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Introduction: The last major phases of lunar vol-

canism occurred mainly in Oceanus Procellarum and 

Mare Imbrium [1, 2] and produced spectrally distinct 

mare basalts, mostly due to their high titanium compo-

nent [3]. The composition and distribution of these 

basalts provide a record of the late stage thermal evo-

lution of the Moon. The studies of ground-based 

telescopes and Clementine data suggested the presence 

of a significant fraction of olivine within the late stage 

mare basalts [3, 4]. Later studies, mostly based on the 

integrated band depth (IBD) image from the Moon 

Mineralogy Mapper (M3) data, found some areas of 

them to display stronger olivine signatures [2]. Wu et 

al. [5] mapped detailed geologic units of the late stage 

mare basalts in northern Mare Imbrium through the 

combination of diverse datasets and found composi-

tional variation among these units, which suggested a 

more heterogeneous late stage mare infill phase than 

previously thought. This study aims to map in detail 

different units of the late stage mare basalts within 

Oceanus Procellarum and Mare Imbrium and to inves-

tigate their inferred mineralogical characteristics by 

analyzing the spectral features of small, fresh craters 

from the M3 data.  

Methods: To map accurately the potential strati-

graphic boundaries of the late stage mare basalts, 

various reflectance maps and color images, such as 

Clementine-derived maps, LROC-WAC false color 

images, and the IBD image, were used to trace the 

most significant albedo and hue boundaries within 

Oceanus Procellarum and Mare Imbrium. The spectral 

features of the late stage mare basalts were preferen-

tially extracted from the fresh craters about 500 m, 

which are ideal to represent the upper flows, for avoid-

ing the detrimental effects of space weathering [6]. 

After a careful selection, 420 small, fresh craters were 

extracted from the optical periods 1B (OP1B) data of 

M3, and their spectra were truncated at 2497 nm to 

minimize the residual thermal effect. Two straight 

lines were individually constructed across 1000 nm 

(Band I) and 2000 nm (Band II) absorption bands of 

spectrum for continuum removal (Fig. 1), which is de-

fined as the ratio of the reflectance value of spectrum 

to the continuum value of the corresponding band and 

is used to outline the spectral features [7]. Some spec-

tral parameters of these spectra, including Band I 

center, Band I width, and band area ratio (BAR), de-

fined as the ratio between Band II and Band I 

absorption areas, were estimated to analyze the miner-

als of the late stage mare basalts (Fig. 1). 

 

 
Fig. 1. Example of the estimation of Band I center, 

Band I width, and band areas. The green and yellow 

solid lines represent the continuum-removed spectra 

for Band I and Band II, respectively. The gray dashed 

lines present the right endpoint position (vertical) and 

where the continuum removed reflectance equals 1 

(horizontal). 

 

Results: In total, 31 distinct areas within the late 

stage mare basalts, which represent potentially distinct 

mare flows, were mapped, and the results from Band I 

center, Band I width, and BAR were also mapped over 

these units by using the inverse distance weighing in-

terpolation method [8] (Fig. 2). In general, the values 

of Band I center, Band I width, and BAR show a good 

correlation. Most craters that have a higher value of 

Band I center and Band I width (the redder hue shown 

in Fig. 2a and 2c) usually have a lower value of BAR 

(the bluer hue shown in Fig. 2b), and vice versa.  

Broadly, the units around Lichtenberg crater (Units 

4 and 5) have the highest values of Band I center and 

Band I width and the lowest values of BAR (Fig. 2) 

among all the units, which are interpreted to contain 

the highest olivine component within the late stage 

mare basalts. In contrast, the units near both Kepler 

(e.g., Units 13, 14, 15, and 16) and Euler craters (e.g., 

Units 19, 20, and 23) have lower values of Band I cen-

ter and Band I width and higher values of BAR than 
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other units, which are understood to contain a lower 

average olivine/pyroxene ratio than other units.  

Generally, the craters with the maximum values of 

Band I center and Band I width and the minimum val-

ues of BAR occur mainly in the regions within and 

surrounding Units 4 and 5, such as Units 2, 6, and 7 

(Fig. 2), which indicates a trend where, starting from 

Units 4 and 5 to the units at a distance from them (e.g., 

Units 5-13), the values of Band I center and Band I 

width are decreasing, but the values of BAR keep in-

creasing, consistent with a decreasing olivine 

abundance within these basalts. So it is interpreted that 

for Oceanus Procellarum (e.g., Units 1-16), the oli-

vine/pyroxene ratio of the late stage mare basalts is 

decreasing away from Units 4 and 5. Based on the age 

estimates in Oceanus Procellarum [2], the northern late 

stage basalt units (e.g., Units 2, 5, and 8) tend to be 

younger than the southern ones (e.g., Units 13, 14, and 

16), suggesting that the olivine abundance appears to 

vary stratigraphically, with the younger basalts being 

more olivine rich. 

For the units within and around Mare Imbrium, the 

craters that have relatively higher values of Band I cen-

ter and Band I width and lower values of BAR occur 

mainly in the northern (e.g., Units 29 and 30) and 

southern regions (e.g., Units 18, 21, and 22) (Fig. 2), 

which is interpreted that the northern and southern 

units have a higher olivine/pyroxene ratio than the 

units in the center. These northern and southern units, 

such as Units 30, 21, and 22, are a good match to the 

phases of basalt emplacement mapped by Schaber [9], 

corresponding to Phases I, III, and I/II, respectively. 

However, for some small units (e.g., Units 24 and 25), 

the values of Band I center, Band I width, and BAR 

cannot be reliably compared, because well-defined 

fresh craters were hard to find in these areas. 

Conclusion: Broadly, the inferred abundance of 

olivine is observed to correlate with the stratigraphic 

sequence, with the younger basalts being more olivine 

rich. However, the stratigraphically younger basalts 

around Euler crater in Mare Imbrium (Units 21 and 22) 

were found to have much lower ratios of olivine to py-

roxene than the units around Lichtenberg crater in 

Oceanus Procellarum (Units 4 and 5). It could be in-

terpreted that the late stage mare basalts around 

Lichtenberg crater possibly originated from a more ol-

ivine-rich source than those around Euler crater. 
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Fig. 2. The distribution of Band I center, BAR, and Band I width within the late stage mare basalts. The black areas 

represent regions not included in this study, either because they 1) do not represent the late stage mare basalts, or 2) 

are covered by thick eject materials, or 3) are the thin lava flows that can be easily penetrated through by small craters. 

Letters refer to the named craters on the Moon: A, Aristarchus; C, Copernicus; E, Euler; L, Lichtenberg; K, Kepler. 

“U 1” to “U 31” represent Units 1-31. 
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