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Introduction: The non-equal distribution of ele-

ments between solid and molten metallic phases plays 
an important role in planetary core differentiation 
processes. Quantifying the extent to which different 
elements are fractionated during solid-liquid metal 
equilibration is crucial, as fractionation can affect the 
physical and chemical properties of both phases. 

Existing models of solid - molten metal partition 
coefficients (D values) [1-4] ignore the solid metal as a 
possible controlling variable, focusing instead on the 
importance of melt composition and structure in de-
termining D (in addition to the effects of pressure and 
temperature). Here we present an alternative approach 
to model element distribution between solid and liquid 
metal phases, based on new high-pressure, high-
temperature partitioning data for the first row transi-
tion metals V, Cr, Mn, Fe, Co, Ni, and Cu. A modified 
lattice strain model (in common use for the interpreta-
tion of silicate mineral-melt partitioning data [5]) de-
scribes variations in D values for these elements 
through the deviance in metal radius from the ideal site 
radius of Fe in solid metal. Previously published low-
pressure data also conform to this model, as do data 
for elements other than the first row transition metals. 
Our study suggests that the structure of the solid metal 
is important in determining variations in partition coef-
ficients of metallic atoms.  

Methods and results: Fe-Ni-S powders doped 
with a suite of transition metals and phosphorous, en-
capsulated in polycrystalline MgO, were subjected to 
pressures ranging between 9 and 23 GPa, and tempera-
tures between 1523 and 1773 K, in a 1000 ton multi-
anvil press using standard techniques [6]. Experimen-
tal conditions all lie in the range where pure Fe and 
Fe+Ni occur in the face-centered cubic fcc structure 
[7,8]. Major and trace element compositions of solid 
and quenched liquid phases exposed in polished run 
products were obtained using electron microprobe and 
laser ablation-ICP-MS analyses. 

 Small, but significant fractionation between solid 
iron and iron-sulphide liquid occurs at high pressure. 
Solid/liquid metal D values for the transition metals 
range from a minimum 0.22-0.64 for V to a maximum 
D of 1.12-1.18 for Co. No significant variation in par-
tition coefficients with temperature is observed in 
these experiments.   

Lattice strain model: In partially molten silicate 
systems, the lattice strain model [5] allows the predic-

tion of the partitioning behaviour of many elements as 
a function of P, T, and composition based on the 
known partitioning behavior of a few elements enter-
ing the same crystal lattice site [e.g. 9-11]. These mod-
els are based on the observation (first made by [12]) 
that logarithmic Di for element i versus ionic radius ri 
(so-called Onuma diagrams) show near-parabolic 
curves, with maxima close to the radius of the major 
element that is being replaced in the mineral of inter-
est. The most significant difference between silicate 
and metal partitioning processes is the absence of ionic 
bonding, hence ionic radii cannot be reliably used as a 
proxy for atom or site size. Here we use neutral atom 
sizes calculated by [13] instead. The resulting lattice 
strain model equation for metallic systems is  

 
Di = D0*exp[(-4πNAE[½r0(ri–r0)2+⅓(ri–r0)3]) / RT]   (1) 
 
In Eqn. 1, Di and ri are the partition coefficient and 
radius, respectively, of neutral atom i. D0 is the strain-
compensated partition coefficient for an atom with 
‘ideal’ neutral radius r0, NA is Avogadro’s number, E 
the apparent Young’s modulus of the site in the solid 
metal where the elements reside, R the gas constant 
and T the temperature (in Kelvin). Fig. 1 shows 
Onuma diagrams for some of our experimental data as 
well as fits of Eqn. 1 to these data (curves). Remarka-
bly, the metallic elements Cu, Ni, Co, Fe, Mn, Cr, and 
V display the same near-parabolic structural site rela-
tionship between atom radius and solid-liquid partition 
coefficient as observed in silicates. 

Over our experimental range of conditions there is 
no significant variation in best-fit values of D0, the 
strain-compensated partition coefficient, at 1.17 ± 
0.03. The fitted ideal site radius, r0, of 1.55 ± 0.01 Å is 
within error of the radius of iron, 1.56 Å [13]. The 
best-fit apparent Young’s moduli E range from 86-100 
GPa with 1σ errors up to 20 GPa, and shows a system-
atic trend with the (S + P) content of the solid metal 
phase. 

The well-formed parabolas on the Onuma diagrams 
(Fig. 1) are indicative of the various transition metal 
atoms all entering into the same crystallographic site in 
the solid, replacing Fe itself. The effect of metallic 
bonding is evident in the relatively restricted range of 
absolute values of the partition coefficients, varying 
less than a single order of magnitude. This demon-
strates the flexibility of the metal structure in incorpo-
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rating various elements as compared to the more rigid 
structure of silicates. From the point of view of geo-
chemical models of planetary core composition, our 
observations imply that accurate knowledge of a D 
value of only a limited number of elements should be 
sufficient to predict the partitioning behaviour of other 
elements under the same conditions.  

These observations appear to contradict current 
models of solid metal - sulphide melt partitioning 
which advocate an important role for melt (rather than 
crystal) composition (e.g. [3,4]). Our results are in 
agreement, however, with observed elemental frac-
tionations between co-existing solid metal phases with 
different crystal structures in both high-temperature 
experiments [e.g. 14] and iron meteorites [15-17]. 

A survey of 1 atmosphere experimental data shows 
parabolic trends are also evident in low-pressure solid-
liquid metal partitioning data. Fig. 2 displays two rep-
resentative 1 atm data sets in sulphur and carbon-
bearing systems [2,4], together with one of our new 
data sets. Clearly, the 1 atm data sets conform to the 
functional form of Eqn. 1. It is also evident that the 
ideal site radius r0 shows only very small variations, 
and that changes in D0 values are minor. The 1 atm S-
bearing data set shows a pronounced closing of the 
parabola limbs, leading to a much higher best-fit value 
of the apparent Young’s modulus E of the Fe site. 

Onuma diagrams of measured D values for the 
third-row elements as examined by [2] (not shown) 

again record near-parabolic relationships between 
atom size and D. r0 for these elements appears to be 
significantly larger than the radius of iron itself, and 
D0 values show much larger variations than D0 values 
for first row transition metals. It appears these larger 
elements are not incorporated into the solid phase by 
simple replacement of Fe. Alternatively, complexation 
of these elements in the metallic liquids differs signifi-
cantly from complexation of the first row transition 
metals. 

 
Conclusions: The crystal-lattice strain model com-

monly exploited for silicate mineral-silicate melt 
cation partitioning [5] is applicable to partially molten 
metallic systems. The fact that metal solid-sulphide 
melt D values are amenable to interpretation using 
lattice strain models enables the development of pre-
dictive partitioning models for a wide range of ele-
ments applicable to core crystallization models in 
planetary interiors. 
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