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Introduction: The mantles of the Earth and Moon are 
likely to record different information regarding planetary 
formation. The chondritic-relative abundances of highly 
siderophile elements (HSE) in Earth’s mantle have been 
generally explained by late-accretion that contributed as 
much as 0.8% of the mass of the Earth [1-3]. By con-
trast, the Moon has had a lower estimated flux rate of 
late-accretionary materials [3], and developed a thick, 
ancient (>4.45 Ga [4]) carapace of crust during global 
differentiation. These properties may have resulted in 
effective shielding of the lunar mantle from late accre-
tionary material addition. Consequently, constraints on 
Os isotope and HSE compositions in the lunar mantle 
are likely to provide important insights into the accre-
tion, mantle differentiation, core formation, and late 
bombardment histories of not only the Moon, but also 
Earth and Mars. 

Because no mantle rocks have been collected from 
the Moon, the only possible materials available for con-
straining mantle abundances are lunar volcanic rocks. 
Attempts have been made to constrain the Os isotope 
and HSE compositions in the lunar mantle using pyro-
clastic glasses; however, these samples may have wit-
nessed meteoritic contamination [3], and isotopic con-
straints are not forthcoming. To circumvent these prob-
lems, we have focussed on pristine (i.e., free from mete-
oritic contamination), low-Ti Apollo 15 and high-Ti 
Apollo 17 mare basalts, and low-Ti LaPaz mare basalt 
meteorites, analyses of which were reported previously 
in Day et al. [4].  
Analytical Methods: Sample splits of 2-3 g were 
crushed to homogeneous powders using an agate mortar 
and pestle, under better than class 100 airflow. Analyses 
for Re and Os were performed at AHIGL. Aliquots of 
0.5-1.2 g were equilibrated with an isotopically enriched 
spike, and digested in reverse aqua regia in quartz reac-
tion vessels using an Anton Paar® high-pressure asher. 
Separation/purification of Re and Os was accomplished 
via solvent extraction and micro-distillation (Os) and 
anion-exchange chromatography (Re). Isotope analyses 
for Os were performed using a thermal-ionization mass 
spectrometer (Triton-TI) in negative-ion mode. Analyses 
of Re were performed using a sector-field ICP-MS (Ele-
ment 2). Blanks were highly consistent and low for both 
Re (0.9±0.1 pg/g) and Os (67±9 fg/g), with a 187Os/188Os 
blank value equal to 0.290±0.007. The effect of chemi-
cal blank on Os was negligible and was generally small 
for Re.  

Results and Discussion: Blank-corrected Re and Os 
abundances for Apollo 15 and 17 basalts are similar to 
LaPaz lunar mare basalts analyzed by Carius tube diges-
tion methods [4]. Concentrations of Os range from 3 to 
38 ppt for Apollo 15 low-Ti basalts and 0.6 to 31 ppt for 
Apollo 17 high-Ti basalts and are highly reproducible. 
Abundances of Re are extremely low, yet reproducible, 
ranging from 0.3 to 18 ppt in both suites of basalt. Meas-
ured 187Os/188Os isotope compositions for Apollo 15 and 
17 basalts encompass a more limited range than the La-
Paz mare basalts, from 0.127-0.173. 

The Re/Os* and Os* variations for Apollo 15 and 17 
basalts analyzed in this study show HSE abundances in 
lunar basalts are significantly lower than for martian or 
terrestrial magmas (Fig. 1). Considering that lunar pyro-
clastic glass may contain an exogenous meteoritic inven-
tory [3], the trend towards chondritic Re/Os* with  
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Fig. 1: Re/Os* versus Os* for mare basalts and lunar 
pyroclastic glasses versus martian and terrestrial mag-
mas, and continental lithospheric mantle peridotites. 
Terrestrial partial melting model (in %) and vectors 
shown. Apollo 15 and 17 data are from this study, with 
LaPaz data from [4], and pyroclastic glass residue data  
from [3]. 
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increasing Os* is likely to indicate this component. 
None of the mare basalts analyzed in this study, or in 

Day et al. [4], show evidence for ‘exogenous’ meteoritic 
components from their Re and Os inventories, or  from 
other geochemical studies of these samples [5,6].  In-
stead, the range in Re/Os* and Os* in the mare basalt 
data is likely to be the result of mantle-melt partitioning, 
and the effect of crystal fractionation, as Os is more 
compatible than Re during crystallization, resulting in 
higher Re/Os in more evolved magmas. 

Extrapolations to mantle compositions from basaltic 
abundances are difficult due to current limitations in our 
understanding of HSE mantle-melt partitioning.  We use 
a method similar to Walker et al. [3], and directly com-
pare mantle-melting products from the Earth and Moon.  
The assumption made is that the relative offsets in the 
melting products reflect the same magnitude of offset in 
the HSE concentrations of the mantle sources. Our new, 
precise Os abundances for Apollo 15 and Apollo 17 
mare basalts are approximately a factor of 20-400 times 
lower than Os abundances for SNC meteorites, and 30-
1000 times lower than Os abundances in mantle-derived 
terrestrial basalts. Based on these values, it is assumed 
that the Moon’s mantle is a factor of at least 20-30 times 
more depleted in HSE than the mantles of Earth and 
Mars, or ~0.1-0.15ng/g Os. This result agrees well with 
the lunar mantle Os estimate from the lowest abundance 
pyroclastic glass residues [3]. 

Primary controls on Re and Os abundances in a HSE-
depleted lunar mantle are likely to have been from sili-
cate-metal partitioning during formation of a small lunar 
core, or through a giant-impact event.  Angular momen-
tum indicates the need for such an episode for the Earth-
Moon system, and it may have resulted in HSEs being 
striped into the Earth’s core, or being volatilized into 
space, from the materials that eventually formed the 
Moon.  For both of these scenarios, resulting HSE abun-
dances in the lunar mantle would likely have to be no 
more than 0.00001×CI chondritic abundances [7]. The 
abundance estimates for the lunar mantle are 25-40 times 
higher than this minimum possible concentration but, 
nevertheless, indicate a lack of late-veneer material equi-
librating with an early (>4.45 Ga) differentiated, HSE-
depleted, lunar mantle. 

Even if some of the higher abundance Os samples are 
considered to be cumulates, and hence enriched in Os, it 
should not affect the initial Os isotopic compositions, 
which would be predicted to be non-chondritic if HSE 
abundances have been controlled by the formation of  a 
small lunar core. Our precise 187Os/188Os measurements 
of Apollo 15 and 17 mare basalts span the range of 
primitive upper-mantle rocks and are in the range of 
ordinary and enstatite chondrites [8]. Additionally, the 
initial isotopic compositions of the basalts are broadly 
chondritic. 

These results appear to provide prohibitive evidence 
for lunar core participation in the evolution of lunar up-
per-mantle HSE compositions.  A late veneer may also 
be precluded because, as noted by Walker et al. [3], this 
material would result in higher HSE abundances and 
chondrite-relative compositions for the lunar mantle. 
Indeed, a significant late-veneer component appears to 
be present in lunar crustal rocks (e.g., [9,10]), and indi-
cates a Earth/Moon influx ~10 times greater than the 
predicted ratio. This discrepancy may relate to large bo-
lide influx to the Earth, concentration of late-veneer 
HSE in the terrestrial upper mantle, or a combination of 
late-veneer material and core-mantle interaction impart-
ing a chondritic HSE signature to Earth’s mantle. On 
this basis, our results support the notion that the late 
veneer is likely to have occurred between (<4.4 to >3.8 
Ga). 

The chondritic 187Os/188Os ratios of mare basalts are 
similar to those estimated for eucrite and diogenite me-
teorites that are assumed to have formed on a small dif-
ferentiated planetesimal that underwent core-mantle seg-
regation [11]. These results yield the possibility that the 
silicate mantle HSE compositions for the Moon may be 
explained by initial sequestration of HSEs into the core 
of the proto-Moon (or Theia), or into the terrestrial man-
tle, prior to the giant impact. Similar constraints are not 
currently possible for the initial Os isotopic and HSE 
compositions of Mars, however, the chondritic-relative 
HSE abundances of SNC meteorites [12] suggest similar 
histories for the mantles of Earth and Mars. 

The chondritic 187Os/188Os values and low HSE abun-
dances of mare basalts are likely to represent the compo-
sition of the Moon prior to 4.4 Ga. Assuming the near-
identical oxygen-isotope mass fractionations of the lunar 
and terrestrial mantles indicate the same isotopic starting 
compositions for these bodies [13], it can be inferred 
that the accretion materials of the Earth and Moon were 
the same. This accretionary material has near-identical 
HSE compositions to the enstatite- and ordinary-
chondrite-like material responsible for the late veneer on 
Earth, and which may be related to the terminal cata-
clysm of the Moon. 
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