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Abstract Using Moon Mineralogy Mapper data, we characterize surface diversity across the enormous
South Pole-Aitken Basin (SPA) by evaluating the abundance and composition of pyroxenes, which are
overwhelmingly the most abundant mafic mineral in the region. Although SPA exhibits significant
complexity due to billions of years of geologic processes subsequent to formation, the basin has retained
regular patterns of compositional heterogeneity across its structure. Four distinct, roughly concentric zones
are defined: (1) a central SPA compositional anomaly, which exhibits a pervasive elevated Ca,Fe-rich
pyroxene abundance; (2) a Mg-pyroxene annulus, which is dominated by abundant Mg-rich pyroxenes; (3) a
heterogeneous annulus, which exhibits localized pyroxene-rich areas spatially mixed with feldspathic
materials; and (4) the SPA exterior, which is primarily feldspathic. Pyroxene compositions in the
heterogeneous annulus are similar to those in the Mg-pyroxene annulus, and Mg-rich pyroxenes also
underlie the more Ca,Fe-rich pyroxene surface material across the SPA compositional anomaly. The
establishment of these four distinct compositional zones across SPA constrains basin evolution models and
serves to guide potential sample return (and other science) targets.

Plain Language Summary The South Pole-Aitken Basin is a vast impact structure on the far side of
the Moon. In this study, we look at the compositional structure of the basin using data from orbital
instruments. We find that this massive basin exhibits several distinct compositional zones. These zones arise
from incredibly energetic processes associated with the impact event, which excavated and melted rocks
from deep beneath the lunar surface. Later in lunar history, volcanic processes and additional impacts further
shaped the basin interior. We identify an anomalous ~650 km region in central South Pole-Aitken, which
exhibits an unusual composition, raising questions about its origin. These results have implications for our
understanding of lunar evolution and the formation of large impact basins. Additionally, these results may
help in the selection of landing sites for anticipated sample return and other science missions.

1. Introduction

As the largest definitive impact structure on the Moon (Garrick-Bethell & Zuber, 2009; Spudis et al., 1994; Stuart-
Alexander, 1978), the South Pole-Aitken Basin (SPA) undoubtedly shaped the course of lunar history. Through
analysis of existing remote sensing data and anticipated SPA samples (Jolliff et al., 2003, 2010, 2017), a num-
ber of fundamental and diverse lunar science questions can be addressed. Relevant issues include the com-
position of the lower crust and/or upper mantle, the absolute ages of lunar impact basins and other features,
and the physical and compositional implications of the large-scale impacts that forged our solar system.

For stratified targets such as the primary lunar crust, basin formation models can be used to interpret the post-
impact distribution of materials arising from processes such as excavation and impact melting (Cintala &
Grieve, 1994; Hammond et al., 2009; Hurwitz & Kring, 2014; Melosh, 1989; Morrison, 1998; Potter et al.,
2012; Stewart, 2011; Vaughan et al., 2013; Vaughan & Head, 2014). The observed spatial distribution of mate-
rials places constraints on the basin formation process, as well as the preimpact stratigraphy of the crust and
upper mantle. Because SPA is the largest impact structure on the Moon, materials excavated by the SPA-
forming impact may represent some of the deepest lunar materials available for study.

In this paper, we investigate the character and distribution of materials across SPA using relatively high spa-
tial and spectral resolution data from the Moon Mineralogy Mapper (M3). The detailed maps of pyroxene
composition and abundance analyzed here trace mineralogical diversity across SPA, placing important con-
straints on basin formation models, and potentially guiding future sample return missions (such as MoonRise;
Jolliff et al., 2003, 2010, 2017).
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Figure 1. The topography of the South Pole-Aitken Basin as revealed by the Lunar Orbiter Laser Altimeter (LOLA) (Smith
et al., 2010), superimposed over a Lunar Reconnaissance Orbiter Wide Angle Camera (WAC) (Robinson et al., 2010)
mosaic. At approximately 2,500 km in diameter, SPA extends across a significant fraction of the far side of the Moon. The
locations of several prominent craters are labeled with white dots at their centers. The names of several impact basins are
written across their interiors. Mafic Mound is indicated with an open red circle. The South Pole is labeled in blue text.

2. Background
2.1. The Significance and Composition of SPA

As seen in Figure 1, the ~2,300 km SPA is one of the defining features of the Moon, covering a significant frac-
tion of the lunar surface (e.g., Garrick-Bethell & Zuber, 2009). Given its large size, SPA may have had profound
petrological and geophysical effects both regionally and globally. For instance, large lunar impacts have been
implicated in (a) the production of melt seas that may cool slowly, convect, and differentiate (Cassanelli &
Head, 2016; Hurwitz & Kring, 2014; Morrison, 1998; Vaughan & Head, 2014; Warren et al., 1996); (b) localized
mantle convection (Elkins-Tanton & Hager, 2005); (c) antipodal and/or global magma ascent (Kring et al.,
2015; Schultz & Crawford, 2011); or even (d) cumulate overturn of the mantle (e.g., Kring et al,, 2015). In
any scenario, basin-forming impacts are extremely energetic events that have the potential to influence
the course of a planet’s evolution.

In general, SPA materials are enriched in mafic minerals relative to the highlands feldspathic crust (e.g.,
Lawrence et al., 2002; Pieters et al., 2001). Across the basin, the most common nonmare mafic component
appears to be Mg-rich, low-Ca pyroxenes (Mg-Px) (Cahill et al., 2009; Klima, Pieters, et al., 2011; Moriarty
etal, 2013; Nakamura et al., 2009; Pieters et al., 2001; Tompkins & Pieters, 1999). The pervasive nature of these
Mg-pyroxene-rich materials across the basin suggests that they are a result of SPA formation, either as impact
melt (e.g., Nakamura et al., 2009; Vaughan & Head, 2014) or excavated materials from the lower crust and/or
upper mantle (Blewett et al., 1999; Klima, Dyar, & Pieters, 2011; Lucey et al., 1998; Moriarty & Pieters, 2016¢;
Ohtake et al., 2014; Pieters et al., 2001). In an ~700 km region near central SPA, surface materials exhibit a
more Ca-rich pyroxene composition (Moriarty & Pieters, 2016b; Ohtake et al., 2014). This unusual region is dis-
cussed in more details below.

In addition to the pervasive Mg-pyroxenes across SPA, local areas exhibiting mare/cryptomare basaltic signa-
tures are well defined within the basin (Nelson et al., 2014; Petro et al., 2011; Pieters et al., 2001; Whitten &
Head, 2014; Yingst & Head, 1999). Although it has been modeled that SPA could have melted and excavated
an olivine-rich mantle (e.g., Vaughan & Head, 2014), significant olivine exposures are not observed within the
SPA interior. However small, localized exposures of olivine have been observed in the central peak/peak ring
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structures of Schrodinger Basin and Zeeman Crater (e.g., Kramer et al,, 2013; Yamamoto et al., 2012). Since
these small exposures lie near the SPA exterior and are associated with extensive feldspathic material, they
probably represent crustal products rather than excavated mantle cumulates. Regardless, the dominant
mafic component across SPA is pyroxene.

Based on Clementine-derived estimates of Fe abundance (Lucey et al., 1998), Jolliff et al. (2000) defined two
regions within SPA: an inner zone with higher Fe content (interpreted to represent excavated materials and
melt) and an outer zone with lower Fe content (interpreted to represent proximal ejecta). In this analysis, we
use M3 imaging spectrometer data (Green et al., 2011; Pieters et al., 2009) to build on these general proper-
ties, defining and characterizing several distinct compositional zones across the basin.

2.2, PLC Analyses of Pyroxene Composition and Abundance

In the near infrared, spectral variations across SPA are dominated by the abundance and composition of pyr-
oxenes (e.g., Moriarty et al., 2013; Nakamura et al., 2009; Pieters et al., 2001). These variations are reflected in
the band centers and band depths of the diagnostic 1 and 2 pm spectral absorptions. For lunar pyroxenes,
absorption band centers are primarily controlled by the relative abundances of Fe, Mg, and Ca in the nomin-
ally octahedral cation sites of the pyroxene mineral structure (Burns, 1993). Mg-rich orthopyroxenes exhibit
the shortest-wavelength 1 and 2 um band centers, while Ca,Fe-rich clinopyroxenes exhibit the longest-
wavelength 1 and 2 um band centers (extensively documented by Klima et al., 2007, and Klima, Dyar, &
Pieters, 2011). In mixtures, absorption band depths are correlated with pyroxene abundance (as well as sec-
ondary factors such as optical maturity and Fe** content). These bands are superimposed on a spectral con-
tinuum, which for lunar surface materials is difficult to precisely model but is typically dominated by the
effects of mixing and space weathering (e.g., Pieters et al., 2000).

For quantitative estimates of absorption band depths (EBDs) and the wavelength position of band centers
(EBCs), we employ a fitting routine using Parabolic absorption band fitting after removing a two-part
Linear Continuum (PLC) (Moriarty & Pieters, 2016b). The PLC technique, demonstrated in Figure 2 and
validated by Moriarty and Pieters (2016a), is a straightforward method for identifying and characterizing
compositional properties of natural pyroxene-rich materials using absorption band depths and centers.
PLC is an advantageous approach in that it is computationally simple and can therefore be automated
and quickly applied to large volumes of remote sensing data. This is especially useful for characterizing
large regions such as SPA. Furthermore, PLC computes quantities that are directly linked to mineralogical
properties, as opposed to less-direct methods than can be more difficult to interpret (e.g., PCA, band
ratios, and color composites).

Essentially, PLC describes an updated approach to simple quadratic spectral characterization techniques that
have been around for decades (e.g., Cloutis & Gaffey, 1991). PLC differs from existing techniques in the
specifics of its fitting routine, in that several degrees of automation are available depending on the specific
analysis scenario. A detailed description of the exact steps involved in PLC derivation of EBCs and EBDs for
the 1 and 2 pm pyroxene absorption bands (EBC1, EBC2, EBD1, and EBD?2) is given in the supporting informa-
tion and is further described by Moriarty and Pieters (2016a).

A systematic, sample-based validation of compositional interpretations and limitations from PLC-derived
band values is provided by Moriarty and Pieters (2016a). In brief, for pure pyroxenes, the PLC model delivers
band center measurements within a few nanometer (Moriarty & Pieters, 2016a) of band center measure-
ments obtained using the more physically realistic Modified Gaussian Model (Sunshine et al.,, 1990). PLC is
not designed to serve as an unmixing model and is not capable of unraveling individual contributions from
components such as multiple pyroxene compositions, olivine, crystalline plagioclase, glass, and ilmenite.
Rather, PLC is sensitive to overall pyroxene abundance and differences in composite pyroxene
composition. Therefore, when investigating a region where the primary spectral variations are dominated
by difference in the abundance and composition of pyroxenes, PLC provides an excellent overview of
compositional diversity.

2.3. Moon Mineralogy Mapper Data and Analysis

The diagnostic 1 and 2 pm pyroxene absorption bands are well resolved in M* data, which are the primary
data evaluated in this paper. M* (Pieters et al., 2009) was an imaging spectrometer that flew as a guest
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Figure 2. Example derivation of spectral parameters using an approach involving Parabolic band fits after a two-part Linear
Continuum removal (PLC, discussed further in the text, supporting information, and Moriarty & Pieters, 2016a).

(a) Laboratory reflectance spectra (solid) with estimated two-part linear continua (dashed) for two pure pyroxenes
(orthopyroxene En35,Fs65, RELAB #DL-CMP-025; clinopyroxene En39, Fs34, Wo27, RELAB #DL-CMP-051, discussed further
in Klima et al.,, 2007, and Klima, Dyar, & Pieters, 2011). (b) Continuum-removed spectra and parabola fits for the pure
pyroxene spectra. Two diagnostic absorption band parameters are indicated: estimated band center (EBC) reflects pyrox-
ene composition (see Figure 8), while estimated band depth (EBD) is sensitive to pyroxene abundance in a mixture.

instrument on Chandrayaan-1, the first lunar mission launched by the Indian Space Research Organization
(Goswami & Annadurai, 2009). The Level 2 M data used here were obtained in the instrument's global
mapping mode, which offers a wavelength-dependent spectral resolution of either 20 or 40 nm (Green
et al, 2011). The nominal spatial resolution in global mode was 140 m per pixel. Due to unplanned
spacecraft issues, only a few measurements of the lunar surface were acquired in the “Target” instrument
mode, which offered 10 nm spectral resolution at 70 m per pixel spatial resolution.

Observing conditions (such as phase angle, solar illumination, detector temperature, and spacecraft altitude)
changed throughout the mission, affecting spatial resolution as well as the behavior of the detector
(Boardman et al,, 2011). To account for these changing conditions, M* data are divided into several conveni-
ent optical periods (OPs). Calibration efforts (such as a photometric correction to a standard viewing geome-
try; Besse et al,, 2013) were undertaken to produce an approximately uniform data set, but small and often
systematic differences in data quality persist between the OPs.

While M® achieved nearly complete coverage of SPA, the coverage of the basin is divided between several
distinct OP conditions, labeled OP1A, OP1B and OP2A, OP2B, and OP2C (Boardman et al., 2011). For conve-
nience during calibration, the M® team subdivided OP2C into three informal groups OP2C1, OP2C2, and
OP2C3 (e.g., Besse et al, 2013). The M? coverage of SPA for each subperiod is shown in Figure S1. OP2C1
and OP2C2 offer the broadest coverage of SPA, while additional coverage is also available in OP1A, OP1B,
OP2A, and OP2C3.

Preceding PLC analyses, a ground truth correction (Isaacson et al, 2013) was applied to Level 2 data in
order to assure that M*-measured absorption band properties fit the same framework as lunar samples.
Essentially, this correction seeks to both (1) increase uniformity between M spectra from different detector
states and (2) improve consistency between M* spectra and laboratory spectra of lunar samples. The
ground truth correction used consists of a small multiplicative factor affecting the strength and shape of
the 1T um band. Since the correction is small, it has the biggest effect on the spectra of well-developed soils
or materials with low mafic content. For M* data, two multiplicative ground truth correction factors were
derived: one for when the detector was “warm,” another for when it was “cold” (Isaacson et al., 2013). All
optical subperiods used here (except OP2C2) correspond to a single temperature state of the detector
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(Lundeen et al., 2011), and the appropriate correction was applied. OP2C2 contains both warm and cold
detector states. Since OP2C2 data across SPA mostly correspond to the warm detector state, the warm
ground truth factor was applied to the OP2C2 mosaic (serving as an approximate correction). To ensure
consistency between analyses, the ground truth correction should always be applied when working with
M3 data.

Due to the enormous size of SPA, we perform PLC analysis on M?3 global mosaics (resampled to ~1.5 km/pixel)
constructed by M3 team member Joseph Boardman (personal communication). While these global mosaics
have a lower spatial resolution than individual M® image-cubes (by a factor of ~10), they provide an excellent
overview of compositional heterogeneity across SPA. Each mosaic contains only data from a single optical
subperiod. Using PLC fitting (Moriarty & Pieters, 2016b), absorption band parameter maps for the EBD
(EBD1 and EBD2) and EBC (EBC1 and EBC2) were calculated for each group of M? data covering SPA, allowing
characterization and analysis of regional trends in pyroxene composition and abundance. The band depths
across SPA derived from each optical subperiod are compared in Figure S2.

As mentioned above, the M instrument behaved somewhat differently in each OP, largely due to thermal
issues (Boardman et al,, 2011). The issues in the data persist to some extent even after ground truth (available
on PDS) (Isaacson et al., 2013) and photometric corrections (as included in the Level 2 data) (Besse et al.,
2013). These issues can result in slightly different values for band center and depth measurements for the
same areas in different optical subperiods. These spectral differences between OPs result from many complex
factors and vary with location, composition, and observation geometry, resulting in EBD values that may dif-
fer between subperiods by up to 0-20%.

The differences in instrument behavior between OPs preclude precise, quantitative compositional analysis
across multiple OPs. However, relative spatial relationships within individual subperiods are unaffected and
are well suited for evaluating local and regional compositional trends. Since OP2C1 offers the most complete
coverage of central SPA, these analyses are grounded in OP2C1 data and supplemented with data from other
OPs where necessary.

3. Results
3.1. Pyroxene Band Depths Across SPA

A map of 2 um EBDs across SPA is provided in Figure 3. EBD1 is provided in Figure S3. EBD1 maps are similar
to EBD2 maps, but exhibit slightly more noise. For discussion purposes, SPA materials can be grouped into
general band depth ranges that are related to pyroxene abundance and optical maturity. These EBD2 ranges
are defined below, and example spectra for each are given in Figure 4:

Strong (EBD2 > ~0.1, red/yellow in Figure 3a): optically immature pyroxene-dominated materials.
These exposures are mostly confined to central SPA and are associated with fresh craters
and highly sloped surfaces such as crater walls and central peaks. These materials
represent the freshest exposures of pyroxene-dominated materials in SPA.

Intermediate  (EBD2 > ~0.05, green in Figure 3a): relatively optically mature pyroxene-dominated
materials. These materials are pervasive throughout the SPA interior and appear to
represent pyroxene-rich soils and older, degraded crater structures.

Weak (EBD2 < ~0.05, blue in Figure 3a): mixed mafic/feldspathic materials. These materials are
prevalent in the outer reaches of the SPA interior and probably represent feldspathic
materials with a small but nonzero mafic component, likely the result of mixing between
mafic and feldspathic materials.

Featureless (EBD2 ~ 0, purple/colorless in Figure 3a): highly feldspathic materials. These materials exhibit
no detectible mafic minerals and appear highly feldspathic in nature. They are common
throughout the rim and exterior of SPA.

Although absorption band strength can be used as a first-order proxy for pyroxene abundance, it alone
cannot fully characterize the range of pyroxene diversity across SPA. To further evaluate the mineralogical
diversity within the basin, absorption band centers (which are diagnostic of pyroxene composition) are
discussed in the following section.
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Figure 3. (a) A composite 2 pm band depth map for the SPA region incorporating M2 data from all optical periods. (b) Iron
abundance measured by Lunar Prospector (Lawrence et al., 2002). In (b), the locations of known mare basalts are shown in
black (as mapped by Scott & McCauly, 1977; Stuart-Alexander, 1978; Wilhelms & El-Baz, 1977; Wilhelms et al., 1979; and
Nelson et al., 2014). To first order, absorption band depths in (a) reflect pyroxene abundance, and therefore the
central region of SPA exhibits uniformly elevated pyroxene abundance compared to surrounding areas. This pyroxene-
bearing zone is demarcated with solid lines where strong band depths are closely correlated with Fe enrichment in the
Lunar Prospector data. The northernmost boundary of the pyroxene-bearing zone is demarcated with a dashed line where
there is less correlation (due to factors discussed in the text). Exterior to the pyroxene-bearing zone, localized nonmare
pyroxene-rich deposits are interspersed with more feldspathic materials. This heterogeneous annulus is demarcated
with the outer dashed line. Beyond this heterogeneous annulus, nonmare materials are primarily feldspathic in nature
and represent the anorthositic crustal materials of the SPA exterior.
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Figure 4. Representative m3 spectra for different measured estimated band
depth (EBD) ranges observed across SPA. These spectra are 3 x 3 pixel
averages from m3 global mode data and were obtained from the numbered
locations detailed in Table S1. Spectra were obtained from small, fresh craters or
steep slopes in order to minimize the effect of optical maturity on band
strengths. “Strong” spectra exhibit EBD > 0.1. “Intermediate” spectra exhibit
EBD > 0.05. “Weak” spectra exhibit EBD < 0.05. Featureless spectra lack 1 and
2 um absorption bands.

3.2. Pyroxene Band Centers Across SPA

Since pyroxene absorption band centers are inherently linked to com-
position (Burns, 1993; Klima et al., 2007; Klima, Dyar, & Pieters, 2011), we
derive and map band center values via the PLC technique to evaluate
compositional relationships across the basin. Figure 5 presents a com-
positional overview of central SPA using the mineralogically sensitive 1
(Figures 5a and 5b) and 2 um (Figure 5c) absorption band centers.

The band center maps of Figure 5 highlight the character and extent of
compositional diversity of pyroxenes across SPA. In these maps, materi-
als with 1 and 2 um bands at relatively long wavelengths (indicating Ca,
Fe-rich pyroxenes) appear yellow/red, while materials with short-
wavelength 1 and 2 um absorption bands (Mg-rich pyroxenes) appear
purple/blue. Materials with 1 and 2 pm bands at intermediate wave-
lengths appear green/yellow. These band center relationships are used
to evaluate the spatial distribution of pyroxene compositions across
SPA in the following sections. Spectra for several example compositions
are given in Figure 6. Spectra were collected from locations itemized in
Table S1. To minimize the spectral contribution from mature soils, spec-
tra were collected from fresh craters and steeply sloped surfaces.

4, Discussion and Integration

4.1. ldentification of Distinct Compositional Zones

Band depth and band center measurements of South Pole-Aitken sur-
face materials reveal regular patterns of compositional diversity across

the basin. Integrating these measurements provides an overview of
spatial relationships between pyroxene abundance and composition.

From the band depth and band center maps given in Figures 3 and 5, several distinct compositional zones
are evident. The extent and properties of these zones are discussed in the following sections.

4.1.1. Spatial Insights From Pyroxene Abundance Across SPA

As seen in the PLC-derived band depth map (Figure 3a), the SPA interior exhibits a broad region with fairly
uniform strong absorption bands, implying elevated pyroxene abundance. This “pyroxene-bearing zone” is
over 1,000 km in diameter and exhibits relatively homogeneous enhanced pyroxene abundance among
craters of a variety of sizes, from small surficial craters (<1 km in diameter) to the walls, peaks, rings, floors,
and ejecta of larger impact structures such as Lyman (84 km), Antoniadi (143 km), and the southern portion

of Apollo Basin (538 km).

The boundaries of the pyroxene-bearing zone are naturally correlated with elemental Fe abundance as mea-
sured by Lunar Prospector (Figure 3b). However, elevated Fe abundance persists further to the north than the
M3-identified pyroxene-bearing zone. Some of the Lunar Prospector signal clearly results from the presence
of local mare basalts in the region (see mapped distribution in Figures 3b and 5b). The spatial difference
between Lunar Prospector FeO and M data should be noted, but some of these differences probably arise
from differences in spatial resolution between data sets.

Small, localized regions of more feldspathic materials are present in the northwest quadrant of the pyroxene-
bearing zone (purple/blue pixels in Figure 3a). For example, the central peak and southeast rim of Alder
(77 km) is relatively feldspathic in nature, as identified by weak-to-nonexistent pyroxene absorption bands.
Since this material exhibits very weak 1 and 2 um absorptions, it is thought to represent lunar plagioclase,
either highly shocked or possibly containing very low FeO since the plagioclase 1.3 um absorption is not evi-
dent (Cheek et al., 2011; Pieters, 2017). Such featureless feldspathic material is dominant outside of the
pyroxene-bearing zone, where the abundance of mafic materials decreases substantially.

As can be inferred from Figure 33, the region directly outside the pyroxene-bearing zone exhibits feldspathic
materials heterogeneously interspersed with localized nonmare pyroxene-bearing deposits. This patchwork
of mafic and feldspathic materials is observed across the surface as well as crater structures of a variety of
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sizes. Notably, this trend is not limited to the Lunar Prospector Fe-
enriched zone (Figure 3b), as similar combinations of lithologies are
observed adjacent to the entire pyroxene-bearing zone. This region
of spatially interspersed feldspathic and mafic materials is defined as
the “heterogeneous annulus.” Spectral parameter maps and example
spectra for a subset of this region demonstrating these heterogeneous
trends are given in Figure 7. Outside of the heterogeneous annulus, the
“SPA exterior” exhibits primarily feldspathic materials (apart from loca-
lized mare basalts). The compositional boundary between the hetero-
geneous annulus and SPA exterior is uncertain in the South Polar
region due to the more challenging illumination conditions, leading
to nosier M data.

4.1.2. Spatial Insights From Pyroxene Composition Across SPA
The pyroxene-bearing zone can be further divided into two composi-
tionally distinct regions based on differences in observed band centers
(Figure 5), reflecting the spatial extent of pyroxene compositions across
SPA. Most of the SPA interior exhibits short-wavelength pyroxene
bands (blue in Figures 5a-5c¢) except for an ~700 km irregularly shaped
region in the center of the pyroxene-bearing zone. This central
area exhibits distinctive pyroxene compositions, with band center wave-
lengths intermediate between mare basalts and the Mg-pyroxene-bearing
materials observed elsewhere. This indicates the dominant
presence of pyroxenes intermediate in Ca,Fe content. These inter-
mediate Ca,Fe pyroxene materials appear green in Figure 5. In
Figure 6, representative spectra for these intermediate composi-
tions are compared to spectra of local mare basalts and the more
common Mg-pyroxene-bearing materials.

The central region of the pyroxene-bearing zone dominated by inter-
mediate pyroxene compositions is defined as the SPA compositional
anomaly (SPACA), due to the fact that its pyroxenes differ significantly

Figure 5. Maps of pyroxene absorption band centers (illustrating diversity in
pyroxene composition) derived from M data using the PLC technique. The
boundaries of the pyroxene-bearing zone (Figure 3) are superimposed. Color
values represent the wavelengths of absorption bands (for areas with band
depths >0.1). These values are superimposed on an LROC WAC (Robinson et al.,
2010) mosaic. In general, shorter wavelengths (blue) indicate that the surface is
dominated by Mg-rich pyroxenes, while longer wavelengths (red) indicate the
presence of more Ca,Fe-rich pyroxenes. (a) Wavelength of the 1 um band center.
(b) Same as (a), with known mare basalts shown in black (as mapped by Scott &
McCauly, 1977; Stuart-Alexander, 1978; Wilhelms & El-Baz, 1977; Wilhelms et al,,
1979; and Nelson et al., 2014). (c) Wavelengths of the 2 um band center for the
same areas, illustrating similar spatial relationships. Band center values from the
known mare basalt areas have been removed to highlight nonmare composi-
tions. (b) and (c) illustrate that the distribution of nonmare materials across the
pyroxene-bearing zone is heterogeneous. Within the central region, pyroxene
compositions are distinctly richer in Ca,Fe. The approximate boundaries of this
central SPA compositional anomaly (SPACA) are given. The remaining area of the
pyroxene-bearing zone exhibits extensive Mg-rich pyroxenes and is defined as
the Mg-pyroxene annulus. Since the PLC band center measurements (parabola
fits) for strong absorption bands are more reliable than those for weaker
absorptions (due to a higher signal-to-noise ratio), only values for measured EBD
band depths >0.10 are displayed (for A-C). Although PLC is capable of deriving
reliable band center and depth values from spectra with weaker absorption
bands, the proportion of unreliable band fits affected by spectral artifacts can
be higher for these weaker bands, so for parameter maps it is useful to filter
these out.

MORIARTY AND PIETERS

736



@AG U Journal of Geophysical Research: Planets

10.1002/2017JE005364

0.4 T
""" Mg-Px (Heterogeneous Annulus)
— Mg-Px (SPACA central peaks) |
035 | = Mg-Px (Mg-Pyroxene Annulus) s
= NM-HCP (SPACA) ’
= B-CPx (Mare) i

== NM-HCP (Mafic Mound) ’
0.3 L -

SPA Materials ‘.

o
)
o

Reflectance
©
N

0.15

0.1

0.05 =
1000 1500 2000 2500

Wavelength (nm)

Figure 6. Example spectra for diverse pyroxene-bearing materials from across
SPA (Mg-Px-CPx, NM-HCP-CPx, and B-CPx). Spectra of Mg-Px-bearing materials
are further characterized based on their location (SPACA, Mg-pyroxene annulus,
and heterogeneous annulus). Spectra of NM-HCP-bearing materials include
SPACA materials as well as the unique Mafic Mound (Moriarty & Pieters, 2015).
Spectra of B-CPx materials are from known mare basalts. Spectra are 3 x 3 pixel
averages from M3 global mode data and were obtained from locations detailed

from those elsewhere in SPA (and are therefore “anomalous,” other
than some mare basalt mixtures and uncertain pixels near polar lati-
tudes). Throughout the remainder of the pyroxene-bearing zone, mate-
rials are dominated by distinctly more Mg-rich pyroxenes exhibiting
shorter-wavelength 1 and 2 um band centers. Henceforth, we refer to
the zone surrounding the SPACA region of the pyroxene-bearing zone
as the Mg-pyroxene annulus.

SPACA is centrally located within SPA and is associated with the
deepest portion of the basin. The precise boundaries of SPACA are
somewhat obscured by superimposed impact craters, impact-driven
mixing, and later mare basalts. However, the approximate boundaries
of SPACA can be established using the following criteria: (1) fairly
long-wavelength 1 and 2 um absorption bands (Figure 5) and (2) inter-
mediate brightness across the M spectral range (generally brighter
than typical mare basalts, but darker than highlands or Mg-bearing
materials; see Figure 6). SPACA appears to also exhibit a relatively
crater-deficient terrain (Head et al.,, 2010; Kadish et al., 2011; Moriarty
& Pieters, 2016b). Although highly irregular in shape, SPACA spans
~750 km north to south and ~650 km east to west. It includes the
unusual “Mafic Mound” described by Moriarty and Pieters (2015).

Exterior to the Mg-pyroxene annulus of the pyroxene-bearing zone,
mafic materials are much less abundant and are heterogeneously
mixed within more widespread feldspathic areas. As seen in Figures 5
and 7, most nonmare pyroxene exposures within the heterogeneous
annulus, although often highly localized, are dominated by Mg-

in Table S1.

rich pyroxenes.

4.2, Compositional Inferences

4.2.1. Context From Lunar Samples and Pure Pyroxenes

Well-characterized lunar samples (and other laboratory-measured materials) are crucial for accurate compo-
sitional interpretations of lunar surface materials observed remotely. Here we provide the context for compo-
sitional interpretations across SPA based on integrated laboratory analyses of lunar and pure pyroxene
samples. PLC-derived band centers of SPA materials (from M* data) are integrated with comparable PLC-
derived band centers of several laboratory-measured lunar samples with well-defined compositions, as well
as pure pyroxene samples covering a range of compositions. These important links between sample compo-
sitions and remote sensing measurements are illustrated in Figure 8.

Three sample collections are considered here. Integrated composition and spectral analyses of lunar rocks
and minerals from the Lunar Rock and Mineral Characterization Consortium (LRMCC) (Isaacson et al., 2011,
and references therein) provide insight into the mineralogy and petrology of mare basalts and their relation
to spectral properties. Similarly, integrated composition and spectral analyses of lunar soils characterized by
the Lunar Soil Characterization Consortium (LSCC) (Noble et al., 2006; Pieters & Taylor, 2003; Taylor et al., 2001,
2010) provide insight into space weathering, mixing, and other lunar surface processes across a range of
mare and nonmare compositions. Detailed compositional and spectral analyses of pure pyroxenes produced
synthetically (Klima et al., 2007; Klima, Dyar, & Pieters, 2011) provide important insight into the wide range of
pyroxene compositions possible on the Moon.

The relationship between band centers and compositions for the suite of pure pyroxenes (small circles) is illu-
strated in Figure 8. The systematic trends between pyroxene composition and band centers is illustrated in
Figures 8a and 8b. Band centers for the pure pyroxenes are compared to those for the LSCC soils and
LRMCC rocks in Figure 8b. Pure pyroxene compositions and average pyroxene compositions for several
LRMCC basaltic rocks and LSCC soils are compared in Figure 8c.

It is important to note that each individual sample from the LRMCC and LSCC collections contain a range of
pyroxene components resulting from several natural factors such as cooling history, mineral exsolution, and
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Figure 7. (a and b) PLC parameter maps of the northern portion of the heterogeneous annulus. Known mare basalts are
shown in black. (a) Relative pyroxene abundance map (detail of Figure 3a, EBD2). (b) Pyroxene composition map (detail
of Figure 5¢, EBC2). (c) Example spectra illustrating the diverse nature of heterogeneous annulus materials, including a
preponderance of Mg-pyroxenes interspersed with more highly feldspathic materials. Spectra numbers correspond to
detail specified in Table S1. Spectra are derived from 3 x 3 pixel averages in m3 global-mode data and were obtained from
small, fresh craters or steeply sloped areas in order to minimize the effects of optical maturity.

physical mixing (for breccias and soils). As emphasized by Moriarty and Pieters (2016a), band center values
from remote sensing data represent composite absorption bands resulting from highly complex, nonlinear
mixtures of many pyroxene and nonpyroxene components. While the relationship between pure pyroxene
compositions and band centers is well established by crystal physics (Burns, 1993; Klima et al., 2007;
Klima, Dyar, & Pieters, 2011), natural materials are inevitably mixtures whether they be a pristine rock,
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Figure 8. Pyroxene compositional relationships between SPA materials (filed blue, green, and red symbols), lunar samples
(plusses), and pure pyroxenes (small open or black circles). Wo50 pure pyroxene compositions (not common on the
Moon) are shaded black. (a) PLC-derived 1 pm band center versus 2 um band center values for SPA mare basalts, Mg-
pyroxene-bearing materials, and SPACA materials in the context of pure pyroxenes (Klima et al., 2007; Klima, Dyar, & Pieters,
2011). Note that the pure pyroxenes exhibit an upturn at long wavelengths, as the 2 um band center reaches maximum
wavelength of ~2,300 nm at moderate-to-high- Ca content (while the 1 um band continues to shift to longer wavelengths
with increasing Ca content) (Klima, Dyar, & Pieters, 2011). As in Figures 4 and 6, band center values for SPA materials were
obtained from small, fresh craters or steep slopes in order to capture the compositional properties of local materials,
rather than well-developed soils. (b) Same data as (a) with an expanded scale to emphasize band center trends among
natural materials. The remote sensing and pure pyroxene data have been supplemented with band center values for
several LRMCC basaltic rocks and LSCC soils measured in the laboratory (Isaacson et al., 2011; Noble et al., 2006; Taylor
et al,, 2001, 2010). Rocks include Apollo 15 low-Ti at coarse and fine grain size fractions. Soils include several individual
<45 pum bulk grain size samples from Apollo 11, 15, and 17. M3-measured band center values for small craters near the
Apollo 15 landing site are also included, serving as a bridge between lunar samples and SPA mare. (c) Average pyroxene
compositions measured for pure pyroxenes, as well as several LRMCC lunar rocks (two samples each from Apollo 15 and 17)
and LSCC lunar soil samples (Apollo 11, 15, 16, and 17). These average pyroxene compositions are derived from the
individual Fe,Mg,Ca content of several diverse pyroxene components identified within each sample, weighted by the
abundances of each pyroxene component (Isaacson et al, 2011; Noble et al., 2006; Taylor et al., 2001, 2010).

well-developed soil, or surface swaths measured via remote sensing. Other natural processes such as space
weathering affect band depths but are not known to affect band centers (e.g. Pieters et al, 2000).
Therefore, all such spectra arise from a highly complex and nonlinear suite of both compositional and
noncompositional factors.
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PLC analyses can only provide a single band center and depth value for each absorption band measured. This
provides an overview of composite pyroxene properties, rather than singling out specific individual compo-
nents. Therefore, the most relevant compositional quantity for interpreting PLC band center values is the
composite pyroxene composition. For the most appropriate framework for comparison, Figure 8c presents
the average pyroxene compositions for several LSCC and LRMCC samples, calculated from the measured
compositions and abundances of the pyroxene components within each sample (i.e, a weighted average
of the Fe,Mg,Ca abundance in each pyroxene component present).

As shown by Moriarty and Pieters (2016a), PLC band center measurements are indeed sensitive to composite
pyroxene composition for the LRMCC rocks and LSCC soils. Band centers for these samples exhibit a relation-
ship to average pyroxene composition following the relationships observed with pure pyroxenes, as the 1
and 2 pm band centers for these materials occur at longer wavelengths for samples with higher Fe,Ca. This
validates the PLC approach for interpretation of lunar surface materials observed remotely. Although PLC
cannot identify individual pyroxene compositions, it is a useful tool for evaluating overall pyroxene diversity
across a region.

Figure 8 also links spectral properties of SPA surface materials at sampled sites (as measured by M3) to spec-
tral properties of known pyroxene-bearing samples. Sampling locations were chosen from well-illuminated
areas with reliable spectral fits, avoiding unreliable values caused by spectral artifacts. In Figure 8b, PLC-
derived band centers from M> spectra of small mare craters near the Apollo 15 sample site are included
for comparison. These remotely acquired band centers are comparable to the laboratory-measured band
centers of the LRMCC rocks and LSCC mare soils from the Apollo 11, 15, and 17 regions. This bridge between
lunar samples and remote sensing measurements further validates the reliability of M3 PLC-derived band
centers in the context of pyroxene compositional analyses.

4.2.2. Compositional Assessment of SPA Materials

Several spectral differences between SPA mafic materials are immediately apparent in Figure 6. Mare basalts
exhibit the lowest overall reflectance, while the Mg-pyroxene-rich materials exhibit the highest reflectance.
SPACA surface materials exhibit intermediate reflectance but are more similar to Mg-pyroxene-rich materials
than mare basalts.

PLC-derived band centers for diverse SPA materials measured by M? are further compared in Figures 8a and
8b. These data include a representative sampling of SPA mare basalts, Mg-pyroxene-rich materials, and
SPACA surface materials. The Mg-pyroxene-rich materials, which have the shortest-wavelength 1 and 2 um
band centers, are pervasive. Mare basalts, which exhibit the longest-wavelength 1 and 2 pm band centers,
are more localized. The unusual SPACA surface materials exhibit band centers at somewhat shorter wave-
lengths than that of mare basalts, but with an overlapping distribution.

As seen in Figure 8a, the band center range of SPA materials extends over only a portion of the full range
observed for pure pyroxenes and appears to exclude lithologies dominated by very high-Ca clinopyroxene
and very Mg-rich orthopyroxenes. This does not preclude the presence of these minerals within SPA, but
rather suggests that the average pyroxene compositional range falls well within these extremes.

Although SPA surface materials are necessarily mixtures, distinct spatial variations and band center trends are
clearly observed and can be used with a priori geologic context and laboratory analyses of samples to make
compositional distinctions and inferences. By integrating these analyses, three general pyroxene-bearing
compositional types across SPA are defined. These are identified largely by the dominant pyroxene composi-
tion present:

i. Basaltic clinopyroxene (B-CPx): In Figure 5, these materials appear red/yellow, corresponding approxi-
mately to 1 um band centers >980 nm and 2 um band centers >2,100 nm. Most exposures of these mate-
rials also exhibit relatively low reflectance in M® data. As seen in Figure 8b, mare basalts in SPA exhibit
similar band centers to nearside mare and basaltic samples, indicating similar average pyroxene compo-
sitions. Through laboratory analysis of returned samples, the average pyroxene compositions of mare
materials are fairly well defined, although individual pyroxene components span a wide range of compo-
sitions (Isaacson et al., 2011). Several example average mare pyroxene compositions are presented in
Figure 8c. SPA mare exhibit a very similar range in band centers as the nearside mare and basaltic sam-
ples, and therefore have a very similar range of average pyroxene compositions. Therefore, we interpret
the dominant mafic mineral in SPA mare to be clinopyroxene, similar to the basaltic lunar samples.
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ii. Nonmare high-Ca,Fe pyroxene (NM-HCP): In Figure 5, these materials appear green/yellow, correspond-
ing to 1 um band centers >960 nm and 2 um band centers >2,050 nm. NM-HCP pyroxenes are the domi-
nant mafic component of SPACA surface materials. As shown in Figures 8a and 8b, SPACA materials
exhibit somewhat shorter-wavelength band centers than mare basalts, but with some overlap in the dis-
tributions. Performing Welch’s unequal variance t test on the 1 um band centers for SPACA materials and
SPA mare basalts results in a P value of less than 0.0001, indicating that the difference in band centers for
these materials is highly statistically significant. The somewhat shorter-wavelength band centers imply
that the range of NM-HCP pyroxene compositions is somewhat lower in average Ca (or Fe) content than
B-CPx. In the pyroxene composition quadrilateral of Figure 8c, the range in average pyroxene
compositions for SPACA NM-HCP materials is therefore inferred to be slightly below and/or to the left
of the B-CPx range (representing slightly lower Ca/Fe content). Furthermore, the NM-HCP materials are
significantly brighter than B-CPx materials (Figure 6), indicating an overall different mineralogy. The
petrological character and origin of these unusual NM-HCP materials are uncertain, and they likely
represent either (1) a mixture of B-CPx compositions, Mg-pyroxenes, and other crustal materials or (2) a
distinct igneous rock type (Moriarty & Pieters, 2015, 2016a).

iii. Mg-rich pyroxene (Mg-Px): These nonmare materials appear blue/purple in Figure 5, indicating 1 um
band centers <960 nm and 2 um band centers <2,050 nm. Mg-Px materials are pervasive throughout
the Mg-pyroxene annulus and appear locally within the heterogeneous annulus and within several cen-
tral peaks across SPACA. Due to their average short-wavelength band centers, Mg-Px materials are
inferred to be dominated by Mg-rich pigeonites and orthopyroxenes. The most likely range of average
pyroxene compositions is significantly below and to the left of the mare basalt range in Figure 8c, shifted
toward the Mg end-member.

These three compositional groups are based on inferred pyroxene composition and do not account for other
factors such as plagioclase or opaque abundance. Although each is distinct, this grouping alone cannot
specify which are impact melt, impact breccias, or preimpact basement materials. Nevertheless, these groups
identify and partially characterize distinct spatially coherent lithologies across SPA, such as mare basalts
(B-CPx), SPACA surface materials (NM-HCP), and Mg-rich pyroxenes found throughout SPA.

4.3. The Near-Surface Compositional Zones of the South Pole-Aitken Basin

An integrated graphical representation of the compositional diversity across SPA is illustrated in Figure 9. This
includes PLC-derived band center information from M> data (comparable to that of Figure 5¢c) superposed on
Lunar Orbiter Laser Altimeter topography. Additionally, a schematic compositional interpretation for compo-
nents of major post-SPA impact craters (listed in Table 1) is superimposed. For each impact structure, repre-
sentative absorption band centers and depths were derived for key features such as crater rims, walls, and
central peaks. The schematic representation constructed in this way provides a simplified regional overview
of compositional trends for this gigantic basin.

Although each of the four distinct compositional zones within SPA results from a complex history, the proper-
ties of each are distinct and summarized as follows:

1. SPACA: SPACA is an approximately ~700 km unit located in the central portion of SPA. It exhibits a
pervasive elevated pyroxene abundance, and the surface composition is dominated by an unusual
intermediate-Ca,Fe pyroxene composition (NM-HCP), distinct to both mare basalts and Mg-Px.
This NM-HCP is observed at structures such as Mafic Mound (Moriarty & Pieters, 2015); the walls
of Finsen, Bhabha, Bose, White, and Stoney; and the central peaks of White and Stoney. However,
several large complex craters within SPACA (Bhabha, Finsen, and Stoney) exhibit distinctly Mg-rich
pyroxenes in their central peaks. Since central peaks represent the deepest material exposed in any
given crater (Cintala & Grieve, 1998), this suggests the presence of Mg-Px at depth, underlying the
surface NM-HCP.

2. Mg-pyroxene annulus: The Mg-pyroxene annulus surrounding SPACA also exhibits an elevated pyroxene
abundance, but the pyroxene composition is dominated by Mg-rich pyroxene (Mg-Px) rather than
NM-HCP. The Mg-pyroxene annulus lies directly outside of the SPACA and represents the remainder of
the prominent pyroxene-bearing zone (~1,000 km across in total). Mg-Px dominates crater structures over
a wide range of crater sizes, indicating the presence of laterally and vertically extensive Mg-Px-bearing
materials.
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Figure 9. Summary schematic of the four distinct compositional zones within SPA, as revealed by w3 spectral data. PLC-
derived 2 pm absorption band center (EBC2) for regions with strong absorptions (EBD > 0.1) is overlaid on LOLA
topography (Smith et al., 2010). Known mare basalts have been masked in order to emphasize compositional heteroge-
neity in nonmare materials. The superposed colored symbols (ellipses and triangles) highlight the compositional diversity
inferred across a suite of large impact structures (see Table 1). The color of these symbols corresponds to general
absorption band center information and reflects the dominant pyroxene compositions (if any) observed across the crater
structures. The blue/purple colors indicate Mg-pyroxenes; the green/red colors indicate Ca,Fe-pyroxenes. The white
indicates the presence of feldspathic materials exhibiting a lack of a mafic signature. Multiple colors are used where
significant heterogeneity is observed. The ellipses correspond to crater rims and walls, while the triangles correspond to
central peaks of complex craters.

3. Heterogeneous annulus: The heterogeneous annulus is associated with the outer reaches of SPA interior.
It is dominated by feldspathic materials but exhibits localized pyroxene-bearing areas and a variable but
typically small mafic component in soils. In general, any nonmare mafic materials found within the
heterogeneous annulus are dominated by Mg-pyroxene.

4. SPA exterior: Other than isolated mare basalts, the SPA exterior is highly feldspathic and appears mafic-free.

4.4. Key Unanswered Questions

Having established the boundaries and average pyroxene compositions of these four compositional zones
across SPA, several pertinent questions are raised, each meriting further analysis:

4.4.1. What is the Origin of the Mg-Rich Pyroxenes Observed Throughout South Pole-Aitken?

Mg-Px is widespread throughout SPA, occurring (a) pervasively throughout the Mg-pyroxene annulus, (b) as
the dominant mafic component throughout the heterogeneous annulus, and (c) in exposures uplifted from
depth within SPACA. Clearly, these Mg-Px exposures represent pervasive and deep-seated materials exposed
by the massive basin-forming impact, probably as both impact melt and impact breccia. As suggested by the
extensive Mg-Px exposures across SPA, these materials were probably the primary material melted and
ejected during SPA formation. It should be stressed that olivine was not observed in significant abundance
anywhere in central SPA, in agreement with recent targeted searches (Yamamoto et al., 2012). Considering
this lack of olivine but abundance of Mg-rich pyroxene, several questions arise concerning the role of
South Pole-Aitken as an important probe to the lunar interior. Are these Mg-Px materials representative of
the lunar crust and/or lower mantle? What level of compositional and textural heterogeneity exists within
the suite of Mg-Px materials? Is this diversity characteristic of the SPA target materials, or is it a result of pro-
cesses such as impact melting, melt differentiation, and mixing? Addressing these questions can solidify the
role of South Pole-Aitken as an important probe into the lunar interior.
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Table 1

Large Impact Structures in the SPA Region

Crater® Latitude Longitude Diameter (km) Stratigraphic ageIO Morphology® m3 Coveraged

Aitken 16.6° S 1733°E 138 Upper Imbrian CPC OP2C1*, 0P2C2

Alder 48.6°S 177.4° W 82 Lower Imbrian CPC OP1A%*, OP2C1, OP2C2
Antoniadi 69.2° S 173.1°W 138 Upper Imbrian Basin OP2C1*, 0OP2C2
Apollo 36.0°S 152.1°W 524 Pre-Nectarian Basin OP2A*, OP2C1*, OP2C2
Ashbrook 81.0°S 109.0° W 158 Pre-Nectarian Crater OP1B, OP2A, OP2C1, OP2C2, OP2C3
Baldet 53.3°S 151.96 w 56 Crater OP2A, OP2C1, OP2C2
Barringer 28.2°S 150.5°E 67 Nectarian CPC OoP2C1
Bellinsgauzen 60.7° S 161.8° W 63 Nectarian Crater OP2C1

Berlage 63.2°S 163.5° W 94 Pre-Nectarian Crater OP2C1, OP2C2
Bhabha 55.4°S 165.4° W 66 Nectarian CPC OoP2C1

Birkeland 30.1°S 173.9°E 84 Eratosthenian CPC OP1A, OP2C2

Bok 20.3°S 171.6°W 43 Eratosthenian CPC OoP2C1

Borman 39.1°S 148.3°E 46 Lower Imbrian CPC OP2A, OP2C2
Borman V 37.6°S 151.3°W 28 CPC OP2A, OP2C1, OP2C2
Bose 53.9°S 169.4° W 95 Nectarian CPC OoP2C1*

Boyle 53.3°S 177.9°E 55 Nectarian CPC OP2C1, OP2C2
Buffon 40.6°S 133.6° W 106 Nectarian CPC OP2A, OP2C3
Cabannes 61.1°S 170.3° W 81 Pre-Nectarian Crater oP2C1

Cabannes M 64.3°S 1703°W 48 CPC OoP2C1

Cabannes Q 63.5°S 174.9° W 50 Nectarian CPC OP2C1, OP2C2
Chaffee 39.1°S 154.6° W 52 Nectarian CPC OP2A, OP2C1, OP2C2
Chaffee F 38.9°S 153.0°W 36 Nectarian CPC OP2A, OP2C1, OP2C2
Chebyshev 339°S 133.2°W 179 Nectarian CPC OP2A, OP2C3

Cori 50.5°S 152.9°W 67 Nectarian Crater OP2A, OP2C1, OP2C2
Crommelin 674°S 148.1° W 94 Pre-Nectarian CPC OP2A, OP2C1*, OP2C2
Crommelin C 65.5°S 144.2° W 39 Nectarian CPC OP2A, OP2C2
Crookes 10.4°S 165.1° W 50 Copernican CPC OP1A*, OP2C1
Davisson 38.0°S 175.0°W 93 Nectarian CPC OP2C1, OP2C2*
Dawson 67.1°S 135.1°W 44 Lower Imbrian CPC OP2A, OP2C3

De Forest 77.0°S 163.0° W 56 Upper Imbrian CPC OoP2C1

De Vries 19.7°S 176.7° W 58 Upper Imbrian CPC OP2C1, OP2C2
Doerfel 69.0° S 108.4° W 69 Upper Imbrian CPC OP1B, OP2A, OP2C1, OP2C2
Dryden 33.2°S 156.2° W 53 Upper Imbrian CPC OP2A*, OP2C1, OP2C2
Drygalski 79.7°S 88.4°W 163 Pre-Nectarian CPC OP1B, OP2A, OP2C1, OP2C2, OP2C3
Eijkman 63.2°S 142.7° W 56 Nectarian CPC OP2A, OP2C2*

Finsen 424°S 178.0° W 73 Eratosthenian CPC OP1A%*, OP2C1, OP2C2
Fizeau 58.3°S 1343°W 104 Upper Imbrian CPC OP2A, OP2C3
Grissom M 49.0°S 148.4° W 35 Lower Imbrian CPC OP2A, OP2C2

Hale 74.1°S 91.7°E 84 Upper Imbrian CPC oP2C1*

Hausen 65.0°S 88.0° W 163 Eratosthenian CPC OP1B, OP2A*, OP2C1*, OP2C2
Hopmann 51.0°S 159.5°E 89 Nectarian CPC OP1A*, OP2C1*, OP2C2*
Ingenii 33.7°S 163.5°E 315 Pre-Nectarian Basin OP1A*, OP2C1, OP2C2
Langmuir 36.0°S 129.0° W 92 Nectarian CPC OP2A*, OP2C1, OP2C3*
Leavitt 46.0° S 219.5° E 80 Nectarian CPC

Leavitt Z 427°S 139.5° W 64 Nectarian CPC

Leeuwenhoek 29.3°S 182.3°E 125 Nectarian CPC OP1A*, OP2C1, OP2C2
Leibnitz 38.6°S 179.1° E 236 Pre-Nectarian Basin OP1A*, OP2C1*, OP2C2
Lemaitre 61.3°S 149.9° W 94 Nectarian Crater OP2A, OP2C21, OP2C2
Lemaitre S 61.8°S 156.9° W 35 Nectarian CPC OP2A, OP2C1, OP2C2
Lippmann 55.6°S 1144°W 160 Pre-Nectarian Crater OP1A, OP1B, OP2A, OP2C1, OP2C2, OP2C3
Lippmann L 57.5°S 1124°W 57 CPC OP1A, OP1B, OP2A, OP2C1, OP2C2, OP2C3
Lippmann R 57.1°S 121.4°W 36 CPC OP1A, OP1B, OP2A, OP2C1, OP2C2, OP2C3
Lundmark 38.7°S 152.9°E 103 Pre-Nectarian CPC OP1A*, OP2C2*
Lundmark F 39.1° S 1574°E 26 CPC oP2C2

Lyman 64.9° S 162.5°E 83 Upper Imbrian CPC OP2C1*, OP2C2*
Maksutov 404° S 168.6° W 89 Upper Imbrian CPC

McNair 35.9°S 147.9°W 32 CPC OP2A, OP2C2
Mendel 49.0° S 110.0°W 140 Pre-Nectarian CPC OP1A*, OP1B, OP2A, OP2C1, OP2C2
Mendel J 51.5°S 107.1°W 58 Lower Imbrian CPC OP2A, OP2C1, OP2C2
Minnaert 67.3°S 178.6° E 137 Pre-Nectarian CPC OP2C1, OP2C2
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Table 1 (continued)

Crater® Latitude Longitude Diameter (km) Stratigraphic ageb Morphologyc m3 Coveraged
Numerov 70.6°S 162.4° W 110 Nectarian CPC OP2C1, OP2C2*
O’Day 30.6°S 157.5°E 73 Copernican CPC OoP2C2
Oppenheimer 35.3°S 67.0°W 201 Nectarian Crater OP2C1*, OP2C2*
Oppenheimer V 32.1°S 173.1°W 29 Eratosthenian CPC OP1A*, OP2C1, OP2C2*
Oresme V 40.9°S 165.7° E 56 Upper Imbrian CPC OP2C1, OP2C2
Orlov 25.8°S 174.8° w 64 Nectarian CPC OP2C1*, OP2C2
Paracelsus 23.1°S 163.4°E 86 Pre-Nectarian CPC OP1A, OP2C1, OP2C2
Pauli 44.8°S 137.2°E 95 Lower Imbrian CPC OoP2C1

Petzval 62.7°S 110.6° W 93 Nectarian CPC OP1B, OP2A, OP2C1, OP2C2
Planck 57.3°S 136.4°E 320 Pre-Nectarian Basin OP2A*, OP2C1*, OP2C2
Plummer 24.7°S 154.9°W 68 Nectarian CPC OP2A, OP2C1, OP2C2
Plummer M 26.3°S 154.7° W 39 Upper Imbrian CPC OP2A, OP2C1, OP2C2
Poincare 57.1°S 162.7° E 346 Pre-Nectarian Basin OP1A*, OP2C1, OP2C2
Prandtl 59.8°S 1414°E 88 Nectarian CPC OoP2C1

Ramsay 40.1°S 145.1°E 61 Nectarian CPC OoP2C1
Rumford 28.8°S 169.7° W 61 Lower Imbrian CPC OP1A*
Rumford A 25.2°S 169.0° W 30 CPC

Rumford T 28.5°S 172.2° W 112 Pre-Nectarian CPC OP1A*, OP2C1, OP2C2*
Schrodinger 745°S 1334°E 316 Lower Imbrian Basin OP2C1, OP2C2*
Sierpinski 27.0°S 154.6° E 67 Nectarian CPC OP1B*, OP2C2
Sniadecki 22.4°S 168.8° W 41 Nectarian CPC

Stoney 55.5°S 156.6° W 48 Nectarian CPC OP2A, OP2C1, OP2C2
Unnamed “A” 81.1°S 165.8° W 136 CPC OP2A*, OP2C1, OP2C2
Unnamed “B” 24.7° S 171.9°W 61 CPC OP1A*, OP2C1
Unnamed “C” 60.3° S 172.0°E 95 CPC OP1A*, OP2C1*, OP2C2*
Unnamed “D” 56.5°S 171.1°E 56 CPC OP1A*, OP2C1*, OP2C2*
Van de Graaf 27.6°S 171.9°E 246 Nectarian CPC OP2C1, OP2C2
Von Karman 448°S 176.3° E 187 Pre-Nectarian CPC OP1A*, OP2C1*, OP2C2
Walker W 24.5° S 164.0° W 44 CPC OoP2C1

White 448°S 159.2° W 40 Upper Imbrian CPC OP2C1, OP2C2
Zeeman 74.8° S 135.8°W 192 Nectarian CPC OP2A, OP2C1*, OP2C2*, OP2C3

?Bold crater names indicate that these craters are represented schematically in Figure 9. bAges from Wilhelms et al. (1987). “Complex craters with central peaks

are abbreviated CPC.

The stars indicate optical periods with limited or partial coverage.

4.4.2. What is the Nature of the Unusual SPACA Surface Materials?

As noted by Moriarty and Pieters (2015, 2016b), a large proportion of impact craters within SPACA show signs
of significant modification. Additionally, there is some suggestion that SPACA exhibits a relatively low density
of impact craters (Head et al., 2010; Kadish et al., 2011; Moriarty & Pieters, 2016b). Since the NM-HCP observed
across SPACA seems to correspond to near-surface materials, it may be linked to an apparent resurfacing. If
so, what is the source of the NM-HCP? Do these materials represent an unusual, early extrusive magma com-
position, perhaps resulting from the SPA impact? Are they a differentiated impact melt sheet product (e.g.,
Ohtake et al, 2014)? Could they be well-mixed ejecta from nearby basins, or ancient cryptomare?
Extensive, well-mixed cryptomare? What is the relationship of NM-HCP materials to the enigmatic structure
known as Mafic Mound (Moriarty & Pieters, 2015), where the same composition is observed?
Understanding SPACA is key for unraveling the complex geologic evolution of South Pole-Aitken.

5. Conclusions

By analyzing pyroxene composition and abundance across the vast SPA, it was shown that the basin,
although highly complex, exhibits regular patterns of compositional diversity. Using measurements from
the M3, a mafic-rich pyroxene-bearing interior was observed, and four distinct compositional zones were
identified and characterized. The SPACA is an ~700 km region in the deepest, center-most region of SPA that
exhibits an unusual, intermediate-Ca,Fe pyroxene-bearing surface composition. The remainder of central SPA
is dominated by Mg-rich pyroxenes across a wide range of crater sizes and is therefore defined as the
Mg-pyroxene annulus. Surrounding the Mg-pyroxene annulus is a heterogeneous annulus exhibiting many
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localized deposits of Mg-rich pyroxene embedded within low-mafic materials. At the outer reaches of the
topographic rim of SPA (and beyond), the SPA exterior appears highly feldspathic. Compositional diversity
across SPA is dominated by differences in pyroxene composition and abundance, as opposed to other miner-
als such as olivine.

The four distinct compositional zones identified here provide essential constraints for further characterizing
and understanding the formation and evolution of SPA, as well as the evolution and structure of the early
lunar crust and mantle. Each zone reflects its origin, as well as billions of years of subsequent processes.
These include material melted and ejected in the basin-forming impact, eons of lunar volcanism and impact
bombardment, and continuous integration of space weathering and micrometeorite impacts contributing to
soil development. The compositional zones defined here provide a compositional and structural foundation
on which to base further analyses. This overview of the SPA interior and surroundings can also guide prepara-
tion for the return of samples from the SPA, as repeatedly and strongly recommended by the National
Research Council (2003, 2011).
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