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Introduction. The different degrees of equilibration observed between different 
petrological types of ordinary chondrites have been attributed to either hot accretion and a resulting 
slower cooling of the higher petrological types [1,2,3], or to accretion of cold material and a 
separate metamorphic reheating event (e.g. [4,5]). In the first scenario, the chondrules are believed 
to remain hot (800°C) until accretion - thereby eliminating the need for secondary heating of the 
parent body, as required in the second scenario. Here we calculate the rate of accretion required to 
retain a sufficiently high temperature of the accreting bodies to allow equilibration of chondrules. 
We find that these rates are unrealistically high, and that equilibration of chondrites must therefore 
have resulted from secondary, metamorphic reheating of their parent bodies. 

Primary cooling of chondrules. It is difficult to constrain the time elapsed from 
primary chondrule formation to accretion of planetesimals. Primary cooling rates of chondrules 
(100- 1000°C/hour) [6] indicate that the chondrules could have cooled to nebula temperatures within 
less than a day. The various chondrule types seem to have been well mixed with each other and 
with dust before incorporation into chondntes [7]. If the chondrules accreted at high temperatures, 
this must have occurred less than a day after the primary formation - leaving very little time for the 
mixing processes. Our limited knowledge of the primary heating mechanism and the time required 
to mix chondivles and dust does, however, make it difficult to constrain this part of the thermal 
history. 

Accretion. After having travelled through space, the chondrules accreted onto 
planetesimals. Discarding the chondrules loss of heat in space and assuming that the chondrules 
were still hot at this stage, we will calculate the accretion rate required to retain a significant amount 
of heat in the growing planetesimals. We will assume that the accretion rate and the temperature of 
the accreting material remained constant in time. In that case, the surface temperature of the 
planetesimal also remained constant as the radius increased, hence eliminating thermal conduction 
in the planetesimal. 

The surface temperature may be calculated from simple energy balance consideratiocs. In 
the "hot accretion" scenario it is assumed that the planetesimals cool monotonically after accretion - 
thereby eliminating the need for a secondary heat source. The energy balance is therefore entirely a 
balance between loss of specific heat and radiation. The heat radiated from the surface cools the 
material at the surface. This may be expressed as follows: 

4 4 COT& - o T ~  = v,, (T,, - T&)pC (1) 
where E is the wavelength-independent emissivity, o is Stefan-Boltzman's constant, Tsurf, Tneb, 
and T,, are temperatures of the surface of the planetesimal, the nebula and the accreting material, 
v,,, is the accretion rate, and p and C are the density and heat capacity of the accreting material. 
The left hand side of the equation represents the difference between the heat radiated away from the 
surface and the heat received as radiation from the nebula - per unit time. An asteroid does not 
radiate heat as a perfect black body. The factor E is therefore less than 1 [8]. The heat capacity, C, 
of chondritic material sintered to 800OC was calculated from the results of [9] .  Density of sintered 
material was taken from [lo]. We assume that the nebula was optically thick and, therefore, 
radiated as a perfect black body. An optically thin nebula would result in faster cooling of the 
surface and, thus, require even higher accretion rates than our results infer. The right hand side of 
(1) represents the amount of heat fed into the system by accreting a layer of material with a 
temperature in excess of the surface temperature - again per unit time. 

Equation (1) allows us to calculate the surface temperature as a function of accretion rate for 
each choice of accretion temperature and nebula ternperature.T,,~ cannot be expressed as a function 
of the accretion rate on the basis of equation 1. It was therefore necessary to solve the equation 
iteratively for each choice of parameters. 
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Figure 1. Acquired temperature of the accreting parent body versus accretion rate for four 
different temperatures of the accreting material. 

The results shown in Fig. 1 imply that either the accretion rate was on the order of 100 
krnly, or the temperature of the nebula surrounding the planetesimal was close to 800°C. The 
presence of moderately to highly volatile elements in chondrites seems to rule out the latter option, 
and we must therefore conclude that "hot accretion" would require accretion rates of the order of 
100 krnly . 

Numerical simulations of the accretion process give accretion times for Ceres of the order 
of lo4 to lo5 years [11,12]. This corresponds to an average accretion rate of 5 to 50 m/y or 4 
orders of magnitude less than the 100 km/y which seems to be required in the "hot accretion" 
scenario. Furthermore, the accretion rate is expected to increase as the planetesimal grows and 
increases its gravity field. The accretion rate must therefore have been even lower during the critical 
phase where small planetesimals grew to a size where they could retain heat for longer periods of 
time. 

Conclusion. We conclude that the accretion rates required to metamorphose ordinary 
chondrites as a result of retained heat from the primary heating of the chondrules are unrealistically 
high. We therefore favor that the different petrological types of chondrites may be explained in 
terms of ~ f e r e n t i a l  secondary, metamorphic reheating on their parent bodles. 
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