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Introduction:  As an early crystallizing mineral, or-

thopyroxene provides important clues for understanding 
the evolution of the lunar surface, from the earliest 
magma ocean cumulates, through the anorthositic flota-
tion crust, to later stage intrusive magmatism. Using 
data from the Moon Mineralogy Mapper (M3) to search 
for Mg-suite norites, concentrations of low-Ca, high-Mg 
pyroxene have been located around the Imbrium and 
Apollo Basins [1]. These deposits may be exposures of 
Mg-suite plutons, may represent excavated material 
from deeper within the primary lower crust or mantle, or 
may be remnants of melt sheets (differentiated or undif-
ferentiated). Iron-rich orthopyroxenes have been identi-
fied elsewhere, in smaller craters throughout the high-
lands crust. To explore the origin of some of the most 
prominent of these regions, we integrate hyperspectral 
data from the Moon Mineralogy Mapper, LROC imag-
ing data and Diviner thermal infrared data to thoroughly 
map and characterize the mineralogy of the orthopyrox-
ene-rich deposits. Ultimately, we aim to address the 
following questions: (1) What are the compositions of 
orthopyroxene-rich deposits exposed on the lunar sur-
face and what is the range in their cooling rates? (2) Is 
there a relationship between orthopyroxene modal 
abundance, cooling rate, and specific types of terrain? 
(3) Is there an association between the cooling rate of 
orthopyroxenes and their depth of origin in the lunar 
crust? We focus here on deposits located in the Montes 
Alpes and Montes Apenninus, surrounding the Imbrium 
Basin. 

 
Imbrium Basin: The Imbrium basin has been ex-

tensively studied for many years [e.g., 2-3]. Though the 
bulk of the basin is flooded by mare basalts, massifs 
consisting of more generally feldspathic material sur-
round the edges of Mare Imbrium in the northwest, 
northeast, and southeast (Fig. 1). Telescopic measure-
ments of Apennine mountains revealed regions spectral-
ly dominated by orthopyroxene or pigeonite [3]. Later 
radiative transfer modeling of Clementine data suggest-
ed that Mg-suite-like norites may surround much of the 
Imbrium basin [4]. In the initial global survey of norites 
using M3 data, the norites modeled to have the highest 
Mg# were found in the Montes Alpes region near Vallis 
Alpes [1]. 

The Imbrium basin is large enough to have excavat-
ed between 60-85 km into the Moon [3], deep enough to 
penetrate through the crust and into the mantle. It is also 
associated with the strongest thorium detections by Lu-
nar Prospector [5], and is likely to be rich in KREEP 
[6]. 

 
Fig. 1. M3 standard color composite (R=integrated 1 
µm band depth, G=integrated 2 µm band depth, B=1.58 
µm reflectance). Orthopyroxene-rich regions appear as 
cyan. The highest concentration of Mg-rich orthopyrox-
ene is in the massifs of Montes Alpes (outlined in yel-
low). The center of Imbrium basin is located at 32.8°N 
15.6°W and the scale bar is 100 km across. 
 

Geological Occurrence of Orthopyroxene-Rich 
Deposits: Orthopyroxenes around the boundary of the 
Imbrium basin are primarily associated with material 
mapped as crater slope material or undifferentiated terra 
material [eg. 7-8]. This material occurs throughout the 
Alpes formation, which has been interpreted as de-
formed pre-Imbrium material, and Fra Mauro formation, 
which is defined as thick basin ejecta. The massifs in 
which the orthopyroxenes are found are primarily dis-
tinguished from the surrounding formations by their 
occurrence on steep slopes and their medium to high 
albedo, and their origin, as currently mapped, may be 
either uplifted material or crater ejecta. We have identi-
fied dozens of LROC narrow-angle camera images cov-
ering the most prominent orthopyroxene exposures in 
the Montes Alpes region. These images are currently 
being correlated with the M3 data to refine the bounda-
ries of the deposits, and to begin to investigate their 
specific origin with respect to the impact that formed 
the Imbrium Basin.  

 
Spectral Properties of Orthopyroxene-Rich De-

posits: In parallel with the geological investigation of 
the orthopyroxene-rich deposits, we are examining the 
spectral properties of different blocks within the moun-
tains and valley. Shown in Figure 2 are example spectra 
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from outcrops around Vallis Alpes in the Montes Alpes. 
Compositionally, the orthopyroxenes are generally quite 
consistent with one another, as evidenced by the posi-
tions of the strong absorption bands near 900 and 1900 
nm. However, the overall albedo varies among expo-
sures, with the reflectance near 750 nm varying from 
just below 15% to almost 40%. The observed brightness 
levels may be due to slight differences in the exposure 
ages of these deposits, physical mixtures with darker 
local mare material, or the actual modal mineralogy of 
the orthopyroxene-bearing (likely noritic) rocks.  
 

 
 

Fig. 2. Example spectra from different geological envi-
ronments in the Vallis Alpes focus region. 
 

The specific mineralogy and exposure age of the de-
posits is being investigated by a combination of spectral 
modeling and by incorporating measurements taken by 
the Diviner thermal infrared spectrometer. Building on 
the laboratory work described in [9], we are performing 
spectral modeling of high-quality orthopyroxene-
dominated spectra using the Modified Gaussian Model 
(MGM) to try to assess the cooling history of the ortho-
pyroxene-rich deposits. The MGM is used to decon-
volve a spectrum into a continuum slope and a series of 
bands that can be directly linked to the crystal field ab-
sorptions that produce them [10-11]. The MGM also 
outputs a wavelength-dependent RMS error, allowing 
the user to analyze whether additional absorptions are 
not being accounted for in a given fit. The relationship 
between the continuum-removed intensity of the absorp-
tion band near 1200 nm and that near 2000 nm has been 
shown to relate to the site occupancy, and thereby the 
cooling rate, of pyroxenes. An example MGM fit to a 
laboratory pyroxene is shown in Fig. 3.  

To complement our NIR analysis, we will present an 
initial analysis using Diviner data to analyze the posi-

tion of the Christiansen feature (CF). The CF shifts in 
wavelength depending on the silicate polymerization of 
the bulk rock being measured, and is thus extremely 
effective at distinguishing relative proportions of miner-
als in a two-component mixture of a highly polymerized 
silicate such as anorthite and a less polymerized silicate 
such as pyroxene. Though fine-grained materials in the 
NIR and in the vibrational Reststrahlen bands are non-
linear, mixing at the CF have been shown to be essen-
tially linear [12]. The assumption of linear mixing of 
endmember CFs may cause uncertainties in absolute 
mineral abundances of up to ~10% but will not affect 
relative abundances between sites [e.g. 13].   
 

Wavelength (nm)
   500   1000   1500   2000   2500

0.5

0

-0.5

-1.0

-1.5

-2.0

-2.5

-3.0

N
at

ur
al

 L
og

 R
efl

ec
ta

nc
e

RMS Error

Individual absorption bands

Modeled Fit
Continuum

 
 

Fig. 3. Example of model fit for M3 spectrum extracted 
from Vallis Alpes.   
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