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Introduction: The discovery of ubiquitous expo-

sures of anorthosite in basin rings and the central peaks 

of large craters lends substantial support to the lunar 

magma ocean hypothesis but raises the problem that 

the lunar surface is much more mafic at 4-5 wt. % FeO 

than detected anorthosites.  The PAN (“purest anortho-

site”) exposures found by Ohtake et al. [1] and Pieters 

et al. [2] cannot contain more than 2-3 wt% mafic min-

erals, and probably much less, with equivalent FeO 

contents less than 1 wt.%.    Though still rich in plagi-

oclase, the lunar surface contains a substantial mafic 

component in excess of these abundances.  Studies of 

lunar soils and breccias from the Apollo sites suggests 

a ternary mixture of feldspathic material, KREEP-rich 

material and mare basalt [3] however, even the feld-

spathic endmembers typified by many lunar meteorites 

are much more mafic than PAN.  The only surface 

units with PAN-like iron contents are the PAN expo-

sures themselves.  There are no extensive exposures at 

the surface with anorthosite-like iron contents. 

We offer three hypotheses for the surface iron en-

richment: 1) pure lunar anorthosites are contaminated 

by impact gardening of local mafic igneous intrusions 

and ancient volcanism; 2) the highlands regolith is 

dominated globally by ejecta of very large basins, 

which includes mafic lower crust or upper mantle ma-

terial or 3) the lunar anorthosites themselves could be 

inherently mafic, with pure plagioclase detections the 

exception and not the rule. 

 We are testing the first two hypotheses by charac-

terizing the spectral and hence compositional variation 

of the uppermost crust.  If the mafic component of the 

highlands is due to gardening of the products of local 

igneous activity, some heterogeneity in surface compo-

sition would be expected.  If the mafic component is 

principally due to large basins excavating lower crust 

or mantle material, a more homogeneous surface de-

posit composition would be expected, with possible 

large-scale regional variation reflecting differences in 

the basin target regions. 

The compositional variation of the upper crust is 

revealed in the spectra of small craters.  Pieters (1986) 

[4] noted in the Earthbased telescopic data set that 

spectra of small (< 5 km) craters revealed a relatively 

uniform anorthositic norite composition at the majority 

of these craters, indicating that, at least in the portion 

of the Moon accessible to Earthbased telescopes, the 

uppermost lunar crust is relatively uniform in composi-

tion.   With data from M3 and Kaguya Spectral Profiler 

now available, we can extend the study of small craters 

globally. 

Methods: We have begun the global study using 

data from Kaguya Spectral Profiler and have extracted 

SP data for all small craters in the Apollo 16 region, 

the region of the nearside surrounding Kepler crater, a 

portion of the interior of SPA, and the topographic 

high immediately exterior to SPA to the north. The 

geographic distribution of immature small craters ob-

tained so far in the four regions is shown in Figure 1.  

Craters were chosen in a two step process.  First we 

used the optical maturity parameter of Lucey et al. 

(2000) to select features from each relevant SP orbit 

that appear fresh compared to the average lunar surface 

in order to limit our study to the most reliably inter-

pretable spectra [5]. These candidates are then refined 

by inspecting images of each site from the Lunar Re-

connaissance Orbiter Narrow Angle Camera and the 

SELENE Multiband Imager and eliminating locations 

not representative of small simple craters (e.g. crater 

walls that are freshened by mass wasting). 

 

 

To assess the compositional variability implied by 

these data, we computed spectral models of 6000 com-

positions over the quaternary mixing space of plagio-

clase, orthopyroxene, clinopyroxene and olivine and 

for each lunar spectrum we find among these models 

the closest match based on spectral correlation [6].  

This method does not include the strength of the ab-

sorption feature as a parameter, but finds the closest 

spectral match regardless of intensity [7]. 

Results: Most craters in the Apollo 16 region are 

similar to one another and show highly feldspathic 

compositions  consistent with Pieters (1986) and the 

known mineralogy of Apollo 16 impact breccias (Fig-

 
Figure 1. Map showing in white crosses the locations of 

the small crater spectra studied thus far in our survey. 
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ure 2).   We are assessing the few mafic outliers.  The 

topographic high outside of SPA is similarly feldspath-

ic and uniform, though the spectra are not identical to 

those of Apollo 16.  Figure 3 shows the differences in 

the mafic mineral compositions between the Apollo 16 

region and the topographic high exterior to SPA.  The 

Apollo 16 region appears to have more variability in 

the mafic minerals than is seen exterior to SPA, with 

some olivine-rich points.  The spectra of the interior of 

SPA as well as the region surrounding Kepler show 

more compositional diversity and are more mafic (Fig-

ure 4). 

 

 
Figure 2. Plagioclase-Pyroxene-Olivine ternary dia-

gram showing compositional similarities between 

Apollo 16 region small craters and small craters prob-

ing the topographic high exterior to SPA. 

 

 The SPA interior data and those of the mare domi-

nated Kepler region are not germane to the nature of 

the feldspathic highlands.  However, the topographic 

high outside of SPA is important to this study because 

it is almost certainly composed of basin ejecta, either 

from SPA or an antipodal pile from the proposed Pro-

cellarum basin [8,9,10].  This material, similar to the 

Apollo 16 region dominated by ejecta from Serentitatis 

and Nectaris, is quite uniform in model composition.  

Together these two deposits demonstrate how basin 

ejecta variation should behave. 

 Conclusions: The spectral variation of small fresh 

craters may be an indicator of the the source of the 

mafic component of the crust.  Basin ejecta in the 

Apollo 16 region and the topographic high outside of 

SPA show very low variation in spectral properties.  

Our ongoing global survey of small craters will reveal 

if this uniformity is maintained Moon-wide in feld-

spathic terrains, or more diversity is present that could 

suggest a more local source of mafic contamination. 

 

 
Figure 3. Olivine-Clinopyroxene-Orthopyroxne ter-

nary diagram showing small crater compositions in the 

Apollo 16 region compared with the topographic high 

exterior to SPA.  The Apollo 16 region shows more 

mafic mineral variability and higher olivine content. 

 

 
Figure 4. Plagioclase-Pyroxene-Olivine ternary dia-

gram highlighting the mafic character and increased 

compositional variability of the interior of SPA and the 

region surrounding Kepler compared with that seen 

near Apollo 16 or exterior to SPA. 
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