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Introduction: The anorthositic highlands, the pri-

mary crust of the Moon, likely formed by the crystalli-
zation and floatation of plagioclase in the late stages of 
a lunar magma ocean due to the density difference 
between plagioclase and the remaining mafic liquid 
[e.g. 1-3]. The impetus for these magma ocean models 
came from the analysis of pristine samples returned 
from the Apollo 11, 15, and 16 missions which pro-
vided the first evidence of this primary crust in the 
form of widely distributed ferroan anorthosites (FANs) 
in the sample suites [e.g. 1,4].  The ferroan anor-
thosites have distinct characteristics that uniquely iden-
tify them from other pristine rock samples including: 
(1) plagioclase has a small compositional range (An94-

98) and (2) relatively low Mg# for co-existing mafic 
silicates [e.g. 4-6].  However the Apollo ferroan anor-
thosite samples represent a small portion of the lunar 
surface; therefore it is unclear whether the range in 
AN# observed in the Apollo samples represents the 
AN# range of all ferroan anorthosites on the Moon.  
Thus the question remains as to how deviations from 
the An94-98 might change current models of the lunar 
magma ocean. 

Recent near infrared (NIR) observations from the 
SELENE Spectral Profiler (SP) and Multiband Imager 
(MI) and the Chandrayaan-1 Moon Mineralogy Map-
per (M3) have uniquely identified Fe-bearing crystal-
line plagioclase in the walls, floor, ejecta, and central 
peaks of craters as well as lithologies associated with 
basins like the Inner Rook Mountains of Orientale Ba-
sin [7-12].  These results are significant because they 
validate earlier observations [e.g. 13-14] as well as 
characterize the widespread distribution of crystalline 
plagioclase across the lunar surface. 

The identification of Fe-bearing crystalline plagio-

clase in the NIR comes from a broad absorption band 
at approximately 1.25 µm due to the electronic transi-
tion of minor amounts of Fe2+ in the crystal structure.  
While previous NIR lab studies have suggested that the 
band depth and center position of the 1.25 µm feature 
may vary with Fe and An content [15-16], the relation-
ship between NIR spectral properties of plagioclase 
and its composition (AN#) has yet to be quantified.  
However, new laboratory thermal infrared (TIR) emis-
sivity measurements of varying compositions of the 
plagioclase solid solution series measured under simu-
lated lunar conditions demonstrate that the position of 
the Christiansen Feature (CF), an emissivity maximum 
indicative of composition [17], is linearly related to the 
AN# [18].  Ca-rich plagioclase compositions like anor-
thite have CF positions near 7.84 µm while Na-rich 
compositions like albite have CF positions near 7.6 µm 
[18].  Thus, regions of spectrally pure crystalline 
plagioclase (<2% olivine and pyroxene) as identified in 
NIR spectra are ideal areas to investigate the utility of 
TIR data to constrain plagioclase compositions [18-
19].   

Here we use identifications of crystalline plagio-
clase made with M3 NIR reflectance data and integrate 
those observations with Diviner TIR data to better un-
derstand the variability of plagioclase compositions 
across the lunar surface in an effort to constrain ther-
mal and chemical regional variations in the lunar 
magma ocean or indicate locations of excavated Mg-
rich materials (products of the lunar secondary crust) 
or source regions for Mg-anorthosites identified in 
feldspathic meteorites [e.g. 20-21]. 

Data and Methods:  M3 is an imaging spectrome-
ter that acquires images of the lunar surface across 85 
wavelengths (0.43 – 3.0 µm) at a spatial resolution of 

Figure 1. (A) LROC WAC reflectance image 
of Jackson crater. (B) M3  RGB image over-
lain on the WAC image where R = IBD at 
1.25 µm, G = IBD at 1.0 µm, and B = reflec-
tance at 1.6 µm.  Red areas indicate regions 
identified as pure crystalline plagioclase.  
Circles indicate where 5 x 5 pixel locations 
were extracted for spectra. (C) Diviner CF 
map overlain on the WAC image. Areas of 
short CF positions (red units) indicate plagio-
clase rich areas. Circles indicate locations 
where CF values were extracted. (D) M3 re-
flectance spectra extracted from areas as indi-
cated in B. (E) M3 reflectance spectra where a 
continuum (anchored at ~1.0 µm and 2.7 µm) 
has been removed. (F) Diviner emissivity 
spectra extracted from areas indicated in C. 
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140 or 280 m/pixel.  An integrated band depth (IBD) 
used to identify plagioclase is calculated by removing 
a continuum between 1.03 and 1.7 µm and summing 
band depths over 27 bands across the broad 1.25 µm 
absorption.  M3 spectra were also extracted from each 
of the high IBD value regions to confirm the identifica-
tion of spectrally pure crystalline plagioclase.  Regions 
are identified as spectrally pure (>98% plagioclase) if 
mafic absorptions near 1 and 2 µm are absent in the M3 
spectra [11]. 

Diviner is currently in orbit about the Moon on-
board NASA’s Lunar Reconnaissance Orbiter has 
three spectral bands near the 8 µm region chosen spe-
cifically to measure the peak of the CF [19].  Diviner 
radiance data for lunar mid-day over spectrally pure 
plagioclase regions are converted to emissivity and 
used to generate a CF map.  Diviner TIR emissivity 
spectra are extracted to confirm the identification of 
plagioclase.   

Results:  This survey includes craters where crys-
talline plagioclase has been identified and Diviner data 
coverage is good.  To date fifteen craters have been 
analyzed.  Analysis of M3 and Diviner data over each 
crater shows a nice correlation between the M3 IBD 
plagioclase spectral parameter and the Diviner CF map 
as seen in Figure 1 for Jackson crater.  Areas high-
lighted in red in both maps are areas of spectrally pure 
plagioclase. M3 reflectance spectra and Diviner emis-
sivity spectra extracted for these regions confirm the 
presence of plagioclase.  Average CF values for all 
craters analyzed range from 7.74 – 7.94 µm with stan-
dard deviations between 0.01 – 0.07 µm.  

Plagioclase samples of known compositions have 
been measured under simulated lunar conditions and a 
linear relationship between the AN# of the sample and 
its CF position (Figure 2).  This linear relationship can 
be used along with the average and standard deviation 
of the CF values to compute the mean AN# as well as 
the range of AN#’s for each spectrally pure region.  
Results for 13 of the 15 craters indicate Ca-rich com-
positions (An>90) similar to plagioclase compositions in 
the ferroan anorthosite samples while the other 2 high-
lands craters (Jackson and Humboldt) have more Na-
rich compositions (An71-84).  AN#’s > 100 are obvi-
ously unphysical.  This could result from: (1) a lack of 
terrestrial anorthites with high-Ca contents available 
for our lab analysis or (2) space weathering of the pla-
gioclase-rich units. 

Conclusions: Integrated near- and thermal-infrared 
analyses provide robust determinations of mineral 
compositions (AN#) for understanding the origin of 
lunar crustal rocks.  Widespread distribution of crystal-
line plagioclase of similar compositions supports the 

idea of a single global differentiation event like a lunar 
magma ocean.  A majority of the crystalline plagio-
clase identifications suggest that the compositions of 
plagioclase in ferroan anorthosites are consistent with 
plagioclase across most of the lunar highlands.  Re-
gions with more Na-rich plagioclase compositions 
suggest: (1) local heterogeneities in magma ocean, (2) 
regions of Mg-rich materials (secondary crustal prod-
ucts), or (3) source regions of Mg-rich anorthosites 
found in lunar meteorites. 

 
Figure 2. The purple circles represent plagioclase 
samples of known compositions measured under simu-
lated lunar conditions in the lab.  The linear fit is fit to 
the lab data.  The green diamonds are the mean AN# 
for each spectrally pure plagioclase region while the 
horizontal line gives the range in AN# for each region. 
The orange box indicates the AN# range of plagioclase 
in the ferroan anorthosites. 
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