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ABSTRACT

Molecular Dynamics (MD) simulations were used to study the relationship between
structure and transport properties in five liquids (NaAlO,, NaAlSIO,, NaAlSIO,, Na
AlSi,O,, and NaAlSi,O,) in the system NaAlO,-NaAlSi,O, at temperatures ranging from
4000 to 6000 K and pressures from 0 to 55 GPa. Seventy simulations were carried out in
the microcanonical ensemble using a simple pair-wise additive potential with Coulombic
interaction and Born-Mayer repulsion. Detailed study of the coordination of O and network
forming cations provides a master set of coordination environment or speciation curves.
These master curves were applicable to all compositions and temperatures and were most
explicit when compression (V,/V; where V, is the molar volume at a reference pressure)
was used as the independent variable. The universality implied that coordination environ-
ments for network atoms O, Al, and Si depend weakly upon Si/Al, T/O, or Na/T atomic
ratios for the compositions studied. Self-diffusion coefficients, computed from analysis of
mean-square displacements, were used to evaluate the activation enthalpy (H, = E, + PV,)
for self-diffusion for each species. The activation energy (E.) for Na was independent of
composition, whereas E, for O, Si, and Al increased as Si/Al increased. Activation volume
(V,) at pressure < 15 GPawas positive for Na and negative for O, Si, and Al and decreased
with increasing Si/Al for all species. An extension of the Adam-Gibbs-DiMarzio config-
urational entropy theory taking explicit account of @0 and B0 mixing explained both the
variation of the pressure-derivative of the shear viscosity as a function of composition and
the disappearance of *‘anomalous’ viscosity behavior at P > ~25 GPafor al compositions

in the system NaAlO,-NaAISi,0,.

INTRODUCTION

Silicate liquids play a significant role in several geo-
chemical and geophysical phenomena. Furthermore, the
nature of the liquid state remains unsolved in condensed
matter physics and bears critically on many technological
issues. Of great import is the relationship between the
atomic structure (microscopic scale) and the expression
of that structure in terms of bulk thermodynamic and
transport properties (macroscopic scale). To understand
diffusion, nucleation and crystal growth kinetics, melt
rheology, ionic conductivity, and the thermodynamic
properties of melts and glasses at a broad range of tem-
peratures, pressures and compositions, investigators have
applied a diverse array of laboratory, theoretical and sim-
ulation methods (e.g., Stebbins et al. 1995; Angell 1995).

Among the techniques used to explore the connection
between the dynamics and structure of aliquid, molecular
dynamics (MD) simulations offer the advantage of pro-
viding information on the location and velocity of indi-

* Present Address. Berkeley Center for |sotope Geochemistry,
Department of Geology and Geophysics, MC 4767, University
of California, Berkeley, California 94720-4767. E-mail:
bryce@magma.geol.ucsb.edu

0003-004X/99/0003-0345%$05.00

vidua atoms through time. Poole et al. (1995) summa-
rized the methods, strengths, and drawbacks of the MD
technique and its application to earth materials (Kubicki
and Lasaga 1990, for further detail). MD methodology
was detailed by Allen and Tildesley (1987). Details on
the particular implementation of MD used here were giv-
en previously (Rustad et al. 1990; Stein and Spera 1995,
1996; Bryce et a. 1997; Nevins and Spera 1998).

The goals of the present study were to examine chang-
esin computed structure and related properties at elevated
temperatures and pressures in melts in the system
NaAlO,-SiO, and to compare computed values with re-
sults from laboratory experiments. Because SiO, has been
extensively studied by MD (Woodcock et a. 1976; Mitra
1982; Erikson and Hostetler 1987; Feuston and Garofalini
1988; Kubicki and Lasaga 1988; Vessal et a. 1991; Rus-
tad et al. 1990; 1991 ab,c, 1992; Della Valle and Ander-
sen 1992; Jin et al. 1993; Vashishta et al. 1996; Vollmayr
et al. 1996), we focused on five compositions between
albite and sodium aluminate. These included the com-
positions abite, NaAlS,O, (X,:); jadeite, NaAlSi,O
(Xos7); nepheline, NaAISIO, (X,s,); Na,AlLSIOg (Xo55); and
sodium auminate, NaAlO, (X,) where X represents the
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mole fraction of SiO, in the composition. This system is
a rough analog to natural systems ranging from silica-
saturated rhyolite (NaAlSi,Oy), through critical saturation
near andesite (NaAlSi,O,), and finaly to an undersatu-
rated feldspathoidal composition (NaAISIO,). All com-
positions in this system were canonical “T-120 tetrahedral
network liquids at low pressure. The label T refers to
the number (n) of O atoms that are nearest neighbors to
agiven Si or Al (“T") atom. Similarly, the label MO
refers to the number (n) of T atoms that are nearest neigh-
bors to a given O. Non-bridging O (NBO) is equivalent
to WO in this nomenclature. In an ideal “WT-2O network
melt WO is not present. In real network melts, some WO
and very small amounts of @O are present at low con-
centration (Stebbins and Xu 1997; Topliset a. 1997). The
terminology MO provides a better description of the O
coordination environment than simple categorization of
O as bridging (BO) or non-bridging (NBO). For example,
both @O and WO may be considered NBO, whereas both
@0 and PO may be considered BO. Characterization of
O coordination by network cations (Si and Al) at short
range is pivotal; complete description of the O coordi-
nation environment requires additional information de-
scribing the O sublattice, as well as the O about metal
environment at both short and long ranges. Except in a
few, rare instances (e.g., Vashishta et a. 1996), the long-
range structure of melts has not been explored by MD
methods because of the formidable computational effort
involved.

Because WO and especially @O are in low concentra-
tion in network aluminosilicate melts, we believe they do
not play a significant role in governing material behavior.
Thus, rather than focusing on mixing of MO with n = O,
1, and 2 and the classical characterization of strong and
fragile liquids (e.g., Angell et a. 1987; Hess 1995; Na-
vrotsky 1995), we studied the behavior of aluminate and
aluminosilicate network melts (all** strong” fluids) at high
temperatures and pressures. Experimental rheometric data
on melts and glasses in the system NaAISiO,-NaAlSi,O,
(Stein and Spera 1993; Toplis et al. 1997) in fact showed
that melt fragility, defined by the magnitude of the deriv-
ative of the logarithmic viscosity with respect to recip-
rocal temperature, increased as NaAlO, was added to
SiO,. Mélt fragility defined this way was constant and
equal to the activation energy for shear viscosity in an
Arrhenian fluid (i.e., [o(In m)/a(U/T)], = EJ/R). In a non-
Arrhenian melt, the reciprocal temperature derivative of
the viscosity will itself depend on temperature, i.e.,
[o(In m)/6(1T)]e = (T).

In these high-pressure aluminate and aluminosilicate
networks, mixing of O coordinated as 20, B0, and “O
with T atoms was significant. Alternatively, mixing can
be viewed in terms of the distribution of TO, polyhedra
with n equal to 3, 4, 5, and 6. We focused on O, Si, and
Al structural relationships because these species are dom-
inant in the system NaAlO,-NaAlSi,O,.

The transport property studied was the variation of
self-diffusivity for Na, Al, Si, and O as a function of
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temperature and pressure. We used the activation volume
[V, = —RT(a In D/oP),] and activation energy [E, =
—R(o In D/a(1/T)).] for self-diffusion of each species to
describe the temperature and pressure dependence of self-
diffusion coefficients. As remarked in studies noted
above, melts in the system NaAlO,-NaAlSi,O, are not
strictly Arrhenian. For the high temperatures considered
here, however, the Arrhenian approximation was an ex-
cellent one.

METHODS

MD calculations were made for five compositions (Ta-
ble 1) using a FORTRAN code developed by Rustad et
al. (1990, 1991) and modified as described in Stein and
Spera (1995, 1996). The simulations were executed on
IBM RS/6000-350 workstations and CRAY-C90 ma
chines at the San Diego Supercomputer Center (SDSC)
and the National Energy Research Scientific Computing
(NERSC) facilities. A single 50 ps production run took
approximately 100 CPU h on the workstation and 4 CPU
h on the CRAY-C90.

Molecular dynamics simulations are brute-force solu-
tions to the classical equations of motion for a set of
particles. Forces acting on particles in these experiments
were computed using the pairwise-additive potential, U,
= q,0,/r; + A;exp(—Byr;), which calculates the potential
energy for each particle (i) summed over the ensemblein
terms of Coulombic interaction (with nominal charges g,
q;) evaluated over interparticle distance r; and short-range
Born-Mayer repulsion terms. Repulsion was evaluated
using the A;, B, parameters of Dempsey and Kawamura
(1984); see Stein and Spera (1995) for discussion and
comparison with other parameterizations. This pair-wise
potential supplies a radially symmetric potential interac-
tion and neglects covalency and polarization effects. In
employing this potential, short-range Born-Mayer repul-
sion was computed for r; = 0.8 nm, whereas longer-range
Coulombic interaction was computed using the Ewald
method and periodic boundary conditions. In employing
the Ewald sum, the convergence parameter, «, which de-
scribes the width of the Gaussian distribution of neutral-
izing charges surrounding each ion, was set at 5/L where
L is the edge length of the MD primary cubic cell. The
reciprocal space component of the sum was determined
with reciprocal lattice vectors k = 2mn/L, with |nf2 = 81.

All experimenta configurations were initialy random
and were given 1 ps equilibration times at T ~ 10¢ K
during which the velocity of each particle was scaled and
excess kinetic energy and net momentum were removed.
For these configurations, temperature was decreased at a
rate (dT/dt) of 100 K/ps to the desired production run
temperature. Vollmayr et al. (1996) pointed out that small
but noticeable differences in melt structure and properties
could result from employing different temperature rates
in MD simulations of molten silica. To avoid this prob-
lem, we used the same rate for all of the experiments.
For changes in pressure, configurations were changed at
the rate (dP/dt) of 1 GPalps. All production runs (Table
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TaBLE 1. Molecular dynamics simulations of molten sodium
aluminosilicates

L P
Composition T (K) P (GPa) A (kg/m3)
NaAlO,* 3544.1 + 60.0 0.39 = 0.6 27.00 2248
4076.3 + 78.7 0.86 = 0.7 26.26 2257
4025.4 = 70.3 0.77 = 0.7 27.00 2248
4060.1 + 75.4 1.81 + 0.7 26.02 2319
4079.3 + 77.9 221+ 0.7 25.93 2344
4064.3 = 87.3 3.29 = 0.8 25.69 2410
4009.3 + 71.1 4.03 = 0.7 26.34 2422
4220.2 + 81.8 8.58 = 0.8 24.99 2619
4059.4 + 71.3 10.14 + 0.8 2549 2674
4114.9 + 76.7 12.02 + 0.9 2459 2749
4940.3 + 90.4 12.96 + 1.0 2459 2749
3933.3 = 90.1 15.55 + 0.9 24.18 2889
4047.8 + 99.9 2142 = 1.0 23.65 3089
3544.1 + 60.0 0.39 = 0.6 27.00 2248
3565.4 = 60.0 3.48 = 0.6 26.32 2428
Na,Al,SiO, 4187.5 + 90.9 120 +08 2581 2163
4141.8 + 90.2 3.08 = 0.8 25.39 2273
4140.8 + 78.8 7.73+ 1.0 2452 2524
4110.1 + 86.6 9.86 = 1.1 24.14 2646
4093.4 + 79.0 15.80 + 1.1 23.25 2961
4061.7 + 80.1 20.54 + 1.2 22.78 3145
NaAISiO,f 5070.5 + 84.9 247 + 0.9 27.90 2171
4483.8 = 76.5 5.37 = 0.9 26.46 2367
4080.4 + 70.0 524 + 0.8 26.46 2367
5140.5 + 94.6 7.03+ 1.0 26.75 2465
4981.5 + 84.6 1051 £ 1.1 26.01 2682
5005.7 + 86.1 16.30 + 1.2 25.15 2964
5080.7 + 85.3 1841 + 1.2 24.93 3045
4988.2 + 85.6 20.77 £ 1.2 24.67 3140
5057.3 + 83.9 24.44 = 1.3 24.40 3248
4983.0 + 84.5 2372+ 1.2 24.42 3238
4999.1 + 83.7 29.12 £ 1.3 24.05 3392
NaAlSi,O.8 4051.2 = 73.1 3.31 0.8 26.30 2213
4063.9 + 74.8 3.17 = 0.9 26.30 2213
4592.0 = 97.4 3.38 = 0.9 26.30 2213
4600.2 = 92.5 3.41 = 0.9 26.30 2213
4600.9 + 86.4 3.13 = 1.0 26.30 2213
5099.2 = 92.1 3.30 = 1.0 26.30 2213
5063.8 = 93.4 2.80 = 0.9 26.30 2213
5108.7 + 93.0 4.70 = 1.0 26.01 2288
5044.4 + 91.8 7.50 + 1.1 25.38 2463
5049.2 = 94.2 9.03 = 1.2 25.00 2576
5073.8 + 91.9 13.05 + 1.2 24.31 2802
5095.8 = 93.8 13.88 £ 1.3 24.17 2851
5034.1 = 91.5 18.00 + 1.4 23.60 3062
4983.6 + 89.4 2425 + 15 23.05 3285
5075.9 + 91.6 2550 + 1.5 22.97 3324
4903.0 = 90.2 34.05 = 1.6 22.44 3563
5047.9 + 91.7 43.95 * 1.6 22.05 3757
5051.5 = 92.3 57.90 = 1.6 21.63 3981
3615.0 = 72.0 10.29 £ 1.1 24.81 2636
3887.0 + 69.6 8.80 = 1.1 25.16 2531
4078.4 = 73.9 10.15 £ 1.0 25.00 2578
4619.5 + 84.7 11.33 + 1.2 2456 2719
4140.3 + 745 20.74 = 1.4 23.18 3231
NaAISi,O,| 6028.2 + 104.7 3.56 = 1.0 27.00 2210
6133.4 + 108.5 3.86 = 1.0 27.00 2210
6000.1 = 105.1 9.62 = 1.2 25.57 2602
5963.5 + 106.2 14.76 + 1.3 24.73 2878
51104 + 91.1 3.74 = 0.9 27.00 2210
5076.9 = 91.6 4.01 = 0.9 27.00 2210
5117.9 + 86.9 727+ 1.1 26.34 2382
5077.3 = 89.0 7.85* 1.1 26.06 2459
5034.2 = 86.9 11.27 £ 1.2 25.30 2688
4946.2 + 87.3 12.46 + 1.2 25.03 2775
4897.7 + 86.5 18.38 + 1.4 2420 3071

5089.1 = 90.5 1874 £ 1.4 n/a n/a
5271.0 + 94.7 2577 + 15 23,53 3342
4965.7 + 87.9 30.04 * 1.6 2321 3481
49745 + 85.7 40.17 = 1.5 22.68 3728

1) were carried out in the microcanonical (constant num-
ber, volume, and energy or NVE) ensemble. Energy was
conserved to one part in 105. The time step used for al
calculations was 1 femtosecond (fs).

Simulations were run for systems of 1100 to 1500 par-
ticles (Na + Al + Si + O, see Table 1). Previous work
has shown that computed material properties and struc-
tures are independent of the number of particles provided
N > ~1000 for the pair potential used in this work (Ka-
wamura 1991; Stein and Spera 1995). An advantage of
using >1000 particles was that fluctuations in pressure
and temperature about their mean during a NVE simu-
lation were relatively small. This reduced the size of er-
rors when computing self-diffusion coefficients from
mean-square displacements and was essential to the suc-
cessful extraction of activation volume and energy from
self-diffusivity. Run durations of at least 40 ps (40,000
time steps) were used to obtain robust statistics and to
allow for sufficient configurational phase space sampling.
Production run temperatures were chosen to ensure at-
tainment of ergodicity; structures and properties comput-
ed from MD runs, therefore, pertained to relaxed liquids.
Melt densities, run durations, particle numbers, and other
simulation parameters are gathered in Table 1.

Post-processing codes developed in Stein and Spera
(1995) were modified and used to calculate structural sta-
tistics and self-diffusion coefficients. Structures were de-
termined from particle positions saved over short time
intervals (50 fs) during production runs. Coordination sta-
tistics for O around T (T = Si, Al), T around O, and O
around O were computed using cutoffs determined from
the first minima of the appropriate partial pair correlation
functions at each temperature and pressure. Atomic self-
diffusion coefficients were calculated for each atom from
trajectories using particle mean square displacements
(MSD) and the standard Einstein random walk relation.
Sampling errors on D, were evaluated through compari-
sons of simulations performed under essentially identical
conditions of temperature and pressure but developed
from wholly independent quench cycles and by consid-
eration of pressure and temperature fluctuations during
production simulations.

REsuLTS

Short-range structure

Twelve-hundred-particle MD was especially well-suit-
ed to assess spatial order at short range (to 0.5 nm) in
molten and glassy silicates. Although structural order in

—

Notes: nla = not available. L, edge length of the MD primary
cubic cell.

* X = 0; N, = 1200; duration = 50 ps.

t X = 0.33; N, = 1100; duration = 50 ps.

T Nepheline: X = 0.5; N, = 1400; duration = 40 ps.

§ Jadeite: X = 0.66; N, = 1200; duration = 50 ps.

|| Albite: X = 0.75; N,, = 1300; duration = 50 ps.
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FiIGurRe 1. TO, speciation (as number fraction of al TO,
polyhedra) as a function of pressure (top) and of compression
(lower) for compositions X, = NaAlO, (inverted triangles), X,
= NaAl,SIO; (diamonds), X,s,= NaAlISIO, (triangles), X, =
NaAlSi,O; (sguares), and X, ,s = NaAlSi,O, (circles). Filled sym-
bols represent ssimulations run at T ~ 4000 K; open symbols
represent data from ~5000 K simulations. Coordination statistics
are reproducible to within a few percent based on independently
quenched simulations. The reference volume V, corresponds to
the MD-computed molar volume at 3 GPa. Plotting speciation
against compression results in a single set of master TO, abun-
dance curves for all compositions in NaAlO,-NaAlSi,O,. For
NaAlO, and Na,Al,SIO,, results are given at 4000 K, except for
NaAIO, at 5000 K and 13 GPa.

glasses have been experimentally shown to extend to ~1
nm or greater (Gaskell et al. 1991), the relatively small
size of the primary MD cell (<3 nm) precludes the pos-
sibility of quantitatively examining structure at long
range. The next sections describe the short range coor-
dination statistics as a function of pressure and compo-
sition. In this temperature range (4000 to 5000 K), struc-
tural variation with temperature was minor relative to that
with pressure.

O about Si and Al

TO, polyhedra statistics changed dramatically as pres-
sure increased (Fig. 1, top). The concentrations of TO,
and TO, monotonically decreased and increased respec-
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tively, whereas the abundance (number fraction) of TOq
maximized in the 20 to 30 GPa range. Evidently, short
range structure does not markedly depend upon compo-
sition. Even the 50/50 molar mixture of NaAlO, and
NaAISiO, (i.e., composition X, .,) deviated relatively little
from the TO, abundance curves for melts of higher Si/Al
values. Sodium aluminate deviated somewhat from the
other compositions; at 13 GPa and 5000 K, the fraction
of TO, in NaAlO, was about 10% higher than in the other
compositions. The effect of temperature on structure in
sodium aluminate at 12 GPa was also clearly shown. For
example, at ~4000 K and 12 GPa, 85% of the Al was
present in fourfold coordination with O, whereas at
~5000 K, 77% of the Al was tetrahedrally coordinated
by O. In general, the isobaric temperature-dependence of
TO, speciation decreased with increasing Si/Al.

Plotting TO, abundance against compression V,/V re-
moved the effects of differences in the isothermal com-
pressibility with composition and collapsed all speciation
abundance data onto a single set of ‘““master” TO, abun-
dance curves (Fig. 1, bottom). The TO, abundance curves
for T, BT, and ©T were practically independent of com-
position. Equation of state (EOS) data (Table 1) could be
used to translate from compression to pressure for any
composition. These data show a somewhat smaller iso-
thermal compressibility for sodium aluminate compared
to the compositions with greater Si/Al. The peak in ®BT
occurred at compression equa to ~1.5 (P ~ 25 GPa),
which corresponds to a depth of about 700 km in the
earth. If we treat mixing of polyhedra solely in terms of
a binary mixture of “T and ©T, the configurational en-
tropy of mixing attained a maximum where TO, = TO,
= 0.5, at V./V = 1.35, which corresponded to a pressure
of about 16 GPa.

Slight differences in site ordering of Si and Al were
found in some of these melts. If the distribution of Al
and Si between all polyhedra was completely random, the
ratio would be equal to Si/(Al + Si), the atomic ratio, for
the specific composition at al pressures. For any com-
position, as pressure increased, the preference of Al to be
in either fivefold or sixfold coordination with O de-
creased, whereas the preference of Al to be in tetrahedral
coordination with O increased. At low pressure where
TO, dominated, the small population of TO, and TO, that
existed were mainly AlO, and AlO,. This Al/Si fraction-
ation effect rapidly diminished as pressure increased. At
constant temperature and pressure, Al showed a small
preference to be in octahedral coordination in composi-
tions with Si/Al > 1 (Bryce 1998).

Si and Al about O

At low pressure, @0 (i.e.,, O by two nearest T atoms)
was the dominant coordination environment, whereas a
smaller fraction of the O was threefold coordinated to T
atoms (Fig. 2). The abundance of @O monotonically in-
creased as pressure increased and mirrored the monotonic
decrease in @0. Onefold coordinated O (MO) was present
in very low concentrations and decreased as pressure
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FIGURE 2. MO speciation plotted against pressure for all

compositions. Symbols as in Figure 1. Along the 5000 K iso-
therm O speciation is approximately independent of composition.
The effects of AT ~1000 K are shown by comparing O specia
tion in NaAlO, at 4000 K and 5000 K. The temperature depen-
dence of O speciation can be used to compute the enthalpy of a
disproportionation reaction (see text).

rose, except for sodium aluminate where the concentra-
tion was ~8% and remained roughly constant as pressure
increased. Zero-coordinated O (@QO) was practically non-
existent (a few O atoms out of ~750). At a given pres-
sure, the concentration of WO increased with decreasing
Si/Al (Fig. 2). The @O and PO species also showed a
weak compositional dependence. For example, at 8 GPa,
the abundance of 20O was higher in liquids with high Si/
Al. The effect of temperature on the O coordination en-
vironment for NaAlO, (X,) may be noted by comparing
the abundance of @O at 13 GPa for 4000 K (78%) and
5000 K (71%) simulations. These concentrations permit-
ted estimation of an enthalpy of 114 kJ/mol and entropy
of 56 Jmol K for the exchange reaction @O + B0 = 2
@0 where ideal mixing had been assumed. Similarly, at
zero pressure for the same reaction, we estimated an en-
thalpy of 54 kJmol and entropy of 56 Jmol-K. At low
pressure and 2000 K, the standard state Gibbs free energy
of the reaction was equal to —64 kJmol. This may be
compared to the value of —58 kJmol for the standard
state Gibbs free energy for the reaction @O + 20 = 2
WO in molten MgSiO, also at 2000 K and 1 bar computed
by Matsui and Kawamura (1984) from their MD
simulations.

Considering only the binary mixing of @O and BO (an
excellent approximation), the configurational entropy was
maximized where @O = BIO = 0.5, which occurred at P
~ 30 GPa where the compression was ~1.6.

O around O

O by O coordination number (CN) obviously increased
as compression increased (Fig. 3a). On a plot of average
O CN against pressure (not shown), there was a clear
tendency for the O by O CN to be higher at any given
pressure for compositions with high Si/Al. There was a
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Ficure 3. O by O coordination. (a). Average coordination
of O around other O atoms plotted against compression. Symbols
asin Figure 1. A somewhat steeper trend setsin at a compression
of circa 1.4. This corresponds to a pressure of about 20 to 25
GPa. (b). Comparison of O by O coordination in the end-member
compositions NaAlO, and NaAlSi,O,. The modes of O coordi-
nation at 4 GPa are similar—peaks at 6 and 7 for both molten
sodium aluminate and molten abite. At higher pressures, albite
tends toward higher coordination states of O and approaches
face-centered cubic closest packing of O with an O by O coor-
dination number (CN) of twelve.

dlight increase in the rate of change of the O about O CN
for NaAlSi,O, and NaAlSi, O, at compression above about
1.4 (P ~ 20 GPa); this feature correlated with the maxi-
mum in the self-diffusivity of O. The average CN of O
about O increases from about 6 to 7 at ~1 GPa to about
14 at ~60 GPa. A CN of ~14 was consistent with a
distorted face-centered cubic closest packing of O. For
the extremes of composition (NaAlO, and NaAlSi,O,) at
low and high pressures, the modal CN went from 9 to 12
(Fig. 3b). Evidently, at a given pressure, O close packing
increased as Si/Al increased.

lonic self-diffusion
Self-diffusivities of Al, Si, and O increased with in-
creasing pressure up to ~20 to 25 GPa where they
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pressure. Si, Al, and O all exhibit negative activation volumes, whereas Na shows a positive value. Typical reproducibility in In D
values range from <0.2 (In D units) for Na to <0.4 (In D units) for O, Si, and Al.

achieved a broad maximum and, thereafter, decreased,
whereas self-diffusivity of Na decreased as pressure rose
(Figs. 4 and 5). Also, atomic mobhility increased at con-
stant pressure as Al/Si increased. At the pressure of peak
mobility (~25 GPa), the ratio of diffusivity for O:Al:Si
is 1.8:1.5:1. The similar magnitude supports the idea that
self-diffusion of Si, Al, and O may be cooperative. Com-
parison of Figures 5d and la found that the peak in O
diffusivity occurred at approximately the same pressure
where BIT attained a maximum.

The Arrhenian relation D = Dsexp[—(E, + PV)/RT]
has been found to correlate diffusivity as a function of
temperature and pressure for many network fluids. In this
formulation, E, and V, depended on composition only.
Negative activation volumes (Fig. 6) were found for all
atoms except Na, in agreement with the MD results of
Angell et a. (1982) for NaAlSi,O, using the same form
of the pair potential but somewhat different numerical
values. The absolute value of V, increased for all atoms
as the silica content of the melt increased. Simulation
results agreed closely with laboratory measurements for
activation volume of O self-diffusion for NaAlSi,O, and
NaAlSi,O; (Fig. 6d). There was an excellent correlation
of V, with composition for al atoms. The absolute value
of V, varied by a factor of four for Al and O and by a

factor of about two for Na and Si as the molar ratio of
SiO,/ALLQ, increased from zero to six.

The activation energy of self diffusion of Na was es-
sentially independent of composition (Fig. 7). The decou-
pling between Na and the network atoms can be inter-
preted by considering that Na mobility is the sum of two
terms: (1) Na jump motion in the locally frozen (in a
relative sense) O-Si-Al network and (2) the coupling be-
tween tracer dynamics and O-Si-Al network hydrody-
namics. This coupling leads to a generalized Stokes-Ein-
stein (S-E) or Eyring relation, D ~ n~~. When mechanism
2 dominates, the classical S-E or Eyring relationship («
= 1) is recovered. If instead the hopping mode (mecha-
nism 1) dominated, the viscosity of the network plays a
small role in the mobility of the cation and « — 0. The
weak dependence of E, (Fig. 7a) and D(Na) (Figs. 4aand
5a) on Si/Al (a proxy for n) suggests that Na self-diffu-
sivity is dominated by a hopping rather than a hydrody-
namic mechanism.

In contrast, the network species O, Si, and Al dem-
onstrated a systematic increase in E, with increasing silica
content (Fig. 7). Self-diffusion of O, E, increased from
~200 kJmol for sodium auminate to ~350 kJ/moal in
molten albite. Activation energies for self-diffusion of Si
and O in molten NaAlSi,O, determined by laboratory dif-
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fusion studies (Shimizu and Kushiro 1984, 1991) are plot-
ted in Figures 7c and 7d for comparison; agreement ap-
peared reasonable in both cases. The observed trend was
qualitatively consistent with laboratory viscometric data
of the activation energy for viscous flow (E,) in the sys-
tem NaAlISiO,-SiO, presented in Stein and Spera (1993).
They found E, of 345 kJ/mol, 400 kJ/mol and 450 kJ
mol for molten Ne, Jd, and Ab respectively at 100 kPa
and temperatures ~1800 K. Similarly, in a recent study,
Toplis et a. (1997) reported activation energy for viscous
flow of 320 kJ/mol, 370 kJ/mol and 390 kJ/mol for Ne,
Jd, and Ab at 100 kPa In general, along an isotherm,
higher diffusivities were found with decreasing SO,/
AlLQ, (Fig. 8).

Discussion
Comparisons of simulation and laboratory results

Close agreement with laboratory data of pressure and
temperature dependence of ionic self-diffusivity has been
shown for NaAlSi,O, (Figs. 6 and 7; Bryce et al. 1997).
The pressure derivative of O self-diffusivity based on lab-
oratory experiments on molten abite (Poe et a. 1997)
also agreed with MD-computed values (Fig. 6d). Simu-
lation results for the pre-exponential or ‘‘frequency”

terms (D,) for ionic self-diffusivity, however, did not
agree closely with laboratory results (Bryce et a. 1997).
In our simulations, the pressure at which D(O) attained a
maximum for abite melt at 5000 K was 20 to 25 GPg;
at this pressure, the predominant species are TO, and TO.,.
Structural data from the simulations were roughly consis-
tent with the interpretation of high-pressure infrared spec-
tra of abite glass of Williams (1998) who found that at
P > ~16 GPa a coordination change in albite glass from
TO, to TO, and TO, occurred. Our MD pesak in D(O),
whereas agreeing with that in another MD parameteri-
zation (Angell et al. 1982), occurred at a higher pressure
than the laboratory result of Poe et al. (1997) [maximum
for D(O) at P ~ 6 GPa at 2100 K]. The pressure at which
D(0O) attained a maximum may be sensitive to the choice
of A; and B, in the pair-potential used as well as simpli-
fications inherent in this MD application (neglect of po-
larization and covalency). Supplementary high-pressure
diffusion experiments would also help to clarify the
picture.

Additional comparisons can be made with experimen-
tal viscometry by Kushiro (1976, 1978) on NaAlSi,O,
and NaAlSi,O, melts at 1350 °C and 1400 °C respectively
a pressure in the range 0 to 2.5 GPa. Based on these
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Shimizu and Kushiro (1984) for data up to 2 GPa.

data, we computed activation volumes for viscous flow
of 6.5 = 2 and 8.0 = 2 cm¥mol for molten Jd and Ab
respectively. In this MD study, we found —5.9 = 1 and
—7.7 =1 cm®¥mol for activation volumes of O self-dif-
fusivity in Jd and Ab respectively. The pressure deriva-
tive of O self-diffusivity should approximate the magni-
tude of the pressure derivative of the shear viscosity,
because both phenomena most likely relate to the O mo-
bility. Because the viscometric experiments were carried
out isobarically, whereas the simulations were done iso-
choricaly, a small discrepancy between laboratory and
M D-computed results can be anticipated.

Meade and Jeanloz (1987) measured an activation vol-
ume for the irreversible compaction of fused silica of 7.9
+ 1.7 cm?/mol. They proposed that the relaxation process
involved a change from Si-O-Si bond bending to distor-
tion of the Si-O bond length (i.e., distortion of SIO, tet-
rahedra). These results were roughly compatible with the
relations depicted in Figure 7d. In a 324-particle MD
study of molten silica, Kubicki and Lasaga (1988) deter-
mined self-diffusivities for Si and O at 6000 K, 4 GPa

and 10 GPa. From these values, we calculated activation
volumes of —9 cm®¥mol and —12 cm?#/mol respectively.
Again, the agreement was quite reasonable, given the dif-
ferent forms of the potentials and intrinsic differencesin
the details of the simulations themselves. At 6000 K, the
O sdf-diffusivity in molten SIO, maximized at pressures
>15 GPa. This compared with the maximum attained in
NaAlO,-NaAlSi,O, of circa 20 to 25 GPa found here.

Our value of ~90 kJ/mol for activation energy of so-
dium self-diffusivity may be compared to the laboratory
results of 70 k¥mol (by MAS-NMR, George and Steb-
bins 1995) and 71 kJmol (by NMR, Liu et a. 1987).
George and Stebbins (1995) aso reported a mean coor-
dination number for O around Na of 7 to 8 in albite,
which compared well to the 4 GPa average of 8 from the
simulated albite liquids.

Yarger et a. (1995) investigated the coordination en-
vironment of Al by #Al MAS-NMR in a 50:50 molar
mixture of albite and sodium tetrasilicate (Na,AlSi,O,,)
glass quenched isobarically from about 2000 °C. They
found a maximum in the concentration of ®BAl in glass
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Ficure 8. O sdf-diffusion a T ~ 5000 K as a function of
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given the variation of V, with composition and the difference in
pressure between 3 GPa and 1 bar.

guenched from 8 GPa and suggested a change in the rate
of decrease in viscosity near that pressure. Qualitatively,
that is similar to what the MD simulations suggested in
the system NaAlO,-NaAlSi,O,, although we found that
Al maximized at a slightly higher pressure of ~20 to
25 GPa at 5000 K. A rigorous comparison between the
MD results and those of Yarger et a. (1995) was difficult
because of the differences in composition (laboratory
study contains > 10% NBO) and the lingering question
of the preservation of high-coordination TO, species upon
guenching and decompression (Wolf and McMillan 1995,
for discussion).

O lattice configurational entropy model

The most important result from the simulations was the
striking variation of the activation enthalpy for self-dif-
fusion of Na, Al, Si, and O with bulk composition. The
temperature dependence (E,, Fig. 7) and pressure depen-
dence (V,, Fig. 6) of the Arrhenian activation enthalpy,
H, = E. + PV, were both determined from analysis of
MD atom trajectories. Activation volume became increas-
ingly negative as Si/Al increased for O, Si, and Al,
whereas the opposite was true for Na. The overal vari-
ation in V, with composition was quite large; for example,
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V, for O varied by a factor of 4 as Si/Al increased from
0 (NaAlQ,) to 3 (NaAlSi,0,). Similarly, the thermal ac-
tivation energy (E,) varied systematically with composi-
tion (Si/Al).

Applying the Adam-Gibbs-DiMarzio (AGD) theory of
configurational entropy has been proposed to explain the
negative pressure dependence of viscosity in liquids (Ri-
chet 1984; Gupta 1987). Bottinga and Richet (1995) pro-
vided an analysis that connected the pressure dependence
of the shear viscosity with the temperature derivative of
the configurational volume (i.e., the difference in volume
between the liquid and glass) and the mixing of WO and
@20 on the O superlattice. The expression they derived
for the rate of change of shear viscosity with pressure

along an isotherm was.
€
RN In(1 = g) (@)

o) _ B, [V
oP JT Szl oT J
where B, is a positive constant for a given composition
independent of temperature and pressure; S, is the con-
figurational entropy computed from isobaric heat capacity
data for glass and melt; V., is the configurational molar
volume, V., = V, —V, where the subscripts refer to lig-
uid and glass, respectively; N, is the number of O atoms
per gram formula weight divided by the number of oxide
moles (e.g., in the NaAlO,-SiO, system, N, = 2) and &
is the number fraction of @O defined according to & =
@20/(120 + WO).

It is useful to perform a sign analysis of Equation 1.
The term involving B, is dways >0. The temperature
derivative of the configurational volume is generally pos-
itive in silicates and aluminosilicates; in silica-rich melts,
it can approach zero. The derivative (9¢/0P); is negative
in molten silicates, because the partial molar volume of
@0 (bridging O or BO) is greater than the partial molar
volume of @O (non-bridging O or NBO). In crystalline
silicates, this is virtualy aways the case as well. For
example, the molar volume per O atom for «-olivine (all
O ismQ), tridymite (all O is@0) and stishovite (all O is
E0) are 11 cm3, 13.3 cm?, and 7.0 cm? respectively. The
sign of In[¢/(1 — €)] changes a &€ = 0.5. If £ > 0.5, then
{In[&/(1 — €)]} > 0, whereas for ¢ < 0.5, {In[&¢/(1 — &)]}
< 0. Based on this analysis, Bottinga and Richet (1995)
proposed that the so-called anomalous behavior of de-
creasing viscosity with increasing pressure was most like-
ly to occur in silica-rich melts characterized by a small
absolute value of (aV,,,/dT), and dominated by @0 (i.e.,
£ > 0.5).

Although the configurational entropy model with mix-
ing of WO and @0 outlined above explained the compo-
sitional variation of the pressure dependence of viscosity
for melts as they became richer in SIO, (and hence @O
> WQ), it did not explain the *‘return” to non-anomalous
behavior in silicate melts at higher pressures nor could it
explain the pressure dependence of O self-diffusivity in
a series of network melts. Although *‘ defect’” concentra-
tions of WO (NBO) were known to occur in network sil-
icate liquids (Stebbins and Xu 1997), it seems reasonable

3%
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to assume the concentration of @O does not play acritica
role in melt dynamics at high pressure.

The AGD model can be extended and applied to net-
work melts with insignificant amounts of NBO but
where a significant amount of entropy is generated by
mixing of @O and ®O on an O *‘superlattice.”” Molec-
ular dynamics results may be used to address this issue
by first noting that an implication of the Stokes-Einstein
or Eyring relationship, [n ~ TD(O)1], is the equality (o
In m/oP), _ —{a In[D(O)]/oP},. If the Arrhenian relation-
ship is assumed to hold for self-diffusivity (i.e, D =
D.exp—[(E. + PVL)/RT]), then because V, = —RT{d
IN[D(0)]/6P} ;, the activation volume for O self-diffusion
can be identified with the pressure-derivative of the log-
arithm of the shear viscosity: V, = RT( In n/oP),.

We adapted the Bottinga and Richet application of the
configurational entropy theory to a melt dominated by @20
and @0 by defining the fraction of @O according to ¢ =
@0/(20O + ©B0). Figure 2 shows that a @O — B0 binary
mixture is a good description of O coordination environ-
ments in melts along the join NaAlO,—SiO, up to at least
45 GPa. We can therefore rewrite the (o In(n)/oP), ex-
pression given above in terms of In D(O).

6 |n(D(O)) Be avoonf] Lll RN In( Lll )l
1-y/|
@)

P |, TSz || oT J
Noting relations set out above we finaly have:
_RB, W ¥ )
)|

° Sgonf aP

Like (0&/0P),, (aws/oP), is adso generally negative because
the partial molar volume of @0 is greater than that of
@0. As noted in Figure 2, O was forced into higher co-
ordination environments with T as pressure increased.
The sign of the second term on the right-hand sign of
Equation 3 is, therefore, controlled by the sign of
In[y/(1 — ¥)]. As in the case before, the mixing term
changes sign when @O = BO = 0.5. In the system
NaAlO, — NaAlSi,O,, the abundance of @O approaches
that of @O in the P ~ 25 to 30 GPa pressure range where
the activation volume for O becomes positive (i.e., the
‘““anomalous’ behavior is no longer present). For entropic
effects to dominate, the absolute magnitude of the second
product term on the right hand side of (3) must be greater
than the temperature derivative of the configurational vol-
ume. For a scale analysis, the term (9V,,/0T), defined as
o V. — agVg, could be approximately taken as ~0.5 oV, ,
Which is almost aways positive (with the possible excep-
tion of amorphous silica). In detail, (0V,,/0T), variesin
magnitude depending on the concentration of SiO,. The
relative contribution from this term is reflected in the V,
values for the compositions seen in Figures 6a—d: Albite
melts have the smallest contribution from (0V,,,/0T), be-
cause they are silica-rich, whereasin NaAlO,, V, is small-
er in absolute value because the configurational volume
term is larger.

aVoonf

RN In( @)

P
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Hence, the AGD theory that Bottinga and Richet de-
veloped to address the zero-pressure derivative of the
shear viscosity in melts with NBO and BO mixing may
be extended to explain the variation of viscosity with
pressure for a homologous series of network meltsto very
high pressure. The restriction to binary mixing could be
easily relaxed by adopting an appropriate relationship for
the entropy of mixing which takes into account all distinct
O coordination environments. It is, therefore, possible to
predict the pressure-dependence of the viscosity and,
hence, O self-diffusivity by combining MD results with
laboratory experimental data. Richet (1984) showed that
the temperature-dependence of the shear viscosity can be
accurately modeled by the AGD theory provided high-
quality thermodynamic data are available for the com-
positions of interest. Molecular dynamics results can be
used to apply the AGD theory to molten silicates in a
broad range of compositions (i.e., O coordination envi-
ronments) and at elevated temperatures and pressures to
the core-mantle boundary (135 GPa) where evidence in-
dicates that magma exists (e.g., Garnero and Helmberger
1996; Williams and Garnero 1996).
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