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MAFIC, FERROAN LITHOLOGIES FROM NORTH RAY CRATER, APOLLO 16: 
IMPLICATIONS FOR CRUSTAL ABUNDANCE. Bradley L. Jolliff, Department of Earth & 
Planetary Sciences & McDonnell Center for the Space Sciences, Washington University, St. 
Louis, MO 63130 

Our understanding of the early igneous differentiation of the moon relies on our ability 
to recognize rock products of that igneous activity and to determine their spatial distribution 
and abundance. Rocks of the ferroan-anorthositic suite are thought to be products of the 
formation of the early lunar crust. Among large, pristine igneous rocks in the Apollo 
collection, most members of the ferroan suite are anorthosites, i.e., they have > 90 vol. 9'0 
plagioclase and on average, -6 vol. % (8 wt. %) mafic silicates [I]. Presuming these 
anorthositic rocks derived from originally olivine-normative liquids, we would expect to find 
a range of mafic lithologies associated with the extremely anorthositic ones. Remote sensing 
of "immature areas" of the lunar surface indicates that there are large areas (several km or 
greater) rich in anorthositic rocks [2]; however, noritic and gabbroic rocks appear to be more 
common and widespread among those fresh surfaces which presumably expose bedrock below 
the megaregolith in the highlands areas of the lunar nearside [2]. A mafic, ferroan 
component is predicted from mass balance of known rock types in lunar breccias and soils 
[e.g.,  3,4] and is thought to be present in the Moon's crust. Warren [ l ]  suggested that the 
early bulk crust might have contained up to 19 wt. % mafic silicates, and there are some 
ferroan anorthositic suite rocks with as much as 30 wt. % mafic silicates [I]. It remains, 
however, that mafic, ferroan, igneous materials are scarce among large samples and are only 
cryptically present in soils and breccias. As we do not anticipate additional large-rock 
samples in the near future, we are concentrating on available soil fragments and breccias and 
lunar-highlands meteorites for additional information regarding distribution and abundance 
of mafic, ferroan lithologies. We have analyzed a set of rock fragments that represents a 
mafic, ferroan component and which yields bulk and mineral compositions that can be related 
by a common differentiation process. These fragments range from anorthositic to gabbroic 
compositions and assemblages and are similar to lithologies described from other Apollo 
samples, mostly from North Ray Crater (NRC) at the Apollo 16 site, but also from the lunar- 
highlands meteorites. Taken as a group, these samples indicate that the gabbroic anorthosite 
component is more common in the upper crust than indicated by the large rock collection. 

We have analyzed -200 2-4 mm fragments from sample 67513, which was taken near 
one of the large, white breccia boulders along the southern rim of NRC [5]. Based on 
comparison to published descriptions and analyses of feldspathic fragmental breccia 67455 
[6,7,8], which was chipped from one of the white breccia boulders, the 67513 fragments 
probably derive from the same lithology, if not the same boulder. These fragments are 
different in composition from other NRC soils sampled nearby, e.g., 67703 and 67713 (Fig. 
l ) ,  further suggesting that they derive from crushed breccia of the Descartes Formation 
materials excavated by the NRC impact. Some of the fragments are petrographically and 
mineralogically similar to large anorthositic breccia 67075 [9]. 

About half the 67513 particles belong to a group that has Sc/Sm concentration ratios > 
15 [10,11], typical of ferroan-suite materials [12]. These include polymict breccias as well as 
monomict igneous fragments. Incompatible trace elements are in very low concentrations, yet 
concentrations of mafic elements cover a broad range, e.g., Sc up to 40 ppm (Fig. l) ,  
reflecting high modal amounts of pyroxene. It is tempting to interpret the prominent Sc-Sm 
correlation as a mixing of anorthite or "pure anorthosite" with an occasional clot of mafic 
minerals or frozen trapped liquid. However, a histogram of Sc concentrations (Fig. 2) shows 
2 peaks, one in the range of anorthositic compositions, and a second more prominent peak in 
the range of Sc concentrations which correlates to gabbroic or noritic anorthosite, i.e., 10-20 
vol. % or -12.5-25 wt. % pyroxene. This suggests that there are 2 distinct components and 
that gabbroic anorthosite was more abundant than anorthosite among the precursors to these 
rock fragments. Estimates of the average composition of the upper crust suggest -26-28 wt. 
O/o A1203 [e.g. 1,3 and references therein]. Based on Sc-A1203 correlation among the 67513 
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igneous fragments, this corresponds to about 12-15 ppm Sc, again suggesting that these 
fragments represent a common upper-crustal, ferroan component. 

A subset of the high Sc/Sm particles are fragments of igneous rocks or are breccias 
that contain igneous clasts [ l l ] .  Mineral compositions of these fragments indicate that they 
may be related by common magmatic differentiation. For example, the relatively mafic 
samples form a diagonal trend on a plot of An content of plagioclase vs. Mg/(Mg+Fe) (Mg') 
of mafic silicates, whereas the anorthite-rich samples plot within a near vertical trend at very 
high An content [l l] .  Compositional and textural variations of minerals are consistent with a 
model wherein the anorthositic samples result from adcumulus crystallization with mafic 
crystals forming only from small proportions of trapped liquid. The more mafic samples 
formed by orthocumulus crystallization of pyroxene and plagioclase [13]. 

The mafic, igneous fragments from 67513 which have high Sc/Sm ratios can be 
grouped with the "mafic, ferroan" subgroup of ferroan anorthositic lithologies [14] on the 
basis of their mineral compositions. Clasts in several of the lunar-highlands meteorites also 
may fall in this group, e.g., clasts in ALHA81005 [15], YAM82192/3 [16], YAM86032 [17], 
and MAC88105 [18]. Based on bulk compositions of these meteorites and those of impact- 
melt breccias that they contain, it is likely that mafic, ferroan, igneous components figured 
prominently among their precursors, as argued for MAC88105 by [18]. The range of Sc and 
Sm concentrations for bulk samples of highlands meteorites also suggests a similar 
geochemical provenance to the NRC samples (Fig. 1). That they are thought to derive from 
potentially widely separated areas reflects the common occurrence of these lithologies in the 
upper crust of the moon. If ferroan-anorthositic suite rocks crystallized during the 
primordial differentiation of the lunar crust, then models for their formation must account 
for large proportions of gabbroic-noritic anorthosite. We have yet to understand the spatial 
(broad and fine scale) distribution of ferroan-anorthositic suite rocks in detail, that is, what 
is the volume and distribution of regions of nearly pure ferroan anorthosite, and likewise for 
the other lithologies in the range from anorthosite to gabbro and norite? The abundance and 
distribution of these lithologies bears ultimately on the thickness of the plagioclase-rich crust. 
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Figure 1. Sc vs. Sm concentrations. Data for lunar Figure 2. Sample 6751 3 2-4 mm particles, 
meteorites from [I 81 and referenma therein. High Sc/Sm group. 
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