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Introduction: In 1969, the Apollo 12 mission 

successfully returned 45 whole rocks from the basaltic 
plains, or Maria, of the Moon.  Of this collection, we 
studied sections from the 18 olivine basalts [1].  These 
basalts span a range in cooling history, from glassy 
vitrophyres to cumulates [1]. Preserved in their 
mineralogical compositions and textures is information 
about their cooling history at or near the lunar surface 
[2]. Melt inclusions in lunar olivine have provided our 
best view of the volatile contents of the Moon [2-5], but 
this record could be altered during slow cooling at the 
lunar surface [e.g. 5]. Through careful observation of 
these 18 samples, we have re-discovered a unique type 
of inclusion in certain olivine grains that can provide 
insights into volatile element behavior in lunar magmas. 

Background: Olivine is early to crystalize, which 
turns its grains into useful tools for analyzing the 
original magma composition. Within some of these 
olivine grains, tiny melt inclusions—miniscule globs of 
melts that contain traces of the primitive melt that 
formed the rock billions of years ago—are trapped and 
visible for examination [6]. Classifying these melt 
inclusions based on their location in different rocks in 
conjunction with chemical analysis of their composition 
helps reveal the conditions necessary to crystallize the 
specific basaltic structure at hand [2-7]. We are 
particularly interested in some of the smallest 
inclusions, which we term, Chromite-Ülvospinel-
Pyroxene (CUSP) inclusions. These peculiar inclusions 
have been described only once by Roedder and Weiblen 
[6] in 1970, during the intial survey of lunar basalts 
returned by Apollo 11 and 12. They describe a cloud of 
tiny dark inclusions that tended to be concentrated in the 
center of the grain.  At higher magnification, these 
“semiradial rosettes of thin, high index curving rods” 
were far more reflective than the host olivine. His 
observations were that these inclusions survived 
reheating for 3 hrs at 1219°C [6], conditions which 
would lead to remelting and homogenization of normal 
lunar melt inclusions.    

Results: All CUSP inclusions were hosted by 
olivine grains.  While regular melt inclusions can be 
quite large, these CUSP inclusions were usually ~3-5 
µm in diameter (Fig. 1).  CUSP inclusions are 
composed of curving rods of chromite-ülvospinel in a 
matrix of pyroxene (Fig. 1).  With optical analysis, 
CUSP inclusions were found in 15 of the 18 Apollo 12 
olivine basalts.  The three samples that were void of 
these specific inclusions were all olivine 

vitrophyres.  Samples that had a cooling rate that was 
sufficiently slow for coarser textures exhibited CUSP 
inclusions in many of their olivine grains. We verified 
the chemistry and texure of optically identified CUSP 
inclusions with the Wesleyan FE-SEM (Table 1).  For 
all 

 
Figure 1: 12018,76 Grain P.  The vermicular (wormy) 
nature of these CUSP inclusions create a symplectic 

texture. 
samples but the three vitrophyres, EDS spectra and 

BSE images were taken of the host olivine and then the 
CUSP inclusions, themselves. 

While the vermicular texture in Fig. 1 is likely 
indicative of subsolidus growth to form CUSP 
inclusions, high powered WDS mapping of Cr Ka and 
P Ka of olivine grains help validate this interpretation 
(Figs. 2 and 3).  P zoning in olivine appears to show 
igneous crystallization patterns, while Cr shows 
complete remobilization relative to P.  Al and Ti (not 
shown) show similar behavior as Cr.   

Discussion: Vitrophyres such as 12008, 12009, and 
12015 were cooled quickly, thwarting the growth of 
these subsolidus CUSP inclusions. In Figure 2, the 6-
sided figure caused by P zoning in the P Ka X-ray map 
is likely the result of the early stages of crystal growth. 
Possible variables in crystallization that might cause this 
zoning could be magma composition changes or 
interactions between the grain and its boundary.  

Summary: By examining these 18 samples with a 
petrographic microscope, we were able to contrast 
regular melt inclusions that commonly form in olivine 
grains with these unique CUSP inclusions.  Using 
scanning electron microscopy, we were able to verify 
that these CUSP inclusions were actual surface features 
that could be spectrally tested for composition.  We 
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have separated our olivine basalt collection into those 
samples that are host to these CUSP inclusions, and 
other, more quickly-cooled vitrophyres, void of these 
unique relics. 

Future Work: In order to reconstruct the cooling 
history of these basalts, we are aiming to determine the 
significance of these CUSP inclusions.  Figuring out 
which rock samples and respective olivine grains are 
home to these inclusions can improve our knowledge of 
their crystallization conditions.  Their shape, size, and 
distribution throughout their host grain might be other 
clues into the constraints of their formation.  A future 
set of experiments will be to create a synthetic basalt of 
identical composition to sample 12002.  By recreating 
this rock’s listed cooling history [7], we aim to form 
artificial CUSP inclusions and track their growth. 
 

 
Figure 2: FE-EPMA WDS P Ka X-ray mapping of 

P  of 12004,55 Grain A.  
 

 

Figure 3: FE-EPMA WDS Cr Ka X-ray mapping of 
12004,55 Grain A.       

Table 1: Method of identification of CUSP inclusions in 
the 18 olivine basalt 
 

 
Figure 4: 12018,76 Grain B.  Multiple CUSP inclusions  
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