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Introduction:  Chondrules are spherical igneous 

rocks that are the major structrucal component of 

chondritic meteorites [1]. Their existence attests to 

high-temperture transient heating events within the 

early stages of the protoplanetary disk. The mechanism 

that produced these objects is unknown and it is not 

intuitive to science that planetary materials should be 

thermally processed before the accretion stage of as-

teroids and hence planets [2,3]. Furthermore, chon-

drules can be classified into petrographic and geo-

chemical groups, with the major group being the 

ferromagnesian chondrules. Chondrules thus preserve 

a record of variations in composition of their precur-

sors and of the redox conditions they experienced be-

fore and during their melting [1,4,5]. The two major 

types of ferromagnesian chondrules are type-I or FeO-

poor, and type-II or FeO-rich, with an arbitrary cut-off 

of 10% Fa (fayalite, FeO) [6,7].  

A major task in the investigation of chondrules is 

constraining the processes that controlled the redox 

conditions (oxygen fugacity or fO2) they experienced 

and thus their mineral chemistry and bulk composition. 

Five hypotheses are proposed that may have controlled 

or influenced the redox conditions that chondrules ex-

perienced: First, the precursors of chondrules are a 

mixture of only silicates and the redox conditions they 

experienced were controlled by the surrounding nebu-

lar gas of a specific fO2. Second, chondrule precursors 

contained a mixture of silicates and reduced carbon. 

Alternatively, the precursors of chondrules were a mix-

ture of silicates and H2O ice. Fourth, chondrule precur-

sors were a mixture of silicates, reduced carbon, and 

H2O ice. Lastly, any combination of the above scenar-

ios. Herein we focus our discussion to the modeling of 

the second hypothesis and predict the chemical reac-

tions while the chondrules were molten. 

Modeling: We explore the likely chemical reac-

tions that took place during the melt synthesis of 

ferromagnesian chondrules, the expected molecular 

species that are released to the ambient environment 

during melting, and the heterogeneous reactions that 

occurred with the surrounding gas. To explain the 

processes that lead to the formation of the variations in 

ferromagnesian ratios and the range of oxygen isotopic 

anomalies found in chondrules, we deduced the redox 

conditions capable of producing the ferromagnesian 

content empirically observed.   

Discussion: For this abstract we focus our discus-

sion to the second hypothesis. Assuming that the pre-

cursors are a combination of silicates and reduced car-

bon, we show below a series of reactions that involve 

and subsequently influence the fO2 the melt experi-

ences. This in turn governs the ferromagnesian ratio in 

the major silicate phases. Highly volatile products will 

escape from the melt, which react with the surrounding 

nebular gas. The net result is a change of the fO2 of the 

ambient gas in the chondrules’ microenvironment. 

Starting with a mixture of Fa10 and carbon dust, we 

infer the production of CO upon reduction of FeO in 

the olivine melt (1&2). Carbon has been experimen-

tally shown to buffer the formation of iron metal in 

chondrule melts [4,8]. 

 

C + FeO � Fe + CO  (1) 

CO + H2O � CO2 + H2 (2) 

 

The CO escapes from the melt and subsequently 

reacts with water vapor at the surface of the hot refrac-

tory chondrule to produce CO2 and H2. The hydrogen 

gas produced reinforces the reducing environment un-

der which chondrules are formed. We note that this 

water-gas shift reaction (2) can only occur at high wa-

ter vapor concentrations and is less favorable at high 

temperatures.  

Under low fO2 and high temperatures, an alternate 

mechanism is the Fischer-Tropsch (F-T) reaction 3. 

Metallic Fe species are active catalysts for the F-T, and 

while the F-T can produce higher hydrocarbons, at 

high temperatures, methane is the favored product. At 

low fO2, the net reaction of the sequence is 4: 

 

2C + 2FeO � 2 Fe + 2CO      reduction 

CO + H2O � CO2 + H2      water gas shift  

CO + 3H2 � CH4 + H2O (3)Fischer Tropsch 

2C + 2FeO + 2 H2 � 2Fe + CO2 + CH4  (4) net  

 

It has been calculated that the F-T catalysis by Fe 

and FeNi metal is a feasible process for the thermally-

driven pathway to convert CO into other forms of car-

bon in the solar nebula, particularly at low tempera-

tures [9]. At higher temperatures, formation of a graph-
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itic layer on the catalyst surface poisons the conversion 

of CO to CH4. Specifically, CO dissociates into carbon 

and oxygen atoms at the surface of the catalyst, with 

each reacting with adsorbed hydrogen to form water 

and methane. The limitation of the F-T is the poisoning 

of the catalyst surface from the graphitic carbon by-

product, which retards the adsorption of H2 and the 

subsequent formation of methane and higher hydrocar-

bons. At higher temperature, the adsorbed hydrogen is 

limited, and carbon does not get reduced to methane 

[9]. The discrepancy is that at temperatures where the 

F-T is favorable, the chondrules are cooling.   

In our hypothesis, the heterogeneous F-T reaction 

could have occurred not only on isolated metal grains 

within the chondrule forming region but also on chon-

drule surfaces where exposed metal grains are in con-

tact with nebular gas. By recycling the CO produced 

from reaction 3, we can remove the limitations im-

posed by catalyst poisoning of graphitic carbon 

buildup and propose a high F-T catalytic activity even 

at elevated temperature. We propose that the graphitic 

carbon C
*
 formed on the surface could re-enter the 

melt and react with FeO in a catalytic fashion, produc-

ing a feed-back loop during reduction. The following 

sequence may occur at high temperatures and at low 

H2 surface adsorption rate: 

 

 
 

We deduce further heterogeneous reactions that oc-

cur between the gas and the melt in congruence with 

our hypothesis. At temperatures above 1470K, a highly 

endothermic methane pyrolysis could occur to produce 

ethane, and then subsequently ethylene [10]: 

 

2CH4 � C2H6 + H2    

C2H6  � C2H4 + H2   

 

This process can further produce acetylene, C2H2, 

which, along with ethylene and benzene, were detected 

in a planetary nebula [11]. Methane pyrolysis produces 

organic radicals, ethylene, and higher hydrocarbons 

[12]. These are the precursors to more complex organic 

molecules found in carbonaceous chondrites [13]. 

Implications: By linking the F-T reaction with 

chondrules, formation of methane and other organics 

becomes favorable at high temperatures. Interestingly, 

the synthesis organics proposed here may not be re-

lated to a photochemical event; the processes can occur 

from chondrule formation. This is significant because 

chondrules formed from repeated heating and cooling 

events [3]. Consequently, given only silicate dust, iron 

oxide, carbon, and water, a chemical feedstock is 

available for organic reactions to occur anywhere in 

the nebula, provided there is a heat source. Organic 

reactions distal from the protosun could have occurred, 

and the products would not have undergone photo-

chemical UV degradation.  

Furthermore, our hypothesis couples the formation 

of FeO-poor olivines in type-I chondrules from more 

FeO-rich olivines with the synthesis of organics. Me-

teoritic organic materials are enriched in 
17/18

O [14]. 

This could have two different implications to the oxy-

gen isotope anomalies found in meteorites. First, the 

reaction series described above, which recycles C back 

into the chondrules after interacting with the ambient 

nebular gas, produces 
17/18

O enrichment in the chon-

drules. Alternatively, the enrichment of 
17/18

O in organ-

ics could have resulted from a mass-dependent frac-

tionation of oxygen from the FeO reduction in the 

chondrule melt. We believe the latter to be the case. 

The partitioning of heavy isotopes to the organics 

could mean that the lighter oxygen-16 isotope remain 

with the chondrule. We predict that melt-grown 

forsterites will be relatively 
16

O-enriched, as compared 

to dusty olivines within the same chondrule. One ca-

veat to this prediction, however, is that chondrules 

have been recycled and this may blur isotopic and 

petrographic signatures of the prediction. 

Chondrules synthesized in the same microenviron-

ment are likely to be found within the same chondrite, 

and should have relatively similar isotope anomalies, 

although their size will play a significant role in deter-

mining the oxygen isotope compostions if mass de-

pendent fractionation occurred within them and C was 

the reducing agent of the reactions. We thus infer that 

type-I chondrules showing 
16

O enrichments will be 

larger than those that do not. 
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