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ABSTRACT. Experimental data and molecular dynamics simulations that constrain
the densities of liquids of “minerallike” stoichiometry at elevated pressure are
evaluated using the liquid Equation of State (EOS) of Ghiorso (2004a). Phase
equilibrium constraints on melt density are developed from experimental brackets on
mineral fusion curves, specifically congruent melting of albite, anorthite, cristobalite/
quartz/stishovite, diopside, enstatite, fayalite, forsterite, jadeite, nepheline, pyrope,
sanidine, and titanite. A self consistent thermodynamic analysis of shock compression
is applied to experimentally determined brackets on the Hugoniot for the liquid
compositions CaMgSi,Og, CaAl,Si,Og, Fe,Si0,, and (CaMgSiyOg) g 64(CaAl,;SigOg) g 56
Molecular dynamics (MD) simulations of both melt density and melt structure are
analyzed utilizing the liquid EOS of Ghiorso (2004a) and an ideal associated solution
model that accounts explicitly for the effect of pressure and temperature on the
oxygen coordination environment of silicon and aluminum. MD data on Mg,Si,Og,
CaMgSi,Og, SiO,, Na,Si, 04, CaAl,Si,Og, NaAlSiO,, NaAlSi,Og, and NaAlSi;Og lig-
uids are considered in conjunction with the fusion curve and shock compression
experimental data sets. An internally consistent assessment of liquid EOS parameters
from all available data sources is attempted for each liquid composition considered.
Shock compression experiments on more chemically complex liquids of komatiite and
MORSB bulk composition are also examined.

In support of the analysis of mineral fusion curves, volumetric properties as a
function of temperature and pressure of diopside, enstatite (both Pbca and C2/c),
fayalite, forsterite, and pyrope are evaluated from literature data. Experimental
observations are parameterized to a Universal EOS (Vinet and others, 1986, 1987,
1989).

It is found that the reference pressure properties derived by Ghiorso and Kress
(2004) are internally consistent with the majority of high-pressure constraints on melt
density. The notable exceptions are molten SiO, and melts in the system MgO-SiO,.
For the latter system, the calibration of Ghiorso and Kress (2004) fails to recover
reference pressure volumes.

The effect of configurational collapse (the volumetric response associated with
changes in melt structure, such as changing oxygen coordination number about a
cation) is systematically assessed from molecular dynamics simulation data. Fully
depolymerized melts exhibit an ~11 percent density increase associated with Si and Al
transforming from IV- to V-fold coordination with respect to oxygen. Alkali aluminosili-
cate melts demonstrate ~27 percent increase in melt density and SiO, and Na,Si, O,
liquids show a density increase of ~17 percent.

INTRODUCTION

This paper is the third in a four part series aimed at describing the development
and calibration of a new Equation of State (EOS) for multicomponent silicate liquids.
The objective is a predictive model equation for the volumetric properties of magmatic
composition silicate melts that is applicable over the temperature and pressure regime
of the Earth’s upper mantle. The first paper in the series (Ghiorso, 2004a; hereafter
PartI) deals with the functional form of the proposed EOS and with application of the
EOS to liquids that undergo continuous structural transformation with temperature
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and pressure. The second paper in this series (Ghiorso and Kress, 2004; hereafter Part
II) develops a model calibration at the reference pressure. In this paper, the suitability
of the EOS is demonstrated for modeling high-pressure shock wave experiments, for
parameterizing molecular dynamics simulations of melt density and structure, and for
thermodynamic analysis of experimental data on mineral fusion curves. The final
paper in the series (Ghiorso, 2004b; hereafter Part IV) deals with mixing relations of
high-pressure EOS parameters and with the analysis of experimental sink-float density
estimates at elevated pressures and temperatures in combination with the data sets
discussed here.

While the analysis of shock wave data and molecular dynamics simulations
provides direct constraints on EOS parameters, the modeling of mineral fusion curves
requires additional information including an appropriate EOS for the solid phase and
an assessment of the energetics of the solid-liquid transformation along the reference
isobar. To support this modeling exercise, parameterizations of the Universal EOS
(Vinet and others, 1986, 1987, 1989) are developed below for a number of minerals
relevant to the fusion curve analysis.

There are two primary reasons for undertaking here a systematic assessment of
data on the shock compression and molecular dynamics of melts and on the melting
behavior of minerals at elevated pressure. Firstly, it is important to establish that the
functional form of the proposed EOS is flexible enough to model these data sets, and
by focusing on liquids of simple mineral like stoichiometry taken to high pressure, the
opportunity is afforded to examine a wide range of compression behaviors. Secondly,
as these data sets constitute important constraints for calibration of a multicomponent
mixing model for the high-pressure parameters of the proposed EOS (the subject of
Part IV), itis imperative that the merit and internal consistency of each data source be
evaluated prior to combining the data sets to derive a final model. In this context it is
especially important to understand the systematics of variation of melt structure with
composition so that the configurational contribution (Part I) to the volumetric
properties can be properly assessed. Without this understanding the combined mixing
model will tend to accommodate data inconsistencies and structural effects on melt
density by attributing both falsely to compositional variation or the effects of tempera-
ture and pressure, resulting in a spurious calibration.

CONSTRAINTS ON VOLUMETRIC PROPERTIES AT HIGH PRESSURE

There are four major kinds of constraints on the volumetric properties of silicate
liquids at pressures above ambient conditions. First, there are direct estimates of melt
density obtained from experimental determinations of mineral buoyancy. These
experiments are commonly referred to as sink-float experiments, and melt density is
constrained relative to a known EOS for the mineral. Second, there are direct
determinations of melt density from shock compression measurements. Third, there
are estimates of melt density and derivative thermodynamic properties computed from
molecular dynamics simulations. These data sets also provide information on micro-
scopic melt structure that can be correlated to variation in macroscopic bulk proper-
ties. And fourth, there are indirect constraints on melt density obtained from thermo-
dynamic analysis of mineral fusion curves.

The majority of mineral-liquid sink-float experiments have been performed on
basaltic or ultramafic bulk compositions. With the exception of the work by Agee
(1992a, 1992b) on molten FeySiO, liquid, these data sets will be analyzed in Part IV.
The emphasis in this paper is on the remaining three sources of data identified above.
In the next few subsections analysis methods and procedures are developed for
applying the liquid EOS to each of the data types examined in this paper.
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Analysis of Shock Compression Measurements

Experimental results from shock compression studies on silicate liquids of compo-
sition CaMgSi,O¢ and CaAl,Si, Oy are reported by Rigden and others (1989), on liquid
Fe,SiO, by Chen and others (2002), and on mixed liquids of composition
(CaMgSisOg) g 64-(CaAlsSisOg) 36 by Rigden and others (1984, 1988). Miller and
others (1991) report shock compression data for a multicomponent silicate melt of
komatiitic composition. Data for a MORB-composition liquid are provided by Rowan
(ms, 1993).

A Hugoniot' establishes a relation between pressure and density for the dynamic
conditions that ideally characterize the shock experiment. Measured values of the
shock (v) and particle (v) velocity can be directly converted to estimates of density (p)
and pressure (P) by application of mass and momentum conservation equations
(Hugoniot, 1889; Anderson, 1989):

P=pyy (2)

where the subscript zero denotes the initial conditions of the experiment. Application
of the principle of conservation of energy provides an additional relation (Anderson,
1989)

1
Pv = vaS<2 Vit e— 30) (3)

which can be written with the aid of equations (1) and (2) entirely in terms of
thermodynamic quantities

1 1 1
m =gy ) *
or more conveniently as
PO 1 1 1
E—E0=2MW(P—PO)(p0—p> (5)

where e refers to the specific internal energy, MW is the molar mass, and E is the
corresponding molar internal energy. The molar internal energy can in turn be
calculated from an equation of state. Starting from the thermodynamic identity,

dE = TdS — PdV (6)

where T 'is the absolute temperature, Sis the molar entropy and V is the molar volume,
the first partial derivatives of the internal energy with respect to temperature and
pressure are readily derived

(ORI ) )
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! For H. Hugoniot. Shock compression drives material to a point on the principal Hugoniot, which is
the locus of all final states characterized by (p,P,7) that can be achieved by a single shock wave passing
through the material of interest.
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In equations (7) and (8) CP, o, and B are the molar heat capacity, the coefficient of
thermal expansion and the compressibility, respectively. Integrating equation (7)
along the reference isobar and equation (8) along the final isotherm gives an
expression for the change in internal energy

R R T R T R P P R
E—E0=J c,,OdT—Pof Vo, dT — Tf VadP+f PUBAP (9)
T, T P,

0

or equivalently

T P
E—E():J Cp,dT+J V(1 — Ta)dP + POVTO,PO_PV (10)

T, P,

0

The shock Hugoniot curve may be calculated by simultaneous solution of the pair of
expressions

a (11)

and

1 1 1 T, P, . .
B MW(P— P0)<p - p) = f CpdT + j V(1 — To)dP + PVip — PV (12)
0

0 I

obtained by combining equations (5) and (10), where Vis a function of Tand Pand is
modeled by an EOS formulation. This calculation depends only on the EOS and
reference pressure heat capacity. The temperature of the shock is calculated implicitly
in the course of solution (Yoneda, 1996).

The usual method of interpreting shock measurements for the purposes of EOS
calibration is to transform the Hugoniot to an adiabat (isentrope) using an EOS
formulation that avoids explicit reference to temperature (7°), such as Mie-Griineisen
theory®. Once the isentrope is obtained, results are typically parameterized with a
third-order Burch-Murnaghan EOS. The extracted parameters (Kj, the isentropic bulk
modulus, and K7, its pressure derivative) are then converted to isothermal equivalents
utilizing ancillary data (for example, reference pressure thermal expansion, a; isoch-
oric heat capacity, Cy; et cetera). Finally shock temperatures are calculated by combin-
ing the extracted isothermal bulk modulus (K) and its pressure derivative (K') with
another EOS formulation that affords estimation of temperatures (Duffy and Wang,
1998). As a consequence of this multi-step procedure, the resultant estimates of shock
temperatures are not necessarily internally consistent with any one EOS expression. In
particular reported (P, p, T') — tuples may not be used as calibrants for parameterizing
a different EOS then those employed in the various stages of data reduction.

?An equation that “relates the difference in pressure at fixed volume between the initial low

temperature and a high temperature state of specified thermal energy: P — P, = % (£ — Eg)” (Anderson,
. . aky . Lo
1989,p 101). vy is the Gruneisen parameter (= 0Cr) and the pressure along the adiabat is given by
v

y[(V

_ Y (Y A
Py = P[l 2 <Vo 1>:| v fv,, PgdV (Anderson, 1989).
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Inconsistencies associated with the reduction of Hugoniot data via a combination
of EOS formulations can be avoided if a single, temperature-explicit equation of state is
utilized in the analysis. Adopting the EOS proposed in Part I,

174
%+m+wmw—m+(;+www@@—m2

V= 1+ a(P—P)+ b(P— P)? (13)

along with reference pressure parameters calibrated in PartII (V;, V;), shock compres-
sion data sets may be evaluated. Noting that ¢ and 4 in equation (13) are functions of
the second (Vs), third (V;5) and fourth (V,) order derivatives of volume with respect to
pressure (for example,

1
VoVs =5 ViV
RV o
1 I,
b—zvm_gv3 15
BEIAEG (15)

Part I), the parameters V,, V5, and V, may be fitted utilizing equations (11) and (12)
from the (P, p)-data sets to model shock Hugoniots.

Analysis of Phase Equilibrium Constraints from Mineral Fusion Curves

Thermodynamic analysis of mineral fusion curves has been the subject of numer-
ous studies (Morse, 1980, chapter 18; Richet and others, 1982; Bottinga, 1985; Richet
and Bottinga, 1986; Herzberg, 1987a, 1987b; Lange and Carmichael, 1987, 1990; Kress
and others, 1988; Walker and others, 1988; Agee, 1998; Anovitz and Blencoe, 1999;
Lange 2003). The procedures adopted here are based on this previous work.

If a mineral melts congruently to a liquid at some spec1ﬁed Tand P, the Gibbs free
energy change associated with the melting reaction is given by”

P P
AG°=0=AH}; — TAS} + J Vidp — f Veldp (16)
P, P,
where AH7}, is the enthalpy change of the reaction at T'along the reference isobar (F,),

T T
AH;=%A%$+f(wm>f Crdr (a7
Thus Tjus

and AS}, is the entropy change of the reaction under the same conditions

T liq 1 sol
ASP’ZAS;Z‘)‘;,}J‘ ,;'dT—f T (18)
Ty Ty

Jus s

In equations (17) and (18) Cf”””“ is the heat capacity of the phase, 7, is the fusion
temperature, and AS?”: “; is the entropy of fusion, all evaluated at ‘the reference

Thus, B

? The superscript zero denotes the standard state, which for this paper is taken to be unit activity of the
pure solid or the pure liquid at any 7"and P.
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pressure. The volume integrals in equation (16) require an EOS for both the liquid
and the solid. The integral is evaluated for the proposed liquid EOS in Part I
(equations A-24 through A-28). In most work on fusion curves, a third order Birch-
Murnaghan EOS is adopted for the solid. In this paper, the Universal EOS of Vinet and
coworkers (Vinet and others, 1986, 1987, 1989) is utilized instead. The Universal EOS
has the form

3K(1 — x)'
P=——— 95— +aK(I'-T) (19)

where m and x are defined as

j— 3 !
n=g (K -1 (20)
and
V\1/3
()

In these expressions V, is the reference volume, a is the coefficient of thermal
expansion, Kis the bulk modulus, and K’ is its pressure derivative, all at zero pressure
and temperature 7,. The required integral of the Universal EOS (19) is evaluated by
parts,

P v
f VdP = PV — PV, — j pav (22)
P, Vi
to give

9V,K

3
J Veldp= PV— PV, + [(1—x)e™ —(1 - xp ) (T— T)Ka(V—V,)
P

(23)

VP, 1/3
)

Experimental data on mineral fusion curves typically take the form of all-liquid or
all-solid brackets on the P-T conditions of melting. These are typically referred to as
bound constraints on the melting curve. More rarely, mixed liquid-solid assemblages
are documented experimentally. These are referred to in this paper as reversal
constraints. The fitting of liquid EOS parameters to data sets of this kind is best
accomplished by constructing a least squares function that simultaneously minimizes
the departure from the equilibrium condition (16) for the reversal constraints while
maintaining feasibility of the bound constraints, imposing a penalty function that
raises the sum-of-squares when these constraints are violated. In this paper, a penalty
function is adopted that corresponds to the square of the calculated free energy
change of the right-hand-side of equation (16) when the sign of this quantity indicates
stability of the incorrect phase at the P-T conditions of the bracket. Estimated errors on
the P-T coordinates of the bound and reversal constraints are accounted for by
weighting with the inverse standard deviation of the temperature measurement, if this
quantity is reported. Fusion curves are calculated by solving equation (16) for T
iteratively at fixed pressure.

where xp, = (
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Analysis of Data from Molecular Dynamics Simulations

Molecular dynamics (MD) simulations provide a means of computing thermody-
namic and structural properties of a system. Typically, MD calculations generate
estimates of 7, P, p, E, the isochoric heat capacity (Cy,), Kand o as well as some measure
of the geometric organization of atoms, such as bond lengths, bond angles, nearest
neighbor coordination numbers, et cetera. These quantities are calculated using meth-
ods of statistical mechanics from an equilibrium ensemble average of the positions and
momenta of atomic particles. The inter-atomic forces are modeled using either first
principles quantum mechanics-based methods or classical potential theory. Once
forces between the atoms are specified the system evolves following Newton’s laws of
motion for a brief time step, the forces are recomputed, the atoms displaced again
according to Newton’s laws, and the process repeated until the system reaches an
equilibrium state. The vast majority of MD simulations of silicate melts are based on a
classical description of atomic forces, which is primarily motivated by the desire to do
the calculations with large numbers of particles (~10,000 — 100,000 atoms) in a
reasonable amount of computer time. Large ensemble size is necessary in order to
achieve accurate structural characteristics and thermodynamic properties in complex
chemical systems, especially when one or more components are dilute. As is demon-
strated below, modern MD simulation work with classical inter-atomic potentials
generates estimates of melt density of comparable quality to traditional experimental
methods like shock compression and sink-float experiments.

Not all MD studies on silicate melts provide data that are suitable to constrain an
EOS model parameterization. Many studies fail to report melt density, while others do
so but neglect to report an estimate of 7'or E. From the perspective of EOS calibration,
the most useful MD work takes the form of a systematic 7-P-grid of calculations with at
least the density and some measure of melt structure reported at each grid point. Melt
structure can be described in various ways and generally takes the form of a radial
distribution function (RDF) — a description of the likelihood of finding an atom at
some distance about another atom. The RDF can be made more specific by computing
the pair distribution function (PDF) which focuses on the probability of finding a
particular kind of atom (say O) at some distance about another (say Si). Optimally, the
most useful measure of the structure is a complete counting and geometric description
of the nearest neighbor coordination polyhedra; one way to perform this analysis is by
a method called Voronoi tessellation (Allen and Tildesely, 1987), and the technique
has been applied quite successfully to molten SiO, by Rustad and others (1991a). In
principle, from such a description the configurational entropy can be calculated for
the assemblage. In practice, some averaging of the diversity of polyhedra is made and
the liquid is often described in terms of the predominance of a particular kind of atom
with a certain number of nearest neighbors of another kind. This quantity is referred
to as the coordination number (CN). For example, the number of nearest O neighbors
about a Si may be four (CN = IV), five (CN = V) or higher, or some mixture of
coordination states. What is lost in the coordination number description of melt
structure is the different geometric configurations that are consistent with a given CN.
Ignoring this variation discards configurations and under predicts the entropy, but the
effects are likely to be of second order if bond covalency dictates specific geometrical
arrangements for a given CN. For example, the coordination of four oxygens around
silicon predominantly gives rise to tetrahedral geometrical arrangements in molten
SiO, and only a minor fraction of planar or more irregular arrangements (Rustad and
others, 1991a). By contrast, the number of geometrical arrangements of equal probabil-
ity of seven and eight-fold coordinated Si in molten SiO, at very high pressure (~100
GPa, Rustad and others, 1991a) is great enough to seriously compromise an entropic
description solely in terms of Si-O CN. Nevertheless, as a first order measure of melt
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structure, CN is a robust descriptor that can be correlated to variation in bulk
macroscopic thermodynamic properties like density for IV-, V-, and VI-CN Si in molten
SiO, (for example, PartI).

The effect of CN changes on the density of silicate melts has been argued from
experimental measurements on certain Ti-rich silicate liquids (for example, Dingwell,
1992; Liu and Lange, 2001) and can be quantitatively assessed from MD studies on
molten SiO, (Rustad and others, 1990, 1991a, 1991b), Na,Si,Og liquid (Diefenbacher
and others, 1998), molten CaAlySi,Og (Nevins and Spera, 1998; Morgan and Spera,
2001a, 2001b), and liquids in the system NaAlOo-SiO, (Stein and Spera, 1995, 1996;
Bryce and others, 1997, 1999). As noted in Part I, a thermodynamic model can be
developed that explicitly partitions the volumetric contributions associated with con-
figurational changes in melt structure from the volumetric changes in 7 and P
attributable to an “isostructural” material (that is, a metastable liquid with fixed CN).
This latter contribution is termed here the vibrational component of the Gibbs free
energy of solution. The liquid EOS is taken to describe the pressure dependence of the
vibrational energy while the configurational contribution derives from the entropy of
mixing (Part I). A thermodynamic model for the liquid is constructed by generalizing
these concepts utilizing the formalism of Tanaka (2000). The Gibbs free energy of
solution is separated into configurational (G*") and vibrational (G"”) contributions

G= Gronf+ Gzrib (24)

The configurational part is written as an entropy of mixing of stoichiometric units of
different coordination number

Gt:[mf: nCNRT E XCN In XCN (25)

CN

where X“Vis the mole fraction of a liquid component in coordination state CN, and
n“Vis the multiplicity factor for the system. For example, consider SiO, liquid with Si in
IV, Vand VI CN with respect to O. The system can be thought of as a mixture of Si'¥ Oy,
Si¥O,, and SiY'O, species and a mole fraction of SiO, can be defined for the fraction of
SiO, with Si in each CN. The multiplicity factor in this case is one, as there is one Si per
formula unit. By contrast, consider molten CaAl,Si,Og. Nevins and Spera (1998) have
determined that to an excellent approximation Al and Si share similar O CN’s in this
liquid, so again considering only IV-, V- and VI-fold coordinated (Al, Si), the melt
species become CaAly' Sy’ Og, CaAlySiy Og, and CaAly'Siy'Og. The appropriate X “Vare
the mole fractions of these three species, and n“Y has the value four, as there are four
atoms per formula unit changing coordination state. This second example immedi-
ately raises an important point. Why ignore the variation of CN of Ca with respect to O
or for that matter the CN of O with respect to Ca and Al? The only justification for
doing so must be made on a case-by-case basis by establishing a correlation between the
coordination states of different atoms as the system changes composition, 7"and P. For
the example involving SiO, this issue did not arise because the correlation of the CN of
O about Si is obviously related to that of Si about O. But in the second example
involving CaAl,SiyOg liquid that relation is not obvious and must be demonstrated.
From the work of Nevins and Spera (1998) and Morgan and Spera (2001a) it can be
shown that stipulating the CN of O about (Al,Si) is sufficient to predict with acceptable
accuracy the CN of (ALSi) about O or O about Ca. This fortuitous dependence
supports the description of the configurational entropy solely in terms of (Al, Si)
coordination for this liquid. _

The vibrational contribution to the Gibbs free energy, G’ in equation (24), is
expressed as
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Guib — E XCNGCN"‘ Gexeess (26)

CN

where the first term is a weighted average of the Gibbs free energies of the liquid
species in each end-member structural configuration and the second term (G*“*) is
an excess free energy which is associated with non-ideal effects both entropic (polymer-
ization) and enthalpic (short range electrostatic) in origin. The GNin equation (26)
is the Gibbs free energy of a liquid in a fixed coordination state. The pressure
dependence of G™Vis described by an EOS (VY that is suitably parameterized for liquids
of fixed CN,

P
GCN: %N'_*_J‘ VCNdP (27)
P,

where P, is the reference pressure. Combining equations (24), (25), and (26) results in
a thermodynamic model for the liquid

P
Gvib — 'I’LCNI{TE XCN In XCN+ E XCN(Gf(';:V_i_ f VCNdP + Gexeess (28)

CN CN

P,

where the entropic effects of changing melt structure have been decoupled from the
EOS. The clear advantage of this model is that EOS parameters are independent of
variations in melt structure; the disadvantage of this model is that a separate EOS
parameterization must be posited for each coordination state, which can lead to a very
large number of parameters that need to be calibrated from data relating melt
structure to liquid density. With few exceptions, these data are generally lacking.
Fortunately, there are a number of simplifications to (28) that can be made to facilitate
practical application of the model. If the focus is placed on silicate liquids, where the
principal effect on melt volume with pressure is expected to be related to the CN of O
about Si and Al, then it might be reasonable to expect that higher coordination states
induce a configurational collapse of the structure and a reduction in volume. This
reduction in volume can be approximated as a fractional coefficient ( f“V) on some
reference state volume:

VCN:fCNVWf (29)

For example, if the reference state for molten silica is taken to be SiWOQ with all Si in
IV-fold O coordination, then

O waH SfWISfVISfVS 1V — 1 (30)

assuming Si can form in IV, V, VI, VII, and VIIfold coordination with O. The
advantage of (29) is that the number of EOS parameters that need be specified has
been reduced to only those that characterize one structural state of the liquid. The
number of additional parameters (the f Ny introduced by this approximation is much
smaller than the number discarded. Furthermore, it should be possible to determine
experimentally or compute theoretically (MD simulations) the volume collapse attrib-
utable to changing coordination state and therefore determine the f“V directly.
Combining equations (28) and (29) gives

CN CN CN

P
G = nCNRTE XCN In XCN + E XCNG'E:V‘{' (szA’\'XCN) f V"’/dp_l_ Gexeess (31)
P,
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One further simplification can be made to the model that is unnecessary but proves
justifiable in the application developed in this paper. If the energetics of mixing of melt
species in differing coordination states is assumed to be ideal, then the excess Gibbs
free energy of solution vanishes, which gives the expression

’
G=nRT 2, XN1n XV + X XNGEN + (Z fCNX(’N) f V'ldp (32)
Py

CN CN CN

In order to use the thermodynamic model embodied in equation (32) for analysis
of data obtained from molecular dynamics simulations of melts, expressions must be
obtained to describe (1) the state of homogenous equilibrium between melt species,
that is the equilibrium distribution of coordination states in the melt as a function of T
and P, and (2) the volume (or density) of the melt in that state of homogeneous
equilibrium. The condition of homogeneous equilibrium can be uniquely specified by
demanding that the melt species in the reference coordination state be in equilibrium
with all melt species in alternate coordination states

(species)'” = (species)™ (33)
The Gibbs free energy change associated with (33) is
AGE =G - 6y (34)
and when equation (34) is inserted into equation (32) the result is

G=nRT[X7In X7+ Y X%In XCN) + G+ X XPAGHY

CN#ref CN#ref

1+ X (Y- Dpxe

CN#ref

P
f VdpP  (35)
P,

Homogeneous equilibrium is satisfied when, for all CN not equal to refthe expression

G o XN
BTCN: 0=n""RTIn X7

.
+AGE + (N 1) f VAP (36)
.

holds. Equation (36) is a mass action equation and there is one instance of this
expression for every alternate coordination state in the liquid. It may be written in
more familiar terms by defining the equilibrium constant (K “Ny for reaction (33) in
terms of the ratio of species mole fractions

CN

, , X : . v
RTIn K= n®RT1In 7= —AGEN = (fN=1) f VP (37)
P,

Equations (36) and (37) are convenient because either may be used to compute a
value for AGﬁN. Defining P“N as the pressure where X~ = X', that is the pressure at
which there are equal abundances of melt species in coordination states CN and ref,
then AGgN is determined from PN, the reference state EOS (V”f), and configuration
collapse fraction (fCN)
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PCN
AGEY = —(fo - 1)f VIap (38)
P,

Substitution of equation (38) into equation (37) gives

P
RTIn KN = —(f™ 1)f VIap (39)

pON

Because of the simplicity of the ideal solution model, the species mole fractions may be
solved for analytically from the set of mass action expressions solely in terms of the
equilibrium constant for each homogeneous reaction. This solution is

: 1
X' = 0 (40)
1+ 2 (KCN)<nm'>
CN#ref
and
1
XCN — (KCN)<W>Xref (41 )

Equations (40) and (41) give the solution to the condition of homogenous equilib-
rium between melt species of different coordination state. The mole fractions of each
species (X“N) can be computed at specified pressure solely in terms of the free
parameters in equation (39), which are the reference EOS parameters defining
V' and a set of (fCN, PCN)-pairs for each species.

An expression for the volume of the melt in a state of homogeneous equilibrium
can be obtained by differentiating equation (32) with respect to pressure. Some care
must be taken in performing this differentiation however, since the mole fractions of
melt species are themselves functions of pressure. At constant 7, the pressure deriva-
tive of the Gibbs free energy of solution is given formally by

dG 090G G dxN

ap—op " D) aXN qp
CN#ref

(42)

dG

where the left hand side of the expression P is the volume of the system. The first

partial derivative in the right-hand-side of (42) is taken holding all the X“" constant.

G
aX“‘) in the right-hand-side of (42) are taken holding P

constant. But, the important thing to realize is that these partial derivatives are all
equal to zero if the liquid is in a state of homogeneous equilibrium, see equation (36).
Therefore, in an equilibrium state the volume of the liquid is given simply by

G

9P , which can be readily obtained by taking the partial derivative of
a T,X", XN, CN#ref

equation (32)

The other partial derivatives (

V= (E XCNfCN) v (43)

CN
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The physical interpretation of equation (43) is that the volume of the liquid is a
weighted average of the intrinsic volumes of all possible coordination states, with the
weights being the proportion of the liquid in each of these states. To use equation (43)
to calculate the volume of the liquid, the 7- and P-dependence of the volume in a
reference structural state must be known and this implies a parameterization of the
reference structural state EOS. In addition, the mole fractions of melt species must be
known and that further requires information on the extent of configurational collapse
(f “Ny and on the variation of species abundances with pressure (PN, Alternatively,
information on melt density and speciation at known 7'and Pobtained from molecular
dynamics simulations can be used to calibrate relevant reference state EOS parameters
and the additional f“~ and P“. This is the application that will be followed in the
remainder of this paper for analysis of molecular dynamics constraints on stoichiomet-
ric liquids of interest.

ANALYSIS OF DATA SETS ON STOICHIOMETRIC LIQUIDS

The objective of the discussion developed in this section, which forms the body of
the paper, is two-fold. First, data sets are summarized that constrain densities of
stoichiometric (mostly mineral-like) compositions of silicate melts at pressures above
ambient. Second, the internal consistency of each of these data sets is assessed with
respect to the reference pressure EOS calibration developed in Part II. This entire
section is organized by liquid composition to facilitate evaluation of consistent and or
conflicting data from the various sources. From this discussion will emerge criteria for
utilizing each of these data sets in combination so that constraints on density can be
applied across a broad range of silicate liquid compositions. Establishing these criteria
is a necessary prelude to the calibration of an EOS parameter mixing-model for
magmatic liquids at pressure. That effort is taken up in Part IV.

Mg,S$:0,, (Forsterite liquid)

The fusion curve of forsterite provides constraints on the volumetric properties of
Mg,SiO, liquid at pressures to 15 GPa. Molecular dynamics simulations of liquids of
this bulk composition have been performed at pressures to 200 GPa and over a
temperature range 1000 to 6000 K (Belonoshko and Dubrovinsky, 1996). These data
sets in combination provide tight bounds on EOS parameters for Mg,SiO,, liquid.

The fusion temperature and entropy of fusion of forsterite are reported by Richet
(1993). Data on the heat capacity of the solid have been evaluated by Berman and
Brown (1985) and their parameterized expression is utilized in this study. The heat
capacity of liquid Mg,SiO, is calculated from the constants reported by Lange and
Navrotsky (1992); their model was also utilized in Part II for the reduction of sound
speed data to model melt compressibility. The EOS for the solid is parameterized from
an extensive data set of volumetric measurements. Data sources and fit residuals to the
derived solid EOS are displayed in figure 1. Universal EOS parameters for the solid are
listed in table 1.

Experimental data that constrain the fusion curve of forsterite are displayed in
figure 2. The earlier piston cylinder studies of Davis and England (1964) are supple-
mented by the higher-pressure multianvil studies of Ohtani and Kumazawa (1981),
Kato and Kumazawa (1985b) and Presnall and Walter (1993). The latter authors
determined that the melting of forsterite becomes incongruent at 10.1 GPa (and 2250
°C), melting above that pressure to periclase (MgO) plus liquid.

Molecular dynamics simulations of the density of Mg,SiO, liquid are reported by
Wasserman and others (1993a), Belonoshko and Dubrovinsky (1996), and Zhou and
Miller (1997). The most extensive studies are by Belonoshko and Dubrovinsky (1996)
who performed simulations over the 7-P range of 1000 to 6000 K and 0 to 200 GPa,
respectively. These authors fitted their results to a modified 3" order Birch Mur-
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Fig. 1. Residuals (cc/mol) associated with a Universal EOS parameterization of volumetric data on
forsterite (Mg,SiO,) as a function of temperature (lower panel) and pressure (upper panel). A residual of *
0.44 cc/mol corresponds to a 1% relative error in the reference volume. EOS parameters are listed in table 1.

naghan EOS with explicit temperature dependent parameters (Saxena and others,
1993). A calibration data set was generated from the parameterized EOS of Be-
lonoshko and Dubrovinsky (1996) along a representative isotherm at 1673 K, and this
data set is plotted in figure 3. Also plotted are the results of simulations at 3500 K and
5000 K from Wasserman and others (1993) and Zhou and Miller (1997). The MD
simulation results of Belonoshko and Dubrovinsky (1996) are internally consistent
with the results of Zhou and Miller (1997). By contrast, Wasserman and others (1993)
report densities higher by ~3 to 5 percent. Presumably these differences in density can
be attributed to the more accurate interatomic potentials utilized in the more recent
MD work.

The initial slope of the fusion curve (as defined by the tight brackets of Davis and
England, 1964) is consistent with the reported entropy of fusion and a volume of
fusion that is calculated from the solid Universal EOS (table 1) and the reference
pressure MD volume from Belonoshko and Dubrovinsky (1996). It is inconsistent with
a volume of fusion calculated from the parameters reported in Part II. The latter is
found to be 7.35 cc/mol, while the value from the Clapyron slope of the fusion curve
(1.58 GPa/100 K) is 3.84 cc/mol. The source of this discrepancy results primarily from
the model value (Part II) for the thermal expansion, which is about a factor of two
larger than that obtained by Belonoshko and Dubrovinsky (1996). These MD studies
also indicate that the compressibility of the melt is a factor of 2 to 3 smaller than the
model value for this bulk composition from Part II, with the implication that the model
sound speed (¢) is underpredicted by a factor of V2 to V3. An acceptable EOS
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TaBLE 1
Recommended EOS parameters for the Universal EOS

Phase - state - (formula) V (cc/mol) ax10® K(GPa) K
Albite (NaAlSi;Oy) 100.83" 2.7883 53.118 5@
Anorthite (CaAl,Si,Oy) 100.75" 1.4102 78.570 5.2772
Coesite (Si0,) 20.64% 0.73960""  107.46 4.4382
Diopside (CaMgSi,0q) 66.200" 3.3080 103.23 7.1349

. 2 .
Enstatite - C— (Mg,Si,0,) 61.758 4.4706 70.018 10.864
c
Enstatite - Pbca (Mg,Si,0¢) 62.660"  3.1219 108.51 7.7568
Fayalite (Fe,SiO,) 46.300" 2.9447 127.96 5.0170
Forsterite (Mg,Si0,) 43.660" 3.1393 125.10 5.0580
Jadeite (NaAlSi,Oq) 60.340" 2.4040 119.73 5@
Nepheline (NaAISiO,) 49,009 3.1802 48.78 2,59
Pyrope (Mg;ALSi;0,,) 113.161 2.4226 164.87 5.2915
Quartz (Si0,) 23700 oW 82.247 59
Sanidine (KAISi;Oy) 108.96" 2.1209 53.440 5@
Titanite (CaTiSiOs) 55.65% 2.52 58.0 5@
(DFixed value from Berman (1988).
Estimate.

®Estimate. Value reported by Waterweise and others (1995) is 54.13 cc/mol.

parameterization is obtained that accommodates both the fusion curve and MD

dc

constraints if the reference pressure (VO,TM a, ¢, dT) and the high-pressure (Vy, Vs, V)

parameters are fitted simultaneously. Parameter values obtained from this fit are listed
in table 2 and compared to reference pressure parameters calculated from the model
of Part II where applicable. The calculated fusion curve for forsterite is plotted in
figure 2 and calculated densities from the model EOS are compared to MD results in
figure 3. No data set is given preferential weight in constructing the fit to the model
EOS.

A critical constraint that develops from the higher-pressure MD density estimates
is in regard to the pressure dependence of . In Part I it is shown that the relation

N Vloc+ Vo de  Vyo?
arr=annt |\ e ar G,

(P—P) (44)

T

represents a truncated Taylor expansion of the thermal expansivity, from which it is

dc

apparent that the temperature-dependence of the sound speed (dT) is a critical EOS

o
parameter for defining WP The value for this parameter given in table 1 is refined

largely from the MD studies; the model value from Part II is obtained from sound
speed measurements made on multicomponent silicate liquids over a narrow tempera-
ture range. The two values are in good agreement (within 20%) considering the
uncertainty of either estimate.

Analysis of the internal consistency of the high-pressure data sets with the
reference pressure calibration reveals that the EOS parameters from Part II do not
extrapolate well to Mg,SiO, liquid. This fact is not surprising, as there are no density or
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Fig. 2. Experimental data delimiting the fusion curve of forsterite (MgySiO,). Filled symbols indicate
no melting, open symbols indicate complete melting, and gray-filled symbols the onset of melting. The solid
curve is the calculated fusion curve based on the liquid EOS parameters and ancillary thermodynamic
properties listed in table 2. The dashed curve represents the metastable extension of the fusion curve above
the pressure where forsterite melts incongruently to periclase + liquid. The inset shows an extrapolation of
the fusion curve to elevated pressure.

sound speed measurements with excess molar MgO over SiO, in the calibration
database of Part II. The most significant discrepancies appear to be in the thermal
expansion and the sound speed. The Part Il reference temperature/pressure volume is
~3 percent larger than the optimal one derived here.

It should also be noted that because information on melt structure is not available
from published MD simulations, no attempt is made to incorporate configurational
effects in developing an EOS calibration for this system.

Fe,$10, (Fayalite liquid)

Fayalite is one of the few Fe-bearing phases for which the melting curve has been
determined. Experimental measurements of liquid properties are especially difficult to
undertake because of the reactive nature of Fe-bearing liiuids and because control
of the oxidation state is critical to maintaining the Fe?t/Fe®" ratio of the liquid. These
difficulties are especially important at low pressure, where the concentration of Fe,O4
in nominal-“Fe,Si0,” liquid can be as high as 11.6 weight percent at f,, corresponding
to equilibrium with metallic iron (Lindsley, 1967). At higher pressures, because the
molar volume of Fe,Oyg is larger than that of FeO (see Part II), oxygen is expelled from
the liquid and most of the Fe is present as FeO over a wide range of f;, (Carmichael and
Ghiorso, 1986). As a consequence, comparison of reference pressure density proper-
ties of molten Fe,SiO, (Shiraishi and others, 1978; Lange and Carmichael, 1987) with
high-pressure measurements (Agee 1992a, 1992b) is problematic, relying on the
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Fig. 3. Analysis of molecular dynamics simulations of melt density of Mg,SiO, liquid. The gray band
represents density estimates (* 3%) computed at 1673 K from the parameterization of Belonoshko and
Dubrovinsky (1996). Brackets are estimates from Wasserman and others (1993a) and Zhou and Miller
(1997). Values represented by the circles, triangles and heavy solid line are computed from the liquid EOS
parameters listed in table 2.

accurate estimate of FeO and Fe,O4 contents of low-pressure liquids and the assump-
tion that liquids at higher pressure are dominantly ferrous. Unfortunately, there are no
molecular dynamics simulations of Fe,SiO, liquid that can assist in the interpretation
of experimental results.

Stebbins and others (1984) report experimental data on the temperature and
entropy of fusion of fayalite (Fe,SiO,). Data on the heat capacity of the solid have been
evaluated by Berman and Brown (1985) and are utilized here. The heat capacity of the
liquid is from Lange and Navrotsky (1992). Fabrichnaya and Sundman (1997) have
reviewed data on the volumetric properties of the solid at high 7'and P. Their sources
are utilized and supplemented with the work of Zhang (1998) to construct a Universal
EOS model for the solid. Constants are reported in table 1. Data sources and fit
residuals are given in figure 4.

Data on the fusion curve of fayalite are reported by Lindsley (1967), Akimoto and
others (1967), Hsu (1967) and Ohtani (1979) and are plotted in figure 5. Lindsley’s
(1967) experiments were performed in solid-media piston-cylinder apparatus using
Fe-capsules. He found experimental products consisting of quenched fayalite crystals,
small amounts of brownish glass (< 1%j; Fe,Og-bearing?), and metallic iron. Akimoto
and others (1967) utilized Fe-capsules for runs below 1500 °C and no capsules (the
sample was encased in the graphite furnace) at higher temperatures. They concluded
that fayalite melts congruently over the entire pressure range. By contrast Hsu (1967),
who conducted piston-cylinder experiments in Fe-capsules, found ubiquitous quenched
metallic Fe and glass, which he interpreted as indicating incongruent melting behavior
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Fig. 4. Residuals (cc/mol) associated with a Universal EOS parameterization of volumetric data on
fayalite (Fe,SiO,) as a function of temperature (lower panel) and pressure (upper panel). A residual of *
0.46 cc/mol corresponds to a 1% relative error in the reference volume. EOS parameters are listed in table 1.

over the entire range of measurements. He regarded the presence of Fe metal and
glass in experimental run products as evidence of Fe,Og in the melt. The measure-
ments of Ohtani (1979) were performed in multi-anvil apparatus using graphite as a
pressure medium. No evidence of quenched Fe was detected in his experimental run
products.

Fe,SiOliquid density estimates obtained from the “sink-float” measurements of
Agee (1992a, 1992b) are plotted in figure 6. In figure 7 are plotted results from the
shock-compression measurements of Chen and others (2002). Utilizing EOS parame-
ter values calculated for the reference pressure properties of Fe,SiO, from Part II* (see
table 2), high-pressure EOS parameters (V;, Vs, V) are extracted by simultaneously
fitting the fusion curve, sink-float and shock compression measurements. Resulting
parameter values are reported in table 2. A fusion curve calculated from these
parameters is drawn in figure 5. Model estimates of melt density are plotted in figure 6.
The calculated Hugoniot curve is given in figure 7 along with internally consistent
estimates of shock temperatures.

The reference pressure calibration of Part Il is consistent with the higher-pressure
data sets. The reversal brackets of Akimoto and others (1967) and Ohtani (1979)
correspond most closely to the theoretical fusion curve (fig. 5). Both sets of experi-
ments were performed in graphite capsules and as noted above, showed no evidence of
incongruent melting behavior. The theoretical Hugoniot curve (fig. 7) is in excellent

* It is assumed that at the pressures of the shock experiments, the concentration of Fe,O in the melt is
insignificant.
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Fig. 5. Experimental data delimiting the fusion curve of fayalite (Fe,SiO,). Filled symbols indicate no
melting, open symbols indicate complete melting, and gray-filled symbols the onset of melting. The solid
curve is the calculated fusion curve based on the liquid EOS parameters and ancillary thermodynamic
properties listed in table 2. The inset shows an extrapolation of the fusion curve to elevated pressure (solid
curve). The dashed curve represents equilibrium melting relations inferred by Ohtani (1979).

agreement with the data. The sink-float experiments of Agee (1992a, 1992b) are
modeled within 1 percent of observed values, but the predicted densities are systemati-
cally lower for neutral buoyancy experiments (fig. 6). Chen and others (2002) also
noted the discrepancy between their density measurements and those of Agee (1992b),
and given the agreement at 5 GPa of the experimental brackets and calculated fusion
curve, and the calculated Hugoniot with the measured p-P bracket, the discrepancy in
modeling the sink-float measurements may be due to a systematic experimental error.
Significantly, the liquid thermal expansion inferred from Agee’s sink-float measure-
ments is modeled successfully by the EOS parameterization developed here (fig. 6).

Lastly, it is worth noting that the extrapolated fusion curve (inset in fig. 5) shows
strong curvature above 5 GPa, which causes the thermal maximum at approximately 10
GPa. This density turnover is well below the pressure of the y-spinel transition (Ohtani,
1979).

Mg,Si,0, (Enstatite liquid)

The fusion curve of enstatite provides constraints on the volumetric properties of
Mg,Si,Og liquid at pressures to 16 GPa. Molecular dynamics simulations of liquids of
this bulk composition have been performed at pressures to 200 GPa and over a
temperature range 1000 to 6000 K (Belonoshko and Dubrovinsky, 1996). These data
sets in combination provide tight limits on EOS parameters for Mg,Si,Og liquid.

Enstatite melts incongruently (to forsterite plus liquid) at pressures up to ~0.13
GPa (Chen and Presnall, 1975). The stable structural state of solid Mg,Si,Og at fusion
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Fig. 6. Analysis of the “sink-float” experimental data of Agee (1992a, 1992b) on Fe,SiO, composition
liquids using ruby as a density marker. Density is reported in units of grams/cm® and is plotted on the
ordinate. Upward pointing filled triangles denote experimental conditions where the index mineral floats in
the liquid, unfilled triangles denote experimental conditions where the index mineral sinks in the liquid; the
triangles are plotted at the calculated density of the mineral at the 7'and P of the experiment. Each triangle
is connected by a straight line that terminates with a horizontal bracket plotted at a density calculated from
the EOS parameters reported in table 2. An uncertainty bracket of = 1% is displayed for reference.

temperatures and low-pressure is protoenstatite (Pbcn). The congruent portion of the
fusion curve has two invariant points corresponding to phase transitions in the solid.
The firstis at 1.6 GPa and 1730 °C (extrapolated from Chen and Presnall, 1975) where
protoenstatite transforms to orthoenstatite (Pbca), and the second is at 11.9 GPa and a
temperature of 2230 °C (Presnall and Gasparik, 1990) where orthoenstatite transforms
to clinoenstatite (C i) Above 16.4 GPa, clinoenstatite transforms to majorite (I t)
The metastable congruent fusion temperature and entropy of fusion of enstatite
at the reference pressure are taken from Richet and Bottinga (1986). Heat capacities
of the low-pressure solid polymorphs are reported by Berman and Brown (1985); the
heat capacity of clinoenstatite has not been determined and the equation for orthoen-

statite is used here. Volumetric properties of the Pbca and C . phase are plotted in

figures 8 and 9 as residuals to model expressions based upon the Universal EOS, with
parameters provided in table 1.

Fusion curve experimental data are plotted in figure 10. The lower-pressure data
of Boyd and others (1964) are from piston-cylinder experiments and the higher-
pressure results of Presnall and Gasparik (1990) were obtained in multianvil apparatus.
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Fig. 7. Shock compression data (Chen and others, 2002) and calculated shock Hugoniot (solid curve;
EOS parameters from table 2) for liquid of Fe,SiO, composition. Inset shows calculated shock temperatures
plotted against calculated densities.

Experimental data reported by Kato and Kumazawa (1985a, 1986) are not plotted
because of possible contamination of their samples with Al,Og, CaO and H,O.

Estimates of the density of MgoSi,Og liquid obtained by molecular dynamics
simulations are plotted in figures 11 and 12. Data from Belonoshko and Dubrovinsky
(1996) are computed from their parameterized EOS analogous to the procedure used
for Mg,SiO, liquid described above. Estimates of the average CN of O about Si are
plotted in the inset of figure 11. These data are from Wasserman and others (1993b)
and Kubicki and Lasaga (1991), but the latter are less reliable because the structure
simulations were run at temperatures below the glass transition. The initial Clapyron
slope of the fusion curve inferred from Boyd and others’s (1964) results is 0.798
GPa/100 °C, which gives a volume of fusion of 9.61 cc/mol and requires a correction
to Vy 4 from Part IT of =2.68 cc/mol or ~ -3.5 percent. The thermal expansion at the
reference pressure computed from the model of Part II is consistent with the MD
results of Belonoshko and Dubrovinsky (1996) and Matsui (1996) as is the reference
pressure compressibility (sound speed). The corrected V, 4 obtained from the Clapy-
ron slope analysis is within 1 percent of the number derived from Matsui’s (1996)
reference pressure simulations. The value of V, ; reported in table 2 is the one fitted
from Matsui’s (1996) reference pressure data set. ’

The high- pressure EOS parameters (Vo, V5, V,) can be extracted from the fusion
curve and remaining MD data along with model parameters ( f', P", f¥/, P") that
account for CN variation (for example, fig. 11). The thermodynamlc model developed
above (for example eq 35) is utilized for this purpose with n“" taken to be two; the
assumption is made that coordination changes associated with Mg and O are corre-
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Fig. 8. Residuals (cc/mol) associated with a Universal EOS parameterization of volumetric data on
orthorhombic enstatite (Mg,Si,Og) as a function of temperature (lower panel) and pressure (upper panel).
A residual of + 0.63 cc/mol corresponds to a 1% relative error in the reference volume. EOS parameters are
listed in table 1.

lated to those of Si and O. Fits to the data sets are optimized by the parameter values
given in table 2. The calculated fusion curve is plotted in figure 10. Density estimates
are compared to MD values in figures 11 and 12. Average CNs for Si are calculated for
three isotherms and plotted in figure 11.

The model fusion curve gives an excellent fit to the data of Boyd and others
(1964), but fails to recover the experiments of Presnall and Gasparik (1990) above 9
GPa. The model makes the solid too stable at these pressures and this result implies
that the liquid density is too low’. But, the MD data at similar pressures and
temperatures indicates that model density values are ~2 to 3 percent too high (figs. 11
and 12). The two data sets are clearly drawing the EOS parameter values into a
compromise. The resolution may be (1) a problem with the volumetric properties of
the solid at high pressure or (2) a systematic temperature/pressure offset in the
multianvil experiments, or perhaps (3) a problem with the interatomic potentials
utilized in the MD simulations. The last is unlikely however as the same potentials were
used by Belonoshko and Dubrovinsky (1996) to model Mg,SiO, liquid and by Matsui
to successfully model a number of liquids in the system CMAS including CaMgSi,Og
(see below).

® The liquid is not stable enough, which means its Gibbs free energy is not negative enough. As the
Gibbs free energy changes with the pressure integral of the volume, if the volume were smaller, the Gibbs
free energy would be more negative. A smaller volume implies a larger density, therefore the density of the
liquid is too low.
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Fig. 9. Residuals (cc/mol) associated with a Universal EOS parameterization of volumetric data on
monoclinic enstatite (Mg,SiyOy) as a function of temperature (lower panel) and pressure (upper panel). A
residual of * 0.62 cc/mol corresponds to a 1% relative error in the reference volume. EOS parameters are
listed in table 1.

There does appear to be an inconsistency between the MD simulations of
Wassermann and others (1993b) and the other studies (fig. 12). This inconsistency is
especially apparent in figure 12B, where it can be seen that the problem appears to
involve the high-pressure (5 GPa) thermal expansion of the liquid. The Wasserman
and others’ (1993b) data imply a value for a at 5 GPa that is approximately equivalent
to the reference pressure number. However, a larger value for the thermal expansion
at pressure is not consistent with Belonoshko and Dubrovinsky’s (1996) simulations

dc
nor can it be reconciled with the —= value computed from the calibration of Part II.

ar
Another inconsistency is noted above between the simulation results of Wasserman
and others (1993) and the work of Belonoshko and Dubrovinsky (1996) and Zhou and
Miller (1997) for Mg,SiO, liquid. It appears likely, that the interatomic potentials
utilized by Wasserman and others (1993b) fail to capture an important aspect of the
atomic forces in the MgO-SiO, system.

The model density curve in figure 11 undergoes two changes in slope, one at
approximately 50 GPa and another at approximately 100 GPa. These changes in slope
are due to the configurational collapse of the liquid that is expressed over pressure
intervals where there are rapid changes in the Si CN (see figure inset). The model
parameters [ and f"' give the fraction of collapse in terms of the volume in the
reference state, which is taken here to be the volume of Mg,Si}' O liquid (that is, all Si
in [IV] coordination) at all 7'and P. The dashed curve in the figure (labeled Si[IV])
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Fig. 10. Experimental data delimiting the fusion curve of enstatite (Mg,Si,Og). Filled symbols indicate
no melting, open symbols indicate complete melting, and gray-filled symbols the onset of melting. The solid
curve is the calculated fusion curve of the Pbhca structure based on the liquid EOS parameters and ancillary
thermodynamic properties listed in table 2. The orthoenstatite-clinoenstatite transition curve is taken from
Pacalo and Gasparik (1989).

gives the modeled density variation of the metastable reference state liquid. At elevated
temperatures the CN variation is a more continuous function of pressure and the
density-pressure curve would have a more constant slope. It should be borne in mind
that the slope of the density-pressure curve is inversely proportional to the bulk
modulus of the liquid. Figure 11 makes apparent that pressure-induced CN transforma-
tions render the pressure dependence of the bulk modulus (K’ in the standard EOS
models) a complex non-linear function of pressure.

Combined analysis of the enstatite fusion curve and MD results for Mg,SiyOg
liquid demonstrate that the reference pressure parameter values of Part II are
internally consistent with these data sets except for the reference temperature volume.
Significantly, the thermal expansion and sound speed calculated from the Part II
parameterization appear to be applicable to this magnesium silicate composition,
which is not the case for Mg,SiO, liquid. These observations suggest some non-linear
mixing behavior with respect to volume and its temperature and pressure derivatives is
present in the Mg-rich end of the system MgO-SiO,. Along this binary join, liquidus
temperatures for compositions where the molar ratio of MgO/SiO, exceeds unity, are
high enough that reference pressure experimental measurements of density and
sound speed are extremely difficult. A systematic molecular dynamics study aimed at
resolving the nature of volumetric mixing relations in MgO-5iO, would shed light on
the issue and resolve the compositional restrictions on extrapolating the Part II
parameters to liquids in this simple system.
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Fig. 11. Analysis of molecular dynamics simulations of melt density of Mg,Si,Og liquid. The gray band
represents density estimates (* 3%) computed at 1673 K from the parameterization of Belonoshko and
Dubrovinsky (1996). Values represented by the heavy solid line are computed for an equilibrium state of Si
CN from the liquid EOS parameters listed in table 2; the dashed line gives density variation with pressure in a
metastable CN state of Si[IV]. The inset shows average CN of Si computed at three different temperatures;
solid circles correspond to average Si CN estimates from Wasserman and others (1993) at 4500-5000 K and
the open circles are estimates from Kubicki and Lasaga (1991) at 300 K.

CaMgSi,0, (Diopside liquid)

Three kinds of data are available to constrain the density of CaMgSi,Og liquid at
pressures above ambient: (1) the experimentally determined fusion curve of diopside
to 15 GPa, (2) the liquid shock compression Hugoniot which has been determined to
36 GPa, and (3) molecular dynamic simulations which have been performed at
pressures up to 28 GPa and at temperatures to 6000 K. Additionally, the molecular
dynamics simulations of Matsui (1996) provide estimates of the CN of Si in CaMgSi,Og
liquid to pressures of 20 GPa.

The temperature and entropy of fusion of diopside (CaMgSi,Og) are adopted
from Richet and Bottinga (1984a) for analysis of the fusion curve; the value for the
entropy is within error of that reported by Lange and others (1991). The heat capacity
of the solid phase is taken from Berman and Brown (1985) and that of the liquid is
from Lange and Navrotsky (1992). Volumetric properties of the solid are compiled
and fitted to a Universal EOS. Constants are reported in table 1 and data sources and
residuals are indicated in figure 13.

Experimental data on the fusion curve are plotted in figure 14. The measure-
ments of Boyd and England (1963), Williams and Kennedy (1969) and Boettcher and
others (1982) were performed in piston-cylinder apparatus. The data set of Williams
and Kennedy (1969) are plotted using two sets of temperatures. The solid black
squares are raw data and the open squares are data corrected for the effect of pressure
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Fig. 12. Analysis of molecular dynamics simulations of melt density of Mg,SiyOg liquid. Brackets are
density estimates from molecular dynamics simulations. Symbols are plotted at densities corresponding to an
equilibrium state of Si CN from the liquid EOS parameters listed in table 2.

on the thermocouple. At the highest pressures the discrepancy between Boyd and
England (1963) and Williams and Kennedy (1969) is most apparent; the main
difference between the two sets of measurements is that the latter authors corrected
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Fig. 13. Residuals (cc/mol) associated with a Universal EOS parameterization of volumetric data on
diopside (CaMgSi,Og) as a function of temperature (lower panel) and pressure (upper panel). A residual
of * 0.66 cc/mol corresponds to a 1% relative error in the reference volume. EOS parameters are listed in
table 1.

pressures for frictional losses. The data of Boettcher and others (1982) and Boyd and
England (1963) are in agreement at pressures up to 2.5 GPa. The melting curve
determinations of Scarfe and Takahashi (1986) were performed in multianvil type
apparatus and seem to indicate that the fusion curve becomes vertical at temperatures
on the order of 2000 °C. These observations should be compared to the measurements
of Gasparik (1996) that indicate that the solid phase is stable to much higher
temperatures. Gasparik (1996) also determined that the onset of incongruent melting
of diopside (to Ca-perovskite) takes place at about 16 GPa.

Molecular dynamics simulations of melt density are reported in figure 15. In
figure 16 the shock compression data of Rigden and others (1989) on the Hugoniot
for CaMgSi,Oq4 liquid are plotted. Adopting reference pressure EOS parameters
calculated from Part II, high-pressure parameters are optimized from the MD and
shock wave measurements. To do this calibration two additional model parameters ( f”
and PV) are extracted that account for the CN change of Si from IV to V over the
pressure range of interest (fig. 15). Resulting model parameters are reported in table
2°. Calculated densities and average Si CN are plotted in figure 15. The theoretical
Hugoniot and an internally consistent set of shock temperatures are plotted in figure
16. The calculated fusion curve is plotted in figure 14.

5 Parameter values for P and /" are included for completeness. They have not been calibrated from
any MD data set. P*is chosen at 50 GPa as the minmum pressure that prevents the formation of more than
1%Y Si[VI] in the 0-50 GPa range. /"' is chosen to be identical to CaAl,Si,Oy liquid so that intermediate
binary liquids would exhibit no dependence of /' on composition.
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Fig. 14. Experimental data delimiting the fusion curve of diopside (CaMgSi,Og). Filled symbols
indicate no melting, open symbols indicate complete melting, and gray-filled symbols the onset of melting.
The curve is the calculated fusion curve based on the liquid EOS parameters and ancillary thermodynamic
properties listed in table 2. The inset shows an extrapolation of the fusion curve to elevated pressure. The
fusion curve is independent of the experimental data shown in this figure, and is calculated from parameters
obtained in Part Il and the analysis of shock compression data (fig. 16) and molecular dynamics simulations
(fig. 15).

Recovery of the shock Hugoniot is excellent (fig. 16). The slope of the calculated
Hugoniot increases at pressures above 19 GPa and Rigden and others (1989) specu-
lated that this increase might reflect a “densification limit” in the liquid. The model
developed here supports this interpretation. Densification of the liquid is enhanced by
the continuous conversion of Si[IV] to Si [V] and this conversion takes place largely
between ~10 and ~20 GPa (fig. 15C). Above these pressures, V-fold Si predominates,
and by analogy with Mg,SiyOg¢ liquid, VIfold coordinated Si probably becomes
abundant above the pressure range of available MD simulations and shock measure-
ments. The slope of the Hugoniot in the high-pressure region reflects the vibrational
bulk modulus, whereas the slope of the Hugoniot at lower pressure reflects an
“enhanced” bulk modulus that includes the effects of configurational collapse. It could
be argued that the high-pressure slope of the Hugoniot of CaMgSi,Og4 liquid is
“normal” and that the low-pressure slope reflects a “super-densification” regime.

The molecular dynamics simulations of Matsui (1996) are consistent with the
reference pressure volume and thermal expansion (fig. 15B) and with the sound speed
(compressibility, fig. 15A) derived from Part II. Recovery of the simulation results of
Angell and others (1987) is more problematic. Model residuals show no systematic
trends except for systematic underprediction of the density at extreme temperature.
Whether this effect is real or an artifact of the interatomic potentials utilized in this
study remains to be investigated.
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Fig. 15. Analysis of molecular dynamics simulations of melt density of CaMgSi,Og liquid. Brackets in
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The solid curve in (C) shows average equilibrium CN of Si at 1900 K computed from the liquid EOS
parameters listed in table 2.



782 Mark S. Ghiorso—An equation of state for silicate mells.

40 - !

IIIIIIIIIIIII
T (K)

25 Lol 1
32 34 36 38 4
p (gm/cc)

P (GPa)

20 —

15| -
i CaMgSi,0, Liquid |

10 -
= | | | | | =
3 3.2 3.4 3.6 3.8 4

p (gm/cc)

Fig. 16. Shock compression data (Rigden and others, 1989) and calculated shock Hugoniot (solid
curve) for liquid of bulk composition CaMgSi,Og. Inset shows calculated shock temperatures plotted against
calculated densities.

The model curve displayed in figure 14 is not fitted from the fusion curve data. Itis
calculated from the reference pressure properties of Part II (table 2) and the
high-pressure EOS parameters obtained from the analysis of the shock compression
and MD data. The model fusion curve agrees well with the “adjusted” brackets of
Williams and Kennedy (1969) and with the lower pressure measurements of Boyd and
England (1963). It is displaced to higher temperatures by ~10 to 15 °C from the
experimental brackets of Boettcher and others (1982). Disagreement is found with the
measurements of Scarfe and Takahashi (1986) and with those of Gasparik (1996). The
calculated stability of the solid phase extends to a maximum 7 of 2417 °C at a pressure
of 18 GPa (see inset in fig. 14). Gasparik (1996) reports a maximum on the diopside
melting curve at 14 GPa and 2155 °C with a melt density determined at this T'and Pto
be 3.40 = 0.02 gm/cc. The model density calculated under the same conditions is 3.21
gm/cc, about 6 percent lower, indicating that the liquid is not dense enough to satisty
the phase equilibrium constraints. Adjusting the EOS calibration to satisty the Gasparik
(1996) reversals would compromise the fit to the Hugoniot and lead to unacceptable
recovery of the shock compression data. There appears to be no resolution to this
dilemma. Further molecular dynamics simulations may illuminate the problem if
focused on the 7-Prange of interest.

SiO,
As an illustrative example in Part I, a detailed analysis is undertaken to construct a

thermodynamic model for SiO, liquid. This example was done to demonstrate
application of the new EOS model to a well characterized liquid whose volumetric
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Fig. 17. Experimental data delimiting the fusion curve of the silica (SiO,) polymorphs, quartz, coesite,
and stishovite. This figure is a simplified version of the one presented in Part I; only reversal brackets are
shown. The solid curve is the calculated fusion curve based on the liquid EOS parameters and ancillary
thermodynamic properties listed in table 2.

properties are strongly influenced by configurational effects. Data on the fusion curves
of cristobalite, quartz, coesite and stishovite are summarized in Part I and molecular
dynamics simulations of the properties of molten silica at both high-temperatures and
high-pressures are reviewed. A thermodynamic model for speciation of IV-, V-, VI, VII-
and VIII-coordinated Si is constructed and EOS parameters for the IV-CN reference
state are extracted. The model in Part I is calibrated on the molecular dynamics data
and the initial slope of the quartz fusion curve. The model derived reference pressure
volume is found to be consistent within error of the experimentally determined density
of molten SiO, liquid (Bacon and others, 1960). The resulting EOS parameter values
from Part I are reported in table 2.

Fusion curves of the silica minerals may be predicted from the liquid model, the
known entropy of fusion of quartz, and internally consistent thermodynamic proper-
ties of the other solid polymorphs. The result from Part I is replotted in figure 17. The
only data shown in the figure are solid-liquid coexistence experiments.

Reference pressure properties of molten SiO, obtained in Part I are inconsistent
with values calculated from the calibration of Part II. This inconsistency implies that
the volumetric properties of SiO, liquid are not a good proxy for the equivalent partial
molar properties of silica in a multicomponent silicate liquid. At present, it is not
possible to determine the mole fraction of SiO, at which the calibration of Part II
breaks down. Further experimental and molecular dynamical studies are necessary to
give a quantitative answer to this question.
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Na,Si,0,

Diefenbacher and others (1998) performed molecular dynamics simulations of
the density of Na,Si Oy liquid at 6000 K over the pressure range 0 to 115 GPa. They
also provide data on the proportions of Na,Siy Og, Na,SiyO,, and Na,Siy O, over the
pressure range 0 to 30 GPa. These results are plotted in figure 18. Adopting EOS
parameter values for reference pressure properties of Na,Si,Og liquid from Part II, the
density is calculated to be 1.61 gm/cc at 6000 K, which should be compared to the MD
value of 1.40 gm/cc. Assuming that the partial molar volume of SiO, from Part II
represents largely Si[IV], it might be argued that appreciable concentrations of Si[V]
in this liquid at these temperatures (fig. 18A) makes extrapolation of the Part II
calibration problematic. However, as the presence of Si[V] would most likely densify
the melt, this effect would exacerbate the difference rather than explain it. Most likely,
the discrepancy arises from extrapolating the Part II model some 4000 K above the
range of calibration. On the assumption that the MD results are systematically offset by
the same amount along the entire isotherm, MD densities are adjusted upwards by 0.21
gm/cc to bring the reference pressure datum into agreement with the Part II
calibration. Alternatively V;, ;- or a; could be adjusted from their Part II values to
achieve the same agreement. As the focus is on the pressure dependence of the density
of the liquid, and as the MD data all fall along an isotherm, the choice of which
correction procedure to use is arbitrary. The simpler of the two is chosen here.

High-pressure (Va, Vs, V) and thermodynamic ( £, P, f¥, P'") parameters are
optimized from the density-adjusted MD data. The resulting values are given in table 2
and model results are plotted in figure 18.

The CN speciation model for the liquid is extrapolated in figure 18B to elevated
pressure (dashed curves). At pressures above 80 GPa, most of the Si is predicted to be
in VI-fold coordination with O. At higher pressures the model density systematically
under predicts the MD results, and this result suggests that Si[VII] or Si[VIII] may
constitute a significant fraction of the Si under these conditions, analogous to molten
SiO, (Rustad and others 1991a). The MD data demonstrate that Na,Si,Oq liquid
doubles its density in the first 10 GPa of compression. This increase in density gives rise
to a large and negative value for V, which implies a negative K" at 0 pressure (the
model value is —0.73). With increasing pressure, the model K’ becomes positive
reaching large values (> 25) at pressures above 20 Gpa. As the EOS parameters apply
to the reference liquid structure (Na,Si}Og) these effects cannot be attributed to a
proxy for configurational collapse and probably represent a value for the compressibil-
ity (K) at zero pressure that is too small.

CaAl,Si,Og (Anorthite liquid)

An extensive data set of molecular dynamical simulations of melt density and
structure are available for CaAlySi,Og liquid. Si and Al coordination environments
have been investigated as a function of both pressure (Nevins and Spera, 1998) and
temperature (Morgan and Spera, 2001b). Data generated from these simulations are
plotted in figure 19. The coordination statistics of CaAl,;SiyOg liquid show a number of
remarkable features. Firstly, Si and Al share common coordination states over the
entire pressure-temperature range investigated. Secondly, at low pressures (1 GPa)
and near the temperature of anorthite fusion, (Si, Al) exist primarily in V-fold
coordination in the melt. Thirdly, unlike molten silica (Rustad and others, 1991a) and
alkali aluminosilicates (Stebbins, 1991; Stebbins and Farnan, 1992), CaAl,Si,Og melts
show an increase in the abundance of (ALSi)[IV] over (AlSi)[V] with increasing
temperature. Fourthly, at low pressure (1 GPa) there is a significant fraction of
(ALSi) [VI] in the melt, and finally at moderate pressure (~30 GPa) more than 10
percent of (Al,Si) exists in CN > VI. From these observations it can be anticipated that
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Fig. 18. Analysis of molecular dynamics simulations of melt density of Na,Si,Og liquid. (A) Symbols are
estimates at 6000 K of Si CN calculated by Diefenbacher and others (1998). The solid curve is the calculated
equilibrium distribution of Si CN based on the liquid EOS parameters listed in table 2. (B) Brackets denote
adjusted (see text) estimates of density (= 3%) at 6000 K calculated by Diefenbacher and others (1998).
Model derived equilibrium distribution of Si CN are indicated by the dashed curves. Density values given by
the heavy solid line are computed for an equilibrium state of Si CN from the liquid EOS parameters listed in
table 2; the light solid line gives density variation with pressure in a metastable CN state of Si[IV].
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(B) Symbols are estimates at 4000 K of Si CN calculated by Nevins and Spera (1998).
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Fig. 20. Analysis of molecular dynamics simulations of melt density of CaAlySi,Og liquid. Brackets
denote density estimates at 4000 K calculated by Nevins and Spera (1998) and at 1900 K calculated by Matsui
(1996); error brackets for the former are reported by the authors, otherwise errors are estimated at * 3%.
Model derived equilibrium distribution of (AlSi) CN at 4000 K are indicated by the light dashed curves.
Density values given by the heavy solid line are computed for an equilibrium state of (ALSi) CN at the
appropriate temperature from the liquid EOS parameters listed in table 2; the heavy dashed line gives
density variation with pressure in a metastable CN state of (ALSi) [IV].

configurational contributions to the volumetric properties of CaAl,Si,Og liquids
should be of first order consequence.

Available results from molecular dynamics simulations of melt density are plotted
in figures 20 and 21. In addition to the work of Spera and coauthors, Matsui (1996)
reports density along an isotherm at 1900 K to 5 GPa and along the reference pressure
isobar from the anorthite fusion temperature to 2700 K.

Shock compression data on CaAl,SiyOg-liquid from Rigden and others (1989) are
reported in figure 22.

The remaining high-pressure density constraint derives from data on the fusion of
anorthite, which melts congruently from reference pressure to about 0.9 GPa and
above that to the assemblage corundum plus liquid (Hariya and Kennedy, 1968).
Available data on congruent melting of anorthite are plotted in figure 23. In order to
model these data, volumetric properties of the solid are extracted from the parameter-
ization of Berman (1988). He fitted volumetric measurements with a simple “polyno-
mial” EOS of the form

V= VT,,P,[1 +v(T—T,) + vo(T— T,)Z +vy(P— P) + vy(P— Pr)2] (45)

In order to maintain consistency with the treatment for other solids in this paper,
parameter values from Berman’s EOS are recast into values for parameters of the
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Fig. 21. Analysis of molecular dynamics simulations of melt density of CaAl,Si,Og liquid. Brackets
denote density estimates at 1 GPa calculated by Morgan and Spera (2001) and at 0 GPa calculated by Matsui
(1996); error brackets for the former are reported by the authors, otherwise errors are estimated at = 3%.
Model derived equilibrium distribution of (Al,Si) CN at 1 GPa are indicated by the light dashed curves.
Density values given by the open symbols are computed for an equilibrium state of (Al,Si) CN at the
appropriate pressure from the liquid EOS parameters listed in table 2; the smaller solid symbols give density
in a metastable CN state of (ALSi)[IV].

Universal EOS using a functional least squares approximation. The method involves
constructing a functional squared residual (SR) that spans the calibration space of the
original EOS, that is,

Pmax [ Tinax
SR(O(, K K!) — (VUniverxal _ VBmm(m)QdeP (46)

Prmin ¥ Tmax

and minimizing this quantity with respect to o, K, and K'. The EOS parameter values of
table 1 for anorthite are arrived at in this manner. The entropy of fusion of anorthite is
taken as the average of the calorimetric values reported by Weill and others (1980) and
Richet and Bottinga (1984a).

Reference pressure properties of CaAl,Si,Og liquid are obtained from the calibra-
tion of Part II and are listed in table 2. As the concentration of (Al,Si) [V] is appreciable
at the reference temperature and pressure conditions (fig. 19A) it is unlikely that V;
computed from Part II will be applicable to this liquid composition. Consequently, in
performing the analysis of the high-pressure data, this parameter is allowed to vary.
The first attempt to extract optimal (V,, V3, V,), high-pressure (V,, V;, V,),
and thermodynamic ( /", PV, V%, PV, £, Y, ¢V PV parameters from the com-
bined molecular dynamics, shock Hugoniot and fusion curve data sets failed to deliver
an acceptable solution. The inconsistency is found to be in the shock compression
data, specifically in the internal energy constraint derived from the shock Hugoniot,
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Fig. 22. Shock compression data (Rigden and others, 1989) and calculated shock Hugoniot for liquid
of bulk composition CaAl,Si,Og. Inset shows calculated shock temperatures plotted against calculated
densities. The heavy dashed curve satisfies the shock density constraints but not the internal energy constraint.
The solid curve attempts to satisfy both sets of constraints by adjusting shock temperature. Both curves utilize
the same set of model EOS parameters (table 2), which are derived from the molecular dynamics simulations
(figs. 19, 20, 21). The light dashed lines are isotherms consistent with EOS parameters obtained from the
molecular dynamics data.

that is equation (12). Deleting this data set from the calibration generates an
acceptable solution to the MD and fusion curve measurements. This solution is plotted
in figures 19, 20, 21 and 23. Optimal parameter values are reported in table 2.
Recovery of MD density estimates is good both at elevated pressure (fig. 20) and
elevated temperature (fig. 21). Matsui’s (1996) reference pressure isotherm implies a
somewhat smaller value for the thermal coefficient of expansion, but the model
estimates are within error of the MD results. Similarly, Matsui’s work supports a slightly
smaller melt compressibility at low pressure (fig. 20), but the adopted value is
consistent with the initial slope of the 4000 K isotherm of Nevins and Spera (1998).
The optimized reference pressure volume of CaAly'Sit’ Og is 113.9 cc/mol and should
be compared to the value computed from the PartII calibration, namely 107.1 cc/mol.
A model volume at the same pressure and temperature conditions can be computed
for CaAlySiyOg liquid in an equilibrium distribution of CN states, and this is 106.1
cc/mol, within 1 percent of the Part II number. The agreement may be entirely
fortuitous, but it does support the notion that the Part II calibration probably
represents partial molar properties of oxide melt components in an average of
equilibrium coordination numbers over the composition range of the calibrant density
measurements. This is not to imply that the partial molar volume of SiO, and Al,Og in
part II represents Si and Al in mixed IV-, V-fold coordination. That is unlikely, unless
the majority of compositions in the reference pressure density data set reflect this
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Fig. 23. Experimental data delimiting the fusion curve of anorthite (CaAlySiyOg). Filled symbols
indicate no melting, open symbols indicate complete melting, and gray-filled symbols the onset of melting.
The solid curve is the calculated fusion curve based on the liquid EOS parameters and ancillary thermody-
namic properties listed in table 2.

coordination state of Si and Al in the liquid. More likely, the partial molar volume of
CaO - a component that is not present in the majority of liquids in the Part II
calibration data set — is compensating somehow for the configurational effects of
changing CN of Si and Al. A reference pressure density model that incorporates the
effects of composition and temperature on melt structure would be desirable and
would help to resolve many of these issues, but data are not yet available to calibrate
such a model over a broad composition range.

As noted above, the shock compression data of Rigden and others (1989) are
inconsistent with the EOS calibration that satisfies the MD simulations and fusion
curve brackets. In figure 22, a hypothetical Hugoniot that best satisfies the combined
density and internal energy constraints is constructed from the model calibration. The
Hugoniot is calculated by adjusting the shock temperatures to satisfy equations (11)
and (12) in a least squares sense for each point on the measured Hugoniot. Effectively,
this procedure weights the internal energy in preference to the density. The resulting
solid curve plotted in the figure 22 reflects this weighting. The internal energy
constraints drive the shock temperature to extreme values at elevated pressure. As is
readily apparent in the figure, at these high temperatures the theoretical Hugoniot
density is about 25 percent too low. For context the light dashed curves in figure 22 are
isotherms calculated from the model calibration. The measured Hugoniot (heavy
dashed curve) corresponds roughly to a model isotherm of ~2800 K; model tempera-
tures that satisfy the p — Prelations but do not satisfy the internal energy constraints are
shown by the heavy dashed line in the figure inset.
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There is no obvious resolution to the misfit of the Hugoniot data of Rigden and
others (1989). Either the molecular dynamics density results are in error or the
measured Hugoniot documents the properties of a material that is not in an equilib-
rium structural state, and Rigden and others (1989) discount the possibility of a phase
transition during shock propagation through the material. The issue remains unre-
solved until further MD simulation work or shock compression experiments are
conducted.

The NaAlO, — SiO, Binary

Bryce and others (1999) report on a comprehensive set of molecular dynamics
simulations of melt structure and density for five liquids along the binary join NaAlO, —
SiO,, specifically the compositions NaAlOy, Na,Al,SiOg, NaAlSiO,, NaAlSi,Og, and
NaAlSi3Og. The last three liquids have the stoichiometry of the minerals nepheline,
jadeite and albite, respectively, and experimental data on the fusion curves of these
minerals are available from the literature. The system therefore provides an excellent
opportunity to test the internal consistency of a mixing model parameteriztion for the
high-pressure volumetric properties of these sodium aluminosilicate liquids.

Two of the more remarkable conclusions of the work of Bryce and others (1999)
are that (1) the CN of Al and Si are statistically indistinguishable and that (2) the
oxygen CN of either Al or Si varies in a systematic fashion as a function of pressure and
is only weakly dependent on the NaAlO,/SiO, ratio. Coordination statistics from Bryce
and others (1999) for NaAlSiO,, NaAlSi,Og, and NaAlSizOg liquids are plotted in
figure 24. The data correspond to simulation temperatures between 3500 and 6000 K
and over this range there are no systematic temperature effects. In figure 25, melt
densities are plotted for the same three liquids.

Experimental data delineating the fusion curves of albite (NaAlSizOyg), jadeite
(NaAlSi,Og), and nepheline (NaAlSiO,) are plotted in figures 26, 27 and 28. For
thermodynamic analysis of these data, the volumetric properties of albite and jadeite
are refitted to the Universal EOS from parameters reported by Berman (1988) using
the functional least-squares method outlined above; results are reported in table 1. The
entropy of fusion of albite is taken from the calorimetric measurements of Richet and
Bottinga (1986). As jadeite melts incongruently to nepheline +liquid or albite +liquid
at pressures below 3 GPa (Bell and Roseboom, 1969), the metastable fusion entropy at
the reference pressure is adopted from Richet and Bottinga (1984b). The entropy of
fusion of nepheline is taken from Stebbins and others (1983) and corresponds to the
B-phase, which is the stable polymorph over the congruent melting interval studied by
Smith (ms, 2003). The temperature of fusion of B-nepheline is estimated from
Stebbins and others (1983) by extrapolating the fusion curve of Smith (ms, 2003) to
reference pressure. Other reference pressure thermodynamic properties for neph-
eline are taken from Waterweise and others (1995). Their thermodynamic analysis is
internally consistent with Berman (1988).

Boettcher and others (1982) observed that their experimental data on the albite
fusion curve are inconsistent with those of Birch and LeComte (1960) and Boyd and
England (1963) and are also at odds with reference pressure constraints on the
Clapyron slope as derived from thermodynamic data. They criticize the experimental
results of Boyd and England (1963) as reflecting contamination due to hydrogen
(which would lower the melting point) and overstepping of the melting reaction
(which would raise the apparent melting point). Boettcher and others (1982) propose
a thermodynamic interpretation of their own data that involves reducing the activity of
NaAlSi3Oyg in the liquid via pressure dependent melt speciation.

The internal consistency of experimental observations on the albite fusion curve
has been recently reviewed by Anovitz and Blencoe (1999) and by Lange (2003). The
first authors conclude that none of the experimental data at elevated pressures are
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Fig. 24. Analysis of molecular dynamics simulations of (AlSi) CN in binary liquids along the join
NaAlO4-SiO, (Bryce and others, 1999). Three compositions are plotted: NaAlSiO, (solid symbols), NaAlSi,O¢
(diagonal-filled symbols), and NaAlSi;Og (open symbols). Curves are fits to these data computed from the
model EOS parameters of table 2. The solid line describes equilibrium CN in NaAlSiO, liquid, the dashed
line NaAlSi, Oy liquid, and the dotted line NaAlSizOg liquid. The temperature range of the molecular
dynamics simulations is 4000-6000 K; model curves are calculated at 5000 K.

reversed; at best they represent half reversals that constrain the onset of melting.
Alternatively, Lange (2003) argues the veracity of the experimental brackets of both
Boyd and England (1963) and Birch and Lecomte (1960). She suggests that the
experiments of Boettcher and others (1982) are likely contaminated with water and
consequently under predict the temperature of melting, a conclusion that was also
suggested by Kress and others (1988). She reaches a similar conclusion regarding the
more recent experiments of Nekvasil and Carroll (1996). Significantly, the lowest
pressure reversal reported by Boettcher and others (1982; the datum is attributed by
these authors to Modreski — see additional discussion in Lange, 2003) is in agreement
with the Boyd and England (1963) calibration and is inconsistent with their higher-
pressure brackets and reversals, supporting the contention that the Boettcher and
others (1982) results are displaced at higher pressure due to the increasing solubility of
volatiles in the liquid. Lange’s (2003) preferred fusion curve (with Birch-Murnaghan
EOS K’ = 10) is plotted in figure 26.

Rather than use the fusion curve data for albite, jadeite and nepheline as
constraints on the high-pressure EOS parameters, the approach to be followed here is
to examine after the fact the internal consistency of these measurements with the
molecular dynamics data and the reference pressure calibration of Part II. An
additional aim of this exercise is to see if simple EOS parameter mixing relations can
be devised that work for the silica rich side of the NaAlO,-SiO, join.

The logical set of endmember components to choose to model the system are
NaAlO, and SiO,. Values for reference state EOS parameters of these endmembers
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Fig. 25. Analysis of molecular dynamics simulations of density in binary liquids along the join
NaAlOy-SiO,. Density values from Bryce and others (1999) are plotted as vertical chords assuming an
uncertainty of *+ 3%. Computed density estimates are calculated at the appropriate temperature from the
EOS parameters of table 2 on the assumption of an equilibrium state of (AlSi) CN. These values are denoted
by the heavy symbols. The light symbols correspond to density estimates in a metastable state of (Al,Si) [IV]
CN. The temperature range of the molecular dynamics simulations is 4000-600