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Abstract

In implementing into a molecular dynamics simulation code a simple interionic potential developed to describe the nine component
system K2O–Na2O–CaO–MgO–FeO–Fe2O3–Al2O3–TiO2–SiO2 (KNCMFATS), it has been possible to reproduce satisfactorily a num-
ber of thermodynamic, structural and transport properties of a representative set of natural silicate melts. An important conclusion
reached in this study is the good transferability of the potential from felsic to ultramafic compositions although this transferability
becomes less accurate with high silica contents (rhyolitic composition and beyond) and with very iron-rich silicates (e.g. fayalite). A
key feature of the simulation is to make the link between macroscopic properties of the melt and its microscopic structure and dynamics.
We thus obtain a relationship between the molar volume of the melt, the number of network modifiers and the oxygen coordination
number. The simulation also allows one to quantify the coordination environment around the cations as function of the melt compo-
sition. Furthermore, the electrical conductivity of the high temperature liquid is investigated.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Magmatism plays or played a fundamental role on
Earth and on other terrestrial planets. The production
rate of oceanic crust at mid-oceanic ridges amounts
to 20 km3/yr (Perfit and Davidson, 2000) along the
75,000 km plate boundaries and, since the early Archean
about 20% (vol) of the upper mantle has been melted and
involved in the formation of oceanic crust. This is likely
a conservative estimate since the mantle was significantly
hotter in the Archean than nowadays. There are some
indications that the Earth was extensively molten at the
end of the accretion period (Tonks and Melosh, 1993), this
magma ocean crystallizing progressively from the lower
mantle to the upper mantle leading to a chemical differen-
tiation and to the constitution of a protocrust (Caro et al.,
2005). Recently it has been advocated that giant impactors
can cause volcanism (Elkins-Tanton and Hager, 2005) and
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melt widespread area creating flood basalt similar to that
observed in large igneous provinces.

These examples of magmatism illustrate the point that
a clear understanding of the mechanisms at work in
the Earth’s mantle requires a better knowledge of the
thermodynamic, structural, and transport properties of
natural silicate melts. However, the variation in the
composition of natural silicates, made up of the nine most
abundant oxides (SiO2, TiO2, Al2O3, Fe2O3, FeO, MgO,
CaO, Na2O, and K2O) is large and covers a quasi continu-
um range between felsic to ultramafic composition. For
this reason it is virtually impossible to measure properties
of all these compositions in a large pressure–temperature
domain. Hence there were several attempts to propose an
analytical scheme to predict the density (Bockris et al.,
1956; Bottinga and Weill, 1970; Bottinga et al., 1982,
1983; Lange and Carmichael, 1987; Knoche et al., 1995;
Lange, 1997; Ghiorso, 2004; Ghiorso and Kress, 2004),
the heat capacity (Stebbins et al., 1984) and the viscosity
(Russel and Giordano, 2005) for any composition of the
melt.
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An alternative route, that we will follow here, is to use
computer modeling to evaluate the properties of natural
silicate melts. Among the existing molecular simulation
methods (Allen and Tildesley, 1987; Frenkel and Smit,
1996), the molecular dynamics method (MD) is particularly
convenient since it permits one to calculate thermodynamic,
structural and transport properties of a liquid sample com-
posed of thousands of atoms. The core of the calculation
consists of solving the Newton equations of motion associ-
ated with an assembly of particles (e.g. ions) interacting
through a given force field, the latter one being determined
either empirically or from first principles (ab initio calcula-
tion). In the case of the empirical force fields dedicated to
crystalline and molten silicates, the charge distribution on
each atom is represented by a point charge whose magni-
tude is identified with the formal charge of the ion in the
corresponding oxide (e.g. for SiO2: qSi = +4e, qO = �2e),
while the exchange repulsion energy between the atoms is
accounted for by a Born–Huggins–Mayer exponential term
supplemented (or not) by dispersion forces (Edisp � C/r6).
After the pioneering work on silica by Woodcock et al.
(1976), a number of MD studies based on this simple inter-
action model have been published for molten binary and
ternary silicates (Soules, 1979; Angell et al., 1983; Kubicki
and Lasaga, 1988, 1991; Kieffer and Angell, 1989; Stein
and Spera, 1995, 1996; Belashchenko, 1996; Morgan and
Spera, 2001). In order to improve the simulated network
topology with respect to structure data, three-body terms
mimicking covalent interactions were introduced to con-
strain O–T–O and T–O–T bond angle distribution, where
T is a structure former ion (e.g. Feuston and Garofalini,
1988; Vessal et al., 1989; Vashishta et al., 1990). Since then,
molten silicates of increasing complexity, involving up to
five different oxides have been investigated by MD simula-
tions with these improved potentials (e.g. Huang and
Cormack, 1990; Smith et al., 1995; Delaye et al., 1997,
2001; Rossano et al., 2000a; Ganster et al., 2004). However,
an important progress was the recognition that in the crys-
talline state, the electronic redistribution between ions in-
duced by short and long range interactions could be
reproduced by using effective charges instead of formal
charges (Tsuneyuki et al., 1988; van Beest et al., 1990; Tang-
ney and Scandolo, 2002). This simple ansatz allows to eval-
uate with a good accuracy the elastic constants of the
crystalline polymorphs of silica (Tsuneyuki et al., 1990;
Herzbach et al., 2005), or to investigate the behavior of
liquid silica under pressure (Rustad et al., 1990; Tangney
and Scandolo, 2002), for instance. We report here the
results of MD calculations based upon a new empirical
interaction potential and dedicated to molten silicates where
the variation in composition covers most of the natural
silicates involved in magmatic processes. Our methodology
as well as computational details are given in Section 2, while
the thermodynamics, the structure and transport properties
of the simulated melts are reported in Section 3 and are
compared with existing experimental data. The main con-
clusions drawn from this study are summarized in Section 4.
2. Methodology and computational details

Our objective is to investigate by classical MD simula-
tion the thermodynamics, the structure and the transport
properties of a large variety of natural silicate melts. For
this purpose we have developed a simple force field to
describe silicate melts made up of the nine geologically
most abundant oxide components (SiO2, TiO2, Al2O3,
FeO, Fe2O3, MgO, CaO, Na2O, and K2O). This intera-
tomic potential is computationally inexpensive to perform
long simulation runs for adequate system sizes, highly
transferable with composition and sufficiently accurate to
reproduce the variability of behavior observed in real mag-
matic liquids.

As emphasized in the introduction, simple ionic
potentials using effective partial charges are able to repro-
duce satisfactorily the crystalline polymorphs of silica
(Tsuneyuki et al., 1990; van Beest et al., 1990). Further-
more, an ab initio molecular dynamics simulation of vitre-
ous silica has shown (Benoit et al., 2000) that the energetic
basin explored by the electronic structure calculation is
very similar to that described by the ionic potential of
van Beest et al. (1990). This result supports the idea that
the reorganization of the electronic density throughout
the melt, via charge transfer and polarization effects, can
be modeled in an effective way by assigning partial charges
to the ions. So it is noteworthy that Matsui (1994, 1996)
has proposed an empirical potential using effective charges
to describe the four component system CMAS (CaO,
MgO, Al2O3, and SiO2) and which reproduces satisfactori-
ly, when implemented in a MD code, the structure, the
molar volume and the bulk modulus of 27 crystals and four
liquids belonging to this system. Later on this study was
extended to the NCMAS system (Matsui, 1998).

Following the same philosophy, we will describe the
interaction energy between atoms of a melt belonging to
the KNCMFATS system by a sum of pairwise interactions
namely,

vðrijÞ ¼ zizj=rij þ Bije
�rij =qij � Cij=r6

ij ð1Þ

where rij is the distance between atoms i and j, zi is the
effective charge associated with the atom i, and where Bij,
qij and Cij are energy parameters for the pair ij describing
repulsive and dispersive forces, respectively. To ensure
the transferability of the interaction potential with the
composition of the melt, the electroneutrality of the indi-
vidual oxide components is assumed, i.e. the valence of
the oxygen is kept fixed (when determined) irrespective of
its environment (other choices are possible, see Demilrap
et al., 1999). The contribution of the dispersion energy
(�C/r6) is small with respect to charge–charge, charge-
transfer and induction energy and an accurate determina-
tion by ab initio calculations is a difficult task. Moreover,
when short interatomic distances are sampled during a
MD simulation, it may happen occasionally (for some
values of the potential parameters and when investigating
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a liquid at high temperature) that the dispersion term
leads to an unphysical singularity catastrophe, thereby
overwhelming all the others in the potential energy. In
this case the 1/r6 term has to be amended by an ad hoc
damping function. Therefore, care must be taken when
using it.

The potential parameters (zi, Bij, qij and Cij) figuring in
Eq. (1) have been determined by constraining the MD
simulations to reproduce at best the density at zero pres-
sure and the structure of a selected set of 11 natural silicate
melts covering a large range of composition (from felsic to
ultramafic). The description of these silicates is presented in
the appendix and their composition is given in Table 1. The
calculated density for a particular melt was compared
either with experimental data when available or with the
value obtained from empirical relations describing the
volumetric properties of multicomponent silicate liquids
(Bottinga and Weill, 1970; Bottinga et al., 1982, 1983;
Lange and Carmichael, 1987; Lange, 1997; Ghiorso,
2004; Ghiorso and Kress, 2004).

To reduce the number of adjustable parameters in the
potential, we assume that cation–cation interactions are
governed only by electrostatics (charge–charge repulsion).
This is a reasonable assumption for silicates where
Table 1
Chemical compositions (weight fraction) of the silicate melts investigated in th

Silicate SiO2 (wt%) TiO2

(wt%)
Al2O3

(wt%)
Fe2O3

(wt%)
FeO

Rhyolite (Ry) 74.51 (257) 0.10 (0) 13.25 (54) 0.32 (1) 1.2
Andesite (And) 56.65 (203) 1.01 (3) 17.41 (73) 4.63 (12) 3.5
Basalt(MORB) 50.59 (185) 1.52 (4) 15.11 (65) 1.15 (3) 8.3
Mars basalt (BM) 47.68 (176) 0.54 (1) 10.96 (48) 3.09 (9) 15.8
Green glass (LG15) 48.00 (179) 0.26 (1) 7.74 (34) 16.5
Black glass (LG14) 34.00 (136) 16.40 (50) 4.60 (22) 24.5
Komatiite (Ko) 46.73 (168) 0.31 (1) 6.30 (27) 10.7
Peridotite (Pe) 45.10 (159) 2.80 (12) 10.4
Olivine (Ol) 40.68 (142) 0.01 (0) 8.7
Allende m. (All) 38.57 (147) 0.14 (0) 3.71 (17) 24.7
Fayalite (Fa) 29.49 (143) 70.5

Data sources are given in Appendix. In parenthesis are the numbers of cations
the last column are indicated the total weight fraction and in parenthesis the

Table 2
Potential parameters

z (e) B (kJ/mol)

O �0.945 (�1.20) 870570.0 (889916
Si 1.89 (2.40) 4853815.5 (590053
Ti 1.89 4836495.0
Al 1.4175 2753544.3
Fe3+ 1.4175 773840.0
Fe2+ 0.945 (1.20) 1257488.6 (145095
Mg 0.945 3150507.4
Ca 0.945 15019679.1
Na 0.4725 11607587.5
K 0.4725 220447.4

Values of B, q and C given in column 3, 4, and 5, respectively, correspon
interactions being described only by coulombic repulsive forces. Values given
cation–oxygen and oxygen–oxygen interactions dominate
at short range. Furthermore, the requirement of transfer-
ability imposes that,

zSi ¼ zTi ¼ ð4=3ÞzAl ¼ ð4=3ÞzFe3þ ¼ 2zFe2þ ¼ 2zMg

¼ 2zCa ¼ 4zNa ¼ 4zK ¼ �2zO; ð2Þ

which means that only the effective charge on the oxygen
atom has to be determined. However, several sets of poten-
tial parameters are able to reproduce satisfactorily (at least
for one given state point) the structure and the density of
most of the investigated silicate melts. More precisely, our
method does not lead to a unique value for the effective
charge of oxygen but instead indicates a range of preferen-
tial values (�1.2e < zO < �0.8e). In order to retain the good
description of crystals in the CMAS system obtained by
Matsui (1996) with his force field, we have used the same
effective charge for oxygen (zO = �0.945e) and optimized
the other potential parameters to describe the KNCMF-
ATS system. Our final parameter set is given in Table 2
while a comparison between simulation results and experi-
mental data for various thermodynamic properties and
structural data is presented in Tables 3 and 4, respectively.
Although the latter results will be commented on in the next
is study

(wt%) MgO
(wt%)

CaO
(wt%)

Na2O
(wt%)

K2O
(wt%)

Total

8 (3) 0.08 (0) 0.75 (3) 4.15 (28) 5.64 (25) 100.08 (1000)
3 (11) 4.30 (23) 7.38 (28) 3.23 (22) 1.56 (7) 99.70 (998)
9 (26) 7.77 (42) 11.87 (47) 2.94 (21) 0.13 (1) 99.47 (1000)
2 (49) 12.62 (69) 7.96 (31) 2.68 (19) 0.06 (0) 101.41 (1000)
0 (52) 18.20 (101) 8.57 (34) 99.27 (999)
0 (83) 13.30 (79) 6.90 (30) 0.23 (2) 0.16 (0) 100.09 (1000)
6 (32) 28.42 (152) 6.29 (24) 0.85 (6) 0.13 (1) 99.79 (1001)
0 (31) 38.40 (203) 3.40 (13) 100.10 (1001)
6 (25) 50.52 (262) 0.06 (0) 100.03 (1000)
9 (79) 29.23 (166) 2.62 (11) 0.48 (3) 99.54 (1000)
1 (286) 100.00 (1001)

of each species used in the simulation of the corresponding silicate melt. In
total number of atoms (cations + oxygens) used in the simulation.

q (A) C (A6 kJ/mol)

.0) 0.265 (0.265) 8210.17 (8210.17)
0.0) 0.161 (0.161) 4467.07 (4467.07)

0.178 4467.07
0.172 3336.26
0.190 0.0

0.0) 0.190 (0.190) 0.0 (0.0)
0.178 2632.22
0.178 4077.45
0.170 0.0
0.290 0.0

d to cation–oxygen and oxygen–oxygen interactions, the cation–cation
in parenthesis for O, Si, and Fe2+ are solely for fayalite (see text).



Table 3
Thermodynamic properties of molten silicates around zero pressure

Silicate qg (g/cm3) ql (g/cm3) ag
P (10�5 K�1) al

P (10�5 K�1) Cl
P (J/mol K)

Rhyolite
This work 2.45 2.31 3.6 7.1 111.5
Lit. data 2.36a;2.29b;2.29c 10.1a; 5.3b; 3.8c 88.6i; 87.3j

Andesite
This work 2.83 2.58 3.2 9.8 110.0
Lit. data 2.52d;2.51b;2.51c 8.1d;6.0b;5.5c 95.8i ; 96.9j

MORB
This work 2.95 2.65 4.7 11.1 102.5
Lit. data 2.65e;2.63b;2.63c 10.6e;7.0b;6.4c 93.8i

Mars
This work 3.13 2.72 5.7 12.3 98.2
Lit. data 2.74f;2.70b;2.71c 7.1f;7.7b;7.4c 92.9i

LG15
This work 3.18 2.79 4.4 12.2 94.0
Lit. data 2.79b;2.81c 8.2b;7.1c 90.2i

LG14
This work 3.41 2.99 4.6 14.3 94.8
Lit. data 3.02b;3.04c 11.8b;11.8c 91.3i

Komatiite
This work 3.09 2.73 4.6 13.1 90.8
Lit. data 2.69g;2.74b;2.77c 4.7g;9.7b;8.1c 91.5i

Peridotite
This work 3.20 2.78 5.0 13.8 85.3
Lit. data 2.75g;2.77b;2.82c 6.4g;11.0b;8.9c 91.3i

Allende
This work 3.34 2.86 6.0 14.6 85.7
Lit. data 2.98b;3.02c 10.4b;9.7c 89.8i

Olivine
This work 3.20 2.78 4.8 14.3 82.0
Lit. data 2.82b; 2.88c 12.9b;10.5c 92.0i

Fayalite
This work 4.14 3.66 4.6 12.8 78.0
Lit. data 3.66h;3.70b;3.71c 9.0h;7.5b;10.6c 79.3i

qg is the density of the glass at 400 K, ql is the density of the liquid at 1800 K, ag
P is the thermal expansion coefficient of the glass at 400 K, al

P is the thermal
expansion coefficient of the liquid at 1800 K, Cl

P is the heat capacity of the high temperature liquid (above 2000 K when Cl
P becomes nearly constant).

Values marked with superscripts are literature data (references are given at the end of the Table). Values for the glass at 400 K are only given for
information since they depend on the cooling rate and the system size used in the simulation (e.g. q = 2.1011K/s and N � 1000).

a For a synthetic rhyolite, see sample 12 in Nelson and Carmichael (1979).
b Evaluated from Ghiorso (2004).
c Evaluated from Lange and Carmichael (1987).
d For a synthetic iron-free andesite, see sample 2 in Nelson and Carmichael (1979). The value of the density was corrected for difference in molar mass

due to the presence of iron in the simulated andesite (Unzen).
e For Kilauea basalt, see sample Kil 2 in Nelson and Carmichael (1979).
f For an iron-rich basaltic composition, see sample 005 in Mo et al. (1982).
g Courtial et al. (1997).
h Using a linear interpolation at 1800 K between data of Shiraishi et al. (1978) and that of Courtial et al. (1997).
i Evaluated from the heat capacity model of Stebbins et al. (1984).
j Values of Cl

P in Neuville et al. (1993) were taken at 1800 K for convenience.
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section, it is noteworthy that the accuracy of the force field
we use to evaluate the density of the magmatic liquids is
generally better than 3% at 1800 K. For fayalite, the poten-
tial parameter set leads to a large underestimation of the
density in the liquid range (by�15% at 1800 K, not shown).
This result can be understood if one takes into account the
peculiarities of the FeO–SiO2 system. Indeed, liquid FeO
exhibits no ionic conduction whereas the addition of
30 mol% SiO2, which is close to the fayalite composition,
leads to a nearly complete ionic dissociation (Shiraishi
et al., 1978). As opposed to silicates with lower Fe contents,
our ionic field cannot suitably describe the fayalite
composition, since the ionicity varies drastically with
composition in the FeO–SiO2 system. Thus fayalite suggests
a limit to the transferability of our force field with compo-
sition. Nevertheless, a further scrutiny shows that fayalite
can be conveniently described in determining a specific set
of potential parameters (see in Table 2). Only the results
for fayalite obtained with this latter parameter set are
discussed in the following.

The MD calculations were performed with the code
DL_POLY of the CCLRC library (Daresbury, UK). The
equations of motion were integrated with the Verlet
leap-frog algorithm (time step of 1 femtosecond) in using



Table 4
Structure of the liquid silicates at 2273 K

Silicate Rxo:Nxo/RxxNxx Si Ti Al Fe3+ Fe2+ Mg Ca Na K O

Rhyolite 1.63:4.0 1.74:4.0 1.83:4.0 2.07:4.8 2.39:7.0 2.46:7.6 3.18:7.5 2.66:7.0
3.16:3.3 3.21:1.1

Andesite 1.63:4.0 1.93:5.2 1.74:4.1 1.84:4.2 2.07:5.2 2.00:5.0 2.39:7.4 2.50:8.0 3.12:9.6 2.66:8.0
3.14:2.8 3.20:1.4 3.43:0.2 3.40:0.2 3.20:0.5 3.84:1.0

MORB 1.63:4.0 1.93:5.2 1.74:4.1 1.82:4.2 2.07:5.0 2.00:4.9 2.38:7.4 2.45:8.0 3.18:10.8 2.66:9.3
3.16:2.2 3.16:1.2 3.44:0.4 3.18:1.1 3.88:1.5 2.94:1.0

Mars 1.63:4.0 1.93:5.3 1.74:4.1 1.84:4.3 2.07:5.2 1.98:4.9 2.38:6.8 2.48:7.5 2.68:9.6
3.16:2.0 3.20:1.0 3.45:0.2 3.54:1.5 3.14:1.8 3.71:1.1 2.94:0.9

LG15 1.63:4.0 1.93:5.7 1.74:4.1 2.07:5.2 2.00:5.1 2.40:7.0 2.67:10.2
3.16:2.2 3.22:0.6 3.43:1.7 3.18:2.8 3.82:1.2

LG14 1.63:4.0 1.93:5.0 1.74:4.1 2.06:5.1 2.00:5.1 2.39:7.2 2.45:7.5 2.69:11.1
3.16:1.5 3.67:1.3 3.22:0.4 3.41:2.9 3.11:2.2 3.65:1.0

Komatiite 1.63:4.0 1.95:5.3 1.74:4.1 2.08:5.2 1.98:5.1 2.38:7.3 2.42:8.3 3.0:10.3 2.66:10.8
3.16:1.9 3.18:0.5 3.40:1.1 3.18:4.2 3.69:1.0 2.91:0.2

Peridotite 1.63:4.0 1.76:4.1 2.07:5.2 1.98:5.1 2.38:7.2 2.67:11.6
3.14:1.7 3.18:0.2 3.36:1.1 3.15:5.7 3.80:0.4

Olivine 1.62:4.0 2.07:5.4 2.00:5.2 2.69:12.4
3.16:1.4 3.36:0.7 3.13:7.2

Allende 1.63:4.0 1.74:4.1 2.05:5.2 1.98:5.0 2.37:7.1 2.44:8.0 2.68:11.2
3.14:1.5 3.19:0.3 3.41:2.5 3.14:4.6 3.72:0.3

Fayalite 1.62:4.0 2.00:4.7 2.65:12.0
3.16:1.3 3.24:7.8

For each cation is indicated: (first row) the cation–oxygen distance (in A), the mean number of oxygens around the cation; (second row) the cation–cation
distance (in A) and the number of cations of the same species around each cation. For instance in rhyolite one reads in the column associated with Si:
RSi–O = 1.63 A, NO = 4.0, RSi–Si = 3.16 A and NSi = 3.3. For oxygen atoms (last column) the first value corresponds to the oxygen–oxygen distance and
the second value to the oxygen coordination number (e.g. for rhyolite, RO–O = 2.66 A and NO = 7.0).
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a cubic simulation cell with periodic boundary conditions.
Usual long range correction terms for dispersion interac-
tions are added to the configurational energy and to the
pressure. The long range coulombic interactions are
accounted for by a Ewald sum (Allen and Tildesley,
1987) with a constant aL = 5–7 (where a is the width
of the charge distribution on each ion and L is the size of
the simulation box) and a cut off distance (rcut) of 10–
11A, the summation in the reciprocal space being evaluated
for all k vectors with ŒkŒL/2p < 6–7. The parameters a, ŒkŒ
and rcut were chosen in order to ensure a conservation of
energy better than 10�5. Calculations in the isothermal–iso-
baric NPT (using Nosé–Hoover algorithms) and microca-
nonical NVE ensembles were cross checked with
production runs of 0.1–1. ns and long simulations runs of
10 ns (107 MD steps) were performed when evaluating time
dependent properties. For a good compromise between
accuracy and computational cost, we choose a system size
of �1000 atoms (see after). In the present study, the
calculations were performed at zero pressure in order to
compare with experimental data measured at atmospheric
pressure. Concerning the statistical uncertainties, for a
MORB composition evaluated at T = 1673 K and P = 0
we obtain the following results: in the NPT ensemble;
P = �0.06 ± 4.93 kbar, T = 1673.8 ± 42.4 K and q =
2.696 ± 0.026 g/cm3; in the NVE ensemble; P = �1.57 ±
4.81 kbar, T = 1629.7 ± 32.5 K for q = 2.677 g/cm3.

More generally, with N � 1000 atoms and for all
investigated compositions the statistical fluctuations are
the following: 0 ± 5 kbar for the pressure, DT/T = ±2%
for the temperature and Dq/q = ±1% for the density. To
evaluate the influence of the system size on the melt prop-
erties, we have performed several test runs with N = 8000
atoms. No significant size effects were detected for the ther-
modynamic properties and the liquid structure (pair distri-
bution functions) apart from the expected reduction of the
statistical noise. Thus for MORB at 1673 K and N = 8000,
the results in the NPT ensemble are very close to those ob-
tained with N = 1000 (see above) namely; P = 0.05 ±
3.34 kbar, T = 1672.8 ± 15.7 K and q = 2.688 ± 0.023
g/cm3. Our findings are in agreement with other simulation
studies (Rustad et al., 1990; Horbach et al., 1996; Huff
et al., 1999) showing that static properties are barely affect-
ed by finite size effects. In contrast dynamical properties
and especially structural relaxation near the glass transition
temperature may depend on the size of the system.

3. Properties of the magmatic melts

3.1. Density, expansivity and heat capacity

In Fig. 1 are presented the evolution with temperature of
the molar volume associated with the 11 silicate melts
investigated here. All samples were first equilibrated in
the liquid phase at high temperature (2500–3000 K) and
around zero pressure and then cooled down to 400 K under
isobaric condition with a sufficiently low cooling rate
(q = 2 · 1011K/s) to ensure a quasi equilibrium state of
the liquid upon cooling (we will discuss this point later
on). The change of slope exhibited by the molar volume



Fig. 1. Evolution with the temperature of the molar volume of the liquid
silicates at zero pressure.

Fig. 2. Molar volume of the melt as function of the mole fraction of
network modifiers. The full dots are for the liquid silicates at 2273 K, the
dotted line being just a guide for the eye.
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at low enough temperature indicates a liquid–glass transi-
tion (not shown). However, the evaluation of Tg by simu-
lation is not an easy task and the results must be taken
with great caution. As a matter of fact Tg depends on the
applied cooling rate and on the size of the simulated sample
(e.g. in Vollmayr et al., 1996). For these reasons an accu-
rate determination of Tg is beyond the scope of this article
and we focus our investigation on the liquid phase. Thus in
using different cooling rates (from 1013 to 2 · 1010K/s), dif-
ferent sizes of the system (N = 1000 and 8000 atoms) and
by performing long simulation runs at fixed temperature
and zero pressure we have carefully checked that the evolu-
tion with temperature of the molar volume presented in
Fig. 1 for various composition is robust and describes the
liquid phase of the corresponding simulated silicates as
long as T > 1273 K. Below approximately 1273 K, the mo-
lar volume (and the enthalpy as well) becomes sensitive to
the size of the sample and to the cooling rate, implying that
the melt is entering the glassy phase.

In the context of Fig. 1, several points merit comments.
The hierarchy of the molar volumes between the different
silicates exhibits an almost linear dependence on the mole
fraction of network-modifying cations (see Fig. 2), which
is an indicator of the degree of depolymerisation of the
melt (a related correlation with the NBO/T parameter
was pointed out by Mysen and Richet (2005) for synthetic
and natural melts). Only fayalite, LG14 and the Allende
meteorite, the three most Fe-rich silicates, deviate slightly
from this correlation. An interesting consequence of the
above trend is that the solubility of a chemically inert vol-
atile (e.g. rare gases) in these silicates is primarily governed
by the free volume accessible to the solute into the melt
(Guillot and Sarda, 2006) i.e., the smaller the molar volume
of the melt the smaller the solubility of the volatile.
Consequently, one expects that the solubility of a weakly
interacting solute (e.g. helium or argon) in various silicate
melts follows the hierarchy of the molar volumes illustrated
in Fig. 1 (at least in the pressure range where the Henry law
is approximately followed). For argon, solubility data of
the literature support this view (Carroll and Stolper,
1993; Shibata et al., 1998; Marrocchi and Toplis, 2005).

Magma buoyancy is determined by density (g/cm3).
Therefore the density varies in the order,

Fa > LG14 > All > LG15 � Ol � Pe > BM � Ko

> MORB > An > Ry:

A comparison between our simulation results, available
experimental data and theoretical models for multicompo-
nent silicate liquids is presented in Fig. 3 for fayalite, peri-
dotite, komatiite, MORB, and andesite. The agreement
between experiment and simulation is of the order of 2%
or less, which is quite remarkable considering the large
composition range investigated and the uncertainties of
various sources (numerical, experimental and those gener-
ated by slight differences in composition between simula-
tion and experiment).

Another quantity easy to evaluate by simulation is the
thermal expansivity. As seen in Fig. 1 the molar volume
of the liquid increases linearly with temperature up to
around 2500 K, irrespective of the composition of the melt
(except for rhyolite which exhibits a more complex behav-
ior). Above 2500 K, a non linear increase is expected (e.g.
andesite in Fig. 1) due to the proximity of the liquid–vapor
coexistence curve of these melts and the occurrence of the
critical point at a much higher temperature.(Besides, a
quick search by MD calculation locates the critical point
for the investigated melts in the temperature range 5000–
5500 K). The linearity of the molar volume with tempera-
ture over several hundreds of degrees has been observed
for several liquid silicates (Nelson and Carmichael, 1979;
Lange, 1996, 1997), at variance with the anorthite–diopside
system (Knoche et al., 1992a,b; Toplis and Richet, 2000;



Fig. 3. Variation of the density with temperature for various liquid
silicates. The wiggling lines are our simulation results, the straight lines are
the predictions obtained from the model of Ghiorso and Kress (2004), the
dotted lines are those from the model of Lange and Carmichael (1987) and
the dashed-dotted lines are those from Bottinga et al. (1982, 1983). The
full dots associated with fayalite, peridotite, and komatiite are experi-
mental data of Courtial et al. (1997) while for fayalite, the data of Shiraishi
et al. (1978) are also presented (triangles). In the case of MORB,
comparisons are made with the data of Murase and McBirney (1973) for
Columbia River basalt (triangles) and with the data of Nelson and
Carmichael (1979) for Kilauea basalt (dots). For andesite, the data for an
iron-free andesitic composition (sample No. 2 in Nelson and Carmichael,
1979) are shown (dots) after a slight correction accounting for the absence
of iron in the experimental sample.
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Gottsmann and Dingwell, 2002) and some titano-silicate
liquids (Liu and Lange, 2001) where a stepping down of
the thermal expansion is noticed when the temperature
increases. In the latter cases the consequence is a net de-
crease of the thermal expansion coefficient (aP = 1/V(dV/
dT)P) in the liquid range, whereas for the natural melts
investigated here this coefficient decreases very little
(aP � 1/V), only 7–15% (according to the composition) be-
tween 1500 and 2500 K. Moreover, the simulation predicts
that aP increases roughly linearly with the mole fraction of
network modifiers, the acidic melts presenting the lowest
expansivity (see Table 3).

An accurate and simple route to evaluate the heat capac-
ity (CP) by MD calculation is to take the temperature
derivative of the enthalpy at constant pressure. From an
analytical fit of the enthalpy curve one deduces the varia-
tion of the heat capacity along the path going from the
liquid to the glass. The CP curve presents the expected
S-shape in the neighborhood of Tg (not shown), with a
more or less pronounced overshooting in the supercooled
liquid before becoming essentially constant in the high
temperature liquid. In the low temperature glass
CP

g ! 3nR when T fi 0 (n is the mean number of atoms
per oxide component), because the MD calculation is not
corrected for quantum effects. Value of CP

l for the high
temperature liquid above 2000 K (when CP becomes essen-
tially invariant) is given in Table 3 as function of composi-
tion. Although a number of CP data exist in the literature
for a rather large variety of silicate melts (Richet and Bot-
tinga, 1986; Courtial and Richet, 1993; Navrotsky, 1995),
they are scarce for natural melts or for synthetic ones mim-
icking a natural composition (e.g. Neuville et al., 1993).
Therefore, we compare in Table 3 our MD results with
those provided by the model of Stebbins et al. (1984) which
assumes mixing of partial molar heat capacities associated
with oxide components and which is valid only at superliq-
uidus temperatures. Clearly the agreement between simula-
tion and model is better for basic and ultrabasic melts than
for acidic ones (andesite and rhyolite). But no systematic
deviation is apparent, since in some cases the value of CP

l

is overestimated by the simulation (e.g. rhyolite, andesite,
MORB, Mars, green glass, and black glass) while it is
underestimated in other cases (e.g. peridotite, olivine) and
is in good agreement in a few cases (e.g. komatiite, allende,
and fayalite).

3.2. Liquid structure

While the structure of binary and ternary silicate mix-
tures have been extensively investigated (for a survey see
Mysen and Richet, 2005), the one of natural magmatic
melts is less known especially in the high temperature li-
quid. In Table 4 we list the cation–oxygen, cation–cation
and oxygen–oxygen mean distances of closest approach
as well as the relevant coordination numbers evaluated at
2273 K (the coordination numbers are calculated by inte-
grating the first peak of the corresponding pair distribution
functions). These values are in excellent agreement with
corresponding data of the literature: the reader can refer
to the data compilation by Brown et al. (1995) presented
in their Tables 1 and 3. The Si–O distance is found to be
1.62–1.63 A (uncertainty ± 0.005 A) for all melts. As
expected (Cormier et al., 2001), the variation with temper-
ature is very weak, and is less than 0.01 A between the glass
at 400 K and the liquid at 2273 K. Silicon atoms are always
coordinated to four oxygens in acidic, basic or ultrabasic
melts. In the case of titanium, the Ti–O distance varies
between 1.93 A in andesitic and basaltic melts and about
1.95 A in komatiite, the average number of coordinated
oxygens amounting to 5.0–5.7. Aluminium and Fe3+

behave as network formers with a coordination number
about 4.0–4.1 and 4.0–4.3, respectively, corresponding to
a cation–oxygen distance about 1.74–1.76 A for Al and
1.82–1.84 A for Fe3+.

The structural parameters associated with network
modifying cations are generally more composition
dependent than those for the network forming ones. Thus
Fe2+ exhibits a distance to oxygen between 2.0 and 2.08 A,
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the shortest distance being encountered in liquid fayalite
with a coordination number around 4.7 as observed exper-
imentally (Jackson et al., 1993), while other melts exhibit
longer distances with Fe2+ coordinated to 4.8–5.2 oxygens.
For Ca, the cation–oxygen distances in the simulated liq-
uids are found close to those observed in soda lime alumi-
nosilicate glasses (Cormier and Neuville, 2004), i.e. d(Ca–
O) � 2.37–2.40 A with NO � 6.8–7.4. For Mg the situation
is more uniform with composition, d(Mg–O) � 1.98–2.0 A
and NO � 4.9–5.2, values which are in agreement with the
structure data obtained by neutron and X-ray diffraction
techniques in vitreous forsterite (Kohara et al., 2004; Wil-
ding et al., 2004). As for the sodium and potassium
cations, their mean distance to oxygen, d(Na–O) � 2.42–
2.50 A and d(K–O) � 3.0–3.18 A, and the number of neigh-
boring oxygens, about 7.5–8.3 for Na and 7.5–10.8 for K,
are compatible with diffraction data from sodium and
potassium silicate glasses and melts (Angeli et al., 2000;
Majérus et al., 2004).

To further scrutinize the distribution of oxygens around
Si, Al, Ti, Fe3+, Fe2+, and Mg, we have evaluated the
abundance of n-coordinated species by doing a population
analysis within the first shell of neighboring oxygen atoms.
By convenience, this analysis is presented in Fig. 4 only for
rhyolite, MORB, and Ti-rich lunar basalt (LG14), as mafic
and ultramafic compositions exhibit essentially the same
distributions than in MORB. As shown in Fig. 4, silicium
is fourfold coordinated at 98.3% in rhyolite, at 97.2% in
MORB and at 96.9% in LG14. A few percent of [5]Si is also
detected due to the high temperature of the simulated melts
(2273 K). For all compositions investigated here, Al is
clearly a network former with �71–75% of [4]Al, 4–12%
of [3]Al and 12–22% of [5]Al, sixfold coordination being
found in negligible proportion. These results are in agree-
Fig. 4. Population analysis of cation coordination numbers in rhyolite
(shaded sticks), in MORB (bold sticks) and in black glass (white sticks).
ment with spectroscopic data on alkaline-earth aluminosil-
icate glasses of related compositions (Wu et al., 1999;
Neuville et al., 2004) which show a significant contribution
of [5]Al. It is noteworthy that the populations of [4]Al and
[5]Al are relatively insensitive to the composition of silicate
melts investigated here.

In andesite and MORB, Ti is found preferentially in 5-
fold coordination (�52 to 54%) with a significant popula-
tion of 6-fold coordinated sites (�31 to 34%), and a much
weaker proportion of 4-fold coordinated sites (�12 to
14%). In the Ti-rich lunar basalt (16.4% of Ti in LG14)
the abundances of [5]Ti and [6]Ti are close to each other
(46% and 43%, respectively) whereas 4-fold coordination
is rare (�8%). In investigating synthetic and natural volca-
nic glasses by XANES spectroscopy Farges and Brown
(1997) found that [5]Ti is the dominant species, but in less
polymerized glasses of basaltic composition a significant
amount of [6]Ti is detected (30–50%) while in rhyolitic
glasses 30–50% of the total Ti is attributed to [4]Ti with
[6]Ti below the detection level (�10%). More generally
X-ray absorption studies on Ti containing alkali/alkali-
earth silicate glasses and melts (Farges et al., 1996; Hender-
son et al., 2002; Henderson and St-Amour, 2004) show that
Ti containing silicate glasses can be considered as composi-
tion-dependent mixtures of 4-, 5- and 6-coordinated Ti, a
low quenching rate favoring [4]Ti over [5]Ti. Clearly our re-
sults for the high temperature liquid are in accordance with
these findings. However in titanosilicate glasses [5]Ti is
identified as a square based pyramid TiO5 with a short
Ti–O distance around 1.68 A and four long distances
around 1.96 A (Cormier et al., 1998, 2001). A careful exam-
ination of our MD generated configurations does not show
such a structure for TiO5 and instead identifies five equiv-
alent Ti–O bonds around 1.93 A. In summary, although
Ti does not behave stricto sensu as a structure former in
our simulated melts, the strong Ti–O bonds certainly exert
a stabilizing effect on the network at variance with other
network modifying cations.

In the case of iron, our population analysis (see Fig. 4)
indicates that Fe3+ is found preferentially (�55%) in 4-fold
coordination in rhyolite, andesite and MORB. This is in
agreement with conventional wisdom that ferric iron in sil-
icate melts is a structure former cation (see Mysen, 2006,
and references therein). However, a significant amount
(�29%) of ferric iron in 5-fold coordination is found in
our simulated andesite and MORB while in rhyolite 3-fold
coordination is favored (�28%) with respect to 5-fold coor-
dination (�15%). The presence of 5-fold coordinated ferric
iron is attested in silicic melts (Farges et al., 2004) and a
minor proportion of 6-fold coordinated sites has also been
reported in some volcanic glasses (Galoisy et al., 2001). In
contrast, ferrous iron exhibits a broader range of oxygen
coordination numbers around the most probable value
(see Fig. 4). In all the investigated melts, 5-fold coordina-
tion is the most probable value except for rhyolite which
exhibits a distribution slightly shifted towards lower
coordination numbers. These features are in excellent



Fig. 6. Evolution of the molar volume of the melt at 2273 K with the
oxygen coordination number. The dotted line is just a guide for the eye.

Fig. 7. Average number of network formers (Si + Al) around Si as
function of the melt composition. Notice that acidic melts exhibit NSi

T

values close to that expected in pure silica melt (�4.0). The dotted line is
just a guide for the eye.
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agreement with recent multi-spectroscopic studies (Jackson
et al., 2005; Mysen, 2006) of ferrous iron in ferrosilicate
glasses and with other simulation studies (Rossano et al.,
2000a,b).

The distribution of oxygen coordination numbers for
magnesium is very similar to that found for ferrous iron
(see Fig. 4 and compare Mg with Fe2+) where 5-fold coor-
dination predominates. This distribution varies little from
andesite to MORB and peridotite. However, in Fe-rich lu-
nar basalt (LG14) and in olivine as well, the occurrence of
6-fold coordinated Mg is higher than in other melts (notice
that the population of 4-fold coordination in those melts
diminishes in the same proportion, see Fig. 4). This feature
is likely due to low Si contents in these depolymerized melts
which favor high coordination numbers for Mg and Fe2+.
The structure of our simulated Mg-rich olivine is quite sim-
ilar to that reported for vitreous forsterite (Kohara et al.,
2004) with a highly distorted network composed of inter-
connected SiO4 tetrahedra and MgOn polyhedra (n = 4, 5
and 6). Nevertheless the large difference in energy between
Si–O and Mg–O bonds renders this network much more
fragile in the liquid state than those associated with poly-
merized melts.

Interestingly, the oxygen–oxygen distance varies little
with composition (2.65–2.69 A) when the oxygen coordina-
tion number (NOO) is strongly composition dependent
(NOO = 7–12.4). More precisely, NOO increases linearly
with the mole fraction of network modifiers as illustrated
in Fig. 5. This explains the observation made earlier (see
Fig. 2) that the molar volume of the melt decreases linearly
with the amount of network modifiers. As a matter of fact,
the molar volume, a macroscopic quantity, is linearly cor-
related to NOO, a microscopic quantity, as shown in Fig. 6.
Thus, the higher the depolymerization of the melt the
stronger the compaction of the oxygen atoms. The net re-
sult is a densification of the melt. To quantify the relation-
ship between the depolymerization of the melt and its
Fig. 5. Dependence of the oxygen coordination number on the melt
composition at 2273 K. Values of NOO are also given in the last column of
Table 4. For the sake of completeness the value of NOO in liquid silica (Sil)
is shown in the figure. The dotted line is just a guide for the eye.
composition we have evaluated the network coordination
number around Si ðNSi

TÞ that is the average number of net-
work formers (Si + Al) around Si. We see in Fig. 7 that
NSi

T decreases gradually with composition from a value
around 4.1 in rhyolite to a value as low as 1.3–1.4 in olivine
and fayalite which means that a tetrahedral network
cannot be formed in these liquids. The interesting point is
that the decrease of NSi

T as function of the mole fraction
of network modifiers is essentially linear from acidic to
ultrabasic melts.

Structural information on silicate glasses and liquids
are commonly obtained from neutron diffraction, X-ray
scattering and X-ray absorption experiments. Neutron
diffraction is particularly interesting from a theoretical
point of view because one has a direct access to the position
of the nuclei within the melt, and the comparison with
MD results is straightforward. Thus, the total radial
distribution function available in neutron scattering
experiment can be written as a weighted sum of partial pair
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distribution functions gab(r), where a and b run over all
atoms of the melt,

GðrÞ ¼
X
a;b

cacbbabbðgabðrÞ � 1Þ ð3Þ

where ca is the atomic concentration of the element a and
ba is the associated coherent neutron scattering length. In
the case of a basaltic melt, nine different atomic elements
have to be accounted for, which lead to 45 pair contribu-
tions in the definition of G(r) (in fact 55 if one considers
Fe2+ and Fe3+ as two distinct chemical species). Moreover,
due to the weighting factor (ca cb ba bb) in Eq. (3), the ele-
ments for which the atomic concentration is less than 10%
barely contribute to the total distribution function.
Although the isotopic substitution method can be used to
enhance the contribution of some elements, most of the
experimental works deal with simpler silicate melts as bina-
ry and ternary oxide mixtures. The present MD simula-
tions give the opportunity to predict the profile of the
neutron distribution function for any natural silicate melts.
In Fig. 8, such a profile is presented for our simulated melts
at 2273 K. The vertical dashed lines indicate the main cat-
ion–oxygen and cation–cation distances. The two main
peaks located around 1.63 A (Si–O) and 2.66 A (O–O),
respectively, decrease in magnitude from silicic to ultraba-
sic melts, while in between a feature appears which devel-
ops in a genuine peak for ferro-magnesian silicates. To
better quantify the importance of elements other than Si
and O atoms to G(r), the global contribution coming from
Si and O for each melt (dotted lines) is also reproduced in
Fig. 8. Evolution of the neutron pair distribution function with melt
composition. The full curves are the simulation results obtained with Eq.
(3) while the dotted curves are the results obtained in considering only Si
and O atoms. The vertical dashed lines point out some relevant atom–
atom distances, namely: a = Si–O, b = Al–O, c = Ti–O, d = Mg–O,
e = Fe2+–O, f = Ca–O, g = Na–O, h = O–O, i = Mg–Mg, j = Si–Si,
k = Al–Al, l = Fe2+–Fe2+, m = Mg–Si, n = Fe2+–Si, o = Si–O (second
neighbour) and p = O–O (second neighbour). Notice the logarithmic scale
in abscissa.
Fig. 8. For rhyolite, andesite and MORB it is hard to
distinguish the influence of other elements. For the basalt
of Mars, the higher contents in iron and magnesium be-
come visible near 2.0 A. The Ti-rich content of the black
lunar glass produces a deep minimum near 1.90 A, because
the neutron scattering length of Ti is negative. As for the
series LG15–Ko–Pe–All–Ol–Fa, the central peak around
2.0 A becomes all the more pronounced that the (Fe + Mg)
content is high. Correspondingly, the peaks associated with
Si and O atoms weaken from silicic to ultrabasic melts. In
the case of liquid fayalite a supplementary peak appears
around 3.24 A and corresponds essentially to Fe–Fe
correlations. This peak has no visible counterpart in
Mg-rich silicates like olivine and peridotite because of a less
favorable scattering length for Mg (and Si as well) than for
Fe (bMg/bFe � 0.57). Recent studies combining neutron
and X-ray diffraction data (Kohara et al., 2004; Wilding
et al., 2004) have characterized the structure in vitreous for-
sterite and found structural parameters which are in close
agreement with those exhibited by our magnesium-rich
melts. However, some features present in the experimental
G(r) function (e.g. the Mg–Si peak at 3.20 A) are barely
visible in our simulated functions. This is likely due to a
peak broadening induced by the high temperature of the
simulated liquid (the experiments deal with rapid quenched
glasses).
3.3. Diffusivity and electrical conductivity

Diffusivity of ionic species into magmatic melts is of
fundamental importance for viscous flow (Mungall,
2002), in rheology of volatile-bearing magmas (Watson,
1994) and for the interpretation of electrical conductivity
data (Gaillard, 2004). Although an extensive literature on
diffusion coefficients of ionic species in various silicate
melts is available (Brady, 1995; Mungall, 2002; Zhabrev
and Sviridov, 2003), the data base for natural melts is much
more restricted. Mostly, the diffusivities of the major
cations are not known altogether for a given melt, which
prevents us from doing a proper comparison between
different cations in the same melt. Here we have evaluated
by MD simulation the ionic diffusivities in rhyolite, andes-
ite, MORB, komatiite and peridotite in the temperature
range 1473–2273 K (and down to 1273 K for MORB).
The self-diffusion coefficient was computed from the MD
run via the Einstein relation (Kubo, 1966),

Ds ¼ lim
t!1

1

N s

XN s

i¼1

hð~riðtÞ �~rið0ÞÞ2i
6t

ð4Þ

where ri is the position of the ith ion of species s, and where
the bracket expresses an ensemble average taken over many
origin times. Long simulation runs were performed (10 ns
long and 103 origin times) to reduce the uncertainties on
D values around ±5% for the most abundant ions (Si
and O) and around ±40% for the less abundant cations
(Ti, Fe3+, Na, and K). The results are collected in Fig. 9



Fig. 10. Self-diffusion coefficients of network modifier cations in various
silicate melts. Symbols are the same as in Fig.10. The self diffusion of Na,
K, and Ca in obsidian measured by Jambon (1982) is shown for
comparison (see lines obs) as also as the diffusivity of Na in andesitic and
basaltic liquids (lines a and b, respectively) as reported by Henderson et al.
(1985).

Fig. 9. Self-diffusion coefficients of network former ions in various silicate
melts. The simulation results are: rhyolite (full dots), andesite (circles),
MORB (squares), komatiite (empty triangles), peridotite (full triangles).
The dotted curves are just a guide for the eye. Also shown for comparison
are the experimental data (straight lines) for O and Si in basaltic liquid
(line b) by Lesher et al. (1996) and in dacitic liquid (line d) by Tinker and
Lesher (2001) as also as the data of Canil and Muehlenbachs (1990) for O
in another basaltic composition (line b2). For Fe3+ are shown the data of
Henderson et al. (1985) in basaltic and andesitic melts (see line b and a,
respectively). For simulated rhyolite, where the temperature behavior of
the diffusivities is found to be Arrhenius-like, the activation energies for O,
Si, Al and Fe3+ self-diffusion are equal to 191.4, 209.0, 216.9, and
191.5 kJ/mol, respectively, values which can be compared to the activation
energies of O (223 ± 29 kJ/mol) and Si (200 ± 28 kJ/mol) measured in a
dacitic liquid (Tinker and Lesher, 2001; Tinker et al., 2002).
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for network former ions and in Fig. 10 for network modi-
fier cations, respectively. Concerning the former ones (O,
Si, Al and Fe3+), the more silicic the melt the smaller the
diffusion coefficients. This finding is in agreement with
the trend shown by the viscosity in these melts (see Fig.1
in Giordano and Dingwell, 2003). For Ti in rhyolite and
andesite the calculated diffusivity (not shown) is slightly
greater than that evaluated for Si whereas in MORB, kom-
atiite, and peridotite the Ti diffusivity is slightly smaller
than that of Si. Moreover, the temperature behavior of
the diffusion coefficients is Arrhenius-like in liquid rhyolite
whereas it is not so in other melts. This feature can be relat-
ed to the greater fragility of basic and ultrabasic melts as
compared with a strong glass former like rhyolite. Notice
that the diffusion coefficient of Fe3+ is close to that of
Al3+ both in rhyolite and in MORB which confirms its role
as a network former cation in these melts.

Self-diffusion of oxygen and silicon has been measured
in basaltic liquids (Canil and Muehlenbachs, 1990; Lesher
et al., 1996) and in a dacitic liquid (Tinker and Lesher,
2001). In basalt, the simulation overestimates DSi and DO

by an order of magnitude at 1500 K and by a factor of
four at 2000 K. In the dacitic liquid, which is roughly
comparable to our simulated rhyolite, the overestimation
is even greater with almost two orders of magnitude at
1500 K and one order of magnitude around 2000 K.
Similarly, the values of Henderson et al. (1985) for the
diffusivity of Fe3+ in basaltic and andesitic melts are much
smaller than our evaluations (see Fig. 9), the lower the
temperature the greater the deviation. These discrepancies
suggest that the simulated liquids, especially those
with high SiO2 contents, are not sufficiently viscous.
Incidentally, the same problem is encountered with strong
glass formers like silica and germania (Micoulaut et al.,
2006) where the commonly used empirical potentials for
these systems overestimate by several orders of magnitude
the diffusivity of silicon and oxygen atoms in the tempera-
ture range Tg/T �0.5–1.

The case of the network modifying cations is rather dif-
ferent (Fig. 10). Even if sodium is always the most diffusive
cation (DNa > DK P DFe2þ P DMg P DCa), the diffusion
coefficients are less dependent on composition and are close
to each other. However, contrarily to sodium and potassi-
um, Ca, and Fe2+ diffuse more slowly in rhyolite than in
basic and ultrabasic melts. Existing data of the literature
confirm these trends. Thus a simple extrapolation (Arrhe-
nius-like) at high temperature, of the diffusion coefficients
for Na, K, and Ca obtained by Jambon (1982) in a granitic
obsidian between 400 and 1200 K, matches our evaluations
for these cations in liquid rhyolite (see Fig. 10). In the same
way, in spite of a slight overestimation, the simulation
reproduces the observation made by Henderson et al.
(1985) that the diffusivities of sodium in andesitic and
basaltic liquids are close to each other. It is interesting to



Fig. 11. Relative diffusivity of sodium (upper panel) and calcium (lower
panel) with respect to oxygen self-diffusion as function of temperature.
The lines are just guides for the eye.

Fig. 12. Electrical conductivity of various silicate melts. Symbols are the
same as in Figs. 10 and 11, and the dotted curves are guidelines. The full
curves marked by letters represent experimental data of the literature: k,
komatiite (Rai and Manghnani, 1978); p, peridotite (Rai and Manghnani,
1978); b1, basalt (Waff and Weill, 1975); b2, basaltic liquid (Presnall et al.,
1972); t, Hawaı̈an tholeiite (Tyburczy and Waff, 1983), a, andesite (Waff
and Weill, 1975); yro, Yellowstone rhyolite obsidian (Tyburczy and Waff,
1985); r, rhyolite (Gaillard, 2004). Notice that for komatiite (k) and
peridotite (p) the sharp increase of the experimental conductivities is
attributed to the evolution of the melt fraction with temperature.
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compare the diffusivity of network modifiers with respect
to that of network formers as function of the composition
of the melt. As illustrated in Fig. 11, the ratio DNa/DO var-
ies between �60 and �1200 in rhyolite when the tempera-
ture decreases from 2273 to 1473 K, between �10 and �30
in andesite, between �7 and �20 in MORB and between
�5 and �10 in komatiite: the more basic the composition
the smaller the ratio and the smaller the variation with
temperature. In contrast, the ratio DCa/DO exhibits
much smaller values (roughly between 2 and 10) for all
composition.

Information on partial melting occurring in the Earth
mantle can be extracted from in situ magnetotelluric and
geomagnetic data provided that the electrical conductivity
of magmatic melts and rocks is known (Xu et al., 2000;
Hoffmann-Rothe et al., 2001; Park and Ducea, 2003; Book-
er et al., 2004). A number of electrical conductivity data in
natural silicate melts are available (see Table 1 in Partzsch
et al., 2000) and it is interesting to test the ability of our
simulated melts to reproduce these data. Within the frame-
work of linear response theory (Kubo, 1966), the electrical
conductivity of an ionic liquid is given by,

r ¼ 1

3kTV

Z 1

0

h~jðtÞ:~jð0Þidt ð5Þ

where the charge current~j is defined by

~jðtÞ ¼
XN

i¼1

zi~viðtÞ ð6Þ

with k the Boltzmann constant, V the volume of the
sample, zi the charge carried by the ion i, ~vi its velocity
and N the total number of ions. In Eq. (5), Æ–æ denotes a
canonical averaging.
Alternatively, this expression can be rewritten in a more
convenient form in terms of the mean square displacement
of the ions,

r ¼ 1

kTV

PN
i¼1

zið~riðtÞ �~rið0ÞÞ
����

����
2

* +

6t t!1
ð7Þ

A widely used expression is the Nernst–Einstein (NE)
approximation which assumes that each ion is mobile inde-
pendently from each other. In this case Eq. (7) writes,

rNE ¼
1

kTV

X
s

N sz2
s Ds ð8Þ

where Ns is the number of ions of species s, and Ds the self-
diffusion coefficient associated with the ionic species s. This
expression, although approximate, is often used because
the total electrical conductivity can be interpreted as a
sum of ionic conductivities. However, the exact expression
Eq. (7) of the conductivity is given by,

r ¼ HrNE ð9Þ

where H, the so-called Haven ratio, expresses the cross cor-
relations between charge carriers within the melt. For
information notice that in molten salts, H < 1, because
the anion–cation interactions tend to decrease the
conductivity.

We have evaluated by simulation via Eq. (7), the con-
ductivity in the liquid state of rhyolite, andesite, MORB,
komatiite, and peridotite. The results are presented in
Fig. 12 and are compared with experimental data for analog



Fig. 13. Relative contribution of sodium (upper panel) and calcium (lower
panel) to the electrical conductivity of the melt as function of temperature.
The sodium and calcium conductivities were estimated in the framework
of the Nernst–Einstein approximation (see text).
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melts. The calculations show that the more depolymerised
the melt the higher the conductivity (rRy < rAn < rMORB <
rKo < rPe). This trend is also observed in the experimental
data, at least in the high temperature liquid (see Rai and
Manghnani, 1977, 1978; Tyburczy and Waff, 1985). How-
ever, for partially molten silicates Gaillard and Marziano
(2005) reach a different conclusion. One notices that, gener-
ally, the experimental conductivities increase sharply (�2
orders of magnitude) upon heating between solidus and liq-
uidus temperatures (i.e. between 1403 and 1536 K for ba-
salt and between 1470 K and �1690 K for a garnet
peridotite, see Presnall et al. (1972) and Rai and Mangh-
nani (1978)). This abrupt increase is attributed to a partial
melting of mafic rocks (Presnall et al., 1972; Rai and
Manghnani, 1978; Maumus et al., 2005) and consequently,
only the conductivity data measured at superliquidus
temperatures have to be compared with our simulation
results. Taking into account the statistical uncertainties
of our calculations (roughly a factor of two for the
conductivity), the variation in composition between
experimental and simulated samples and the influence of
partial melting on the measurements, we conclude that
the simulation gives a reasonable estimation of the
conductivity of natural silicate melts at superliquidus
temperatures.

In order to estimate the contribution of each ionic
species to the conductivity of the melt, we have evaluated
the ionic conductivities associated with the Nernst–Einstein
approximation see Eq. (8). This approximation leads to to-
tal conductivities very similar to the ones presented in
Fig. 12 except that the values are systematically overesti-
mated by a factor between 1 and 3. In fact the Haven ratio,
defined in Eq. (9), is found to lie between 1 and 0.3, and
exhibits no clear variation with composition nor with the
temperature. To verify the conventional view that in Na-
bearing melts, sodium is considered as the dominant charge
carrier, we have evaluated its contribution to the conduc-
tivity in the high temperature liquid through the ratio
rNa/r, where rNa is obtained from the NE expression (8)
applied to sodium ions only. As shown in Fig. 13, sodium
plays practically no role in liquid komatiite (� 1%), a
modest role in andesitic and basaltic liquids (less than ten
percent), and a predominant role in liquid rhyolite
(�85% around 1500 K). The latter finding is the conse-
quence of the very large mobility of sodium with respect
to other ions and especially the network former ones (see
Fig. 11). So our calculations confirm the experimental
deduction (Gaillard, 2004) that Na is the dominant charge
carrier in rhyolitic melt. However, we have to re-emphasize
that our simulated rhyolite is much less viscous that the
real one in this temperature range (less than 1 Pa S at
2273 K instead of �100 Pa S) and consequently the
contribution of sodium to the conductivity is certainly
underestimated.

In andesitic, basic, and ultrabasic liquids, the contri-
bution of other ions (network modifiers and network
formers) is non-negligible (e.g. Ca in Fig. 13). Notice
that a similar conclusion was reached in a recent exper-
imental study of ternary CaO–Al2O3–SiO2 compositions
(Gruener et al., 2001), where the silica content was
found to be the principal parameter that governs the
temperature dependence of the conductivity in the liquid
phase.
4. Conclusion

In implementing into a molecular dynamics simulation
code a simple interionic potential developed to describe
the KNCMFATS system, it has been possible to
reproduce satisfactorily a number of thermodynamic,
structural and transport properties of a representative
set of natural silicate melts. An important conclusion
reached in this study is the good transferability of the
interionic potential from felsic to ultramafic composi-
tions. However, this transferability becomes less accurate
for compositions with very high silica contents (rhyolitic
composition and beyond) and for iron-rich silicates (e.g.
fayalite). Between these two limiting cases (i.e. for most
of the magmatic liquids) we believe that our MD simula-
tion is a useful, accurate and inexpensive (in computer
time) theoretical tool to improve our understanding of
natural magmatic melts. A great advantage of the
simulation is that it permits us to make the link between
macroscopic properties and microscopic structure and
dynamics. It is also quite rewarding that several basic
behaviors, characteristic of natural melts, show up readily
in the simulations. An example is the almost perfect
linear dependence of the molar volume of the silicate
liquids on the temperature range 1300–2500 K. Another
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advantage of the simulation is its ability to evaluate
quantities which are not easily measurable as the cation
coordination numbers. In the same way, when it is the
question to evaluate the contribution of the different
ionic species to the conductivity of natural melts, the
simulation points out that sodium is the dominant charge
carrier for highly silicic melts like rhyolite except at very
high temperatures when the viscosity is sufficiently low
(�1 Pa S or less) and the network forming ions become
highly mobile. At temperatures prevailing at depth in
the upper mantle (1373–1673 K) where magmatism takes
place, as under oceanic ridges, the conductivity of a
magma in the course of crystallization was recently
investigated and attributed essentially to the mobility of
sodium through the melt (Gaillard and Marziano,
2005). Although this result seems in contradiction with
our simulation data on basaltic melts it is noteworthy
that the residual liquid changes composition (from basalt
to andesite to dacite liquid) in the course of crystalliza-
tion, an effect which is not accounted for in the simula-
tion. Future simulation studies using much larger
system size might allow evaluating the conductivity of a
mafic sample at different melt fraction. However that
may be, to be useful our model potential has to prove
its ability to describe the pressure behavior of natural
melts (equation of state, structural reorganization and
modification of transport properties under pressure). This
is what we will show in part II of this series.
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Appendix

With the aim of investing a broad variety of silicate
melts of geological interest, we have simulated the follow-
ing natural compositions (see Table 1 for their chemical
composition).

1.Rhyolite (Ry). This natural rhyolitic obsidian has
been investigated by Gaillard (2004) and Gaillard et al.
(2003). Its glass transition temperature and its electrical
conductivity have been measured by these authors. This
is the most felsic composition investigated here.

2.Andesite (An). An andesite from Unzen volcano
(Chen et al., 1993) was chosen as representative of interme-
diate igneous rocks.

3. Mid-ocean ridge basalt (MORB). We selected a basalt
from the mid-atlantic ridge at Kane (MARK area), one of
the most thoroughly studied locations on a slow spreading
ridge. We have simulated the basaltic composition of the
sample TK21B dredges at 3160 m depth in the neovolcanic
zone, remote from the Kane transform fault (Reynolds and
Langmuir, 1997). For the sake of completeness we have
also simulated an average MORB evaluated from 94 select-
ed ocean floor basalt analyses (Cann, 1971) as also as a
tholeiite from the Vema fault zone in central atlantic (Mel-
son and Thomson, 1971). No significant difference was
found when comparing the simulated properties of all these
basalts. So only the results obtained with the TK21B sam-
ple are discussed here.

4.Basalt from Mars (BM). Three basaltic rocks have
been recently analyzed by the Spirit rover in Gusev crater
on Mars (McSween et al., 2004). These basalts are iron-rich
with low SiO2 and high MgO contents indicating a primi-
tive nature. By convenience we simulated the composition
of the rock named Humphrey.

5. Apollo 15 lunar green glass (LG15). The pristine
glasses bring back from the surface of the moon are com-
positionally distinct from terrestrial magmas (Delano,
1986). They show a wide range of TiO2 contents (0.3–
16.4 wt%), high FeO contents (16–25 wt%) and a high
Mg/(Mg + Fe) ratio. They possibly represent the most
primitive mare basalt compositions available. The Apollo
15 green glass is the most Ti-poor and shows the highest
Mg/(Mg + Fe) ratio of the lunar glasses. Incidentally, it
shares some compositional similarities with the basaltic
rocks of Gusev crater on Mars.

6. Apollo 14 lunar black glass (LG14). This sample has
the highest TiO2 content of the pristine mare glasses (the
opposite of the green glass). Circone and Agee (1996)
found that it is significantly more compressible than other
basic and ultrabasic silicate liquids, and suggested that this
peculiarity could be related to its high TiO2 content.

7. Komatiites (Ko). Komatiites are ultramafic lavas pro-
duced most commonly during the early Earth. The present-
ly investigated komatiite is a 2.8 b.y.-old extrusive from
Belingwe (Zimbabwe), for which static compression mea-
surements in the liquid phase have been reported (Agee
and Walker, 1988).

8.Peridotite (Pe). PHN1611 is a primitive mantle peri-
dotite (a garnet lherzolite, Nixon and Boyd, 1973) repre-
senting the common upper mantle composition. The
evolution of its density with temperature (at one bar) and
with pressure as well, has been measured in the liquid phase
(Courtial et al., 1997; Ohtani et al., 1998; Suzuki and
Ohtani, 2003).

9.Allende meteorite (All). This carbonaceous chondrite
(CV3), fallen in 1969, is considered as one of the most
primitive objects yet sampled in the solar system. Some
authors (Agee, 1990; Asahara et al., 2004) advocate that
the Allende meteorite is an interesting candidate as a
building block of primordial Earth during the accretion
period.

10.Olivine (Ol). This is a major mineral of the upper
mantle. We selected the widely used San Carlos olivine with
a composition ((Mg0.9Fe0.1)2SiO4) close to the Mg-rich end
member forsterite.

11.Fayalite (Fa). Fe2SiO4 is the iron-rich end member
of (Mg,Fe)2SiO4, the major constituent of the earth’s
mantle.
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