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Introduction: An integrated character of the lunar 

crust is beginning to be revealed  through a combination 
of detailed mineralogical measurements from modern 
remote instruments, new geophysical results, and of 
course the lunar sample context.  Based on significant 
improvement in identifying the mineralogies of materi-
als exposed at craters and basins, a summary of our cur-
rent model for lunar crustal stratigraphy is shown in 
Figure 1 and discussed below. 

 
Figure 1. Compositional stratigraphy of the lunar crust based 
on exposed mineralogy at craters and basins. 

I. Most non-mare soils observed from orbit are de-
veloped on the megaregolith, which is the extensive 
zone of broken debris several km thick derived largely 
from basin ejecta and impact reworking during the 
heavy bombardment [e.g. 1,2]. Even with Earth-based 
measurements, the megaregolith was recognized to have 
a relatively noritic composition with low-Ca pyroxene 
being the dominant mafic mineral [3,4]. Impact craters 
of all sizes expose material beneath the megaregolith, 
and exposures are best defined along steep slopes where 
soil accumulation is minimal. 

II. A massive zone of pure anorthosite [PAN] (<3% 
mafics) is well documented at Orientale, comprising the 
entire Inner Rook Mountains [5], and smaller regions of 
PAN are exposed across the entire Moon [6-8]. This 
observation validates the principal prediction of Magma 

Ocean crystallization: a plagioclase cumulate crust. 
Identification of PAN is made possible with the new 
high spatial and spectral resolution sensors that detect 
the characteristic electronic transition of trace amounts 
of FeO in the plagioclase structure. Example PAN spec-
tra from the Moon Mineralogy Mapper (M3) discussed 
in [5, 8, 9] are shown in Figure 2.  

(III & IV) The highly diagnostic ferrous absorptions 
of pyroxene near 1 and 2 µm and the composite band of 
olivine near 1 µm are not described here, but are exten-
sively discussed in the literature [eg., 3-14]. These 
common mafic minerals are readily detected with spec-
troscopic sensors and high spectral resolution allows the 
Mg-content to be evaluated. The term “noritic” is com-
monly used in reference to a feldspathic lithology with 
low-Ca pyroxene (orthopyroxene or pigeonite) being the 
dominant mafic mineral.  

 
Figure 2. Representative M3 spectra of PAN, anorthosite with 
< 3% mafic minerals present. Vertical dashed line @ 1500 nm 
is for ease of comparison with Figure 3. 

III. The preponderance of a plagioclase plus Mg-
rich pyroxene component of the lunar crust has been 
well documented with the modern spectroscopic sensors 
[10,11]. The basic model of Hawke et al [4] for the up-
per crust is also consistent with these modern data. 
Given the depths of excavation and distribution of de-
bris from basins [e.g. 2], it is apparent much of the me-
garegolith is derived from PAN and a widespread 
noritic crustal component immediately below. 

IV. The capability to identify of lithologies where 
olivine is the only detectible mafic mineral has been 
greatly improved with the modern spectrometers. Un-
like the massive PAN exposed in the IRM at Orientale, 
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however, olivine-bearing lithologies are typically rela-
tively small (~1 km) and are found in a highly feld-
spathic context [12-14], in close proximity to PAN (or 
its featureless equivalent) and sometimes norite [e.g. 
14]. Olivine-bearing materials typically occur associated 
with basins or central peaks of large craters and are ex-
pected to have a relatively deep-seated source [e.g. 12]. 

V. The recent discovery of a (Mg,Al)-Spinel bearing 
rock type exposed on the lunar surface [15] has sparked 
extensive analyses to constrain the occurrence and pet-
rologic characteristics of Mg-spinel on the Moon [e.g., 
16-21]. Mg-spinel has been found in lunar samples, but 
always in association with relatively abundant olivine 
[e.g. 17]. The spectroscopic detection is based on two 
strong tetrahedral ferrous absorptions that occur near 2 
and 3 µm shown in Figure 3. Many optical and instru-
mental effects can mimic a strong 2 µm absorption, but 
the presence of these dual bands (thought to be due to 
crystal field splitting of d-orbitals of tetrahedral iron) 
along with the absence of any other ferrous absorption 
near 1 µm is important for Mg-spinel identification.  

Using these criteria, the number continues to grow 
of confirmed Mg-spinel locations, shown in Figure 4. 
All are characterized by Mg-spinel in a feldspathic envi-
ronment with no other mafic minerals (olivine, pyrox-
ene) detectible. All are small (≤1km) exposures. Three 
of the key detections (Moscoviense, Theophilus, Thom-
son/Inginii) are associated with extremely thin crust or 
the rings of major basins. The multiple exposures at 
Thomson within SPA are particularly noteworthy since 
they suggest a deep origin that predates SPA. 

Discussion. The growing number and distribution of 
observed mineral compositions across the Moon form 
the basis for the relative stratigraphy of Fig. 1. The 
depth of I-V is probably variable, and some mixing is 
expected to occur among the zones based on the local 
impact history. Schrodinger [14] is a good example. 
Based on the dominance of feldspathic (low mafic) ma-
terial with all of these and the small size of mafic expo-

sures, we suggest I-V are all parts of the lunar crust. The 
major basins may have incorporated mantle material 
into impact melt, but we currently do not see exposed 
lithologies suggestive of a mantle origin.  

In addition, III, IV, and V include mafic components 
that all appear to be Mg-rich and embedded in a feld-
spathic matrix. Their origin is yet to be determined, but 
we hypothesize they may be more compatible with a 
mantle overturn scenario involving interaction with the 
lower crust than with products of a magma ocean crys-
tallization sequence.  

 

 
Figure 3. Example M3 spectra of Mg-Spinels across the 
Moon. A synthetic Mg-Spinel prepared under lunar conditions 
[18] illustrates the diagnostic two tetrahedral bands. Vertical 
line @1500 nm is for ease of comparison with Fig. 2. 
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Figure 4. Locations of currently identified Mg-Spinel +plagioclase lithologies (Purple Xs). Basemap is the 
GRAIL derived crustal thickness map of [22]. Black “P” indicates location of spinel-bearing pyroclastic deposits 
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