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Contamination of the asteroid belt by primordial

trans-Neptunian objects
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The main asteroid belt, which inhabits a relatively narrow annulus
~2.1-3.3 AU from the Sun, contains a surprising diversity of objects
ranging from primitive ice-rock mixtures to igneous rocks. The
standard model used to explain this assumes that most asteroids
formed in situ from a primordial disk that experienced radical
chemical changes within this zone'. Here we show that the violent
dynamical evolution of the giant-planet orbits required by the so-
called Nice model*™ leads to the insertion of primitive trans-
Neptunian objects into the outer belt. This result implies that
the observed diversity of the asteroid belt is not a direct reflection
of the intrinsic compositional variation of the proto-planetary
disk. The dark captured bodies, composed of organic-rich materi-
als, would have been more susceptible to collisional evolution than
typical main-belt asteroids. Their weak nature makes them a pro-
digious source of micrometeorites—sufficient to explain why
most are primitive in composition and are isotopically different
from most macroscopic meteorites™®.

Our result that a significant fraction of objects in the main asteroid
belt are captured primordial trans-Neptunian objects (hereafter
termed ‘comets’ or ‘comet-like’ to reflect their primitive, icy natures)
comes from a series of numerical calculations of the trajectories of
small bodies during dynamical events proposed in the Nice model**.
In this model, the giant planets are assumed to have formed in a
compact configuration (all were located between 5 and 15 AU from
the sun) and to be surrounded by a ~35Mg disk of comet-like
planetesimals stretching between ~16 and ~30AU from the sun
(Mg denoting the mass of the Earth). After roughly 600 Myr, the
orbits of the giant planets became unstable. Uranus and Neptune
were gravitationally scattered outwards, thereby penetrating the disk
and scattering its constituents throughout the Solar System. The
planets evolved into their current orbits as a result of the gravitational
effects of the ‘comets’. This model is unique because it can quantita-
tively explain many of the observed characteristics of the Solar
System (for example giant-planet orbits’, Trojan asteroids>’, the
Kuiper belt®, the irregular satellites’ and the origin of the so-called
late heavy bombardment*).

Our current simulations follow the dynamical evolution of objects
that originally formed in the Nice model’s primordial comet disk as
the giant planets’ orbits evolved. We are primarily interested in the
fate of objects that potentially could have entered the inner Solar
System. Thus, we first integrated the orbits of a large number of
massless planetesimals initially on Saturn-crossing orbits under the
gravitational influence of the Sun, Jupiter and Saturn. The planets
were forced to migrate by including a suitably chosen acceleration in
the planets’ equations of motion, so that they reproduced the evolu-
tion of the ‘fast migration’ run in ref. 3 (see Supplementary

Information, section S1, for more details). During the integration,
we supplied a steady flux of planetesimals through the Jupiter—Saturn
system. These objects represent the planetesimals that originally
formed in the trans-planetary disk, but were destabilized and fed
inwards by Uranus and Neptune. The integrations covered 10 Myr.
In all, we followed the evolution of ~31,000,000 disk particles. We
find that a significant number of objects are captured either in Trojan
orbits (as in ref. 3) or in orbits inside that of Jupiter. A Jupiter-cross-
ing object can evolve into a stable orbit in the main asteroid belt
through a combination of dynamical processes. Initially, Jupiter will
scatter objects and occasionally one will fall in a mean-motion res-
onance, which can lower eccentricity. This would be temporary if
there were no migration. With migration, however, the resonances
move, and low-eccentricity objects can be left behind.

Next we tracked the long-term evolution of this captured comet-
like population to compare it with observations. This population is
affected by two processes: dynamical erosion and collisional grind-
ing. To address the first, we integrated the orbits of the implanted
comets under the gravitational effects of the Sun and gas giants for
4 Gyr. We removed an object if it either collided with a planet or
reached a heliocentric distance greater than 15 AU or less than 1.5 Au.
Figure 1 shows a comparison between the surviving objects (red dots)
and a complete sample of known large asteroids (green pluses). We
find that a substantial population of Trojans (32 of the 230 captured
objects, or 13%) and Hilda asteroids (8%) are produced.

In addition, we captured comets in orbits in the main asteroid belt
with semi-major axes as low as 2.68 Au. To compare these objects
with the rest of the main belt, we used classification based on spec-
troscopy. According to our model, objects captured in the main belt
should physically be similar to the resonant Trojans and Hildas. The
vast majority of these resonant objects are classified as D- or P-type
(hereafter D/P-type), which probably are organic-rich. Indeed, they
are a good match to spectral characteristics of the observed dormant
comets'’. This is consistent with the Nice model’s prediction that
they formed beyond 15 Auv.

The black dots in Fig. 1 show the D-type asteroids taken from the
databases of refs 11, 12. There is reasonable agreement between the
orbital element distribution of our captured objects and the known
primitive asteroids (Trojans, Hildas and D-type main-belt objects).
This result naturally leads to the controversial idea that most prim-
itive asteroids formed beyond ~15 Au.

If the above model is correct, we need not only to be able to
reproduce the orbits of the primitive, comet-like asteroids, but their
total number and size distribution as well. To accomplish this, we
need to account for their collisional evolution, which we do with a
self-consistent code, CODDEM, capable of following the collisional
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Figure 1| The orbital element distributions of real and modelled asteroids.
The distributions of eccentricity, e (a), and inclination, i (b), as functions of
semi-major axis, 4, of asteroids in Hilda (objects which orbit in the 2:3 mean-
motion resonance with Jupiter near 3.9 AU), Trojan and main-belt
populations. The small green pluses show all the numbered objects with
diameters greater than 40 km (the asteroid belt is probably complete at these
sizes) in the International Astronomical Union’s Minor Planet Center
database. We calculated the diameters from published absolute magnitudes,
assuming the albedos (Supplementary Information, section S2.1). The black
symbols show the D-type asteroids as catalogued in refs 11 and 12. It is
important to note that asteroid (336) Lacadiera, at a = 2.25 AU, e = 0.1 and
i =5.6", which is classified as a D-type in ref. 11, has an unusual spectrum
(H. Campins, personal communication), and thus is probably a different
type of object. We therefore use a smaller symbol to plot the location of this
object and did not include it in our analysis. We only include D-type
asteroids here because it is difficult to distinguish P-types from other, more
processed, asteroids, with the result that the catalogue of P-types probably
suffers from significant contamination®. The red dots show the location of
objects captured during our simulations. The main result of our simulations
is that, in addition to the resonant asteroids, a significant number of objects
are trapped in the outer main belt (OMB). Unfortunately, it is not possible to
perform a direct comparison between the orbital element distribution of our
trapped objects and that of the D-types because the observations are biased
owing to selection criteria, asteroid families and the like. However, we find
noteworthy the fact that the inner edge of each populations is at a = 2.6 Au.

evolution and dynamical depletion of multiple interacting size-fre-
quency distributions (SFDs)"*'*. This code was modified to use an
improved algorithm for handling the outcome of individual colli-
sions, taken from ref. 15. We tracked five populations: (1) indigenous
main-belt objects (a<2.82AU), (2) indigenous OMB objects, (3)
captured OMB objects, (4) Hildas and (5) Trojans. The collision
probabilities and impact velocities with both themselves and each
other were computed from the observed objects or, in the case of the
Trojans, were taken from refs 16-18. Populations 1 and 2, which
represent native asteroids, had a bulk density of 2.7 gcm ™ and were
assumed to follow the disruption scaling law for rocky objects'’. We
also assumed that the indigenous main-belt SFDs had approximately
the same shape 3.9 Gyr ago as they do today'>™.

The captured populations (3, 4 and 5) have a bulk density of
1gcm ™. We assumed that the initial shape of their SEDs was the
same as that of the currently observed Trojans (Fig. 2 and
Supplementary Information, section S2.2). Because the cometary
disruption scaling law is not well understood, we performed four
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Figure 2 | The beginning and end states of the SFDs in the three regions
studied. a, Trojans; b, Hildas; ¢, OMB objects. The blue curves show the
initial conditions for the captured comets in our CoODDEM simulations. The
shapes of the initial SFDs for these populations were taken from the currently
observed Trojan SFD. We chose the Trojans because these objects have been
least affected by collisional grinding. In particular, using the cumulative
number N(>D) o D™, we assigned values of g = 5.5 for D > 105km and
q = 1.8 for D <105 km, where D is diameter. The overall scales of the SFDs
for the captured populations are derived from a combination of the observed
Trojans and the results of the 10-Myr migration simulations (Supplementary
Information, section S2.2). For each value of f, we performed ~10
simulations using different random number generator seeds. The red curves
show an average of these simulations and thus are our predictions for the
present-day SFDs of the captured objects. In particular, the dotted, solid,
dashed, and dash—dot red curves correspond to fo =1, 3, 5 and 8,
respectively. For the Hildas and Trojans, we expect the model SFD to match
observations (black curves; note that the roll-off at small sizes is due to
observational incompleteness). The agreement is quite good given the
uncertainties in our models (Supplementary Information). Of particular
note, the Trojans are known to have a significantly steeper SFD at

D 2 100 km than the Hildas. Our model reproduces this because the Hildas,
which cross the main belt, undergo more collisional grinding. For the main
belt, the model also predicts that the SFD of the primitive bodies is steeper
than that of the indigenous population for D = 20 km, so the fraction of
D/P-types should increase as diameter decreases. This appears to match
observations®'. The solid and dotted green curves in c refer to the indigenous
OMB objects at the beginning and end of the simulation, respectively.

series of simulations in which this parameter was varied. In particu-
lar, following ref. 19, we assumed that the amount of energy required
to catastrophically disrupt a comet is the same as that for solid ice™,
divided by a factor fq (Supplementary Information, section $2.2). We
studied fo =1, 3, 5 and 8 (the limit found in ref. 19). The required
dynamical depletion rates were taken from the dynamical simula-
tions described above, whereas those of the indigenous asteroids
came from existing calculations of asteroid-belt depletion® in the
Nice model (see the discussion about population 3 in Supplemen-
tary Information, section S1).

The results of our collisional calculations are shown in Fig. 2. Our
model reproduces the SFDs of both the Trojan and Hilda populations
for diameter D>40km fairly well. This agreement is important
because each population has unique characteristics that test our
model’s assumptions. For example, comminution in the Trojan
population comes mainly from members hitting one other, whereas
that in the Hilda population is driven by impactors from across the
asteroid belt. Matching the SFDs of these populations simultaneously
in the same model, therefore, increases our confidence that our
assumptions are reasonable.

The final state of the captured cometary OMB is strongly depend-
ent on the disruption scaling laws used. For fo = 1, the model pre-
dicts that all of the OMB objects with D> 40km are captured. For
fo= 3, 5and 8 we find that captured objects represent 48%, 20% and
16% of the OMB, respectively. This decrease is due to a much larger
fraction of the captured objects being destroyed by impacts than their
stronger indigenous counterparts. The best available bias-corrected
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estimates of the fraction of D/P-types within the OMB over the same
size range is ~20% (refs 21-23), suggesting that f, 2 5. Because the
proportion of D/P-types is highly uncertain, this limit for f, is prob-
ably lower. The requirement that the primordial cometary disk sur-
vives the ~600 Myr before the late heavy bombardment requires that
fo <5 (Supplementary Information, section S4), which is consistent
with our upper range. We conclude, therefore, that captured comets
are weaker than native asteroids.

If the implanted comets are weaker than the indigenous main-belt
asteroids, we can potentially resolve another long-standing problem
in planetary science. The micrometeorites collected on the Earth are
dominated by material reminiscent of carbonaceous chondrites.
Indeed, the ratio of ordinary chondrite-type material to carbona-
ceous chondrite-type material (hereafter O/C) in micrometeorites
is <0.16 (ref. 24). Yet the asteroid belt, which has traditionally been
considered the dominant source of this material”® (see
Supplementary Information, section S3, for alternatives), is roughly
an equal mix of ordinary chondrite-like asteroids (for example
S-types) and carbonaceous chondrite-like asteroids (for example
C-types). The question has thus been that of why the micrometeorites
we collect do not reflect this ratio.

In our successful collisional models (that is, those with f, = 3), we
find that, at the current epoch, the implanted comets produce more
than 15 times more dust per unit mass than the indigenous asteroids
(the exact value depending on f,). This is because the implanted
population is made up of weaker objects that are breaking up more
easily. Furthermore, because the material created is mineralogically
similar to that produced by primitive C-type asteroids, our model
can explain the overabundance of carbonaceous chondrite microme-
teorites. Indeed, collisional simulations of the current asteroid belt
(Supplementary Information, section S3) show that an observed
value of O/C<C0.16 is a common occurrence if fo= 3.

The idea that D/P-types are both weak and the source of micro-
meteorites also provides an explanation for the surprising fact that
there are few micrometeorite analogues in our macroscopic meteor-
ite collection. If we suppose that these micrometeorites are generated
by the collisional cascade of embedded comets, we would not expect
to see many macroscopic samples for two reasons. First, our
implanted population resides in a region of the main belt from where
it is very difficult to get meteorites®>”. In particular, macroscopic
objects leaving this region of the asteroid belt are most likely to be
ejected from the Solar System by Jupiter, whereas microscopic
bodies, which are more susceptible to radiation forces, are more likely
to be delivered to the Earth. In addition, the presumed weak nature of
the captured objects probably makes their macroscopic fragments
unlikely to survive the passage through the Earth’s atmosphere or,
if they do, survive for long on the Earth’s surface.

Our conclusion that most primitive asteroids formed at large
heliocentric distances and then were trapped in their current orbits,
coupled with the idea that at least some asteroids were scattered into
the main belt from the terrestrial-planet region®, changes our view of
the asteroid belt. The traditional interpretation of the diversity of the
asteroid belt is that it represents the original condensation sequence
in the protoplanetary disk'. Indeed, their orbital distribution has
been used to constrain both the thermal structure of the nebula
and the effectiveness of various heating mechanisms as a function
of heliocentric distance (for example the decay of short-lived radio-
nuclides such as *°Al)*. If most D/P-types in the inner solar system
were captured from farther out, however, our models of the proto-
planetary disk would have to be significantly revised. Indeed, the
diversity in the asteroid belt may be telling us more about the dynam-
ical processes that controlled planet formation than about the phys-
ical nature of the protoplanetary nebula, with the main asteroid belt a
collection point for rogue planetesimals from across the Solar
System.
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