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Introduction:  The  size  frequency  distribution 
(SFD) of  the present  asteroid belt  displays deviations 
from a collisional equilibrium slope, notably an excess 
of bodies with diameters ~ 100 km [1]. This has been at-
tributed to a remnant of the original SFD of planetesi-
mals  that  formed  in  that  region  [2].  However,  [3] 
showed that the observed shape is consistent with accre-
tion starting from small planetesimals with initial diame-
ter d0 ~ 0.1 km. That result is insensitive to their as-
sumed density, impact strength, or interval of formation. 
This size is consistent with formation by collisional co-
agulation driven by differential gas drag [4]. One objec-
tion to such small initial planetesimals is the perception 
that rapid runaway growth would cause melting of the 
accreting  bodies  by 26Al.  Early melting  is  consistent 
with ages of Fe meteorites [5], but some fraction of the 
material had to avoid melting, either by late formation of 
planetesimals [6] and/or preservation in bodies too small 
to melt, with sizes less than a few tens of km [7]. Here I 
explore the latter possibility by examining outcomes of 
accretion for various initial sizes of planetesimals. 

Accretion Calculations:  I use the multi-zone code 
of [3] to model accretion in the range of heliocentric dis-
tance 1.5 - 4 AU. Initial planetesimal sizes range from 
0.1 to 100 km, for both monodisperse and power-law 
SFDs. The code includes gravitational stirring, gas drag, 
and fragmentation. Fragments smaller than ~ 15 m are 
lost from the simulations. For d0 = <  1 km, stirring by 
embryos after their formation causes the loss of about 
half of the swarm's initial mass in the first MY by colli-
sional grinding of the small planetesimals. Unless this 
material  is  recycled,  this loss  implies  a  nebula  about 
twice the classic minimum mass solar nebula. For initial 
sizes = > 10 km, their gravitational binding yields much 
less collisional  mass loss,  and a smaller  nebula is  al-
lowed. 

For  initially  monodisperse  planetesimals,  the 
timescale for runaway growth of embryos varies as 1/d0. 
For d0 = 100 km, embryo formation takes > 1 MY in the 
outer belt.. An initial power law from 15 m to 100 km 
shortens this timescale significantly, due to damping of 
small bodies by collisions and gas drag, with cooling of 
the  larger  ones  by  dynamical  friction.  Production  of 
small bodies by fragmentation of 100-km bodies is very 
inefficient; velocities are too small to disrupt them until 
after Jupiter forms. For each simulation,  the SFD and 
fraction of material smaller than a given size is moni-
tored as a function of time.

How Much Unmelted Material is Enough? The as-
teroid zone has been depleted in mass by 3 - 4 orders of 

magnitude from its initial value. However, the numerical 
depletion was much less  severe,  because  most  of  the 
mass was in a relatively small number of massive em-
bryos by the time that depletion occurred. The embryos 
were presumably removed by scattering into resonances 
after Jupiter formed [8]. The accretion simulations typi-
cally yield ~ <  100 embryos, so a comparable depletion 
factor  allows  for  the  absence  of  such  a  body in  the 
present belt. As the depletion by resonant scattering was 
insensitive to mass, asteroid-sized bodies experienced a 
similar depletion [3]. As a crude proxy for the depletion 
factor, I scale the mass of smaller asteroidal bodies to 
the number of Ceres-sized bodies produced by each ac-
cretion simulation.

Results: For d0 = 0.1 km, the mass in bodies of size 
10 - 100 km is ~ 20% that in Ceres-sized bodies; this 
should be roughly the fraction remaining after depletion 
of the belt. If Ceres is assumed anomalous, and Vesta is 
taken as the largest typical body, then the scaled fraction 
is ~ 30%. Thus, small initial planetesimals can preserve 
a significant reservoir of unmelted material in the aster-
oid region,  despite the rapid growth of embryos from 
small  planetesimals.  For  larger  initial  planetesimals, 
with d0 = 1 or 10 km, the fraction of unmelted material 
is larger, ~ 90% in each case. For d0 > 1 km, there may 
be a problem in producing enough differentiated bodies 
to account  for  Fe meteorites,  unless  they are  derived 
from smaller heliocentric distances [9]. For still larger 
initial sizes, a mixture of melted and unmelted material 
requires an extended formation period,  comparable  to 
the decay time of 26Al.

Conclusions: Accretion of the asteroids from plan-
etesimals with small initial sizes ~ 0.1 km is consistent 
with both their observed size distribution and preserva-
tion of a substantial fraction of unmelted material in the 
main belt, after allowance for removal of large embryos 
by dynamical depletion.
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