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Introduction. The Late Heavy Bombardment (LHB)
was a solar system-wide barrage of comets and aster-
oids that produced many young lunar basins, with the
last one Orientale formed∼ 3.7-3.8 Ga [e.g., 1]. The
precise nature of the LHB, however, is uncertain; some
believe it represents the end of a steadily-declining bom-
bardment due to leftover planetesimals, while others be-
lieve it was a “cataclysm” marked by increased lunar
impact rates∼ 4.0 Ga. How do we distinguish between
these two different scenarios of solar system history?

One way is to examine asteroid and lunar samples
that were strongly heated by LHB-era impact events. In-
terestingly, the ancient39Ar-40Ar shock degassing age
profiles from HEDs, presumably from (4) Vesta, the
H chondrites, and ancient lunar rocks returned by the
Apollo 16 and Luna 20 missions are surprisingly simi-
lar to one another [2-6]. The asteroids yield a spike of
ages near 4.5 Ga, few ages between∼ 4.1-4.4 Ga, and
numerous ages between∼ 3.5-4.1 Ga [2-4]. The Moon
yields few Ar-Ar ages older than 4.1-4.2 Ga and numer-
ous ages between 3.7-4.1 Ga [2, 5-6].

Interpreting the LHB. These age distributions may sug-
gest the LHB began∼ 4.1-4.2 Ga. This partially sup-
ports the cataclysm scenario, though impacts prior to
4.1-4.2 could still come from the leftovers of accretion.
A likely trigger was late giant planet migration (Nice
model) that destabilized the primordial main belt and
numerous other small body reservoirs [e.g., 7].

The age range between 3.5-4.1 Ga also implies the
LHB was not a spike, but instead lasted hundreds of My.
This means the main source of LHB-era impactors was
probably asteroids, not comets; the Nice model predicts
comets hit inner solar system targets over a few tens
of My at best, while asteroids produce impacts over
much longer time periods [8]. A probable source of
many LHB-era impacts is the E-belt, a putative main
belt extension between 1.8-2.1 AU that was eliminated
by late giant planet migration. Numerical work shows
this population made most Nectarian and Imbrian-era
lunar basins between 3.7-4.1 Ga [8].

LHB Problems. The catch, however, is that we still
need explain the paucity of Ar-Ar ages between 4.1-4.4
Ga. Most pre-Nectarian craters formed in this interval
[10], and the primordial main belt was several times its
current size [8,9], such that Vesta impacts should have
been common. This is the opposite of observations.

One possibility is that early impacts obliterated or
buried most older samples. While this certainly happens
at some level, we do not believe it explains observations:
(i) pre-4.1 Ga crystallization and igneous ages of aster-

oid and lunar samples have been found in some abun-
dance [2-6], (ii) extensive destruction of older terrains
on Vesta/Moon is not obvious from crater counts [10],
and (iii) obliteration/burial should presumably work dif-
ferently on the worlds above, which vary in size and sit-
uation, yet the Ar-Ar age profiles for the Moon, Vesta,
and the H chondrite parent body are broadly similar.

LHB Impact Heating Model. We argue the missing
factor here is a realistic model of how impact heating re-
ally works. Hydrocode simulations show that the amount
of melt/vapor produced atV > 15 km/s scales with
impactor energy [11-14]. ForV < 15 km/s, however,
the zone of melting drops off quickly as the peak shock
pressure achieved in an impact approaches the peak pres-
sure for melting. In fact, tests show the volume of va-
por/melt decreases by factors of 10 and 100 fromV =
15 to 10 km/s and to 7-8 km/s, respectively [14].

This means lowV impacts do not heat the target suf-
ficiently to reset Ar-Ar ages.Consequently, no matter
how massive the main belt was before/after the LHB,
it cannot produce much heating because mean im-
pact velocities there were likely 5 km/s [15].

Fig. 1. (a) The normalized impact flux on Vesta from
the E-belt. Most impacts occur prior to LHB. (b) Flux
coupled to impact heating scaling relationships.

Using this data, we calculated the normalized amount
of impact heating that takes place on the Moon and Vesta
from the impact of E-belt asteroids before/after the LHB.
First, we calculated the orbital evolution of E-belt ob-
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jects [8]. We neglected the primordial main belt, but
this should not affect our conclusions. In thepre-LHB
phase, Venus-Neptune were placed on nearly circular
orbits consistent with Nice model initial conditions. Our
E-belt population was composed of 1000 test bodies
with a = 1.7-2.1 AU ande, i chosen from main-belt-
like probability distributions [5], with the proviso that
no test bodies were initially placed on Mars-crossing or-
bits. We integrated them for 0.6 Gy. In theLHB phase,
we assumed the Nice model occurred and moved all
planets to their current orbits. The surviving test bodies
were tracked for 0.6 Gy. Next, we calculated the colli-
sion probability and impact velocity distributions of our
bodies with Vesta and the Moon using [15]. The results
were then coupled to impact heating scaling relation-
ships valid for our targets [11-14].

Vesta Results. Fig. 1 shows our results for E-belt im-
pacts on Vesta. Most pre-LHB collisions are too slow
to produce significant heating, explaining the paucity of
4.1-4.4 Ga ages in the HEDs (and H chondrites). Those
pre-LHB events that do occur are mainly from E-belt
escapees that achieve high eccentricitye and/or inclina-
tion i orbits. Many cross the orbits of both Vesta and
the Moon as they evolve, such that they occasionally hit
either world atV > 10-15 km/s.

During the LHB, most E-belt asteroids are driven
onto planet-crossing orbits, which in turn creates nu-
merous highV impacts on Vesta. This explains why
the HED (and H chondrites) have multiple Ar-Ar ages
between 3.5-4.1 Ga. As the population decays, the num-
ber of impact heating events also decreases, though this
is partially offset by selection effects that favor recent
events. Together, they help keep the observed Ar-Ar
age distributions relatively flat.

Lunar Results. Here we scale our numerical results
to compare the pre-LHB and LHB eras. For the LHB,
destabilized bodies from the E-belt and primordial main
belt produce∼ 12 lunar basins, or most Nectarian and
Imbrian-era basins [8]. For the pre-LHB flux, most im-
pacts probably come from a combination of leftover plan-
etesimals in the terrestrial planet regions and escapees
from the primordial E- and main belts. Unfortunately,
we do not yet have a good model of the former, par-
ticularly because the giant planets may have formed on
nearly-circular and co-planar orbits [7].

As an approximation, we scaled the E-belt impactor
flux in the pre-LHB era to the observed fraction of pre-
Nectarian basins, which make up two-thirds of all lu-
nar basins [1]. We believe this is reasonable because
(i) the mean lunarV of E-belt impactors doubled be-
tween the pre-LHB and LHB eras (11.9 ± 8.1 km/s vs.
V = 20.7 ± 9.8 km/s, respectively [8]), and (ii) the
differences between the crater size-frequency distribu-
tions on the oldest pre-Nectarian terrains and those near
Nectaris basin are most easily explained by a factor of 2
increase inV near the time of the LHB [10].

Fig. 2 shows that while LHB projectiles only pro-

duce 1/3 of all lunar basins, they create more than half
of all Ar-Ar ages over an interval lasting several hun-
dreds of My. Selection effects should bias these val-
ues even more toward LHB-era events; we note that
the nearside regions sampled by Apollo 16 (lunar high-
lands) and Luna 20 (near Crisium basin) are closer to
Nectarian-era basins than pre-Nectarian-era basins. Thus,
our results appear consistent with constraints.

Fig. 2. (a) Impact flux on Moon. To approximate left-
over planetesimal impacts prior to LHB, we scaled E-
belt impact flux in the pre-LHB era to pre-Nectarian
basin counts, which make up 2/3 of all lunar basins. (b)
Flux coupled to impact heating scaling relationships.

Implications. The LHB-era Ar-Ar shock degassing ages
from (4) Vesta, the H chondrite parent body, and the
Moon have similar profiles because these worlds were
hit by the same population of high(e, i) impactors; only
these kinds of highV impactors can produce significant
heating. We predict that the age profiles of lunar im-
pact spherules [16], impact melt clasts from lunar mete-
orites [17], and the< 1.3 Ga Ar-Ar ages found among
H chondrites [4] are broadly similar for the same reason.
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