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Introduction:  It is widely believed that chondrules formed in the solar nebula. If this is true then they must 

have been exposed to a gas of near-solar composition. Here, we explore some implications of chondrule formation 
in such an environment. The equilibrium distribution of major gas species in a solar composition gas is shown for 
temperatures relevant to chondrule formation in Fig.1 at a total pressure of 10-5 bars. We use the abundances of [1] 
with a portion of the total O removed to form major silicate minerals. It is estimated that few chondrules with 
liquidus temperatures over 2023 K were completely melted, and few with liquidus temperatures under 1673 K were 
incompletely melted [2]. However, [3] showed that a short heat pulse, with a peak temperature well above the 
liquidus, can also produce porphyritic chondrule textures. As a result, the maximum temperature of chondrule 
formation is estimated to be ~2373 K. Chondrule precursors are thought to have equilibrated with the nebular gas 
down to 650 K, the 50% condensation temperature for S in a canonical solar nebula [4]. We focus on the most 
abundant species in the gas phase: H2, CO, H2O, and the S-bearing species H2S, HS, and S. 

H2: Many type-I chondrules contain large Fe-based metal grains. Some of these grains are trapped at the 
chondrule boundary, with a significant surface area exposed to any external fluid. If chondrules formed in the solar 
nebula than these metal grains would have been exposed to H2(g). At the highest temperatures at which chondrules 
are thought to have formed (2273 K) [3], significant concentrations of H(g) may have also been present. The ability 
of metals to absorb hydrogen has been known since the mid 1800s [5]. The properties of metal-hydrogen systems 
have been the subject of intense research because small concentrations of H in metal results in significant changes in 
mechanical and metallurgical properties, particularly the brittleness of stainless steels and other industrial metals [6]. 
Within a metal, hydrogen molecules are dissociated and hydrogen atoms occupy interstitial sites in the host-metal 
lattice. Hydrogen atoms jump from one interstitial site to a neighboring vacant one and diffuse this way over large 
distances through the metal, resulting in rapid H saturation in a metal grain. The concentration of H in metal (XH) is 
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⋅⋅=  [7]. In this equation PH2 is the partial pressure of H2(g), ∆Snc is the non-
configurational entropy of solution, kb is Boltzmann’s constant, ∆H is the enthalpy of solution, and T is temperature. 
Values for ∆Snc

 and ∆H are from [8]. We calculated the abundance of H in pure Fe and Ni metals in contact with 
H2(g) as a function of temperature (Fig. 2). If chondrules formed in an ambient solar composition gas at 10-5 bars 
total pressure, then metal grains at chondrule boundaries should contain 1 – 3 ppm H. Increasing the total pressure 
(and hence the H2 partial pressure) to 10-3 bars increases H concentrations to 10 – 30 ppm. Such an increase in 
pressure is predicted by shock wave models for chondrule formation [9]. These results do not take into account the 
effect of H(g), which is likely to increase the concentration of H. Furthermore, these calculations are for pure, 
perfect metallic crystals. Defects in metallic microstructures act as hydrogen traps that significantly increase the 
solubility of H and decrease its mobility [6]. Once in these defects sites, it is very difficult to remove H from metal; 
a major problem for the steel industry but a potential advantage for cosmochemistry. We propose a direct test of 
nebular formation of chondrules by measuring the abundance and isotopic composition of H in metal grains at 
chondrule boundaries. Such measurements will establish whether or not chondrules form in the presence of H2(g) 
and constrain the partial pressure of this species.  

CO: At temperatures relevant to chondrule formation CO(g) is the primary carrier of both C and O (Fig. 1). 
Chondrule melts in the presence of this molecule must have had significant interaction with the vapor. If the initial 
composition of a chondrule melt is more oxidizing than the surrounding gas then CO(g) will serve as a reducing 
agent. Recent experiments by [10] illustrate the nature of the reduction reaction. FeO-bearing silicate melts in the 
presence of CO(g) undergo an internal reaction in which divalent iron is converted to metallic iron plus electron 
holes. Nanometer-scale iron-metal grains form at the melt-vapor interface. Molecular oxygen released from FeO 
reduction participates in the conversion of CO to CO2 at the melt surface. This reaction releases electrons, which fill 
the electron holes created by Fe reduction. The reduction interface propagates inward and the distance from 
chondrule surface increases throughout the duration of heating. Electron holes created in the interior of the melt 
droplet diffuse toward the melt surface, charge-balanced by a counterflux of Mg2+ cations, which is the rate-limiting 
factor for the overall reduction reaction. The cation-to-oxygen ratio increases with reaction progress, resulting in 
reduction of the melt. It is likely that H2(g) serves a similar capacity but experimental studies of this reaction have 
not been performed. 
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H2O: Ion probe determinations of H2O concentrations of chondrules from primitive chondrites yield mean 
concentrations of 500 – 2100 ppm in olivine [11]. The distribution of D/H ratios is similar to that of matrix minerals 
suggesting that hydrated minerals, such as phyllosilicates, may have been a component of chondrule precursors. 
However, experimental simulations of chondrule formation using hydrous silicates as precursors yield high 
percentages of vesicles [12]. Since vesicles are rare in chondrules, such materials have been excluded as precursors. 

Recent studies on the role of H2O adsorption in the solar nebula may resolve this controversy [13]. We modeled 
the adsorption of H2O on olivine surfaces using Monte Carlo simulations and an iterative process allowing the 
surface to reach a steady state saturation at each temperature. Water molecules not only interact with the substrate by 
means of weak bonds (~5kJ/mole) but also establish H bonds with other H2O molecules present in a monolayer [14]. 
The results of these calculations show that significant amounts of H2O can be absorbed on olivine surfaces below 
700 K. At 400 K, a complete monolayer is stable. Based on studies of agglomeratic olivine chondrules, thought to 
represent chondrule precursors, we can infer that chondrule precursor materials were dominated by olivine crystals 
2-5 µm in diameter [15]. Each adsorbed water molecule occupies 10 Ǻ2, thus a 5-µm olivine grain is capable of 
adsorbing the equivalent of 1000 ppm H2O at 400 K. A 2-µm grain can adsorb over 2000 ppm H2O. These values 
are consistent with those measured by [11]. Sulfur condensation occurs at ~700 K in a canonical nebula and is 
100 % condensed by 400 K. It is noteworthy that chondrules containing silicates with high FeO contents are 
typically associated with high sulfide abundances. It is possible that S condensation is accompanied by H2O 
adsorption, which results in oxidizing melts, allowing any remnant Fe metal to oxidize and become incorporated 
into silicates. Chondrules devoid of sulfides are composed of low-FeO silicates. Precursors of these objects may not 
have equilibrated with the nebular gas at low temperatures and thus escaped H2O adsorption and sulfide formation. 

H2S, HS, and S: Sulfur condenses through the corrosion of Fe-based metal. The temperature at which this takes 
place is dependent on the bulk S/H ratio of the gas phase. For solar composition this occurs below 700 K [4]. 
However, several lines of evidence point towards chondrule formation in dust-rich regions of the solar nebula [16]. 
Increasing the S/H ratio of the vapor by a factor of 300 leads to sulfide formation at T > 1100 K and is pressure 
dependent [17]. Sulfide formation is extremely rapid [4]. Thus, chondrule-associated metal, particularly grains 
exposed at chondrule boundaries could not escape sulfurization unless they formed in S-depleted regions or were 
removed from contact with the gas on extremely rapid timescales (hours to days). H2S is structurally similar to H2O. 
Thus, H2S may adsorb on grain surfaces in a manner analogous to that described for H2O above. 
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Fig. 1 – Equilibrium gas distribution Fig. 2 – Minimum H concentration in metal 
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