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Introduction:  The compositions, petrology, and 

ages of lunar melt rocks provide important information 
about physical processes associated with large impact 
events and the impact history of the early Solar Sys-
tem. Two of the outstanding problems relevant to lunar 
impact history and processes concern the duration of 
the basin-forming epoch and the extent to which melt 
sheets associated with lunar basins undergo crystal-
melt fractionation after emplacement.  

Fractional crystallization of large-volume impact-
melt sheets has been invoked to explain some of the 
compositional and petrological diversity observed in 
the lunar highlands crust [1-4]. However, to date there 
has been little geochemical or petrological support for 
this idea from lunar samples. Here we present evidence 
for crystal-melt fractionation of a large-volume of im-
pact melt from the petrology and mineral-chemistry of 
sample 67955. Combined with previous determinations 
of a 4.2 Ga crystallization age for this impact-melt 
[5,6], our study provides direct evidence for fractional 
crystallization of impact melt sheets associated with at 
least some basin-scale impacts on the Moon. 

Petrography and mineral chemistry:  Sample 
67955 is a breccia consisting of lithic clasts of a crys-
talline noritic anorthosite lithology in a partially re-
crystallized, cataclastic matrix. It was collected from 
Outhouse Rock on the rim of North Ray crater to sam-
ple a while lithic clasts in the dark-matrix host breccia. 
Early petrologic studies proposed a plutonic origin for 
the noritic anorthosite lithology [7,8]. Subsequent stud-
ies classified 67955 as a feldspathic granulite [9,10], 
emphasizing its origin as an impact breccia.  

 

 
Fig. 1. Photomicrographof the 67955 noritic anortho-
site. Field of view is 1 mm wide. 

The noritic anorthosite clast we studied has a holocrys-
talline, slightly annealed meta-igneous texture consist-
ing of pyroxene oikocrysts surrounding subhedral to 
euhedral olivine and plagioclase (Fig. 1). The unbrec-
ciated igneous texture and abundant Fe-metal with 
high siderophile element contents [6] show that it 
formed by crystallization of an impact melt rather than 
as an endogenous cumulate. Major-element composi-
tions of the primary phases vary within narrow ranges 
that fall within the Mg-suite field [5]. Trace-element 
concentrations and diagnostic ratios, such as Sr/Ba and 
Eu/Al, in the plagioclase are also mostly similar to 
those measured in plagioclase from lunar Mg-suite 
cumulates, with a few grains trending toward composi-
tions observed in ferroan anorthosites (Fig. 2). 

 
Fig. 2.Trace element compositions of 67955 plagio-
clase compared to FAS and Mg-suite. 

Trace-element evidence for crystal accumula-
tion:  Trace-element compositions of the plagioclase 
and pyroxene imply crystallization from a melt that 
was strongly enriched in incompatible elements rela-
tive to the whole rock composition, implying for-
mation of the noritic anorthosite as a crystal cumulate. 
Application of mineral-melt distribution coefficients to 
REE compositions of the 67955 plagioclase and py-
roxene imply parental melt compositions that are 
strongly enriched in REE with higher LREE/HREE 
and deep negative Eu anomalies (Fig. 3).  

Systematic differences between melt compositions 
inferred from the 67955 plagioclase vs. the low-Ca 
pyroxene (Fig. 3) may be due to subsolidus equilibra-
tion but the conclusion that the rock crystallized from a 
melt that was highly enriched in incompatible elements 
appears robust. Middle REE (Nd, Sm, Gd) are not 
strongly affected by subsolidus requilibration as their 
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mineral-mineral partition coefficients are close to uni-
ty. Forced partitioning during closed system crystalli-
zation and kinetic disequilibrium in surface layers ad-
jacent to growing crystals are unlikely explanations for 
these trace-element enrichments in the 67955 plagio-
clase and pyroxene. Quantitative modeling shows that 
fractional crystallization of the 67955 whole-rock 
composition cannot produce the range of Ba, Sr, Ti, 
and La compositions of the 67955 plagioclase. Rather, 
the models require an initial melt composition that was 
strongly enriched in these elements, and they suggest 
that fractional crystallization became less efficient as 
crystallization proceeded (Fig 4). 

The contrast between the inferred parental melt 
composition and the whole rock composition of 67955 
implies that this lithology formed as a crystal-cumulate 
complementary to an incompatible element-enriched 
residual melt. Together with recent studies of melt 
sheets associated with some of the largest well-
preserved terrestrial melt sheets [2,11,12], these results 
show that fractional crystallization is a viable process 
for producing compositional and petrological hetero-
geneity in thick impact-melt sheets. 

 
Fig. 3. CI-normalized REE patterns of 67955 plagio-
clase and whole-rock compared to melt composition 
calculated from plagioclase and pyroxene. 

 
Fig. 4. Ba and La compositions of 67955 plagioclase 
compared to fractional crystallization (FC) model 
trends assuming 67955 whole rock (WR) and trace-
element enriched parental melt compositions. Black 
squares show trend assuming efficient FC; white di-

amods assume 50% trapped melt in the cumulate. All 
models assume 0-80% crystallization. 

A 4.2 Ga lunar basin in the PKT:  Petrologic and 
geochemical characteristics of the crystalline noritic 
anorthosite lithology sampled by 67955 are consistent 
with its origin as a clast-poor impact-melt rock. Its 
coarse-grain size, low clast content, and crystal mor-
phology suggests that this lithology samples the largest 
volume of lunar impact melt that has been recognized 
to date, and therefore is likely the product of an impact 
event comparable in size to one of the younger basins 
[6]. The mineral chemistry of the 67955 noritic anor-
thosite implies significant components of Mg-suite 
rocks and KREEP in the pre-impact crustal stratigra-
phy,  suggesting that it formed by an impact into the 
Procellarum-KREEP terrane. The concordant Sm-Nd 
mineral isochron age [5] and 207Pb/206Pb ages of zir-
conolites and apatites [6] date the formation of this 
impact melt at 4.22 Ga followed by entrainment in the 
dark-matrix breccia deposit at 3.9 Ga.  

The provenance of breccias sampled at North Ray 
crater and their genetic relationship(s) to basins such as 
Imbrium and Nectaris is a matter of debate with im-
portant implications for the Terminal Cataclysm hy-
pothesis. The petrologic and geochemical characteris-
tics of 67955 are more consistent with emplacement of 
the Descartes breccia unit as Imbrium ejecta, rather 
than by Nectaris as often considered. Incorporation of 
material from this older basin into the Descartes brec-
cias may help to explain the ~4.2 Ga ages that are 
commonly observed in 40Ar-39Ar isotopic compositions 
of anorthositic and melt-matrix clasts collected from 
around North Ray crater. In this case, those ages may 
provide no constraints on the age of the Nectaris basin, 
despite its proximity to the Apollo 16 site. 
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