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The viscosity and diffusivities of silicate melts under high pressure-high temperature conditions
are difficult to obtain experimentally. Estimation and extrapolation of transport coefficients is

further complicated by their extreme sensitivity to melt composition.

Our molecular dynamics

simulations show that, over a broad range of melt composition, temperature and pressure, the
diffusivities correlate with the excess entropy; approximations to the latter can be obtained from
the knowledge of the radial distribution function. Using this structure-thermodynamics-dynamics
relationship, we show that transport properties of silicate melts can be estimated quantitatively
using static structure factor data from experiments.

PACS numbers: Valid PACS appear here

A quantitative semi-empirical correlation between
transport coefficients and excess entropy of simple atomic
fluids was discovered by Rosenfeld in 1977 [1]. Since then,
several computational and experimental studies have ex-
plored this transport-excess entropy correlation in com-
plex fluids, e.g. water, ionic melts, model polymeric
melts, etc ([2] and references within). Only a handful
of these studies have looked at the effect of composition
on the connection between transport properties and ex-
cess entropy of the mixture [2-4]. Silicate melts, where
the viscosity at 7' = 1000°C can change by 10 orders of
magnitude on changing silica content by about 30% [5],
provide an excellent model system for further exploring
the effect of composition on transport—excess entropy cor-
relation.

In addition to providing an intriguing model system,
the transport properties of silicate melts are relevant to
formation and dynamics of the Earth’s interior [6-8],
and the nature of glass formed in metallurgical extrac-
tions [9, 10]. Estimation of viscosity and chemical dif-
fusivities from laboratory or field data is made difficult
by two unusual properties of silicate melts. Firstly, these
melts can show an anomalous increase in the self-diffusion
coefficients [11-13] or decrease in viscosity [14, 15| upon
compression. Secondly, as noted above, the transport co-
efficients of silicate melts are extremely sensitive to the
composition of the melt [5, 12, 16]. This complex be-
havior has been linked to the disruption of the polymer-
ized tetrahedral framework of Si** (or AI*T) cations by
increasing pressure and/or increasing the concentration
of network modifying oxides [12, 13]. However, a rig-
orous quantitative connection between the above men-
tioned structural changes and the transport coefficients
of silicate melts, accounting for changes in composition,
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temperature, and pressure, is yet to be explored.

It is difficult to use existing techniques [17-20] for
measuring self-diffusion coefficients and viscosity at geo-
logically relevant high-temperature-high-pressure condi-
tions. The static structure factor of silicate liquids, on
the other hand, can be determined at much higher pres-
sures and temperatures using laser heated diamond anvil
cell techniques with synchrotron x-ray diffraction [21, 22]
(It is difficult to apply laser heated diamond anvil cell
techniques to determine transport coefficients because of
the small size of the uniformly heated area.) Hence, a
quantitative link between structure factor and transport
coefficients will provide an indirect route to estimate the
latter from static structure data for silicate melts.

Previously, the Adam-Gibbs relationship [23-25] has
been used to map experimental data for melt transport
coefficients on configurational entropy. The melt con-
figurational entropy was shown to quantitatively track
experimental trends in temperature variations of diffu-
sivity and viscosity data at ambient pressure [26]. Tt
was helpful in qualitatively explaining experimental re-
sults showing that the dynamics of polymerized liquids
become faster with pressure (in a certain pressure range)
and that of depolymerized liquids become slower with
pressure [15, 24, 25, 27]. In this work we explore the
applicability of excess entropy of the melt, s, to de-
scribe transport properties of silicate melts. We will show
that an approximation to excess entropy of the melt can
be calculated from the structure factor of the melt, and
hence, will allow us to quantitatively study both temper-
ature and pressure variation of ion diffusivity in silicate
melts.

Excess entropy of the melt is a fundamental thermody-
namic quantity which captures the extent of interparti-
cle correlations resulting from interparticle interactions.
Rosenfeld [1, 28] has shown that transport properties
of several simple fluids such as liquid metals, plasma, a
model Lennard-Jones fluid, etc. scale quantitatively with



the excess entropy of the fluid according to,
L* = Aexp(as™) (1)

Here L* are transport coefficients nondimensionalized
by appropriate combinations of macroscopic thermody-
namic properties (e.g., density, temperature), and A and
a are scaling parameters. The success of such a scaling
relationship for predicting transport coefficients depends
on state point independence of these scaling parameters,
as observed in the above study for simple fluids. Since
then, several experimental and simulation studies have
shown that excess entropy also tracks the dynamics of
more complex fluids such as water [29, 30|, silica [31],
nitrogen [32], and carbon dioxide [18], with scaling pa-
rameters invariant with temperature or both temperature
and density.

To make a link to liquid static structure, we express
s by its multi-particle correlation expansion [33, 34],
s = 3% . s, where s, is the entropy contribution
from the n-particle spatial correlation function. The two-
particle contribution, ss, which is typically the dominant
contribution to s for a variety of fluids including ionic
melts (e.g., Si02) [33, 35], is given as [33, 36]

so/kp = —g Z Zﬁfz% /{gij Ingi; — [gi; — 1]}dr (2)

where, g¢;; is the partial radial distribution functions
(RDF) between the melt species. It has been shown
that a scaling relationship similar to Eq. (1)- with %
replaced by so- tracks the self-diffusion data for fluids
with contrasting RDF's to varying levels of universality
(scaling parameters independent of species, density, and
temperature for simple fluids [37] and independent of
temperature and density or just temperature for complex
network-forming fluids[38-40]). The choice of nondimen-
sionalizing the transport coefficients with microscopic
(atomic collision frequency and atomic diameter [37]) or
macroscopic properties does not affect the universality of
transport—ss correlation [40-43]. In this paper we use
macroscopic properties for reducing the transport coeffi-
cients as these are more readily available in experiments.
Further, the RDF data can be estimated from the in-
verse Fourier transform of static structure factor data,
which can be obtained experimentally at high pressure
and temperature. Thus, a correlation between so and
transport properties of silicate melts will be particularly
useful for approximately estimating melt transport prop-
erties at the conditions of Earth’s deep interior.

In this work we explore above correlation for pres-
sure and temperature variations along the MgO-SiO;
join. MgO and SiOs2 account for more than 80% of
Earth’s mantle by mass [44]. Additionally, melts along
this join show large variations in structure (fully poly-
merized to depolymerized) as well as transport coeffi-
cients (more than 2 orders of magnitude change in self-
diffusion coefficient of Si). Using molecular dynamics

(MD) simulations, we first show that a strong corre-
lation exists between self-diffusivity of network form-
ers (Si, O) in silicate melts and melt excess entropy
over a large parameter space spanning four composi-
tions [#Si0y — (1 — 2)MgO, where = 33%, 50%,
66%, and 100%], three temperatures [3000K, 4000K, and
5000K] and pressures between 0 (atmospheric) and 120
GPa. We then use the static structure factor data ob-
tained from scattering experiments on silicate melts and
the structure-thermodynamics-dynamics relationship ob-
tained from MD simulations to estimate self-diffusivity
of network formers in silicate melts. This is the first at-
tempt to explore the effect of composition on the univer-
sality of self-diffusion—excess entropy correlation in sili-
cate melts, and to use the structure factor data on silicate
melts to predict self-diffusion coefficients.
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FIG. 1: (Color Online) Structure-thermodynamics-dynamics
relationship in silicate melts. (a-c) Self-diffusivity of silicon
Ds;i, and, (d-f) two-body excess entropy sz, in silicate melts
plotted as a function of pressure at 3000K, 4000K, and,
5000K. Lines are shown as a guide to eye. (c) Rosenfeld
scaled silica self-diffusivity, D*s; = DSip1/3T71/2, plotted as
a function of (c) two-body excess entropy s2 The data were
calculated from molecular dynamics simulations for four com-
positions along the SiO2 — MgO join at 3000K (solid black),
4000K (shaded red), and 5000K (open blue), and pressures
between 0-120 GPa. Arrows indicate the lowest density (pres-
sure) at 7' = 3000K.

The simulations were carried out with the leap-frog
Verlet algorithm in the NPT Gibbs ensemble of 2160
particles interacting via a modified [45] BKS [46] poten-
tial. A time step of 1fs was used in all the simulations.
Temperature and pressure were controlled using the ex-



tended ensemble Nosé-Hoover thermostat (7 = 2ps)
and Parrinello-Rahman barostat (7 = 2ps), respectively.
Self-diffusivity of S7 and O were calculated by fitting the
long-time behavior of mean-squared displacement to the
Einstein relation for diffusion <Ar2> = 6Dt, where <Ar2>
represents the mean-squared displacement, averaged over
three Cartesian coordinates. Results are reported as av-
erages over 5 independent 1ns trajectories recorded af-
ter each run was equilibrated for 1ns. Because of slow
relaxation, it was not possible to estimate equilibrium
properties for SiOs; at 3000K and P < 1GPa within
reasonable simulation time. A, further decrease in tem-
perature will (approximately) exponentially slow down
relaxation. Thus, we have restricted ourselves to tem-
peratures above 3000K. These simulations were done
using the GROMACS [47, 48] package.

Figs. 1(a-c) shows the variation in self-diffusivity of S%
with pressure along an isotherm in silicate melts. The
self-diffusion coefficient of O (data not shown) follows
the same trend as Si. For the most polymerized SiO2
melt, Dg; first increases upon compression before de-
creasing. The depolymerized M g2Si04 melt, however,
shows a decrease in Dg; with increasing compression in
the entire pressure regime. These behaviors are analo-
gous to those observed experimentally for silicate melts.
For example, Shimizu and Kushiro reported that the O
self-diffusion coefficient increased with pressure from 0.5
to 2 GPa in polymerized jadeite (NaAlSi20g) melt and
decreased with pressure from 1 to 1.7 GPa in depolymer-
ized diopside (M gCaSi20g) melt [12]. They interpreted
the anomalous behavior of the jadeite melt to result from
the collapse of the polymerized melt structure upon com-
pression.

We show in Fig. 1(d-f) that the two-body excess en-
tropy accounts for this anomalous behavior of Dg;. In
accord with diffusivity, so for the SiOs melt first in-
creases with pressure indicating a decrease in the two-
body correlations in the system. At higher pressures,
so decreases, mirroring the decrease in Dg;. Further,
this non-monotonic pressure dependence of so decreases
with increasing M gO content, disappearing completely
for Mg2Si04. An analogous correspondence between
viscosity and configurational entropy of silicate melts
was obtained by taking into account the pressure depen-
dence of the degree of polymerization of the melt [27].
Fig. 1(g) shows that there is a strong correlation be-
tween transport (Dg;) and structure (s2) over a large pa-
rameter space spanning four different compositions (X)
ranging from highly polymerized SiO2 melt to a depoly-
merized M g25i04 melt, a temperature (T) range span-
ning two orders of magnitude in diffusivity, and pressures
(P) ranging from atmospheric to those characteristic of
Earth’s core-mantle boundary region. A similar relation-
ship between viscosity and excess entropy has been shown
to exist in experiments on water, nitrogen, and carbon
dioxide [18, 30, 32].

This approximate collapse of transport—excess entropy
data over a large range of values in the X—P-T parame-

ter space greatly increases the usability of this correlation
first observed in a Si02 melt [41]. It implies that X, P,
and T play an analogous role in affecting transport pro-
cesses in silicate melts. E.g., increasing one or more of
structure modifier content, pressure, or temperature de-
polymerize the silicate melt (sy increases) resulting in a
corresponding increase in Ds;. Secondly, it provides a
route to estimate transport coefficients under conditions
(e.g., extreme pressures) where direct experimental mea-
surement is not possible. E.g., structure and transport
measurements made in the X — T plane at a fixed P
can be used to obtain the scaling parameters in Eq. (1).
The knowledge of these scaling parameters along with
the structure factor data at the pressure of interest will
provide an estimate for transport coefficients at that pres-
sure. We elaborate on our approach below.
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FIG. 2: (Color Online) Estimate for ng) along an isotherm for
silicate melts as determined from experimental static struc-
ture factor data S(k). (a)&(b) ng) calculated via Eq. (3)
and plotted as a function of pressure for SiO2 and M g2S5i04
glasses at 298K (solid green diamond), respectively. The S(k)
data was obtained from Benmore et. al. [21, 53]. For compar-
ison, MD data for SiO2 and M g2SiO4 melts at 3000K (open
black circle) and 4000K (open red square) is also shown, re-
spectively.

Note that although it is easy to obtain partial RDF's re-
quired to calculate so (Eq. (2)) in simulations, it requires
significantly more effort to obtain the partial RDFs in
experiments. Each partial RDF would require the cor-
responding partial structure factor [49] which can only
be obtained with a series of isotope substitution ex-
periments [50]. In contrast, the total structure factor
is obtained more straightforwardly using either inelas-
tic neutron scattering [51] or high energy X-ray diffrac-
tion [21, 52]. The corresponding total RDF, G(r), can
be used to define an approximation to sy as follows,

9 ke = =% [16()mG(r) - (GO) - e (3)

In Fig. 2, we compare MD estimates for séG) of Si0O4 and
M g2Si04 melts with corresponding séG) as determined
from the experimental structure factor data from Ben-
more et. al. [21, 53]. Our simulations capture the impor-

tant structural variations in silicate melts. For the highly



polymerized SiOy melt, —ng) initially decreases on in-

creasing pressure, but then changes only slowly on further
increase in pressure; the effect of pressure becomes more
significant as the temperature decreases, as indicated by

the larger slope of the séGLP curve at lower tempera-

tures. For the depolymerized M g2S5i0, melt, ng) in-
creases on increasing pressure. Our simulations quanti-
tatively capture the large decrease in —séG)

the composition from SiOs to M g2.5i10,.

Fig. 3(a) shows that ng) /T tracks the Rosenfeld-scaled
O self-diffusivity over the entire parameter space fairly
accurately (although 100% SiOs data shows large de-
viations). Note that the total RDF G(r), which is a
weighted-average over partial RDFs [49], can be insen-
sitive to details of individual RDFs, This results in a
greater spread in the diffusivityfséG) /T data compared
with the diffusivity—so data in Fig. 1(g). In fact, we
needed to rescale the x-axis in Fig. 3(a) by kT to
properly account for the effect of temperature on self-
diffusivity.

on changing

We now test the usability of static structure factor data
obtained using x-ray diffraction or neutron scattering ex-
periments on silicate melts in predicting corresponding
transport coefficients. In the range studied, an expo-

G

nential fit of the form D*o = Aexp [i;(?T)] describes the
simulation data very well (Fig. 3(a)); except for the 100%
Si02 melt at low temperatures which we discussed later.
As shown in Fig. 3(a),(c), experimental data on diffu-
sivity and structure for a M2tSiO3 (M = Ca or Mg)
melt at 2300K and ambient pressure shows a remarkable
agreement with the fit to simulation data. This state
point is well below the lowest temperature (= 3000K)
in our simulations indicating that a correlation based on
séG) can be used to predict transport coefficients far away
from the parameter space of observed correlation.

In fig. 3(c) we provide estimates for Do in silicate melts
with 33%-50% Si05 at 2300K and ambient pressure. To
make these predictions we used the experimental struc-
ture factor data [22] for above melts to obtain G(r) and,

(@)
2

hence, sy ' according to eq. (3); these values were then

plugged into the RHS of the D*OfséG) correlation equa-
tion in Fig. 3 to obtain an estimate for Dg. Our estimate
for Do in a M ¢gSiO3 melt is in excellent agreement with
the corresponding experimental value. The observed in-
crease in Do with decreasing Si02 content is in accord
with the suggestion [22] that 42 to 38% SiO2 melts are
intermediate between two contrasting Si- and M g-type
liquid networks. The former is dominated by a continu-
ous, sparse silicate network, and hence, has lower diffusiv-
ities. The latter is characterized by distorted magnesium
percolation domains, and hence, has higher diffusivities.
These predictions will need to be tested by measuring
diffusivities in M g-rich silicate melts.

In the end, we note certain limitations of the above
approach. Fig. 3(b) shows that the fit to MD data over-
predicts Do in a silica melt at 2373 K by several orders of
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FIG. 3: (Color Online) Estimate for self-diffusivity of O in
silicate melts. (a)&(b) A fit to the MD data (open sym-
bols) for all four melt compositions in the temperature range
3000 — 5000K and pressure range 0 — 40GPa, given by:

G
D*o =3.36 exp[ilmgi'zi? i
points at ambient pressure (filled symbols) are obtained as
follows: self-diffusivity of O in a diopside (CaOM gO(SiO2)2)
melt and S7 in a silica melt obtained from the Arrhenius for-
mulas in Refs. [54] and [55], respectively. The corresponding

séG) was determined from the structure factor data obtained
using X-ray diffraction on MgSiOs at 2300K [22] (M gSiO3
and CaOM gO(Si02)2 have the same network modifying ox-
ide content (> CaO+MgO = 50%)) and SiOs at 2373K [56].
An estimate for densities of silicate melts at above tempera-
tures was obtained form the partial molar volumes of MgO
and SiOy given in Ref. [57]. (c¢) Our prediction (stars) for
compositional dependence of Do in magnesium silicates at
2300K and ambient pressure.

Jms~'K~'/2. Experimental data

magnitude. Also, the MD data for a SiOy melt at 30004
shows the maximum deviation from the fit. We believe
these large deviations for melts rich in Si0O5 and at low
temperatures result from a combination of two factors—
(i) a different mechanism for transport in silica rich melts
at low temperatures [13, 58] and (ii) use of an approxi-
mation to excess entropy based on total RDF. The upper
bound on SiOs content and melt conditions (7" and P)
at which diffusivities will align with the fit in Fig. 3(a)
is not known. Thus, the D*ofng) correlation presented
here needs to be evaluated further at temperatures closer
to the melting point of silicate melts (~ 2000K). Addi-
tionally, alternative ways to calculate s** (instead of s, or
séG)) at low temperatures can be explored, e.g., by using
the thermochemical entropy data to determine s anal-
ogous to calculation of configurational entropy. Earlier



work on supercooled liquids suggests that an equation of
the form given by (1) might still be valid in this regime,
although with different scaling variables [59-62].

To summarize the excellent collapse of self-diffusion—
so data collected over a broad range in the composition-
temperature-pressure phase space provides empirical ev-
idence that all three variables affect the transport pro-
cesses in silicate melts in a similar manner. It will be
interesting to explore if these correlations similarity ex-
tend to other transport processes in silicate melts, e.g.

isotopic fractionation in silicate melts by thermal diffu-
sion [63].
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