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Introduction: We describe a project that could 

greatly alter our understanding of the environment on 
Earth at the time in which life originated. The ap-
proach is to systematically search for terrestrial rock 
and mineral samples that should be present on the lu-
nar surface due to impacts, and in selected terrestrial 
localities. Project activities include studies of terres-
trial materials, development of methods to systemati-
cally sample impact ejecta on the Moon, and ulti-
mately, deployment of search methods on the Moon 
with both unmanned landing craft and as part of a lu-
nar outpost. Activities could proceed in parallel to the 
anticipated development of robotic lander and manned 
missions to the Moon. 

Motivation:  The Hadean Eon (4.5-4.0 Ga) is the 
dark age of Earth history; there is no known rock re-
cord from this period. Detrital zircons as old as nearly 
4.4 Ga permit some insights into this phase of Earth 
history. However, many important questions cannot be 
addressed outside of the rock context (e.g., redox con-
ditions, geothermal gradient, evidence of biologic ac-
tivity). Extensive investigation of the quartzites host-
ing ancient detrital zircons have not revealed a single 
lithic fragment, let alone a Hadean crystalline rock. 
Yet this is the period when life likely first developed 
on Earth, and, unless it was extinguished by impacts, 
this life was ancestral to Earth life today. We propose 
to take advantage of the lunar exploration initiative to 
discover ancient terrestrial rocks preserved on the 
Moon. Studies of the geochemical evolution of the 
Moon itself also offers promise as means for recon-
structing the earliest epoch of solar system evolution 
including testing models of lunar formation. The na-
ture of the late heavy bombardment has profound im-
plications for the role that chaotic orbital dynamics 
may have on the development of life (frustration) and, 
more broadly, the role of giant planet migration in con-
tributing to an inhospitable environment. We see four 
opportunities: 1) Identification and return of terrestrial 
rocks from the lunar regolith via ISRU activities; 2) 
The lunar initiative may allow either robotic landings 
or human sorties to gather key samples; 3) With the 
certainty of a return to the Moon, constraints on the 
use of the current lunar samples can be relaxed in or-
der to better prepare for the new activity; 4) Specific 
isotopic studies of old terrestrial and lunar zircons. 

Background: The Moon is the only accessible 
body in the solar system that preserves rocks formed 

between 4.5-4.4 Ga, a period when conditions suitable 
for the emergence of life were likely established on 
Earth. The heavily cratered lunar highlands, covered 
by a megaregolith of brecciated materials, is the ex-
posed remnant of early lunar differentiation. The ma-
jority of the samples recovered from the highlands are 
complex breccias and include ‘pristine’ rock fragments 
which have remained thermally undisturbed for 4.35 
Ga [1]. 

Discovery of >4 Ga terrestrial rocks on the 
Moon: The certainty that the Hadean terrestrial impact 
flux was high, coupled with locally quiescent, post-
4.35 Ga thermal conditions in the lunar near-surface, 
offers the prospect of discovering isotopically undis-
turbed, >4 Ga terrestrial rock samples in surveys of the 
lunar highlands. Alternatively, examination of the up-
lifted flank of the South Pole Aitken crater may reveal 
a stratigraphic sequence from which the most ancient 
strata can be mined. In either case, the probability of 
encountering terrestrial materials during lunar sam-
pling is perhaps as high as 1:105 [2]. There are poten-
tially 3 rock types  likely to have been ejected from the 
early Earth: basalt, chert, and granitoids. The most 
distinctive property of terrestrial samples is their like-
lihood of containing H2O and thus spectroscopic 
methods capable of identifying hydrated minerals or H 
in the presence of lunar dust coatings would be util-
ized. Alternately, methods to detect 40K and 238U  
would aid identification of minerals known to have 
existed on the Hadean Earth. These and other proper-
ties of the 3 principal components of terrestrial ejecta 
could form the basis of a robotic detector and isolation 
system, perhaps in conjunction with in situ resource 
utilization (ISRU) activities. Sequential selection re-
quires a temporal scale on the order of 10 sec/sample. 

A reassessment of the late lunar cataclysm: The 
chronology of the large basin forming events on the 
Moon, and the much more severe battering of the 
Earth, is still highly debated. Most impact melt rocks 
sampled from the Apollo sites have interpreted ages of 
~3.9 Ga, interpreted to suggest a terminal cataclysm. 
This putative event was possibly triggered by gravita-
tional perturbations in the outer solar system. The cur-
rent sampling of lunar melt rocks is spatially limited 
and at least some of the ages are affected by later reset-
ting and interpretive artifacts. Sampling the far side of 
the Moon provides materials sufficiently distal to be 
unaffected by the last basin forming events. Indeed, 



lunar meteorite dates, representing a more global 
provenance than Apollo samples, yield a much broader 
age distribution [3]. Thus an impact age of ~3.9 Ga for 
the South Pole Aitken basin would greatly strengthen 
arguments for a series of large impacts spaced over a 
relatively short period of time, just prior to the begin-
ning of Earth’s rock record. A complimentary ap-
proach to obtain an impact record for the Earth is ultra-
high spatial resolution U-Th-Pb ion microprobe depth 
profiling of Hadean zircons. Preliminary data (Trail et 
al., 2007) show such events coterminous with large 
basin-forming impacts on the Moon. 

Late impact evidence from HSE’s: Highly 
siderophile elements (HSE) are important for under-
standing the late accretionary history of the Earth and 
Moon because they occur in high abundance in 
planetesimals, but are in low abundance in the silicate 
portions of planets floowing core formation. The abun-
dances of the HSE in the lunar mantle is a critical issue 
in determining the timing of late additions to the Earth-
Moon system because the lunar mantle likely formed 
with very low abundances of HSE’s. If HSE abun-
dances are high, it may suggest that late additions to 
the Earth and Moon were dominated by very early 
impacts prior to formation of the lunar crust. Low HSE 
abundances may require substantial additions pre-crust 
formation. A search for samples in the south pole high-
lands region of the Moon could provide samples of the 
lunar mantle, given that some craters in the South Pole 
Aitken basin penetrated far below the lunar surface, 
perhaps into the lunar upper mantle.  

Oxygen isotopes and the origin of the Earth-
Moon system: The stabilizing effect of the Moon on 
Earth’s obliquity may have been central to the rise of 
animal life on Earth [5], yet the origin of the Earth-
Moon system and the events that soon followed remain 
poorly understood. Current theories for planetary ac-
cretion indicate that during growth of planetary em-
bryos, Δ17O values are acquired over a narrow range of 
heliocentric radii.  Planet Δ17O are the result of  inter-
embryo collisions and thus a much broader provenance 
(i.e., inner solar system wide). Δ17O signatures of 
planetesimals are highly variable but the meaning of 
these variations with respect to the structure and dy-
namics of the inner solar system is unclear. More to 
the point, we ask what the coincidence of Earth and 
Moon Δ17O values [6] is in terms of the origin of the 
Earth-Moon system?  The latter is less obvious than it 
might seem in view of the existence of the seemingly 
unrelated e-chondrites, the majority of which possess 
Δ17O indistinguishable from Earth and Moon at the 
highest analytical precision. Most workers agree that 
the identical Δ17O among e-chondrites and Earth/Moon 

is not evidence that e-chondrites once belonged to the 
Earth-Moon system, making less persuasive the oppo-
site conclusion that identical Δ17O among Earth and 
Moon requires thorough mixing of the oxygen com-
prising both bodies. Conversely, new data reveal at 
least two e-chondrites with more positive Δ17O values 
than terrestrial, raising the possibility that new analy-
ses of ancient Earth and Moon might yield surprises as 
well. We suggest that a search for oxygen isotope 
anomalies among the most ancient materials from 
Earth and Moon (e.g., zircons) might help answer 
questions about the final assembly of these bodies. For 
example, and by analogy with the enstatite chondrites, 
is it possible that distinct oxygen reservoirs (manifest 
as distinct Δ17O values) persisted on earliest Moon and 
Earth due to late accretion?  The answer to such ques-
tions will require access to new sources of lunar and 
terrestrial materials. 

Lunar zircons: Lu-Hf studies of mare basalts have 
elucidated the history of lunar volcanism and mantle 
source regions, but yield only values indicating they 
were formed from depleted mantle. Preliminary cou-
pled U-Pb and Lu-Hf measurements of zircons from 
lunar highlands breccias show a range of isotopic ra-
tios in 4.0 to 4.35 Ga zircons that indicate their deriva-
tion from an enriched lunar reservoir. Extrapolation of 
this array is consistent with a closure age of 4.50 Ga 
indicating differentiation within 60 million years of 
solar system formation. These preliminary results sug-
gest that our understanding of the timing and mecha-
nisms of lunar differentiation could be greatly en-
hanced using the outstanding qualities of lunar zircon 
(and perhaps zirconalite) as both a chronometer and 
containment device for isotopic tracer information. 
However, with few exceptions, zircon is in low abun-
dance in lunar rocks. Thus the prospect of returning to 
the Moon for additional focused sampling (and possi-
ble pre-concentration of zircon in situ) opens up the 
prospect of a variety of high resolution isotopic inves-
tigations of lunar differentiation processes. 
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