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Abstract

Molecular dynamics simulations using a pair-wise additive potential are implemented to investi-
gate self-diffusion (Mg, Si, and O) and shear viscosity of liquid MgSiO3 in the density-temperature-
pressure range 2350–5300 kg/m3, 2500–5000 K, and 0–140 GPa, respectively. Self-diffusivity and 
shear viscosity are described by modified Arrhenian expressions, which feature a pressure-dependent 
activation volume. Activation energies for self-diffusion (Mg, Si, and O) and viscous flow are 99.6, 
109.3, 97.4, and 95.3 kJ/mol, respectively; evidently oxygen mobility dominates liquid dynamics. 
Activation volumes for self-diffusion and shear viscosity at low (2–5 GPa) pressure are ~1 cm3/mol 
with self-diffusion decreasing and shear viscosity increasing as pressure increases although there is a 
small interval near zero pressure within which diffusivity increases slightly with increasing pressure. 
Shear viscosity increases by a factor of 75 along the 3000 K isotherm from the top of the mantle to 
the core-mantle boundary. Along the 3000 K isentrope relevant to terrestrial magma ocean convection, 
shear viscosity increases by about a factor of three. The equivalence conditions between the Stokes-
Einstein and Eyring transport models are derived. The Eyring model provides information on the size 
of the activated complex associated with viscous flow across the range in pressures relevant to the 
Earth’s mantle and suggests that the number of atoms in the activated complex associated with shear 
flow decreases from ~8 atoms at low pressure to ~4 atoms at high pressure at 4500 K.
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Introduction

An understanding of the structure, equation of state (EOS), 
and transport properties of molten silicates at high temperature 
(T) and pressure (P) is central to many aspects of planetary 
dynamics. For example, understanding the cooling and crystal-
lization of Earth’s early magma ocean requires knowledge of the 
thermodynamic and transport properties of MgO-rich silicate 
liquids at P and T in the range 0–135 GPa and 2500–6000 K, 
respectively. Even higher pressures are important in modeling 
“Super-Earth” terrestrial exoplanets (Valencia et al. 2007) that 
may go through an early magma ocean stage. The state of the 
mantle following magma ocean solidification has significant 
bearing on the start of subduction, the plate tectonic cycle, the 
subsequent evolution of the lithosphere, continental and oceanic 
crust, hydrosphere and atmosphere (Anderson 2007). Seismic 
tomography has revealed heterogeneities in the lower mantle that 
may be the remnants of lower mantle chemical heterogeneity 
associated with the solidification of Earth’s early magma ocean 
(e.g., Garnero and McNamara 2008; Boyet and Carlson 2005; 
Bennett et al. 2007). The possible presence today of pockets 
of melt along the Earth’s core-mantle boundary has also been 
suggested (Lay et al. 2004). Knowledge of the shear viscosity 
of molten MgSiO3, a reasonable analog composition for the 

Hadean magma ocean on Earth, is useful in studying these and 
other geodynamical problems involving molten silicates. In this 
study, we use the molecular dynamics method with the effective 
pair-potential from Oganov et al. (2000) to compute the shear 
viscosity of liquid MgSiO3 by Green-Kubo theory (Hansen and 
McDonald 2006) and the self-diffusivity of Mg, Si, and O at 
elevated T and P. We show that the P-T variation of shear vis-
cosity is well-fit by a modified Arrhenian expression featuring a 
pressure-dependent activation volume for viscous flow and that 
at high temperature, the shear viscosity increases by a factor of 
~60 along high-temperature isotherms. The viscosity expression 
can be used with the MD-derived EOS to generate values along 
high-temperature isentropes relevant to terrestrial magma ocean 
convection. Viscosity increases by about a factor of three across 
the pressure range of the mantle along the isentrope. Finally, we 
show the relationship between the Stokes-Einstein and Eyring 
relations that connect self-diffusion to shear viscosity and use 
the latter model to estimate the size of the activated complex 
associated with viscous flow in liquid MgSiO3.

Theory and experimental methods
MD simulations were run with 8000 particles using the large-scale atomic/

molecular massively parallel simulator (LAMMPS) (Plimpton 1995) modified for 
geochemical applications. Details of the algorithm and simulation methodology 
may be found elsewhere (Nevins and Spera 2007; Nevins 2009). The interatomic 
potential employed accounts for Coulomb forces, Born electron repulsion, and * E-mail: dean@nevins.org


