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observations on pyrolite (Solomatova and Caracas, 2019). Snapshots of
the structure at 4000 K are shown in Figure S2. The analysis of the
structure of the melt is shown in Fig. 5 along the 4000 K isotherm. The
height of the first peak of the g(r) is also almost constant in the same
pressure range (Fig. 5a). The radius of the first coordination sphere
shows a decrease up to about 20-30 GPa, followed by an almost constant
behavior at higher pressures (Fig. 5b). The coordination number in-
creases rapidly from 4 to 5 at 30 GPa and then slowly from 5 to about 6
at 150 GPa (Fig. 5d).

But the most dramatic changes under pressure occur in the second
coordination sphere. While the collapse of the second coordination
sphere has long been proposed in the literature as being responsible for
the main mechanism of the silicate melt compressibility (Wolf and
McMillan, 1995), most of the previous simulations had too few atoms in
the simulation box to accommodate enough space that would describe
correctly and independently the second coordination sphere, due to its
large size. Otherwise, if the simulation box is too small, the periodical
boundary conditions prevent an independent description of the second
coordination sphere, as the atoms would simply bond to their own
periodically repeated image. Our simulations contain, even at the
highest compression, more than twice the radius of the second coordi-
nation sphere of Si by O.

Compared to the first peak of the g(r), the height of the second peak
of the Si-O g(r) shows a rapid decrease of more than 30 % in the first 30
GPa compression range; beyond 30 GPa the height is almost constant at
least up to 150 GPa. The radius of the 2nd coordination sphere decreases
by about 10 % in the same pressure range, while above, it shows only a
weak reduction.

Finally, the compression of the melt is clearly reflected in the in-
crease of the 2nd coordination number. This increases from about 24 at
0 GPa up to about 35 at 30 GPa and 40 at 150 GPa. It is this compaction
of the second coordination sphere that is the main responsible for ac-
commodating the compression of the silicate melt.
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3.3. Magma ocean viscosity

The measurements on peridotite melt in the 2000-2500 K tempera-
ture range and 2.8 — 13 GPa pressure range put the viscosity in the 19 to
130 mPa range (Liebske et al., 2005). Later measurements along the
liquidus show a drop of almost one order of magnitude, from 38 mPa.s at
7 GPa down to 17 mPa.s at 25 GPa (Xie et al., 2021), but the temperature
increases during this pressure range. Other measurements on various
peridotitic melts at high pressures show viscosities in the 30-50 mPa.s
range at pressures up to 14 GPa (Cochain et al., 2017).

But the viscosity of silicate melts drops exponentially with increasing
temperature, according to Aarhenius laws (Richet, 1984). Hence, it is
enough to have just a few anchor points along or close to, for example,
the magma ocean adiabat to obtain a reliable representation of the
viscous behavior of the entire magma ocean before crystals start to form.
In one remarkable study, Bajgain and colleagues (Bajgain et al., 2022)
deciphered the viscosity variation of molten basalt at conditions span-
ning the entire mantle pressure and temperatures. They showed that
beyond a simple exponential temperature dependence of the viscosity,
changes in the structure of the basaltic melt induce a change in rheo-
logical behavior, which takes place around 10 GPa.

Here, we only determined the viscosity at a few points. Geo-
dynamical studies can then rely on the trend presented by molten basalt
to estimate the viscosity of the magma ocean as a whole. An example of
the self-correlation of shear stresses is shown in Figure S3. We obtain
that at 2.62 g/crns, at 4000 K and 5.2 GPa, the viscosity of molten
pyrolite is 0.7 + 0.05 mPa.s, and at 4.13 g/cm3, at 4000 K and 53.4 GPa,
the viscosity of pyrolite is 1.9 £ 0.1 mPa.s. Thus, at least at the
computed pressures and temperatures, the viscosity of liquid pyrolite is
about half an order of magnitude below that of basalt at the same
thermodynamic conditions.
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Fig. 5. The diagrams plotted here show, as a function of pressure: (a) the change in the height of the first peak of the g(r), corresponding to the most likely bond in
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4000 K.
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3.4. A revised critical point for the bulk silicate Earth

Finally, our newer, better simulations help us revisit the critical point
of pyrolite (Figure S4). As the temperature approaches the critical
temperature, previously estimated to be close to 6500 K for pyrolite
(Caracas and Stewart, 2023), both BM3 and BM4 fail. At 6000 K, the
density of pyrolite melt spans a 0.5-1.5 g/cm® density range over the 0 —
1 GPa pressure range. In this region, the pressure decreases almost
monotonously with decreasing pressure. It reaches a flat region in the
0.61-0.88 g/cm®. This behavior indicates that at this region, we are at or
extremely close to the critical point. With clear dips and local minima in
the pressure-density relation at 5500 K, and based on our previous
experience with determining critical points, we suggest that the critical
point of pyrolite should be decreased by at least 500 K with respect to
the previous estimations. Based on these new larger simulations, we
suggest it lies around 6000 K in the 0.6-0.88 g/cm® density range, at
pressures of 1.1-1.2 kbars.

4. Implications and conclusions

We perform a large set of first-principles MD simulations studying
melts with pyrolitic, bulk silicate Earth composition at thermodynamic
conditions spanning the entire magma ocean stability field and beyond.
Our calculations are spin-polarized, treat the electrons according to the
Fermi-Dirac distribution, and contain simulation boxes with 306 atoms.
The new simulations on the pyrolite melts have twice as many atoms as
the previous ones and span a wider pressure and temperature range.
With 128 points ranging between 2000 K and 0 GPa and 5500 K and 150
GPa, and with better treatment for the electronic temperature, they yield
extremely reliable results, which can be used in further geodynamic
modeling.

We report both athermal and thermal EOS. We obtain that the
temperature variation of the bulk modulus in the BM4 EOS formulation
is linear over the entire temperature range considered here, while in the
3rd order EOS formulation for both BM and Vinet, there is a change of
slope around 3500 K. Then, we propose a unified thermal EOS. We find
that the BM4 combined with the Holland-Powell description of the
thermal dilatation gives the best fit to our computed data. We also revise
the position of the critical point of the bulk silicate Earth by lowering its
temperature by about 500 K. We suggest it lies around 6000 K, at
pressures of 1.1-1.2 kbars.

These new estimations of lower critical temperature suggest that the
protolunar disk that resulted from the Moon-forming giant impact could
evolve even for longer times in the supercritical regime. With such
longer times, the disk could be even better homogenized in terms of both
chemical composition and isotope partitioning.

We complement the austere EOS fits with an analysis of the
compressibility mechanism. We find a small contraction of the first co-
ordination sphere accompanying the compression. With our large
simulation cells, we can also reliably analyze the second coordination
sphere of Si by O, avoiding the problems related to the periodic
boundary conditions. This analysis shows that the compressibility of the
pyrolite melts is accommodated by the collapse of the second coordi-
nation sphere. Along the 4000 K isotherm, the 2nd coordination number
of Si by O almost doubles between 0 and 150 GPa.

Finally, we compute the shear viscosity of pyrolite liquid at two
density points at 4000 K. We find that pyrolite is consistently less viscous
than basalt by at least half an order of magnitude. Immediately
following its condensation in the protolunar disk, we expect the turbu-
lent regime to dominate the dynamics of the magma ocean. This is due
both to the high temperatures and to the reduced viscosity. In this
regime, the magma ocean would be extremely well mixed, where rem-
nants of its previous history would have little or no chance of survival.
Furthermore, it is only upon cooling below 4000 K that temperature-
induced viscosity changes can play a role in the dynamics of the
magma ocean.

Earth and Planetary Science Letters 637 (2024) 118724

With a low critical point and very low viscosity, we suggest that the
protolunar disk and the magma ocean were ideal environments for mass,
chemical, and isotopic mixing of all their constituents.
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