Diffusion of trace elements in FeNi metal: Application to zoned metal grains in chondrites
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Abstract
We have measured diffusion coefficients for P, Cr, Co, Ni, Cu, Ga, Ge, Ru, Pd, Ir, and Au in Fe metal from 1150 to 1400°C and at 1 bar and 10 kbar. Diffusion couples were prepared from high-purity Fe metal and metal from the IIA iron meteorite Coahuila (single crystal kamacite) or the pallasite Springwater (polycrystalline kamacite) and held at run conditions for 3.5 to 123 h. Diffusion profiles were measured using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) or the electron microprobe. Many elements were measured from the same experimental runs so interelemental comparisons are improved over other data sets in which data for different elements come from different experiments. Some literature diffusion coefficients (D) for Ni and Co in taenite can be up to a factor of 3 higher for Ni than Co, yet our results show no difference (e.g., DNi and DCo ∼ 2.2 × 10-15 m2/s at 1150°C). Thus, diffusion of Ni and Co in single crystal taenite will not measurably fractionate the Ni/Co ratio. On the other hand, the large difference in DNi and DIr (DIr is ∼5 times lower) and the similarity of DNi and DRu at all temperatures investigated indicates that Ni/Ir and Ni/Ru ratios in zoned metal grains will be useful discriminators of processes controlled by diffusion vs. volatility. In zoned metal grains in primitive chondrites, deviations of the Ni/Ru and Ni/Ir ratios from a condensation curve are opposite to a diffusion-controlled process, but consistent with a volatility-controlled process. The new multielement diffusion coefficients will also be useful in evaluating a variety of other processes in planetary science.
Introduction
A thorough knowledge of diffusion of siderophile elements in planetary metals has many applications in cosmochronometry, redox processes, kamacite/taenite cooling rates, and the origin of zoned metal grains in chondrites. Hypotheses involving diffusional processes are difficult to evaluate for many elements due to lack of diffusion data for appropriate metal compositions, degrees of metal crystallinity, or relevant conditions for chondritic meteorites. Furthermore, what data exist can have a significant amount of variation between studies, making interelemental comparisons uncertain (Fig. 1).
We have measured diffusion coefficients for Cr, Co, Ni, Ga, Ge, Ru, Pd, Ir, and Au in Fe metal: IIA iron meteorite metal couples from 1150 to 1400°C, at both 1 bar and 10 kbar. We have also measured diffusion coefficients for P, As, and Pt at a single temperature in several runs. These new measurements offer two advantages. First, the low concentrations of most siderophile elements in the meteoritic metal allow determination of diffusion coefficients at concentration levels appropriate for natural systems (Ni and Co are relatively high, but still at natural levels, ∼6.0 wt% and ∼0.5 wt%, respectively). Second, the results will provide an internally consistent data set in that diffusion coefficients for all elements were determined from the very same experiments, thus reflecting more realistic relative differences. The results are used to evaluate the role of diffusion in controlling the zoning in metal grains in metal-rich chondrites, and to illustrate the potential for diffusion to control the distribution and mobility of Cr, Ni, and Ir in planetary metals.
Section snippets
Experimental
Diffusion couples were prepared from high-purity Fe metal rod (Alfa Aesar 99.995% Fe, initially polycrystalline, and oriented with 110 plane coincident with diameter of rod) and metal from the IIA iron meteorite Coahuila (initially single crystal kamacite) or the pallasite Springwater (initially containing a micro-Widmanstätten pattern and kamacite outlining olivine). Starting materials were chosen to closely approximate natural Fe-Ni metals because diffusion coefficients are compositionally
Analytical
Polished sections of the run products were examined using scanning electron microscopy (SEM). No phosphide rhabdites, sulfides, or chromites were observed in the run products. Small MgO grains from the sample assembly occasionally occurred along the diffusion interface and were identified using the SEM and avoided, because they could affect the diffusion process across the interface. In most cases the low, natural concentrations of siderophile elements were lower than the detection limits of
Results
Diffusion profiles for these experiments are defined both by electron microprobe analyses of Ni, Co, or P, and by LA-ICP-MS analyses of trace metals such as Ru. The profiles obtained had constant composition at each end of the diffusion interface (Fig. 3), and the diffusion coefficients were derived assuming diffusion in a semi-infinite medium (Fig. 2). Diffusion (of element i) is governed by Fick’s Second Law, 
(where Di is the diffusion coefficient, C is concentration, x
Comparison to Previous Work
The relative importance of diffusion in metals is illustrated by comparing diffusion data for Co in olivine (Morioka, 1980) and akermanite (Morioka and Nagasawa, 1991) to D(Co) in FeNi metal from this study (Table 2). Cobalt diffusion in taenite (from this study) is 100 times more rapid than Co diffusion in either olivine or akermanite (at a given temperature). Thus, diffusion of siderophile elements in metals will be relatively rapid in mixed metal-silicate systems.
Nickel
Comparison can also be made
Origin of zoned metal grains in chondrites
Zoned metal grains have been found in several different chondrite groups, including CH chondrites and the Bencubbin-like group (e.g., Hammada al Hamra (HH) 237 and Queen Alexandra Range (QUE) 94411). The metal grains are zoned in major elements such as Fe, Ni, Co, and P (Weisberg et al 1995, Meibom et al 1999, Campbell et al 2001) as well as trace elements such as Mo, Cr, and the highly siderophile elements (HSE; Ru, Ir, Os, Rh, Pd, Pt, Re, and Au) (Campbell et al., 2001). Refractory elements
Future and conclusions
Zoning and composition of metal grains in chondrites can be caused by a number of different factors, such as growth rates, diffusion, reequilibration with a gas, gas/dust ratios, and nebular pressures. The simple modeling in this contribution illustrates the important role defined by diffusional processes, but the zoned metal grains should be evaluated using a more detailed model that combines metal grain nucleation, condensation, growth, diffusion, and cooling histories similar to that of 
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