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Summary. Iron meteorites are core fragments from 
disrupted and differentiated planetesimals [1]. Their 
formation location is usually assumed to be the main 
asteroid belt. Observational evidence, however, does 
not indicate that differentiated bodies or their 
fragments were ever common there [2].  This view is 
also difficult to reconcile with the fact that their parent 
bodies were as small as 20 km in diameter [3] and that 
they formed 1-2 My earlier than the parent bodies of 
the ordinary chondrites [4,5]. Here we show that the 
iron meteorite parent bodies most likely formed in the 
terrestrial planet region. Fast accretion times there 
allowed small planetesimals to melt early in Solar 
system history by the decay of short-lived 
radionuclides (e.g., 26Al [6]).  The protoplanets 
emerging from this population not only induced 
collisional evolution among the remaining 
planetesimals but also scattered some of the survivors 
into the main belt, where they resided for billions of 
years until escaping via a combination of collisions, 
Yarkovsky thermal forces, and resonances [7]. We 
predict that some asteroids are main belt interlopers, 
with a select few possibly being remnants of the long 
lost precursor material that formed the Earth.

Dynamical Evolution. We postulate that inner SS
planetesimals/fragments (iron meteorite parent bodies)
were scattered into the main belt early in its history. To 
investigate this, we used numerical simulations to track 
thousands of test bodies evolving amid a swarm of 
Moon/Mars-sized planetary embryos spread between 
0.5-3.0 AU [8].  Fig. 1 shows a representative snapshot 
of 1000 of our test bodies after 10 My of evolution, 
with sub-groups having initial semimajor axis a values 
between 0.5-1.0 AU, 1.0-1.5 AU, and 1.5-2.0 AU. We 
find that planetary embryo perturbations increase the 
mean displacement of particles from the center of each 
group over time; for test bodies that maintain 
eccentricity e < 0.3 and inclination i < 15º, we find, for 
each sub-group, a  0.2 AU at 4 My and 0.3-0.4 AU 
at 10 My.  These results are consistent with the 
observed semimajor axis spread of large S- and C-type 
asteroids in the main belt [9].

The most intriguing part of Fig. 1, however, are the 
outliers who enter the main belt zone through a 
combination of resonant interactions and close 
encounters with planetary embryos.  We find that 0.01-
0.1%, 1%, and 10% of the particles started with a = 
0.5-1.0, 1.0-1.5, and 1.5-2.0 AU, respectively, achieve 
main belt orbits. Once there, these objects are 

dynamically indistinguishable from the rest of the main 
belt population; while many may be ejected over time 
via interactions with planet embryos, resonances, etc., 
the proportion of interloper to indigenous material in 
the main belt should stay the same.  Fig. 1 also shows 
that much of this material is delivered to the inner 
main belt, where meteoroids are dynamically most 
likely to reach Earth.  We infer from these results that 
interloper material should be an important component 
in the meteorite collection.

Thermal Evolution. If planetesimal material from the 
terrestrial planet region were actually in the main belt, 
what would it look like? Observations show a broad-
scale taxonomic stratification among large main belt 
asteroids, with S-type asteroids dominating the inner 
main belt and C-type asteroids dominating the outer 
main belt [9].  This trend, if followed inward toward
the Sun, implies that inner Solar System planetesimals 
experienced significantly more heating than main belt 
asteroids (with the most plausible planetesimal heat 
source being short-lived 26Al; halflife 0.73 My) [6].  
Hence, bodies that accrete quickly stand the best 
chance of undergoing differentiation.  While precise 
accretion timescales across the inner Solar System are 
unknown, modeling work suggests they vary with 
swarm density and a, such that accretion timescales 
increase with increasing heliocentric distance.  
Accordingly, if main belt interlopers are derived from 
regions closer to the Sun, their shorter accretion times 
would lead to more internal heating [10] and thus they 
would probably look like heavily-metamorphosed or 
differentiated asteroids. 

At this point, a plausible connection can be made 
between our putative interlopers and iron meteorites. 
Cooling rate and textural data from irons indicate most 

Fig. 1. A snapshot of inner 
Solar System planetesimals 
and embryos after 10 My of 
evolution.  The embryos 
were distributed between 
0.5-3.0 AU, with each 
embryo 0.04 Earth masses.  
The planetesimals were 
given uniform a and random 
e,i according to a Rayleigh
distribution. Numerous 
planetesimals (one blue, 
several red/yellow) were 
driven into the main belt 
(black lines) by interactions 
with embryos.
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come from the cores of small differentiated asteroids 
(D  20-200 km [3]). Isotopic chronometers also 
indicate that core formation among iron meteorite 
parent bodies occurred 1-2 My before the formation of 
the ordinary chondrite parent bodies (e.g., [4,5]).  The 
paradox is that if small asteroids differentiated in the 
main belt at such early times, it would be reasonable to 
expect larger bodies forming near the same locations to 
have differentiated as well (e.g., [10]).  Hence, if iron 
meteorites are indigenous to the main belt, large 
numbers of differentiated bodies and their fragments 
should reside there today.  This is not observed. 
Instead, we argue a more natural formation location for 
most iron meteorite parent bodies is the terrestrial 
planet region, where accretion occurs quickly and thus 
differentiation is more likely to occur among small 
bodies.  A small fraction of this material would then be 
scattered into the main belt by interactions with 
planetary embryos.   

Collisional Evolution. If small differentiated bodies 
were scattered into the main belt, why is there an 
apparent paucity of that kind of material there today?  
We investigated this question by modeling the impact 
history of inner Solar System planetesimals using a 
well-tested collision evolution code [11]. 

Fig. 2 shows the fraction of D = 20, 100, and 500 km 
planetesimals that survive intact between 0.5-2.0 AU 
as a function of time. In the 0.5-1.5 AU zone, most D = 
20-100 km planetesimals disrupt after a few My. 
Because the breakup of a single planetesimal can 
produce millions of fragments, however, some of this 
material should be scattered into the main belt. 
Accordingly, we predict that many iron meteorites 
come from these planetesimals: they form close to the 
Sun, so they are likely to be differentiated, and very 
few survive intact, explaining the paucity of small but 
intact differentiated bodies in the main belt.  

Alternatively, 1.5-2.0 AU bodies are likely to both 
survive comminution and be scattered into the main 
belt (Fig. 1).  Their longer accretion times, however, 
mean that only the largest, most insulated ones 
differentiate.  Thus, D < 100 km interlopers from this 
zone are more likely to resemble heavily-
metamorphized S-type and E-type asteroids than 
differentiated bodies. 

If samples of crust, mantle, and core material from 
differentiated planetesimals were implanted in the 
main belt early in its history, why do we find so few 
olivine and basaltic meteorites from sources other than 
Vesta? To examine this issue, we tracked the evolution 
of a hypothetical population of mantle-type material in 
the inner main belt over the last 4 Gy in response to 
comminution and dynamical (Yarkovsky) depletion
[11].  Our results indicate there are insufficient A-type 
asteroids in the inner main belt to keep a large flux of 
olivine meteoroids continually replenished over several 
Gy through a collisional cascade. Thus, while olivine-
rich A-type asteroids clearly exist in the inner main 
belt, they are statistically unlikely to produce a 
significant number of present-day meteorites. Iron 
meteoroids, on the other hand, have several advantages 
over stones: (i) their cosmic ray exposure ages suggest 
they are roughly an order of magnitude stronger than 
stones, meaning they are less susceptible to 
comminution and are more likely to survive 
atmospheric entry [1], and (ii) their high thermal 
conductivities mean they evolve more slowly by the 
Yarkovsky effect than stones [7]. Together, these 
factors mean that the population of small iron asteroids 
in the inner main belt has probably experienced 
minimal changes over the last 4 Gy.  

Implications. Some iron meteorites may be remnants 
of the precursor material comprising the terrestrial 
planets.  Hence, by locating and studying crust or 
mantle fragments associated with these objects in the 
main belt, we may be able to deduce the composition 
of the primordial Earth (or other planets). 
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Fig. 2.  The fraction of inner 
Solar System bodies that 
survive the first 10 My of 
collisional evolution.  Here we 
computed how various input 
size distributions undergo 
comminution as a function of 
time.  Collision probabilities and 
impact velocities were derived 
from Fig. 1 runs.  Results 
shown here are for 20, 100, 
and 500 km planetesimals.  We 
found that 20 km planetesimals 
between 0.5-1.5 AU disrupt 
quickly; only their fragments 
reach the main belt.  This helps 
explain the paucity of small 
intact differentiated bodies in 
the main belt today.
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