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Introduction: The Apennine Bench Formation
(ABF) is a geologic unit in southeast Imbrium basin on
the Moon, differentiated from the surrounding units by
its distinct chemistry and surface properties [1]. Com-
pared to the surrounding mare, ejecta (primarily from
Archimedes crater), and the Apennine Mountains, the
ABF is intermediate in topography and surface rough-
ness [2]. Additionally, the ABF has comparatively mod-
erate FeO concentrations (~12.3 wt. % avg.) and ele-
vated Th concentrations (8.7 ppm avg.) [2]. Together,
this chemistry suggests that the ABF is composed of
KREEP (a chemical component concentrated in the fi-
nal dregs of the cooling lunar magma ocean) basalt,
which would make it the only known large surface ex-
pression of KREEP basalt on the Moon [e.g. 3-5].

Here we examine the surface composition of the
ABF and surrounding geologic units using data from the
Lunar Reconnaissance Orbiter Camera (LROC) and the
Moon Mineralogy Mapper (M?), which flew aboard the
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Figure 1. Single scattering albedo (w) map of the ABF and
nearby mare patch covering a subset of ROISs in the study re-
gion. The ABF has lower mafic content, on average, than the
mare patch, and higher mafic content than Archimedes ejecta,
as reflected by w values.

Chandrayaan-1 mission, with the aim of improving our
understanding of the surface properties and composition
of the ABF.

Methods: We use the USGS’s Integrated Software
for Imagers and Spectrometers to process LROC Nar-
row Angle Camera (NAC) images, resampled to match
the resolution of NAC-derived Digital Terrain Models
(DTMs; Smpp). To assess photometric differences, and
therefore mineralogical variations within ABF, we pro-
duce Hapke photometric parameter maps following the
methods of [7] (Fig. 1). This method allows us to correct
for local topography and viewing geometries, thereby
reducing the effects of solar illumination and slopes on
the derived photometric parameters. The parameter of
interest for this work is the single scattering albedo, w,
which is largely controlled by composition.

We selected M? images from the Optical Period 1b
(OPI1B) and applied photometric and ground truth cor-
rections [8,9]. We processed M> images using ENVI
(Exelis) to apply a parabolic absorption fit after remov-
ing a two-part linear continuum (PLC), following the
methods of [10]. We collected spectra (3x3 pixel aver-
age) from representative regions of ABF and mare. The
output of the PLC method includes estimated absorption
band depth (EBD) and estimated band center wave-
length position (EBC). The EBD and EBC parameters
are used to characterize the | um and 2 pm absorption
features. For the lunar surface, the 1 um and 2 um ab-
sorption features are diagnostic of mafic mineral content
and pyroxene composition [e.g., 10-13].

0.8

T T
Apollo 17 w data from Hahn et al. (2019)

Apolio 16 w data from Watkins et al. (2021)

Al other Apollo w data from Clegg-Watkins et al. (2017)

@ Apollo 17 soils
O ABF

@ Mare

O Ejecta

B Unclassified

0.6

PAN
)

Apollo 14

Apollo 15
0.4} i
Apollo 12
Apollo 16

Ay~

0.2

Single Scattering Albedo (w)

y=-0.011x+0.55
Adjusted R? = 0.84 (linear fit to mature Apollo 16 & 17 soils)
N L s

0 10 20 30 20 50
Mafic Content (FeO+MgO+TiO, [wt. %])

Figure 2. Single scattering albedo (w) and mafic mineralogy
content in lunar materials as derived by [7,14,15]. Areas eval-
uated for this work are indicated with squares.
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Photometry Results and Discussion: We ex-
tracted w values from 16 Regions of Interest (ROIs)
across the ABF region (e.g., Fig. 1). We find that w
ranges from 0.2 — 0.37 across the ROIs, indicating a va-
riety of surface materials and compositions present in
the region. Based on previous work by [2], we classify
each surface unit as ABF material, mare, Archimedes
ejecta, or “unclassified.” Areas identified as ABF mate-
rials have higher w values than areas identified as mare,
but lower w values than the region identified as Archi-
medes ejecta.

Using the relationship between w and mafic compo-
sition (defined here as [FeO+TiO>+MgO] wt.%) as de-
rived from [7,14-15] using Apollo sample data, we esti-
mate the mafic content for each ROI in the ABF region
(Fig. 2). The estimated total mafic content for the mare
regions falls where expected based on the relationship
between w and (FeO+TiO2+MgO) determined remotely
for landing site soils [14,15]. The Archimedes ejecta has
the lowest mafic content of the ROIs we evaluated, con-
sistent with lower FeO content as determined from the
Clementine UV-VIS data [2].

The ABF materials are inferred to be intermediate
in mafic content and w compared to the ejecta and mare
ROIs. Thus, ABF ROIs have a lower total mafic content
than the surrounding mare regions and higher total
mafic content compared to crater ejecta in the region —
consistent with analyses of Clementine derived FeO [2].
Thus, photometry can be used to aid in distinguishing
ABF materials from nearby units at the NAC-scale,
which has significantly better spatial resolution than
predecessor missions.

Photometric analysis of the ABF indicates that the
mafic content ranges from ~20.5-22.5 wt.% (Fig. 2).
These total mafic content values are remarkably similar
to what is seen in returned Apollo 15 samples. For ex-
ample, sample 15205 is a fragmental or immature rego-
lith breccia collected from a ~1 m boulder during EVA-
1 that is interpreted to be local to the Apollo 15 site
[5,16]. Sample 15205 is composed predominantly of
KREEP basalt fragments (73% minimum [5,17]) with a
total bulk rock (FeO+TiO>+MgO) content of 21.5-24.5
wt% [5, 17-19]. Taking into account the mare basalt
fragments that occur in 15205, it is likely that the total
mafic content of the KREEP basalt fragments alone
would prove to be an even better match to our photom-
etry results.

Mineralogy Results and Discussion: In order to
further understand the mafic mineralogy of the ABF we
use the EBC and EBD of the 1 um and 2 pum absorption
features. The ABF has shallower EBDs (Fig. 3) than the
surrounding mare (0.028 1pum; 0.017 2um ABF average
EBD vs. 0.059 1pum; 0.035 2um mare average EBD),
indicative of a lower mafic mineral (i.e., pyroxene, oli-
vine) proportion, which is consistent with results from
both photometry and Clementine-derived FeO, which
also indicate lower mafic elements for the ABF (i.e.,

FeO, MgO, and TiO2). Additionally the average EBC of
the ABF is shorter than the mare (938 nm; 2044 nm
ABF average EBC vs. 977 nm; 2116 nm mare average
EBC). The positions of the I um and 2 pm band centers
indicate that the mafic mineralogy of the ABF and mare
are predominantly low-Ca pyroxene, with the ABF be-
ing more Mg-rich, Ca-poor than the nearby mare. This
analysis is consistent with the petrography of the Apollo
15 KREEP basalts, in which pigeonite is the most com-
mon pyroxene.
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Figure 3. Representative continuum removed spectra (3x3
pixel average) of Apennine Bench Formation (blue) and
nearby mare (orange).

Conclusions and Future Work: The Apennine
Bench Formation likely represents the only /arge prov-
ince of exposed KREEP basalts on the lunar surface.
Remote sensing data from LRO and M? reflect the com-
position and mineralogy that occurs in Apollo 15
KREEP basalts, further validating that the ABF is likely
volcanic and occurs at or near the Apollo 15 site. Future
work includes refining our photometric and spectral
analyses by including more regions of ejecta, mare, and
the Apollo 15 landing site, as well as defining the “un-
classified” units in consort with other remote sensing
datasets (e.g., Clementine-derived FeO).
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