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Abstract

Molecular dynamics simulations are carried out to systematically address the effects of composition and pressure on melts along the
MgO-SiO, join and elucidate the role of structural modifier content on silicate melt properties. The MgO-SiO, system shows non-ideal
mixing with a negative excess volume of mixing at low pressures, but the mixing becomes closer to ideal at higher pressures. At atmo-
spheric pressure, the viscosities and diffusivities vary by more than 3 orders of magnitude as the composition is varied along this join,
with the low SiO, melts characterized by lower viscosities and higher diffusivities; these results are in quantitative agreement with exper-
imental results for the dependence of viscosity and diffusivity on structural modifier content in a wide range of silicate systems. The trans-
port properties of melts in this system converge at higher pressures; at pressures greater than ~15 GPa the viscosity and diffusivities vary
by less than an order of magnitude across the entire range of compositions. The relevance of equations that relate the viscosity and dif-

fusivity is also addressed.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Knowledge of the physical and chemical properties of
silicate melts is essential for understanding the formation
and motion of magmas. Silicate melts span a wide range
of composition, and igneous processes span a wide range
of pressures and temperatures, possibly extending to condi-
tions at Earth’s core-mantle boundary (e.g., Lay et al.,
2004). The properties of silicate melts at very high pressures
and temperatures are particularly important for under-
standing the behavior of deep magma oceans, which are
likely to have played a key role in the early thermal and
chemical evolution of the Earth (Abe, 1997; Karato and
Murthy, 1997; Rubie et al., 2003).

Silicate melt properties are poorly known at very high
pressures due to the difficulty in performing experiments
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at these conditions. High-pressure data are particularly
sparse for transport properties such as viscosity and chem-
ical diffusivity, although data have been obtained recently
at pressures up to 15 GPa (Poe et al., 1997; Reid et al.,
2001, 2003; Liebske et al., 2005). Extrapolating transport
property data to higher pressures is perilous because sili-
cate liquids tend to exhibit complicated behavior under
compression. The viscosities of many silicate melts anoma-
lously decrease with pressure over a certain pressure range
(Scarfe et al., 1987; Suzuki et al., 2002; Behrens and Schu-
Ize, 2003; Reid et al., 2003; Tinker et al., 2004; Liebske
et al., 2005). Similarly, chemical diffusion coefficients often
increase with pressure (Mikkelsen, 1984; Shimizu and Kus-
hiro, 1984; Lesher et al., 1996; Poe et al., 1997; Reid et al.,
2001; Tinker and Lesher, 2001; Tinker et al., 2003). This
behavior contrasts with that of minerals, in which atomic
transport rates usually decrease monotonically with pres-
sure (e.g., Van Orman et al., 2003). Although it is clear that
the anomalous behavior of silicate liquids is related to
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structural changes in the polymerized network under com-
pression (e.g., Shimizu and Kushiro, 1984; Scarfe et al.,
1987), a detailed understanding of the controls on melt
transport properties remains elusive.

The most important feature of silicate melt structure is
believed to be the degree of polymerization, where “poly-
merized” denotes that continuous chains of connected
SiO4 tetrahedra percolate throughout the system (e.g.,
Mysen, 1988). The degree of polymerization exerts an
important control on physical properties, with less poly-
merized liquids generally having enhanced transport prop-
erties. Various parameters have been put forward to
describe silicate melt structure. In this paper, following
Giordano and Dingwell (2003), we use a very simple
parameter, SM, which denotes the mole percentage of
“structure modifying” oxides (i.e., all oxides other than
SlOz and A1203)

The densities of silicate liquids have been measured over
a greater range of pressure and composition than the trans-
port properties. However, to model accurately the density
of silicate liquids over the large compositional range of
geological interest requires information on the partial mo-
lar volumes of melt components, and these are much less
well known, especially at high pressures. Even at atmo-
spheric pressure, non-ideal mixing between MgO and
SiO, is not well constrained (Courtial and Dingwell,
1999) due to the difficulty in performing experiments on
refractory MgO-rich liquids at the necessary high
temperatures.

In this paper, molecular dynamics simulations are used
to investigate systematically the dependence of melt prop-
erties on composition and pressure in liquids along the
MgO-Si0» join (i.e., xMgO—(1 — x)SiO,). SiO, and MgO
are the two most abundant oxides in Earth’s mantle,
together comprising more than 80% of Earth’s mantle by
mass (McDonough and Sun, 1995), and liquids in this sys-
tem span a wide range of network structures, from fully
polymerized to fully depolymerized. In these simulations,
parameterized force fields rather than ab initio electronic
structure calculations are used to describe the interatomic
forces. This approach is less rigorous than the ab initio ap-
proach (e.g., Stixrude and Karki, 2005), but allows much
larger systems to be simulated for much longer times,
which in practice enables us to calculate melt transport
properties at temperatures more relevant to Earth’s mantle.
Six different compositions are considered, with
x=0,0.1,1/3,1/2,2/3, and 1, at 3000 K and pressures
up to 50 GPa.

2. Computational methods

The basic molecular dynamics (MD) method numerical-
ly integrates Newton’s equations of motion to obtain the
trajectory of the atoms. In practice, modified equations
of motion are often used in order to simulate a system at
constant temperature rather than constant energy. The
equations of motion require as input the forces that the

atoms exert on each other; the force field used to calculate
these forces in the present simulations is described below.

The MD simulations are carried out using a code writ-
ten and subsequently modified by the first author (e.g.,
Lacks, 1998). Simulations are performed at constant vol-
ume ¥ and temperature 7, with the temperature controlled
by a Nose-Hoover thermostat (Allen and Tildesley, 1989).
The Runge-Kutta method, with a time step of 2 fs, is used
for the numerical integration of the equations of motion,
and the total time considered in each simulation is I ns.
The simulations are carried out in an orthogonal simula-
tion cell with periodic boundary conditions, and coulombic
interactions are summed by the Ewald method. The simu-
lations are carried out with 2160 atoms for the xMgO-—
(I — x)Si0, systems with x=10,0.1,1/3 and 1/2; 2163
atoms for the system with x =2/3; and 1728 atoms for
the system with x = 1 (pure MgO).

2.1. Force field

The simulations use the BKS force field (van Beest et al.,
1990), with modifications as described below. This force
field is used because it adequately models the structure
and properties of a variety of silica phases, and the absence
of harmonic bond stretching and angle bending terms al-
lows the bond breaking processes associated with diffusion.
The potential energy, U, is pairwise additive,

N N
U=> 3" Uylry (1)
=1 j=itl
where the energy for the interaction of atoms i and j sepa-
rated by the distance r, U;;(r), is given by,
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The parameters 4;; and C;; are zero for cation—cation inter-
actions. The atomic charges g, for Si and O, and the param-
eters 4, b, C for Si-O and O-O interactions, are given in
van Beest et al. (1990).

The modifications to the original BKS model are as
follows:

(i) a steep repulsive wall, U’, that is significant only at
very short interatomic distances is added to the inter-
atomic potential, following Saika-Voivod et al.
(2001). This repulsive wall is of the form,

n=a (2" 2] ®

where ¢ scales the energy and o scales the distance,
and is added to the interatomic potential given in
Eq. (2). The values of ¢; and ¢; for Si-O and O-O
interactions, are given in Saika-Voivod et al. (2001).
This term is necessary because the repulsive wall of
the BKS potential (Eq. (2)) has only a finite height
at a finite interatomic separation, after which it
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unphysically diverges to negative infinity at very short
interatomic distances; in high temperature MD simu-
lations, atoms would occasionally surmount this bar-
rier and cause the simulations to crash. This steep
wall is negligible at the interatomic distances of most
interest, and so it does not alter significantly the val-
ues of properties obtained from the simulations.

(i) The non-coulombic potential is truncated at 5.5 A,
and shifted in energy such that the energy is continu-
ous at this cutoff distance. This truncation, which fol-
lows Horbach and Kob (1999), leads to densities in
better agreement with experiment and also reduces
the computational burden of the simulations.

(iii) Potential parameters are obtained for Mg—O interac-
tions by fitting to experimental pressure—volume data
for crystalline MgO to 52 GPa (Speziale et al., 2001).
To maintain charge neutrality, the charge of the Mg
ion is taken as the negative of the charge on the O
ion. The values obtained for the Mg-O interactions
are 4 = 315,001 kJ/mol, b= 3.79749 angst™!, and
C = —9648.5 kJ /molangst®. Note that cation—cation
non-Coulombic interactions are assigned to be zero
in the BKS model. The short-range repulsive wall
was added for the Mg-O interaction by using the
same value of ¢ as for the Si—O interaction, with the
value of ¢ chosen to maintain a monotonically
increasing repulsive wall.

2.2. Calculation of properties

The pressure and viscosity are determined from results
for the stress tensor, g,

1 N N N oy
oLl o,
Oup = 7 {Z m;Uy ;Ug; — Z (—/)
Vs Tij

i=1 j=1+1

x <x/3,i - x[ﬁj) aU} (4)
rij ar,«j

where v, is the velocity of atom i along the « axis, x,; is the
coordinate of atom i along the « axis, r;; is the distance be-
tween atoms i and j, and U is the potential energy.

The pressure is obtained as the average of the diagonal
components of the stress tensor,

P =3((ou) + (o) + (033)) (5)

where the brackets (...) designate an ensemble average.
The statistical error in the pressure is estimated from the
variation in the results for o,,, 0,,, and o..

The viscosity, 1, is calculated from the Green-Kubo rela-
tion (Allen and Tildesley, 1989), which involves the integral
over time of the stress autocorrelation function for the off-
diagonal components of the stress tensor,

=7 || 40, 00) (©

This ensemble averaging is carried out by evaluating this
integrand with different time origins, and the upper-limit
of the integral is taken to be a time large enough that

(64(t)04,(0)) = 0. The statistical error in the viscosity is
estimated from the variation in the results for 7, 7.,
and 7,,.

The diffusion constant, D, for each element is obtained
from the Einstein relation,

(ra(t) = x,(0)%),
2t

where subscript o denotes diffusion in the x, y or z direc-
tion, and the brackets (...), designate an average over all
atoms of type i. This relation is valid when ¢ is large, such
that non-diffusive motion at shorter times makes a negligi-
ble contribution to the overall motion of atoms. In prac-
tice, the diffusion constants are determined from the
slope of [x,(t) — x,(0)]> with respect to f, for ranges of
within the diffusive regime. The error is estimated from
the variation in the results for D, D,, and D, (since liquids
are isotropic with respect to diffusion).

D%,‘ = t— o0 (7)

3. Results

The raw data from the simulations are shown for
several cases in Figs. 1-3, in order to demonstrate the
level of convergence of the properties. Four sets of
raw data are shown, for the system with the fastest
dynamics (MgO at 2.2 g/em®), and the three systems
with the slowest dynamics (SiO, at 2.36 g/cm?, SiO, at
2.50 g/cm®, and the x =0.1 system at 2.2 g/cm’). The
SiO, and x = 0.1 systems represent the worst cases in
terms of the convergence of properties. MgO results
are given for comparison to show the behavior of a
well-converged system.

Diagonal components of the stress tensor, shown in
Fig. 1, are used to determine pressures (via Eq. (5)). When
converged, the stress tensor components oscillate about
time-independent values. For SiO, at 2.36 g/cm?, it is not
clear whether the stress tensor results are fully converged;
for the other simulations, the results for the stress tensor
do appear to have converged.

Autocorrelation functions of off-diagonal components
of the stress tensor, shown in Fig. 2, are used to determine
viscosities (via Eq. (6)). For SiO, at 2.36 g/cm®, the auto-
correlation function does not decay to zero until over
400 ps; therefore, the viscosity can be obtained for this sys-
tem in a 1 ns simulation, but the accuracy is limited. The
autocorrelation functions for the two simulations with
the next slowest dynamics decay to zero within 100 ps, so
the viscosity results for these simulations should be reason-
ably accurate.

Mean-squared displacements, shown in Fig. 3, are used
to determine diffusivities (via Eq. (7)). The use of Eq. (2) is
appropriate when the dynamics are in the diffusive regime,
which is characterized, on a log—log plot of mean-squared
displacement vs. time, by a line with slope equal to one.
Fig. 3 shows that the simulations reach the diffusive regime
within the timescales of the simulation, with the exception
of SiO, at 2.36 g/crn3. Since the simulation of SiO, at
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Fig. 2. Autocorrelation function for an off-diagonal component of the stress tensor, for four simulations.

2.36 g/cm® does not fully reach the diffusive regime, the val-
ue obtained for the diffusivity in this simulation is an upper
bound for the actual value.

This analysis of the raw simulation data demonstrates
that, with the exception of SiO5 at 2.36 g/cm?, the simula-
tion results are fully converged. Note that the simulations

not shown all have dynamics that are faster than SiO, at
2.50 g/em® and the x = 0.1 system at 2.2 g/cm? and so
these simulations will be fully converged as well. The re-
sults for SiO, at 2.36 g/cm® are at the limits of what may
be considered converged, and therefore may not be as reli-
able as the other results.
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Fig. 3. Mean-squared displacement of O along one dimension as a function of time, for four simulations. The solid gray line shows the slope of one, which

is characteristic of the diffusive regime.

The results for the pressure as a function of density are
shown in Fig. 4. For SiO,, results are not obtained for den-
sities less than 2.36 g/cm?, because the slow dynamics pre-
clude equilibration on the timescales of the simulation at
these densities. For MgO, results are not obtained for den-
sities greater than 3.4 g/cm?®, because partial crystallization
occurs during simulations at high densities (the crystalliza-
tion is evident in the radial distribution function).

The properties of the silicate melts are addressed below
first at zero pressure, which differs negligibly from

atmospheric pressure for these systems. The pressure
dependence of the properties is then addressed. Property
data extracted from the simulation results for each melt
composition are listed in Table 1.

3.1. Zero-pressure properties
Interpolation is necessary to obtain values for the zero

pressure properties, because the simulations are carried out
at constant volume rather than constant pressure — linear
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Fig. 4. Simulation results for the pressure as a function of density. Inset shows a close-up of results near zero pressure. The values of x represent the mole
fraction of MgO in the system. Statistical errors are smaller than the size of the symbols.



Molecular dynamics investigation of liquids in the MgO-SiO, system 1317

Table 1

Property data derived from molecular dynamics simulations at 3000 K

Comp. p (g/em?) P (GPa) Do (10" m?/s) Dyg; (10" m?/s) D (10" m?/s) n (Pas)

SiO, 2.3565 0.98 0.16 0.089 49
2.4974 2.14 0.37 0.21 0.69
2.7991 5.49 1.99 1.32 0.38
2.9972 8.13 4.39 2.96 0.17
3.2037 11.1 7.78 5.53 0.038
3.3925 14.3 9.58 6.82 0.024
3.8029 243 6.83 5.30 0.027
4.1998 41.2 2.21 1.76 0.17

MgSigO9 2.2003 -0.55 0.86 0.42 154 0.65
2.3972 0.80 1.86 1.04 24.4 0.28
2.5923 2.51 3.14 1.92 25.8 0.12
2.7997 4.81 5.65 3.53 34.6 0.057
3.0089 7.53 9.08 5.89 29.5 0.045
3.3940 13.8 13.0 8.86 27.8 0.026
3.8189 25.1 7.35 5.90 13.9 0.074

MgSi,Os 2.1959 —0.98 7.70 4.56 72.7 0.045
2.3602 —0.11 10.1 6.64 69.4 0.028
2.5820 1.60 15.5 10.4 67.6 0.014
2.7941 3.82 20.7 12.2 65.3 0.0071
3.0018 6.50 22.0 15.8 61.5 0.011
3.3978 13.6 20.4 14.0 41.9 0.019
3.7946 253 10.1 6.68 20.3 0.024
4.2063 453 2.06 1.39 4.34 0.39

MgSiO; 2.1980 —1.09 23.1 15.5 114 0.0098
2.3624 -0.32 254 19.8 108 0.0068
2.6012 1.54 30.9 20.7 105 0.0079
2.7967 3.67 34.7 25.6 99.9 0.0069
2.9943 6.39 35.4 24.4 79.9 0.0065
3.4010 14.3 26.2 17.7 47.7 0.013
3.7982 26.9 12.0 7.66 24.2 0.027
4.1939 46.8 2.53 1.76 7.31 0.178

Mg,SiOy 2.1678 -1.26 534 39.5 162 0.0033
2.3907 -0.29 52.2 33.9 143 0.0035
2.5907 1.37 51.5 35.8 130 0.0035
2.8036 3.87 54.8 33.5 105 0.0044
3.0016 6.87 474 319 97.6 0.0046
3.3971 15.3 35.8 21.1 68.0 0.0078
3.7932 28.8 12.5 10.7 16.9 0.024
4.2042 50.4 3.71 2.75 13.0 0.10

MgO 2.2002 —1.43 172 217 0.0016
2.4044 —0.46 142 222 0.0015
2.5973 1.32 125 190 0.0025
2.8013 4.14 99.6 151 0.0031
3.0046 8.04 78.0 132 0.0034
3.4071 19.3 50.4 91.8 0.0059

interpolation is used here. For pure SiO,, extrapolation
rather than interpolation is necessary, because the slow
dynamics at low pressures precluded equilibration of states
at negative pressure (for the viscosity and diffusivity, a
linear extrapolation is carried out in terms of the log of
the property). The state points used for these interpolations
and extrapolations are shown in the inset of Fig. 4.

The results for the density at zero pressure and 3000 K are
shown in Fig. 5a, and compared with available experimental
results for SiO, (Lange and Carmichael, 1987) and MgSiO;
(Courtial and Dingwell, 1999), extrapolated to 3000 K
assuming a constant thermal expansion coefficient. The den-
sities from the simulations are in excellent agreement with

the experimental results. However, such excellent agreement
is clearly fortuitous; for example, the non-Coulombic sum is
truncated here at 5.5 A as described above, and if the non-
Coulombic interaction were summed completely, a signifi-
cantly greater density would be obtained.

Fig. 5b shows the molar volumes of the silicate melts,
which can be considered as mixtures of SiO, and MgO.
In the case of ideal mixing, the molar volume varies linearly
with composition. The results in Fig. 5b show that the devi-
ations from ideal mixing are significant, and are such that
the excess volume of mixing is negative.

The results for the viscosity and diffusivity at zero pres-
sure and 3000 K are shown in Fig. 6. The viscosity decreas-
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Fig. 5. Zero pressure results for the (a) density and (b) molar volumes as a
function of composition. Statistical errors are smaller than the size of the
symbols. Experimental results for the density at atmospheric pressure,
extrapolated to 3000 K based on a linear thermal expansion coefficient, are
shown as open symbols for SiO, (Lange and Carmichael, 1987) and
MgSiO; (Courtial and Dingwell, 1999).

es, and the diffusivity increases, with increasing MgO con-
tent. These changes are very significant; the viscosity and
the diffusivity of O and Si change by three orders of mag-
nitude as x varies between 0 and 1. The diffusivity of Mg, a
non-framework cation, is significantly greater than that of
O and Si, especially in highly polymerized (SiO,-rich) sys-
tems. The Mg diffusivity is also less dependent on the com-
position, and changes by only one order of magnitude as
the composition changes. These results cannot be directly
compared to experiment because experimental results are
not available for these systems (with the exception of sili-
ca); however, the relationship of these results to experi-
ments on other systems is addressed in the Discussion
section.

3.2. High-pressure properties

The pressure dependence of the non-ideal mixing of
SiO, and MgO is shown in Fig. 7. The excess molar vol-
ume, which is the difference between the actual molar vol-
ume and the molar volume based on ideal mixing, tends
toward zero as the pressure increases. Note that data are
restricted to pressures of 19 GPa or less, because beyond
this pressure the pure MgO system partially crystallizes in
the simulations.
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Fig. 7. Excess molar volumes as a function of composition, at various
pressures. These results are obtained by interpolation of results at various
fixed densities.

The pressure dependence of the viscosity and oxygen
diffusivity are shown in Fig. 8. The MgO-rich systems be-
have ‘normally’, in that the viscosity increases with pres-
sure and the diffusivity decreases with pressure. In
contrast, the silica-rich (highly polymerized) systems be-
have ‘anomalously’, in that the viscosity initially decreases
with pressure and the diffusivity initially increases with
pressure. These composition-dependent pressure depen-
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dences concur with experimental observation (e.g., Scarfe
et al., 1987; Behrens and Schulze, 2003).

At high pressures the viscosity and diffusivity become
much more weakly dependent on composition. The viscos-
ities and oxygen diffusivities as a function of composition
at P = 19 GPa are compared with the zero-pressure results
in Fig. 9. While these properties vary by over 3 orders of
magnitude at zero pressure, they vary by less than 1 order
of magnitude at 19 GPa.

Fig. 10 shows the diffusivities for Si and Mg in addition
to O as functions of pressure and composition. The diffu-
sivities for Si and O are similar, with Si diffusing slightly
more slowly than O, and have similar dependences on pres-
sure and composition. The diffusivity of Mg has a much
smaller dependence on pressure: for the x = 0.1 system,
the variations in the Mg diffusivity with pressure are an
order of magnitude less than those for Si and O.

4. Discussion
4.1. Non-ideal mixing and partial molar volumes

The molar volume of a mixture can be expressed in
terms of the partial molar volumes,
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oxygen diffusivity as function of composition. When error bars are not
visible, the statistical errors are smaller than the size of the symbols.
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Fig. 10. Simulation results for diffusivities as a function of pressure, for a
silica-rich and a silica-poor system. The values of x represent the mole
fraction of MgO in the system. Statistical errors are smaller than the size
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V= Zx,v,.({x}) (8)

where the partial molar volumes V; = 27‘/ |n#i are in general
concentration dependent. A quadratic model is often used
to approximate the molar volume,
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7 = ZXIV? + Z Zx,«xjvg. (9)

i J>i

where 7} is the molar volume of pure species i, and 7}, is an
interaction term. Within this quadratic model, the partial
molar volumes are given by

V=7 +fo.7§{j. (10)
J

Ideal mixing corresponds to the 78. terms being equal to
Zero.

The non-ideality of mixing in the SiO,—MgO system has
not been effectively assessed experimentally because very
high temperatures are necessary to study melts with high
MgO content (Courtial and Dingwell, 1999). For this rea-
son analyses have simply assumed that mixing in the MgO—
SiO, system is ideal. However, experimental studies have
shown that non-ideal mixing effects are significant in the
Ca0-Si0, system (Lange and Carmichael, 1987; Courtial
and Dingwell, 1995, 1999). In particular, it was found that
Véi0,.ca0 = —7-105 cm® /mol (Courtial and Dingwell, 1999),
which is 34% of the value of Vi, (Vo= 20.664
cm?/mol).

Molecular dynamics simulation can allow an assessment
of the non-ideality of mixing in the SiO,—MgO system. To
carry out this assessment, the molar volume results (e.g.,
Fig. 5a) are fitted to the quadratic model (Eq. (10)); the
resulting model parameters are given in Table 2. At zero
pressure, it is found that Vg, .o = —3.24 cm? /mol, which
is 20% of the value of V3, (V4,0 = 16.33 cm’ /mol).

Thus our MD simulations show that non-ideal effects
are significant in terms of mixing in the MgO-SiO, system.
While this conclusion is based on a crude force field for the
Mg-O interaction, we note that the present result for the
molar volume of liquid MgO at 3000 K, 16.3 cm?®/mol, is
very similar to a recent ab initio MD simulation result of
16.5 cm®/mol (Karki et al., 2006). For this reason we are
confident in the reliability of this conclusion.

4.2. Viscosity and diffusivity in terms of structural modifier
content

Giordano and Dingwell (2003) have shown that the vis-
cosities of a wide range of silicate melts can be correlated
based on the structural modifier (SM) content, which is
the mole percentage of ““structure modifying” oxides (i.e.,
all oxides other than SiO, and Al,03). Our results are in
quantitative agreement with their analysis of experimental

Table 2
Parameters that describe the mixing of SiO, and MgO (Eq. (9))

P(GPa) Vg, (em®/mol)  Wyo (em?/mol) Vg 0 (cm? /mol)
0 26.73 16.33 —3.24
5 21.67 14.10 —2.53

10 19.14 13.04 —1.54

15 17.53 12.30 —1.26

19 16.73 11.79 —0.70

results. The viscosity has been measured experimentally
for a wide range of silicate melts, but at temperatures less
than 3000 K. To allow a comparison of the simulation
results to experiment, the experimental results at lower
temperature must be extrapolated to 3000 K. The temper-
ature dependence of these properties is fit most effectively
to a Vogel-Fulcher-Tammann (VFT) equation, which
takes into account the non-Arrhenius variations with tem-
perature (fragility) that usually characterize melt viscosi-
ties. VFT fits for a wide range of melts are given in the
literature (Dingwell et al.,, 2004; Toplis and Dingwell,
2004; Russell and Giordano, 2005). For the diffusivity,
VFT fits are unfortunately not available, and so only the
Arrhenius equation can be used to extrapolate experimen-
tal diffusivities to 3000 K.

The simulation results for the viscosities and diffusivities
are compared with experimental results for other systems
in Fig. 11. The magnitudes of these properties, and their
trends as a function of SM, are in good agreement with
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Fig. 11. Ambient pressure results for (a) viscosity and (b) oxygen
diffusivity as function of structural modifier content. Filled symbols are
our simulation results for the SiO,—MgO join at 3000 K; when error bars
are not visible, the statistical errors are smaller than the size of the
symbols. Other symbols are experimental results for a range of compo-
sitions, extrapolated to 3000 K. The experimental results for the viscosity
are extrapolated using the VFT equation with data as follows, circles,
Giordano and Dingwell (2003); triangles, Russell and Giordano (2005);
cross, Behrens and Schulze (2003); square, Dingwell et al. (2004). The
experimental results for the diffusivity are extrapolated using the Arrhe-
nius equation with data as follows, circles, Tinker et al. (2003); square,
Mikkelsen (1984); triangle, Reid et al. (2001).
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experimental results for a wide range of compositions. The
mobility is somewhat overestimated (viscosity too low, dif-
fusivity too high) at low SM and underestimated at high
SM, which is likely a consequence of the approximate force
field.

4.3. Relationship between viscosity and diffusivity

Equations that relate the viscosity and diffusivity have
been widely used in the study of silicate melts (e.g., Shimizu
and Kushiro, 1984; Poe et al., 1997; Reid et al., 2001; Mun-
gall, 2002; Tinker et al., 2004). The utility of such equations
is that a more easily measured quantity (which could be
either viscosity or diffusivity, depending on the experimen-
tal conditions) could be used to determine the quantity that
is more difficult to measure. The two most common of
these equations are the Eyring and Stokes-Einstein rela-
tions, which are derived in completely different ways but re-
late the diffusivity and viscosity by the same functional
form,

kT
Dn=—- (11)

The Eyring relation is derived from a phenomenological
activated state description; 4 is the jump distance for a dif-
fusive event, which is often considered to be equal to the
diameter of one of the diffusing species, A =2R. The
Stokes-FEinstein relation is derived from consideration of
the Brownian motion of a macroscopic sphere moving
slowly through a fluid; 2 = 4nR for a free-slip fluid-sphere
boundary, and A = 67nR for the case of a no-slip boundary.

These relations have been examined in silicate melts,
based on the oxygen diffusivity. Some investigations have
found that 1 = 2Ro, where the radius of oxygen was taken
as 1.4 A, gives a good correlation between the viscosity and
the oxygen diffusivity (Shimizu and Kushiro, 1984; Poe
et al., 1997). However, other investigations found that larg-
er values of / are necessary to correlate the viscosity and
diffusivity, e.g., A = 4R (Tinker et al., 2004). These inves-
tigations were for melts of different compositions, and so it
was not clear whether the different values of / accounted
for different mechanisms of diffusion and viscous stress
relaxation — e.g., larger values of 1 were found for depoly-
merized melts.

The relevance of the Eyring/Stokes-Einstein equations is
addressed with the present simulation results. Fig. 12
shows the value of A = kT /Dp for the silicate melts at zero
pressure. The simulation results yield values of A between
4Ro and 16Rg (using Ro = 1.4 angst), where the value of
A increases with increasing MgO content. This result agrees
with the experimental observation that the values of 4 are
larger for depolymerized melts (Tinker et al., 2004).

Experiments on room temperature liquids, which are
more precise than those on silicate melts (because the
experiments can be carried out at room temperature), sup-
port the relevance of these values of 1. In particular, exper-
iments on tetramethyl silane and benzene find A in the
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Fig. 12. Values of / that relate the viscosity and diffusivity (Eq. (11)). The
solid line is the Eyring model value with jump length equal to the ionic
diameter of oxygen, and the dashed lines are the Stokes-Einstein values
with slip (lower line) and no-slip (upper line).

range 12R to 16R, i.e., the range predicted by the Stokes-
Einstein relation (Parkhurst and Jonas, 1975). Further-
more, molecular simulations of a Lennard-Jones system
also find A to be in the range 12R to 16R (Lacks, 2002).
These liquids can be considered depolymerized, and the
values of 1 are in the same range as the values obtained
for depolymerized liquids in our simulations. Tentatively,
it appears that values of A below the range predicted by
the Stokes-Einstein relation are obtained only in relatively
highly polymerized silicate liquids. Whether this observa-
tion has any significance in terms of liquid structure is un-
clear, since these relations are phenomenological rather
than rigorous.

4.4. Properties at high pressure

The effects of pressure were investigated in regard to the
volumes of mixing, viscosities and diffusivities. At higher
pressure, it is found that: (1) The excess volume of mixing
decreases (see Fig. 7), so that the mixing is more ideal; and
(2) The viscosity and diffusivity at high pressure becomes
much more weakly dependent on composition (see Fig. 9).
These two effects are likely related. The viscosity and diffusiv-
ity results show that the SiO, and MgO systems become more
similar at higher pressures. Because the systems are more
similar, it is expected that they would mix more ideally.

The likely origin of these two effects is that the structures
of the SiO, and MgO systems become more similar at high
pressure. At low pressure, the structures are very different,
in that the SiO, has an open framework structure while
MgO has a close-packed structure. However, with increas-
ing pressure, the SiO, structure becomes closely packed as
well.

5. Conclusions

Molecular dynamics simulations were performed on six
compositions along the MgO-SiO, join at 3000 K and
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pressures up to 50 GPa. The densities obtained from the
simulations are consistent with available experimental
data, and viscosities and chemical diffusivities are in quan-
titative agreement with experimental results for silicate
melts with the same content of structure modifying oxides.
The viscosities of low-SiO, liquids increase with pressure,
while the viscosities of high-SiO; liquids decrease initially,
then increase at higher pressures. Si and O diffusion coeffi-
cients show similar behavior, and the results are consistent
with the Eyring equation relating diffusivity and viscosity.
Viscosities and oxygen diffusivities vary over three orders
of magnitude between pure MgO and pure SiO, systems
at zero pressure, but by only a factor of ~3 at pressures
of ~15 GPa or higher. MgO and SiO, exhibit non-ideal
mixing behavior with a negative excess volume of mixing
at zero pressure, but at higher pressures the excess volume
approaches zero. Our results indicate that liquids in the
MgO-SiO, system become more similar to each other at
high pressure, leading their transport properties to con-
verge to similar values and their mixing behavior to be-
come more ideal. If this holds true generally for natural
multi-component silicate melts, extrapolation of their
property data to pressures of Earth’s deep mantle may be
greatly simplified.
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