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Abstract

Molecular dynamic simulations offer promise as an essential tool, complementary to
experiments, for expanding the reach of computational thermodynamics in igneous petrology by
evaluating excess thermodynamic properties of multicomponent silicate melts. However, we
present evidence suggesting that current practices in simulation may not achieve the precision
needed to predict complex phase equilibria relevant to modeling the Earth’s interior evolution.
We highlight the importance of quantification of the chemical short range order in terms of
cation-cation pairs in the melt and its impact on different kinetic aspects of molecular dynamic
simulations. We analyze published molecular dynamic simulation studies of silicate melts in
order to identify specific criteria and best practices for achieving and demonstrating equilibrium
and producing accurate results. Finally, we propose a list of experimental and numerical
investigations that need to be performed in the future to ensure full consistency between these
two approaches in order to reduce the gap in our fundamental understanding of silicate melts

between the atomic level and the macroscopic scale.
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1. Introduction

Our ability to describe the range of evolutionary pathways for terrestrial planets and to identify,
through interpretation of available data, the particular pathway that the Earth followed depends
on our understanding of the thermo-physical properties of Earth materials under a wide range of
conditions. Multi-component liquid solutions of oxides, metals and silicates, in particular, are the
defining materials of magmatic processes that have driven chemical differentiation throughout
planetary history and that continue to modulate ongoing dynamic processes and natural volcanic
hazards. Questions whose answers depend on such liquid properties include (but are not limited
to): temperature and heat flow profiles across the earth’s mantle over time (Davies, 2006, 2008);
bulk chemical composition and both radial and lateral heterogeneity of mantle and crust
(Solomatov and Stevenson, 1993); and evolution of oxidation state and the speciation and
outgassing (and ingassing) of volatile components, an essential part of the story of Earth’s

habitability over time (Dasgupta and Hirschmann, 2006; Hirschmann, 2006).

In turn, the properties of melts and partial melts that must be predicted accurately as functions of
temperature (T), pressure (P) or volume (V), and composition include elastic and thermodynamic
quantities as well as dynamic transport properties such as viscosity, thermal conductivity and
chemical diffusivities (Stixrude et al. 2009). The densities of silicate melts, solids and glasses
define the driving forces by which gravity leads to physical flow and differential transport of
phases (Agee, 1998; de Koker et al. 2013; Lange and Carmichael, 1987; McKenzie, 1984, 1985;
Sparks and Parmentier, 1991; Stolper et al. 1981). Standard-state thermodynamic quantities and
activity-composition relationships govern phase equilibria and provide the driving forces for

chemical transport and differential transport of species within phases (Fei et al. 1990; Ghiorso,
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1985). Viscosity of melts controls many aspects of magma transport and chemical evolution of
magmas (Clemens and Petford, 1999; Dingwell, 1996, 1998; Vetere et al. 2008; Whittington et
al. 2009), although texture of multiphase aggregates is important as well (Faul et al. 1994; von
Bargen and Waff, 1986). Chemical and self-diffusivity of various species lead to stable isotope
fractionation (Lacks et al. 2012; Lundstrom et al. 2005; Richter et al. 2003) and are often rate-
limiting in crystal growth in igneous rocks (Faul and Scott, 2006) and more generally in the

achievement of thermodynamic equilibrium (Lesher, 2010; Liang, 2003).

The behavior and distribution of silicate liquids can be addressed near the surface and in both the
present and the past through collection and analysis of igneous rocks (Klein and Langmuir, 1987;
Lee et al. 2009; Lehnert et al. 2000; Niu et al. 2011; Plank and Langmuir, 1988), whereas the
current distribution of melts at depth can be inferred from seismological (Forsyth, 1996; Karato
and Jung, 1998; Lay et al. 2004; Williams and Garnero, 1996) or magnetotelluric (Evans et al.
2005; Matsuno et al. 2012) measurements. However, many melting-related phenomena occur at
extreme P and T, where observational and even experimental data are available only at sparsely
sampled compositions and (P, T) or are lacking altogether. This creates an obvious need for
theoretical or computational approaches in order to construct and calibrate a successful, general
model of liquids, applicable to all relevant compositions and conditions and capable of predicting
all thermodynamic and kinetic properties. The question is how to construct such a model. We
propose that major progress can be achieved through a combination of approaches from Earth
science and from engineering thermodynamics that have yet to be brought together.

1.1 The goal

An ultimate strategy to self-consistently represent and predict the thermo-physical behavior of

silicate melts should link together the internal energy (U), the structure and the equilibrium
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molar volume in order to provide a predictive and accurate equation of state (EOS). A rigorous
classical treatment would combine a robust interatomic potential (including electronic and
magnetic effects) for U of the solution as a function of V, an accurate configurational entropy of
mixing (Syx) expression accounting for structure, and the introduction of T via vibrational
phonon frequency theory (Fultz, 2010). However, classical interatomic potentials need to be
parameterized and cannot capture all subtle energetic effects; exact three-dimensional Syix
expressions are not available and must be approximated (e.g., the 1D chain of Ising (1925) or the
coordination-number-dependent approximation of Pelton et al. (2000)); there is no fully
predictive treatment of anharmonic effects for solids (Fultz, 2010) and our knowledge of atomic
vibrations in liquids is limited (Bolmatov et al. 2012). In geochemistry, robust analytical
treatments of condensed phases accounting for each contribution to the Helmholtz energy are
generally not available. Instead one common empirical approach to P-V relations begins with
analytical derivation of a compact interatomic potential (Vinet et al. 1987). However, most self-
consistent approaches to date avoid an explicit interatomic potential via a quasi-harmonic finite
strain free energy formalism (Davies, 1973). Such approaches depend on the quantity and quality
of thermo-physical data for parameterization. In de Koker and Stixrude (2009), parameterization
of such a model for single-component liquid phases using numerical experiments requires at

least 16 adjustable parameters (for MgO) and at most 19 adjustable parameters (for SiO).

1.2 The challenge

In section 2 we will discuss the importance and limitations of experimental observations for
parameterizing EOS models and will introduce the need for complementary constraints from
numerical simulations. We will then discuss the level of accuracy that simulations must achieve

in order to enable pure and multi-component phase equilibrium calculations. Chemical phase
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equilibria are sensitive to remarkably small energy differences, such that effects that may appear
negligible in physical treatments of a single phase EOS become important. We will highlight the
special challenges associated with simulating liquids and point out where the techniques
commonly used in performing and interpreting ab initio molecular dynamics (AIMD)
simulations, well-established in the study of solids, may not describe liquids well. In particular,
the chemical complexity of silicate melts requires large numbers of atoms in the simulation and
long run times. Ergodicity, a prerequisite for obtaining accurate transport properties, may take a
long time to establish and, worse, apparently ergodic states with poorly equilibrated short range
order may persist over even longer run times. It is difficult to establish criteria for complete
sampling of the partition function except by (computationally expensive) approaches from
multiple initial conditions with different degrees of internal order. Even though a simple test to
judge the ergodicity of MD simulation data exists — plotting the logarithm of the mean square
displacement as a function of the logarithm of time (Morgan and Spera 2001a, 2001b; Tikunoff
and Spera 2014) — it is unclear how numerically sensitive internal energy and volume are to
slightly non-ergodic conditions. As a result, the distinction between a deeply supercooled
metastable liquid and a glass needs further exploration which goes beyond the scope of the
present paper. We will close with a summary of recommendations for experimental,

computational, and thermodynamic workers in this field.

2. Context and Motivation

2.1 The experimental approach

Ideally, all available experimental techniques would be used to provide sets of self-consistent
thermo-physical data for the silicate melts and solids relevant to the Earth’s interior. Experiments

spanning adequate ranges of T, P and composition would optimally constrain the parameters of
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an EOS and mixing relationships for each potential stable phase. Then parameterized Helmholtz
or Gibbs energy models for those phases would be considered in global constrained
minimization algorithms such as MELTS (Ghiorso et al. 2002) or FACTSAGE (Bale et al. 2009)
to predict complex phase equilibria in the Earth. Transport properties may also be fitted to

experimental data using relatively simple forms such as Arrhenius or Adam-Gibbs laws.

Indeed, a great variety of experimental data on properties of natural and synthetic silicate melts,
solids and glasses are available for this purpose. Chemical order and local chemical environment
(a few nm) around cations or anions can be studied using nuclear magnetic resonance
spectroscopy (Putnis, 1996), extended X-ray absorption fine structure (Simon et al. 2013) and X-
ray diffraction (Sugiyama et al. 1996). Chemical diffusivity of many species has been measured,
generally at intermediate scales (Um to mm); see compilations of Brady (2013), Zhang and Ni
(2010); Zhang et al. (2010) or Lesher (2010). Density of silicate melts, solids and glasses is
studied at macroscopic scale (mm to cm) by Archimedean methods (Lange and Carmichael,
1987), shock compression (Asimow and Ahrens, 2010), and X-ray absorption (Sakamaki et al.
2009, 2010a, 2010b, 2011). Viscosity is studied at macroscopic scale using devices such as
rotational or parallel-plate viscometers (Del Gaudio and Behrens, 2009; Urbain et al. 1982) and
creep apparatus (Neuville and Richet, 1991). Relaxation effects, i.e. the time-dependence of all
of these properties, can be studied with techniques such as dilatometry, differential thermal
analysis, calorimetry and viscometry (see Sipp and Richet (2002)). Chemical potentials or
thermodynamic activities of species in silicate melts can be determined by electromotive force
measurements (Sterten and Maeland, 1985), Knudsen effusion cell and mass spectrometry
(Zaitsev et al. 2000), or via heterogeneous equilibrium between a melt and a mineral or a probe

phase such as liquid (Rein and Chipman, 1965) or solid (Chamberlin et al. 1994) metallic alloy.
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Considering specifically the thermo-physical behavior of silicate melts at P > 10 GPa, however,
fewer experiments are available. Shock compression of silicate melts, following Rigden et al.
(1988), defines the P-V-energy EOS via the Rankine-Hugoniot equations. This technique has
been extended to ~150 GPa and ~10000 K (Asimow and Ahrens, 2010) using gas guns and in a
few cases to TPa pressures using laser compression (Hicks et al. 2006; McWilliams et al. 2012;
Spaulding et al. 2012). The P-T paths of these experiments are governed by the physics of shock
compression and manipulation of the initial condition or application of novel drive paths are
needed for states hotter or colder than the principal Hugoniot. The extent to which this technique
explores fully equilibrated states requires careful evaluation, although derived equations of state
generally extrapolate consistently from known low-P values and the very high T of shock states
suggests rapid relaxation (Rigden et al. 1988). Nevertheless, shock rise times are short (~10™° s
for liquids relevant to the earth’s mantle) and this may be insufficient for complete relaxation of
the chemical arrangement at the atomic level (called hereafter chemical short range order, SRO),
particularly in highly multicomponent or topologically complex liquids. The extent to which all
possible cation-cation second nearest neighbor (2NN) distributions are explored, and the
equilibrium distribution located, can be estimated from the Einstein relation for diffusion and the
self-diffusivity of Si. Experiments (Poe et al. 1997) and AIMD simulations (de Koker et al. 2008;
Karki et al. 2007) show that this self-diffusivity strongly decreases as the degree of
polymerization of the silicate melt increases. AIMD simulations also predict decreasing self-
diffusivity with increased P. If the duration of shock compression and the resulting migration
distances of Si cations do not allow enough permutations of the cation distribution, then
chemical SRO cannot evolve; the chemical structure becomes frozen and does not reach the

equilibrium state. As internal structure, quantified by the amplitude of the SRO, may evolve in
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non-ideal solutions as a function of composition, T and P, this suggests that shock compression

measurements may not be able to capture the configurational entropy correctly.

Considering the ensemble of available data, then, empirical calibration of self-consistent
thermodynamic properties of silicate phases is not yet possible at the level of accuracy to which
one might aspire. Experimental limitations and cost lead to scarcity and inconsistency in thermo-
physical data for silicate melts, solids and glasses, specifically at high T and P. Missing,
imprecise or inaccurate experimental data in turn limit our ability to constrain the parameters of
complex functional forms for the EOS over the entire range of relevant compositions. We must
turn to simplified mixing rules to interpolate among studied compositions of liquid, solid and
glass solutions. Various mixing rules for different thermo-physical properties of solutions at
constant P and T have been proposed in the literature. It is common practice in geochemistry (de
Koker et al. 2013; de Koker and Stixrude, 2009; Ghiorso et al. 2002) to model the energetic
behavior of silicate solutions assuming that the Syx in these multicomponent systems is ideal
according to some selected definition. Excess heat capacity and excess molar volume of liquid
solutions upon mixing are commonly taken to be zero and, in general, linear interpolation of the
molar heat capacity and volume between available chemical compositions appears to describe
the behavior of silicate liquids (Ghiorso et al. 2002; Lange and Carmichael, 1987). This leaves
the enthalpy of mixing (Hmix) as the sole excess property to capture the non-ideal solution
properties of such liquids. Laboratory data itself can have systematic and composition-dependent
errors, so this general thermodynamic approach may become rather inexact unless coupled to
constraints from numerical experiments. When many excess parameters (both enthalpy and
entropy parameters) are required to accurately fit the set of available thermodynamic data (see

for example the work of de Koker et al. (2013) on the MgO-SiO, system), it is unclear whether
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this reflects internal inconsistency in the calibration data, poor choice of functional forms for

interpolation, or true complexity of the studied solutions.

2.2 The computational approach

Given gaps and shortcomings in experimental data, a promising way to refine and parameterize
theories of phase properties is through numerical experiments, i.e. simulations of the individual
and collective behavior of atoms via molecular dynamics or Monte Carlo methods. In these
simulations, U of a given structure can be evaluated using classical interatomic potentials or
quantum physics via density functional theory (DFT). Classical potentials contain empirical
parameters and therefore hardly represent a replacement for experiments; on the other hand, DFT
calculations are often referred to as ab initio techniques since in principle they do not depend on
experimental input. In practice, the adjustment of some parameters is needed to represent the
physical behavior of condensed structures. The cutoff energy, valence state, and cutoff radii for
the partial waves are needed when building pseudo-potentials as well as in the projector
augmented-wave (PAW) method to mimic all-electron wave functions (Kresse and Joubert,
1999). The convergence test or parameterization methodology used to adjust these parameters is
typically not fully objective (see the methodology of Garrity et al. (2014) and of Jollet et al.

(2014)).

Technically, such convergence tests should be conducted for each studied structure, as the
convergence behavior appears to be structurally/chemically dependent according to benchmark
testing of pseudo-potentials applied to several unary and binary compounds of different
crystallographic structures by Garrity et al. (2014). The evident popularity of DFT in the
scientific literature as a numerical tool to understand and explore the thermo-physical behavior

of condensed phases relies on an optimum tradeoff between accuracy, transferability and
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computational efficiency, which has motivated compilation of optimal sets of these parameters.
Examples of such libraries for several elements of the periodic table can be found, for example,
in the recent work of Jollet et al. (2014) for the PAW method and in the work of Garrity et al.
(2014) for the generation of pseudo-potentials. It is to be noted that there could exist cases where
pseudo-potentials are used under conditions of strong compression (perhaps at terrestrial mantle
pressures) that induce very short bond lengths. In this scenario, the transferability of the pseudo-
potentials and the final precision of the resulting calculations could be severely impaired, which
is not a topic frequently covered in the geochemical literature. As an example, the frozen core
approximation typically used when building pseudo-potentials failed in the work of Pickard and
Needs (2011) where they studied the behavior of solid lithium at pressures up to 2000 GPa. In
this case, the 1S core electrons overlap on neighboring atoms under strong compression. For
these reasons, very high quality pseudo-potentials in which all three electrons are treated

explicitly are required in this case.

Moreover, the parameterization of a correlation energy function (Perdew and Wang, 1992) for
charged bosons and fermions is required to account for the non-interacting electron-gas
hypothesis of DFT; this is done, for example, by the quantum Monte Carlo method of Ceperley

and Alder (1980).

Static calculations allowing the evaluation of the equilibrium V, the bulk modulus and its
pressure derivative for various structures in their ground state are often used to determine the
validity of DFT calculations through comparison with available experimental data. Wentzcovitch
et al. (2010) presented an extensive literature review of DFT calculations applied to mantle
minerals and highlighted the importance of correcting ground state calculations to account for

thermal effects even with 300 K experimental data. Semi-classical lattice dynamic methods such
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as the quasi-harmonic approximation (Born and Huang, 1969) introduce the effect of atomic
vibrations in the description of the Helmholtz energy, providing a useful and relatively robust
method of estimating vibrational entropy and enthalpy for P-T ranges relevant to Earth’s mantle
(Wentzcovitch et al. 2010). For solids, the phonon dispersion needed to evaluate the vibrational

excess energy is obtained from density-functional perturbation theory (Baroni et al. 2001).

The effect of T on thermo-physical properties can be accounted for more explicitly, up to and
above the melting point, using Molecular Dynamics (MD). In this simulation scheme, Newton’s
equations of motion are solved iteratively to describe the paths of individual atoms in a structure
(solid, liquid or glass) subject to periodic boundary conditions by determining the forces acting
on them. The exploration of thermodynamic ensembles such as the isobaric-isothermal (NPT)
ensemble and the canonical (NVT) ensemble requires the implementation of a thermostat,
typically the Nosé-Hoover thermostat (Evans and Holian, 1985). Forces acting on atoms required

in MD simulations can be described by either classical interatomic potentials or DFT.

The need for and promise of such numerical experiments is clear, and reviewing the entire
literature of both classical and ab initio MD simulations relevant to Earth’s mantle is beyond the
scope of this work. However, conclusions of recent AIMD studies that “they are now capable of
treating chemically rich systems with multiple stable phases and extensive solution” (de Koker et
al. 2013) motivate the present discussion. As explained by Schubert et al. (2001), the earth’s bulk
composition is constrained, in part, by the cosmic material believed to be the primordial building
blocks of the earth, e.g. the CI chondrites. It is generally accepted that the mantle is mostly
peridotite and that the core is mostly iron as discussed in detail by McDonough and Sun (1995).
The original pyrolite model of Ringwood (1962), refined by McDonough and Sun (1995),

informs us that the earth’s mantle is dominated by the Si0,-MgO-“FeO”-Al,03;-Ca0O 5-major
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component system. However, the Cr,03, Na,O, TiO,, MnO and other minor as well as volatile
components may also drastically alter the thermo-chemical properties of the different mantle
phases, the stability relations among those phases, and hence the geochemical evolution of the
silicate Earth. Moreover, classical thermodynamics shows that phase equilibria are sensitive to
small shifts in any of the free energy functions of the system. A difference of ~10* J/mol (1
meV/atom) in the thermodynamic description of a phase can shift a eutectic reaction by ~10% K

or change the computed phase assemblage for imposed equilibrium conditions.

It is therefore important to explore whether such precision has been (or can be) achieved. We
argue here that the chemically-rich terrestrial mantle silicate system and all its associated
potentially stable phases cannot be studied accurately with the presently available numerical
tools. The basis for this claim lies both in the theoretical and practical limits of standard DFT
itself — including difficulty handling van der Waals type forces (Vuilleumier et al., 2009),
hydrogen bonds (Dyer and Cummings, 2006), and compositions rich in transition metals such as
Fe (requiring hybrid functionals to handle strongly correlated d-orbitals, e.g. Alfredsson et al.,
2005) — as well as the theoretical and practical limits of molecular dynamic simulations based
on DFT-derived forces. MD simulations endeavor to define the thermo-physical behavior of
macroscopic, real solutions through the behavior of a limited number of atoms sampled for a
limited period of time. It is of fundamental importance to analyze how picosecond (107 s)
numerical experiments on hundreds of atoms (~10* mol) with periodic boundary conditions can
be scaled up to represent the macroscopic behavior of condensed phases (moles) which can be

observed evolving towards equilibrium on timescales of hours (~10° s) to years (~10” s).

Based on ideas from classical thermodynamics and results presented in the literature, this work

examines the likely limitations of current state-of-the-art atomistic simulations of silicate melts.
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We believe that a critical review is needed at this time, with several goals in mind. We hope to
motivate the reassessment of important systems using both classical MD and AIMD simulations,
to identify key experimental investigations that can better constrain theories, to encourage
progress in the definition and parameterization of interatomic potentials, to encourage authors to
report more of their statistical analysis and resulting errors when performing MD simulations,
and to suggest the need for hybrid strategies that build on the power of MD while overcoming
computational limitations. We focus on three aspects of MD simulations that have received
relatively limited scrutiny: 1) general kinetic limitations inherent to the classical treatment of
atomic motions under periodic conditions; 2) the consequence of the extreme cooling/heating
rates of MD simulations for potential phase transitions; and 3) the homogenization times
sufficient for liquid structures, especially at low T or high P, to equilibrate the local chemical

environments of the atoms, quantified by the amount of short range order.
3. Configurational entropy of mixing in the chemical sense

It is important at the outset to define some important concepts underlying the idea of chemical
SRO. First, let us attempt to define the configurational entropy of mixing, i.e. the entropy
(distinct from and in addition to vibrational entropy) arising from the availability of numerous
distinct arrangements of atoms in a mixed solution phase. Figures 1a and 1b show the theoretical
range of possible Syx as a function of composition in the binary atomic systems Mg-O and Si-O.
The reference basis is set by the total number of atoms needed to define the MgO (2 atom basis)
and the Si0; (3 atom basis) pure oxides. At the stoichiometric compositions MgO and Si0,, Syix
can be no smaller than 0 J mol™' K (inverted triangles) — which describes the limit of only one
possible configuration of the atoms — and no larger than the ideal maximum (stars) Syix

corresponding to random permutation of all the atoms. The minimum is achieved for solid MgO-
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periclase and SiO,-low quartz at 0 K, where the equilibrium concentration of all defects with
positive substitution energy goes to zero. The maximum Syx for each oxide implies that the
internal structure of the solution is equivalent to that of an ideal gas; the atoms are not interacting
with each other and there is no correlation between atomic positions in the solution. Chemical
interactions between cations and anions in liquid MgO and SiO, must necessarily yield Syix for

each system between these two limits.

In Figure 2, Syx of the MgO-SiO, system is presented for two different reference states. In
Figure 2a, Mg, Si and O atoms define the reference state. The maximum configurational entropy
in this case is 20 J mol' K', but this can only be equated to Syx along the binary if the
configurational entropies of pure MgO and SiO, are both equal to 0. On the other hand, if fully
disordered MgO and SiO; are used as reference state (figure 2b), then a maximum of 6.05 J mol™
' K! can be reached. Finally, if MgO and SiO, are treated as associates a configurational entropy
of mixing of 5.76 J mol ' K' is obtained at the equimolar composition. This is the so-called
ideal Syix relative to the oxide end members. In this case, MgO and SiO, entities are assumed to
be indistinguishable in the chemical sense. For silicate melts, first nearest neighbors are
exclusively strong cation-anion energetic interactions. Therefore, it is more reasonable to assume

that the amplitude of Syix will be in the range of values obtained from the associate model.

These important notions regarding the limiting behavior of Syix appear to have been neglected in
recent AIMD studies. A maximum Syix of about 18 J mol ! Kfl, proposed by de Koker et al.
(2013) using their coordination state model (de Koker and Stixrude, 2009) requires both that the
configurational entropies of pure MgO and SiO, liquid relative to the atoms are close to zero and
that the mixing of these two liquid oxides results in a completely randomized solution (Syix of an

ideal gas), which seems unreasonable. While cations in different coordination states yield more
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possible configurations than fixed coordination numbers, the resulting number of configurations
surely should not approach that of totally random and uncorrelated atomic positions. It should be
emphasized here that AIMD simulations do not provide direct access to the entropy of the
studied structure. As explained by de Koker et al. (2013), Syix of the liquid phase in the MgO-
SiO, system must be parameterized by fitting experimental observations such as the 1 atm

liquidus temperatures for periclase and forsterite together with the immiscible liquid field.

Another clear indication that the general concept of Syx and its limiting behavior are not
consistently applied in the MD simulation literature is provided by Karki et al. (2013), where
configurational entropy is evaluated using the Adam-Gibbs theory (Adam and Gibbs, 1965) to
represent the T-dependence of the melt viscosity obtained from the same AIMD simulations. The

Adam-Gibbs theory gives a maximum Syix of 2.5 J mol ! K! close to X = 0.4 (Karki et al.

Sio,
2013) (Figure 3). The amplitude of the maximum Syx inferred from viscosity is more than 7
times less than that inferred from the coordination state model applied to the same simulations.
This discrepancy could be an issue with the simulations themselves (the results for viscosity at
different T might not be comparable and might lead to anomalous fits to Adam-Gibbs theory) or
it might be an issue with the thermodynamic model and its definition of configurational entropy.
Obviously, the underlying assumptions leading to the Adam-Gibbs theory, i.e. that the relaxation
time is a function of the macroscopic configurational entropy and that the viscosity follows an
Arrhenius-like behavior, must be valid in order to estimate this thermodynamic property from

viscosity data alone, as discussed by Dyre et al. (2009).

These observations suggest a need to test the precision of the AIMD simulation results and the
resulting thermodynamic model of de Koker et al. (2013) to see whether it accurately predicts
experimental measurements for this system not considered in the parameterization process,
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especially in the SiO,-rich region. Available data include the SiO, activity in silicate melts at 1
atm (Kambayashi and Kato, 1983, 1984); the evolution of the consolute point of the miscibility
gap in the silica-rich region as a function of P, indirectly measured by Hudon et al. (2004, 2005);
and the liquidus surface for crystallization of coesite in this system at 5 GPa, measured by Dalton

and Presnall (1997).
4. General consider ations about kinetic limitations of MD simulations
4.1 Immiscibility

The most recent AIMD study of the MgO-SiO, system by de Koker et al. (2013) serves to
introduce some technical issues in exploring the partition function of a multicomponent solution
by MD simulation. First, note that equilibrium miscibility gaps are determined solely by the
excess properties of the considered solution. Figure 4 shows raw enthalpy of mixing (Hmix) data
from AIMD simulations of de Koker et al. (2013) at 2000 K and 0 GPa for different silicate
melts. The “s” shape of the enthalpy of mixing (which is also obtained at 3000 K) is typical for a
solution that tends to form immiscible liquids. Combined with the total entropy of mixing

expression in the de Koker et al. (2013) thermodynamic model, this enthalpy of mixing induces a
small miscibility gap in the range 0.8< Xq5 <10 (Figure S15 of their work). Comparison of the

predicted miscibility gap and experimental results of Hageman and Oonk (1986) and Ol’shanskii
(1951) shows that AIMD simulations and thermodynamic model of de Koker et al. (2013)
greatly underestimate the width of the solvus, although the consolute T at 1 atm is close to that of
Hageman and Oonk (1986). Nevertheless, both the experimental and predicted miscibility gaps
show that MgSisOy;, one of the simulated compositions, should be inside the two-liquid region.

Simulation of this composition, however, yields a single liquid phase with a positive enthalpy of
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mixing even though the equilibrium state should be a two-liquid assemblage. This is of concern,
whether or not this composition lies inside the spinodal region: if inside the spinodal region, the
MgSisO;; melt should spontaneously decompose into silica-rich and MgO-rich liquids, which
clearly did not occur. If outside the spinodal region, the MgSisO;; melt is metastable and should
have been studied using an initial configuration that accounts for the immiscible behavior. In

either case, the AIMD simulations do not reflect the true equilibrium state of this melt.

This is a clear example showing that AIMD simulations, applied to silicate liquids using short
simulation times (3-6 ps) and ~100 atoms per studied supercell, may not explore the entire
partition function. There are several examples in the literature that show that MD simulations are
neither designed nor capable of ensuring complete sampling of partition functions, even after
long simulation runs originating from a given initial configuration. The work of Schon et al.
(2006) on ab initio computation of low-T phase diagrams exhibiting miscibility gaps show that,
at elevated T, the locally ergodic regions of phase space are not necessarily localized around a
single local minimum (Helmholtz energy surface), but may contain many such local minima.
Likewise, Zhang (2011), performing AIMD simulations of MgO-SiO; liquids, found a standard
deviation in enthalpy among runs using different initial configurations fully as large as the
amplitude of the excess enthalpy of solution reported by de Koker et al. (2013). This does not
imply that the simulations are non-ergodic; on the contrary it emphasizes the highly probable
existence of several locally-ergodic minima that have to be explored in order to define the

equilibrium state of the system correctly.

4.2 Evolution of Short Range Order (SRO)

Obtaining, in a simulation, a reasonable sampling of equilibrium configurations with the correct

structural and physical properties requires the achievement of the correct degree of short-range
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order. We suggest that important insights concerning the procedures generally used in MD
simulations of liquids and the extent to which they explore the SRO energy landscape can be
found by examining well-documented studies of analogous phenomena surrounding a well-
known solid-solid order-disorder phase transition in a simple binary system. From an internal
chemical structure perspective, an order-disorder phase transition is highly relevant to our
discussion of liquids, since it is driven by the vanishing of short-range chemical order; that a
solid has long-range chemical order and a liquid does not is unimportant for this discussion. In
particular, let us consider the example of the Au-Cu system, where the equimolar composition
undergoes a first-order phase transition from a face-centered cubic (FCC)-L1, ordered structure

to a FCC-disordered solution at a critical temperature T, ,, of ~ 685K (Cao et al. 2007), which is

about 0.58Tjiquidus at this composition. Similar order/disorder phase transitions also occur for the

CusAu and the CuAus FCC-L1, ordered structures in this system.

All thermodynamic models that allow the representation of such a phase transition — e.g., the
cluster variation method (Kikuchi, 1951) or the cluster site approximation (Oates and Wenzl,
1996; Oates et al. 1999) — predict the presence of some residual SRO above the phase
transition. This SRO decreases to some extent with further increase of T beyond the transition
point, whereas SRO in the disordered phase is expected to increase with increasing P for this
system, at least in the low compression regime. As pointed out by Franzblau and Gordon (1967),

the initial slope of the evolution of T, ,, as a function of P is defined by the Clapeyron

aTO%D — TO%DAVO—>D
oP AH, o

equation: . A thermodynamic literature review of the Au-Cu system

(Okamoto et al, 1987) then predicts that ago—;D >0 at 1 atm; indeed T, ,, increases by ~10 %

from 1 atm to 2 GPa for CusAu (Franzblau and Gordon,1967). Under strong compression, the
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Clapeyron relation cannot be applied easily because AV, ,, and AH, , at elevated P are not

available in the literature. Franzblau and Gordon (1967) also argue that the energy barrier

(kinetic limitations) to disorder the CuszAu structure in this case should increase with P.

When starting from a perfectly ordered structure, MD simulations of FCC AuCu on a periodic
lattice do not allow identification of the transition temperature even for the slowest heating rates.
Experimentally, the order/disorder transitions in the Au-Cu system probably nucleate by
macroscopic heterogeneous mechanisms such as surface segregations or antiphase boundaries, as
discussed by Hayoun et al. (1998) in CusAu. Numerically, however, the atomic permutations
needed to modify the chemical order and induce this order/disorder transition face major kinetic
limitations: to permute two nearest neighbor atoms in a periodic defect-free lattice requires an
energetically unfavorable Frenkel defect (substitutional vacancy + interstitial atom). When T
increases, the structure generally expands, reducing the energy cost of a Frenkel defect. As the
energetic cost of a Frenkel defect approaches kgT, atoms start to permute, but this is typically far
above the observed critical T of solid-solid order-disorder transitions. As defects accumulate in
this T range, the solid structure loses mechanical stability and undergoes mechanical fusion. For
FCC gold, e.g., mechanical fusion occurs in MD simulations using the interatomic potential

parameterized by Lee et al. (2003) at around 1.3T)iquidus (compare to T, , = 0.58T,

liquidus

in AuCu).

This implies that MD simulations can explore a superheated FCC structure up to this T.

Above the mechanical fusion temperature, liquid state MD simulations of metallic systems
should not be too sensitive to the initial configuration because permutations of first nearest
neighbor pair fractions that define the chemical order are energetically inexpensive, even when
performed in a random motion fashion. For the same reason, it is a common practice to use high

T and large volume to melt initial solid structures in MD simulations. However, applying high P
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to mechanically melted structures should be done with care: imposing high P increases the
energetic cost of modifying short-range chemical order, as discussed above. In this case, MD
simulations might not be able to explore enough chemical configurations to populate the
partition function adequately. Monte Carlo simulations (Metropolis et al. 1953) are therefore
preferred when thermodynamic properties based on statistical analysis are to be obtained for
solid and liquid structures, as the technique allows one to span the partition function much more

efficiently.

The analogy of the energetic barrier kinetic limitation to disordering of solid structures extends
to silicate melts as follows. It is evident that silicate melts are defect-rich, low-symmetry
structures less prone to this problem. However, when P increases or T decreases, there is no
general rule to predict how the kinetic energy barrier between two states of internal energy
compares to KgT (even if the equilibrium U difference between the states is small), especially
considering the fact that the atoms follow a random walk inside the simulation box (Brownian
motion). In other words, atoms are not specifically seeking minimum energy transition states.
This is an important issue that was raised in early MD simulations works (see for example Alder,
1964). For this reason, it is of fundamental importance to start several MD simulations with
initial configurations differing in their SRO to test how the initial structure affects the derived
thermo-physical properties. To our knowledge, such a systematic study for silicate melts under
pressure has not been published in the literature yet. However, the provocative MD study of
MgO-SiO; melts by Zhang (2011) justifies further work; they examine three distinct initial
configurations for each composition and obtain average properties with standard deviations from
10 to 50 kJ/mol. Even though the total simulation time might have been too small for silica-rich

melts to adequately relax their structures (only 6 ps), it appears evident from this study that the
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uncertainty due to initial configuration in the evaluation of a mixing property could be of the

same order of magnitude or even larger than the property itself.

4.3 SAf-diffusivity

Another kinetic limitation inherent to the chemical nature of MD simulated silicate melts is the
limited self-diffusivity of the various species. In the NVT or NPT ensembles that are typically
explored in earth science studies, the homogenization or evolution toward the equilibrium state
of simulated melts is ensured solely by self-diffusion of the atoms (the system is not sensitive to
chemical potentials in these ensembles). If the total MD simulation time at a given applied P and
T is too short compared to self-diffusion time-scales, then the system will not have enough time
to reach the equilibrium state. The severity of this kinetic limitation in the approach to
equilibrium for high P (or low T) silicate melts can be characterized using self-diffusivities from
the MD simulations themselves. Ghosh and Karki (2011) presented AIMD simulations of
Mg>,SiO4 melt at high P in order to evaluate self-diffusivity and viscosity. These authors noted
two simulations, at compressed volumes of 0.6Vx (3000 K and 67 GPa; Vx is the volume at 3000
K and 0 GPa) and 0.5Vx (4000 K and 159 GPa) that displayed glass-like rather than liquid-like
dynamics, in which mean square displacements remained below 10 A? for all species even for
runs of 300 ps. This observation makes perfect sense from a self-diffusivity perspective. The
self-diffusivity of Si is about 5 x 10" m*/s under these conditions (Ghosh and Karki, 2011). To
permute two Si-Si second nearest neighbor cations (distance of 3 A according to Karki et al.,

2007), a time of about 300 ps is required:

mz 12
(6:Dg 1) =(6-5x10‘”?-300x10“2sj =3A )
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Indeed, 300 ps is the maximum simulation time the authors used. Under these simulation
conditions, the SRO defined by 2NN pairs remains almost constant. Similar kinetic limitation
examples can be found in the work of Karki et al. (2007) and Lacks et al. (2007) for liquid SiO,.
In these studies, equilibrium conditions inducing kinetic limitations can be identified by looking
at the slope of log-log plots of the mean square displacement as a function of time, which should
be equal to one in the diffusive regime. The systematic application of such a “kinetic” test to
identify the state (i.e. liquid or glassy) of the supercell in MD simulations can be found, for
example, in the work of Morgan and Spera (2001a, 2001b). In general, however, MD simulations
do not present such evaluations of the kinetic relaxation, even when computing transport
properties.

Another clear example showing the importance of self-diffusivity on homogenization and
relaxation of simulated structures in MD can be observed for liquid MgO. In MgO melts, the
self-diffusivity of Mg is ~8 x 10~ m%s at 3000 K and 0 GPa according to Karki et al. (2006) (a
factor of 160 higher than Si in liquid SiO, at 3000 K). There is a clear agreement (Karki et al.
2006, 2013; Lacks et al. 2007) that MD simulations of 2-5 ps are sufficient to generate accurate
results (dvgmg= 3 A), which is consistent with the application of Equation 1. Similarly, Martin et
al. (2012) set a self-diffusion cut-off of 10~° m%/s in their study of the 1-bar eutectic melt in the
system CaAl,Si,03-CaMgSi,O¢ in order to ensure ergodicity, which induces a mean travel
distance for oxygen of 3.2 A (twice the anion-cation separation) in 50 ps, which appears to be
equivalent to the present criterion.

The kinetic limitations to achievement of equilibrium SRO presented in this section could be the

main cause of the apparently non-equilibrium results presented in Figures 3 and 4.

4.4 Effect of the cooling ratein MD simulations on the resulting studied structure
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Silica glasses were studied by Vollmayr et al. (1996) using MD simulations. The authors
mentioned that the studied cooling rates were between 1.14 x 10" and 4.44 x 10'* K/s, which are
many orders of magnitude larger than laboratory rates. In the work of de Koker et al. (2008) on
Mg,SiOy liquid, the “slow cooling rate” of their AIMD simulations is 1.0 x 10" K/s (3000 K in
3000 fs), which is again about 10 orders of magnitude higher than typical cooling rates used to
produce silicate glasses. As an example, Revcolevschi (1976) estimated the cooling rate of an

eutectic NiO-CaO liquid in a splat quenching apparatus to be 2.6 x 10° K/s.

According to the equation parameterized by Vollmayr et al. (1996) for the glass transition
temperature of silica, the cooling rate of de Koker et al. (2008) would induce a glass transition
for pure silica above 4000 K at atmospheric pressure. Furthermore, increasing pressure for a
given cooling rate will increase the glass transition temperature (see Martin et al. 2012). This
glass transition temperature for silica is higher than any observable glass transition temperature
(higher even than the liquidus temperature) but the important point is that structural relaxation
may not continue below 4000 K or higher in these simulations, and the state of order recorded at

lower temperature seems unlikely to represent equilibrium.

5. Large-scale classical MD simulationsvs. small-scale AIMD simulations

Classical MD simulations exploit the fast evaluation of forces to achieve much longer simulation
times and numbers of simulated atoms. Each of these advantages contributes to the higher
precision of classical MD in distinct ways. Concerning the number of atoms, Ghiorso and Spera
(2010) presented all the advantages of using large scale simulations to access the most accurate
thermo-physical properties of silicate melts. It is clear that large MD simulations allow better
statistics: sampling over more atoms yields more countable first nearest neighbors, second
nearest neighbors, etc. For a closed packed FCC-like structure, with 70 atoms (typical of AIMD
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simulations), there would be 420 distinct INN pairs to analyze; for a system of 10* atoms
(typical of classical MD), there would be 6 x 10* INN pairs. Furthermore, number of atoms
contributes to uncertainty in evaluating both T (induced by the thermostat) and P: McQuarrie
(2000) reported that this uncertainty scales as N'"?. Finite-size effects caused by a small number
of atoms are often argued to be insignificant in AIMD studies (de Koker and Stixrude, 2009;
Karki et al. 2006, 2007), although the evidence supporting this claim is generally difficult to
evaluate quantitatively. On the contrary, several classical MD simulations quantified this effect
(Horbach et al. 1996; Saksaengwijit and Heuer, 2007; Yeh and Hummer, 2004; Zhang et al.
2004). The general consensus of these studies is that, while thermodynamic properties appear to
be insensitive to system size, dynamic properties such as self-diffusivity and viscosity can be
quite sensitive. However, studies that suggest limited system size is adequate for assessing
thermodynamic properties are all applied to pure chemical systems. In multicomponent systems,
the number of different types of 2NN pairs to explore and the swap distances needed to exchange
different cations are much larger. The system size effects in multicomponent systems have not

been comprehensively evaluated, either with regard to major components or dilute components.

Reaching the equilibrium state in a pseudo-unary system is fast (no kinetic limitations related to
self-diffusivity), even when the high symmetry of a solid structure has to be broken in order to
reach equilibrium. The classical solid-liquid interface MD simulation study of Soules et al.
(2011) demonstrates this principle, showing that the phase boundary interface propagates much
faster than atomic displacements caused by self-diffusivity. For pseudo-unary systems such as
liquid Si0,, dominated by indistinguishable tetrahedral entities, distinct chemical species make
little contribution to configurational entropy. The situation might be slightly different when

pressure is increased, as different entities become significant in the melt. As reported by Karki et
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al. (2007), the Si-O coordination number shifts from 4 at ambient pressure to 6.5 at 150 GPa.
Therefore, there might be equilibrium conditions for which distinctions between different stable
entities have to be accounted for in the description of the configurational entropy of the solution.
However, conversion among differently coordinated cations requires only small displacements of
the oxygen anions and so coexistence of different coordination states probably does not imply a
substantial increase in necessary simulation time. Hence, relatively short simulation times should
allow exploration of the partition function for such unary/pseudo-unary systems. To evaluate
dynamic properties, the shortest simulation time should allow at least one “equivalent” cation-
cation permutation. For liquid silica, all authors in the literature (for both classical MD and
AIMD studies) (Karki et al. 2007, 2013; Lacks et al. 2007) appear to agree that a simulation of
0.3-1 ns is required to evaluate the viscosity and self-diffusivity (5 x 10" m%s at 3000 K and 0
GPa) in liquid silica, which is about the minimum time to allow one Si-Si cation-cation

permutation (~3A) (see equation 1).

For MD simulations of multicomponent systems, the situation is quite different. A sampling of
2NN pair fractions sufficient to obtain the average equilibrium proportions, given the long
distances between cations that arise (ex.: dg.g, Avg-mg, Omg-s > 3 A according to Zhang (2011) for
MgSi0; melt at 0 GPa and 4000 K), should require a simulation of at least several ns, especially
for silica-rich melts (based on self-diffusivity of Si in liquid SiO, at 3000 K). In this case, the
thermo-physical data required to parameterize a silicate melt EOS would be accurately obtained,

as several cation-cation permutations would occur in the course of the simulation.

For shorter simulations, the accuracy depends on the energetic differences among configurations.

If chemical ordering is a minor contribution to U, the average internal energy from MD
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simulations may accurately describe the true equilibrium U of the system. Also in this case, the
assumption of ideal Syx (suitably defined) would be fully consistent with the MD simulations

and the resulting Gibbs (or Helmholtz) energy would also be accurate.

In contrast, if chemical ordering significantly affects U, then it is unclear if MD simulations of
several ns are sufficient to accurately parameterize an EOS of silicate melts. Imagine a system
where short range order is important enough to result in Syix appreciably lower than the ideal
value. Energy differences between distinct configurations could be large. Energy fluctuations
during a single MD simulation run with thousands of atoms traveling for several ns might not
capture this particularity of the system. The average U obtained from this MD simulation might
still approximate thermodynamic U (if the initial configuration reflects on average the
equilibrium chemical ordering of the system) but properties related to fluctuations (instantaneous
heat capacity, instantaneous thermal expansion, Griineisen parameter, etc) would not be captured
well. This is one reason why 2"-order derivative parameters are generally better estimated from
thermodynamic models fitted to many simulation points, rather than directly extracted from
time-dependent simulations. In this context, starting with different initial solid structures (all
ordered in some way, by definition) and subsequently melting them at high T to see if the liquid
retains memory of the initial state (see Stixrude and Karki (2005) and de Koker et al. (2008)) will
not diagnose these issues. This is a different test from starting with different liquid
configurations with distinct chemical ordering to see if MD simulations present similar statistics,

as proposed by Zhang (2011).

Finally, in intervals of phase space where small T or P changes induce large increases in

equilibrium chemical ordering, significant extra time may be needed to reach equilibrium after
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perturbation of T, V or P. In this case, running MD simulations of silicate melts even of several
ns (typical for classical MD) might not be sufficient. Consider an MD simulation performed
close to a consolute point (whose critical T is not known a priori). Cooling (or quenching, in MD
simulations) a disordered liquid structure across an equilibrium exsolution boundary would
reveal the miscibility gap only for simulation times long enough to allow species to segregate. To
homogenize a simulation box for these conditions (relevant phase transitions generally occur at
low T / high P) only by self-diffusivity and a random walk of atoms, long simulation times will
be needed. With kinetic limitations (e.g., small free volumes available at elevated P), it may not
ever be reasonable to use MD simulations alone to explore the partition function in this case.
Monte Carlo simulations should be better able to study phase transitions driven by evaluation of
chemical order (e.g. miscibility gaps, fragile-to-ductile liquid transition, order-disorder transition

in solids, etc.).

6. Cautions concerning L DA pressur e corrections in multicomponent liquid systems

It is well known that neither of the common exchange-correlation functionals used in DFT, the
local density approximation (LDA) and the generalized gradient approximation (GGA), yields
precise matches to the volume and compressibility of all phases (Karki et al. 2001). There are,
however, well-established corrections, for example an empirical pressure correction to account
for the under-estimation of molar volume due to overbinding in LDA (van de Walle and Ceder,
1999). Here we consider the magnitude of these corrections applied to multicomponent liquid
systems and question whether uncertainty in such corrections is large enough to prevent useful

definition of energetic mixing relations in materials of the Earth’s mantle.

There is actually no physical theory specifying that LDA systematically induces overbinding or

consequently underestimates equilibrium molar volume. Rather such a trend often arises in
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comparisons between ab initio calculations and experimental data. Thus there is no fundamental
understanding of how the error varies with composition or structure. Furthermore, in
consideration of oxide solids, Wentzcovitch et al. (2010) argued that the error is simply a matter
of applying static (0 K) LDA calculations to 300 K conditions. Combining quasi-harmonic
theory for vibrational effects with static DFT calculations (0 K) yields an almost perfect match to

experimental 300 K volumes of the solids examined in that study. In this scenario, the correction

to the static energetic stability of a structure, AULDA%m ,

vib. Ve,
AU LDA—exp. = SJ. TdS_ J. Pdv (2)
0

Vo

arises from vibrational entropy effects alone; no mechanical work contribution (second term in
Equation 2) is needed. Likewise, AIMD simulations performed by Karki et al. (2006) for MgO
and by Karki et al. (2007) for SiO, using LDA, incorporating entropy effects via molecular

dynamics rather than quasi-harmonic theory, appear not to suffer from overbinding.

On the other hand, the same authors in more recent studies (de Koker et al. 2008, 2013; de Koker
and Stixrude, 2009) present a different and incompatible observation regarding the precision of
LDA-MD calculation of silicate melts, whose differences from experiment are once again
attributed to LDA overbinding. In this treatment, the mechanical work term in Equation (2)
rather than the vibrational entropy contribution to static LDA simulations is taken as the source
of LDA errors. Thus, in MD simulations where vibrational entropy effects are folded into the
internal energy contribution (T is mimicked by a thermostat), a systematic P-shift is applied to
the P-V EOS to account for overbinding effects (de Koker et al. 2008, 2013; de Koker and

Stixrude, 2009). This P-shift is calibrated as a function of composition only for those
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compositions where experimental solid volumes at 1 atm can be compared to NVT-MD
simulations at the same volume. This P-shift function is taken to be independent of structure and
applied to both solids and liquids of equal chemical composition. Moreover, the P-shift is

assumed to be adiabatic (no entropy contribution) and independent of the elastic moduli of the

material. The energy correction AUenp simply becomes (de Koker and Stixrude, 2009):

AUgr, =R (V-V0) 3)

enp

Applying such a systematic correction to MD simulations is of uncertain validity and can have a
large effect on derived properties such as enthalpy of mixing. First, it is unclear that LDA does
systematically underestimate volume for geologically relevant systems when the zero-point
anharmonic expansion is considered, especially for ionic solids or condensed phases with partly
ionic chemical interactions, according to the study of Wentzcovitch et al. (2010). On the other
hand, it appears evident from the calculations performed by Haas et al. (2009) on 60 cubic
structures that LDA considerably underestimates molar volumes of solids at 0 K when compared
to available experimental data. Second, if the degree of overbinding depends on the nature of
chemical bonding in a material, then the changes in bonding character in silicate melts with P (de
Koker et al. 2008, 2013) renders it highly improbable that a constant P correction term based on
a 1 atm solid structure would be sufficient to account for the gradual shift toward differently

coordinated and more metallic-like chemical interactions in increasingly compact liquids.

Finally, the application of the P-shift scheme to multicomponent systems may introduce serious
errors. In their work, de Koker et al. (2013) estimated the P-shift as follows. Four anchor points
— solids of known volume at 1 atm — are available (MgO, Mg,Si04, MgSiO3, and SiO,). Of

these, only SiO; is on the silica-rich side of the join. A quadratic polynomial fit to the four points
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was assumed by de Koker et al. (2013) (Figure 5). This is reasonable, but a P-shift that increases
linearly from MgO up to MgSisO;; (open circle in Figure 5) and then sharply decreases towards
Si0; is equally plausible. This would lead to a “V-shape” P-shift, which resembles the V-shaped

curves for several important mixing properties in de Koker et al. (2013).

Table 1 presents an estimate of volumes at 0 GPa, VoFsr, using the finite-strain EOS of de Koker

et al. (2013) for each MgO-SiO, melt composition, with the pressure correction term Penyp applied
by these authors removed. That is, the V, values in de Koker et al. (2013) are volumes at P
empirically corrected to 0 GPa, whereas here we fit instead the actual 0 GPa MD simulation
results. A short FORTRAN algorithm and parameter files are provided in the supplement to

implement the EOS of de Koker et al. (2013).

This exercise allows us to estimate the corrections to both internal energy, AUemw and enthalpy,

AHerm , that should be applied for any functional form of the P-shift. Table 1 shows these results

for all compositions studied by de Koker et al. (2013) using the quadratic composition
dependence of Penp and (in italics) results for MgSisOy; liquid using the V-shaped P-shift from
Figure 5. This particular composition demonstrates the potential effect of the P-shift uncertainty
on the resulting thermo-physical properties because 1) it lies inside the miscibility gap at low T

and 2) its P-shift must be predicted from a certain arbitrary functional form.

Figure 6 shows how such a systematic correction induces a non-negligible excess enthalpy

correction rﬁmm defined as follows:

Morecien :(AHem)XSOz _[XSOZA"';% H1-Xgq ) AHY ] 4)

31

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5159 3/3

with a shape mirroring the shape of the P-shift function. A series of MD simulations whose raw
enthalpy values suggest a substantial negative enthalpy of mixing (-8 kJ/mol) could be
transformed into a positive enthalpy of mixing entirely through the application of the P-shift. In
multicomponent melts, this could potentially invert the tendency to favor heterogeneous 2NN
pairs, favoring Mg-Mg and Si-Si pairs. The internal structure and Syix should be modified in turn,
which is not accounted for in this simple correction scheme. Thus, while a small and constant
energetic LDA overbinding correction might be helpful in unary systems, extension of this
principle to multicomponent systems and to phases with different chemical bonding character is
unsupported. Moreover, differences among functions that might define the composition
dependence introduce differences in enthalpy corrections as large as the enthalpy of mixing
itself. Such uncertainties might lead to excess properties that are not accurate enough to predict

phase equilibria.

Besides the uncertain composition dependence of the LDA correction, there is direct evidence
that it also depends on the structure of silicate phases and therefore on the volume applied to
liquid silicates. Hamann (1996) showed that LDA-based DFT predicts that stishovite is slightly

more stable than quartz (AU =-0.05€V ) in the ground state at 0 GPa. Experimental

Quartz— Stishovite —
calorimetry by Holm et al. (1967) and Akaogi and Navrotsky (1984), however, show that quartz

is the more stable phase (AU =~ +0.52eV ). The most likely explanation is that the

Quartz— Stishovite
error in LDA is not invariant to coordination number change and the energetics of the 4-fold
(quartz) to 6-fold (stishovite) transition do not benefit from the same error cancellation as EOS

curves applied to a fixed crystal structure.

There are other concerns with the use of LDA for multicomponent mantle materials. An

electronic entropy contribution to the Helmholtz or Gibbs energy may need to be considered at
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high T (de Koker et al. 2013). Yet it is known that the band gap in LDA calculations is typically
too small, up to 40% in several cases (Perdew, 1985). For MgO-periclase, Tran and Blaha (2009)
predicted, using LDA, a band gap energy of 4.70 eV compared to the experimental value of 7.83
eV. Anisimov and Kozhevnikov (2005) explained how the one-electron eigenvalues in LDA
calculations are Kohn—Sham energies that do not directly correspond to excitation energies. In
theory, such a difference in the energy band gap could significantly alter the energetic properties
of MgO under extreme conditions of temperature only (between about 54500 K and 91000 K if
the band gap scales to kgT). In this context, the presence of an electronic contribution in the
definition of the Gibbs energy of MgO-Si0; melts in the 3000 — 10000 K range as reported by de
Koker et al. (2013) is surprising, even if the band gap was reduced upon melting and mixing with
Si0; in various amounts. This electronic contribution should be taken with care as it could easily
be an artifact from the LDA when predicting the band gap of these melts. De La Pierre et al.
(2011) studied in detail the performance of 6 functionals in the simulation of the vibrational and
dielectric properties of solid forsterite. They concluded that the LDA is the worst performing
functional. A direct observation of the imprecision of electronic band gaps from LDA can be
found in the work of Cococcioni et al. (2003), which predicts a metallic ground state for solid
fayalite, contrary to experimental evidence that indicates an insulating, possibly Mott-Hubbard,

behavior.

For these reasons, exploration of the accuracy of GGA-based MD simulations of silicate melts at
high P and T seems warranted. Moreover, it is well documented (Hautier et al. 2012) that
transition metals such as Fe, Mn and Ni in oxide materials require the use of GGA and other
corrections such as the Hubbard parameter (Anisimov et al. 1991) to account for strong

correlation of electrons in the d-states (Cococcioni and de Gironcoli, 2005). This will be an issue
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when trying to extend binary MgO-SiO; calculations and compatibly merge them with ternary
and higher systems, especially when incorporating iron, the third-most abundant cation in Earth’s
mantle. Spera et al. (2011) pointed out important differences in thermo-physical properties for
liquid MgSiO; at high T and P between corrected LDA MD simulations (Stixrude and Karki
2005) and GGA MD simulations (Wan et al. 2007). There are other differences between these
two studies (e.g. the Car and Parrinello (1985) scheme vs. the Born and Oppenheimer (1927)
approximation), so the difference may not be entirely LDA vs. GGA. Spera et al. (2011)
concluded that key experimental measurements are needed to identify the most accurate

approach in this specific case.

7. Cautions concer ning other aspects of DFT implementation

In this section we consider several additional issues related to the choices and approximations
that are adopted by DFT practitioners, specifically as applied to calculating forces for ab initio
MD simulation of multicomponent silicate liquids: the choice of exchange-correlation functional,
the approximation adopted to parameterize core electron behavior, and the demonstration of
convergence with respect to numerical details such as plane-wave basis cut-off and k-point

sampling.

7.1 Functionals

The selection of an adequate functional to define the exchange-correlation electronic
contribution is of course a critical step when using DFT. Computational resource limitations
often govern this choice when simulating complex geological systems using AIMD. This
explains the popularity of LDA, the cheapest option, allowing longer MD simulations and bigger

supercells for given computational resources. However, LDA 1is often not the most accurate
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functional for oxide systems. De La Pierre et al. (2011) reported key studies on this topic and
highlighted the importance of introducing a fraction of Hartree-Fock (exact) exchange in hybrid
functionals to accurately model calcite, quartz, katoite, and garnets. They also performed DFT
calculations for forsterite and confirmed that a hybrid functional such as B3LYP (Becke 1993;
Lee et al. 1988; Vosko et al. 1980; Stephens et al. 1994) provides the most accurate results.
Kotomin et al. (2008) concurred that B3LYP is needed to predict correct band gaps of
perovskites, while Strassner and Taige (2005) concluded that a hybrid functional is required for

accurate representation of compounds containing transition metals.

An efficient and popular choice of hybrid functional is the Hubbard U correction. LDA+U and
GGA+U methods, following the work of Anisimov et al. (1991, 1997), can improve the ability of
DFT to quantitatively (and even, sometimes, qualitatively) reproduce experimental observations.
This approach was applied, for example, by Stackhouse et al. (2010) to study the high-pressure
properties of fayalite. They showed that iteration between predicted thermo-physical properties
and available experimental data is required to set the value of the U parameter. As for the LDA
pressure correction, there is no physical justification to assume that the U parameter is
independent of the chemical environment and structure of the considered phase. Therefore, it is
not clear how the U parameter should be treated across variable compositions when studying
silicate melts under pressure. Also, without any prior knowledge about the physico-chemical
behavior of the considered phase obtained from laboratory data, it is not possible to parameterize
this empirical correction. Stackhouse et al. (2010) also concluded that the mixed success of the
GGA+U approach when studying fayalite justifies the continued development of more exact

methods such as Quantum Monte Carlo (Foulkes et al. 2001).

7.2 Core electrons
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Practical DFT generally does not compute the density of all electrons in a system self-
consistently. The rapidly oscillating wavefunctions close to atomic nuclei make all-electron
calculations very expensive, and at the same time efficient shielding of closed-shell core
electrons typically reduces their influence over chemical bonding behavior. So explicit
calculation of their electron density is replaced by simplified effective contributions. The most
popular methods are pseudo-potential and projector augmented wave (PAW) approaches. Note
that PAW methods are built from ultra-soft pseudo-potentials. This in each case, a
parameterization is required, as detailed by Jollet et al. (2014). This should be aimed not at
fitting empirical data but at converging to the all-electron result. All-electron calculations,
however are rarely available for system chemical environments and pressures relevant to
multicomponent silicate liquids in planetary mantles. The objective procedure proposed by
Lejaeghere et al. (2013) is used in this case to quantify the error of a given pseudo-potential
compared to all-electron calculations. In this method, the integrated Birch-Murnaghan EOS (i.e.
E(V) curve) is fit both to pseudo-potential and all-electron DFT results spanning a volume range

AV; the difference between these fits is AE(V), and the error is expressed by

A= \/IAEZ (V)dv / AV . This transferability test is typically performed for elements and binary

cubic compounds and will provide sensible results for materials that follow the Birch-Murnaghan
EOS only. In some plane wave codes such as VASP (Kresse and Furthmiiller, 1996a, b; Kresse
and Hafner, 1993, 1994), the user cannot evaluate the impact of these parameters on the
precision of results since they cannot be freely modified as in more flexible codes like ABINIT
(Gonze et al. 2009), SIESTA (Soler et al. 2002), or CASTEP (Clark et al. 2005). Of course, the
parameterization of pseudo-potentials is a difficult task which requires expertise in electronic

structure theory. Even thought geoscientists should not be required to play with these parameters
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when modeling systems using DFT, there should be efforts to generate benchmark testing for
evaluating the transferability and accuracy of these pseudo-potentials using structures and
conditions more suited for geological and planetary applications, i.e. more chemically-rich

systems subjected to high pressure.

At high P, the pseudo-potential cutoff radius can affect the accuracy of calculations. Correa et al.
(2006) show the impact of cutoff radius on total energy of liquid, diamond and BCS8 carbon
phases in AIMD simulations using GGA and norm-conserving pseudo-potentials to describe core
electrons. A change of pseudo-potential cutoff radius from 0.74A to 0.60A at very high P
significantly alters the total energy of carbon structures, decreasing the inferred melting point of
carbon by 200 K at 1000 GPa. At standard P and T the single bond length for carbon in diamond
is ~1.54 A (Occelli et al. 2003). This is close to the onset of core overlap at 1.48 A with the
pseudo-potential cutoff radius of Correa et al. (2006). The single bond length of carbon in
diamond decreases to about 1.19 A at 1000 GPa according to the Vinet EOS of Occelli et al.
(2003), again close to the 1.2 A overlap threshold for the high-P cutoff radius of Correa et al.
(2006). The sensitivity of very high-P DFT calculations to pseudo-potential cutoff radius reflects
the inability of the pseudo-potential functional form to extrapolate the “exact” orbital wave
functions below the radius cutoff. In the case of norm-conserving pseudo-potentials, the core
overlap violates the norm-conserving condition, so that integrated charge per orbital deviates
from one electron. This is a serious error since these pseudo-potentials rely on norm conservation
to guarantee the correct logarithmic eigenvalue derivative that ensures good transferability. For
ultra-soft pseudo-potentials, the consequence of overlap is much less severe as they rely on
augmentation charge and multiple projectors. However to our knowledge there is no study that

attempts to quantify this transferability error as a function of pressure. This emphasizes the
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importance of customizing the pseudo-potential benchmark tests for geological applications in

order to ensure the highest achievable precision of the DFT in these equilibrium conditions.

As another example, Karki et al. (2007) applied the 3s*3p® valence state reference and a cutoff
radius of 0.82 A for silicon atoms in silica liquid. With the ultra-soft pseudo-potential of oxygen
(0.82 A and 2s*2p*), a minimal Si-O distance of 1.64 A can be studied without electronic core
overlap. This is virtually equal to the AIMD simulation value obtained for pure liquid silica by
these authors. In another AIMD study on Mg;Si04 liquid, de Koker et al. (2008) applied an ultra-
soft pseudo-potential for Si having 0.95 A cutoff radius and 3s*3p” reference valence state, with
the same oxygen pseudo-potential. The predicted Si-O distance (=1.63 A) in their simulations is
smaller than the distance (1.77 A) for onset of electronic core overlapping based on the reported
cutoff radii. The Si-O bond-length alone, although virtually equal in both simulations, cannot
warrant the exact same transferability precision of these two distinct pseudo-potentials when
evaluating any thermo-physical property. In this context, it should be explained and quantified
whether ultra-soft pseudo-potential calculations can be applied to interactions requiring core

overlap, and importantly whether errors will become worse as P increases and bonds get shorter.
7.3 Numerical precision

Finally, a convergence test with respect to the selected basis set (i.e plane-wave cut-off) and the
density of k-point sampling over the Brillouin-zone must be performed for at conditions specific
enough to each calculation in a study to provide a quantified estimate of errors due to these
simplifications for that calculation in particular. An example of such a careful convergence test is
presented by de Koker et al. (2008) for Mg;Si04 liquid. They found in this case an uncertainty of
8.8 kJ/mol on the internal energy and 1.5 GPa on the total pressure of their AIMD simulations. In

other words, they provide not only the selected cut-off radius and k-point density but also the
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residual uncertainty they tolerate at the chosen level of convergence. It should be pointed out
here that this convergence test cannot be replaced by selection of a different exchange-
correlation function. A badly converged simulation with respect to these parameters cannot

provide accurate results even with an accurate functional such as B3LYP.
8. Cautions concerning van der Waalsinteractions

Another important consideration regarding conventional DFT based simulations is that they
cannot account for van der Waals interactions arising from mutual dynamical polarization of the
interacting atoms, as highlighted by Vuilleumier et al. (2009). Langreth et al. (2005) introduce
van der Waals DFT to correct this problem. More recent and widespread adoptions of the so-
called DFT-D method to overcome these limitations are presented by Grimme (2006) and

Tkatchenko et al. (2009) respectively.

However, classical interatomic force-field potentials are another possible solution to this
problem. In this approach, an analytical function describing energetic interaction between atoms

as a function of their inter-distance rj; is proposed based on fundamental physics theories. In the
specific case of condensed silicate phases, a standard approach to the interionic potential ¢?J

includes Coulomb, repulsive and attractive terms, e.g., (Bukowinski and Akber-Knutson, 2005):

Il —r. (o}
= iip _ 5
% ; b, exp o | e Q)

Where |; is the charge on the i™ ion, and bij, A, and Cjj are parameters that describe a given pair

of atoms. In silicate melts, Van der Waals forces are generally introduced in the description of U

(cij parameters) for some (Guillot and Sator, 2007; Lacks et al. 2007) or all interionic interactions
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(Matsui, 1998). Empirical parameters of such a classical interionic potential for silicate systems
are typically obtained by reproducing experimental data for both solid and liquid phases. Hence,
classical interatomic potentials can only be used if enough thermo-physical data are available
and that their predictive abilities depend on the physical complexity of the functional form used

to describe the energetics of the considered structure.

Moreover, a pairwise-type potential is only an effective description of the energetic interactions
in condensed phases, since many-body interactions may be present. These higher-order
interactions should logically be accounted for in a rigorous analytical treatment of condensed
matter energetics. For example, there should be an energetic perturbation induced by a third ion
on a given ionic pair (influence of the chemical environment). Salanne et al. (2012) proposed a
general formalism for improving interionic potentials like Equation 5, to account for the most
important many-body effects in the overlap repulsion component and the polarization part of
their potential, based on the aspherical ion model (Aguado et al. 2003; Aguado and Madden,
2004; Jahn and Madden, 2007). This complex functional form is parameterized by the force-
fitting or force-matching method (Laio et al. 2000), and only DFT stress and force calculations
are used as input data. These authors also highlighted the conundrum induced by this procedure:
as there is no dynamical polarization in conventional DFT calculations, results of these
simulations do not constrain the dispersion interaction parameters of their functional, which are
therefore not included in the fitting procedure. However, dispersive terms are introduced in their

functional a posteriori based on other considerations (Salanne et al. 2012).

The approach of Salanne et al. (2012) is a clear improvement over the conventional classical
fitting of empirical pairwise interionic potentials to a limited set of experimental data. Use of

DFT results spanning a range of P, T, and atomic configurations leads to a more transferable
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potential and encompasses energetic contributions not explicitly defined in their functional via
correlated terms. There are still important limitations to such an approach. First, the original
force-fitting approach proposed by Laio et al. (2000) was intended for the parameterization of
interionic potentials for a specific set of (P, T) equilibrium conditions only and may not be fully
transferable to other equilibrium conditions. Even the more complex many-body interionic
functional form does not explicitly represent important phenomena such as metallization of ionic
interactions at high T and P (de Koker and Stixrude, 2009). Without an explicit treatment of the
effect of P on the electronic density of states in these interionic potentials, one can only hope to
fold these effects into correlated terms for a given set of (P, T) conditions. Determining a single
set of interionic parameters for a range of T, P and composition will inevitably result in a loss of

precision, as observed by Salanne et al. (2012) for silica-rich melts.

9. Implications

We have presented several limitations of current MD simulations, inherent to the technique
(kinetic limitations, limited computing resources, etc.) or to our limited knowledge of atomistic
phenomena underlying the evolution of many-body interactions in silicate solutions as a function
of T, P and composition. These constructive criticisms are not intended to discourage the reader
from applying classical or ab initio MD simulation methods to Earth science problems. Instead,
the intent is to stimulate interdisciplinary discussions among physicists and geochemists, to
refine our fundamental understanding of silicate melts, solids and glasses. Another goal of the
present communication is to provide scientists unfamiliar with the detail of quantum simulation

methods with a better appreciation of the potential errors and uncertainties.
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For the MD simulation expert, this work highlights that many suspicions about the robustness
and statistical significance of their work could be allayed simply by more systematic publication

of raw simulation data. We would encourage the scientific community to:

Present all raw simulation data in appendices or online supplements in order to allow data
post-treatment as well as a precise evaluation of the error/uncertainty.

Provide the finite-size and time-equilibration data of each simulation.

In the case of AIMD simulations, provide the results of the convergence test with respect
to the basis set and the k-points for Brillouin zone sampling in terms of stress and force
errors.

Evaluate instantaneous heat capacity and thermal expansion, when possible, from the
variance of the statistical ensemble for comparison to derivatives of fitted thermodynamic
models, to quantify the ability of the simulation to span the entire partition function.
Study the impact of the initial configuration on the resulting equilibrium state, especially
for systems containing miscibility gaps, and including both ordered and disordered initial
states. This would ensure that MD simulation parameters used for imposed equilibrium
conditions allow the exploration of the true equilibrium state.

Design a series of MD simulations to quantifiably observe the evolution of the SRO.

For the experimentalist, we highlight information that ought to be developed in collaboration

with MD simulation experts:

Provide experiments, such as diffuse X-ray scattering and nuclear magnetic resonance
spectroscopy, to quantify the 2NN pair fraction environment in silicate melts, solids and

glasses, for validation of current MD simulations and development of future methods.
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2. Target equilibrium conditions of temperature, pressure and composition of fundamental

importance for the improvement of physical theories of silicate solutions.

For the theoretician, the goals highlighted by this work are:

1. Incorporate self-consistent thermo-physical data obtained from MD simulations in
classical thermodynamic models to see if they allow accurate prediction of complex
phase equilibria for which experimental data are available. This will serve to validate or
falsify some of the suspicions raised here.

2. Use both simulations and experiments to test new approaches to linking molar volume,
internal energy, configurational entropy, and the microscopic internal configuration of
melts, to improve predictive abilities of classical thermodynamic models.

3. Quantify the importance of Van der Waals forces in silicate melts, perhaps using classical
interatomic potentials, to judge if they limit accuracy of AIMD simulations.

4. Parameterize more robust interionic potentials that account for many-body interactions.
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1384  Table 1: Evaluation of corrections to internal energy AU, =-R, (VOFST _Vo) and enthalpy

1385 AH,, =AU, +(PmpVOFST — PO\/OFsr) induced by correction for LDA overbinding using an

1386 empirical pressure shift Penp.

COII’IpO. \/0 (cm3/m01)a Pemp (GPa)a \/OFSI' (cm3/mol) AUerrp (J/mol) AHerr‘p (J/mol)
MgO 16.46 1.23 15.91 677 20246
IvlgS/681/6O7/6 17.92 1.54 16.97 1457 27572
I\/|92/381/3O4/3 19.47 1.74 18.11 2369 33915
Ivlg3/582/507/5 20.10 1.79 18.60 2691 36059
I\/Igl/291/2o3/2 20.90 1.84 19.24 3054 38456
Ivlgl/382/305/3 22.50 1.83 20.34 3958 41226
M4 340y 23.38 1.79 2111 4052 41812
I\/91/685/6QI/6 24.33 1.72 21.99 4022 41821
2.34° 5476 56932

Si0, 27.80 1.50 24.63 4755 41700

1387  Note(s): The Helmholtz energy function parameterized by de Koker et al. (2013) based on the

1388 finite strain theory is applied to each MgO-SiO, melts composition at 3000 K and 0 GPa in order

1389  to evaluate uncorrected volumes VOFSr presented in this table.

1390  “ Data provided by de Koker et al. (2013)

1391 " Predicted thermo-physical properties based on a new Pemp estimate (see Figure 5).
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Karki et al. (2013)
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the MgO-Si0, system based on computed anchor points where solid phases of known zero-

represents a “V-shape” pressure correction function based on a linear extrapolation of all the

MgO-rich anchor points up to the MgSisO;; liquid composition as proposed in this work.

Figure 5: Evaluation of the pressure correction function for systematic overbinding of LDA for

pressure volume are available (square symbols), from de Koker et al. (2013). The dashed line

represents the quadratic representation of de Koker et al. (2013) while the dashed and dotted line
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Figure 6: Excess enthalpy correction rﬁmm induced by the systematic pressure correction of
LDA calculations as proposed by de Koker et al. (2013) for the MgO-SiO, system at 0 GPa and

3000 K. Symbols presented in this figure show the I’ﬁmjm correction to be applied using Pemp. of
de Koker et al. (2013) (squares) and as proposed in the present work (filled circle).
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Table 1: Evaluation of corrections to internal energy AU, =—P, (Vo™ —-V,) and enthalpy

AH =AU, +(Pyr Vo™ =RV, ) induced by correction for LDA overbinding using an

empirical pressure shift Pem.

Compo. V, (em¥mol)?  Pem (GPe)* Vi (cm¥mol) AU, (Imol)  AH. (Imol)

MgO 16.46 123 1591 677 20246
MG563Os6 17.92 154 16.97 1457 27572
MG,39,:0,5 19.47 174 18.11 2369 33915
M0y55,60;5 20.10 179 18.60 2691 36059
Mgy,S,,0; 20.90 1.84 19.24 3054 38456
Mgy59,:0;5 2250 183 20.34 3058 41226
Mgy, 35,0, 23.38 179 2111 4052 41812
MB,695¢Q6 24.33 172 21.99 4022 41821

2.34° 5476 56932
SO, 27.80 150 24.63 4755 41700

Note(s): The Helmholtz energy function parameterized by de Koker et al. (2013) based on the

finite strain theory is applied to each MgO-SiO, melts composition at 3000 K and 0 GPain order

to evaluate uncorrected volumes \éFsr presented in thistable.

& Data provided by de Koker et al. (2013)

® Predicted thermo-physical properties based on anew Pemp estimate (see Fig. 5).
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