
American Mineralogist, Volume 94, pages 600–608, 2009

0003-004X/09/0004–600$05.00/DOI: 10.2138/am.2009.3086      600 

Effective radii of noble gas atoms in silicates from first-principles molecular simulation

Liqun Zhang,1,2 James a. Van Orman,1,* and danieL J. Lacks2

1Department of Geological Sciences, Case Western Reserve University, Cleveland, Ohio 44106, U.S.A. 
2Department of Chemical Engineering, Case Western Reserve University, Cleveland, Ohio 44106, U.S.A.

abstract

An understanding of how noble gas atoms are dissolved in mantle minerals and melts is necessary 
to infer geological information from the constraints provided by noble gas geochemistry. For this 
purpose, first-principles molecular simulations are carried out on liquid and crystalline (stishovite) 
silica systems with dissolved noble gas atoms (He, Ne, Ar, Kr, and Xe). The first principles nature 
of the simulations, which do not involve empirical force field parameters, enables the determination 
of the effective radii and structural environments of the noble gas atoms. The noble gas atoms are 
shown to be highly compressible, so that their effective radii depend strongly on the molar volume of 
the system (which in turn depends on pressure). Due to the continuous nature of interatomic forces, 
the effective radii also depend on the extent to which the surrounding atoms can relax in response to 
the presence of the noble gas atom. In this regard, different definitions of effective radii are relevant 
in different situations: “equilibrium radii” that correspond to the optimal interatomic distances at the 
molar volume of the system, and “repulsive wall” radii that correspond to the interatomic distances 
where the interatomic potentials of mean force change from attractive to repulsive at that molar vol-
ume. The equilibrium radii determine the interatomic distances in a melt, and the repulsive wall radii 
determine the interatomic distances for interstitial sites in a crystal. Based on these effective radii, the 
structural environment surrounding the noble gas atoms at high pressure is shown to correspond to a 
close packing of O atoms around the central noble gas atom. Compression of the noble gas atoms is 
shown to correspond closely to the compression of the porosity within the silicate melt structure.
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intrOductiOn

The noble gases and their isotopes are important tracers in 
mantle geochemistry, providing unique insight into the structure 
of the deep Earth, its formation and differentiation, and the style 
and efficiency of mantle convection (e.g., Allègre et al. 1987, 
1996; Ozima and Igarashi 2000; Parman 2007). Noble gases 
are commonly considered to behave as perfectly incompatible 
elements during partial melting in Earth’s upper mantle, enter-
ing the melt en masse as soon as melt forms, then degassing 
to the atmosphere during ascent and eruption. Melting is thus 
often approximated as a perfectly efficient process for remov-
ing noble gases from the mantle, with noble gases completely 
extracted from regions of the mantle that have undergone partial 
melting. 

This simple picture of noble gas behavior during mantle melt-
ing is increasingly difficult to reconcile with experimental data 
on the solubility of noble gases in mantle minerals, and on their 
partitioning between minerals and melts. The experimental data 
themselves vary over a wide range among different studies and 
have profoundly different implications for the extraction of noble 
gases from the mantle. Some recent studies (e.g., Brooker et al. 
2003; Heber et al. 2007) have found that noble gases are indeed 
highly incompatible in mantle minerals, but still have sufficient 

solubility to be partially retained in the mantle during partial 
melting. In another recent study, Parman et al. (2005) found that 
He is less incompatible than U and Th during mantle melting and 
that, contrary to the usual interpretation, high 3He/4He ratios in 
basalts may be derived from depleted rather than enriched mantle 
sources. Other recent experimental studies on the solubility of 
argon in mantle minerals (Watson et al. 2007; Thomas et al. 2008) 
indicate that it behaves as a compatible element during mantle 
melting, with a solid/melt partition coefficient >>1. These results 
imply that Ar would be retained in the mantle despite extensive 
partial melting, and that other mechanisms may be necessary to 
explain the accumulation of 40Ar in Earth’s atmosphere. 

The change with pressure in the solubility of noble gases in 
silicate melts is also incompletely understood. It is well estab-
lished that the solubility of noble gases increases with pressure 
up to ~5 GPa (White et al. 1989; Montana et al. 1993; Chamorro-
Pérez et al. 1996, 1998; Schmidt and Keppler 2002; Bouhifd 
and Jephcoat 2006). At higher pressures the noble gas solubility 
may plateau (Schmidt and Keppler 2002; Chamorro-Perez et al. 
1996) and/or may drop abruptly at pressures between 5 and 18 
GPa (Chamorro-Pérez et al. 1996, 1998; Bouhifd and Jephcoat 
2006). The discontinuous drop in solubility at high pressures is 
not well understood from a mechanical perspective. Sarda and 
Guillot (2005) were able to reproduce the observed variation in 
Ar solubility with pressure up to ~5 GPa, in a range of melts, 
using an empirical hard sphere model for the melt. Their model * E-mail: james.vanorman@case.edu


