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Thermophysical States of MgSiO3 Liquid up to Terapascal
Pressures: Implications for Magma Oceans in Super-Earths
and Sub-Neptunes

Haiyang Luo' ©© and Jie Deng'

lDepartment of Geosciences, Princeton University, Princeton, NJ, USA

Abstract Thermophysical properties of silicate liquids under extreme conditions are critical for
understanding the accretion and evolution of super-Earths and sub-Neptunes. The thermal equation of state
and viscosity of silicate liquids determine the adiabatic profiles and dynamics of magma oceans. However,
these properties are challenging to constrain at elevated pressures in experiments. Here, we perform ab
initio molecular dynamics simulations of MgSiO; liquid across a wide range of pressures (0—1,200 GPa)
and temperatures (2200-14000 K) and analyze its structure, the Griineisen parameter, and viscosity. Our
results reveal clear temperature and pressure dependence of the Griineisen parameter, which vary
synchronously with the with O-O coordination number. The Griineisen parameter shifts from positive to
negative temperature dependence between ~20 and 70 GPa, corresponding to a peak in the O-O
coordination number and SiOs abundance. Initially, the Griineisen parameter increases with pressure and
then decreases, showing limited temperature dependence above ~300 GPa, where its behavior resembles
that of solid. Furthermore, we determine the adiabat and viscosity profiles of magma oceans in super-Earths
and sub-Neptunes. The results suggest that the mantles of super-Earths and sub-Neptunes may solidify
either from the bottom up or at pressures of ~120-150 GPa, depending on the curvature of the mantle
melting line. Low viscosities in magma oceans are likely to enhance convective currents and facilitate
efficient differentiation. These thermophysical properties, now quantified up to terapascal pressures, enable
updates to the mass-radius relation of magma ocean exoplanets, showing notable differences compared to
their solid counterparts.

Plain Language Summary Large exoplanets such as super-Earths and sub-Neptunes likely
experienced extreme conditions during their formation, leading to the creation of vast magma oceans.
Understanding the physical properties of silicate liquids under such high pressures and temperatures is crucial
for studying the formation and evolution of these exoplanets. However, it is challenging to investigate these
properties in a laboratory setting due to the extreme conditions involved. Alternatively, we used advanced
computer simulations to study how MgSiO; liquid, a prototypical material of magma oceans, behaves under
pressures up to 1,200 GPa and temperatures up to 14000 K. We found that MgSiO; liquid densifies upon
compression with an increasingly small interatomic distance and generally more neighboring atoms. We
determined a key property called the Griineisen parameter, which governs the cooling and solidification
processes of magma oceans. The results suggest that the mantles of super-Earths and sub-Neptunes might
solidify from the bottom up or from the middle out. We also studied the viscosity and mass-radius relation of
exoplanets which are fully molten. The low viscosity suggests strong convective currents, leading to efficient
mixing and differentiation of materials within these exoplanets. The updated mass-radius relation can be used to
more accurately constrain the thermophysical state of exoplanets.

1. Introduction

During planetary accretion, giant impacts and radioactive decay likely extensively melt planets (Canup, 2004;
Elkins-Tanton, 2012). Super-Earths and sub-Neptunes, with approximately 1-10 times the mass of Earth, are
among the two groups of commonly found exoplanets (Charbonneau et al., 2009; Fortney et al., 2007; Fulton
et al., 2017; Valencia et al., 2007). Both planet groups may be largely molten by the end of energetic accretion,
forming deep magma oceans (Boujibar et al., 2020; Fei et al., 2021; Stixrude, 2014). These magma oceans are
believed to be long-lived (Vazan et al., 2018), possibly still active today, due to their high initial temperatures and
limited cooling resulting from intense irradiation from their host stars and potentially thick atmospheres.
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Knowledge of the structure, thermodynamics, and viscosity of silicate liquids under the pressure (up to
~1,400 GPa) and temperature (up to ~14000 K) conditions of super-Earths' and sub-Neptunes' mantles is
essential for understanding the accretion, evolution, and dynamics of these exoplanets. For example, the Grii-
neisen parameter controls the adiabatic thermal profiles of magma oceans (Stixrude et al., 2009). The mantle
melting line and the adiabat together determine the solidification mode of the mantle, including bottom-up,
middle-out, and top-down. The viscosity governs the dynamics of magma oceans and affects petrologic and
geodynamic processes, including crystal settling and core-mantle differentiation (Karki & Stixrude, 2010; Luo
et al., 2021; Solomatov, 2007). These properties of silicate liquids have been well documented under Earth-
relevant conditions (Bajgain et al., 2022; Caracas, 2024; Caracas et al., 2019; Caracas & Stewart, 2023; de
Koker & Stixrude, 2009; Karki & Stixrude, 2010; Luo et al., 2021; Solomatova & Caracas, 2019; Stixrude &
Karki, 2005) and yet remain largely unconstrained under conditions beyond the Earth (Morard et al., 2024). Direct
experimental measurement of these properties at these extreme conditions is challenging. Shock-wave experi-
ments have been performed to study the Griineisen parameter of silicate liquids under extreme compression
(Fratanduono et al., 2018; Mosenfelder et al., 2009), but the values are subject to large uncertainties, and the
temperature dependence of the Griineisen parameter is difficult to constrain.

Several ab initio studies have investigated the properties of silicate liquids under the conditions of super-Earths
and sub-Neptunes (Bardon, 2018; Militzer, 2013; Soubiran & Militzer, 2018; Zhao et al., 2014), but their data are
relatively sparse and mainly focused on heat capacity, electrical conductivity, and liquid-liquid transition.
Another ab initio study examined warm dense silicate under even more extreme conditions (10*-10® K) (Gon-
zalez-Cataldo et al., 2020). The pressure and temperature dependence of the Griineisen parameter under the
conditions of super-Earths’ and sub-Neptunes' interiors were not resolved. The thermal and viscosity profiles of
magma oceans in super-Earths and sub-Neptunes were not well constrained either.

Here, we systematically study the structure, thermodynamics, and viscosity of MgSiO; liquid, a prototypical
material of magma oceans in rocky planets, across a wide range of pressures (0-1,200 GPa) and temperatures
(2200-14000 K) by performing extensive ab initio molecular dynamics simulations. These simulations provide
insights into the thermophysical properties of MgSiO; liquid at extreme conditions, enabling the establishment of
adiabatic thermal profiles and viscosity profiles for magma oceans in super-Earths and sub-Neptunes.

2. Materials and Methods
2.1. Molecular Dynamics Simulations

We performed Born-Oppenheimer ab initio molecular dynamics (AIMD) simulations of MgSiO; liquid using 160
atoms (32 formula units of MgSiO;), covering a volume range 3.6-15.6 A’/atom (3.6,3.9,4.2,4.8,5.4,6.0, 6.6,
8.4,9.6,10.8, 12.0, 13.2, and 15.6 A3/atom) and a temperature range 2200-14000 K (2200, 3000, 5000, 8000,
10000, 12000, and 14000 K). We conducted simulations using 320 atoms (64 formula units of MgSiO;) for the
smallest system with a volume of 3.6 A%/atom and found that the size effect on the structure of MgSiO; liquid is
negligible (Figure S1 in Supporting Information S1). The size effect on the viscosity was also shown to be
insignificant (Luo et al., 2021). All the simulations were performed using projector augmented wave (PAW)
method (Blochl, 1994; Kresse & Joubert, 1999) as implemented in the Vienna Ab-initio Simulation Package
(VASP) (Kresse & Furthmiiller, 1996). We used the PBEsol exchange-correlation functional (Perdew et al., 2008)
as it has previously shown good agreement with experimental measurements of physical properties of silicates
(Deng & Stixrude, 2021; Holmstrom & Stixrude, 2015; Scipioni et al., 2017). The PAW potentials utilized had the
following valence configurations: Mg 2p®3s?, Si 3s*3p, and O 2s%2p* with core radii of 1.058, 1.005, and 0.804
A, respectively. These PAW potentials have been widely used and proven to be robust up to at least 1,000 GPa
(Feietal., 2021; Root et al., 2018; Soubiran & Militzer, 2018). We assumed thermal equilibrium between ions and
electrons using the Mermin functional (Mermin, 1965), explicitly considering the effect of finite electronic
temperature. We reported the projected densities of states under different pressures at 14000 K as an example in
Figure S2 in Supporting Information S1. Gamma Point Brillouin zone sampling with an energy cutoff of 800 eV
was applied, which was sufficient to converge the pressure within 0.16 GPa and the energy within 1 meV per
atom. We used a canonical ensemble (NVT) with temperature controlled by a Nosé-Hoover thermostat
(Nose, 1984). Each simulation was run for up to ~10,000-20,000 steps with a timestep of 1.0 femtosecond (fs).
Simulations under high pressures/low temperatures were performed for a longer period than those under low
pressures/high temperatures. The values and errors of pressure and energy were estimated using the block
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averaging method (Flyvbjerg & Petersen, 1989). We monitored radial distribution functions (RDF) and mean-
square displacements (MSD) to ensure the liquid/fluid state of our simulated systems. Examples of calculated
MSD at 10,000 K and 12,000 K at the smallest volume (3.6 /&3/atom) explored are shown in Figure S3 in
Supporting Information S1.

The coordination number (1) of type A with respect to type B can be expressed through the RDF gu5(r):

rAB

min

nAB =4ﬂPB/VZgAB(V)dra 1

where p is the density and rﬁ;}i is the position of the first minimum in gyg(r). The bond length is reported as the
average distance within rﬁi Detailed structural analysis was conducted using the UMD package (Caracas
et al., 2021).

The viscosity was calculated using the Green-Kubo relation

= 3k‘;T%;f() (7 (1 + 10) - 7 (10)) dt, @)

where V is volume, kj is the Boltzmann constant, T is the temperature, 7;; is the ij off-diagonal component of the
stress tensor, ¢ is time, and (---) is an average over time origins .

2.2. Equation of State

To describe the thermodynamic property of MgSiO; liquid across a wide P-V-E-T space and to self-consistently
capture the nonmonotonic change of the Griineisen parameter with compression, we adopted the equation of state
(EOS) recently developed by Wolf & Bower, 2018. This EOS, named the RTpress EOS, comprises an isothermal
part and a thermal perturbation given by a generalized Rosenfeld-Tarazona (RT) model. Other commonly used
EOSs are either not thermodynamically self-consistent in the P-V-E-T space or fail to describe the nonmonotonic
nature of the Griineisen parameter of MgSiO; melt. For example, previously used thermal equations of state, such
as the modified Holland-Powell equation (Angel et al., 2014; Holland & Powell, 1998) and the simplified Mie-
Griineisen equation (Karki, 2010), are self-consistent in the P-V-T space but omit energy (£) terms. This omission
affects the accuracy of the derived thermodynamic properties that depend on both P-V-T parameters and energy,
such as heat capacity and the Griineisen parameter. Other Mie-Griineisen forms may self-consistently include
energy terms but yield a monotonic variation of the Griineisen parameter with volume (de Koker &
Stixrude, 2009).

The RTpress EOS can be expressed as
P(V,T)=P(V,Ty) + APg(V,T) + AP(V,T), 3)

where P(V,T,) is the isothermal component describe by the Vinet EOS:

P(V.Ty) = 3K, (VXO)‘% [1 _ (v%)m exp[%(x(; -1) (1 _ (vlo)m)} “

where model parameters V, K, and K(’) are the volume, isothermal bulk modulus, and derivative of isothermal
bulk modulus at the reference temperature T, and zero pressure. APx(V,T) and AP(V,T) are the energetic and

entropic contributions to the thermal perturbation, respectively, and can be written as

APE(V.T) = =b' W) [£(T) = fr(To)). ©)

Cyos(V)(T —Ty)

apy(v.1) = PO (1) f7T09) = To (D) = o) + 1os(v) LTI )
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where the thermal coefficients b’(V) = Y. b,(V/Vy — 1)" and the thermal deviation from the reference tem-
n

perature fr = (T/Ty)" — 1, in which m = 0.6. T, 745(V), and Cy s(V) are the temperature, the Griineisen
parameter, and heat capacity along the reference adiabat. Specifically, in the RTpress EOS, the Griineisen
parameter can be expressed as

Cy s + Vb/(V) (SP(T) — SP(T))

Cy(V,T) b(V) Ccy(V,T) ™

¥ =7Yos(V)
More details of the RTpress EOS can be found in Wolf and Bower (2018).

3. Results and Discussion
3.1. The RTpress Equation of State

Figure 1 displays our pressure, volume, temperature, and energy data along with the best-fit RTpress EOS model.
As shown, the model accurately reproduces the AIMD data, with average residual uncertainties of 3 GPa in
pressure and 0.06 eV/atom in energy, which are comparable to those based on classical MD simulation data and
are much smaller than those using AIMD data at Earth's conditions (Wolf & Bower, 2018). Considering that the
ranges of pressure and energy variations here are about 10 times larger than in previous molecular dynamics (MD)
simulations (de Koker & Stixrude, 2009; Spera et al., 2011), the uncertainties we obtain are reasonable. Table 1
summarizes the EOS parameters and their uncertainties compared to the parameters based on the two MD
simulation data sets at Earth's mantle conditions. The volume per atom (V,)), the isothermal bulk modulus (Kj),
and the bulk modulus pressure derivative (K;)) we obtained at 3000 K are 14.352 + 0.048 10\3, 13.53 £ 0.35 GPa,
and 6.767 £ 0.040 GPa, respectively. These values agree quite well with previous studies (de Koker & Stix-
rude, 2009; Spera et al., 2011) from which the derived ranges of V), K, and K¢ are 12.93-14.85 1&3, 9.05-
13.39 GPa, and 7.27-8.29 GPa, respectively, especially considering that we employed the PBEsol exchange-
correlation functional, differing from previous works. Furthermore, as shown later in Figures 6 and 7, our
calculated Griineisen parameter and viscosity are consistent with previous studies (de Koker & Stixrude, 2009;
Luo et al., 2021) within the common pressure and temperature ranges explored.

3.2. MgSiO; Liquid Structure

Increasing pressure leads to more tightly packed structures of MgSiOj; liquid with decreasing bond lengths and
increasing coordination numbers. An example at 10000 K is shown in Figure 2. Figure 3 shows the detailed
changes of Si-O, Mg-O, O-0, and Si-Si bond lengths and the corresponding coordination numbers. O and O (as
well as Si and Si) do not form conventionally defined bonds, and the interatomic distances and their coordination
numbers reflect the overall change of MgSiO; liquid structure. From zero pressure to 1,161 GPa, Mg-O, O-O, and
Si-Si bond lengths decrease monotonically from ~2.25 to 1.66 1&, ~3.00 to 1.93 1&, and ~3.12 to 2.50 A,
respectively. In comparison, the Si-O bond length initially increases from ~1.68 to 1.76 A until ~50 GPa at
relatively low temperatures (<~5000 K) and then decreases to 1.57 A. The notable temperature dependence of the
Si-O bond length at low pressures is due to the variation in Si-O coordination species with temperature. Our
calculated bond lengths for Mg-O, O-0O, and Si-O are consistent with earlier ab initio results under Earth's mantle
conditions (<135 GPa) (Kim et al., 2019; Stixrude & Karki, 2005).

The corresponding changes in Si-O, Mg-O, O-O, and Si-Si coordination numbers are intriguing. The Si-O co-
ordination number increases from ~4.0 at zero pressure to 7.8 at 1,161 GPa. The Si-Si coordination number is
only ~2.3 at zero pressure, much lower than the Si-O coordination number, and it increases rapidly and behaves
similarly to the Si-O coordination number above ~50-80 GPa. The Mg-O coordination number is ~4.8 at zero
pressure and rapidly increases to ~8.2 at 200 GPa, then grows marginally with further compression. In contrast,
the O-O coordination number is ~9.8 at zero pressure and then rises steeply to a peak value of ~13.3 at ~20—
70 GPa. With further compression, the O-O coordination number decreased quickly and plateaued with an
average value of 9.5-10.4 at >~300-380 GPa. The peak position of the O-O coordination number corresponds
very well with the highest abundance of Si-50 coordination species (SiOs) (Figure 3), indicating that the initial
increase and subsequent decrease in the O-O coordination number are primarily controlled by the SiO5 abun-
dance. Figure 4 shows detailed changes in the abundances of different Si-O coordination species. As compression
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Figure 1. The RTpress equation of state for MgSiO; melt. The upper and lower panels display the isothermal compression
curves (color-coded) in terms of pressure and internal energy, respectively, along with the corresponding model residuals.
The average root mean square errors (RMSE), represented by the gray band, are approximately 3 GPa and 0.06 eV/atom.

increases, the abundances of SiOs, SiOg, and SiO, all initially increase to certain pressures, followed by a
decrease in their abundances. In contrast, SiOg and SiO, abundances continue to increase at least up to 1,200 GPa.
Similarly, Figure 5 shows detailed changes in the abundances of different O-Si coordination species. The O-Si
coordination species is an extended concept of the commonly used non-bridging oxygen and bridging oxygen
as O bonding with three and four Si (referred as OSi; and OSi,, respectively) emerges at extreme pressures.
Increasing compression results in a rapid decline in the abundance of OSi species but a growth in those of OSi;
and OSi, species. In contrast, the abundance of OSi, species first increases reaching a peak at ~75-150 GPa
depending on the temperature, and then decreases with pressure.

3.3. The Griineisen Parameter of MgSiO; Melt

We calculated the Griineisen parameter (y) of MgSiO; liquid using the finite difference method, that is,
y = V(dP/ 0 E), within several temperature intervals (2200-3000 K, 3000-5000 K, 5000-8000 K, 8000—
10000 K, 10000-12000 K, and 12000-14000 K, respectively). As shown in Figure 6, the Griineisen parameter
first increases with compression and then decreases, with a turning point at the volume of 5.4 A3fatom
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Table 1
The RTpress Equation of State Parameters for MgSiO; Melt
Parameters This study dK09 S11
Ty (K) 3,000 3,000 3,000
m 0.6 0.6 0.6
Vo (A%atom) 14.352(48) 14.74(11) 12.949(18)
K, (GPa) 13.53(35) 9.717(72) 13.20(19)
K, (GPa) 6.767(40) 7.42(15) 8.238(49)
E, (eV/atom) —6.399(19) —6.850(15) —20.5953(19)
%o 0.158(15) 0.282(22) 0.1899(53)
70 —1.710(58) —1.35(15) —1.940(35)
by (eV/atom) 1.763(25) 1.118(55) 0.9821(97)
by (eV/atom) 0.982(61) —0.05(12) 0.615(60)
b, (eV/atom) 2.11(16) 2.1(11) 1.31(27)
b3 (eV/atom) 0.37(70) 12.9(60) -3.0(17)
by (eV/atom) 1.9(10) 15.5(70) —4.1(29)

Note. Our fitted parameters are compared to previous fitting results (Wolf & Bower, 2018) based on molecular dynamics
simulations under Earth's mantle conditions (de Koker & Stixrude, 2009; Spera et al., 2011). 1o uncertainties are reported.

corresponding to ~300-380 GPa depending on the temperature. The Griineisen parameter also exhibits a positive
temperature dependence at volumes >9.6 A/atom, despite an anomalous change from 12,000 to 14000 K. This
temperature dependence is opposite to that observed when the volume is smaller than 8.4 A%/atom. The turning
point of the temperature dependence of the Griineisen parameter, which depends on the temperature itself, is
located close to the range of 8.4-9.6 A/atom.

We find that the two turning points associated with the temperature and volume dependence of the Griineisen
parameter correspond very well to the peak and plateau of the O-O coordination number with compression. This
suggests that the O-O coordination number is a good indicator of the changes in the Griineisen parameter with
compression in MgSiO; melt, which could also apply to other silicate liquids. The peak in the O-O coordination
number reflects an adjustment in the overall MgSiO; liquid structure and can be associated with the abundance
change of the transitional five coordinated silicon (SiOs), which leads to the change in the temperature depen-
dence of the Griineisen parameter. The plateau in O-O coordination number, combined with the slow increase in
Mg-O and Si-O coordination numbers, indicates that the MgSiOj liquid in this region develops more solid-like
behavior under compression. It is known that the Griineisen parameter of solids decreases with compression and

(b) 187 GPa (c) 482 GPa (d) 1083 GPa

Figure 2. MgSiO; liquid structure. The four snapshots are taken from the simulations at 10,000 K under (a) 20 GPa, (b) 187 GPa, (c) 482 GPa, and (d) 1,083 GPa. SiO, is
shown as gray polyhedral. MgO, is not shown for clarity. The average Si-O coordination number are (a) 4.0, (b) 6.2, (c) 7.1, and (d) 7.8.
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Figure 3. Structure of MgSiO; liquid as a function of pressure. Different colors represent different temperatures (2200 K-
gray; 3000 K-dark blue; 5000 K-blue; 8000 K-green; 10,000 K-yellow; 12,000 K-light red; 14,000 K-red). (a) Si-O, Mg-O,
0-0, and Si-Si bond lengths; (b) corresponding mean coordination numbers for Si-O, Mg-O, O-O, and Si-Si; The insert
panel shows the abundances of SiOjs as a function of pressure (<200 GPa) at different temperatures, corresponding to the
change in O-O coordination number.

shows very limited temperature dependence (Boehler et al., 1979). These two features are clearly observed in
MgSiO; liquid when the pressure is above ~300 GPa.

A recent shock wave experiment reported a Griineisen parameter value of 0.92 + 0.08 at ~300 GPa with a volume
of ~5.3 A’/atom (Fratanduono et al., 2018), in good agreement with our results. A previous ab initio study under
Earth's conditions (de Koker & Stixrude, 2009) also found that with compression, the Griineisen parameter
initially increases to some extent before decreasing, but a monotonic model between the Griineisen parameter and
compression was assumed. Similar monotonic increasing trends were also adopted in another study (Mosenfelder
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Figure 4. Abundance of Si-O coordination species. Different colors represent different temperatures (2200 K-gray; 3000 K-dark blue; 5000 K-blue; 8000 K-green;
10,000 K-yellow; 12,000 K-light red; 14,000 K-red). Different panels correspond to different Si-O coordination species, SiO, (a), SiOs (b), SiOg (c), SiO; (d), SiOj (e),

and SiO, (f).
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Figure 5. Abundance of O-Si coordination species. Different colors represent different temperatures (2200 K-gray; 3000 K-
dark blue; 5000 K-blue; 8000 K-green; 10,000 K-yellow; 12,000 K-light red; 14,000 K-red). Different panels correspond to
different O-Si coordination species: OSi (a), OSi, (b), OSi; (c), and OSi, (d).

et al., 2009). The values of the Griineisen parameter we calculated are broadly consistent with previous exper-
imental (Fratanduono et al., 2018; Mosenfelder et al., 2009) and computational studies (de Koker & Stix-
rude, 2009). However, as shown in Figure 6, to accurately derive adiabatic thermal profiles of super-Earths and
sub-Neptunes which reach multi-megabar pressures, it is essential to capture the non-monotonic behavior of the
Griineisen parameter with respect to volume and temperature, as done here using the RTpress EOS model. It is
worth noting that there are small misfits in the Griineisen parameter at the smallest volumes for temperatures
below 5000 K. While using piecewise fitting by considering multiple segments of temperature reduces the misfit,
it may result in an overfitted and discontinuous model. Considering that the minor inconsistency between the
fitted RTpress EOS and the simulation data under such extreme conditions does not significantly affect our re-
sults, we chose to use a universal RTpress EOS model.

3.4. Viscosity of MgSiO; Melt

The extremely high-temperature regime explored in this study (5000-14000 K) allows us to estimate viscosity up
to terapascal pressures within a relatively short simulation time (<20 picoseconds) (Figure S4 in Supporting
Information S1). We calculated the viscosity of MgSiO; liquid at 5000, 8000, 10000, 12000, and 14000 K,
respectively. Our calculated viscosity at 5000 K aligns well with previous studies (Karki & Stixrude, 2010; Luo
etal., 2021). Although the simulation time of this study is sufficient to obtain converged EOS properties, it is not
long enough to converge the viscosity at relatively low temperatures (2200 and 3000 K). As such, we plotted the
viscosity data at the two temperatures from prior work, which used a machine learning potential (Luo et al., 2021)
as areference. As shown in Figure 7, viscosity always increases with pressure (at 7> 3000 K) and decreases with
temperature. Due to these two competing effects, viscosity remains low at ultrahigh pressures and temperatures.
For instance, at 8000 K, the viscosity increases from 0.0052 to 0.044 Pa-s within the pressure range of 167—
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Figure 6. Volume and temperature dependence of the Griineisen parameter in MgSiO5 melt. The symbols, directly calculated
from our molecular dynamics simulations using the finite difference method with the equation y = V(dP/ 0 E)y, show

overall good consistency with the values (lines) predicted by our fitted RTpress equation of state (EOS) at the mean

temperatures of the shown intervals. The turning points of the temperature and volume dependence of the Griineisen parameter
correspond to the peak and the plateau onset of the O-O coordination number with compression, respectively. The peak of the O-
O coordination number also coincides with the peak abundance of SiOs. Estimations of the Griineisen parameter by previous

experiments, that is, gray hexagon (Fratanduono et al., 2018), dashed line (Mosenfelder et al., 2009), and dotted line
(Mosenfelder et al., 2009) and calculations, open blue circles (de Koker & Stixrude, 2009) are also displayed.

674 GPa. At 12,000 K, the viscosity increases from 0.0029 to 0.027 Pa-s with increasing pressure from 204 to
1,123 GPa. Our data can be described by a piecewise modified VFT (Vogel-Fulcher-Tammann) equation
(Karki & Stixrude, 2010; Luo et al, 2021): n(P,T) = exp[—4.544 — 0.029 P + 0.0411 P?/1000 +

(=7504 + 225 P — 0.282 P?)/(T — 1000) ] for 5000 < T < 8000 K; and n(P,T) =
P — 0.00282 P2/1000 + (15596 + 1.979 P+ 0.0196 P*)/(T — 1000) ], for 8000 < T < 14000 K.
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Figure 7. Viscosity of MgSiO; liquid as a function of pressure at different temperatures. Solid symbols represent our

calculated results from molecular dynamics simulations. Open symbols and the corresponding dotted lines represent data and
fits from a previous study (Luo et al., 2021). Solid and dashed lines represent the fitted results within two temperature ranges
(5000-8000 K and 8000-14000 K), respectively, which overlap well at 8000 K. The dashed lines in dark gray and light gray
show the predicted viscosity at 6500 and 7000 K, respectively.
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Figure 8. Adiabatic thermal profiles in a magma ocean based on MgSiOj; liquid results. Solid and dash-dotted lines of
different colors represent the adiabats corresponding to various potential temperatures at the surface. The dash-dotted lines
with transparency below 3000 K indicate results that are likely unrealistic at high pressures where MgSiO; may remain solid.
The insert panel compares our calculated 2500 K adiabat with two previously reported results (Mosenfelder et al., 2009;
Stixrude et al., 2009). Green long-dashed and short-dashed lines represent the upper bound and lower bound of MgSiO;
melting lines, respectively, constrained by shock compression experiments using bridgmanite under the conditions of super-
Earths and sub-Neptunes (Fei et al., 2021). Green dotted line is the melting curve from laser-shock of enstatite (Fratanduono
et al., 2018). Purple dotted and dashed lines are computational melting lines of bridgmanite and post-perovskite with a
machine learning potential (Deng et al., 2023). Other MgSiO; melting lines reaching the regime of post-perovskite include
the one inferred from the Lindemann law (Stixrude, 2014) and the result from two-phase simulations based on classical
potential with corrections (Belonoshko et al., 2005). Gray dotted and dashed lines represent Earth's mantle melting curve
(liquidus) (Andrault et al., 2011; Stixrude et al., 2009).

4. Implications
4.1. Adiabatic Temperature Profile of Magma Ocean

Crystallization of magma oceans profoundly influences the structure and composition of the mantles of super-
Earths and sub-Neptunes (Fei et al., 2021; Stixrude, 2014). The crystallization pathway of a magma ocean—
whether bottom-up, middle-out, or top-down—depends on the relative curvature of the adiabat of the magma
oceans and the mantle melting curve (liquidus). If the slope of an adiabat is shallower than that of the melting line,
the magma ocean will crystallize from the bottom up. In contrast, if the adiabat is tangent to the melting line at
middle or shallow mantle depths defined by the conditions of super-Earths and sub-Neptunes, crystallization can
initiate well above the bottom of the mantle.

We calculated the adiabats of magma oceans based on the Griineisen parameter predicted by our RTpress EOS
model for MgSiO; liquid using the equation (d7/dP)s = y(T/Kjs). The isentropic bulk modulus Kg was
calculated by Kg = K;(1 + ayT), where the isothermal bulk modulus Ky = —V(dP/ d V), and a represents
the thermal expansion coefficient. The calculated isentropic bulk modulus and the Griineisen parameter along the
adiabats are shown in Figure S5 in Supporting Information S1. Figure 8 presents the adiabatic temperature
profiles up to 1,200 GPa across a range of temperatures, with colors representing their potential temperature at
zero pressure. Magma oceans of super-Earths and sub-Neptunes may have a wide range of potential temperatures.
As the mantle liquidus in super-Earths and sub-Neptunes has not been determined yet, we discuss the crystal-
lization pathway of their mantles using the MgSiO; melting line as a first-order approximation. Only previous
melting curves based on data beyond megabar pressures are considered. Several MgSiO; melting lines con-
strained by experiments (Fei et al., 2021; Fratanduono et al., 2018), MD simulations (Belonoshko et al., 2005;
Deng et al., 2023), and the Lindemann law (Stixrude, 2014) are plotted. As shown, the threshold adiabat just
before crystallization has a potential temperature of around 3750 K based on the upper bound of MgSiO; melting
curve of Fei et al., 2021, and this adiabat almost overlaps with the melting line at extreme pressures, meaning that
the magma ocean would begin to crystallize at or near the base of the mantle up to at least 1,200 GPa. However,
the potential temperature of the threshold adiabat decreases to about 3500 K, and the crystallization would initiate
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Figure 9. Viscosity profiles along adiabats in a magma ocean based on MgSiO; liquid results. Lines of different colors
represent viscosity profiles corresponding to various potential temperatures (2000, 2500, 3000, 3500, and 4000 K) at zero
pressure. The temperatures increase with pressure along the adiabats as shown in Figure 8. The dashed and dotted lines
represent the calculated viscosity profiles using previously reported ~2500 K adiabats from Stixrude (2009) and
Mosenfelder et al. (2009), respectively.

at approximately 120-150 GPa based on the lower bound of MgSiO; melting curve reported by Fei et al., 2021.
Additionally, the two MD results (Belonoshko et al., 2005; Deng et al., 2023) predict threshold potential tem-
peratures of 3750 and 3500 K, respectively, with crystallization onset at or near the base of the mantle up to at
least 500 GPa. As the curvature of the mantle liquidus in super-Earths and sub-Neptunes remains an open
question, the crystallization mode of the mantles is yet to be fully resolved. Nevertheless, the upper limit of the
potential temperature for magma ocean crystallization is approximately 3750 K according to our results.

4.2. Viscosity Profile of Magma Ocean

Viscosity plays a critical role in regulating the dynamics and evolution of magma oceans (Solomatov, 2007). By
combining our results with previous computational data (Luo et al., 2021), we evaluated the viscosity profiles of
magma oceans up to 1,200 GPa along several adiabats at potential temperatures of 2000, 2500, 3000, 3500, and
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Figure 10. Mass-radius relation of exoplanets. The different lines represent mass-radius relations for planets of representative
endmember compositions. The 100% liquid MgSiO; line is derived based on our calculated equation of state and the adiabat
with a surface potential temperature of 3000 K as shown in Figure 8. Using a different potential temperature does not
significantly alter the line. All other lines are taken from Zeng et al. (2019).
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4000 K under the conditions of super-Earths and sub-Neptunes. As shown in Figure 9, the viscosity profiles along
the 2000 and 2500 K adiabats are similar to (Luo et al., 2021), with a minimum at approximately 67 GPa,
depending on the potential temperature. Along the 3000, 3500, and 4000 K adiabats, the viscosity increases about
10 times from zero pressure to 1,200 GPa, despite a shallow local maximum. For instance, the viscosity increases
from 0.006 to 0.08 Pa-s along the 3000 K adiabat. Along the 4000 K adiabat, the viscosity increased from 0.002 to
0.019 Pa:s. It is likely that a certain amount of water may dissolve into the magma ocean, but its influence on
viscosity at ultrahigh pressures and temperatures is limited (Karki & Stixrude, 2010). The composition of magma
oceans on super-Earths and sub-Neptunes varies significantly given the vast range of composition of their host
stars (Hinkel et al., 2024). Previous studies suggest that the viscosity of MgSiO; liquid is slightly higher or
comparable to that of basaltic melt and notably higher than that of pyrolitic melt under Earth's conditions (Bajgain
et al., 2022; Caracas, 2024; Huang et al., 2024; Karki & Stixrude, 2010; Luo et al., 2021). This viscosity
dependence on composition may behave similarly under higher pressures. Therefore, under more realistic sce-
narios involving multi-component magma oceans on super-Earths and sub-Neptunes, the viscosity may be even
lower. The overall low viscosity of magma oceans of super-Earths and sub-Neptunes means large Rayleigh
numbers, allowing for efficient flow and mixing. This could result in efficient differentiation and reduced life-
times of airless magma oceans, although thickness atmospheres may exist and thus offset this effect.

4.3. Mass-Radius Relation of Hot Exoplanets

The mass-radius relation of a planet is primarily determined by its density profile, which depends on the equation
of state of its constituent materials. Solid MgSiOj; has long been considered a key endmember in the composition
of exoplanets (Zeng et al., 2019). However, for hot exoplanets with molten mantles, assuming solid MgSiO; may
introduce significant errors in predicting their radius for a given mass. The thermophysical properties of liquid
MgSiO; provide essential constraints for accurately modeling the mass-radius relation of these planets.

We calculated the mass-radius relation for planets composed of liquid MgSiO5. As shown in Figure 10, liquid
MgSiO;, being less dense than its solid counterpart, can notably increase the predicted radius of a planet for a
given mass, although this effect diminishes with increasing planetary mass. The mass-radius relation for liquid
MgSiO; helps refine the interpretation of planetary interiors, particularly for planets with high temperatures
where solid-state assumptions fail. For example, the mass-radius data of the well-studied exoplanet 55 Cancri e
aligns with that predicted by solid MgSiO; (Crida et al., 2018). Thus, its observed mass and radius cannot be
explained by a solid MgSiO; mantle combined with a large Fe core, as Fe reduces the planetary radius for a given
mass. Including liquid MgSiO; in the model allows for alternative interpretations of 55 Cancri e's composition,
such as an Earth-like core-mantle structure with a partially molten mantle (likely different core mass fraction).
This supports predictions that 55 Cancri e has extensive magma oceans. 55 Cancri e is also predicted to have a
nitrogen/hydrogen-rich, carbon dioxide/monoxide-rich, or thin-metal-rich atmosphere (Hammond & Pierre-
humbert, 2017; Hu et al., 2024; Ridden-Harper et al., 2016). In any case, future studies aiming to quantify 55
Cancri e's composition based on its mass-radius relation should rigorously take the difference between solid and
liquid MgSiO; into account.

In recent years, more realistic and advanced planetary interior models have been proposed (Boujibar et al., 2020;
Dorn et al., 2017; Dorn & Lichtenberg, 2021; Luo, Dorn, & Deng, 2024a; Luo, O'Rourke, & Deng, 2024b), which
integrate the equations for mass conservation, hydrostatic equilibrium, thermal transport, and material-specific
states into a unified framework. The properties of liquid silicate are critical parameters for these models. To
better link observed mass-radius data with the composition, structure, and thermal states of exoplanets, future
work should integrate liquid MgSiO; properties into advanced planetary models that account for the interplay
between material properties, core-mantle boundary conditions, and compositional diversity. Additionally, the
thermophysical properties of other liquid silicates at multi-megabar pressures require further quantification.

5. Conclusions

The liquid structure of MgSiO; evolves continuously with compression as manifested by decreasing bond lengths
and increasing coordination numbers. The Si-O coordination number reached approximately 8 at 1,200 GPa. The
0-0 coordination number exhibits an interesting initial increase up to around 20-70 GPa, followed by a decrease,
and then plateaus at about 300 GPa. The turnover at ~20-70 GPa correlates very well with the abundance of SiO5
species. After the turnover, MgSiO; liquid displays solid-like behavior, including slow change in atomic
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coordination numbers and a decrease in the Griineisen parameter upon further compression. The complex
behavior of the Griineisen parameter with compression, including varying pressure and temperature dependence
is well captured by the RTpress EOS. We further derive the adiabatic temperature profile and viscosity profile of
magma oceans in super-Earths and sub-Neptunes. The findings indicate that the mantles of super-Earths and sub-
Neptunes could solidify either starting from the bottom or at pressures near 120-150 GPa, depending on the
mantle melting lines. The low viscosity of magma oceans likely enhances convective flows, leading to efficient
differentiation. With these thermophysical properties quantified up to terapascal pressures, the mass-radius re-
lationships of magma ocean exoplanets can be updated, revealing significant differences from their solid
counterparts and underscoring the need to integrate these updates into future planetary interior models, partic-
ularly for hot exoplanets.
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Authors can confirm that all relevant data are included in the paper. Data used in the figures and examples of raw
simulation outputs are available from Figshare (Luo, 2024). The Vienna Ab Initio Simulation Package (VASP) is
a proprietary software available for purchase at https://www.vasp.at/. The RTpress EOS model is publicly
available at https://github.com/aswolf/xmeos. The UMD package for performing liquid structure analysis is
publicly available at https://github.com/rcaracas/UMD_package.
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