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Introduction:  It has long been hypothesized that 

the Earth-Moon system, and likely the entire inner 
solar system, underwent a phase of late accretion, 
termed late heavy bombardment (LHB), within the 
interval of time from ~4.1 to ~3.8 Ga [1-3]. Although 
the putative LHB had a major effect on shaping the 
surface of the Moon, it likely involved much less mass 
than is envisioned for late accretion as a whole. Even 
generous estimates for the mass of the LHB place the 
mass of materials involved as no more than about 10% 
of estimates for the overall mass of late accretionary 
additions.  Nevertheless, the LHB may have delivered 
substantial water, and other volatile species, including 
organic molecules, to the Earth and Moon, so it is im-
portant to characterize the chemical nature of the mate-
rials involved.  

The primary means to examine the chemical char-
acteristics of materials from the LHB has been to ana-
lyze lunar impact melt rocks that were created as a 
result of the basin-forming impacts. The bulk of the 
highly siderophile elements (HSE: including Re, Os, 
Ir, Ru, Pt, and Pd) present in lunar impact-melt rocks 
were derived from meteoritic materials incorporated in 
the melt fraction. The relative abundances of the HSE 
in these rocks can provide diagnostic chemical finger-
prints of the impactors because pristine lunar crustal 
rocks have extremely low concentrations of these ele-
ments [4], and possible impactors, such as chondrites 
and iron meorites have comparatively high abundances 
of these elements [5]. Several recent studies have uti-
lized isotope dilution techniques to measure HSE con-
centrations and have also reported 187Os/188Os ratios, in 
order to characterize multiple pieces of a given melt 
rock. When the data for a given sample are collectively 
plotted, the slopes of the linear trends generated from 
plots of Ir versus other HSE, and 187Os/188Os, define 
the relative abundances of HSE in the impactors asso-
ciated with lunar basin formation [6-9].  

There is now a sizable database for HSE present in 
impact melt rocks from Apollo 14, 15, 16 and 17 land-
ing sites, as well as for several lunar meteorites. Com-
parison of data from the diverse locations provides a 
new way of considering the nature of late heavy bom-
bardment to the Moon and Earth.  

Discussion: In approximately half of the rocks ex-
amined, the results of plots of Ir versus each of the 
other HSE within each rock measured yield linear 

trends with intercepts indistinguishable from 0, within 
regression uncertainties.  In such cases, the trends can 
be assumed to represent mixing trends between a sin-
gle exogenous impactor and the HSE devoid lunar 
target rocks.  

Puchtel et al. [6] and Sharp et al. [8] reported and 
interpreted data mainly for Apollo 17 impact melt 
rocks. Both studies reported a “dominant” component 
for the site, most notably characterized by supra-
chondritic Re/Os (as measured by 187Os/188Os), Ru/Ir, 
Pt/Ir and Pd/Ir, comparable to the results from Norman 
et al. [10]. They interpreted the results to suggest that 
the dominant source of HSE to the site, most likely the 
Serenitatis basin impactor, shared broad similarities to 
some chondritic meteorites (enstatite chondrites), but 
sampling a composition not presently found in our 
meteorite collections. A distinct, feldspar-rich compo-
nent in some of these rocks as well as in other lunar 
impact melt rocks, termed granulite, was found to be 
characterized by relative abundances of HSE more 
similar to ordinary chondrites. 

Fischer-Gödde and  Becker [7] focused most of 
their attention on impact melt rocks from the Apollo 
16 site. Here they found HSE ratios extending much 
higher than known chondrites, and even well beyond 
the range of the Apollo 17 rocks. They also analyzed 
some granulitic rocks and reported, like prior studies, 
that this component (or components) is most like ordi-
nary chondrites. Of note, the study recognized that 
virtually all of the HSE data for Apollo samples (i.e., 
among multiple rocks) form linear trends when plot-
ting Ir versus other HSE or 187Os/188Os. They inter-
preted this to mean that all of the Apollo impact melt 
rocks incorporated two major 2 HSE-rich components 
at the time of their formation. One was very similar to 
ordinary chondrites, and is the major component in 
granulitic rocks. The other component most resembles 
a chemically evolved group IVA iron meteorite. Con-
sequently, they proposed that both components became 
variably mixing during basin forming impacts, but 
were not substantially modified by HSE derived from 
the basin-forming impactors that created the rocks. 

Most recently Liu et al. [9] reported considerable 
additional data for Apollo 15 and 16 impact melt 
rocks, continuing to note, as with [7], that all lunar 
data plot along what appears to be continuous linear 
trends ranging from a composition that is similar to 
ordinary chondrites, to an endmember with 
187Os/188Os, Ru/Ir and Pd/Ir ratios far above those of 
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known chondrites. All of the existing data plotted in 
Figure 1a-c.  

Possible scenarios to explain the observed trends 
include: 1) Variable mixing between an earlier granu-
litic contaminant(s) with chondritic HSE and a series 
of impactors that happen to have co-linear, suprachon-
dritic Re/Os, Ru/Ir, Pt/Ir and Pd/Ir. 2) Variable mixing 
between earlier granulitic contaminant(s) and a series 
of metallic impactors related by crystal-liquid fraction-
ation, resulting in variably suprachondritic Re/Os, 
Ru/Ir, Pt/Ir and Pd/Ir. 3) Variable mixing between an 
earlier impactor contaminant in the crust characterized 
by fractionated HSE abundances (e.g., fractionated 
metal), and a series of impactors with chondritic HSE 
that led to creation of the basins. 4) Variable mixing 
between two components present in the lunar crust 
prior to the last basin forming impacts. One component 
(or suite of components) was chondritic in composi-
tion, the other component had fractionated HSE, and 
could have been an isolated core fragment (this is the 
model of [7]). At this time, these models cannot be 
discriminated and await genetic testing using nucleo-
synthetic anomalies characteristic of some siderophile 
elements.  
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Figure 1a-c. Average 187Os/188Os vs. Ru/Ir (a), 

Pt/Ir (b), and Pd/Ir (c) for the impactor components 
incorporated in the lunar impact melt rocks examined 
here and in the literature, in comparison with ratios of 
chondrites (gray symbols), and IVA iron meteorites 
(red crosses). Lunar data are from references [6-9]. 
Data sources for chondrites are from references [11-
13] and for IVA iron meteorites are from [14]. Figures 
are from [9]. 
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