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Molecular dynamics simulations of molten CaAlrSiror: Dependence of structure and
properties on pressure
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Ansrrucr
Molecular dynamics (MD) simulations were carried out on molten CaAlrSirO, at nine

pressures from 0.2 to 76 GPa at 4000 K, well above the computed glass transition tem-
perature. A simple effective pair-potential with both Coulombic interaction and Born-May-
er-Huggins short-range repulsion was used. Simulations of duration 30 ps long were per-
formed in the microcanonical ensemble (NEV) utilizing 1300 particles (O+Ca+Si+AD.
As pressure increases, profound changes occur in the relative abundance of I4lT tsrT t6rT
tTrT and tsrT (T : Si,Al) as well as in the coordination of Ca by O. At low pressure, most
T are in fourfold coordination with oxygen, oxygen is twofold coordinated to t and Ca
has six to seven nearest O atom neighbors. At 5 GPa, where r5rT maximizes, more than
half of the T atoms are pentahedrally coordinated (tsr1) in distorted trigonal bipyramids.
Both t4rT (25Vo) and L61T (18Vo) are present at 5 GPa and change rapidly as pressure in-
creases (torT decreases ry1d t0r1 increases). At 5 GPa, the average coordination number (CN)
of oxygen about Ca is 8. At 20 GPa, t6rT constitutes more than 50Vo of the TO" subunit
population and the CN of oxygen around Ca is 10. At medium range (3 to 10 A). the most
significant change in melt structure as pressure increases is replacement of corner-sharing
ring-former TO" polyhedra with edge-sharing polyhedra pairs such as T0'-T06 and TOu-
TOu. The destruction of the ring structure correlates with the maximization of Ar solubility
as pressure increases. Ring sffucture collapse is geometrically captured by variation in the
distribution of T-O-T angles with increasing pressure. The low-pressure maximum at 140'
with large variance agrees with X-ray data and follows from the distribution of N-member
rings with N ranging from 4 to 8 (or larger). At higher pressure, the T-O-T distribution
narrows and shifts toward smaller angles around 105" consistent with the dominating pres-
ence of edge sharing between T06-T06 and TOr-TOu pairs. Tracer diffusivities for O, Ca,
Al, and Si increase at low pressure as pressure increases. The diffusivity of oxygen cor-
relates with ring collapse and attains a maximum at 5 GPa (D.. : 6.6 x 10 , mrls); the
ratio of diffusivities for Ca, Al, and Si relative to oxygen arc 0.67,0.62, and 0.51, re-
spectively. These data suggest that pentahedrally coordinated T acts as an "activated com-
plex" for oxygen diffusion. Below 5 GPa, activation volumes (V*) for all species are large
in absolute value and lie in the range -25 to -35 cm3/mol; these are similar in absolute
value to the partial molar volume of Ar in molten CaAlrsiros of 22 cm3lmol. The large
absolute values for V. at low pressure correlate with the contribution to the isothermal
compressibility made by configurational effects inferred from Brillouin scattering experi-
ments. At higher pressure, the anomalous diffusion disappears. V. decreases for all species
in absolute value and changes sign; at 20 GPa, V, is about *3 cm3/mol, much smaller than
the partial molar volume of Ar in molten anorthite.

INtnooucrtoN

The properties of molten silicates at high pressure and
temperature are relevant to several important Earth sci-
ence problems, including the dynamics of the deep man-
tle, the fate of subducted oceanic crust, and the evolution
of the Hadean magma ocean on the early Earth. Because
melt properties are largely governed by the topological

characteristics of atomic packing, the structural response
of a silicate liquid to high temperature and pressure is of
interest. The typical arrangement of four O atoms around
each T atom (t4rT), where T is either silicon or aluminum,
and the coordination of two T around each O atom (trro)
in both crystalline and molten silicates gives way to more
highly coordinated units as pressure increases (e.g., see
Stebbins and Mcmillan 1989 and Wolf and McMillan
1995 for an excellent review). However, significant ques-x E-mail: d.nevins@ieee.org
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tions remain concerning the role of fivefold- and higher-
coordinated T and the related bonding environment of
oxygen on liquid transport, spectroscopic, and thermo-
dynamic properties. Similarly, the detailed effects of pres-
sure on short and intermediate range order in molten sil-
icates has not been extensively investigated, although it
is clear that marked changes do occur (e.g., see Rustad
et al. l99I for effects in silica).

We have performed molecular dynamics (MD) simu-
lations of molten CaAlrSirO, at 4000 K and pressures
ranging from 0.2 to 76 GPa to study changes in short and
medium range order and to correlate structural changes
with the pressure dependence of tracer diffusivity (O, Ca,
Al, and Si) and other material properties including the
solubility of Ar. The potential used to characterize bond-
ing in the MD simulations is a simple, pair-wise additive
Born-Mayer-Huggins potential that features Coloumbic
interaction and short-ranged repulsion. We recognize the
inherent limitations implied by such a simple potential in
explaining the structure and properties of molten and
glassy silicates. Three-body forces, directional bonding,
polarizability, and other effects are arguably important.
Yet, work over the past two decades (e.g., see Woodcock
et il. 1976; Matsui and Kawamura 1984; Rustad et al.
1990; Kubicki and Lasaga 1993; Poole er al. 1995; Srein
and Spera 1995, 1996; Bryce et al. 1997) supports rhe
notion that MD simulations play a useful role in provid-
ing insight regarding mechanisms and posing structural
and dynamic questions amenable to experimental explo-
ration and even making semi-quantitative predictions re-
garding large-scale Earth processes. The simple effective
ionic pair-potential used here has the advantage of con-
taining few adjustable parameters and allows a simple
and clear physical interpretation.

Plagioclase, or its hydrated analog, is an important
component within subducted gabbroic oceanic crust and
within feldspar-rich continental crust. Phase equilibria
studies by Gautron et al. (1996) led to the conclusion that
if plagioclase-rich compositions are transported to tran-
sition zone depths (about 25 GPa) and encounter ambient
mantle temperatures, partial melting can be expected. Al-
though it is unlikely that these melts would be erupted,
such low-viscosity melts could confer crustal trace ele-
ment and isotopic signatures to mantle peridotite by meta-
somatic reaction. An additional reason for studying mol-
ten anorthite is that many thermodynamic, X-ray, and
spectroscopic data are available; predictions based on MD
simulations can be compared with laboratory results.

MBrnoos
The code used to perform the MD simulations is based

on a collection of FORTRAN routines from Allen and
Tildesley (1987) modified by Rustad et al. (1990, 1991)
and Stein and Spera (1995, 1996). Post-processing pro-
grams to evaluate thermodlmamic and transport proper-
ties were modified from Stein and Spera (1995). New
codes to determine coordination statistics and extract
polyhedra for visualization were developed for this in-
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TaeLe 1. Potential parameters

Species I Species I A, (x10 , erg) 4 ( x103  cm 1 )
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Ca
AI
AI
o
o
o
Si
Si
Si
J I

AI

AI
o
AI

o
Si

15 387
7 7528
3 8831
5.9082
3.0913
1.7014
3.7906
7 6069
3 1295
3 6839

3.4483
3.4483
3.4483
3.4483
3 4483
3 4483
3 4483
3 4483
3 4483
3.4483

Note: Computed from the parameters given in Scamehorn and Angell
(1991). Formal ionic charges were used, Q - +2 for Ca, +3 for Al, +4
for Si, and -2 tor O

vestigation. Polyhedra visualization was provided by AT-
OMS (Dowty 1995). Simulations were run on local IBM
RS/6000 workstations and the NERSC CRAY C-90 super
computer located at the Lawrence Livermore National
Laboratory. The number of particles used in all numerical
experiments was 1300; earlier studies using the same po-
tential have shown that smaller numbers of particles,
<900, are insufficient for calculating both static and dy-
namic properties (Kawamura l99l; Stein and Spera
1995). Experiments were typically 30 ps in length to ob-
tain adequate mean-square displacements and ion diffu-
sivities. The intermolecular potential used was the simple
Born-Mayer-Huggins type U,, : e,ei I r - -l A,, exp(- 8,,r,,),
where 4, is the ionic charge of the lh ion, q, is the ionic
charge of the j'n ron, r,., is the interatomic bond distance
between ions i and j, and A,, and 8,, are the short-range
potential parameters. The potential parameters A,,,Br, and
q (Table 1) are identical to the parameters given by
Scamehorn and Angell (1991) though expressed differ-
ently. The Coulombic interaction was computed using
Ewald's method with K : 5lL (the convergence param-
eter describing the width of the Gaussian canceling dis-
tribution surrounding each ion) where Z is the length of
one side of the primary MD cell. The reciprocal space
portion of the sum was limited to reciprocal lattice vec-
tors K : 2rnlL suchthatlnl'< 81. Short-range repulsive
forces were cutoff at a distance of 10 A. All simulations
were performed with the constraints of constant particle
number, volume and energy (NEV ensemble) for 30 ps
using a I fs time step. Energy and momentum was con-
served to better than 1 part in 106. Particle positions and
velocities were saved every 100 fs for post-processing
analysis.

Initial particle positions and velocities were generated
randomly; this causes large repulsive forces to develop in
the system. These forces were allowed to first relax be-
fore the temperature was dropped to 10 000 K, and the
system was allowed to thermally equilibrate for 10 ps to
attain a Maxwellian distribution of velocities and constant
total energy. Excess linear momentum was then removed
from the system and the thermal cycle was begun from
a thermally equilibrated initial state of l0 000 K. The
temperature was dropped to 4000 K in 10 ps (a rate of
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6.0 x 10'4 IUs) and allowed to pressure equilibrate to
about 1 GPa. Vollmayr et al. (1996) showed that cooling
rate has a small effect on structure and properties of silica
glass utilizing a potential similar to the one used here.
This effect should be less for CaAlrSirO, because of its
lower glass transition temperature. The MD simulations
were conducted along the 4000 K isotherm, which is well
above the estimated computed glass-transition tempera-
ture of 2300 K for molten CaAl,Si,OS.

A simple calculation reveals that the structures and
properties determined here apply to the relaxed state of
liquid anorthite. Oxygen self-diffusivity (D) can be ap-
proximately converted to melt viscosity (1) using the Eyr-
ing relation 1 : kZID where )r corresponds to the dis-
tance of the first peak in the O-O pair correlation function
and k is Boltzman's constant. The Maxwell shear relax-
ation time (r) is given by r : 1/G where G is the modulus
of rigidity, which is about 25 GPa for molten anorthite
(Bansal and Doremus 1986). Computed shear relaxation
times are on the order of 1 ps or less for the MD simu-
lations, far shorter than the experiment duration of 30 ps,
ensuring that all calculated structures and properties are
fully relaxed.

The 1 GPa configuration formed the basis for the 1
GPa production run, and it also acted as the starting point
for other experiments by suitable change in the volume
of the primary MD cell. For example, to obtain the 4.8
GPa initial configuration, the pre-production configura-
tion at 1 GPa was compressed by reducing the box size
at the constant rate of 0.001 GPa/fs for 3800 fs. The re-
sultant 4.8 GPa configuration was used as the basis for
both the production run at 4.8 GPa and as the starting
point for the 10.8 GPa configuration. The initial config-
urations for experiments at pressures of 0.2, I.6, 25.3,
39.6, 51 .9, and 75.8 GPa were generated similarly.

Rnsur,rs
Short-range structures

Short-range structure is determined by statistical anal-
ysis of partial pair correlation functions (the so-called ra-
dial distribution function, RDF) between two species ac-
cording to:

g(r)

This expression finds the normalized distribution of one
species around another throughout the primary MD box
and its periodic extensions within a specified cut-off dis-
tance. V is the volume of the MD cell and N the number
of particles. The brackets denote ensemble averaging. By
numerical integration of the RDE one may determine co-
ordination numbers for any atom of interest. An O atom
is considered coordinated to Si provided it lies within the
distance of the first minimum of the RDF for O about Si.
Likewise, O is considered coordinated to Ca provided it
lies within the distance of the first minimum of the RDF
for O about Ca. Due to compression, the first minimum
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: #(2.*i*, u,, - ',)) (1)

of the RDFs shifts as pressure increases; this has been
incorporated into the pair correlation analysis to avoid
spurious "over-coordination."

Structure is quantified through the linkages of the at-
oms. Short-range order of T cations about oxygen is la-
beled such that t'ro refers to nonbridging oxygen (NBO),
pro is the common twofold-coordinated oxygen environ-
ment ubiquitous in low-pressure network crystalline and
molten silicates, and t3ro is oxygen with three nearest T
neighbors as, for example, in the crystalline phase sti-
shovite. Intermediate range order, at 4 to 8 A, is defined
by how the short-range units such as TO*, TO., TOu, etc.
are linked. In general, torT is an excellent ring-former; tsrf

plays an amphoteric role in that it can link to a t"rT or
another orT to form rings or it can edge share with tutT

and not participate in ring formation. TOu octahedra have
a propensity to edge share and not take part in ring for-
mation (see below).

The number fraction of various T species as a function
of pressure at 4000 K are depicted in Figure la. Because
there is relatively little fractionation of Al and Si in TO,
polyhedra, Si and Al are grouped together and referred
to as T The slight partitioning of Al is discussed under
"diffusion" below. At low pressure (0.2 GPa), melt is
dominated by t+t1 consistent with previous X-ray and
spectroscopic studies (e.g., Taylor and Brown 1979;Mc-
Millan and Wolf 1995 and references therein). As pres-
sure increases to 5 GPa, there is a rapid decrease in tarT

and concornitant increase in both tsrT and t6rT. At 1 GPa
Scamehorn and Angell (1991) similarly calculated an av-
erage coordination of 4.2. Pentahedral T attains a maxi-
mum at 5 GPa where it equals 55Vo of the species present
compared to 22Vo for both r4rT and t6rT. The compression
ratio, defined as V"/V where V is the molar volume of the
liquid and Vo is the molar volume at0.2 GPa, is 1.2 at 5
GPa. That is, the molar volume of CaAlrSirO, melt at the
pressure of the maximum abundance of TO. is 5/6 of its
volume at 0.2 GPa. At 10 GPa, t4rT comprises only 107o
of TO", with 507a of the units being TO, and about 35Vo
of the T cations in octahedral coordination. The sum of
the concentrations of tqrT and t5rT equals the abundance
of 16rT and the abundance of r?rT equals the abundance of
torT (about 87o) at a pressure of 18 GPa. By 30 GPa, t6tf

at 4'77o surpasses the concentration of EtT (35Vo) and tTtT

lU%o\. The maximum concentration of octahedral T oc-
curs at a compression ratio of 1.6, which corresponds to
a pressure of 40 GPa where the molar volume is 5/8 of
its low-pressure value. Clearly, there are profound
changes in the short-range (smallest unit) structure char-
acteized by variations in the abundance of TO" as pres-
sure increases. At the highest pressure, the concentrations
of TO, and TO, are 30 and lOVo, respectively. Although
we know of no crystalline silicates with tTrT ot tsll it is
possible that such short range units do exist in molten
anorthite. At the same time, we cannot rule out that their
appearance is an artifact of the simple potential used in
the simulations. It would be interestins to look for these
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FIcunn 1. Concentration of short-range subunit species at
4000 K in MD simulations of molten CaAl,SirO, vs. pressure.
(a) Abundance expressed in terms of the number fraction of AlO"
+ siol : rlrT Alo5 + sios : t'r1 Aloo + sio6 : rarl Alo, i
SiO, - tztl and AlO, + SiOs : t8rT Note the monotonic drop in
ratT the maximum in r5rT at 5 GPa and the monotonic growth of
16rT t?lT and I8lT as pressure increases. (b) CN of O about Ca.
The average CN of O about Ca changes by a factor of two as

0.20
x

0 .15

0.30

30 40 50
Pressure (GPa)

o20

x -  0 1 5

0 1 0

0.05

0 0 0
0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0

Pressure (GPa)

pressure increases from 0.2 GPa to 76 GPa. (c) Number fraction
of oxygen having one, two, three, or four nearest T neighbors.
IrrO is equivalent to NBO, t'?tO is the usual CN of T's about
oxygen in network silicates at low pressure, t'rO represents an O
atom shared by three subunits (not necessarily TO4s) and IarO
represents an O atom with four nearest T neighbors. (d) CN of
O about O with t.lo (5 < n = 8) omitted for clarity.
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subunits by in situ spectroscopic methods to sidestep the
issue of TO, and TO, quenchability.

Analysis of O-T-O angles within TO, and TOu coor-
dination polyhedra shows that average O-T-O angles vary
only a few degrees with pressure. In contrast, t4rT average
intra-tetrahedral O-T-O angles decrease from 109'at low
pressure to 88' at 25 GPa where there are few (<5Vo)
TO. present. The point is that TO, and TOu polyhedra
evidently resist compression compared to TOo. A steep
decrease in the MD-computed isothermal compressibility
of molten anorthite in the 0.2 to 10 GPa pressure interval
correlates with the drop in abundance of the TO" unit
from >60Vo to <l)Vo; this leads to a collapse in the tet-
rahedral ring structure defined by TOo corner sharing po-
lymerization (see below). The Brillouin scattering exper-
iments of Askarpour et al. (1993) show that the
configurational contribution to the compressibility of
molten CaAlrSirO, far exceeds the thermal (vibrational)
component. This is clearly consistent with the dramatic

changes in short and intermediate range structures deter-
mined by the MD simulations.

The coordination number of O about Ca systematically
increases (Fig. 1b). In crystalline anorthite at low pres-
sure, Ca is in irregular six- to sevenfold coordination with
oxygen. At 0.2 GPa, the average coordination number is
about 6.5 (l5%o nQ.v, 26Eo I6tCa, 32Vo t1tCa, and I9Vo
t'rCa); this value steadily increases so that at 75 GPa the
average coordination number is close to 1l (Fig. 1b). The
low-pressure MD results are consistent with the argu-
ments of Taylor and Brown (1979) who assert that Ca
occupies a sevenfold-coordination site in glassy
CaAlrSi,O, at 1 bar.

The coordination of oxygen around other O atoms is
shown in Figure ld. As pressure rises, the average CN
of O increases rapidly from about 9 at 0.2 GPa, through
13 at l1 GPa, and then slowly climbs toward a maximum
of about 15 at 16 GPa. The pressure interval of most
rapid increase in the oxygen by oxygen CN is approxi-
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mately the same as where the abundance of TO, and ox-
ygen self-diffusivity attains a maximum. At the highest
pressure of our simulations, oxygen approaches face-cen-
tered cubic closest packing.

Four principal environments occur for oxygen relative
to the T cations: trro, t2to, r.rO, and FrO (Fig. 1c). At low
pressure, most of the oxygen has two nearest T neighbors
although 25Vo of the oxygen is in threefold coordination
associated with TO, and about 6Vo of the oxygen is t'ro
or NBO. The appearance of NBOs in anorthite glass was
observed by Stebbins and Xu (1997) who detected 4 to
57o NBOs by NMR spectroscopy on glassy anorthite. The
predominance of mixed PrO and t3rO is not unlike the
situation in the aluminosilicate polymorphs sillimanite
and andalusite. In the latter, AlOo chains are cross linked
by Al in pairs of triangular O dipyramids (trigonal bi-
pyramids) and by tetrahedral Si to form an Al-Al-Si ox-
ygen tricluster consistent with r.io (see Fig. I2.ll inJaffe
1996). This linkage is described by t'r41 r3ro-t4rsi and ex-
plains the steeper slope of t3rO compared to t6rT with in-
creasing pressure noted by comparing Figures la and lc.
The maximum in r3rO occurs at a compression ratio VolV
equal to about 1.6 at 40 GPa at essentially the same pres-
sure where 16lT attains a maximum concentration. The
concentration of tarO monotonically increases with pres-
sure and reaches 30Vo (by number) at'76 GPa where the
compression is close to 1.8 and the computed liquid mo-
lar volume of CaAlrSirO, is 5/9 of its low pressure value.
The increase in rarO at high pressure is indicative of ox-
ygen in cubic close packing not unlike that in kyanite
(Al,SiO5) in which 2OVo of the O atoms are tarO, the re-
maining being nrQ.

The computed MD short-range structures noted above
are consistent with the IR absorption study of Williams
and Jeanloz (1988) and Williams (1998) on glassy anor-
thite at 300 K and pressures up to 37.6 GPa. They noted
a gradual increase in the average CN from I4rT to t6rT in
the range 10 to 20 GPa. The lack of discrete IR absorp-
tion peaks above 650 cm-l in high-pressure anorthite
glass suggested the virtual absence of talT at pressures
above 20 GPa and 300 K. As noted above, we find <5Vo
IorT at pressures >20 GPa and 4000 K. Recognizing that
kinetic hindrances are significantly reduced in melts com-
pared to the glasses, Williams and Jeanloz (1988) hy-
pothesized that coordination changes for melts would oc-
cur at lower pressures compared to the glass. This
prediction is borne out by the MD simulations that show
significant changes in short-range order at pressures ap-
proximately 2 to 5 GPa at 4000 K. Finally, we note that
Williams and Jeanloz (1988) infened the presence of tsrAl
from absorption bands between 600 to 900 cm 'although
they could not uniquely separate the contribution of otAl
from t6rSi. The MD simulations predict that t6rT becomes
more abundant than t5rT at pressures >15 GPa.

Intermediate range structures

To assess intermediate range order as a function of
pressure, the statistics of the T-O-T distribution as well
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FIGURE 2. T-O-T angle distribution at 4000 K as a function
of pressure from MD simulations on molten CaAl,Si,O*. The T-
O-T angle provides information on how TO" subunits are linked.
X-ray studies on glassy anorthite at I bar and 300 K give a T-
O-T angle of 143" (Taylor et al. 1979), which can be compared
with the MD-generated value of 135 at 0.2 GPa and 4000 K
(see inset). The decrease in both the average T-O-T angle and
the vaiiance of the T-O-T angle distribution with increasing pres-
sure reflects the destruction of the four- to eighGmembered TOo-
based ring structure and the increasing proportion of edge-shar-
ing TOu octahedra at high pressure. The range of ring sizes makes
for the wider variance of the T-O-T angle distribution at low
pressure. In contrast, edge-sharing TOu octahedra restrict the pos-
sible range of T-O-T angles due to the geometric constraints im-
posed by octahedral edge sharing.

as the style of TO, polyhedra linkage has been studied.
For reference, a decrease in the most probable Si-O-Si
angle with increasing pressure in glassy silica densified
at 5 GPa and 873 K has been ascribed to a decrease in
the O-second-nearest neighbor O separation from 3.12 to
2.95 L by Devine et al (1987). Theie authors argue that
the drop in the second nearest-neighbor distance modifies
the distribution of possible network ring structures and
permits the existence of low member rings generally as-
sociated with a smaller T-O-T angles (see also Galeener
1982a, 1982b). The effect recorded by Devine et al.
(1987) on the most probable T-O-T angle is small; the
modal T-O-T angle decreases from 143' to 138'. The
main point is the obvious one: The T-O-T angle distri-
bution is a reflection of the way polyhedra subunits are
linked. The method of linkage essentially defines inter-
mediate range order at scales from roughly 4 to 10 A in
network silicates. This differs from non-network silicates
where topological changes can preserve the basic tetra-
hedral coordination and linkage (Kubicki et al. 1992).

The normalized T-O-T angle histogram (Fig. 2) shows
a remarkable and large variation in the most probable T-
O-T angle, as well as the higher moments of the T-O-T
distribution as pressure increases. At 0.2 GPa, the distri-
bution forms a broad maximum around 138' with a full
width at half peak of 67". X-ray experiments by Taylor
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Frcunn 3. The calculated number fraction abundance of t6;T
(dashed curve) and IlrT + rsrT (solid curve) normalized to unity
and plotted against pressure at 4000 K for CaAl,Si,O*. Dotted
curve, the number fraction of edge-sharing TO. polyhedra. The
correlation of the fraction of polyhedra that take part in edge
sharing with abundance of t6rT is consistent with the distribution
of T-O-T angles in Figure 2.

and Brown (1979) give a T-O-T angle of 143' for glassy
anorthite at room temperature and 1 bar pressure. The
most probable T-O-T angle rapidly drops from 140' at
0.2 GPa to about 120' around 5 GPa and then continues
to decrease but at a decreasing rate to ll'7" at 10 GPa,
108' at 20 GPa, and asymptotically approaches about
105' for the highest pressure simulation at 76 GPa. The
decrease of the T-O-T angle with presslue follows the
form of the variation of trrO (Fig. 1c); a rapid initial de-
crease followed by continued decrease but at a smaller
rate.

A simple explanation of the behavior of the T-O-T an-
gle distribution with increasing pressure is derived from
the O sharing-statistics between discrete TO. subunits (4
= ,4 = 8) and considering the ways they may be linked.
A given subunit is linked to another subunit, which may
or may not be of the same type, either by sharing a corner
O, sharing an edge (two Os shared per pair of subunits)
or, very rarely, sharing of a polyhedra face. Face sharing
of TO, polyhedra is very rare even at 16 GPa and not
considered further. Figure 3 shows a plot of the fraction
of TO. polyhedra that take part in edge sharing (regard-
less of speciation) vs. pressure. For low pressure, about
0.2 GPa, >85Vo of the subunits share corners with each
other. As pressure increases there is a rapid rise in edge
sharing that correlates with the increase of t6tT At the
highest pressures, about 76 GPa, turl no longer increases
in absolute terms (see Fig. la) but edge sharing still in-
creases though at a much slower rate.

The amphoteric nature of IsrT as well as the proclivity
of TOu to edge share is noted by examining the style of
sharing (corner or edge) between TO4, TO5, and TOu
polyhedra. This is done by studying the statistics ofpoly-
hedra linkage by calculation of the edge-sharing ratio de-
fined to be the ratio of the number fraction of edee-shar-
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FIGURE 4. Calculated sharing ratios for selected TO. poly-
hedra as a function of pressure. The sharing ratio for a given
polyhedra pair (e g., 161T-161T) is defined as the ratio of the number
of TOu-TOu pairs that corner share to the number of TOu-TOu
pairs that edge share. The propensity of edge sharing in any
polyhedra pair involving at least one TOu subunit is clearly seen
as is the ability of TO, polyhedra to actively take part in corner
sharing preferentially with TOo and edge-sharing with TOu

ing polyhedra divided by the fraction of corner-sharing
polyhedra at the same pressure. This ratio indicates the
tendency polyhedra have toward edge sharing. For ex-
ample, Figure 4 shows that at 1.6 GPa the sharing ratio
of the pair tslT-t6lT is 1.0, that is just as s1ry1y t5rf sfuare
edges with t6rT as there are tsrT share corners with t6rT.
Examination of the sharing ratio for the pairs t4rT-t4rT t4rT-
tsrT and tlrT-t6rT reveals that for t4rT-r4rT the sharing ratio
is very low. The pairs t4rT-t5rT and t4rT-t6rT show a some-
what greater tendency for edge sharing than corner
sharing.

In contrast, the sharing ratio for sharing pairs involving
t6lT are much larger than most other combinations. In fact,
the sharing pair t6rT-r6rT has the greatest proclivity toward
edge sharing relative to any other sharing pair. Edge-shar-
ing polyhedra pairs interfere with the ring structure of the
melt; this results in ring destruction as t6rT becomes quan-
titatively dominant. Sharing pair combinations involving
tsrT are intermediate between I4rT and t6rT. The sharing pair
t4rT-t5rT has a much lower sharing ratio than the sharing
pair tsrT-r6rT. This means that t5rT prefers to share edges
when it is combined with a 16rT but when combined with
a t4rT tsrT prefers to share corners. The amphoteric nature
of t5tT supports the idea that the t5rT acts like a torT when
combined ryifi1 t+t1 and helps preserve the ring structure
of molten anorthite. The amphoteric quality of the TO,
subunit can also be appreciated by noting that at low pres-
sure the fraction of edge-sharing polyhedra exceeds the
concentration of t6rT whereas the opposite is true at pres-
sure above 35 GPa as depicted in Figure 3.

Simple trigonometric calculations based on tetrahedral,
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Frcunr 5. Oblique view of a pair of edge-sharing t6rT from
an MD simulation at 25 3 GPa and 4000 K The O-T-O angle
O,-Si,-O, is 89.4" and the O-T-O angle O5-Si,-O, is 73.7'. The
Si-O-Si angle is either 101" (Si,-Os-Si,) or 92.2 (Si,-O,-Si,). The
ions 02, 04, 05, 06, 08, and O10 are approximately coplanar.

trigonal bipyramidal, and octahedral subunits with T-I T-
O, and O-O bond distances determined from MD-gener-
ated pair correlation data suggests that rings made up of
TOo and TO, subunits are characterized by T-O-T angles
in the range 136 to 158' [T-O-T angle equals 2sin-'(d,_,|
2d, o)l.The span is wide because of the different bond
lengths of Si-O and Al-O. Using the planar ring analysis
of Galeener (1982a), trigonal bipyramidal rings have a
maximum T-O-T angle of 180'for six-member rings with
angles decreasing toward 120" as rings become smaller
or larger. As pressure increases and the fraction of TOu
increases at the expense of TO, and especially TO. (see
Fig. 1), the fraction of edge-sharing subunits increases
markedly. At the highest pressure of this study (approx-
imately 76 GPa), about 35Vo of all subunits link by edge
sharing and over 90Vo of the subunits are either TO"
(527o), TO, (327o), or TO, (9Vo); the small coordination
polyhedra TOo and TO, make up <6Vo of the total. Be-
cause TOu subunits are abundant at pressures >20 GPa,
the second O-O nearest neighbor separation is expected
to be do-o, : \/-zdo-o,. This is verified by examination
of the O-O pair correlation function; at pressures of O.l,
1.6, 4.8, and 10.8 GPa, the second O-O distance is 5.2 A
as expected for a ring network of corner linked TO" and
TO, units. At pressures of 25.4,39.6,51 .9, and 75.9 GP4
however, the second O separation distance is 3.5 A, which
is close to \/-2do-o, (3.53 A) as expected for edge-sharing
octahedra. A further consequence of the abundance of
edge-sharing TOu octahedra is that the most probable T-
O-T angle will decrease. A simple trigonometric con-
struction shows that for regular octahedra the T-O-T angle
2sin-1(dr-rr/2d, o), is 129" for SiOu edge-sharing octa-
hedra and 108'for AlOu edge-sharing octahedra based on

NEVINS AND SPERA: MOLECULAR DYNAMICS OF MOLTEN ANORTHITE

5

3

2

1

0 2 4 6 8 1 0 1 2 1 4
0

Pressure (GPa)

Frcunn 6. Solubility of Ar in molten anorthite from White
et al (1989), shown by the solid circles, and Chamorro-Perez et
al (1996), shown by the solid squares, at approximately 2000 K
as a function of pressure. The pressure dependence of the solu-
bility approaches zero in the same pressure interval that the TOo-
based ring shucture is destroyed as edge-sharing TO, and TOu
polyhedra dominate the system. Inset shows solubility relations
in molten silica from Carroll and Stolper (1991) for comparison.
This figure is modified from Figures 4 and 7 in Chamorro-Perez
et al (1996)

bond distances recorded from pair correlations at high
pressure. Figure 5 shows a pair of edge-sharing r6rsi taken
from an MD experiment. The somewhat lower Si-O-Si
angles are due to distortion of the edge-sharing octahedra.

Argon solubility

The idea that noble gases in network silicate melts re-
side in voids defined by the tetrahedral ring structure has
been studied using modeling (e.9., Frenkel 1946; Shack-
elford et al.1972; Shackelford and Masaryk 1978; Mitra
1982) and experiment (e.g., Barrer and Vaughan 1967;
Studt et al. l97O; Shelby 1976; CafJoll and Stolper 1991;
Roselieb et al. 1995). MD simulations by Mitra (1982)
showed that holes or noble gas sites defined by rings in
computer SiO, melt at 3000 K were of sufficient size and
abundance to effectively model the noble gas solubility
characteristics of molten and glassy silica. More recent
MD simulations on molten silica using both two and three
body potentials (Feuston and Garofalini 1988; Kubicki
and Lasaga 1988; Della Valle and Andersen 1992) indi-
cate that the average ring size in high-temperature molten
silica is six (about 3OVo) with the majority of other rings
being five, seven, or eight membered. By definition, an
N-membered ring contains N silicon atoms (or N tetra-
hedra) where silicon neighbors in the ring are connected
through bridging oxygen.

If noble gases reside in ring-defined sites (holes), then
the variation of solubility with pressure ought to be a
sensitive indicator of melt structure. In Figure 6, Ar sol-
ubility data for molten SiO, (inset) and CaAl,Si,O, as a
function of pressure determined by Canol and Stolper
(1991), White et al. (1989), and Chamorro-Perez et al.
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(1996) are presented. For silica, Ar solubility goes
through a maximum at about 4 GPa, consistent with MD
simulations (Rustad et al. 1990; Rustad et al. I99Ia,
1991b, 1991c; Rustad et al. 1992). These simulations
showed that tsrSi and L6rSi become increasingly abundant
at the expense of tarSi as pressure increases. As noted
above, tet5i and to a lesser extent FrSi are not good ring
formers (i.e., they show preference for edge sharing op-
posed to corner sharing). Un simulations predict that as
pressure increases the number of noble gas sites and
hence gas solubility will decrease. Although solubility
data for molten CaAlrSirO8 is sparser than for silica, it
appears that the Ar solubility flattens in the 5 to 10 GPa
pressure interval. This correlates very well with the pre-
viously presented MD-generated structure at both short
and intermediate range. At low pressure, molten anorthite
is dominated by torl arranged primarily into four- to six-
member rings (Taylor and Brown 1979). As pressure in-
creases, the t4rT first deform and then transform, after suf-
ficient deformation, into t5tT. Chamorro-Perez et al. (1996)
and White et al. (1989) observe the solubility of Ar to
increase in the interval 0 to 4 GPa. On the basis of the
MD simulations, we suggest that tsrT produced by the
conversion of tarT still exhibits some of the ring-former
behavior of the tarT. This enables the ring structure to sur-
vive the pressure increase and allow Ar to exhibit Henry's
Law behavior of increasing solubility with increasing
pressure. The solubility increases until around 5 GPa, the
same pressure at which the concentration of t5rT maxi-
mizes. Above 5 GPa, the concentration of t6rT rapidly in-
creases compared to tarT and FrT. The t6rT subunit acts like
a ring defect and eventually the ring structure collapses
and the Ar solubility departs radically from Henrian be-
havior. We predict that at pressures )5 GPa Ar solubility
will monotonically decrease with increasing pressure.

Diffusion

The self-diffusion coefficient or tracer diffusivity D,,
for each species (Si, Al, O, Ca) can be computed from
MD data using the Einstein relation:

' ' : l ':!1# Q)
This expression finds the slope in the limit as time / goes
to infinity of the mean square displacement (MSD) for a
given species; r is the position of the i,h atom and the
bracket denotes that an ensemble average over many or-
igin times has been taken (about 100 origin times within
the 30 ps interval). In practice, MSD data are linearly
regressed against time and the slope and its uncertainty
are used to estimate D, and its uncertainty.

Calculated tracer diffusivities for all species at 4000 K
initially increase with pressure (see inset to Fig. 7). Using
the simple Arrhenian formalism, the relation between dif-
fusivity and pressure at fixed temperature is given by D
: Du exp(-VlRT) where Du is a constant at fixed tem-
perature, V, is the activation volume, R is the gas constant
(8.3144 J/(mol.K) and Z is the temperature. The positive
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Frcunn 7. rracer diffusivtJ:il:, ^t, Si, and ca computed
at 4000 K vs. pressure. Up to a few gigapascals, the activation
volume for all ions is large and negative and varies from -15
to -38 cm3/mol. The diffusivity of O reaches a maximum at 5
GPa identical to the pressure at which r51T is a maximum. The
similarity in D values for Si, A1, and Ca is suggestive of coop-
erative diffusion. O remains the most mobile ion at all pressures.
At high pressure, the diffusion of all ions is non-anomalous and
the activation energy is quite small, around 1 to 3 cm3/mol

slope found for each species implies so-called anomalous
diffusion occurs in molten CaAlrSirO, at low pressure;
that is, diffusivity increases as pressure increases. Anoth-
er way of expressing this is to note that all species at low
pressure have a negative activation volume (V, ). Extrap-
olated to 1 bar pressure, V" for Si, Ca, Al, and O are
-15.2 cm3/mol, -25.4 cm3/mol, -28.3 cm3lmol, and
-38.6 cm3/mol, respectively. We speculate that these rel-
atively large absolute values for V" are due to the open
nature of the TOo-dominated ring structure. MD comput-
ed values of the isothermal compressibility show a rapid
decrease at low pressure and is correlated with the col-
lapse of the open TOr-based ring structure as TOo abun-
dance drops and TO, and TOu abundances increase.

Examination of the inset to Figure 7 shows that the
tracer diffusivity of Al and Ca each maximize at 2 GPa
whereas the diffusivity of both Si and O maximize at 5
GPa. This suggests cooperative diffusive behavior. We
speculate that in the case of Al and Ca, cooperativity
originates in the tendency of Ca to associate with Al-
bearing subunits (e.g., AlOo, AlOs, ,\106) rather than anal-
ogous Si -bearing ones (e.g., SiO", SiO., SiOu). In the case
of O and Si at low pressure (greater than several Giga-
pascals), the mobility of O and Si perhaps are linked via
the SiO" subunit. The relatively large values for V" of all
species suggests that the activated volume involved in
species diffusion is of the order of the volume of a TO.
subunit.

The pressure at which oxygen diffusion attains a max-
imum (5 GPa, Fig. 7) is identical, within error, to the
pressure at which the concentration of t5lT maximizes
(Fig. 1). This suggests that pentahedrally coordinated T
acts as an "activated complex" for oxygen diffusion as
hypothesized by several authors (e.g., see Brawer 1985;
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FICUnS g. Aluminum fractionation of L4rT r5rT roll and r?rT.
Percentage of aluminum for a given t.rT is given as the percent-
age of all t"rT coordinated subunits that are aluminum for all time
steps in a simulation experiment. For dominant InlT i.e., IalT at
low pressure and 16rT tTlT at the higher pressures, the number of
subunits found across the entire simulation is usually >15 000.
For non-dominant {'rT, there is usually <3000 subunits for the
entire simulation.

Kubicki and Lasaga 1988; Wolf et al. 1990; Xue et al.
1991; Poole et al. 1995; Poe et al. 1997).Poe et aL. (1997)
proposed that the maximum in the tracer diffusivity of
oxygen observed experimentally in molten NaAlSi.O, at
5 GPa is due to formation of a TO, by capture of an
oxygen from an AlO., and that such preferential capture
ultimately leads to exhaustion of AlOo and, hence, the
turnover in the oxygen diffusivity. To examine this pos-
sibility, we gathered statistics on the fractionation of Al
and Si as a function of pressure for the various TO. poly-
hedra. In Figure 8, the fraction of TO. polyhedra com-
posed of Al are shown for various pressures. If the Poe
et al. hypothesis is extended to CaAlrSirOr, then the frac-
tion of AlOo near 4.8 GPa ought to be rapidly decreasing
relative to SiOo. This is not shown by the MD simula-
tions. The plot shows that as pressure increases Si is pref-
erentially accepted into TO. and TOu whereas Al prefers
to enter the TO, polyhedra. Overall, fractionation effects
are rather small in TO4, TOs, and TOu especially at pres-
sures (20 GPa. The exception is for the TO, polyhedra
that show, at all pressures, a strong tendency to fraction-
ate Al from Si such that TO, is enriched in Al. Figure lc
shows that about equal amounts of trlO and t3rO exist at
5 GPa.

As pressure is raised above 5 GPa, all tracer diffusiv-
ities decrease. Oxygen is the fastest species at all pres-
sures studied. Al, Si, and Ca have equal mobilities about
ten times slower than oxygen. For example, at 30 GPa,
the diffusivity of Al, Ca, and Si is 4.6 x 10 r0 m2ls where-
as the oxygen tracer diffusivity is 2.5 x 10 e mrls. Ac-
tivation volumes are positive at all pressures >5 GPa. At
high pressure, the activation volume for tracer diffusion
for all species is small (i.e., diffusion in nearly indepen-
dent of pressure) and lies between +1 to +3 cm3/mol;
anomalous diffusion disappears for Ca at 2 GPa and for
the other species at 5 GPa.
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The most abundant coordination polyhedra of oxygen
about calcium increases rapidly from t6rCa to terCa in the
pressure interval 0.2 to 10 GPa. The higher CN of Ca
with oxygen is evidently not conducive to Ca mobility.
Ca tracer diffusivity peaks near 2 GPa (Fig. 7) where the
predominant coordination polyhedra are CaO6, CaOr, and
CaOr.

Drscussrou
The simple pair-potential due to Scamehorn and Angell

(1992) used in this study is reasonably successful in re-
producing several characteristics of molten CaAlrsiror.
Recent NMR results by Stebbins and Xu (199'7) suggest
that, at low pressure, 4 to 5Eo of the oxygen is NBO (i.e.,
t'rO) in glassy anorthite. This compares with the MD pre-
diction of about 5Vo (see Fig. 1c). Similarly, the predicted
maximum in t5rT at 5 GPa is consistent with NMR results
of Yarger et al. (1995) on a 50:50 NaAlSi,O*-Na,SioOn
melt at 2500 K, which exhibited a maximum of tsrAl at 8
GPa when allowance is made for the higher concentration
of NBOs in the soda-rich composition compared to mol-
ten anorthite. The maximum observed in the solubility of
argon with pressure can also be rationalized by the MD
results. The observed maximum in the tracer diffusivity
of oxygen at 5 GPa coincides with the maximum abun-
dance (55Vo) of tsrT at this same pressure. This supports
the idea that structural relaxation associated with diffu-
sion of oxygen (and hence viscous flow) occurs through
formation of a transient fivefold-coordinated T species.

There are several important geophysical implications
of this work. Assuming they are not just an artifact of the
simple potential, the identification of sevenfold- and
eightfold-coordination states for Si and Al in melts, but
not in corresponding crystalline compounds, may be rel-
evant to the observation that at high pressure some melts
become denser than their corresponding crystalline ana-
logs. This may have significant implications for mantle
differentiation especially during the early part of Earth
history when a magma ocean may have been present and
perhaps even today given recent identification of an ultra-
low velocity zone near the core-mantle boundary at 135
GPa (Williams and Garnero 1996). Similarly, the simu-
lations predict that noble gasses such as argon may ex-
hibit compatible geochemical behavior at high pressure
due to profound changes in melt structure. This could
effect models of noble gas exchange and terrestrial at-
mosphere evolution that seek to rationalize exchanges be-
tween various mantle reservoirs.

Future work on the problems discussed in this study
should proceed along two fronts. In the temporal domain,
it will be important to study the dynamical lifetimes of
the various subunits. For example, we would like to know
if the TO. species has a shorter lifetime than say a TOo
or TOu species. The viscous relaxation time of the melt
ought to correspond to the average lifetime of the average
species the abundance of which, as shown here, depends
on pressure. It also will be interesting to study changes
in the structure and properties of CaAlrSirO* as approach



is made to the glass transition along an isobar. A second
future direction will be to study much larger (bigger N)
systems. As we have shown, short-range order is faith-
fully captured by a simple effective pair potential. For the
typical simulation of 1300 particles at 5 GPa, the size of
the- primary MD cell is about 26 A. Because many 1 to
3 A features fit inside a primary MD cell of this size,
short range order can be successfully determined. How-
ever, intermediate-range structures, of length scale 3 to
10 A, cannot be determined to the same extent as short-
range order. The obvious direction then is to increase the
size of the MD cell by increasing the number of particles
to order >10s. This practically requires the use of a force
algorithm that scales as order N rather than order N2.
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