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Introduction:  The origin of chondrules remains 
one of the great enigmas in meteoritics. Under the 
canonical formation conditions of low pressures, high 
temperatures and moderate cooling rates (10-1000 
K/hr), some evaporation at least of the moderately 
volatile elements is expected. Chondrules are 
depleted in moderately volatile elements, but they do 
not have the systematic isotopic fractionations that 
should characterize evaporation under nearly 
Rayleigh conditions. One possible explanation for the 
chondrule compositions is that while they did 
experience evaporation, they were able to approach 
equilibrium with the evaporated gas at high 
temperatures and these compositions were frozen in 
by crystallization and sluggish diffusion in the 
residual melt during cooling. 

Shock heating is currently the most favored 
mechanism for heating chondrules. Here we report a 
preliminary study of the elemental and isotopic 
evolution of chondritic chondrule precursors during 
shock heating 

Shock and evaporation models:  The shock 
models used here are described in detail by [1]. For 
this initial exploration of shock heating, a simple 
prescription was used for evaporation - evaporation 
was only assumed to occur when dust/chondrule 
temperatures exceeded 2000 K, and what evaporated 
was assumed to have the composition and 
vaporization enthalpy of forsterite. 

 
In the shock models, chondrules and gas remain 

thermally coupled in the preshock region (Fig. 1). 
However, immediately behind the shock front where 
much of the evaporation occurs, the chondrule and 
gas temperatures can differ by hundreds of degrees. 
Also, the heating of the gas in this region is so rapid 
that the components in the gas are unable to maintain 

chemical equilibrium. The gas and chondrule 
temperatures gradually converge the further from the 
shock front they are. 

The thermal disequilibrium between the gas and 
chondrules presents a challenge to quantitatively 
calculating evaporation and condensation rates. 
Traditionally the evaporation rates are calculated 
from the equilibrium vapor pressure of the 
evaporating material. However, in a system where the 
gas is not in thermal equilibrium with the gas and the 
gas itself is not in internal chemical equilibrium, 
calculating equilibrium vapor pressures of the 
chondrules is not possible. 

For this reason, [2] proposed an alternative 
approach. In this so-called PCR model, the rates of 
all possible evaporation reactions are calculated 
individually as functions of the concentrations and 
pressures of the reactants. For instance, for the 
reaction MgO(l) + H2 = Mg(g) + H2O(g), the rate of 
evaporation is given by 

! 

Jevap = KevapaMgOPH 2 , 
and condensation by 

! 

Jcond = KcondPMgPH 2O . 
Here the Ks are coefficients that are functions of 
parameters such as evaporation coefficient, chondrule 
radius, and the free energy of the reaction. Equivalent 
reactions involving H, OH, etc. are also included. 

Even in the PCR model, the fact that the gas is at 
a different temperature to the chondrules presents 
problems. Here it is assumed that: (1) the pressure 
dependence of the evaporation/condensation rates 
reflects the frequency with which the gas species 
encounter the surface and are, therefore, available for 
reaction, and (2) that when a gas atom encounters a 
chondrule surface it rapidly thermally equilibrates 
with the chondrule. In this case, the reaction 
temperature is the temperature of the chondrule, and 
the effective pressure of the gaseous reactants must 
be corrected so that at this temperature their collision 
frequencies at the chondrule surface are the same as 
at their actual P and T. In other words, 

! 

P
*

= Pgas Tch /Tgas . 

For this preliminary exploration of how initially 
chondritic composition chondrules would behave, we 
have used the P,T results for various shock models 
from [1]. The initial bulk chondrule compositions 
were assumed to be the dehydrated and reduced CI 
composition of [2], with separate silicate and 
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metal/sulfide chondrules. The radii of the silicate 
chondrules were ~500 µm. Both silicate and 
metal/sulfide were assumed to be molten at all times. 

Chondrules and their evaporated gas were 
assumed to remain in contact at all times. While not 
actually what occurs, it is effectively the case if the 
shock wave has reacted a steady state. Also, while the 
total pressure of the system is that of the shock 
models, the partial pressures of the various 
components in the gas were calculated according to 
the kinetic reaction network of [2]. 

Results: The results for only one simulation are 
discussed here. The other simulations generally 
produced even greater degrees of evaporation. In this 
simulation, the chondrule concentration relative to 
the gas was 300 times solar, the initial pressure was 
~10-5 bars at 300 K, and the shock velocity was 7 
km/s. The maximum pressure in the post shock 
region was ~9x10-4 bars. The thermal history of this 
model is shown in Fig. 1, and the elemental and 
isotopic evolution of the silicate chondrules are 
shown in Figs. 2 and 3. 

 
In the preshock regime, the alkalis are entirely 

lost (not shown) as is much of the FeO. Passage of 
the shock wave produces a large jump in chondrule 
temperature, at which point first SiO2 and then MgO 
begin to evaporate quite rapidly. The most 
evaporated composition (highest Al2O3 content) is 
closer to the composition of a CAI than a typical 
chondrule. As the temperature of the system falls, 
condensation rather than evaporation starts to 
dominate with the final composition becoming much 
more FeO-rich than the starting material. This is 
because all metal/sulfide has evaporated and was not 
allowed to nucleate and condense. The alkalis had not 
begun to significantly condense at the end of this 
simulation. As might be expected, large isotopic 

fractionations develop during the evaporation and 
condensation of the chondrule (Fig. 3). 

 
Discussion: The shock conditions used here 

produced the least evaporation of the simulations we 
have conducted. The elemental and isotopic 
variations are larger than is reasonable for typical 
chondrules. While ultimately the melt re-equilibrates 
with the gas, crystallization would have occurred 
during cooling and would probably preserve some 
elemental and/or isotopic record of these large 
variations in composition. 

Equilibrium calculations have shown that 
chondrule-like melt composition will only be stable 
at canonical formation temperatures and total 
pressures of 10-4-10-3 bars if chondrule concentrations 
are 100s to 1000s of times solar [2, 3]. The lower the 
total pressure, the higher the concentration must be. 
Higher pressures and chondrule concentrations, and 
lower shock velocities will reduce the amount of 
evaporation. However, this would seem to require a 
fine tuning of the conditions and limiting them to a 
rather restricted range. Higher chondrule 
concentrations may also be difficult to achieve, at 
least by turbulent concentration [4]. 

A more attractive explanation is that the energy 
required to melt and evaporated chondrules regulates 
the temperature of the chondrules more effectively 
than is assumed in [1]. Also, the energy released 
during condensation and crystallization will reduce 
the cooling rates, allowing for greater re-equilibration 
between chondrules and gas. These possibilities are 
currently being explored. 
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