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LUNAR METEORITES: CONSTRAINTS ON LUNAR COMPOSITION AND EVOLUTION 
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The four lunar meteorites that have been thoroughly studied probably represent three different 
lunar cratering events, and thus three different regions of the lunar highlands. Obviously Y82192'and 
Y82193 are paired [1,2]. However, the time since lunar blast-off (i.e., the sum of the Moon-Earth 
transit time plus the terrestrial exposure age) is clearly far longer for Y8219213 (1 1 +2 My [3]) than for 
ALHA81005 (0.17k0.5 My [4,5]). The time since lunar blast-off is only marginally different for 
Y791197 (<0.12 My [4,6]) vs. ALHA81005. However, these two samples are so dissimilar in 
100Mg/(Mg +Fe) ratio (hereafter abbreviated as mg), 63 vs. 73, that a single provenance seems highly 
unlikely. Both Y791197 and ALHA81005 are clearly regolith breccias [7]. For comparison, the 
disparity in mg between Y791197 and ALHA81005 exceeds the total range among -30 regolith 
breccias from Apollo 16, which sampled at sites as much as 8.5 km apart along a traverse over two 
distinct highlands formations (Cayley vs. Descartes) [8]. The maturity of Y8219213 is extremely low, 
even by regolith breccia standards [1,3,9]. Y8219213 can be viewed as either a well-mixed ordinary 
fragmental breccia "never exposed to solar wind" albeit "with a minor regolith component" [I], or an 
immature regolith breccia [2] that may have lost part of its former contents of noble gases due to shock- 
metamorphism [9]. Either way, it appears sufficiently well-mixed for its composition to be presumed, at 
least for present purposes, reasonably representative of a large volume of lunar highlands megaregolith. 

The samples brought to Earth artificially via U.S. and Soviet lunar exploration all come from a 
comparatively minuscule region of the Moon, around which a polygon could be drawn covering just 
4.7% of the lunar surface [lo]. Apollo 15 and 16 flew orbiting X- and 7-ray spectrometers that 
determined regolith MglAIlSi ratios, and concentrations of K, Ti, Fe, Th, U, etc., over roughly 16% of 
the lunar surface. Slight extrapolation makes the effective coverage more like 20%. For incompatible 
elements such as K, Ti and Th, the sensitivities of the Apollo spectrometers were at best marginal for 
much of the generally KREEP-poor farside. However, unless the orbital data are grossly in error, at 
least 2/3 of the area covered by the 7 -ray data can be eliminated for potential sources of the meteorites 
on grounds of being too Th-rich. Thus, the probability is at least 80% that all three otherwise random 
sites are outside of the area covered by the 7-ray data; and it is -95% that at least one of the three sites 
is on the farside. Clearly, the time is ripe to reexamine conclusions about the composition, origin and 
evolution of the Moon predicated on the limited data that were available without the lunar meteorites. 

Taylor [11,12] and Drake [13] argue on the basis of the orbital data that the Moon must be 
enriched in refractory lithophile elements (Al, Ca, Ti, REE, Th, etc.) relative to chondritic silicates and 
the Earth's mantle. Such interpretations ignore the considerable uncertainties associated with the orbital 
technique, with extrapolating from 20% to 100% coverage over an obviously extremely heterogeneous 
surface, and with extrapolating downward from that surface. The compositions of the meteorites imply 
that the average surface is probably far less K-, Th- and U-rich than estimated based on the orbital data 
[14,15], and they confirm that the earlier K results [e.g., 161 were systematically high for areas with low 
K content. They also imply that the orbital data for Ti [17,18] are probably misleading (again, too high). 
Among lunar rocks, magnitude of Eu anomaly shows a strong inverse correlation with content of Th 
(and other incompatible elements). Korotev and Haskin [19] have used a 1977 estimate for bulkcrustal 
Th [14] to argue that the lunar crust has no Eu anomaly, a conclusion that would weigh against the most 
extreme end-member of the magmasphere hypothesis (production of the total nonmare crust straight 
fiom a magma "ocean"). However, a lower bulkcrustal Th content translates into a clearly positive 
bulk-crustal Eu anomaly. Moreover, in the magmasphere model that we [e.g., 201 advocate a major 
portion of the crust is derived by later, "serial" magmatism, including KREEPy magmas with negative 
Eu anomalies; the total crust is not predicted to have a large positive Eu anomaly. 

Among nonpristine Apollo and Luna samples, the ratio AuIIr tends to correlate with plagioclase 
content, and inversely with Fe (Figure I). In the 1970s this relationship was generally interpreted as 
evidence for systematically heterogeneous accretion. However, all three studied lunar meteorites have 
only modest AuIIr, despite low Fe. Most Apollo-16 samples have superchondritic AuIIr, which Korotev 
[21] suggests might reflect a I m l  enrichment in debris from a large iron meteorite. However, such a 
model does not explain the modest but apparently significant correlation between A u k  and 1IFe among 
Apollo and Luna samples fiom sites other than Apollo 16. By process of elimination, the most 
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straightforward explanation is that much of the increase in Au/Ir is due to indigenous lunar Au, 
presumably transported as a volatile and loosely correlated with KREEP [cf. 221. 

Ringwood et al. [23] have modeled Apollo-16 breccias as mixtures of near-monomineralic 
anorthosite, minor KREEP and meteoritic components, and a single mafic component (the former 
"primary" component of Wanke and coworkers). By assuming that KREEP and anorthosite have 
negligible siderophile element contents, and that the meteoritic debris has fixed, chondritic siderophile 
element ratios, measured breccia compositions are putatively "correctedn to the indigenous siderophile 
contents of the mafic component. Ringwood et al. [23] now regard the mafic component as lunar 
"komatiite." Most of the actual pristine-rock mafic component is presumably Mg-rich cumulates, but 
their parent melts apparently resembled komatiites [24]. Indeed, the rnajor-element composition 
determined for Apollo-16 kornatiite by Ringwood et al. [23] is remarkably similar to the composition 
"SI" that Warren [20] derived by modeling the Mg-rich parent melts as very-highdegree partial melts of 
a chondritic-silicate-like source with appropriately high mg. The most novel conclusion of Ringwood et 
al. [23] is that the "corrected" Ni contents of Apollo-16 breccias tend to be remarkably high, and display 
a strong correlation with mafic indicators, implying that the Ni content of the pure komatiite was -1327 
pglg, i.e., virtually as high as typical Earth kornatiite Ni contents. Ringwood et al. [23] interpret this 
result as evidence for derivation of the Moon from the Earth's mantle, after the Earth's mantle had 
acquired its final siderophile element composition. However, Apollo 16 may not be representative, in 
this respect, of the overall lunar highlands. Figure 2 shows the Ni contents of the lunar meteorites and 
Luna-20 soil (literature data) "corrected" by the same technique. All plot far to the low-Ni side of the 
mixing line between the Ni-rich komatiite composition and anorthosite (all of these meteorites are 
virtually devoid of KREEP). The composition of ALHA81005 is most significant, because its mg ratio 
is far higher than that of any other lunar regolith sample. We conclude that the Ni contents of lunar Mg- 
rich melts were generally much lower than their terrestrial counterparts. 
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