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INTRODUCTION Solar accretion disk models (1,2) predict generally low temperatures, yet primitive 
meteorites contain chondrules which were melted before their accretion. The conditions of melting of chondrules, 
and particularly of their formation en masse, thm yield important clues to the nature of transient energetic events in 
the disk. From estimates of the number density and cooling rates of chondrules, we can constrain the size of the 
chondrule-forming region by finite difference calculations and thus provide insights regarding event energy and 
heating mechanisms. 

FORMATION CONDITIONS Comparison of natural chondmles with traditional experimental runs 
(equilibrium melting, dynamic crystallization, closed system) have led to estimates of 1400-17504C for melting 
temperatures (3). However, dynamic melting and open system experiments (43) have shown that there is no well 
defined upper limit to chondrule initial temperatures. Cooling must be within the range 100-1000'CIhr (0.028- 
0.28'CIsec) to reproduce both the chemical zonation in olivine crystals and their morphologic variety (6). 

The relatively slow cooling of chondrules has long (e.g. 7) been r e c o g u d  as showing that chondrules must have 
been formed en masse in a dense region of the nebula, because individual chondrules would cool at a rate of about 
1000'CIsec. Gooding and Keil(8) estimated chonchle number density based on chondrule surface collision features. 
Experiments (6)  suggest that ld seconds of plasticity were available for such collisions. Turbulence is needed to 
permit collision and coagulation of dust grains, and disrupts large (cm-sized) objects (9). We adopt 100 cmlsec (9) as 
a typical velocity to prevent chondrule destruction. Hence the number density of chondrules is 101m3 (after 8). 

CALCULATIONS Both the cooling rate and the collision features suggest a high concentration of particles, 
implying gravitational settling to the midplane. This concentration can be modelled as a uniformly heated i n h t e  
slab. Its thickness can be calculated if the opacity of the medium (controlled largely by dust concentration) is 
known. As micron-sized dust particles should evaporate at the temperatures of chondrule melting, we assume no 
dust in the first calculation. The key cooling rates are those influencing chondrules near the solidus and we thus 
present cooling rates when the region passes through 1500K. The model results for a 1000 km slab show rapid 
initial cooling from the outer portions, with the center cooling rapidly only after the edges are cold (Figs. 12). Fig. 
3 shows that 80% of the slab has acceptable cooling rates for chondrule formation. 

The presence of fine-grained dust slows radiative cooling enormously. The material for chondrule rims can be 
supplied by condensation or by turbulent transport of dust from the adjacent cool regions. Dust results in acceptable 
cooling rates in a much thinner slab. 70% of a 100 km slab has acceptable rates if a micron-sized dust fraction is 
present with 0.135~ the mass of chondrules (Fig. 4). Evaporation would require fresh dust to be added from adjacent 
cold volumes by turbulent mixing. However, velocities (9) are inadequate for the time and distance scale of Fig. 4. 

DISCUSSION If we take the chondrule mass as 1 mg and the surface density of the disk as 3 g/cm2 (9), we 
find that for a given chondrule number density, a third of the solid mass in the disk is present as chondrules within 
the 1000 km slab. Thus we consider two end-member models for chondrule formation. The first involves very 
extensive settling of solids into the midplane (no dust), followed by widespread heating, with dust needed for 
chondrule rims being supplied by condensation of vapors produced during the chondrule heating event. This would 
imply a relatively thick chondrule-forming slab. The second involves very localized heating events whlch require 
rapid mixing of heated volumes with adjacent cold dust-laden regions. Dust wold reduce optical depth, implying a 
relatively thm chondrule-forming slab for this scenario. Alternatively, the slab thickness necessary to achieve 
acceptable cooling rates can be reduced by the absorption of heat by additional cold chondrules surrounding the slab, 
without the need for transient dust. The concentration of dust during chondrule cooling is the key to determining 
whether there was one very large scale event, or many very small localized events. This dust concentration is 
constrained by the rate of condensation during chondrule cooling, or the velocities of turbulent mixing to bring in 
cold dust from adjacent regions. 
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