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Intense bombarbment during the first 600 Ma of lunar history has rendered the task of reconstructing 
the stratigraphy of the lunar crust especially difficult. On a planetary scale, the distribution of lithologies 
around multi-ringed basins coupled with orbital geochemical data reveal that the lunar crust is 
heterogeneous both laterally and vertically [I]. Ejecta from the large multi-ringed basins is exclusively of 
crustal origin since twenty five years of lunar sample study have failed to identify any unequivocal mantle 
samples. Given the most recent determination of crustal thickness 121, this implies an upper limit to the 
depth of excavation of around 60 km. In the younger multi-ringed basins (Orientale and Imbrium), the 
occurrence of anorthosites in inner rings is consistent with an anorthositic upper crust (A1203 = 26-28 
wt.%). On the other hand, basin impact melts, most notably the low-K Fra Mauro (LKFM) composition 
associated with the Imbrium and Serenitatis basins, are distinctly more mafic with a composition 
corresponding to norite (A1203 - 20 wt.%). Cratering models suggest that such melts are generated at the 
lower to middle crustal depths (30 to 60 km). The paucity of unequivocal deep-seated crystalline plutonic 
rocks is also consistent with cratering models which suggest that unmelted rock fragments in ejecta 
blankets are most likely derived from the upper part of the crust [I]. Consequently, the possibility exists 
that no crystalline lunar samples from deeper that -30 krn are present in the returned sample collection. 

We have attempted to test models proposed for the vertical distribution of lithologies in the lunar 
crust by determining the depth at which lunar plutonic rocks formed. Despite intense brecciation and 
shock, a few lunar samples retain vestiges of a prior magmatic history, e.g., pyroxenes preserve a 
record of their thermal history in such phenomena as cation ordering and exsolution textures. By 
simulating the growth of exsolution larnellae in augites and pigeonites we have been able to deduce 
cooling rates and from these to calculate a depth of burial based on a simple thermal model [3, 41. 
While the computation of absolute depths of burial could be in error by a significant amount, we 
believe that there is an internal consistency in the method we have used and the results have meaning 
in a relative sense. The most striking result of our study is the large difference in depth of burial of 
the ferroan anorthosite suite @AS) and the highland magnesian and alkali suites (HMS and HAS). All 
ferroan anorthosites examined to date have formed at depths between 10 and 25 km, whereas samples 
from the magnesian and alkali suites crystallized at much shallower levels--in all cases less than 1 km 
and, in the case of quartz monzodiorites within 200 meters of the surface. The highlands magnesian 
and alkali suites most likely formed as cumulates in small plutons and sills emplaced within the 
uppermost crust between 4.5 and 4.3 Ga. This conclusion agrees with that of Ryder [5] who presented 
mineralogical evidence indicating that dunite 72415 crystallized at a depth of less than 1 km. 

A schematic cross section of the lunar crust beneath the Imbrium and Serenitatis basins, based on 
our data and observations from other studies, is shown in Fig. 1. Analysis of Clementine data indicates 
that the lunar crust in this region is thinner than average in part due to redistribution of upper crustal 
material by basin-forming impacts and in part due to mantle rebound (2). Evidence for an anorthositic 
upper crust is compelling for the lunar far side and the Descartes Highlands but less compelling for the 
Imbrium and Serenitatis regions. Anorthosites appear to underlie the Apennine Mountains (A15) but are 
absent from the Serenitatis area sampled by Apollo 17. It is possible that early-formed magmaspheric 
anorthosites formerly present in the Imbrium and Serenitatis areas were removed by pre-Imbrium basin- 
forming events that formed the Procellarum basin. The evidence for a mafic lower crust (norite + troctolite) 
is less convincing but is consistent with the limited seismic data and the compositions of widespread LKFM 
impact melts. In the model shown in Fig. 1, a KREEP-rich layer is located within the crust rather than at 
the crust/mantle boundary. KREEP is believed to be a late-stage residue from fractionation of the magma 
ocean and, as such, it is analogous to the Sandwich Horizon in the Skaergaard Intrusion, which is located 
above a thick sequence of gabbros and troctolites. There is no compelling reason to place the KREEP layer 
at the crust--mantle boundary as is commonly done. In addtion, LKFM compositions contain a KREEP 
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component and such a component would be difficult to incorporate in a crustal impact melt if KREEP were 
located at the crust-mantle boundary. The highlands magnesian and alkali suites formed in high level 
intrusions which were widely sampled by the Irnbrium and Serenitatis impact events. Geochemical features 
of the magnesian and alkali suites require extensive interaction with KREEP (Warren, 1988) and a zone of 
metasomatism andlor assimilation is represented schematically. 

One of the most interesting aspects of lunar science is the apparent absence among the returned lunar 
samples of crystalline rocks that can be unequivocally assigned to the upper mantle or lower crust. 
Samples which may have been derived from the lower crust occur in the form of LKFM (noritic) impact 
melts. No crystalline equivalents of this composition have been recognized and all norites which have been 
described to date have geochemical affinities, e.g., low Ti/Sm, low ScISm, high REE, with other highland 
magnesian and alkali suite samples which we believe formed by accumulation in high level chambers. If 
norites formed during crystallization of the lunar magma ocean there is reason to believe that they would 
have trace element characteristics consistent with those of the ferroan anorthosites as is the case for 
terrestrial norites, gabbronorites and anorthosites formed during fractionation and accumulation of large 
layered intrusions. For example, norites, troctolites and gabbronorites from the Stillwater Complex have 
Ti/Sm and ScISm values indistinguishable from those of the associated anorthosites. Since such norites 
have not been recognized in the lunar sample collection, the possibility must be seriously entertained that 
crystalline samples derived from the lower crust are absent, or very rare, on the lunar surface. 
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Figure 1. Schematic cross-section of the lunar crust. 
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