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In this chapter we consider aspects of the formation of a presumed initial population of
approximately kilometer-sized planetesimals and their accretion to form larger bodies in the
asteroid belt, including the parent bodies of meteorites. Emphasis is on timescales predicted from
dynamical models and comparison with measured ages of meteoritic components. In the simplest
models, the timescales for planetesimal formation and accretion of protoplanetary embryos are
not consistent with the apparent age difference between CAIs and chondrules, the inferred dura-
tion for chondrule formation, or the expected degree of heating and metamorphism due to 26Al.
We suggest alternative scenarios that may delay planetesimal formation and/or produce chon-
drites from recycled debris of first-generation planetesimals that were collisionally disrupted after
Jupiter formed. We discuss collisional evolution during and after accretion, and consequences
for lithification of meteorites. The region of the solar nebula that corresponded to the asteroid
belt originally contained ~103× its present mass of solid matter. The present asteroid belt does
not represent an unbiased sample of that material. Meteorites are preferentially derived from bod-
ies originally between a few tens and a few hundreds of kilometers in size; these were suffi-
ciently small and numerous to leave a remnant population after depletion of the belt, but large
enough to survive the subsequent 4.5 G.y. of collisional evolution.

1. INTRODUCTION

Collisions played a dominant role in the evolution of the
parent bodies of meteorites, from their accretion as (more
or less) “pristine” planetesimals, through the stirring and
depletion of the asteroid belt and its collisional evolution
over the subsequent ~4.5 G.y. of solar system history. Else-
where in this volume (Cuzzi and Weidenschilling, 2006), we
discuss the earliest stage of “primary accretion,” which
occurred during the formation of planetesimals from small
grains and particles that were controlled or influenced by
the gas in the solar nebula. In the present chapter, we ex-
plore the later evolution of the swarm of planetesimals that
presumably formed in the asteroid region. We begin by
summarizing in section 2 the “conventional wisdom” as of
the previous volume in this series, Meteorites and the Early
Solar System (MESS I) (Kerridge and Matthews, 1988), and
in section 3 changes to that picture that have resulted from
more recent work. We then examine in section 4 the current
models for planetesimal formation, accretion of protoplane-
tary embryos, removal of most of the primordial mass from
the asteroid region, consolidation and lithification of aster-
oids, and the later collisional evolution of the remnant popu-
lation. Simple models for planetesimal formation and em-
bryo growth predict timescales for these processes that are
not consistent with measured ages of CAIs and chondrules.
In section 5 we explore two possible scenarios for the for-
mation of parent bodies that may (not without difficulties)

meet the age constraints. Section 6 is a summary and call
for further investigation of outstanding issues.

2. UNDERSTANDING AS OF METEORITES
AND THE EARLY SOLAR SYSTEM I

The principal goal of cosmogonists has been to explain
the formation of the planets. The asteroid belt is “the excep-
tion that proves the rule,” as it is necessary to understand
why that region of the solar system does not contain any
body of planetary mass. Our understanding of the origins
of meteorites, and their parent bodies, the asteroids, has
changed significantly since the earlier volumes in this series,
MESS I (Kerridge and Matthews, 1988) and Asteroids II
(Binzel et al., 1989). Chapters in those volumes called at-
tention to several apparent paradoxes. The isotopic compo-
sitions of CAIs showed evidence for decay of 26Al to 26Mg,
while chondrules had little or no 26Al. The simplest inter-
pretation was that chondrules formed ~1–2 m.y. later than
CAIs, after the 26Al had decayed. Other isotopic systems
indicated that chondrules formed over an extended period
of a few million years (Grossman et al., 1988; see also
Swindle et al., 1996). However, models for the coagulation
and settling of grains in the solar nebula yielded much
shorter timescales for planetesimal formation, only a few
thousand orbital periods, or ~104 yr in the asteroid region
(Weidenschilling, 1988). Due to gas drag in the solar nebula,
small particles would be lost into the Sun on timescales of
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~105 yr for millimeter-sized chondrules and ~104 yr for cen-
timeter-sized CAIs. Therefore, rapid formation of kilometer-
sized or larger planetesimals appeared to be necessary to
preserve them.

The lack of evidence for 26Al (i.e., radiogenic 26Mg*)
in chondrules could also be explained as due to its inhomo-
geneous distribution in the solar nebula, rather than by de-
cay before their formation. If 26Al was present in the reser-
voir that produced CAIs, but was lacking in the material
that produced chondrules, then the difference would have
no chronological significance. This interpretation would be
consistent with rapid accretion, and solves the loss-into-Sun
problem. It has generally been assumed, either explicitly
or implicitly, that chondrules formed before planetesimals,
and accretion occurred monotonically, starting with dust and
proceeding to kilometer-sized planetesimals and larger bod-
ies. However, early production of chondrules before the first
planetesimals implies that most of the solid silicate matter in
the inner solar system, as much as several Earth masses, was
converted into chondrules. The heating events that could
melt such a large mass would require a large amount of en-
ergy in a short time (Levy, 1988). As argued by Wood (1996),
more energy was available for such heating early in the life-
time of the solar nebula, during infall and redistribution of
mass and angular momentum in an accretion disk. Thus, a
consistent scenario could be constructed in which 26Al was
manufactured locally in the hot innermost nebula by an ac-
tive early Sun and incorporated into CAIs, while chondrules
were produced throughout the rest of the terrestrial and as-
teroidal regions, and after some mixing, rapidly accreted into
planetesimals.

By the time of MESS I, it was realized that accretion of
protoplanetary embryos proceeded by runaway growth, in
which the largest body in a localized region of the plan-
etesimal swarm would gain mass more rapidly than the next
largest, and come to dominate that region (Wetherill and
Stewart, 1989). Repetition of this process at different helio-
centric distances would produce multiple embryos with
masses comparable to the Moon or Mars, or ~102–103× that
of the largest asteroid (~1024 g). Such bodies are too large
to be destroyed by collisions (Davis et al., 1989), and at
the time no mechanism was recognized that could remove
them from the asteroid region. Thus, runaway growth could
have occurred in the region of terrestrial planets, but some
process appeared to have prevented it in the asteroid belt
(Ruzmaikina et al., 1989). This might be the result of Ju-
piter’s perturbations that stirred up eccentricities, causing
accretion to stop and erosion to begin (Wetherill, 1989).
Ceres, at ~1.5 × 1024 g, contains about one-third of the to-
tal mass in the asteroid belt, and is about three times as
massive as the next largest asteroid. As such, it might be
identified as an incipient runaway body that did not grow
to completion. The growth times of protoplanetary embryos
by runaway were estimated to be ~0.1–1 m.y, requiring
precise timing for Jupiter’s formation to interrupt the run-
away. Based on models of the solar nebula (e.g., Weiden-
schilling, 1977), the mass of condensed solids in the asteroid

region was originally comparable to or greater than that of
Earth; it was necessary to remove >99% of this mass to pro-
duce the final belt. This removal had to occur early, before
the formation of Vesta’s basaltic crust, or its preservation
could not be explained (Davis et al., 1989).

3. RECENT DEVELOPMENTS

As mentioned above, as of a decade ago early produc-
tion of both CAIs and chondrules, and their rapid incorpora-
tion into planetesimals, seemed to be dynamically plausible,
or even required. However, recent absolute Pb-Pb isotopic
dating of chondrules (Amelin et al., 2002; Russell et al.,
2006) supports the age difference of a few million years be-
tween CAIs and chondrules implied by the Al-Mg data dis-
cussed above. The Pb-Pb and Al-Mg results taken together
also support earlier inferences from Mn-Cr and I-Xe (as
well as Al-Mg) isotopes (Swindle et al., 1996) that chon-
drules are younger than CAIs. Whatever process produced
CAIs seems to have stopped working early, perhaps lasting
<<1 m.y., while chondrules formed 1–2 m.y. later. If chon-
drules formed before planetesimals, then some process must
have inhibited planetesimal formation for more than 1 m.y.
after the formation of the solar nebula. During this interval,
CAIs — at least not all of them — were not lost into the
Sun.

This finding of a hiatus between CAIs and chondrules
leads us to consider alternative models for the preservation
of CAIs and accretion of chondritic parent bodies. One
possibility, suggested by Shu et al. (1997, 2001), is that
CAIs formed near the Sun, and were ejected well out into
the nebula by a bipolar outflow from near the Sun-nebula
interface. Another possibility, discussed by Cuzzi et al.
(2003) and Cuzzi and Weidenschilling (2006), is that CAIs
were produced in the hot inner region of the solar nebula,
not necessarily very close to the Sun, and transported out-
ward by turbulent diffusion, which can preserve them for
times longer than their lifetimes against inward drift. We
return to these possibilities in section 5.1. It is not clear from
the measured ages whether CAIs and chondrules overlapped
in time, or whether the apparent age difference represents
a distinct gap between their formation times (Russell et al.,
2006). If the age gap between CAIs and chondrules is real,
it implies that they were produced by separate mechanisms.
Such a gap would also imply that after the nebula formed, it
was relatively inactive without significant energetic heating
events for ~1 m.y., then some heating process occurred that
produced chondrules. Even if there was no gap, the chon-
drule-forming process was prolonged, and lasted longer than
the putative timescales either for loss into the Sun by gas
drag, or for the formation of planetesimals.

Another argument against early and rapid formation of
planetesimals is provided by their thermal histories. The
presence of 26Al in CAIs is confirmed by excess 26Mg pro-
duced by its decay. The initial abundance of 26Al in CAIs
appears to be quite uniform, with 26Al/27Al ~5 × 10–5 (Mac-
Pherson et al., 1995; Russell et al., 2006). If this abundance
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was typical for other Al-containing bodies, then decay of
26Al would have been a significant heat source within plane-
tesimals. LaTourette and Wasserburg (1998) measured dif-
fusion rates of Mg in anorthite as a function of temperature,
and concluded that isotopes would have been homogenized
in CAIs exposed to temperatures in excess of ~750°C. They
calculated thermal histories for planetesimals of various
sizes, with a range of initial 26Al abundances corresponding
to decay from the “canonical” initial value before their for-
mation. The critical temperature would be exceeded within
a volume fraction that increased with planetesimal size, but
decreased for lower 26Al abundance, i.e., later formation
time. From the observation that ~50% of CAIs retain Mg-
isotopic anomalies, they concluded that planetesimals did
not exceed ~30 km diameter within 1–2 m.y. of CAI for-
mation. LaTourette and Wasserburg estimated that bodies
with diameters >100 km that formed within 1 m.y. of CAIs
would have melted. McSween et al. (2002) and Grimm and
McSween (1993) concluded that even smaller bodies would
have melted. While most meteorites show evidence of ther-
mal metamorphism and some asteroids (Vesta and parent
bodies of iron meteorites) did experience melting, the ther-
mal history of the asteroid belt as a whole is consistent with
depletion of 26Al before accretion (Ghosh et al., 2006).

It is no longer necessary to assume that large bodies never
accreted in the asteroid region, as a plausible mechanism
for their removal has been identified. Wetherill (1992) sug-
gested an alternative model for the formation of asteroids
and depletion of the primordial mass of solids in that region
of the solar nebula. If large bodies accreted by runaway
growth, their mutual perturbations could scatter them into
resonances with Jupiter. Resonant bodies would have their
eccentricities raised until they could encounter Jupiter, col-
lide with the terrestrial planets, or even be thrown into the
Sun. Smaller asteroid-sized bodies would also be scattered
out of the region during this process. This model was ex-
amined in more detail by Chambers and Wetherill (2001),
who showed that more massive bodies were more effective
at scattering; accretion of large protoplanetary embryos may
have been necessary for clearing mass from the asteroid
region. In context of these developments, we revisit some
of the questions raised in MESS I.

4. HISTORY OF THE ASTEROID BELT:
CURRENT UNDERSTANDING

4.1. Planetesimal Formation Timescale

Models of the formation of planetesimals in the solar
nebula involve settling of particles to the central plane, their
coagulation in collisions, or both. Various scenarios are dis-
cussed in more detail by Cuzzi and Weidenschilling (2006).
Here we note that settling requires a very low level of tur-
bulence in the nebular gas. Some collisional growth can
occur in a turbulent medium, but the maximum size may
be limited by erosion and/or disruption of larger particles.
A well-known result of analytical and numerical modeling

(Weidenschilling, 1980; Nakagawa et al., 1981) is that set-
tling and coagulation produce kilometer-sized or larger
bodies on timescales of a few thousand orbital periods, or
<104 yr in the asteroid region. However, such models have
been developed in detail only for a purely laminar nebula.
As discussed by Cuzzi and Weidenschilling (2006), very low
levels of turbulence can prevent settling and delay accre-
tion. Thus, the canonical short timescale for planetesimal
formation is only a lower limit.

A perfectly laminar nebula was probably unrealistic at
any time, but in any case it took time for turbulence asso-
ciated with its formation to decay. The nebula was certainly
turbulent during infall of gas from the presolar cloud, for
at least the free-fall timescale of ~105 yr. The mismatch in
angular momentum between infalling gas and the circum-
stellar disk would have produced turbulence (Cassen and
Moosman, 1981). Most of the solar mass was processed
through the disk, and most of the infall would have occurred
before the formation of the Sun itself, as well as any compo-
nents preserved in meteorites. However, the infall surely did
not end abruptly, and the associated turbulence presumably
decayed gradually, probably non-monotonically, as the pre-
solar cloud was depleted. There would have been other
possible sources of turbulence after infall ceased, such as
thermal convection and/or magnetorotational instability
(Stone et al., 2000), not necessarily resulting in major re-
distribution of mass and angular momentum. Coagulation
of grains into aggregates probably took place during this
stage, producing bodies of at least centimer, perhaps ap-
proaching meter, size. These would spiral inward due to gas
drag and evaporate, with vapor diffusing outward and re-
condensing. Calcium-aluminum-rich inclusions might be
produced by this process. These could diffuse outward due
to turbulence (Cuzzi et al., 2003). While turbulence lasted,
it would prevent grains and small aggregates from settling
to form a dense layer in the nebular midplane. As described
by Cuzzi and Weidenschilling (2006), declining turbulence
may have allowed planetesimal formation to begin, perhaps
abruptly, once a particle layer formed. Another possibility
is that turbulence did not inhibit planetesimal formation, but
caused it by concentrating particles within eddies until they
reached a critical density for gravitational collapse (Cuzzi
et al., 2001). While these scenarios can explain delayed
formation of planetesimals and their content of CAIs, it is
not clear how chondrules fit into this picture (see section 5).

4.2. Accretion of Larger Bodies
from Planetesimals

Once planetesimals formed, with sizes large enough (~1–
10 km) to be no longer controlled by nebular gas drag, their
accretion into larger bodies was the result of collisions, with
gravity as the binding force. The rate of collisions was medi-
ated by feedback between relative velocities (i.e., eccen-
tricities and inclinations) of the bodies, stirring by gravita-
tional perturbations, and damping by collisions and gas drag
(Wetherill and Stewart, 1993). Larger bodies have colli-
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sional cross-sections augmented by gravitational focusing,
so that the largest body in a given region gains mass more
rapidly than the second largest, and becomes dominant.
Rapid growth occurs when the random velocities of the
median-mass bodies are less than that due to Keplerian
shear relative to the large body. At that point, gravitational
focusing maximizes the large body’s effective collisional
cross-section, and its growth rate becomes large. This con-
dition typically requires that the large body must be ~104–
105× the median mass. Starting from a swarm of initially
equal-sized bodies, it takes many collisions before stochastic
collisions allow such a dominant body to emerge. Numeri-
cal simulations (Wetherill, 1989; Weidenschilling et al.,
1997) suggest runaway growth in the asteroid region would
begin on a timescale ~105 yr if the initial swarm consisted
of kilometer-sized bodies. If the initial size was larger for
a given mass of the swarm, the collision rate is lower, and
the onset of runaway growth is delayed; for 10-km plane-
tesimals it would require ~106 yr. Most of this interval is
the time required for a largest body to become dominant in
any localized region of the swarm. Rapid growth continues
until the smaller bodies near its orbit are depleted, and/or
stirred up to high velocities such that gravitational focus-
ing becomes less effective.

A growing embryo does not have unlimited access to
small bodies in the surrounding swarm, but can only accrete
objects whose orbits approach it within a critical distance.
From conservation of the Jacobi parameter in the restricted
three-body problem (an effective energy barrier in a frame
moving with the massive body), it can be shown that the
distance limit for collisions in the idealized three-body case
(in which initial orbits are all circular and coplanar) is 2 3×
the Hill radius RH, defined as RH = (M/3M )1/3a, where M,
M  are the masses of the embryo and the Sun, and a the
embryo’s heliocentric distance. The total mass available
within 2 3RH is 8π 3aRHσ, where σ is the surface den-
sity of accretable matter. Equating this to M in the expres-
sion for RH, it can be shown that the “isolation mass” is
equal to Miso ~ 166 M –1/2a3σ3/2 = 0.0021 a3σ3/2 M , where
a is in AU and σ in g cm–2 (Lissauer and Stewart, 1993).
The isolation mass is a convenient benchmark, but is not
an absolute limit, as accretion in a swarm of planetesimals
may violate some conditions of the restricted three-body
problem: The small bodies may collide and migrate due to
gas drag, be perturbed by more than one embryo, etc., and
embryos may perturb and collide with each other rather than
grow in isolation. Numerical simulations of accretion (Wei-
denschilling et al., 1997; Kokubo and Ida, 1998) typically
result in an “oligarchy” of embryos with masses compa-
rable to Miso, with orbital spacings ~10 RH. If the asteroid
zone was not depleted in mass, so that σ was a few g cm–2,
Miso ~ 0.1 M .

Somewhat counterintuitively, runaway growth of large
embryos does not totally deplete the population of small
bodies; rather, the process produces a bimodal size distri-
bution, typically with comparable amounts of the total mass
in embryos and small bodies. Once this mass distribution

develops, the small bodies are stirred by gravitational per-
turbations of multiple embryos, and the higher encounter
velocities decrease the gravitational cross-sections of the
embryos, slowing their growth. The higher velocities also
may change the collisional evolution of the small bodies
from net accretion to fragmentation. Thus, runaway growth
actually tends to preserve a substantial fraction of the swarm
in the form of small bodies. The swarm’s evolution by run-
away growth at any helicentric distance can be divided into
three stages:  slow emergence of a dominant body from the
swarm, its rapid growth to ~Miso, and slow sweeping up of
the remaining small bodies.

Figure 1 shows results of an accretion simulation, using
the code described by Weidenschilling et al. (1997). The
swarm contains about 4 M  between 2 and 4 AU, composed
of planetesimals with diameter 10 km at the start of the sim-
ulation. It is assumed that the entire population of planetesi-
mals was present at the beginning. If planetesimals formed
over some interval [e.g., by turbulent concentration (cf.
Cuzzi and Weidenschilling, 2006)], the results would be
somewhat different in detail. However, simulations by Weth-
erill and Inaba (2000) show similar pattern of runaway
growth for a full initial population and continuous forma-
tion. The swarm evolves by collisional accretion and mutual
gravitational stirring; external perturbations, e.g., by Jupi-
ter, are not included. Fragmentation is allowed, with nomi-
nal impact strength of 3 × 106 erg cm–3; fragments below
0.1 km in size are lost from the simulation. After 2 m.y. of
model time, less than 10% of the initial mass has been lost
by fragmentation. At this point, typical eccentricities in the
swarm are a few times 10–2, resulting in impact velocities
of a few tenths to ~1 km s–1.

Fig. 1. Size distribution produced by accretional evolution of a
swarm of planetesimals with total mass 4 M , distributed between
2 and 4 AU. At t = 0, all mass was in planetesimals of diameter
10 km (mass 1.4 × 1018 g). After 2 m.y., runaway growth has pro-
duced 101 bodies larger than Ceres (~2 × 1024 g), with the largest
~1027 g. The bodies smaller than 10 km are fragments from crater-
ing and/or disruption of larger bodies; less than 10% of the total
mass has been lost to sizes smaller than 0.1 km.
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Figure 2 shows the masses and semimajor axes of the
large (>2 × 1024 g) bodies after 2 × 106 yr; the largest bod-
ies out to about 3 AU have masses comparable to Miso,
~1027 g. Bodies as large as Ceres (~1024 g) were produced
beginning at about 105 yr, and ~0.1 M  by 106 yr. If accre-
tion was assumed to have stopped before any bodies larger
than Ceres accreted, e.g., by introducing jovian perturba-
tions, this would have required rapid formation of Jupiter
and precise timing. Also, the growth timescale is propor-
tional to the Kepler period and inversely proportional to the
surface density. This variation means that growth is most
rapid at the inner edge of the asteroid region and propa-
gates outward as a wave; for the assumed surface density
profile, the growth timescale is proportional to a5/2. Stop-
ping accretion by introducing some external influence at a
given time would leave the largest bodies at the inner edge
of the belt. It is impossible to halt runaway growth in such
a manner as to leave Ceres as the single largest body in the
center of the belt (at 2.77 AU); thus, the suggestion of Wei-
denschilling (1988) that Ceres represents a “frozen” run-
away does not seem tenable.

If Jupiter formed first, its perturbations could have kept
velocities high enough to prevent runaway from starting,
as suggested by Wetherill (1989). In such “orderly growth,”
the size distribution would evolve into a power law with a
shallow slope, such that most of the mass was in the larg-
est bodies. There would be multiple bodies of comparable
mass at the upper end of the distribution, without any promi-
nent gap between Ceres and the rest of the population. It
does not seem possible to explain the dominant place of
Ceres in the present mass distribution by such a scenario.

Another way to slow growth, and perhaps prevent run-
away, is to assume that solids were depleted in the asteroid

region before (or during) planetesimal formation. But then
could anything grow even to asteroid size? A simulation
comparable to that of Fig. 1, but starting with 1% of the
mass (0.04 M ), still about an order of magnitude more
massive than the present belt, has Miso about equal to the
mass of Ceres. However, growth is much slower than in the
previous case; only one body as large as 500 km diameter
grows in 5 × 106 yr, at the inner edge of the belt. A com-
promise scenario that assumes a lesser degree of depletion
before the beginning of accretion could be invoked, but no
mechanism for such depletion at that stage of nebular evo-
lution has been identified. It seems likely that the asteroids
accreted before their region of the solar nebula was sub-
stantially depleted of condensed solids (Wetherill, 1989).

4.3.  Removal of Large (and Small)
Bodies from the Asteroid Region

If large bodies ever formed in the asteroid zone, they
were removed early in the solar system’s history. The pro-
cess was studied by Chambers and Wetherill (2001), who
integrated orbits of systems of massive bodies subjected
to perturbations by Jupiter (and Saturn in most cases).
They started with systems of 16 to 204 bodies comprising
a swarm with total mass 0.6–5 M . In each case the bod-
ies initially had identical masses, ranging from 0.017 to
0.33 M , and collisions were assumed to result in accre-
tion. Detailed results varied with initial conditions and the
stochastic nature of encounters, but typically gravitational
scattering among the bodies would place some of them into
various resonances with the giant planets. They developed
large eccentricities, resulting in close encounters with Ju-
piter, collisions with the terrestrial planets, or impacts onto
the Sun. In a majority of the cases, no massive bodies were
left in the asteroid region beyond 2 AU. The clearing pro-
cess took from a few million to a few hundred million years,
with the timescale weakly dependent on the initial masses,
and strongly dependent on the semimajor axes and orbital
eccentricities of the giant planets, which were varied in their
simulations.

Chambers and Wetherill (2001) examined only the fates
of massive bodies much larger than the asteroids, but any
initial population of smaller bodies in that region would
have been subject to similar gravitational scattering, and
would have met a similar fate. While there is a reasonable
probability that all the large embryos would be removed,
the smaller bodies are more likely to leave some survivors
in stable orbits, by reason of their greater initial number
(Petit et al., 2001). We illustrate this in Fig. 3, where we
take the size distribution of Fig. 1 and multiply the num-
ber of bodies in each mass bin by a factor of 0.01; where
less than one body remains, the population is set to one
body if the fractional value exceeds a random number uni-
formly distributed between 0 and 1. Before depletion, there
were 101 bodies with masses >2 × 1023 g. After depletion,
there are seven bodies remaining with masses ~1023–1024 g,
corresponding to diameters of about 410–740 km. The

Fig. 2. Masses vs. semimajor axes for the large bodies (>2 ×
1024 g) of the simulation shown in Fig. 1. Horizontal bars denote
the range from perihelion to aphelion. The largest bodies, ~1027 g,
are concentrated inside 3 AU; their perturbations have stirred the
smaller ones to eccentricities to ~0.01–0.1, while most bodies
beyond 3 AU have e < 0.01.
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depletion is by number, not mass, so proportionally more
mass is removed with the larger bodies. The final mass of
the swarm is ~0.023 M , about 50× that of the present belt.
A similar depletion to 0.001× the initial number leaves the
largest bodies of mass 5 × 1022 g, diameter ~325 km. These
examples show that accretional growth followed by removal
of ~99–99.9% of the embryos and planetesimals produces
a reasonable analog of the asteroid belt.

4.4.  Consolidation and Lithification of Meteorites

Most meteorites are fairly strong rocks (no doubt with
selection effect due to survival of atmospheric entry). Meas-
ured porosities of chondrites are typically less than 10%,
with little correlation of porosity with metamorphic grade
(Consolmagno et al., 1998). This result suggests that lithifi-
cation was not simply due to heating within parent bodies,
but involved pressure as well. However, lithostatic pressures
within asteroid-sized parent bodies are not sufficient for
compression and lithification. The mean internal pressure in
a body of density ρs and radius r due to self-gravity (half the
maximum value) is πGρ2r2/3, or ~1 MPa (10 bars) within
a body with radius 100 km. This is comparable to pressures
a few tens of meters below Earth’s surface; much higher
pressures are involved in lithification of sediments.

The first kilometer-sized planetesimals were presumably
porous aggregates. If they were assembled by collapse of
self-gravitating condensations (Cuzzi and Weidenschilling,
2006), they would have been assembled very gently and
have high porosities, at least a few tens of percent. If instead
they formed by collisional accretion that was driven by dif-
ferential aerodynamic drag, relative velocities would cause
impacts at speeds of tens of meters per second. The pres-
sures associated with such impacts would produce pressures
~density × V2, ~107 dyn cm–2 (1 MPa). Higher pressures
(~GPa) can be developed by impacts at velocities approxi-
mately a few tenths of kilometers per second, consistent

with stirring by embryos produced by runaway growth.
Simulations typically show eccentricities ~1–2 × 10–2 for
the smaller bodies stirred by embryos and damped by nebu-
lar gas drag, without any outside influence by Jupiter. With
VK ~ 19 km s–1 at 2.5 AU, impact velocities are ~0.2–
0.5 km s–1 (several times the escape velocity from a 100-
km-diameter asteroid, or ~0.1× the mean impact velocity
at present time). The corresponding impact-produced pres-
sures are ~0.1 GPa, comparable to the central pressure in
Ceres, but still lower than needed to produce impact melting
(Bischoff et al., 2006). It seems plausible that collisional
compression was a factor, and possibly dominant, in lithifi-
cation of meteorites. Consolmagno et al. (1998) find that
measured porosities of meteorites decrease with increasing
shock state, consistent with lithification by impacts. The
densities of asteroids for which estimates are available are
typically less than that of meteorites, suggesting that they
have macroprosity, i.e., extensive cracks, voids, and/or “rub-
ble pile” structure on larger scales. This structure is pre-
sumably due to more energetic impacts that occurred after
velocities in the asteroid belt were pumped up to their pres-
ent values, giving mean impact velocities of several kilo-
meters per second.

4.5.  Late Collisional Evolution and
Depletion of Small Asteroids

The asteroid belt continued to evolve, albeit more slowly,
after removal of large bodies and decimation of the smaller
ones. Models of collisional evolution of the asteroid belt
over the ~4.5 G.y. after velocities were stirred up (Davis et
al., 1989) suggest that the “initial” mass after the present
high-velocity regime was established was not more than
about 5× the present value; this constraint is required for
preservation of Vesta’s basaltic crust, and is consistent with
the observed number of Hirayama families. The collisional
loss was size-dependent; the evolutionary models of Davis
et al. (1989) indicate that primordial asteroids with sizes
<30 km diameter would have been ground down to dust
over the age of the solar system. The present population of
small asteroids consists of fragments of formerly larger
bodies. Thus, all meteorites that are now being delivered
to Earth were once part of bodies that attained sizes at least
a few tens of kilometers in diameter. This result appears to
explain why nearly all meteorites show evidence of ther-
mal metamorphism (and why aqueous alteration is com-
mon). Below a certain size, planetesimals would not have
been subject to significant heating by 26Al; their composi-
tions would presumably have been primitive and volatile-
rich. This “pristine” material was selectively removed by
collisions that depleted the small end of the size distribu-
tion, after scattering removed the large protoplanetary em-
bryos. A few large asteroids with diameters >200 km have
been disrupted by collisions, producing the prominent Hira-
yama families. Most of our samples of large asteroids may
be from these disrupted parent bodies, rather than from
those that are still intact. The fairly high escape velocities

Fig. 3. The mass distribution produced by depleting the popula-
tion from Fig. 1 to 1% of its value by number, as described in the
text. The largest remaining body has mass ~5 × 1023 g, diameter
~740 km. The total mass of the remnant swarm is 0.023 M .
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from the few largest intact asteroids probably limit their
contribution to the meteorite flux. The exception is Vesta,
which experienced a very large and statistically unlikely
basin-forming impact, producing a family of small frag-
ments that supply the HED meteorites. Ceres is unlikely to
be a source of meteorites delivered to Earth. Thus, most
meteorites come from bodies that attained a restricted range
of sizes, neither too large nor too small.

5. WHERE DO CALCIUM-ALUMINUM-RICH
INCLUSIONS AND CHONDRULES FIT IN?

In this section we return to the earliest stage of planetesi-
mal formation, looking more closely at the implications of
the most basic properties of the primitive meteorites. Spe-
cifically, we focus on the apparent existence of a 1–3-m.y.
interval between the formation of (most) CAIs and the pro-
duction of chondrules and the accretion of chondrite par-
ent bodies. This hiatus is supported by the consistency of
radioisotope dating of meteorite constituents (Russell et al.,
2006), and constraints posed by models of thermal evolu-
tion and melting of planetesimals (Ghosh et al., 2006). The
combination of this hiatus with the need to explain how
millimeter- to centimeter-sized particles can be stored for
millions of years is a fundamental constraint on models of
accretion.

In a laminar nebula, planetesimals would form quickly
by coagulation and settling (Weidenschilling, 1980; Weiden-
schilling and Cuzzi, 1993). If the laminar stage began in
the CAI epoch, these planetesimals would have contained
short-lived radioisotopes in abundance, with observational
consequences due to internal heating. These early planetesi-
mals might have been collisionally recycled later, due to
Jupiter’s influence. Or, turbulence could have delayed their
formation by preventing coagulation until turbulent veloci-
ties of particles in the gas fell below a critical threshold, after
which rapid accretion proceeded in a laminar environment.
Alternatively, turbulence could have persisted throughout
the accretion stage, but only after 1–3 m.y. did conditions
become suitable for concentrating chondrule-sized particles
within eddies to densities sufficient to initiate collapse into
actual planetesimals (Cuzzi et al., 2001; Cuzzi and Wei-
denschilling, 2006). Formation in a laminar environment,
whether early or delayed, probably implies that planetesi-
mals were produced in a brief episode; formation in ongo-
ing turbulence may imply a more extended process in which
planetesimals were produced over an interval of 1 m.y. or
longer. These scenarios have different implications for the
preservation of CAIs and chondrules, and their incorpora-
tion within meteorites.

5.1. Delayed Planetesimal Formation in
Ongoing Turbulence

Cuzzi et al. (2003) describe how outward transport by
turbulent diffusion along a concentration gradient can solve
the “problem” of retaining early high-temperature conden-

sates (CAIs and the like) against gas-drag drift into the Sun
for several million years. A planetesimal formation scenario
sketched by Cuzzi and Weidenschilling (2006) envisions
accretion beyond a meter or so in size being thwarted by
this ongoing turbulence, at least in the inner solar system,
for 1–3 m.y., until conditions became right for chondrule
formation to begin (i.e., melting of free-floating nebula
particles by some unspecified mechanism). Due to a com-
bination of the changing aerodynamic properties of solid
particles as a result of their melting, and the evolving nebula
gas density and turbulent intensity, turbulent concentration
may have allowed accretion to leapfrog the meter-size bar-
rier and produce sizeable planetesimals for the first time (at
least in the inner solar system). The specifics of this process
remain only dimly perceived, and obstacles remain (dis-
cussed by Cuzzi and Weidenschilling, 2006).

If CAIs were produced by condensation and subsequent
melting of refractory minerals in the hot inner part of the
nebula, then less-refractory particles should have formed
contemporaneously at slightly greater heliocentric distances,
where the nebula was cooler. In a turbulent nebula, some
of this material would also diffuse outward. One would
expect to find in meteorites other, less-refractory objects
roughly the size of CAIs, with similar ages. It is implausi-
ble that they all were lost, if CAIs were preserved. Amoe-
boid olivine aggregates (AOAs) are intermediate in chemis-
try between CAIs and chondrules. Few ages have been
measured for AOAs; they appear to be older than chondrules
(based on 26Al), but as yet none have been found to be as
old as CAIs (Krot et al., 2004). However, if CAIs and AOAs
formed at slightly different temperatures in adjacent regions
of a turbulent nebula and diffused outward, one would ex-
pect their ages to have the same distribution. As one indi-
cation that they may be nearly contemporary, one might
consider the similarity of their O isotopes to those of CAIs
(Hiyagon and Hashimoto, 1999). If no other objects are
found to be as old as CAIs, and CAIs were preserved by
outward transport alone rather than stored in first-genera-
tion parent bodies, one possibility is that their outward trans-
port, at least its initial stage, involved some mechanism
other than turbulent diffusion through the disk, e.g., ejec-
tion to large heliocentric distances by a stellar wind (Shu
et al., 1997, 2001). Direct outward transport by such a wind
into a nonturbulent nebula, however, leaves ejected particles
vulnerable to short inward drift timescales, and would have
to be repeated many times to preserve CAIs for several
million years. Calcium-aluminum-rich inclusions may have
been melted by exposure to high ambient temperatures in the
inner nebula, as the duration of their exposure to high tem-
peratures is not tightly constrained. Chondrules, of course,
do not fit into this sequence, as their mineralogy and com-
positions indicate that they were melted by brief heating
events (Hewins and Radomsky, 1990).

If turbulence delayed planetesimal formation, the ages
of CAIs and chondrules suggest that it had to be sustained
for >1 m.y. If diffusion was effective in transporting CAIs
outward for distances of at least 2–3 AU, one might expect
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them to be well mixed during that process, except perhaps
for some sorting by size (larger ones would have higher drift
rates superposed on the diffusion, and be transported out-
ward less effectively). Rapid coagulation of planetesimals
after turbulence died out would tend to produce bodies with
an indiscriminate mixture of components of all ages. In that
case, it is hard to account for the variety of meteorite types,
or the tendency of chondrules and matrix to have comple-
mentary compositions (Wood, 1985).

The diversity of characteristic chondrite types, with well-
defined properties, might be more easily explained by con-
tinual formation of planetesimals over an extended interval,
rather than a single episode after chondrule formation was
completed. If different types of CAIs and/or chondrules
were produced at different times, rather than at different lo-
cations in the nebula, and planetesimal formation occurred
continually, e.g., by turbulent concentration, over an inter-
val of >1 m.y., then planetesimals that formed at different
times would have varied compositions/textures. It seems
necessary to assume that planetesimals did not begin to
form until after CAI production was complete. If there was
a gap between the production of CAIs and chondrules, but
planetesimal formation was a continuous process, then one
might ask why we do not find meteorites that contain CAIs
but lack chondrules. In the context of turbulent concentra-
tion, their absence might be explained by the lower abun-
dance of highly refractory material; condensations might
not attain a critical density for collapse until chondrules
were added to the mix. However, in a turbulent environ-
ment one would expect that any chondrite produced in this
way would contain a mixture of all types of CAIs and chon-
drules that were produced in the nebula up to the time that
it accreted; the youngest component would define the age
of the planetesimal. The exception would be preferential
loss of larger objects (i.e., type-B CAIs, which are only
found in CV chondrites) by inward drift overcoming diffu-
sive mixing (Cuzzi et al., 2003). And indeed, with the excep-
tion of type-B CAIs, the mix of CAI types from one chon-
drite class to another appears to differ primarily in chemistry
that may reflect alteration in the nebula and/or in parent
bodies under somewhat different conditions (Brearley and
Jones, 2000).

The model of planetesimal formation by turbulent dif-
fusion and concentration is not linked to a specific heating
mechanism that melted chondrules. However, if chondrules
formed before planetesimals (which may have formed as a
consequence), then their abundance in meteorites would be
indicative of their abundance at least throughout the source
region in the asteroid belt, and probably throughout the
inner solar system. The total mass of silicates that had to
be melted and converted to chondrules would be of the
order of a few Earth masses. This requirement places se-
vere demands on the heating mechanism and energy source
for melting the chondrule precursors. The total energy re-
quired to melt 1 M  of silicate material is ~3 × 1038 erg
(Levy, 1988); since this energy could not be applied effi-
ciently only to the silicates [some chondrules show evidence

for multiple heating events (Rubin and Krot, 1996), and gas
was presumably heated as well], the energy source would
have to be correspondingly greater. A simple estimate of the
energy content of a nebular shock such as now being ac-
tively modeled in the context of melting chondrules (Desch
and Connolly, 2002), with velocity Vs ~ 8× sound speed,
volume H2 × a (H = scale height), and postshock density
10–9 g cm–3 is ~1040 erg.

Intrinsic gravitational instabilities in the nebula might be
responsible for such shocks, but that mechanism would
presumably be more effective during the early evolution of
the nebula. In that case, at least some chondrules should
be as old as CAIs. Gravitational instability and resulting
shocks might be triggered by cooling of the nebula, if such
cooling could be delayed for ~1 m.y. Another possibility —
which has the dual advantage of meeting both time and
energy constraints — is shocks produced by density waves
in the solar nebula due to Jupiter’s perturbations after the
giant planet reached its present mass. It remains to be dem-
onstrated that such shocks would be intense enough to pro-
duce the requisite heating, yet sufficiently brief to be con-
sistent with chondrule cooling rates, and that the nebula
could sustain such perturbations for approximately million-
year timescales without driving gas out of the asteroid re-
gion. If the onset of chondrule formation was delayed by
~1 m.y. after CAIs (i.e., after the formation of the nebula),
this would imply that Jupiter formed by core accretion. That
mechanism requires planetesimals to form and accrete into
a massive (~10 M ) core that can then accrete gas (Pollack
et al., 1996). Such a scenario would imply that planetesi-
mals could form easily beyond the nebular “snow line,” but
were inhibited in the inner nebula. This could be explained
by some combination of radial variation of turbulent inten-
sity and/or enhancement of solids outside the snow line
(Stevenson and Lunine, 1988; Cuzzi and Zahnle, 2004).
However, as mentioned above (section 4.2), the sequence
Jupiter–chondrules–asteroids has problems accounting for
the present size distribution in the main belt.

5.2. Early Planetesimal Formation with Recycling

The apparent disagreement of the short timescale for
planetesimal formation and loss into the Sun by gas drag
with the measured ages of CAIs and chondrules led Weiden-
schilling et al. (1998) to suggest that chondrites are derived
from a second generation of planetesimals. They proposed
that kilometer-sized (or larger) planetesimals formed early,
before chondrules were produced. These bodies, which were
large enough to avoid orbital decay due to drag, incorporated
CAIs, and so prevented their loss into the Sun. Larger bod-
ies (embryos) accreted in the asteroid zone, as well as in the
terrestrial planet region. After ~1–2 m.y. a “cataclysm” oc-
curred, in which first-generation bodies were broken up by
collisions, and dust and CAIs were released into the solar
nebula. Shock waves melted the dust (or other debris in the
approximately millimeter size range), producing chondrules,
which then accreted onto the surfaces of existing planetesi-
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mals or formed new ones. These events were assumed to be
triggered by the formation of Jupiter, specifically by rapid
accretion of gas onto a massive (~10 M ) core that formed
beyond the nebula’s “snow line.” As mentioned above, Ju-
piter’s formation by this mechanism seems to be the only
event that could have both this timing and such significant
consequences within the solar nebula.

Weidenschilling et al. (1998) and Marzari and Weiden-
schilling (2002) showed that rather small planetesimals,
with diameters only a few tens of kilometers, could be
trapped in jovian resonances (particularly the 2:1 commen-
surability), and have eccentricities pumped up to ~0.5, de-
spite the damping effect of nebular gas drag. These resonant
bodies would move supersonically through the gas at speeds
up to 6–8 km s–1, producing bow shocks with Mach num-
bers ~5 (depending on the local gas temperature and orbital
true anomaly). Such shocks would be adequate to melt
small particles, producing chondrules (and resetting ages
of those CAIs that passed through the shocks). Dust, CAIs,
and chondrules were assumed to reaccrete onto small (as-
teroid-sized) planetesimals that were not in resonances, and
so were damped by drag to low eccentricities. Eventually
the nebula dissipated, and large embryos were removed by
the Wetherill-Chambers scattering. Most of the smaller bod-
ies were also removed by this process, as described in sec-
tion 4.3.

As originally envisioned by Weidenschilling et al. (1998),
the shock waves would be produced by rather small bod-
ies, a few tens to hundreds of kilometers in diameter. They
assumed these were brought to the resonance from larger
heliocentric distances by orbital decay due to gas drag,
which favors transport of smaller bodies (although larger
bodies, once trapped, would remain in the resonance for
longer times). One advantage of this small-body resonant
trapping is that the resonant bodies tend to have low incli-
nations, keeping them near the nebular midplane where the
density of chondrule precursors would be highest. However,
it was shown by Ciesla et al. (2004) that shock waves from
asteroid-sized bodies would give cooling times for chon-
drules that are too short to be consistent with petrographic
evidence. Although the cooling times depend on the amount
of fine dust present [contrary to some previous assumptions,
less dust results in slower cooling (Desch and Connolly,
2002)], it appears that larger shocked regions would be
needed, as would be produced by bodies >1000 km in size.
As discussed above (section 4.2), runaway growth produces
protoplanetary embryos of the required size. The orbital
integrations of Chambers and Wetherill (2001) show that
such bodies can be scattered into resonances, and attain high
eccentricities (as large as 0.8) on timescales less than 1 m.y.
(from the start of their integrations, which may be taken to
be the formation of Jupiter). If the solar nebula persisted
in the asteroid region for a few million years after Jupiter’s
formation, the scattered embryos would produce bow shocks
of the appropriate size and strength to melt chondrules. In
most of the simulations by Chambers and Wetherill, the
timescale for clearing the embryos exceeds 10 m.y.; the

duration of chondrule formation would reflect the lifetime
of the nebula, rather than that of the embryos.

If such large bodies were the source of shocks that
melted chondrules, the fate of the chondrules and other
debris is not clear. To produce chondrites, the small par-
ticles would have to accrete into asteroid-sized bodies, or
be accreted by preexisting planetesimals. Small particles
would settle toward the central plane of the nebula, where
they could be swept up by nonresonant planetesimals, if
these were sufficiently damped to low eccentricities by gas
drag. As the chondrules and dust would be coupled to the
gas, this sweeping up would be dominated by smaller bod-
ies that comprise most of the surface area, rather than by
the gravity of the larger embryos. The collection efficiency
would be influenced by the gas flow around the accreting
bodies, allowing the possibility of aerodynamic fraction-
ation of chondrules from dust, as originally suggested by
Whipple (1972). As a result, chondrites would represent a
(possibly quite thick) veneer on the surfaces of preexisting
objects having more primordial constituents in their cen-
ters; that material would likely have been heated strongly,
or perhaps melted. As the large embryos would not have
been formed from or converted to chondrules, the total mass
of chondrules that would have to be produced by this mech-
anism is much less than the total mass of solids originally
present in that region of the solar nebula; perhaps a few
percent of 1 M .

Some outstanding issues with this model involve the
dynamics of asteroid-sized planetesimals in such an envi-
ronment. There must be enough disruptive collisions to lib-
erate stored CAIs from the first-generation bodies and pro-
vide the raw material for chondrules, yet the debris must
be accreted efficiently. It is far from certain that the smaller
bodies would have orbits with sufficiently low eccentricities
for such accretion, when subject to scattering by massive
embryos moving on eccentric orbits. Heating and melting
of the debris must have been quite efficient in order to pro-
duce chondrules, but a substantial fraction of CAIs must
escape remelting or heating to temperatures that would erase
their 26Mg* anomalies. This is necessary for any chondrule-
formation scenario, but high efficiency may be hard to
achieve if the heating is done by only a few large, highly
eccentric bodies. Detailed quantitative modeling is needed to
determine if another heating mechanism, e.g., nebula-scale
shocks, is necessary.

Another potential problem is the inferred cooling times
for chondrules. While large embryos could produce shocks
with the requisite size scale, they might be accompanied
by smaller bodies; if they also had bow shocks capable of
producing chondrules, these would have unacceptably short
cooling times. Trapping in the 2:1 resonance is fairly effi-
cient for bodies with low eccentricities that are brought to
the resonance by drag (Marzari and Weidenschilling, 2002),
but may be less likely when they are subjected to perturba-
tions by other, more massive bodies. Velocity impulses due
to gravitational scattering by embryos may move them out
of resonances before they attain eccentricities sufficient to
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produce strong shocks. However, scattering by embryos
would also decrease the ability of smaller bodies to sweep up
the chondrules. Another possibility is that collisions among
small bodies were too frequent to allow them to attain such
high eccentricities while in resonances.

One of the implications of this model for chondrule pro-
duction is that velocities were not uniform within the aster-
oid region, nor did they increase monotonically as larger
bodies accreted. Rather, the region may have simultaneously
contained bodies with high eccentricities in jovian reso-
nances and also near-circular orbits of nonresonant bodies
damped by gas drag (Weidenschilling et al., 2001), and/or
the numbers and orbits of the large resonant embryos may
have varied with time, allowing periods dominated by dis-
ruption and melting to alternate with relatively quiescent
periods of accretion. This mixture allows the possibility of
destructive hypervelocity impacts occurring with accretional
growth, and may explain some anomalous textures, com-
positional mixtures, or clasts within some meteorites. The
existence of high impact speeds before or during chondrule
formation is implied by the presence of fragments of shat-
tered chondrules within chondrules. Particles of this size
coupled well to the gas, making it difficult for turbulence
to produce relative velocities sufficient to shatter them. On
the other hand, the shocks that melted chondrules may have
been the most intense of a distribution, with weaker events
inducing collisions at velocities sufficient to fragment them
while floating freely in the nebula. Collisional experiments
by Ueda et al. (2001) show that impact velocities of tens
of meters per second are needed to shatter chondrules; rela-
tive velocities of this magnitude imply much higher mean
velocities. With recycled planetesimals, as is also the case
for delayed planetesimal formation, there should have been
some bodies produced that contained CAIs but no chon-
drules. Furthermore, there should have been some first-
generation bodies that melted because of, or retained other
evidence of, a high level of 26Al, which would have been
fragmented and reaccumulated during this stage. It is hard
to understand why no such material is recognized among
the inventory of meteorite types (unless irons, stony irons,
and some achondrites had such an origin).

One potentially serious problem with producing chon-
drules from recycled planetesimals is the thermal evolution
of the assumed first-generation bodies. If CAIs were pre-
served within them against loss by gas drag, those bodies
had to be at least kilometer-sized. However, they must not
have grown much larger, or internal heating would have
been excessive. As mentioned above (section 3), the initial
abundance of 26Al may have been sufficient to melt plan-
etesimals that grew larger than a few tens of kilometers in
diameter within the first 1–2 m.y. after CAIs formed, or at
least to erase isotopic anomalies in the CAIs. This con-
straint, from thermal models by LaTourette and Wasserburg
(1998), needs to be reexamined. They computed tempera-
ture profiles for bodies of various sizes, assuming that they
formed instantaneously, with 26Al abundances characteristic
of the time of their formation. Bodies that accreted over an

interval of time would have had more heating in the early-
formed central regions, but large accretionary collisions
could have stirred and mixed this material. LaTourette and
Wasserburg assumed planetesimals to be dense (3.3 g cm–3),
with thermal properties of igneous rock. If ice was con-
densed in the asteroid region, it would tend to lower peak
temperatures by its large heat capacity and dilution of 26Al.
However, hydration reactions are exothermic; the net effect
would depend on whether hydrothermal convection could
effectively transport heat, i.e., on the sizes and internal struc-
ture of the planetesimals (McSween et al., 2002). Bischoff
(1998) has reviewed mineralogical evidence for aqueous
alteration of carbonaceous chondrites, and concluded that it
occurred within small precursor planetesimals, which were
later destroyed by collisions, with the debris accreted into
meteorite parent bodies.

It seems likely that the first-generation bodies would
have been porous “rubble piles.” Their lower density would
yield a lower concentration of heat sources, but their ther-
mal conductivity would also be lower, presumably yield-
ing higher internal temperatures. Macroporosity could have
had a significant effect on their thermal evolution. Wurm et
al. (2004) computed rates of gas diffusion through porous
planetesimals, where the flow is driven by the ram pres-
sure of orbital motion in a nebula that is supported by a
radial pressure gradient (typical velocity of a planetesimal
relative to the nebula would be ~50 m s–1). One can adapt
their analysis to show that microporosity between millime-
ter-sized grains is not sufficient to allow significant gas flow
within kilometer-sized or larger bodies. However, macro-
porosity with channels of diameter ~10–3× that of the plan-
etesimal (e.g., meter-sized voids within a kilometer-sized
body) would allow flow at rates that could produce signifi-
cant cooling (i.e., the mass of gas flowing through the chan-
nels during one half-life of 26Al would be comparable to
that of the planetesimal).

As mentioned above (section 4.2), runaway growth of
embryos tends to maintain a population of small bodies. The
size distribution shown in Fig. 3, after 2 m.y. of accretion
with fragmentation, followed by depletion of 99% of bod-
ies in the asteroid belt, yields median masses for the remain-
ing bodies corresponding to diameters ~65 km in the inner
belt to ~32 km in the outer zones. The initial planetesimal
size was taken to be 10 km, but the median size of the rem-
nant is similar if the simulation is started with 1-km bod-
ies; runaway growth begins sooner, but the embryos’ per-
turbations cause accretion to slow at about the same size
distribution. These sizes for the survivors could allow a
significant fraction of their interiors to remain below the
temperature for isotopic resetting; this would be aided if the
start of accretion was delayed by turbulence for 105 yr or
more after CAI formation. Also, smaller (and therefore less
heated) bodies would be more easily disrupted to provide
raw material for chondrule formation and accretion of sec-
ond-generation bodies. It is not clear whether this scenario
is consistent with the amount of melting required to account
for iron meteorites and other igneous types. Ghosh et al.
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(2000) note that preliminary results of a thermal model of
Vesta call for starting its accretion from a kilometer-sized
seed 2 m.y. after CAI formation. Also, Sugiura and Hoshino
(2003) modeled the formation of the parent body of the
IIIAB iron meteorites with accretion beginning at least
1.7 m.y. after CAI formation. Clearly, more detailed and
realistic thermal models are needed, as well as improved
understanding of collisional evolution.

6. SUMMARY AND FUTURE WORK

Meteoritic evidence shows that the parent bodies in the
asteroid belt experienced complex histories of accretion,
alteration, and disruption. The sequence and timing of these
events are unclear, and their evolution may have included
multiple episodes of each type. Plausible dynamical models
now exist for accretion, excitation, and depletion of the as-
teroid belt, but they still appear at odds with the measurable
properties of the meteorites themselves, particularly the age
difference between CAIs and chondrules. We have sketched
two possible scenarios for this difference, involving delayed
formation of the first planetesimals or their recycling into
the parent bodies of the present specimens. Both models
contain serious gaps, and neither is likely to be correct in
detail. Alternatives and compromise scenarios are possible.
If accretion was delayed, and chondrules preceded plane-
tesimals, then bow shocks would be excluded as their heat-
ing mechanism. With recycling, bow shocks are allowed but
not required; nebular shocks due to Jupiter-produced density
waves might be a viable alternative.

It cannot be denied that Jupiter has been the dominant
influence on the asteroid belt over the history of the solar
system. We need better understanding of the mechanism and
timing of Jupiter’s formation, as well as its orbital history
(did its eccentricity and semimajor axis evolve with time?).
More modeling is needed of clearing of the asteroid region
by scattering of bodies into jovian resonances, with orbital
and collisional evolution of small bodies, as well as the large
ones that can be tracked directly by orbital integrations,
including effects of nebular gas drag.

The most important observational constraint on the for-
mation of chondrites is the ages of CAIs and chondrules.
Specifically, their formation mechanisms may be explained,
or at least some mechanisms eliminated, if the following
questions are answered: Did formation of CAIs and chon-
drules overlap in time, or is there a real gap between them?
What is the range of ages for each; i.e., how long did the
process(es) that produced them operate in the solar nebula?
Are these ages and/or ranges different in different types of
meteorites? Are there other components (e.g., AOAs) that
are intermediate in age?

Models of planetesimal formation by collisional coagula-
tion need to be extended to a dynamically evolving turbulent
solar nebula, rather than the static laminar environments that
have been studied to date. Both coagulation and turbulent
concentration would produce planetesimals continuously
over some interval; the former after decay of turbulence

below some critical value, the latter during the lifetime of
turbulence in the nebula, or at least for some interval while
the strength of turbulence remained within some range.
Most models of planetary accretion assume starting condi-
tions with the full complement of planetesimals present at
a well-defined starting time, and growth commencing from
that state. The present results from such models are con-
sistent with the start of accretion 1–2 m.y. after CAI for-
mation (Ghosh et al., 2003, 2006), which appears to favor
a delay in planetesimal formation. There is a need for ad-
ditional studies like that of Wetherill and Inaba (2000), in
which planetesimals are introduced gradually rather than
instantaneously. Similarly, thermal modeling of planetesi-
mals due to heating by 26Al needs to be done with bodies
growing over time, at rates consistent with dynamical accre-
tion models, including fragmentation in large collisions and
“rubble pile” structure of the accreting bodies. Such mod-
els are needed to test the constraints on planetesimal size
vs. formation time in order to be consistent with preserva-
tion and/or resetting of isotopic anomalies in CAIs, as well
as thermal metamorphism within meteoritic parent bodies.
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