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Introduction: Absolute ages of lunar basins are criti-
cal for assessing the reality of a late cataclysmic bom-
bardment. Two of the younger basins, Imbrium and
Serenitatis, are reasonably well dated at 3.85 and 3.89
billion years. Three other basins (Herzsprung, Sikor-
sky-Rittenhouse, Baily) occur stratigraphically be-
tween Serenitatis and Imbrium, and the Schrödinger
and Orientale basins are both not much younger than
Imbrium based on crater density populations [1], so it
is clear that several large (>10 km diameter) impactors
did hit the Moon within a relatively narrow interval of
time around 3.7-3.9 billion years ago and that similar
events have not occurred since then. Absolute ages of
older basins are not well established and will be re-
quired to resolve an anomalous late spike from the
terminal stages of a more continuous impact history.

Significance of Lunar Basins: Most of the surface
geology on the Moon is controlled either directly or
indirectly by the 50 or so impact basins that have been
recognized with varying degrees of confidence from
photogeology and orbital geophysical mapping [1,2,3].
These massive events impel punctuated tectonic modi-
fication and large-scale resurfacing of the lunar crust
on timescales that are brief even by human percep-
tions. Where these basin-forming impactors came
from, why they invaded the inner Solar System long
after the initial stages of planetary accretion and differ-
entiation, and their possible influence on the geological
evolution of the terrestrial planets are fundamental
questions with significant implications for solar system
dynamics, crustal architectures of terrestrial planets,
and early planetary environments. The lunar impact
record provides a uniquely accessible resource for ad-
dressing these and related questions [4].

Impact Breccias: Large impact events create major
volumes of breccia deposits, and these were natural
targets for the Apollo expeditions. Two general classes
of lunar impact breccias have been recognised: frag-
mental breccias composed predominantly of clastic
rock debris in a finely comminuted, grain-supported
matrix of mineral and lithic fragments, and melt brec-
cias with crystalline to glassy matrices that formed by
cooling of a silicate melt. Based on field studies of
terrestrial craters and photogeologic observations of
relatively young lunar basins such as Orientale, melt
breccias are thought to occur predominantly within and
close to the rim of the basin whereas fragmental brec-
cias can be deposited outwards up to several times the
radius of the basin.

Of particular interest has been the use of lunar breccias
for constraining the timing of large impact events and
the provenance of the breccias. Melt breccias are espe-
cially useful for geochronology because they stand the
best change of having their radioactive clocks com-
pletely reset by the impact event, although the presence
of relict clasts (Fig. 1) has been a persistent challenge
to obtaining reliable ages [5].

Figure 1. Photomicrograph of aluminous poikilitic
impact melt breccia 61569. Field of view is approx. 1
mm wide. Partially x-nicols.

A Late Spike? Crystalline lunar melt breccias ages
cluster between 3.75-3.95 Ga. This corresponds with
an episode of intense crustal metamorphism defined by
U-Pb isotopic compositions of lunar anorthosites, a
coincidence that led Tera et al. [6] to infer “an event or
series of events in a narrow time interval which can be
identified with a cataclysmic impacting rate of the
Moon at ~3.9 Ga”. This discovery produced competing
hypotheses for the early impact flux to the Moon and
by implication for the early Earth.

In one scenario, the impact flux increased dramatically
at ~3.9 Ga, creating perhaps 15 or more lunar basins
(>300 km diameter) during a ‘Late Heavy Bombard-
ment’. Depending on the relationship between impac-
tor size and basin diameter, this might imply a mass
flux to the Moon on the order of about 1022 g within
100 million years [7], equivalent to about 0.3% of the
current mass of the asteroid belt and an accretion rate
25,000 times higher than the annual impact flux to the
Moon over the past 3.6 billion years. Alternatively, the
impact flux may have declined more steadily with
relatively minor temporal fluctuations since formation
of the Moon’s crust. In this scenario the apparent
clustering of impact breccia ages may be due to de-
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struction or burial of older deposits by ejecta from
more recent events such as Imbrium and Serenitatis, or
a bias due to the relatively small area actually sampled
by the Apollo and Luna missions [8, 9].

Influence of Imbrium on the Central Nearside: De-
spite early evidence for multiple impact events based
on 39Ar-40Ar ages [5], analytical and geological uncer-
tainties precluded further resolution of discrete impact
events based on either age or chemistry [10]. Recent
geochronological studies of Apollo 16 melt breccias
have recognized clusters defined by ages and textures
that may represent several distinct impact events dur-
ing the interval 3.75-3.95 Ga [11]. The provenance of
these melt breccia groups relative to specific basins or
craters is unknown, but most of these groups are equal
to or younger than the accepted age of Imbrium (3.85
Ga). The lack of older ages may be due to resurfacing
of the central nearside highlands around the Apollo 16
site by the Imbrium event.

The lack of impact-melt breccia crystallization ages
older than 4.0 Ga has been cited as strong evidence
supporting a late cataclysm [7]. Apollo 16 crystalline
rock 67955 (Fig. 2) appears to be one of the few lunar
melt breccias with an older age of 4.2 Ga defined by a
147Sm-143Nd mineral isochron [12]. The major and trace
element composition of this sample represents a mag-
nesian endmember to the Apollo 16 feldspathic frag-
mental breccias (FFB) collected around North Ray
crater [13], so one interpretation might be that 67955
was delivered to the site as clast within this unit of
fragmental breccias. An Imbrium provenance for these
breccias is supported by the 39Ar-40Ar ages of anor-
thositic clasts from these breccias [14], and the
KREEPy petrologic and trace element signatures in
67955 and other FFB clasts. This interpretation pulls
the pin on the age of Nectaris based on argon ages of
clasts eroded from the FFBs [16].

A current controversy concerns the interpretation of
4.1-4.2 Ga 39Ar-40Ar ages commonly obtained from the
dark, clast-rich melt breccias contained within and
eroded from the A16 FFB’s [14, 15]. Maurer et al. [15]
and some recent discussions of lunar cratering history
[17, 18] have accepted the apparent ages of these clasts
as dating a specific impact event. Alternatively these
ages may reflect partial resetting of older crustal mate-
rials during emplacement of the FFBs [19].

A speculative possibility is that the ~4.2 Ga argon ages
obtained from the FFB melt breccia clasts might be
inherited either from the same impact event that
formed 67955, or from a volume of crust in the Im-
brium region that was degassed at that time. Some
metamorphosed granulites from the Apollo 17 site also
have Ar ages ~4.2 Ga [20], again raising the possibility
of one or more large, pre-Imbrium impact events in the

northern nearside region of the Moon. Better con-
straints on megaregolith evolution of the lunar crust
between 4.4 and 3.9 Ga are needed to evaluate the sig-
nificance of an apparent 300-500 Ma gap in impact
ages as sampled in the nearside highlands of the Moon.

Figure 2. Photomicrograph of Apollo 16 crystalline
rock 67955. Field of view approx. 1 mm. Partially
crossed-nicols.
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