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NICKEL'FRACTIONATION DURING TROILITE FORMATION IN THE SOLAR NEBULA, D.S. La~retta'.~, 
D.T. Kremser' and B. Fegley, Jr.ls2 (1) Dept. of Earth & Planetary Sciences, and (2) McDonnell Center for the Space 
Sciences, Washington University, St. Louis, MO 63 130-4899 USA. 

Introduction. The first reaction to incorporate sulfur into solid material in a cooling solar-composition gas is 
predicted to be troilite formation via the net gas-solid reaction H2S(g) + Fe(meta1) = FeS(so1id) + H2(g). However, 
the reacting metal will not be pure Fe but instead will most likely be of solar composition (-95 atom % Fe, 5 atom 
% Ni) and have a kamacite structure. Assuming ideal solution behavior in the metal, the pressure independent 
temperature at which troilite first becomes stable is 716.5K [I]. Hydrogen sulfide gas was predicted by [2] to 
preferentially react with Fe resulting in continuous enrichment of Ni in the metal, eventually transforming the outer 
rim of the metal to a taenite structure. The predicted final product of sulfurization is a metal core with Ni content 
increasing radially outward from the center, having a transition from kamacite to taenite within it and a surrounding 
troilite rim containing very little Ni. In order to test this prediction sulfurization experiments were performed on 
pieces of the Sikhote Alin and Gibeon iron meteorites. The results show that initially the metal at the reaction 
interface becomes enriched in Ni relative to the starting composition, but Ni subsequently enters the sulfide in order 
to maintain chemical equilibrium with the Ni-rich alloy. 
Experimental methods. Sulfurization reactions were performed by suspending pieces of the meteorites in Deltech 
resistance wire horizontal tube furnaces. H2S-H, gas mixtures having compositions of both 25ppm and 1% H2S 
flowed across the samples for varying time periods. For reference a solar composition gas has 37ppm H2S [3]. The 
samples in 1% H,S reacted at 923 K whereas the samples in 25ppm H,S reacted at 673 K. The compositions of the 
sulfide layers were analyzed by powder X-ray diffraction and electron microprobe analyses. The composition of the 
metal was analyzed using the electron microprobe. 
Thermodynamics. Equilibrium between metal and sulfide for the Fe-Ni system was calculated by the metathetical 
exchange reaction Fe + NiS = FeS + Ni assuming ideal solid solution in the metal and sulfide. The (Fe, Ni) 
monosulfide system exhibits only small departures from ideal mixing [4]. We find that the composition of the metal 
at the metavsulfide interface controls the amount of Ni that enters the sulfide. Table 1 lists activities of NiS (aNi,) for 
alloys ranging from 5 to 99 atom % Ni and temperatures relevant to experimental conditions (673 and 923 K) and 
the solar nebula (716.5 K). Reactions involving alloys containing 5 atom % Ni will have very little Ni in the sulfide. 
However, as the reaction proceeds the activity of Ni in the metal at the reaction interface increases, allowing more 
Ni to enter the sulfide. 
Results. The sulfide product layers were partially removed from the metal, powdered and X-ray diffraction patterns 
were obtained. The XRD data clearly demonstrated that the sulfide phase produced was troilite and that no other 
phase was present at the instrument detection level (< 5 wt. %). Microscopic examination of cross sections of the 
reacted samples showed a two layer structure for the sulfide similar to those produced in sulfurization of pure Fe 
metal [5,6,7]. The inner layer contains small crystals that are randomly oriented while the outer layer contains large 
uniformly oriented crystals. An example of a cross section ffom sample SA9 is shown in Figure 1 at 66x 
magnification. Microprobe spot analyses were performed along traverses of the sulfide layers. Figure 2 shows a plot 
of x$& vs. distance from the metal interface for sample SA9. The Ni content of the sulfide layer increases with 
distance from the metal. Similar observations were reported by [8] for sulfurization of an alloy with starting 
composition 40 atom % Ni. The composition of the sulfide near the metal is consistent with a sulfide in equilibrium 
with a 30 atom % Ni alloy. Figure 3 shows an enlargement of the metal sulfide interface shown in Figure 2. The 
compositions of the points marked in the figure are given in Table 2. The metal blebs that are surrounded by sulfide 
(points 2 & 4) have > 30 atom % Ni, the composition predicted by equilibrium with the sulfide in this region. The 
metal blebs are not present in the outer sulfide layer. Other samples showed the same range in Ni concentration even 
though the product layers were of varying thickness. A compositional gradient in the metal at the metallsulfide 
interface was also found and is demonstrated by points 7-10 in Figure 3. The gradient is extremely sharp and goes 
from the initial composition of 5 atom % to 18.5 atom % Ni over 10 microns. No Ni enrichment in the metal was 
measured at larger distances ffom the metal-sulfide reaction interface. 
Summary. Sulfurization experiments of iron meteorites producing troilite showed that reaction products are more 
complex than predicted by [2]. Enrichment of Ni in the metal was found at short distances ffom the reaction 
interface but significant amounts of Ni were measured in the sulfide layer. The compositions of the sulfide and the 
metal at the reaction interface are consistent with results of equilibrium calculations. The Ni abundance in the 
sulfide layer was found to increase with distance from the metal. These results suggest that unaltered troilite formed 
via a gas-solid reaction with a solar composition Fe-Ni alloy should contain measurable amounts of Ni. 
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Table 1. Nickel sulfide activities in equilibrium 
with a nickel alloy 

- - 

a a a a 
Ni NiS NiS NiS 

6 7 3 ~ '  7 1 6 ~ ~  923K3 

0.05 0.0006 0.0007 0.0012 
0.10 0.0013 0.0015 0.0025 
0.20 0.0030 0.0034 0.0057 
0.30 0.005 1 0.0059 0.0097 
0.40 0.0079 0.0091 0.0150 
0.50 0.01 18 0.0137 0.0224 
0.60 0.0176 0.0203 0.0332 
0.70 0.0272 0.03 13 0.0507 
0.80 0.0457 0.0525 0.0838 
0.90 0.0973 0.1 108 0.1707 
0.99 0.5424 0.5781 0.6937 

1 - T for 25 ppm tuns 2 - T for builite formation in nebula 3 - T for 1% tuns 

Figure 1. Cross section of SA9 at 66x magnification Figure 2. Nickel content of sulfide layer of sample SA9 

I I 

I I 

I 

- Starting metal composition . ..mi - I 
-9 I - .. I 

I .. I 

I I 
I . I 
I I - 
I I ... .. 

3 ;  . . . .. 2 
- 2 1  I0 

I 
I . . C. I 

- I w.. I 

b mm I IP I 
I I 
I I 
I I 

I I 
I I I I I ,  

0 500 !,000 1,500 

Figure 3. Reaction interface of SA9 at 1500x magnification Distance from metal interface (microns) 

Table 2. Selected microprobe spot analyses 
fiom sample SA9. 

Point 

1 0.488 0.009 BDL 0.501 
2 0.609 0.367 0.014 0.010 

- Metal 3 0.490 0.010 BDL 0.498 
-Sulfide 4 0.636 0.312 0.012 0.040 

-Void 5 0.490 0.010 BDL 0.498 
6 0.494 0.009 BDL 0.496 
7 0.794 0.185 0.009 0.013 
8 0.847 0.146 0.006 BDL 
9 0.934 0.060 0.005 BDL 
10 0.943 0.050 0.006 BDL 
BDL = Below detection level 
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