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•  Pyroclastic deposits are high priority targets because 
they are thought to be deeply sourced materials that 
could give insight to the lunar interior and pyroclastic 
glass yields high amounts of oxygen1,2.  

•  There are two types of lunar explosive eruptions3: 
(1) shallow, small Vulcanian-style eruptions 
(2) deep sourced, large Hawaiian-style fire fountaining.  

•  The style of eruption can be inferred from its 
mineralogy. Vulcanian deposits contain a mixture of 
juvenile material and the underlying country rock, 
whereas regional deposits consist of entirely juvenile 
glass, ilmenite, and olivine4,5.  

•  In this study we use Moon Mineralogy Mapper6 (M3) 
and Diviner Lunar Radiometer Experiment7 data to 
investigate the mineralogy and composition of several 
pyroclastic deposits in Oppenheimer Crater that have 
been hypothesized to be Vulcanian to verify the 
deposits’ style of eruption and to search for variations 
in eruption style within the crater.  
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Joint M3 and Diviner analysis of the mineralogy, glass composition, and country rock 
content of pyroclastic deposits in Oppenheimer Crater 

Left: Location of 
Oppenheimer Crater on 
the lunar farside.  
Right: LROC/WAC 
mosaic of  Oppenheimer. 
The seven largest 
pyroclastic deposits are 
outlined.   
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Future Work 
•  Using this method, we are conducting a survey 

of the other 100 mapped pyroclastic deposits, 
both local and regional. 

•  We will also investigate the feasibility of 
obtaining percent abundances for mineral 
mixtures in pyroclastic deposits.  

Study	  Area	  

Below: LROC WAC mosaic of the 4 southernmost 
pyroclastic deposits in Oppenheimer Crater (outlined in red). 	  

Deposit  Avg CF Max CF 

SW 8.31 8.44 

S 8.28 8.49 

SSE 8.24 8.26 

SE 8.24 8.29 
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Country rock composition: Diviner CF values 
characterize the crater floor as plagioclase with 
some pyroxene. M3 data is consistent with LCP 
mixed with small amounts of HCP. Plagioclase is 
not readily recognizable in near-IR spectra, so these 
results are consistent. Thus, we hypothesize that the 
crater floor is primarily plagioclase, with some LCP 
and minor HCP.  
Pyroclastic deposit composition: The deposits 
exhibit higher CF values than the surrounding crater 
floor. This is consistent with the pyroclastic 
materials containing a more mafic material such as 
olivine or Fe-bearing glass. However, only a portion 
of each deposit exhibits significantly higher CF 
values than the crater floor. The average CF value of 
each deposit is consistent with either pyroxene or a 
mixture of plagioclase and olivine or glass. We 
hypothesize that mafic juvenile material is 
concentrated in areas with high CF values near the 
vent and is mixed with country rock further away.  
We interpret the M3 spectra of the pyroclastic 
deposits as indicating a mixture of LCP country 
rock and juvenile glass, and no significant olivine. 
The S deposit exhibits higher glass concentrations 
than the SSE/SE deposits, and the glass is present 
over a significant fraction of the deposit. 
Synthesizing M3 and Diviner: The SW/S deposits 
exhibit higher CF values than the SSE/SE deposits, 
which is consistent with higher concentrations of 
glass inferred from M3 spectra of the S deposit. 
Eruptive processes: The high proportion of country 
rock in all 4 deposits supports a Vulcanian eruption 
style. However, the high glass content of the S/SE 
deposits may suggest that Vulcanian eruption was 
followed by limited fire fountaining. This may 
imply a deeper source for the eruptions in these 
deposits. In any case, these results suggest non-
uniform eruption styles across Oppenheimer Crater. 

Discussion 

•  The pyroclastic deposits are more mafic than the crater floor. Both CF and M3 
signatures are consistent with a heterogenous deposit of juvenile material   
(Fe-rich glass) mixed with crater floor material (Plagioclase + LCP). 

•  All four southern deposits were the result of Vulcanian activity. However, the 
SW/S deposits were most likely larger, deeper sourced eruptions than the SSE/
SE eruptions and possibly included an episode of fire fountaining after the 
initial Vulcanian eruption. 

We produce Christiansen Feature 
(CF) maps from the Diviner 
thermal-IR dataset. The CF value is 
the location of the emissivity 
maximum near 8 um, which 
correlates with silica content. We 
calculate the CF value by finding 
the maximum of the parabola that 
fits channels 3-58. CF maps are used 
to determine how mafic each pyro-
clastic deposit is and to detect silicic 
country rock within the deposit.  

Top: Thermal-IR lab spectra (Glotch et al. 
2010). Red spectra show Diviner channels 
3-5, which are used to find the CF value 
(black arrows)9.  
Bottom: From Greenhagen et al 2010. 
Silicate ternary showing how composition 
relates to CF value, points correspond to soil 
from each Apollo landing site8.   

The crater floor exhibits  
an average CF value of  
8.16, consistent with a  
mixture of plagioclase                                            
and some pyroxene. 
The average CF values of  
the pyroclastic deposits range from 8.31 in the SW 
to 8.24 in the SE. Since some areas within the 
deposits reach CF values as high as 8.49, the average 
CF of the deposits suggest that each deposit is a 
mixture of crater floor material (8.16) and highly 
mafic juvenile material (higher than 8.49), consistent 
with either olivine or Fe-bearing pyroclastic glass.  

Below: Diviner CF map of Oppenheimer crater’s south deposits. 	  
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We have developed two spectral parameters to 
characterize the shape and position of the 1 and 
2 µm iron absorption bands: Band Center and 
Band Asymmetry. Based on lab spectra, these 
parameters can identify minerals and glasses, 
which are otherwise difficult to identify. The 1 
µm parameters are also useful for mapping 
mixtures of minerals and glasses10. 
To create mineral maps, we applied the param-
eters to continuum-removed L2 M3 spectra. The 
continuum is modeled as a parabola fit to local 
maxima at 0.5-1.0, 1.15-1.8, and 2.3-2.7 µm. 
Endmembers are identified by their high band 
depths or position at the ends of mixing trends 
in parameter space. 

Mineralogy from M3 Near-IR Spectra 

Top: Derivation of band parameters from M3 spectra. 
Middle: 1 µm band parameters for ferrous minerals 
Bottom: 1 µm parameters for mineral mixture series. 
LCP, HCP = low, high calcium pyroxene; OLV = olivine; 
GLS = iron-bearing glass (Horgan et al. 2013).  

pyroxene 

Upper left: Histogram of 1 
µm band parameters in M3 
scene, same scale as figure 
for lab spectra above.  
Lower left: Color scale used 
for M3 scene. Blue indicates 
LCP, red indicates glass, and 
green/yellow both indicate a 
mixture 
Right: M3 mineralogy map 
of Oppenheimer Crater, S/
SSE/SE deposits are shown.	  

Top: M3 spectra from Oppenheimer.  
Bottom: Example LCP-Glass mixture 
lab spectra, note asymmetric 1 µm 
band (Horgan et al. 2013) 

Crater floor spectra exhibit band centers of 0.91-0.94 
and 2.05-2.10 µm, consistent with low-calcium pyroxene 
mixed with minor high-calcium pyroxene. 
Pyroclastic deposit spectra exhibit band centers of 
0.95-1.1 and 1.95-2.10 µm, consistent with an LCP-glass 
mixture. The shift to lower wavelengths of the 2 µm band 
without a decrease in band depth is not consistent with 
olivine, which does not exhibit a 2 µm band. The low 
asymmetries of the glassy endmember spectra are also 
not consistent with olivine, which has a highly 
asymmetric 1 µm band. 
The S deposit shows higher and more extensive glass 
concentrations than the SSE and SE deposits. M3 
coverage is not available for the SW deposit. 
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