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Introduction: A primary goal of meteoritics is to 

determine the physical and chemical environments in 
the early solar system that led to the properties of plan-
ets and other solid bodies. Since metal is highly reac-
tive in oxidizing and sulfidizing atmospheres, it and its 
corrosion scales can record the composition and condi-
tions of any alteration fluid that interacted with it. 

Metal-troilite-oxide assemblages are major compo-
nents of primitive chondritic meteorites. In previous 
surveys of these assemblages [1], we noted that some 
metal grains exposed at chondrule boundaries are 
highly corroded. The corrosion product is dominantly 
troilite with minor phosphate, chromite, magnetite, and 
fayalite. The troilite is euhedral and compact and oc-
curs in intimate contact with the metal. Together, the 
metal and troilite have nearly circular, ‘droplet’ mor-
phologies, suggesting that metal sulfidation occurred 
above the Fe-FeS eutectic (988 °C). This requires pres-
sures greater than 10-4 bars and (O+S)/H ratios be-
tween 100 and 1000× solar [2]. 

Our prior studies used thermodynamic calculations 
to constrain the temperature, pressure, and composi-
tion of the gas phase. However, such an approach does 
not take into account reaction kinetics, transport 
mechanisms, and chemical communication between 
phases. Experimental simulation of metal corrosion 
under conditions relevant to the early solar system is 
necessary. Here we present the results of an experi-
mental study of corrosion at 700-1000 °C in gases with 
enhanced O/H and at 1000 °C in gases with enhanced 
(O+S)/H ratios, compared to solar abundances.  

Experimental Procedure: Experiments were per-
formed using an Fe-based alloy containing 4.75 wt.% 
Ni, 0.99 wt.% Co, 0.89 wt.% Cr, and 0.66 wt.% P. 
Oxidation experiments were done at 700 – 1000 °C in 
17.2% CO2-H2 gax mixtures. Upon heating this mix-
ture reacted to form an H2O-CO-CO2-H2 gas mixture. 
The sulfidation-oxidation experiments were performed 
at 1000 ˚C in gas mixtures with a constant H2S/H2 ra-
tio, but increasing CO2 (Table 1). Previous studies 
have shown the dependence of this reaction on tem-
perature and on different H2S/H2 ratios [3].  

The sulfidation-oxidation experiments were per-
formed using a 5x5 mm square foil. The foil was sus-
pended in a horizontal Lindbergh furnace using an 
alumina rod and Pt wire. After the experiment, the 
samples were weighed to determine weight gain (Table 
1). The duration of each experiment was 1 hr. The 

composition of the gas mixture in the furnace was 
monitored throughout using a quadrupole mass spec-
trometer. This technique allows us to measure reaction 
kinetics throughout the duration of each experiment 
(Fig. 1), using the technique described in [2]. 

Results: Oxidation: Each sample showed surface 
alteration and growth of oxide layers.  Despite oxide 
growth on the surfaces, some samples lost mass; others 
experienced minor weight gain. From EMPA the sam-
ples at 1000 °C showed evidence for volatile diffusion 
outward and loss of P to the vapor phase. In all ex-
periments Cr partitioned into oxide inclusions, which 
were concentrated near the metal-gas interface. Both 
chromite (FeCr2O4) and eskolaite (Cr2O3) inclusions 
formed. In the lower temperature experiments P 
formed oxide layers and inclusions (Fig. 2). XRD and 
EMPA analyses identified magnetite (Fe3O4), grafton-
ite [Fe3(PO4)2], and trevorite (NiFe2O4). 

Oxidation-Sulfidation: The sulfidation-oxidation of 
the alloy at 1000 ˚C, near the eutectic with increasing 
CO2 levels produced interesting results. The rate of 
sulfidation decreases as the CO2 level increased (Fig. 
1). The reaction rate is constant over the lifetime of 
each experiment due to the churning liquid eutectic 
melt. An increase in the CO2 level resulted in larger 
sulfide crystals on the surface of the foils. 

Conclusions: Oxidation of an Fe-Ni-Co-Cr-P alloy 
in CO2-H2 gas, enriched relative to solar, produces the 
oxide phases observed in meteoritic metals. Phos-
phates occur as inclusions and surface oxide layers. Cr 
also partitions into inclusions and varies in concentra-
tion throughout the reacted portion of the metal. The 
loss of P in the higher temperature experiments ac-
counts for the overall mass loss in several of the ex-
periments despite considerable oxide growth. 

Analysis of the data shows a decrease in the reac-
tion rate of sulfidation due to an increase in CO2 abun-
dance. This reaction rate, while different at each CO2 
increment, is a constant over the lifetime of the ex-
periment. Therefore, other gases present in the solar 
nebula likely significantly influenced the rate of sulfi-
dation of the first metals in the solar nebula.  
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Fig. 1. Series of graphs showing the sulfidation of the 
metal foils. The sample was inserted in the gas mixture 
at 1000 ˚C fifteen minutes into the experiment. The 
drop in the total pressure of all S-bearing species (Sul-
fur PTot) is the result of corrosion of the alloy. The 
graph is flat for the next hour, which shows the con-
stant reaction rate of sulfidation in the timescale of the 
experiments.  

 
 
Table 1.  

 
H2 

(sccm) 
H2S 

(sccm) 
CO2 

(sccm) 

Mass 
Gain 
(mg) 

S PTot 
Drop 
(bars) 

ACI2-19 24.1 0.75 5.17 8.9 2.65E-03 

ACI2-20 24.1 0.75 10.34 7.5 1.85E-03 

ACI2-21 24.1 0.75 15.51 7.5 1.35E-03 

ACI2-22 24.1 0.75 20.68 7.7 1.53E-03 

ACI2-23 24.1 0.75 25.85 7.6 1.24E-03 

 
Fig. 2. BSE image showing the products of oxidation at 700 
°C. A 10-µm thick layer of graftonite is produced on the 
surface of the metal. Small inclusions of chromite occur in 
this layer. The graftonite forms large inclusions in the metal. 
Chromite is distributed as small inclusions. 
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