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ABSTRACT
We report the first atomistic computer simulations of the partitioning of divalent cations between
forsterite (Mg2SiO4) and coexisting MgSiO3 melt at ~1600 °C and atmospheric pressure. Our results,
using new Monte Carlo techniques, are compared with new experimental determinations of forsteritemelt partitioning for the same elements (Ca, Mn, Ni, Co, Cu, Zn, Sr, Cd, Ba) in the same system
under identical conditions. Over seven orders-of-magnitude variation in the Nernst partition coefficient (D), experiment and simulation agree typically within a factor of 2 and at worst to within a
factor of 4.2 (DSr). Our simulation techniques therefore herald a novel means of determining crystalmelt partitioning that may be especially valuable under extreme conditions of pressure and temperature not readily amenable to experimentation.

INTRODUCTION
Our knowledge of the accretion and subsequent chemical
differentiation of the Earth derives largely from chemical analyses of trace elements and their isotopes in rocks. Modeling and
interpretation of these data require an understanding of how
trace elements are partitioned between coexisting phases. Of
particular importance is the case of crystal-melt partitioning of
trace elements (<0.1% by weight) in magma at high temperatures. Such information is conventionally determined either by
high-temperature experiments, or by analysis of porphyritic
volcanic rocks.
Trace-element partitioning is a thermodynamic process controlled by the energetics of incorporation of elements at the
part per million (ppm) level into coexisting phases. Nernst partition coefficients (D, defined as the weight concentration ratio
crystal/melt) vary greatly between crystal phases and between
different trace elements. At a fixed temperature and pressure,
the variables that exert the most control over partitioning are
the charge and size of the substituent ion, and the atomic structure of the coexisting phases (Goldschmidt 1937). Incorporation of defect cations into any phase involves the making and
breaking of chemical bonds and the subsequent distortion (or
relaxation) of the structure to accommodate the misfit in size
and/or charge. As crystals have more rigid structures than silicate melts, the relaxation energy in the crystal typically dominates the partition coefficient (Purton et al. 1996). Recently,
Blundy and Wood (1994) and Beattie (1994), building upon
earlier works (Nagasawa 1966; Brice 1975), developed empirical lattice strain models for relaxation in the solid phase
based upon the size mismatch between the substituent cation
and the lattice site of interest. The model of Blundy and Wood
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(1994) describes partitioning of a cation, i, with radius ri, onto
a lattice site in terms of three parameters: r0, the optimum radius of the site (ri-r0 is then a measure of size mismatch); E, the
apparent Young’s Modulus of the site (a description of the elastic
response of the lattice around the site); and D0, a strain-free
partition coefficient for an ion of radius r0. These models have
since been widely used to rationalize trace-element partitioning in a large number of silicate mineral phases (e.g., Brenan et
al. 1995; Wood and Blundy 1997; Klein et al. 1997; Lundstrom
et al. 1998; Taura et al. 1998; Van Westrenen et al. 1999). These
empirical models employ a simplified description of elastic
strains in isotropic crystal lattices. Such strains are also calculable through atomistic computer simulations, which afford
atom-scale insights that are beyond the resolution of current
experimental techniques. In earlier work (Purton et al. 1996,
1997a), we carried out point-defect calculations at constant
volume for the solid phase in the static limit (i.e., T = 0 K, and
ignoring lattice vibrations) for a wide range of substituents.
We have thus been able to link continuum theory and simulation to investigate the success of the empirical models for the
relaxation energy. In addition, calculated substitution (solution)
energies, obtained from a combination of defect energies and
lattice energies of the relevant binary oxides, usually show the
same qualitative trends with ionic radius as the experimentally
determined partition coefficients for the phases studied so far
(Purton et al. 1997a). However, for computer simulations to be
directly applicable to crystal-melt partitioning it is necessary
to incorporate the effects of both temperature and the melt phase.
This requires development of new simulation techniques that
take account, among other things, of vibrational effects at high
temperature, and the disorder in the melt. Here we present a
new Monte Carlo technique for this purpose.

COMPUTER SIMULATION
Monte Carlo (MC) calculations were carried out at constant
temperature (1600 °C) and pressure (0.1 MPa), allowing aniso-
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