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Dating the Solar System’s giant planet orbital
instability using enstatite meteorites

Chrysa Avdellidou™?*, Marco Delbo™?, David Nesvorny®, Kevin J. Walsh®, Alessandro Morbidelli**

The giant planets of the Solar System formed on initially compact orbits, which transitioned to the
current wider configuration by means of an orbital instability. The timing of that instability is

poorly constrained. In this work, we use dynamical simulations to demonstrate that the instability
implanted planetesimal fragments from the terrestrial planet region into the asteroid main belt. We use
meteorite data to show that the implantation occurred >60 million years (Myr) after the Solar System
began to form. Combining this constraint with a previous upper limit derived from Jupiter’s trojan
asteroids, we conclude that the orbital instability occurred 60 to 100 Myr after the beginning of Solar
System formation. The giant impact that formed the Moon occurred within this range, so it might

be related to the giant planet instability.

f a meteorite type can be linked to a spe-

cific parent asteroid, it provides insight

into the asteroid’s composition, time of for-

mation, temperature evolution, and orig-

inal size. During the cooling process of a
parent asteroid, it reaches the closure temper-
atures of different isotopic systems at succes-
sive epochs, which are recorded in meteorites
derived from that asteroid. The isotopic abun-
dance ratio of each system varies with known
radioactive decay constants. Measurements of
the isotopic abundances can determine the epoch
at which each system closed, called thermo-
chronometry, which constructs cooling curves
of temperature as a function of time. There-
fore, thermochronometers in meteorites can
constrain the epoch at which major collisional
events disturbed the cooling curves of the par-
ent asteroid (7).

The group of meteorites classified as low-
iron enstatite chondrites (ELs) have been linked
to the Athor family of asteroid fragments, whose
largest member is (161) Athor (2). Spectroscopy
and albedo measurements of the Athor family
match the properties of ELs, and their orbits
in the asteroid main belt are dynamically fa-
vorable for the transfer of fragments to Earth,
where they fall as meteorites (2). The Athor
family was produced by an asteroid collision
~3 billion years ago, which catastrophically de-
stroyed a progenitor asteroid (2). The estimated
size of the Athor family progenitor is 64 km,
derived from the known family members and
taking into account the dynamical and colli-
sional loss of family members that has occurred
since the collision (2). However, thermochro-
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nometry of ELs (7) requires the primordial parent
body of the ELs (hereafter referred to as the
EL planetesimal) to have had a diameter of 240
to 420 km. The EL planetesimal was therefore
much bigger than the Athor family progenitor
(2). This size mismatch can be resolved if the
Athor family progenitor was itself a collisional
fragment of the EL planetesimal (2).

The collision that fragmented the EL plan-
etesimal could not have happened in the as-
teroid belt; otherwise, it would have produced
a much larger family of fragments in the main
belt than the Athor family, which has been ex-
cluded by observations (2, 3). This is consistent
with meteoritic evidence that the EL planetes-
imal formed in the terrestrial planet region
[orbital semimajor axis @ ~ 1 astronomical unit
(au); Fig. 1], as indicated by the isotopic sim-
ilarity of ELs with Earth and their similar low
rock oxidation (4, 5).

We propose that after the breakup of the
EL planetesimal, the Athor family progenitor
(and possibly other fragments or other plane-
tesimals from the terrestrial planet region) was
implanted into the main belt by some dynam-
ical process. After its capture in the main belt,
the Athor family progenitor was disrupted by
another collision, which generated the cur-
rently observed family (Fig. 1). We test this sce-
nario by investigating both how fragments of
the EL planetesimal could be implanted into the
region where the Athor family progenitor was
disrupted and when the implantation could
have taken place.

Dating the EL planetesimal breakup

Meteorite evidence has shown that the EL plan-
etesimal accreted 1.8 to 2.1 million years (Myr)
after the beginning of Solar System formation
(1), where the latter is defined by the formation
of calcium-aluminum-rich inclusions (CAIs)
(6). The EL planetesimal was initially heated
by the decay of radioactive elements and then
cooled for several tens of millions of years, as
indicated by thermochronometers (7). The EL
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phase.

To establish a lower limit on the epoch of
the breakup, we modeled (7) the cooling of the
material that later became the ELs using two
possible scenarios for the formation of the
Athor family progenitor (fig. S1). In the first
scenario, the Athor family progenitor was a
large fragment consisting of a single rock
(monolithic), which would cool slowly after
the impact. In the second scenario, the Athor
family progenitor formed by the reaccumu-
lation of numerous small fragments (8, 9),
which would have cooled almost instanta-
neously. We find that both scenarios can be
consistent with the meteorite thermochro-
nometer data, but the probability of being con-
sistent decreases with a decreasing breakup
epoch, which means that it becomes less likely
at earlier times (fig. S1). We exclude a breakup
of the EL planetesimal before 57 and 59 Myr
for the first and second scenarios, respectively,
at 95% confidence (7). We therefore adopt a
lower limit on the timing of the EL planetes-
imal breakup of >60 Myr after Solar System
formation.

Implantation after terrestrial planet formation

We investigate several possible scenarios for
implanting fragments of the EL planetesimal
into the main belt. Initially, we assume that
by 60 Myr after Solar System formation, all
planets had fully formed and reached their
current orbits. For this first scenario, we sim-
ulated 10,000 particles in the terrestrial planet
region (0.6 < a < 1.6 au), representing plane-
tesimals or fragments thereof, and dynamically
evolved their orbits for 50 Myr. We found that
encounters with terrestrial planets changed the
orbital semimajor axes of these particles, pro-
ducing a scattered disk of objects, which we
refer to as the terrestrial scattered disk (Fig. 2A).
In our simulation (fig. S2), after the first 20 Myr
of evolution, an average of 1.7 + 0.4% (7) of the
surviving planetesimals have orbits with semi-
major axes in the inner main belt range (2.0 <
a < 2.5 au) but with a larger eccentricity (e > 0.2)
than that of the main belt. Some temporary
captures of objects into the main belt happen
at specific semimajor axes that are resonant
with the orbital frequency of planets, but none
of these particles reach the region of Athor’s
orbit (we do not extend it until 2.5 au to avoid
the 3:1 mean motion resonance with Jupiter,
which has a considerable width) (Fig. 2A). All
such resonant orbits are located far from Athor’s
orbit (Z0). We conclude that implantation of the
EL planetesimal to Athor’s orbit is not possible
if the planets are on their current orbits, so we
exclude this scenario.

Implantation during terrestrial planet formation

Resolving this problem requires some pro-
cess that is not operating in the current Solar
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Fig. 1. Schematic diagram of our preferred scenario. Red circles are plane-
tesimals (and their fragments) from the terrestrial planet region. The black solid
curves roughly denote the boundary of the current asteroid inner main belt.
Eccentricity increases from bottom to top. Each panel shows the proposed evolution
of the inner Solar System at different time ranges: (A) Formation and cooling of the
EL planetesimal in the terrestrial planet region before 60 Myr after Solar System
formation. In this period, the terrestrial planets began scattering planetesimals

to orbits with high eccentricity and semimajor axes that correspond to the asteroid

main belt. (B) Between 60 and 100 Myr, the EL planetesimal was destroyed by an
impact in the terrestrial planet region. At least one fragment (the Athor family
progenitor) was scattered by the terrestrial planets into the scattered disk, as in (A),
then the giant planet instability implanted it into the inner main belt by decreasing its
eccentricity. (C) A few tens of millions of years after the giant planet instability
occurred, a giant impact between the planetary embryo Theia and proto-Earth
formed the Moon. (D) The Athor family progenitor experienced another impact event
that formed the Athor family at ~1500 Myr.

System, can permanently reduce orbital eccen-
tricities, and operates at locations different
from those of the current orbital resonances.
As a second scenario, we investigated whether
this could occur during the time of terrestrial
planet formation.

Implantation of planetesimals from the ter-
restrial planet region into the main belt has
been previously reported (71, 12). To quantify
the implantation probability as a function of
time, we selected only simulations of the for-
mation of the planets that reproduce the final
masses and orbits of the terrestrial planets. We
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adopted a previous simulation [simulation 35
in (Z3)] that produced planets almost identi-
cal to the current Solar System. In that simu-
lation, the planet accretion process was fed by a
combination of planetary embryos and 44,000
planetesimals, where embryos were assumed
to have been accreted from planetesimals
and pebbles. All of these bodies had initial
a < 1.5 au at the time of the dispersal of the
gas of the protoplanetary disk, which happened
4 to 5 Myr after the formation of CAls (74). The
removal of the gas from the protoplanetary
disk allows planetesimal scattering at large
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distances; this was not possible at earlier times
because of gas drag. Following the planetes-
imal evolution up to 200 Myr, we found that
after 60 Myr, only one object—which started
at a@ = 1.167 au—entered the region of Athor’s
orbit (at ~100 Myr) as a result of a resonance
with Mars. However, this object had an un-
stable orbit and exited the main belt after
another 1 Myr. We calculated the probability
of planetesimal implantation in the region of
Athor’s orbit after 60 Myr as <2 x 107° in this
simulation. We therefore exclude the second
scenario as well.
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Fig. 2. Simulated terrestrial scattered disk. In all panels, gray circles are
individual particles in our simulations. The displayed semimajor axis range 2.0 <
a < 2.5 au corresponds to the inner main belt. The black line is the eccentricity
limit of the inner main belt, approximated as e = 1 to 1.8/a. Objects above the
line cross the orbit of Mars and so are unstable. The black dot is the current
orbit of the asteroid (161) Athor, and the gray shaded area around it has 2.3 <a <
248, e > 110 2.0/a, and i < 15° which is our definition of the region around it
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(as discussed in the text). Each panel is a snapshot from the simulations showing
the inner main belt architecture: (A) With terrestrial and giant planets on their
current orbits after 20 Myr. (B) With no terrestrial planets and only Theia on
an eccentric orbit crossing the main belt after 10 Myr. (C) With all planets on
their current orbits and Theia on the same orbit as in (B) after 10 Myr. (D) With the
giant planets on their preinstability orbits after 35 Myr. In all cases, particles are
implanted into the main belt but none in the region around Athor's orbit.

The role of Theia

Earth’s Moon is thought to have formed by a
giant impact with a planetary embryo known
as Theia. In the same simulation [simulation
35 in (13)], terrestrial planet formation ends
with the last giant impact, 41.2 Myr after gas
dispersal. This terrestrial planet formation time-
scale is typical of simulations that assume that
the giant planets were on, or quickly evolved
to, their current orbits (75). Although it does
not typically occur in the simulations, it is pos-
sible that in the real Solar System, one embryo
(Theia) remained after this time before collid-
ing with Earth. To investigate this evolution,
we ran two simulations for 10 Myr, each con-
taining 10,000 particles generated by cloning
the terrestrial scattered disk objects with 2.0 <
a < 2.5 au from the first scenario (Fig. 2A). For
this third scenario, we assumed a Mars-mass
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Theia on an orbit much more eccentric (e > 0.40)
than is typically considered (76), which enhances
planetesimal implantation because of Theia re-
peatedly crossing the inner asteroid belt.

In the first simulation, for simplicity, we re-
moved all the terrestrial planets except Theia,
so its orbit is stable rather than evolving in an
uncontrolled manner. We found that a few
planetesimals are implanted in the inner main
belt (Fig. 2B). However, the probability of im-
planting in the region of Athor’s orbit is <10°
(no object was captured). In the second simu-
lation, we included the terrestrial planets as
well as Theia; Earth was assumed to have 90%
of its current mass, and all terrestrial planets
were initially on their current orbits. The orig-
inal orbit of Theia was as before but now evolved
chaotically because of encounters with the ter-
restrial planets. To sample possible evolutions
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of Theia, we performed 10 simulations with
1000 particles each. Theia’s evolution is differ-
ent in each of these simulations. Combining the
results, we found that the number of particles
implanted in the inner asteroid belt is substan-
tially smaller than in the previous case (Theia
alone); again, no particles were implanted in
the region of Athor’s orbit (Fig. 2C). Implan-
tation might be possible if the simulation as-
sumed a higher Theia mass, but that would
produce a giant impact that is inconsistent
with the Moon-forming impact (16, 17). We
therefore also exclude this third scenario.

Implantation during the giant
planet instability

A fourth scenario is that at the time of the
breakup of the EL planetesimal, the giant
planets were not yet on their current orbits.
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Previous work has shown that when gas was
removed from the protoplanetary disk, the
giant planets had orbits in a resonant chain,
so each planet was in resonance with its neigh-
bors (18). The orbits were more circular and
coplanar, and the system had a more compact
configuration than it does today. The current
orbits of the giant planets were acquired dur-
ing a phase of temporary orbital instability
(19) triggered by the planets’ interactions with
a massive disk of trans-neptunian planetesimals
(20) or with the dissipating disk of gas (21). Im-
plantation of EL planetesimal fragments into
the main belt could then occur during the giant
planet instability. However, it is not well known
when that instability occurred. It has been
proposed to have occurred ~600 Myr after the
formation of CAls, during a putative late heavy
bombardment of small bodies on the Moon
(22). However, the instability is likely to have
occurred much earlier, and the existence of the
late heavy bombardment is doubtful (23-25).
The preservation of binary objects in the trans-
neptunian region indicates that the instability
occurred within the first 100 Myr after the for-
mation of CAIs (26).

We studied the effect of the giant planet in-
stability on the terrestrial scattered disk of
planetesimals and the probability of their im-
plantation in the region of Athor’s orbit. Pre-
vious simulations of the giant planet instability
[case 1 in (27)] have strongly modified and
dispersed the eccentricities and inclinations of
objects with semimajor axes corresponding
to the main belt (28), indicating that objects can
be implanted from the terrestrial scatter disk
into the main belt. To test this scenario, we
do not reuse the terrestrial planet scattered
disk from the above scenario, but rather re-
simulate it with the giant planets on a set of
assumed preinstability orbits. As before, we
simulated 10,000 particles initially in the ter-
restrial planet region. Because of the smaller
orbital eccentricities of the giant planets, the
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terrestrial scattered disk was less perturbed, it
was less dispersed than, and its particles took
longer to impact the Sun, impact a planet, or be
ejected from the Solar System compared with
our earlier simulation. After ~35 Myr, an average
of 5.3 + 0.3% (7) of the surviving planetesimals
had orbits with 2.0 < a < 2.5 au (fig. S1) (higher
than the 1.7% found above for the simulation
with planets on their current orbits), although
their perihelion distances were <1.8 au (Fig. 2D).
The only temporary capture into the asteroid
belt occurs at the location of the 3:1 mean mo-
tion resonance with Jupiter, which was at 2.6 au
at the time. We cloned 10,000 particles from
those terrestrial scattered disk objects with 2.0 <
a < 2.5 au and simulated the particles’ orbital
evolution during the giant planet instability
[case 1 in (27)] for 10 Myr. In this case, we
found several particles implanted in the inner
main belt (Fig. 3). We calculated (7) average im-
plantation probabilities P; to be (148 + 0.29) x
10~* in the inner main belt and (3.18 + 1.30) x
107° in the region of Athor’s orbit. We also es-
timated 99.5% likelihood (3c) lower limits of
P;>85x10%and P; > 1 x 107 in the inner
main belt and in the region of Athor’s orbit,
respectively (7).

To evaluate whether this probability is large
enough to explain the implantation of Athor,
we estimated (7) the planetesimal population
mass Mp, converted it to a number of objects
Np, and multiplied this by P; to obtain the
expected number of implanted objects N1. We
determined My by considering that accretion
of planetesimals that collided with Earth after
the Moon-forming event (known as the late
veneer) (25) delivered Myy = (4.86 + 1.63) x
102 Earth masses (29) of material. This is a
fraction R of the total mass in planetesimals
that were still present in the terrestrial planet
region at the time of the Moon-forming event.
Using previous investigations of the late veneer
(25), we estimated R = 0.12 + 0.04 (7). To esti-
mate Np, we compared the total planetesimal
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mass Mp = Myy/R with the current mass of the
main belt Myp, which is 4 x 107* Earth masses
(80). We estimated Mg from measurements
of 607 asteroids with diameters larger than
50 km (31) (data S1), which have a planetesimal-
like size distribution and so are interpreted
as leftover planetesimals (32, 33). The 50-km
diameter threshold was selected (in the previous
work) to include leftover planetesimals but ex-
clude contamination by families of fragments
generated by collisions in the main belt (32).
Therefore, the expected number of implanted
planetesimals (or fragments thereof) is
NI =P1 XMLv/RXNm/MMB (1)
We find Ny = 9 + 4 and N; = 1.9 + 0.9, on
average, in the inner main belt and the region
of Athor’s orbit, respectively, where the uncer-
tainties are 1o (7, 34). The corresponding 99.5%
lower limits are Ny > 5.2 and N; > 0.6, respec-
tively. These estimates based on our simulations
are consistent with astronomical observations,
which have found (35) five leftover planet-
esimals in the inner main belt with spectra
matching enstatite chondrites (2). One of those
five—the only one in the region of Athor’s orbit—
is Athor itself. This calculation implicitly as-
sumes that most of the planetesimals scattered
from the terrestrial planet region had enstatite
compositions, consistent with isotopic con-
straints on the composition of the late veneer
(5, 36). We conclude that the giant planet or-
bital instability is capable of implanting scat-
tered planetesimals from the terrestrial planet
region into Athor’s current orbit.

Implications for the early Solar System

Because the implantation of the Athor family
progenitor could not have occurred before the
breakup of the original EL planetesimal (de-
termined above as after 60 Myr), our results
provide a lower limit on the timing of the giant
planet instability of >60 Myr. A 95% upper limit
of <100 Myr has previously been derived from
the Patroclus-Menoetius binary asteroid—one of
Jupiter’s trojans (26). We conclude that the giant
planet instability occurred between 60 Myr and
100 Myr (Fig. 1). This excludes the possibility of
an earlier instability (21, 37) occurring just after
gas removal from the protoplanetary disk (21),
which has been proposed to explain the mass of
Mars (37) and was adopted in previous simu-
lations (73).

The parent bodies of two groups of meteor-
ites, classified as low-iron (L) and high-iron (H)
ordinary chondrites, suffered catastrophic im-
pacts ~60 Myr after the formation of CAls (38),
equaling our lower limit on the giant planet in-
stability (supplementary text). The embedding
of H and L chondritic fragments as foreign
rocks (xenoliths) in nonchondritic ureilite-
type meteorites probably occurred around the
same time because it requires a large number
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of fragments to have been present in the main
belt (39). The close to simultaneous disruption
of the H and L parent bodies indicates an in-
crease in the orbital eccentricities and inclina-
tion of the asteroids in the main belt, which
has been interpreted as being caused by the
giant planet instability (39).

The formation of the Moon (40-42) also oc-
curred within the range that we determined
for the giant planet instability. This might be a
coincidence, or there might be a causal rela-
tionship between the two events. Dynamical
simulations have shown that a stable system of
five terrestrial planets (Mercury, Venus, Earth,
Mars, and Theia) can experience the Moon-
forming impact within a few tens of millions of
years after the giant planet instability (76, 43).
Such a five-planet system has a higher proba-
bility to form (and remain stable) if the giant
planets are on almost circular orbits before the
instability and if the initial planetesimals were
concentrated near 1 au (44). We therefore sug-
gest that the giant planet instability is not
related to the late heavy bombardment of the
Moon (22) but could instead be related to the
formation of the Moon itself.
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