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The viscosity of magma plays a crucial role in the dynamics of the Earth: from
the crystallization of a magma ocean during its initial stages to modern-day
volcanic processes. However, the pressure-dependence behavior of viscosity
at high pressure remains controversial. In this study, we report the results of
first-principles molecular dynamics simulations of basaltic melt to show that
the melt viscosity increases upon compression along each isotherm for the
entire lower mantle after showing minima at -6 GPa. However, elevated tem-
peratures of the magma ocean translate to a narrow range of viscosity, i.e.,
0.01-0.03 Pa.s. This low viscosity implies that the crystallization of the magma
ocean could be complete within a few million years. These results also suggest
that the crystallization of the magma ocean is likely to be fractional, thus
supporting the hypothesis that present-day mantle heterogeneities could have

been generated during the early crystallization of the primitive mantle.

Silicate melts play a key role in the terrestrial planet by causing che-
mical differentiation. In the early history of the Earth, silicate melts
would have strongly influenced mantle dynamics because of violent
collisions that resulted in large-scale melting of the mantle, i.e., magma
ocean stage'™. If such a magma ocean existed, dense metallic melt
droplets would likely settle through the silicate-rich molten mantle>®.
The viscosity of such a magma ocean or its constituent silicate melt is
crucial for determining the thermal and chemical evolution of the
planet. This is because the melt viscosity directly influences the cool-
ing time of the magma ocean, the nature of its crystallization, melt
percolation, and the rate at which the metal droplets could sink in the
magma ocean’ ™, Silicate melt viscosity also affects magma transport
in the modern mantle as silicate melts are likely to be present in various
tectonic settings across the entire mantle including the base of the
lower mantle'™, Most of the crustal material on Earth is the product of
partial melting of the mantle that produces basaltic melts'®”. Basaltic
melts are produced mostly by decompression melting along mid-
oceanic ridges in the upper mantle. However, both geophysical and
geochemical evidence also suggests the presence of partial melts,
likely basaltic in composition, in the deep mantle above the core-

mantle boundary (CMB)“*®?2, Such a melt layer above CMB may
represent a remnant fraction of the magma ocean and thus may have
implications for the origin and preservation of geochemical signature
in the mantle” >,

Despite its significance, experiments on the viscosity of silicate
melts are mostly available for pure end member compositions*~°, and
experimental constraints are often limited to 25 GPa owing to technical
challenges at the high pressures relevant for the magma ocean'**,
The pressure dependence of viscosity is sensitive to the melt compo-
sition. Yet, there are disagreements between studies even for the same
melt compositions'®¢*353¢_ Extrapolations of viscosity from experi-
ments conducted at relatively low-pressures to higher pressures often
add significant uncertainties due to pressure-induced changes to the
atomistic scale structure of the melt and resulting changes in prop-
erties. For instance, the Si-O coordination often increases from 4-fold
to 6-fold upon compression from ambient pressures to high
pressure*~*°. Changes in the atomic scale structure of melts are likely
to exert a significant influence on their macroscopic properties such as
viscosity. First-principles molecular dynamics (FPMD) simulations,
which are complementary to experiments, have proven to be
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extremely useful in simultaneously evaluating structure, elasticity, and
transport properties including melt viscosity at high pressure and
temperature conditions®®*°"**, However, prior FPMD simulations on
basaltic melts show divergent results, one of the studies showed that
the viscosity increases with increasing pressure at pressure >10 GPa
(i.e., depths >300 km)** whereas another study showed a significant
reduction in the viscosity at pressures >40 GPa at temperatures
2200-3000 K*¢. Since the timescale of freezing of the magma ocean
depends largely on the viscosity of the magma ocean, it is important to
have better constraints on the viscosity of its constituent silicate
melt*>*’*5, Even though the studies based on isotope geochemistry
show evidence of heterogeneity in the Earth’s lower mantle, the
sources of heterogeneity are poorly constrained because of limited
information on the crystallization of the magma ocean'®*°. Fractional
solidification of the magma ocean would suggest that observed che-
mical heterogeneity in the present-day Earth’s mantle was preserved
from early magma ocean solidification*”°. In contrast, equilibrium
solidification would imply that the chemical heterogeneity was added
at a later stage of the Earth’s history®’. Melt viscosity is likely to have a
significant influence on how the magma ocean solidified'>*°. There-
fore, a better constraint on the viscosity of the magma ocean is crucial
for understanding present-day mantle heterogeneity.

Here, we estimate the viscosity of basaltic melt using first-
principles simulations over the entire mantle pressure-temperature
regime (0-136 GPa and 2200-4000K). This work provides strong
constraints on the viscosity of the magma ocean given the important
implication of melt viscosity on the magma ocean dynamics and pla-

netary differentiation. Our results on the structure and properties of
mafic melts indicate that the magma ocean is likely to have cooled in
less than a few million years with fractional crystallization.

Results and discussion

Thermal equation of state

We find that densities estimated using FPMD agree well with available
experimental data from X-ray diffraction”, and sink-float®>** methods.
Slight discrepancies can be attributed mainly to variations in melt
chemistry (Fig. 1). The calculated pressure as a function of volume (or
density) along all three isotherms: 4000 K, 3000 K, and 2200 K can be
described using the Mie-Griineisen thermal equation of state:

dpP
Pyr=Pyr, + <ﬁ) V(T = Trep) @

Here P ; _is the pressure along a reference isotherm (2200 K) which
can be represented with the third-order Birch Murnaghan equation of
state (Table 1). The (g—?)v term is the thermal pressure at a constant
volume. We find that (g—’;)v changes by an order of magnitude when
melt volume is compressed to half of the reference volume (V¢ =
3422.47 A%). The density at V.. is 2.55g cm™. This indicates that the
thermal pressure increases with decreasing volume or increasing
density (Fig. 1). In our analysis, we do not include the data that lie
outside of the molten P-T regime. At the P-T conditions correspond-
ing to the solid (glassy) regime, the calculated densities are lower
compared to the prediction based on the equation of state. Along all
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Fig. 1| Melting temperature and equation of state. a Thermodynamic states of
data points in this study along with the melting curve of basaltic melt from previous
work for reference. Light pink and light purple shaded regions in the figure
represent the P-T space where melt and solid phases are stable, respectively.
Dashed and solid lines represent MORB solidus™*** and liquidus”, respectively,
from previous experiments. Filled circles show the temperature and pressure
conditions of the simulation data points that are within the liquid or partial melt
region of the phase diagram. Open circles with crosses are the data points that are
in the solid regime of the phase diagram and thus not used in the analysis of the
results. For comparison, the calculation points from the previous FPMD study at
3000K and 2200 K are also shown by upward pointing triangles*. b Calculated
pressure-density results (filled circles) of the model basaltic melt at 4000K (red),

Pressure (GPa)

3000 K (purple), and 2200 K (cyan) with the equation of state isotherms using Eq. 1
(solid curves). Dashed lines are the 3rd and 4th order Birch Murnaghan thermal
equation of state representations of shock wave experiments of model basalt
melt**. For comparison, the experimental data for MORB melts using the X-ray
diffraction method (S13)* and sink-float method (A98, OMO1)°>** are also shown
with filled gray squares and gray pluses/crosses, respectively. Open circles with
crosses are the data points that were not used in the thermal equation of state
(Eq. 1) analysis. The inset in panel (b) represents the calculated (symbols) and
model (curve) results for thermal pressure coefficient (%) yasa function of volume
ratio (V,.; =3422.47 A%) and defined by (2) , =0.89 +291.92¢~6.9+*¢, Green shaded
band shows the uncertainties with +1o standard deviation. Errors in pressures (+10
uncertainties) are smaller than the symbol size.
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Table 1| Density (po), bulk modulus (Ko), and the pressure derivatives of bulk modulus (K;,) for silicate melts

Composition T (K) Po(@gcm™® Ko (GPa) K, Ko Fittype  Method References
MB 2200 2.37+0.02 21.9+2.9 3.79+0.38 -0.13+0.05 BM4 FPMD, GGA This study
2.35+0.02 18.4+1.7 4.70+0.22 BM3 FPMD, GGA This study
2.70+0.04 19.4+4.2 6.20+1.57 BM3 FPMD, LDA ?Bajgain et al. (2015)*
MB 3000 2.25+0.02 18.6+1.6 4.02+0.14 -0.18+0.03 BM4 FPMD, GGA This study
2.18+0.02 12.4£1.1 5.68+0.18 BM3 FPMD, GGA This study
2.61+0.02 27+2 3.7+0.2 0.06+0.01 BM4 FPMD, LDA Bajgain et al. (2015)*®
259+0.14 19.8+9.8 5.97+1.33 BM3 FPMD, LDA ?Bajgain et al. (2015)*°
MB 4000 1.91+0.02 6.83+0.72 5.07+0.25 -0.86+0.21 BM4 FPMD, GGA This study
1.90+0.02 6.08 +0.55 6.95+0.23 BM3 FPMD, GGA This study
2.38+0.08 15.12+3.75 6.11+0.49 BM3 FPMD, LDA ?Bajgain et al. (2015)*°
MB 1673 2.62° 22.98° 4.66 -0.149 BM4 Shock wave Asimow and Aherns (2010)**
2.62° 22.98° 5.36 BM3
MB 2273 2.54+0.10 MD classical Vuilleumier et al. (2009)*°
MORB 3000 2.7+0.03 23+1 3.6+0.3 0.12+0.04 BM4 FPMD, LDA Bajgain et al. (2015)*
MORB 2735 2.48¢ 24+1.7 0.66+0.032 -0.057+0.0057 BM4 X-ray diffraction Sanloup et al. (2013)*
MORB 1673 2.65 20.5 5.2 BM3 MD classical Dufils et al. (2017)**
Pyrolite 3000 2.26+0.02 14 1 57+0.2 BM3 FPMD, GGA Solomatova and Caracas (2021)'**
4000 2.08+0.03 12+1 5.4+0.1

MB Model basalt (36 mol % anorthite and 64 mol% diopside).
“Refitted using LDA data from Bajgain et al. (2015).

°Density adopted from partial molar volume of oxides (Lange, 1997).
°Adopted from Ali and Lange, 2008 (fixed).

9Density was fixed.

explored isotherms, basaltic melts are highly compressible at low
pressure, and they become stiffer at higher pressures (Fig. 1). The
equation-of-state parameters compare well with experimental
studies””* (Table 1). Our zero pressure density (po) results using
GGA are smaller than the LDA-based results® (Table 1). For example,
the p§® =2.70 + 0.04 g cm™ at 2200 K is ~13% lower than the p5*4. The
p5¢4 and piP* tend to bracket melt densities from shock wave
experiments™>, i.e., p§ < pghock < ptPA (Fig. 1). This is consistent with
the systematic difference between LDA and GGA, which has been well
documented in silicate melts*>*°. Along the 2200 K isotherm and up to
35GPa, pressures calculated in our study are larger than the recent
FPMD simulation which used the GGA method*. However, the
difference in pressures reduces at higher densities (Fig. 1). The silicate
melts are more compressible than mantle minerals whose zero
pressure bulk moduli (Kp) are of the order of ~100 GPa and bulk
moduli could reach a few hundred gigapascals at lower mantle
conditions®*%, In comparison, the K, of model basaltic melt at 2200 K
is ~20 GPa. The rapid increase in the density of silicate melt with
increasing pressure is related to pressure-dependent changes in the
atomic scale structure of the silicate melt (Supplementary Note 1,
Figs. S1-S3).

Transport properties

At high-pressure conditions relevant to the lower mantle, the mobility
of atoms is significantly reduced due to diminished free volume, and
consequently, the relaxation time increases. This means a considerably
longer simulation time is required to obtain statistically converged
transport properties of silicate liquids. We analyze the time evolution
of the mean square displacement (MSD) of atoms and the stress auto-
correlation function (ACF) to ascertain statistically meaningful con-
vergence for all the P-T conditions explored in this study before
evaluating the transport coefficients (“Methods” section). A linear
relation between MSD and simulation time ensures that the atoms
have reached a diffusive regime and the predicted transport coeffi-
cients in the diffusive regime should be statistically reliable (Fig. 2).

At the highest temperature of 4000 K explored in this study, the melt
shows the diffusive regime, i.e., an MSD slope of unity within a few
picoseconds of the simulation owing to the higher kinetic energies of
the atoms. However, along relatively low-temperature isotherms, it
takes a significantly longer time to reach the diffusive regime in the
basaltic melt. It also takes a longer time for MSD to reach the diffusive
regime at higher pressure due to diminished free volume in the melt
for ion migration. An additional important criterion for a statistically
meaningful result is to ensure that MSD exceeds 10 A2 which indicates
that the atoms have moved at least double the average bond distances
thus implying the ergodic behavior of melt***>*°, Along 3000K iso-
therm at pressures >60 GPa, the MSD does not reach a diffusive regime
or exceed 10 A% even after unusually long simulation runs exceeding
300 ps. Along the 2200 K isotherm, the MSD-time plot indicates that
melt dynamics does not reach a diffusive regime at pressures >34 GPa
(Fig. 2). Our long simulation results compare well with previous LDA
simulations of the basaltic melt which showed MSD didn’t reach a
diffusive regime at 3000 K and 70 GPa after simulation times >100 ps
and viscosity at 3000 K was only reported for pressure <40 GPa*.
Transport coefficients that are estimated without statistical con-
vergence often exhibit large uncertainties. Therefore, for a meaningful
interpretation of our results, we discard the calculated transport
coefficients at those P-T conditions that are subsolidus since it is likely
that the basalt is in or approaching the glassy state (Fig. 1).

To predict the shear viscosity, we use the Green-Kubo relation
(“Methods” section) and determine the integral values of the shear
stress autocorrelation function (ACF)®. Since the ACF decays to zero
within the timescale of a simulation, the Maxwell relaxation time is
much shorter than seismic periods over the entire mantle regime®.
This is an indication that seismic wave propagation in silicate melts at
depth will occur in the relaxed limit. For the basaltic melt at high
temperatures and low pressures (<15GPa at 3000K, <32GPa at
4000K), ACF converges to zero within a few picoseconds and fluc-
tuates around zero thereafter due to the high mobility of basaltic melt
(Fig. 2). However, it often requires a longer time for the ACF to
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Fig. 2 | Mean square displacement and stress autocorrelation function of
basaltic melt. Time evolution of mean square displacement (MSD) using Eq. 3 and
normalized stress autocorrelation function (ACF) using Eq. 4 at 2200K (a and b),
3000K (c and d), and 4000K (e and f). In each MSD plot, the gray dashed lines

indicate that the MSD did not exceed 10 A Similarly, gray dashed lines in each ACF
plot highlight the cases where ACF does not decay to zero. These gray lines show
that the low-temperature simulations at high pressures do not achieve acceptable
convergences even after ~350 ps of simulation.

converge at lower temperatures and at higher pressures. For instance,
at 2200 K and -0 GPa, ACF decays to zero only after ~10 ps of simula-
tion time. Yet, the ACF at high pressures along any explored isotherm
does not converge within our simulation timescales.

In basaltic melt, the self-diffusion coefficients of cations Ca and
Mg are larger compared to the self-diffusion coefficients of cations Al
and Si, and anion O along each explored isotherm (Supplementary
Fig. S4). Magnesium is the fastest species followed by calcium and
silicon is the slowest species. The diffusivities follow the order
Dpig> Dca> Do > Dy > Dy;. Self-diffusion coefficients of Ca and Mg both
decrease with increasing pressure along all explored isotherms. How-
ever, the diffusivity of Al, Si, and O at the lower temperature of 2200 K
show positive pressure dependence at lower pressure up to -8 GPa.
This behavior is similar to previous work on polymerized aluminosili-
cate melt>*®>*> as well as depolymerized melt such as MgSiOs at lower
temperatures®*. A comparison of our results with previous LDA results

shows that the self-diffusion coefficients of all species are almost
insensitive to the choice of the exchange correlation functional.
Compared to the recent GGA simulations*®, our diffusivity results are
slightly higher but follow a similar trend along 2200 K isotherm but we
do not find an increase in diffusivity at ~60 GPa and 3000 K (Supple-
mentary Fig. 4).

We find that the pressure dependence of viscosity for the basaltic
melt is also sensitive to temperature. Along the 2200 K isotherm, the
viscosity decreases with increasing pressure up to ~6 GPa (Fig. 3).
Beyond this pressure, the viscosity begins to increase with continued
compression. Yet, at temperatures >3000 K, we do not notice any
negative pressure dependence of viscosity, i.e., the viscosity generally
increases upon compression (Fig. 3). At 3000 K, viscosity increases
gradually at lower pressures up to -7 GPa and then increases more
rapidly with further compression. Along the highest temperature
explored in this study, i.e., 4000 K, viscosity increases more rapidly
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Fig. 3 | Melt viscosity as a function of pressure. The viscosity of model basaltic
melt along different isotherms: 4000 K (filled red circles), 3000K (filled purple
circles), and 2200K (filled cyan circles) as a function of pressure (this study, GGA).
The solid curves represent a modified VFT model (Eq. 2) at 4000 K (red), 3000 K
(purple), and 2200 K (cyan). Open circles with crosses are the calculated results
that are not converged. Blue and purple shaded vertical lines in selected pressures
show the viscosity calculation using various simulation times (in picoseconds) as
indicated in the color bar in the figure. Filled purple squares, blue filled downward
facing triangles, and filled yellow diamonds are the experimental viscosity data for
multi-component silicate melts: MORB (S13)*, alkali basalt (B22)*, and peridotite
(X21)', respectively. Error in viscosities represents +10 uncertainties.

upon compression at lower pressures. However, the effect of pressure
on viscosity at high pressures becomes stronger along low-
temperature isotherms.

For the entire mantle pressure range of 0-137 GPa and tempera-
tures explored in this study (2200-4000K), we use the modified
Vogel-Fulcher-Tammann (VFT) equation®® (Eq. 2) to model the com-
bined pressure and temperature dependence of viscosity:

B
Np,r = €Xp {A + m] 2
where A=a+bP+cP* and B=d+eP+fP* with a = -6.8+02, b =
0.03 £ 0.006, c = -0.0012 + 0.00013, d = 2241+ 621, e = -33.5+15, f =
3.5+0.5, and Tyrr = 1527 £ 121 K. The decrease in viscosity with com-
pression at low pressures and low temperatures has also been reported
in other polymerized silicate melts in prior computational**+¢66-68
and experimental®?"*¢ studies (Fig. 3). We find that the minima in the
anomalous pressure dependence of viscosity depend on the tem-
perature and the degree of polymerization of silicate melts. Studies on
aluminosilicate melts indicated that such minima were at -8 GPa at
2500 K which is relatively higher than typical experiments*®. Most of
the experimental studies that are confined to temperatures below
2100 K show the minima in the anomalous pressure dependence of
viscosity around 5 GPa*~"*, Although prior experiments on depoly-
merized melts indicated a continuous increase of viscosity with
increasing pressure, more recent experiments reported a reduction in
viscosity with increasing pressure in the depolymerized melts with
pyroxene and peridotite compositions'®***,

Our FPMD results compare well with the previously predicted
viscosity of the basaltic, diopside, and anorthite melts (Supplementary
Fig. $5)*+%7°, Some discrepancies are likely because of differences in
exchange-correlation functionals. Most prior studies have used LDA
for electron exchange-correlation****’°, In this study, we used the GGA
method for exchange-correlation functionals. For a constant volume,
LDA tends to underestimate pressure compared to GGA (Fig. 1). This
difference in the predicted pressure is also reflected in the difference

in the viscosity. We note that the LDA-based viscosity tends to be
higher than the GGA-based viscosity along an isotherm which can be
generally attributed to the over-binding nature of LDA (Supplementary
Fig. S5). However, when considered as a function of density, the effects
of exchange-correlation functional on melt viscosity are almost neg-
ligible (Supplementary Fig. S6). We also find that the effect of com-
position on the viscosity of silicate melt with similar SiO, content is
rather small (Supplementary Figs. S5, S6).

Our calculated results are in good agreement with the viscosity of
MORB melts obtained using the falling sphere method® and classical
MD simulations***” (Fig. 3, Supplementary Fig. S5). At 2200 K we find
that melt viscosity continuously increases with increasing pressure
after the viscosity reversal at ~6 GPa. For statistically converged and
fully molten simulations at high pressures along all explored isotherms
(2200, 3000, and 4000 K), our results indicate that viscosity increases
continually with pressure without a second reversal at high pressure as
reported in a previous study*®. Melting and phase relation experiments
on MORB indicate that solidification is likely to occur at >30 GPa at
<2200 K. Even with the experimentally determined high solidus tem-
peratures (7 =3000 K™), basalt is likely to solidify at P> 60 GPa. In our
study, statistical convergence was not achieved even after 350-400 ps
of simulation time for P >~30 GPa along the 2200 K isotherm (Fig. 2).
Similarly, we were unable to obtain statistical convergence for
P>~60GPa along the 3000K isotherm (Fig. 2). A previous study
documenting the reduction of viscosity at high pressures speculated
that an increase in 5, and 7-fold coordinated T-O (T = Al and/or Si) and
increasing M-O (M = Ca and/or Mg) coordination with the number of
non-bridging oxygens (NBO) as the primary cause for the reduction of
viscosity at high pressures*®. Our results show a continuous decrease
of NBOs with increasing pressure along all isotherms (Supplemen-
tary Fig. S3).

Statistical convergence of transport properties

To further explore the effects of statistical convergence on viscosity,
we evaluated the melt viscosity at various simulation timescales. We
find that using longer simulation timescales yields higher viscosities
compared to the shorter simulation timescales (Fig. 3, Supplementary
Fig. S7). We also notice that the simulation time has little or no effect
on viscosity after a threshold timescale which occurs after statistical
convergence is achieved. For example, the calculated viscosity of the
basaltic melt at -0 GPa and 2200 K calculated using 10 ps of simulation
time is 0.0066 Pa.s whereas the viscosity calculated using 40 ps of
simulation time is 0.031 Pa.s. From the simulation time of 40-120 ps,
the viscosity remains constant within an error (Supplementary Fig. S7).
Similarly at 33.7 GPa and 2200 K, the viscosity increases by nearly one
order of magnitude from 25 to 150 ps and remains unchanged for the
rest of the simulation time of 350 ps. However, for non-converged
simulations at high-pressure conditions, the melt viscosity continues
to increase with increasing simulation time within our simulation
timescales and thus requires very long simulation times to become
constant (Supplementary Fig. S7). For instance, our viscosity estimated
from one ~360 ps run at47.3 GPa and 2200 K is 5.3 Pa.s. The VFT model
predicts the viscosity at 47.3 GPa to be >100 Pa.s (Eq. 2) and thus to
have a reliable estimate of the viscosity of melt at this condition, a
simulation time >8000 ps (8 ns) is required (Supplementary Fig. S7).
An alternate method to estimate the required simulation time is by
considering the Maxwell relation for the relaxation time (T ) for
viscous flow, where T ¢, = % with n being the viscosity of the melt
and G.. being the shear modulus at a fully relaxed timescale. It is esti-
mated that at fully relaxed timescales, G.. = 10'° Pa’%. Thus, T, fOr the
fully relaxed viscous melt with =100 Pa.s requires ~10 ns of simula-
tion time. For an FPMD simulation with more than 200 atoms, it is
often unrealistic to simulate for nanoseconds timescale to obtain fully
converged results on the transport properties of a viscous melt. Thus,
under these conditions, with shorter simulation timescales, the
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modified Vogel-Fulcher-Tammann (VFT) model (Eq. 2) along corresponding tem-
perature profiles in panel (a). Symbols represent previous experimental data for
alkali basalt melt (circles)* and peridotite melt (diamonds)™° along the liquidus.

viscosity results are likely to have large uncertainties and we do not use
such results in our analysis and discussion. Moreover, these high-
pressure conditions lie within the P-T region of the phase diagram
where solid phases are likely to be stable, which makes the melt visc-
osity at those conditions less meaningful (Fig. 3).

Implications for crystallization of magma ocean
Along all isotherms, the viscosity of the basaltic melt increases with
increasing pressure for most of the mantle pressure regime (Fig. 3).
Temperature increases concurrently with pressure along all the tem-
perature profiles of mantle relevance’”>°, During the Archean and
Hadean eons, the mantle could have been much hotter following major
impacts and radioactive heating’®”’. To examine the effect of a geo-
thermal gradient on the viscosity of the magma ocean, we extrapolated
the viscosity of our basaltic melt to P-T conditions along possible
magma ocean isentropes’”>"*7% ysing the modified VTF function
(Eq. 2). Along any magma ocean temperature profile, the viscosity of
the basaltic melt varies non-monotonically with pressure (Fig. 4). The
viscosity decreases up to pressures of 8 GPa, which is then followed by
an increase in viscosity up to mid-mantle pressure of 70 GPa. There-
after the viscosity decreases up to the deep mantle pressure of 136 GPa
(Fig. 4). The negative pressure dependence of viscosity up to ~8 GPa in
our study implies that the magma ocean at a shallower depthiis likely to
cool faster than previously estimated, assuming an identical thermally
conductive lid since the cooling rate of the magma ocean is inversely
proportional to its viscosity®*”*%, The viscosity (r7) minima at this depth
could also have implications in modern Earth as the viscosity of melt
has a significant influence on melt mobility (Ap/n)®*2. Here, the Ap is
the density contrast between the silicate melt and the surrounding
mantle. The melt mobility is expected to be high at a depth where the
viscosity is minimum. We have extrapolated viscosity to a lower tem-
perature relevant for LAB and we find viscosity at depth is lower than at
the surface®*. An upwelling silicate melt with increasing viscosity
could thus experience long residence times at a shallower region than
the depth of the viscosity minimum. Longer residence times indicate
that an upwelling melt is more likely to pond thereby sustaining a
partial melt layer, which could explain the seismic anomaly at the
lithosphere and asthenosphere boundary (LAB)*"#"%3,

For a completely molten magma ocean at mid-mantle depths, i.e.,
pressure around 70 GPa, the temperature is around 4000K for both

the magma ocean adiabat” and MORB liquidus” (Fig. 4). Based on our
results, the viscosity of basaltic magma at such mid-mantle conditions
is ~0.027 Pa.s which is smaller than the viscosity of MgSiO; melt
(0.048 Pa.s) at similar conditions®*°, The difference in viscosity could
be due to the pressure difference induced by the different exchange-
correlation functionals used by the previous and present studies. We
find the viscosities of the basaltic melt and MgSiO; melt as a function of
density are almost identical (Supplementary Fig. S6). Using the visc-
osity from our study, we estimate the critical parameters for a dyna-
mical convection model of a magma ocean, including the Rayleigh and
Prandtl number given by, Ra = (apg(Ty — Ts)L?)/(kn) and Pr=(n)/(px),
respectively. Here T, is the mantle potential temperature, i.e., the
lowest temperature at which the mantle would be completely molten,
and Ts is a surface temperature set by the dense atmosphere sur-
rounding the magma ocean of early Earth*’. We estimate R, and P, by
using Ty, = 2500 K and Ts =1000 K*. For the viscosity (17), density (p),
and thermal expansivity (@), we use the values from this study assuming
the depth scale (L) of 3000 km. The g and « are acceleration due to
gravity and thermal diffusivity, respectively. Thermal diffusivity (k) can
be estimated using k/(pCp). We adopt the value of thermal conductivity
k =2.8 Wm™K™ at 70 GPa and 4000 K from a recent study®* and the
specific heat (Cp) from our simulations. The estimated values of R, and
P, are 10* and 15, respectively, at mid-mantle depth which indicates
turbulent convection in the magma ocean. Such convection is likely to
significantly influence the crystal settling in the magma ocean*®®, The
lifetime of the magma ocean is influenced by the viscosity of its con-
stituent silicate melt. The previous estimation for the cooling time of a
magma ocean varies significantly, ranging from a few to hundreds of
millions of years. Prior geodynamical model using a viscosity of
100 Pa.s estimated that the magma ocean could have survived for
~100-200 Ma’. Nevertheless, based on our results, the magma ocean
viscosity could be several orders of magnitude lower than 100 Pa.s
(Fig. 4). Recently, the timescales of the magma ocean have been revised
to a few million years using a more realistic viscosity of 0.1 Pa.s**%, Our
results on melt viscosity along potential magma ocean temperature
profiles indicate the magma ocean viscosity is ~0.01-0.03 Pa.s for the
entire magma ocean, which shows that the cooling times of the magma
ocean could be even faster than a few million years (Fig. 4). However, in
addition to the influence of viscosity, partial crystallization of the
magma ocean and the presence of an insulating atmosphere may also
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increase the cooling time of the magma ocean by many orders of
magnitude’’>%¢% Crystallization of the magma ocean is predicted to
begin in the middle of the mantle where the turbulent flow and visc-
osity of the magma ocean could alter the settling of crystals®.

The geochemical signature from the oceanic island basalts, mantle
source rocks, and chondritic meteorites often hint toward prevalent
heterogeneity in the present-day mantle®*°. The crystallization of the
magma ocean could have played a significant role in the creation of the
inferred geochemical heterogeneity in the mantle'®*°. If the early Earth
was significantly heterogenous, the magma ocean stage should have
been followed by a fractional crystallization*”*°. However, if the equi-
librium solidification of the magma ocean is considered, chemical
heterogeneity should be added to the mantle much later than the early
crystallization of the magma ocean®. Thus, the nature of the solidifi-
cation of the magma ocean can be estimated from the ratio of the grain
size of minerals in the magma ocean to the critical grain size'>* i.e., the
maximum size of grains that can float in the magma ocean. If this ratio is
larger than 1, the magma ocean likely followed a fractional crystal-
lization pathway. In contrast, for the grain size ratio smaller than one,
the magma ocean solidification likely followed an equilibrium crystal-
lization. The grain size of minerals crystallized from the magma ocean is
largely controlled by the viscosity of the magma ocean’. A recent
geochemical model based on the low viscosity of peridotitic melt that
ranges from 0.038 to 0.017 Pa.s and the insulating atmospheric blan-
keting effect concluded that the solidification of the magma ocean was
fractional up to 700 km'. Our results on basaltic melt viscosity are
similar to that of the peridotitic melt at pressures up to ~25 GPa (Fig. 3).
Due to the higher liquidus temperature of basalt compared to that of
peridotite, the viscosity of basaltic melt along potential magma ocean
temperature is lower than the peridotitic melt and it decreases further
below 1000 km (Fig. 4)'°7*">7*, The low viscosities of our basaltic melts
support a similar hypothesis of fractional crystallization of the magma
ocean as a source of mantle heterogeneity®**’.

Methods

First-principles molecular dynamics simulation

First-principles molecular dynamics simulations were employed to
study the transport properties of silicate melts with a model
basaltic composition. Model basalt is the eutectic composition
of 36 mol% anorthite and 64 mol% diopside (with an overall composi-
tion of CaypMgAleSiyyO14g) which has also been studied
extensively*s*+¢5+5% In terms of the weight percentage of oxides,
model basaltic melt contains 23.5 wt% Ca0, 10.7 wt% MgO, 15.5 wt%
Al,03, and 50.3 wt% SiO,. We used 244 atoms in simulation supercells.
We used generalized gradient approximation (GGA) for the exchange-
correlation functional as implemented in the Vienna Ab initio simula-
tion package (VASP)”*. The simulations were set using an NVT
ensemble, where the number of particles (N), the volume (V), and the
temperature (7) of the system remain constant. Simulations were run
using the projector augmented wave (PAW) method to compute the
interatomic forces’. A constant temperature in the simulation was
maintained using the Nosé-Hoover thermostat®’. We set the kinetic
energy cut-off of the plane wave to 400 eV and the Brillouin zone
sampling to the gamma point. Pulay stress of 2.9-7.2 GPa over the
volume range considered in this study was added to the calculated
pressures to correct the effect of a finite energy cut-off.

To obtain an equilibrated melt structure, the starting configura-
tion can either be well-equilibrated at higher temperatures or lower
densities. After initial equilibration the temperature is lowered*** or
the melt structure is gradually compressed to greater densities™’.
The high temperatures and lower densities help enhance the mobility
of the atoms and thus equilibrate the structure quickly during the
simulations. We began our simulations at a high temperature of
>6000 K for ~100 picoseconds (ps) to obtain a well-equilibrated melt
structure. Then the temperature of the melt was decreased at constant

volume (isochore) to desired lower temperatures, i.e., 4000, 3000,
and 2200 K. The simulations were performed for ~-100-400 ps based
on volume-temperature conditions using time steps of 2 femtose-
conds (fs). The simulations at high temperatures of 4000 K are highly
relevant for the high-temperature conditions of the early Earth magma
ocean®”. At lower temperatures, i.e., 2200 K, and high pressures, long
simulations up to 400 ps were performed to ensure the required sta-
tistical convergence of the results. Typical FPMD simulation times are
~100 ps with the longest reported simulation duration of 240 ps*"*¢.

Effect of simulation cell size on the properties of melt

To evaluate the effect of finite supercell size (244 atoms), we simulated
basaltic melt with 122 atoms, 244 atoms, 366 atoms, and 488 atoms,
respectively. The result of the cell size test shows that the calculated
energy and pressure remain largely unaffected by the system size
(Supplementary Fig. S8). We note that the viscosity of the basaltic melt
is insensitive to the different cell sizes considered in this study (Sup-
plementary Fig. S9), which is consistent with a recent finding of a
negligible size effect on the viscosity of MgSiO; melt using deep
potentials-based molecular dynamics simulations®. However, we find
that the self-diffusion is sensitive to the size of the simulation cell
(Supplementary Fig. S10). We applied the required correction to dif-
fusivity following the scheme proposed in the previous study*'®
which showed that self-diffusion of water from MD simulation
increased as a linear function of N3, where N represents the number
of atoms in the simulation cell (Supplementary Fig. S10).

Transport properties

We used the blocking method to determine the uncertainty in the
pressure from the standard deviation on the pressure fluctuations'".
At each pressure and temperature condition, we examined the mean
square displacement (MSD) and the radial distribution function (RDF)
to ensure the melt was in a fully liquid state during the simulation
(Fig. 2, Supplementary Fig. S1, Supplementary Data 1). The self-
diffusion coefficient of individual species was estimated from the
motion of all atoms using the Einstein formulation (Eq. 3)

N
b= 'ZT% G/ZI {rife+to] - ri[t01}2> 3
The terms inside the parenthesis refer to the MSD, where r; and r;
[t + ¢o] refer to the position of the ith atom at time ¢, and its position
after a later time ¢.
We used the Green-Kubo relation to estimate the viscosity (1) of
silicate melt (Eq. 4)°°.

nzﬁ/:((%P“ﬂ(t°+5t)-Paﬁ(fo)>>df 4)

where, Pygis the symmetrized traceless portion of the stress tensor g,z
from each simulation step given by Pys=3(045+0p,) — 36,5 0p0)-
Here, 6,4 is the Kronecker delta. We use both the off-diagonal and
diagonal components of the stress tensor with weighting factors of 1
and 4/3, respectively, to calculate the melt viscosity (Supplementary
Fig. S11)'°'%, The integrand is a stress autocorrelation function (ACF),
which is averaged over time with different origins, ¢, for better
statistics. Our long simulation durations ensured the ACF was fully
converged, i.e., decays to zero before we calculated the melt viscosity.

Data availability

All the data used in this study are presented in the main paper or in the
Supplementary Information and Supplementary Data 1. The processed
data used to produce figures are deposited in Supplementary Data 1.
The parameters used in the simulation are described in the “Methods”
section.

Nature Communications | (2022)13:7590



Article

https://doi.org/10.1038/s41467-022-35171-y

Code availability

Simulations were performed using the Vienna ab initio simulation
package (VASP) software. More details on the simulation package are
available at https://www.vasp.at/.

References

1.

10.

M.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Elkins-Tanton, L. T. Magma oceans in the inner solar system. Annu.
Rev. Earth Planet. Sci. 40, 113-139 (2012).

Schaefer, L. & Elkins-Tanton, L. T. Magma oceans as a critical stage
in the tectonic development of rocky planets. Philos. Trans. R. Soc.
A: Math., Phys. Eng. Sci. 376, 20180109 (2018).

Abe, Y. Thermal and chemical evolution of the terrestrial magma
ocean. Phys. Earth Planet. Inter. 100, 27-39 (1997).

Canup, R. M. Forming a Moon with an Earth-like composition via a
giant impact. Science 338, 1052-1055 (2012).

Rubie, D. C. et al. Heterogeneous accretion, composition and
core-mantle differentiation of the Earth. Earth Planet. Sci. Lett.
301, 31-42 (20M).

Rubie, D. C. & Jacobson, S. A. in Deep Earth: Physics and Chemistry
of the Lower Mantle and Core 1-20 (2015).

Solomatov, V. S. Magma oceans and primordial mantle differ-
entiation. Treatise Geophysics 9, 91-120 (2007).

Monteux, J., Andrault, D. & Samuel, H. On the cooling of a deep
terrestrial magma ocean. Earth Planet. Sci. Lett. 448,

140-149 (2016).

Wacheul, J.-B., Le Bars, M., Monteux, J. & Aurnou, J. M. Laboratory
experiments on the breakup of liquid metal diapirs. Earth Planet.
Sci. Lett. 403, 236-245 (2014).

Xie, L. et al. Direct viscosity measurement of peridotite melt to
lower-mantle conditions: a further support for a fractional magma-
ocean solidification at the top of the lower mantle. Geophys. Res.
Lett. 48, €2021GL094507 (2021).

Naif, S., Key, K., Constable, S. & Evans, R. Melt-rich channel
observed at the lithosphere-asthenosphere boundary. Nature
495, 356-359 (2013).

Tauzin, B., Debayle, E. & Wittlinger, G. Seismic evidence for a
global low-velocity layer within the Earth’s upper mantle. Nat.
Geosci. 3, 718-721 (2010).

Williams, Q. & Garnero, E. J. Seismic evidence for partial
melt at the base of Earth’s mantle. Science 273,

1528-1530 (1996).

Freitas, D. et al. Experimental evidence supporting a global melt
layer at the base of the Earth’s upper mantle. Nat. Commun. 8,
2186 (2017).

Toffelmier, D. A. & Tyburczy, J. A. Electromagnetic detection of a
410-km-deep melt layer in the southwestern United States. Nature
447, 991-994 (2007).

Foley, S. F. & Pintér, Z. Primary melt compositions in the Earth’s
mantle. in Magmas Under Pressure 3-42 (2018).

Hawkesworth, C. et al. The generation and evolution of the con-
tinental crust. J. Geol. Soc. 167, 229-248 (2010).

Ricolleau, A. et al. Phase relations and equation of state of a natural
MORB: implications for the density profile of subducted oceanic
crust in the Earth’s lower mantle. J. Geophys.[ Res.: Solid Earth 115,
B08202 (2010).

Ohta, K., Hirose, K., Lay, T., Sata, N. & Ohishi, Y. Phase transitions in
pyrolite and MORB at lowermost mantle conditions: implications
for a MORB-rich pile above the core-mantle boundary. Earth Pla-
net. Sci. Lett. 267, 107-117 (2008).

Herzberg, C. et al. Nickel and helium evidence for melt above the
core-mantle boundary. Nature 493, 393-397 (2013).

Rost, S., Garnero, E. J., Williams, Q. & Manga, M. Seismological
constraints on a possible plume root at the core-mantle bound-
ary. Nature 435, 666-669 (2005).

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

French, S. W. & Romanowicz, B. Broad plumes rooted at the base
of the Earth’s mantle beneath major hotspots. Nature 525,
95-99 (2015).

Labrosse, S., Hernlund, J. & Coltice, N. A crystallizing dense
magma ocean at the base of the Earth’s mantle. Nature 450,
866-869 (2007).

Boyet, M. & Carlson, R. W.2Nd evidence for early (>4.53 Ga) global
differentiation of the silicate Earth. Science 309, 576-581 (2005).
Hirose, K., Shimizu, N., van Westrenen, W. & Fei, Y. Trace element
partitioning in Earth’s lower mantle and implications for geo-
chemical consequences of partial melting at the core-mantle
boundary. Phys. Earth Planet. Inter. 146, 249-260 (2004).
Cochain, B., Sanloup, C., Leroy, C. & Kono, Y. Viscosity of mafic
magmas at high pressures. Geophys. Res. Lett. 44, 818-826 (2017).
Suzuki, A., Ohtani, E., Funakoshi, K., Terasaki, H. & Kubo, T. Visc-
osity of albite melt at high pressure and high temperature. Phys.
Chem. Miner. 29, 159-165 (2002).

Reid, J. E. et al. The viscosity of CaMgSi,Og liquid at pressures up
to 13 GPa. Phys. Earth Planet. Inter. 139, 45-54 (2003).

Suzuki, A. et al. Pressure and temperature dependence of the
viscosity of a NaAlSi,Og melt. Phys. Chem. Miner. 38, 59-64 (2011).
Xie, L. et al. Formation of bridgmanite-enriched layer at the top
lower-mantle during magma ocean solidification. Nat. Commun.
11, 1-10 (2020).

Sakamaki, T. et al. Ponded melt at the boundary between the
lithosphere and asthenosphere. Nat. Geosci. 6, 1041-1044 (2013).
Liebske, C. et al. Viscosity of peridotite liquid up to 13 GPa:
implications for magma ocean viscosities. Earth Planet. Sci. Lett.
240, 589-604 (2005).

Tinker, D., Lesher, C. E., Baxter, G. M., Uchida, T. & Wang, Y. High-
pressure viscometry of polymerized silicate melts and limitations
of the Eyring equation. Am. Mineralogist 89, 1701-1708 (2004).
Bonechi, B. et al. Experimental measurements of the viscosity and
melt structure of alkali basalts at high pressure and temperature.
Sci. Rep. 12, 1-12 (2022).

Luo, H., Karki, B. B., Ghosh, D. B. & Bao, H. Anomalous behavior of
viscosity and electrical conductivity of MgSiOs; melt at mantle
conditions. Geophys. Res. Lett. 48, e2021GL0O93573 (2021).
Wang, Y. et al. Atomistic insight into viscosity and density of sili-
cate melts under pressure. Nat. Commun. 5, 3241 (2014).
Sanloup, C. et al. Structural change in molten basalt at deep
mantle conditions. Nature 503, 104-107 (2013).

Bajgain, S., Ghosh, D. B. & Karki, B. B. Structure and density of
basaltic melts at mantle conditions from first-principles simula-
tions. Nat. Commun. 6, 9578 (2015).

Petitgirard, S. et al. Magma properties at deep Earth’s conditions
from electronic structure of silica. Geochem. Perspect. Lett. 9,
32-37 (2019).

Karki, B. B. & Stixrude, L. P. Viscosity of MgSiO5 liquid at Earth’s
mantle conditions: implications for an early magma ocean. Sci-
ence 328, 740-742 (2010).

Ghosh, D. B. & Karki, B. B. Transport properties of carbonated
silicate melt at high pressure. Sci. Adv. 3, 1701840 (2017).
Guillot, B. & Sator, N. A computer simulation study of natural sili-
cate melts. Part II: high pressure properties. Geochim. Cosmo-
chim. Acta 71, 4538-4556 (2007).

Dufils, T., Folliet, N., Mantisi, B., Sator, N. & Guillot, B. Properties of
magmatic liquids by molecular dynamics simulation: the example
of a MORB melt. Chem. Geol. 461, 34-46 (2017).

Karki, B. B., Ghosh, D. B. & Bajgain, S. K. Simulation of silicate melts
under pressure. in Magmas Under Pressure 419-453 (2018).
Bajgain, S. K. & Mookherjee, M. Carbon bearing aluminosilicate
melt at high pressure. Geochim. Cosmochim. Acta 312,

106-123 (2021).

Nature Communications | (2022)13:7590


https://www.vasp.at/

Article

https://doi.org/10.1038/s41467-022-35171-y

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Majumdar, A., Wu, M., Pan, Y., litaka, T. & John, S. T. Structural
dynamics of basaltic melt at mantle conditions with implications
for magma oceans and superplumes. Nat. Commun. 1,

1-9 (2020).

Hamano, K., Abe, Y. & Genda, H. Emergence of two types of ter-
restrial planet on solidification of magma ocean. Nature 497,
607-610 (2013).

Lebrun, T. et al. Thermal evolution of an early magma ocean in
interaction with the atmosphere. J. Geophys. Res.: Planets 118,
1155-1176 (2013).

Ito, E., Kubo, A., Katsura, T. & Walter, M. Melting experiments of
mantle materials under lower mantle conditions with implications
for magma ocean differentiation. Phys. Earth Planet. Inter. 143,
397-406 (2004).

Liebske, C., Corgne, A., Frost, D. J., Rubie, D. C. & Wood, B. J.
Compositional effects on element partitioning between Mg-
silicate perovskite and silicate melts. Contributions Mineral. Petrol.
149, 113-128 (2005).

Hofmann, A. W. Mantle geochemistry: the message from oceanic
volcanism. Nature 385, 219-229 (1997).

Agee, C. B. Crystal-liquid density inversions in terrestrial and lunar
magmas. Phys. Earth Planet. Inter. 107, 63-74 (1998).

Ohtani, E. & Maeda, M. Density of basaltic melt at high pressure
and stability of the melt at the base of the lower mantle. Earth
Planet. Sci. Lett. 193, 69-75 (2001).

Asimow, P. D. & Ahrens, T. J. Shock compression of liquid silicates
t0 125 GPa: the anorthite-diopside join. J. Geophys. Res: Solid Earth
115, B10209 (2010).

Rigden, S. M., Ahrens, T. J. & Stolper, E. M. Shock compression of
molten silicate: results for a model basaltic composition. J. Geo-
phys. Res: Solid. Earth 93, 367-382 (1988).

Bajgain, S. & Mookherjee, M. Structure and properties of albite
melt at high pressures. ACS Earth Space Chem. 4, 1-13 (2020).
Duffy, T. S. & Anderson, D. L. Seismic velocities in mantle minerals
and the mineralogy of the upper mantle. J. Geophys. Res.: Solid.
Earth 94, 1895-1912 (1989).

Stixrude, L. & Lithgow-Bertelloni, C. Thermal expansivity, heat
capacity and bulk modulus of the mantle. Geophys. J. Int. 228,
1119-1149 (2022).

Karki, B. B. First-principles computation of mantle materials in
crystalline and amorphous phases. Phys. Earth Planet. Inter. 240,
43-69 (2015).

Allen, M. & Tildesley, D. Computer Simulation of Liquids 385
(Clarendon, 1987).

Rivers, M. L. & Carmichael, I. S. Ultrasonic studies of silicate melts.
J. Geophys. Res.: Solid. Earth 92, 9247-9270 (1987).

Bajgain, S., Peng, Y., Mookherjee, M., Jing, Z. & Solomon, M.
Properties of hydrous aluminosilicate melt at high pressures. ACS
Earth Space Chem. 3, 390-402 (2019).

Poe, B. T. et al. Silicon and oxygen self-diffusivities in silicate
liguids measured to 15 gigapascals and 2800 Kelvin. Science 276,
1245-1248 (1997).

Luo, H., Karki, B. B., Ghosh, D. B. & Bao, H. Deep neural network
potentials for diffusional lithium isotope fractionation in silicate
melts. Geochim. Cosmoch. Acta 303, 38-50 (2021).

Harris, K. R., Woolf, L. A. & Kanakubo, M. Temperature and pres-
sure dependence of the viscosity of the ionic liquid 1-butyl-3-
methylimidazolium hexafluorophosphate. J. Chem. Eng. Data 50,
1777-1782 (2005).

Karki, B. B. & Stixrude, L. First-principles study of enhancement of
transport properties of silica melt by water. Phys. Rev. Lett. 104,
744-751 (2010).

Dufils, T., Sator, N. & Guillot, B. A comprehensive molecular
dynamics simulation study of hydrous magmatic liquids. Chem.
Geol. 533, 119300 (2020).

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Bauchy, M., Guillot, B., Micoulaut, M. & Sator, N. Viscosity and
viscosity anomalies of model silicates and magmas: a numerical
investigation. Chem. Geol. 346, 47-56 (2013).

Verma, A. K. & Karki, B. B. First-principles study of self-diffusion
and viscous flow in diopside (CaMgSi,Og) liquid. Am. Mineralogist
97, 2049-2055 (2012).

Karki, B. B., Bohara, B. & Stixrude, L. First-principles study of dif-
fusion and viscosity of anorthite (CaAl,Si,Og) liquid at high pres-
sure. Am. Mineralogist 96, 744-751 (2011).

Andrault, D. et al. Melting of subducted basalt at the core-mantle
boundary. Science 344, 892-895 (2014).

Dingwell, D. B. & Webb, S. L. Structural relaxation in silicate melts
and non-Newtonian melt rheology in geologic processes. Phys.
Chem. Miner. 16, 508-516 (1989).

Stixrude, L., de Koker, N., Sun, N., Mookherjee, M. & Karki, B. B.
Thermodynamics of silicate liquids in the deep Earth. Earth Planet.
Sci. Lett. 278, 226-232 (2009).

Thomas, C. W. & Asimow, P. D. Direct shock compression
experiments on premolten forsterite and progress toward a
consistent high-pressure equation of state for CaO-MgO-
Al,O3-Si0,-FeO liquids. J. Geophys. Res.: Solid. Earth 118,
5738-5752 (2013).

Mosenfelder, J. L., Asimow, P. D., Frost, D. J., Rubie, D. C. & Ahrens,
T. J. The MgSiO3 system at high pressure: thermodynamic prop-
erties of perovskite, postperovskite, and melt from global inver-
sion of shock and static compression data. J. Geophys. Res.: Solid
Earth 114, BO1203 (2009).

Nakajima, M. & Stevenson, D. J. Melting and mixing states of the
Earth’s mantle after the Moon-forming impact. Earth Planet. Sci.
Lett. 427, 286-295 (2015).

Herzberg, C., Condie, K. & Korenaga, J. Thermal history of the
Earth and its petrological expression. Earth Planet. Sci. Lett. 292,
79-88 (2010).

Pradhan, G. K. et al. Melting of MORB at core-mantle boundary.
Earth Planet. Sci. Lett. 431, 247-255 (2015).

Yasuda, A., Fujii, T. & Kurita, K. Melting phase relations of an
anhydrous mid-ocean ridge basalt from 3 to 20 GPa: Implications
for the behavior of subducted oceanic crust in the mantle. J.
Geophys. Res.: Solid. Earth 99, 9401-9414 (1994).

Hirose, K., Fei, Y., Ma, Y. & Mao, H.-K. The fate of subducted
basaltic crust in the Earth’s lower mantle. Nature 397,

53-56 (1999).

Chantel, J. et al. Experimental evidence supports mantle partial
melting in the asthenosphere. Sci. Adv. 2, €1600246 (2016).
Stolper, E., Walker, D., Hager, B. H. & Hays, J. F. Melt segregation
from partially molten source regions: the importance of melt
density and source region size. J. Geophys. Res.: Solid. Earth 86,
6261-6271 (1981).

Crépisson, C. et al. Magmas trapped at the continental
lithosphere-asthenosphere boundary. Earth Planet. Sci. Lett. 393,
105-112 (2014).

Deng, J. & Stixrude, L. Thermal conductivity of silicate liquid
determined by machine learning potentials. Geophys. Res. Lett.
48, €2021GL0O93806 (2021).

Shraiman, B. I. & Siggia, E. D. Heat transport in high-Rayleigh-
number convection. Phys. Rev. A 42, 3650 (1990).

Elkins-Tanton, L. T. Linked magma ocean solidification and atmo-
spheric growth for Earth and Mars. Earth Planet. Sci. Lett. 271,
181-191 (2008).

Maurice, M. et al. Onset of solid-state mantle convection and
mixing during magma ocean solidification. J. Geophys. Res.: Pla-
nets 122, 577-598 (2017).

Touboul, M., Puchtel, I. S. & Walker, R. J. 182W evidence for long-
term preservation of early mantle differentiation products. science
335, 1065-1069 (2012).

Nature Communications | (2022)13:7590



Article

https://doi.org/10.1038/s41467-022-35171-y

89. Williams, C. D. & Mukhopadhyay, S. Capture of nebular gases
during Earth’s accretion is preserved in deep-mantle neon. Nature
565, 78-81(2019).

90. Vuilleumier, R., Sator, N. & Guillot, B. Computer modeling of nat-
ural silicate melts: What can we learn from ab initio simulations.
Geochim. Cosmochim. Acta 73, 6313-6339 (2009).

91. Hohenberg, P. & Kohn, W. Inhomogeneous electron gas. Phys.
Rev. 136, B864-B871 (1964).

92.  Mermin, N. D. Thermal properties of the inhomogeneous electron
gas. Phys. Rev. 137, A1441 (1965).

93. Kresse, G. & Furthmiiller, J. Efficiency of ab-initio total energy
calculations for metals and semiconductors using a plane-wave
basis set. Comput. Mater. Sci. 6, 15-50 (1996).

94. Kresse, G. & Hafner, J. Ab initio molecular dynamics for liquid
metals. Phys. Rev. B 47, 558-561 (1993).

95. Perdew, J. P, Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77,

3865-3868 (1996).

96. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 50,
17953 (1994).

97. Nosé, S. A unified formulation of the constant temperature
molecular dynamics methods. J. Chem. Phys. 81, 511-519 (1984).

98. Solomatova, N. V., Caracas, R. & Manning, C. E. Carbon seques-
tration during core formation implied by complex carbon poly-
merization. Nat. Commun. 10, 789 (2019).

99. Caracas, R., Hirose, K., Nomura, R. & Ballmer, M. D. Melt-crystal

density crossover in a deep magma ocean. Earth Planet. Sci. Lett.

516, 202-211 (2019).

Yeh, I.-C. & Hummer, G. System-size dependence of diffusion

coefficients and viscosities from molecular dynamics simulations

with periodic boundary conditions. J. Phys. Chem. B 108,

15873-15879 (2004).

101.  Flyvbjerg, H. & Petersen, H. G. Error estimates on averages of

correlated data. J. Chem. Phys. 91, 461-466 (1989).

Nevins, D. & Spera, F. Accurate computation of shear viscosity

from equilibrium molecular dynamics simulations. Mol. Simul. 33,

1261-1266 (2007).

Chen, T., Smit, B. & Bell, A. T. Are pressure fluctuation-based

equilibrium methods really worse than nonequilibrium

methods for calculating viscosities? J. Chem. Phys. 131,

246101 (2009).

Solomatova, N. V. & Caracas, R. Buoyancy and structure of vola-

tile-rich silicate melts. J. Geophys. Res.: Solid. Earth 126,

€2020JB021045 (2021).

100.

102.

103.

104.

Acknowledgements
M.M., A.A., and S.B. acknowledge the National Science Foundation
grants: EAR1763215 and EAR1753125. B.B.K. acknowledges National

Science Foundation grant EAR1463807 for funding this research. All
authors thank the Extreme Science and Engineering Discovery (XSEDE)
supercomputing facilities (TG-GEO170003) and the Research Comput-
ing Center (RCC) at Florida State University (FSU) for computing
resources.

Author contributions

S.B., M.M., and B.K. conceived the project. S.B. performed the simula-
tions and wrote first draft of the manuscript. A.A., D.G., M.M., and B.K.
contributed to the analysis, discussion, interpretation of the results,
writing and revising of the article.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-35171-y.

Correspondence and requests for materials should be addressed to
Suraj K. Bajgain, Mainak Mookherjee or Bijaya B. Karki.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:7590

10


https://doi.org/10.1038/s41467-022-35171-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Insights into magma ocean dynamics from the transport properties of basaltic melt
	Results and discussion
	Thermal equation of state
	Transport properties
	Statistical convergence of transport properties
	Implications for crystallization of magma ocean

	Methods
	First-principles molecular dynamics simulation
	Effect of simulation cell size on the properties of melt
	Transport properties

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




