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Abstract

The lunar south pole is being targeted for exploration, in part, because it contains topographical high points with >50% illumination
needed for solar power. Additionally, the south pole is being targeted because it contains permanently shadowed regions (PSRs), which
may sequester resources in the form of volatile materials. Geologically, the pole lies on the rim of ~21 km diameter Shackleton crater,
which is located on the topographic rim of the ~2,500 km diameter South Pole-Aitken (SPA) basin, the largest and oldest basin on the
Moon. To prepare for future missions, we conducted a photogeologic analysis of the walls, rim, and ejecta of Shackleton crater. Two
types of underlying (target) terrains were identified. The impact penetrated and exposed (1) purest anorthosite (PAN) representative of
primitive crust and (2) a layered terrain that is likely a series of impact ejecta deposits that stratigraphically cover the crystalline crust.
Crew performing extravehicular activities (EVAs) near the south pole may be able to sample PAN; impact melt from Shackleton, SPA,
and other pre-Nectarian and Nectarian-age impacts; and polar regolith, including material from small PSRs that may contain volatile
components. The topography in the south polar region is dramatic, often producing slopes in excess of 15�, creating mobility challenges
for astronauts during EVAs.
� 2020 COSPAR. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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1. Introduction

The National Aeronautics and Space Administration
(NASA) has developed the Artemis program, consisting
of a series of missions that include a human landing at
the lunar south pole as early as 2024 (Bridenstine, 2019;
Landau, 2019). The south pole is being targeted, in part,
because it contains topographically high locations
(Fig. 1), which provide >50% illumination needed for solar
power (Fig. 2; Glӓser et al., 2014; Mazarico et al., 2011;
Speyerer and Robinson, 2013). The south pole is also being
targeted because it contains permanently shadowed regions
(PSRs) that may contain volatile elements in the form of
ices suitable for in situ resource utilization (ISRU)
(Anand, 2010; Anand et al., 2012; Duke et al., 2003;
Fegley and Swindle, 1993; Spudis, 2011; Spudis and
Lavoie, 2010). Access to those volatiles as well as underly-
ing geologic samples will allow several scientific objectives
to be addressed, as described in greater detail below.

The south pole is located on the rim of the 21 km diam-
eter and 4.1 km deep Shackleton crater (Fig. 1). The rim of
Shackleton crater was targeted as a landing site during the
Constellation Program (Connolly, 2006; Gruener, 2009;
NASA, 2007). Although the precise location of Artemis’
landing has not yet been determined, the south polar region
is rich with opportunities (e.g., Basilevsky et al., 2019;
Fig. 1. Regional topographic map of the south polar region (LOLA DEM at 5
and other nearby craters. The white star denotes the location of the south pole.
this scale is true at the south pole.
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Flahaut et al., 2020; Lemelin et al., 2014; Lewis et al.,
2019). The Artemis human landing system concept of oper-
ations is initially limited to two astronauts who land ‘‘on
the lunar south pole” and will not exceed a surface stay
of 6.5 days near the south pole (NASA, 2019a). Potentially,
five extravehicular activities (EVAs) are possible in that
interval (NASA, 2019b). Landing, traverses by crew and
supporting robotic assets, and targeted sampling of the
region require pre-mission geologic assessments of the
lunar south pole. Here, we provide an initial geologic
assessment of the lunar south pole, Shackleton crater,
and the geology that may be accessible in that type of short
duration surface stay.
1.1. Scientific motivation and objectives

A south pole landing is largely driven by operational
issues related to solar power and volatile resources that
may facilitate a sustainable exploration program. Access
to the lunar surface will also provide an opportunity to
address science objectives that are broadly recognized as
important by the international community (e.g., The
National Research Council (NRC), 2007; Crawford,
2015; Jawin et al. 2019; Pieters et al., 2018). One of those
reports (NRC, 2007) identified eight concepts to be
explored in future lunar missions. Among them is Concept
m/pixel) overlaid on hillshade. Labels indicate the location of Shackleton
Note that Shackleton lies on a massif. The scale of this image is 1:600,000 –
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Fig. 2. Averaged NAC mosaic (map assembled by Arizona State
University and downloaded from Moon Trek, Day and Law, 2018)
outlining 2 km and 10 km exploration zones around the south pole (white
star) and two points of highest illumination (white circles): one on the rim
of Shackleton (89.78�S, 155.73�W) and one on the ridge connecting
Shackleton and de Gerlache craters (89.45�S, 137.31�W) (Mazarico et al.,
2011). Dashed white line represents Shackleton crater rim.
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4, which states ‘‘The lunar poles are special environments
that may bear witness to the volatile flux over the latter
part of solar system history.” This concept envisions inves-
tigations that analyze the composition of volatiles that may
exist at the poles, as well as their source, alteration, trans-
port, and retention. The concept additionally addresses the
study of cold regolith, whether volatiles are preserved
within the regolith, and what implications this has for the
ancient lunar environment. Water ice deposits are of spe-
cial interest for lunar ISRU efforts, because they can be
processed into the resources that are necessary to establish
a sustainable space exploration program (e.g., propellant,
oxygen, potable water) (Anand, 2010; Anand et al., 2012;
Duke et al., 2003; Spudis, 2011; Spudis and Lavoie,
2010). As suggested by (1) the Diviner Lunar Radiometer
Experiment (DLRE; Paige et al., 2010), (2) the Lunar
Exploration Neutron Detector (LEND; Mitrofanov et al.,
2010a), and (3) the Lyman Alpha Mapping Project
(LAMP; Gladstone et al., 2010), all onboard NASA’s
Lunar Reconnaissance Orbiter (LRO; Chin et al., 2007),
water ice exists at the lunar poles, and it is likely that other
volatiles are also present in polar cold traps (Colaprete
et al., 2010; Fisher et al., 2017; Gladstone et al., 2012;
Haruyama et al., 2008; Hayne et al., 2015; Mandt et al.,
2016; Mazarico et al., 2011; Miller et al., 2014;
Mitrofanov et al., 2010b; Paige et al., 2010; Schultz et al.,
2010; Siegler et al., 2015). Furthermore, volatiles are likely
to be concentrated in PSRs located near the lunar poles due
to their stable and extremely cold thermal environments
Please cite this article as: A. J. Gawronska, N. Barrett, S. J. Boazman et al
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(Arnold, 1979; Feldman et al., 2001; Gladstone et al.,
2012; Hayne et al., 2015; Lawrence, 2016; Lemelin et al.,
2014; Li et al., 2018; Spudis et al., 2008; Watson et al.,
1961). Any ice in the south polar region likely exists in
the form of regolith-ice mixtures (Campbell et al., 2006;
Nozette et al., 2001; Thomson et al., 2012). Sampling of
regolith near and within PSRs close to the lunar south pole
would address questions about the origin and extent of
volatile deposits (e.g., Cisneros et al., 2018; Lemelin
et al., 2014).

The geologic history of the lunar south pole region is
shaped by the creation of the immense (2,500 km diameter)
and ancient (3.9 to –4.3 Ga) South Pole-Aitken (SPA)
basin (Fassett and Minton, 2013; Hiesinger et al., 2011,
2012; Morbidelli et al., 2012; Potter et al., 2012; Spudis
et al., 2008; Stӧffler et al., 2006). The SPA basin is a deep
depression that extends to a depth of 13.5 km (James
et al., 2019; Potter et al., 2012; Smith et al., 2010) within
which Shackleton lies. Thus far, samples from the lunar
far side have not been collected, and major geologic events,
including the timing of a hypothesized lunar cataclysm rel-
ative to that of the SPA impact, remain poorly understood
(e.g., Chapman et al., 2007; Cohen et al., 2000; Ćuk, 2012;
Fassett and Minton, 2013; Fassett et al., 2012; Hartmann,
2003, 2019; Hurwitz and Kring, 2015; Marchi et al., 2012;
Morbidelli et al., 2012; Potter et al., 2012; Ryder, 2000;
Tera et al., 1974). Because Shackleton lies along the margin
of the SPA basin, sampling materials such as the rock
exposures and boulders found within Shackleton’s ejecta
may answer additional questions about SPA basin and
other initiatives outlined by the NRC (2007) (i.e., concepts
1, 3, 6, 7, 8).

1.2. Shackleton crater and the south pole region

Shackleton is a well-preserved simple crater (e.g., Spudis
et al., 2008; Zuber et al., 2012). This 21 km diameter crater
was initially assigned an Eratosthenian age (1.1 to 3.2 Ga;
Wilhelms, 1987; Wilhelms et al., 1979), and is labeled as
such in the recent Unified Geologic Map of the Moon
(Fortezzo et al., 2020), although several assessments of
the impact modification of Shackleton suggest an age
between 3.51 and 3.69 Ga (Spudis et al., 2008; Tye et al.,
2015; Zuber et al., 2012). Shackleton is significantly
younger than several neighboring craters: Haworth (4.18
± 0.02 Ga), Shoemaker (4.15 ± 0.02 Ga), and Faustini
(4.10 ± 0.03 Ga) (Tye et al., 2015). Shackleton was exca-
vated, in part, from a preexisting, irregular massif, result-
ing in a tilting of the crater rim with a downward slope
towards the eastern lunar near side. This massif is a promi-
nent feature in the lunar south polar region (Stopar and
Meyer, 2019) and connects Shackleton to de Gerlache cra-
ter (‘‘Connecting Ridge” described in detail by Glӓser et al.,
2014). Spudis et al. (2008) infer that the age of this ridge is
similar to the age of the nearby pre-Nectarian de Gerlache
crater. This massif rises to a maximum elevation
of ~1900 m while the elevation of Shackleton’s rim ranges
., Geologic context and potential EVA targets at the lunar south pole,
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from ~900 m to ~1760 m. The south pole on the rim of
Shackleton has an elevation of 1290 m. The massif coin-
cides with several other massifs along the southern topo-
graphic margin of the SPA basin and, thus, Spudis et al.
(2008) infer that the massif is a product of the SPA
basin-forming impact event.

The Shackleton impact event exposed blocks of ancient
crustal material, including what is believed to be purest
anorthosite (PAN) in its crater walls (Yamamoto et al.,
2012). This lithology has an estimated >98% modal plagio-
clase feldspar abundance (Ohtake et al., 2009). The extent
of PAN throughout the lunar crust is debated (Lemelin
et al., 2015; Nagaoka et al., 2014; Ohtake et al., 2009)
and is difficult to estimate based on current lunar chemical
differentiation models involving a magma ocean (Longhi,
2003; Wieczorek et al., 2006). PAN may exist as small
clasts within meteorites (e.g., Nagaoka et al., 2014), but
no significant samples of PAN have been identified in the
Apollo collection. If blocks of exposed PAN can be located
within the Shackleton ejecta, that will greatly improve our
understanding of the origin of PAN in the lunar crust, the
production of massifs by the SPA basin-forming impact,
and the subsequent geologic evolution of the region.

2. Data and methods

2.1. Datasets and image processing

Datasets from the LRO (Chin et al., 2007), namely the
Lunar Orbiter Laser Altimeter (LOLA) (Smith et al.,
2010) and LRO Camera (LROC) Narrow Angle Cameras
(NACs) (Robinson et al., 2010), were used for topographic
analysis and photogeologic interpretation of a 20 km2 area
within the south polar region (centered on the south pole,
Fig. 2). A LOLA 5 m/pixel digital elevation model
(DEM) with a corrected scaling factor was used to create
a topography map of the south polar region (Fig. 1).
LOLA-derived hillshade and slope maps were derived
using Raster Surface 3D analyst tools in ArcMap (‘‘Hill-
shade” and ‘‘Slope,” respectively; ArcGIS software).
LRO NAC images with ~0.5 to 1.2 m/pixel resolution
and ~87� to 91� incidence angles were used for detailed
mapping of outcrop-scale (~2 m) features. The images were
processed and projected to a lunar polar stereographic pro-
jection using the United States Geological Survey (USGS)
digital image processing software, Integrated Software for
Imagers and Spectrometers 3 (ISIS3; e.g., Edmundson
et al., 2012; Edwards, 1987; Torson, 1989).

2.2. Identification of geologic features

This study is focused on geologic features with sampling
potential during EVA. Targets include rock exposures and
associated boulders, as well as fresh craters. Boulders are
recognizable as bright, positive relief features that are most
easily identified by their shadows. Rock exposures are also
generally composed of high albedo material, surrounded by
Please cite this article as: A. J. Gawronska, N. Barrett, S. J. Boazman et al
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lower albedo material (regolith). Craters are identified as
bowl-shaped depressions, with half of their wall exposed
by incoming sunlight, resulting in a shadow on the opposite
half of the crater. Craters with high albedo ejecta and an
uplifted rim (i.e., younger craters; Daubar et al., 2014;
Moore et al., 1980; Thompson et al., 1974) and craters with
associated boulders were mapped separately from older,
more subdued craters because such fresh craters have the
best sampling potential. Additionally, NAC images were
used to investigate geologic features in the exposed walls
of Shackleton crater; for example, PAN locations of
Yamamoto et al. (2012) were correlated with NAC imagery
to investigate the nature of any PAN exposures. Identified
PAN exposures are of high albedo; boulders with similar
albedo compositions were mapped in the Shackleton ejecta
and, at least in some cases, likely represent ejected pieces of
PAN.

2.3. Topographic constraints on EVAs

Features that may be sampled during an EVA are
bound by the range and slope limits of the deployed mis-
sion to ensure the safety of the crew. Unassisted EVAs
may be limited to a 2 km exploration zone on terrains with
slopes <15� (Allender et al., 2019; Ӧhman and Kring,
2012). This may be expanded to 10 km and 25�, respec-
tively, if a pressurized rover is utilized (Allender et al.,
2019; Ӧhman and Kring, 2012). We document examples
of geologic features for EVA targets within 2 and 10 km
radially from the lunar south pole (Fig. 2). In addition,
to maintain crew safety, we recognize the rim crest of the
Shackleton crater as another boundary to exclude possible
EVA targets that would be on a downward-facing slope
towards the interior of the crater. Note that the south pole
is located on the inside of our rim crest limit. We addition-
ally describe features within 10 km of a point of highest
illumination on the rim of Shackleton identified by
Mazarico et al. (2011), although the 10 km zones surround-
ing the south pole and this illumination point overlap
(Fig. 2). To further assist in selecting EVA targets, a map
of PSRs in the region, as well as slope profiles along a tra-
verse for both the ridge and rim of Shackleton crater, were
created. Mean slope values along the profile were calcu-
lated at user defined breaks (e.g., every time the slope chan-
ged by >2�), providing additional information on the
topography that may be encountered during EVA. To gen-
erate the PSR map, a LOLA data product showing PSRs in
the south polar region was overlaid on a NAC mosaic. This
product is available through the LOLA Planetary Data
Systems (PDS) Data Node (LOLA PDS Data Node
LPSR-85S-60 M-201608.JP2).

3. Results and discussion

We begin with a geologic assessment of Shackleton cra-
ter and potential scientific and exploration targets in the
vicinity of the lunar south pole. This assessment extracts
., Geologic context and potential EVA targets at the lunar south pole,
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geologic context from exposures in Shackleton crater walls
(Section 3.1) and in debris ejected by the Shackleton impact
(Section 3.2). We also present an examination of potential
sampling locations with respect to PSRs (Section 3.3). We
then examine the accessibility of those sites within the lim-
its of topography and slope (Section 3.4).

3.1. Geologic context: The inner walls of Shackleton

Shackleton crater lies on the edge of the SPA basin and,
thus, the target material is expected to be mostly composed
of ancient noritic crust seen elsewhere in this region (Borst
et al., 2012; Hurwitz and Kring, 2015; Moriarty and
Pieters, 2018; Pieters et al., 1997, 2001; Vaughan and
Head, 2014). This noritic material may be exposed within
the crater walls, although more work is needed to confirm
this. A previous analysis of spectral reflectance data in
Shackleton crater suggests the presence of PAN in the cra-
ter walls (Yamamoto et al., 2012). Here, we correlated the
locations of the previously measured PAN spectra with
NAC images and found that large rocky exposures of
PAN (e.g., Fig. 3b-c) are located just below the crater
rim, down to a depth of approximately 900 m, beyond
which the crater wall is obscured by permanent shadow.
The PAN exposures were excavated by the Shackleton
impact, thus indicating that the original target terrain
underlying the lunar geographic south pole, and extending
into the massif, is composed, at least in part, of PAN. The
PAN could be intact crystalline crust or potentially part of
a megabreccia with ~100-m-scale blocks. We note that low
albedo regolith is sporadically identified throughout the
exposures and appears to form downslope streamers that
may reflect mass wasting towards the crater floor
(Fig. 3d). We cannot ascertain whether the lower albedo
material is continuous with the PAN (and, thus, part of a
crystalline crust) or interstitial to the PAN (and, thus, a
second lithological component in a megabreccia). We find
no evidence of cryptic layering within the PAN-bearing
blocks; however, we are limited by the resolution of the
images to features ~2 m or greater in scale. It is possible
that the massif cross-cut by Shackleton crater is composed
of different, non-PAN material, but the underlying rock is
covered by loose debris due to mass wasting and, thus, not
discernable. Likewise, the permanently shadowed crater
walls prevent any photogeologic assessment of the underly-
ing material.

The nature of the crater wall is very different on the side
opposite to the south pole. There, a layered terrain is
exposed (Fig. 3e). Individual layers in the sequence are
approximately 10 to 50 m thick and the complete sequence
varies between 100 and 200 m thick vertically. The
sequence begins approximately 10 m below the rim, but
the lateral extent of these layers is difficult to determine
based on currently available NAC images with suitable
illumination (~87� to 91� incidence). A potentially useful
analogue for such layered sequences is Meteor Crater, a
terrestrial impact crater with the same simple crater mor-
Please cite this article as: A. J. Gawronska, N. Barrett, S. J. Boazman et al
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phology as Shackleton and in a layered terrain. In situ
studies indicate the layered sequence in the walls of Meteor
Crater represent uplifted target strata and overturned
strata in the ejecta deposit that forms the uppermost crater
rim (e.g., Kring, 2007, 2017). If the layered units at Shack-
leton are pre-existing target strata, then those layers likely
represent impact ejecta horizons deposited by older impact
events, such as those that produced the Haworth, Shoe-
maker, and Faustini craters. Alternatively, one or more
layers in the uppermost portion of Shackleton’s walls could
have been produced from ejecta of the Shackleton impact
event. Based on a computer simulation of the Shackleton
impact event (Halim et al., under review), >150 m of ejecta
is anticipated on the crater rim. There is no evidence of vol-
canism in the region and, thus, layered volcanic lava flows
are ruled out as a source for the layers.

To evaluate the possibility that the layers may be ejecta
deposits from older impact events, the thicknesses of ejecta
produced by nearby craters were calculated using scaling
laws appropriate for complex craters (e.g., Kring, 1995),
akin to the types of craters in the south polar region that
could have produced appropriately-thick layers in Shackle-
ton. Measurements of crater diameters and distances were
acquired using QuickMap developed by the LROC team.
Craters examined were, in approximate stratigraphic order
from oldest to youngest (Deutsch et al., 2020; Tye et al.,
2015), Amundsen-Ganswindt, Schrödinger, an unnamed
crater between Sverdrup and Wiechert J, an unnamed cra-
ter adjacent to de Gerlache, Haworth, Shoemaker, Faus-
tini, Amundsen, de Gerlache, Nobile, Slater, Sverdrup,
and Cabeus. Calculated ejecta thicknesses corresponding
to the layered deposits in the Shackleton wall (Fig. 3e)
range from 399 to 537 m (from the Amundsen-
Ganswindt basin) to <10 m (from Sverdrup and Slater)
(Table 1). The youngest craters would have produced lay-
ers towards the top of the Shackleton target region: e.g.,
Amundsen (9 to 26 m), de Gerlache (1 to 6 m), Nobile (4
to 14 m), Slater (4 to 11 m), Sverdrup (3 to 11 m), and
Cabeus (4 to 14 m). The older, larger basins may have pro-
duced deeper layers, now hidden within the PSR of Shack-
leton crater. Based on revised ages for the region’s craters,
Faustini, Haworth, and Shoemaker have pre-Nectarian
ages (Tye et al., 2015), and Amundsen and Schrödinger
basin have Nectarian ages (Wilhelms et al., 1979). It is
important to note that some of the ejecta from those cra-
ters may have landed with sufficient speed to mix with
underlying surface materials via ballistic sedimentation
(Oberbeck, 1975). That process would thicken an overlying
layer at the expense of an underlying layer. Using the bal-
listic formula for crater ejecta (Oberbeck, 1975), impact
speeds at the location of the Shackleton layered deposits
were on the order of 1000 km/hr (Table 1).

3.2. Potential EVA targets in Shackleton crater ejecta

Thousands of boulders are scattered throughout the
ejecta of Shackleton in the vicinity of the south pole
., Geologic context and potential EVA targets at the lunar south pole,
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Fig. 3. (a) Averaged NAC mosaic (downloaded fromMoon Trek, Day and Law, 2018) showing the locations of images b, c, and e. The location of image d
is shown in image c. The south pole is denoted by the white star. (b) Detail of NAC M133786042L showing the bright rock exposure of PAN identified in
Yamamoto et al. (2012). These PAN rock exposures are ~500 m from the south pole. (c) Detail of NAC M146833333L and M133786042L (stitched
together) showing blocks of PAN >500 m wide. The white box shows the location of image d. (d) A close-up image of the crater wall. Detail of NAC
M133786042L reveals dark material along PAN deposits. (e) Detail of NACM133154995L (rotated 80� CCW) highlighting the layered stratigraphy in the
inner wall of Shackleton crater opposite to the south pole.
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(Figs. 4–6). Boulder fields in our survey region appear
mostly associated with small, relatively fresh craters in
the Shackleton ejecta deposit (e.g., Figs. 4d-e, -h, 5h-i).
Identifying specific features within boulders (i.e., layers,
fractures, tracks, etc.) was a challenge given the high angle
of solar incidence. Due to the resolution of the NAC
images compared to boulder size, boulder albedo was relied
upon to make inferences about the Shackleton region.
Most boulders near to the south pole exhibit a high albedo
Please cite this article as: A. J. Gawronska, N. Barrett, S. J. Boazman et al
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(e.g., Fig. 4d) and may be fragments of ejected crystalline
crustal lithology (potentially PAN), suitable for sampling.
Some boulders identified are of low albedo (e.g., Fig. 5i),
providing evidence of heterogeneous material ejected dur-
ing Shackleton’s formation. Spectra of boulders were not
reported by Yamamoto et al. (2012), probably due to their
small size relative to the size of the spectral footprint. Addi-
tionally, because the low sun angle produces low signal-to-
noise levels, and the boulders are small relative to the res-
., Geologic context and potential EVA targets at the lunar south pole,
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Table 1
Calculated thicknesses and velocities of ejecta deposits corresponding to nearby craters that could have produced the layered deposits in the wall of Shackleton.

Crater name* Crater diameter (m)** Crater radius (m)** Distance to

point (m)***
Calculated ejecta

thickness (m) for range

of exponents

Maximum flight

time (s)****
Maximum velocity

(km/s)****
Maximum

velocity (km/hr)****

�3.5 �3 �2.5

Unnamed - between Sverdrup and Wiechert J 70640 35320 98000 9 15 25 347 0.3989 1436
Schrodinger basin 311985 155993 443000 25 43 72 739 0.8482 3053
Amundsen 100135 50068 152000 9 15 26 433 0.4968 1789
Faustini 39166 19583 68000 3 5 9 289 0.3323 1196
Shoemaker 50316 25158 60000 12 19 29 272 0.3122 1124
Haworth 53533 26766 92000 4 7 12 337 0.3865 1392
de Gerlache 31999 16000 64000 1 3 6 281 0.3224 1161
Unnamed - next to de Gerlache 37716 18858 53000 5 9 15 255 0.2934 1056
Sverdrup 32708 16354 51000 3 6 11 251 0.2878 1036
Cabeus 83906 41953 156000 4 7 14 438 0.5033 1812
Slater 23134 11567 32000 4 7 11 199 0.2280 821
Nobile 77537 38768 139000 4 8 14 414 0.4751 1710
Amundsen-Ganswindt basin 377977 188989 254000 399 463 537 559 0.6423 2312

* All craters exhibit complex morphology and exist within two diameters of Shackleton where layers are observed. These craters are listed from youngest to oldest based on approximate relative ages
(after Deutsch et al. (2020) and Tye et al. (2015), and potentially represent stratigraphic order in the wall of Shackleton crater.
** Diameters and distances measured in LROC Quickmap (accessed September 26, 2019).

*** Based on distance from crater center to Shackleton layer location.
**** Velocity and flight time may also be affected by variable ejection angles.
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Fig. 4. Potential EVA targets in a 2 km exploration zone around the south pole. (a) LOLA DEM (5 m/pixel) overlaid on hillshade showing the
topography within the 2 km boundary. (b) LOLA-derived slope map of the same extent. (c) Averaged NAC mosaic (downloaded from Moon Trek, Day
and Law, 2018) showing the locations of annotated images d to h. Coordinates and associated NAC images of these locations can be found in Table A.1.
Figures d, e, and f are on the edge of slopes >15o and may be inaccessible without rover assistance.
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olution of both the Moon Mineralogy Mapper (~70 m,
Goswami and Annadurai, 2009) and the Multiband Imager
onboard the Selenological and Engineering Explorer
(SELENE, also named Kaguya) (~20 m, Ohtake et al.,
2008), spectral data has not been used to probe the compo-
sitions of the boulders. Recently, the identification of boul-
der tracks has become fundamental to our understanding
of physical properties of the lunar regolith and trafficability
(Bickel et al., 2019; Sargeant et al., 2019). Based on our
Please cite this article as: A. J. Gawronska, N. Barrett, S. J. Boazman et al
Advances in Space Research, https://doi.org/10.1016/j.asr.2020.05.035
analysis, boulder tracks appear to either be a rare feature
on the ejecta deposit of Shackleton crater or are not easy
to discern using the current resolution of available imagery.
Where apparent, they appear to be produced by boulders
ejected from craters.

Rock exposures from approximately 20 to 200 m in size
are found throughout the ejecta in the EVA target bound-
aries (Figs. 4–6). These rock exposures are far more mas-
sive than most boulders sampled during Apollo (largest
., Geologic context and potential EVA targets at the lunar south pole,
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Fig. 5. Potential EVA targets in a 10 km exploration zone around the south pole. (a) LOLA DEM (5 m/pixel) overlaid on hillshade showing the
topography within the 10 km boundary. (b) LOLA-derived slope map of the same extent. (c) Averaged NAC mosaic (downloaded from Moon Trek, Day
and Law, 2018) showing the locations of annotated images d to i. Coordinates and associated NAC images of these locations can be found in Table A.1. A
PSR may have been formed by the shadow of the rock exposure in d; however, this will have to be confirmed with illumination and temperature
investigation of the area at higher resolution than currently available.

A.J. Gawronska et al. / Advances in Space Research xxx (2020) xxx–xxx 9
sampled boulders reached sizes of approximately 4 m;
Spudis and Ryder, 1985; Swann et al., 1977; Ulrich et al.,
1981; Wolfe et al., 1981), although the largest boulder ever
approached reached a size comparable to the smallest
exposures observed here (‘‘House Rock,” Apollo 16;
Ulrich et al., 1981). Moreover, exposures identified here
are on the scale of highway outcrops on Earth, which
Please cite this article as: A. J. Gawronska, N. Barrett, S. J. Boazman et al
Advances in Space Research, https://doi.org/10.1016/j.asr.2020.05.035
can provide tremendous insights to the geologic processes
that produced a lithology, as well as how such lithologies
may age on the Moon (i.e., Basilevsky et al., 2015). Study-
ing the exposures, as well as sampling them, should be
enlightening. In some cases, large rock exposures have
fragmented into boulders (e.g., Figs. 5d, -f, 6d), which
may give ease to sampling. The high albedo of the expo-
., Geologic context and potential EVA targets at the lunar south pole,
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Fig. 6. Potential EVA targets in a 10 km exploration zone around the highest illumination point on the rim of Shackleton (89.78�S, 155.73�W). (a) LOLA
DEM (5 m/pixel) overlaid on hillshade showing the topography within the 10 km boundary. (b) LOLA-derived slope map of the same extent. (c) Averaged
NAC mosaic (downloaded from Moon Trek, Day and Law, 2018) showing the locations of images d and e. Coordinates and associated NAC images of
these locations can be found in Table A.1. Most features in this region overlap with the region outlined in Fig. 5 – the two EVA targets in d and e do not.
Image (e) does not preserve a PSR – the shadowed region seen here is due to high solar incidence angle.
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sures suggests that they may represent the PAN lithology
that was ejected either as large, individual blocksthat are
partially covered by regolith, or, alternatively, small blocks
that were deposited a similar distance from the rim.
Because lithologies excavated from the deeper regions of
a crater dominate the crater rim, the rocks nearest to the
Shackleton rim may represent deeper crustal lithologies
(e.g., norite, Borst et al., 2012; Kramer et al., 2013;
Pieters et al., 2001).

Sampling small craters on the Shackleton ejecta deposit
can provide information on the regional subterranean
structure. During crater formation, material is exposed
from below the lunar surface and is dispersed around the
crater as part of an ejecta deposit (e.g., Fig. 5i). Craters
of 5 to 150 m diameter, seen on the rim and flanks of
Shackleton, can excavate material from depths of 1 to
30 m (Pike, 1974). Because the excavation depth values
are less than the ~150 m thickness of Shackleton ejecta,
the material should simply represent more deeply buried
ejecta. However, if the target is layered, that layering
Please cite this article as: A. J. Gawronska, N. Barrett, S. J. Boazman et al
Advances in Space Research, https://doi.org/10.1016/j.asr.2020.05.035
may be discernable by sampling the overturned debris as
a function of depth. We also note that this freshly exca-
vated material often appears brighter than the surrounding
materials (e.g., Fig. 5i), as exposure to space weathering
causes older and undisturbed material to mature and dar-
ken over time (Gold, 1955; Thompson et. al., 1974). In
addition to rock exposures, regolith samples near smaller
craters in the Shackleton region would be of scientific value
to study surface weathering processes on airless bodies
(Noble et al., 2000).
3.3. Distribution of PSRs in the vicinity of the south pole

Investigating PSRs in the south polar region will help
address questions regarding the composition, abundance,
and distribution of lunar volatiles (e.g., Arnold, 1979;
Feldman et al., 2001; Lemelin et al., 2014; Watson et al.,
1961). PSRs of variable sizes are found throughout the
Shackleton region (Fig. 7). The apparent field of PSRs pre-
cisely at the pole is largely a data artifact, as it does not
., Geologic context and potential EVA targets at the lunar south pole,
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Fig. 7. LOLA PSR map (60 m/pixel) overlaid on NAC mosaic showing PSRs in the south polar region (LOLA PDS Data Node LPSR-85S-60M-201608.
JP2). White dash line denotes the rim of Shackleton crater. White points mark the locations of two high illumination points identified by Mazarico et al.
(2011). PSRs are denoted as red regions in this figure, with the exception of the south pole, which may be an artifact. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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appear to correspond to identifiable PSRs in the high reso-
lution LROC images of that area (e.g., Fig. 3b). Some sites
near rock exposures may also preserve small PSRs, similar
to the Apollo 16 ‘‘Shadow Rock” (Ulrich et al., 1981).
Long-period temperature (i.e., LRO Diviner) and illumina-
tion (i.e., LOLA) data are needed to confirm where small
PSRs exist; if confirmed, such locations will be an impor-
tant EVA target for volatile investigations. However, con-
sidering the small size and likely young age of such smaller
PSRs, any volatiles, if present, may only be products of
solar wind implantation. Generally, the distribution of
PSRs in the south polar region appears to correlate with
craters. The age of these craters is important as it dictates
the volatile composition (Kring, 2019). Craters with
ages > 3.5 Ga (e.g., Cabeus, Haworth, Shoemaker, Faus-
tini, de Gerlache, and Shackleton) may have accumulated
volatiles from ancient impact events and volcanism (e.g.,
Fisher et al., 2017; Siegler et al., 2011), the latter of which
may have created a transient atmosphere (Needham and
Kring, 2017). In contrast, the main sources of volatiles
trapped in crater PSRs that formed � 3 Ga ago are solar
wind and sporadic impact events. The smallest PSRs, like
those potentially existing on the rim of Shackleton crater
Please cite this article as: A. J. Gawronska, N. Barrett, S. J. Boazman et al
Advances in Space Research, https://doi.org/10.1016/j.asr.2020.05.035
in the immediate vicinity of the south pole, are small and
must be young. In those cases, any trapped volatiles should
be dominated by solar wind (Kring, 2019).

3.4. Limits imposed by topography and slope

Changes in elevation and the magnitude of slope may
limit access to sample sites in the south polar region. To
illustrate potential challenges, the topography along the
rim of Shackleton crater and the nearby ‘‘Connecting
Ridge” (after Glӓser et al., 2014) is shown in Fig. 8, using
data compiled in topographic maps of the region (e.g.,
Harish et al., 2019; McCanaan et al., 2019). The ridge that
abuts Shackleton’s rim rises to a total elevation of ~1900 m,
or ~600 m above the south pole. If a crew landed at the
south pole and had a walking EVA towards the lunar far
side along the rim of Shackleton crater (beginning at the
south pole, B, and continuing toward X in Fig. 8a), that
would require an initial climb of ~140 m over a horizontal
distance of 2 km. If the crew walked along the rim crest to
the highest elevation in that section of the rim (~7 km from
the south pole, along B to X in Fig. 8a), that would require
a climb of ~470 m.
., Geologic context and potential EVA targets at the lunar south pole,
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Fig. 8a. Top: Elevation profile (A-B) along the ridge that extends from Shackleton towards de Gerlache crater, and along Shackleton’s rim, with the mean
slope highlighted along the profile. The length of the traverse is ~27 km. Bottom: The variation in slope, highlighting the approximate limits of unassisted
and rover-assisted crew along the A-B profile.
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The slope along route A to B in Fig. 8a varies dramati-
cally on the scale of 5 m/pixel, which represents variability
imposed by heterogeneities in the Shackleton ejecta (e.g.,
Figs. 4–6) and small craters that now cover that ejecta
(Fig. 8a, bottom panel). Average slopes are often tractable
(e.g., ranging from 0� to 15�; Fig. 8a, top panel), although
there remain zones with slope in excess of 15�. Slope is also
variable farther along the rim of Shackleton crater (C to D
in Fig. 8b). The average slope along the rim from the south
pole to the ridge is 14.3� (over a distance of approximately
15 km; point B to X in Fig. 8a), and the average slope
along the ridge is 10.6� (over a distance of approximately
12 km; point A to X in Fig. 8a). Detailed analysis of
how these topographical changes correspond to lithological
units near the Shackleton crater will further aid landing site
selection (i.e., Ivanov et al., 2015a; 2015b).
4. Conclusions

Recent modeling suggests that the 4.1 km deep, 21 km
diameter Shackleton crater was likely excavated by an
Please cite this article as: A. J. Gawronska, N. Barrett, S. J. Boazman et al
Advances in Space Research, https://doi.org/10.1016/j.asr.2020.05.035
~1.5 km chondrite-like asteroid impacting a gabbroic
anorthositic target with a velocity of ~15 km/s (Halim
et al., under review). The resulting ejecta deposit presents
many scientifically intriguing features for sampling during
EVA. Such samples will be conducive to interpreting the
geology of the lunar south pole (e.g., Fig. 9). The high
albedo EVA targets described here likely, at least in part,
correspond to the PAN units identified in the walls of
Shackleton crater (Haruyama et al., 2008, 2013;
Yamamoto et al., 2012). Numerous boulders and rock
exposures in the region make sampling this high albedo
material possible. The sizes of some of the exposures (up
to 200 m) are far larger than anything sampled during
the Apollo program and provide an opportunity to assess
magmatic relationships within crystalline crustal units.
Dark material of likely different composition exists inside
the Shackleton crater wall and may also be present outside
of the crater. Additional analysis regarding the distribution
of these boulders would provide context regarding the loca-
tion of rocky terrains, as well as regions with great sam-
pling potential (i.e., Ivanov et al., 2015a, 2015b).
., Geologic context and potential EVA targets at the lunar south pole,
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Fig. 8b. Top: Elevation profile (C-D) along Shackleton’s rim with mean slope highlighted along the profile. This marks the continuation of traverse B-X
from Fig. 8a. Bottom: The variation in slope highlighting the approximate limits of unassisted and rover-assisted EVAs.

Fig. 9. Cross section summarizing the geology interpreted to exist in the Shackleton crater based on the findings of this study. The crater is approximately
4.1 km deep with respect to the rim and there is some slumping in the crater center (e.g., Zuber et al., 2012). Impact melt is believed to have mostly
remained within the crater (Halim et al., under review). Concentric fractures surround the crater. Material exposed in the crater wall beneath the south
pole may be exposed crust, or a megabreccia, while material exposed on the opposite crater wall appears layered. Due to the Shackleton PSR, it was not
possible to determine the extent of either lithology. The ejecta surrounding Shackleton crater are modeled to be approximately 150 m in thickness (Halim
et al., under review).
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Table A1
Coordinates of features shown in Figs. 4–6, as well as the corresponding
LROC NAC image IDs. The latitude and longitude coordinates are
associated with the central point of each detailed figure.

Figure Latitude Longitude NAC ID

4.d �89.9765422 �87.10242849 M140136780R
4.e �89.9462384 26.13427658 M140197843L
4.f �89.94757671 �114.5614797 M140136780R
4.g �89.95435969 �13.51230667 M140184301L
4.h �89.94010469 34.00804208 M144858987R
5.d �89.81342487 2.856443066 M140197843R
5.e �89.88772889 �131.5191484 M140136780L
5.f �89.8099088 �137.5508604 M140068959L
5.g �89.74912978 57.90521551 M147253633L
5.h �89.91433565 �122.862614 M140136780L
5.i �89.89296881 24.55097003 M140197843R/L
6.d �89.59289223 �153.5620435 M133799601R
6.e �89.50555066 �177.5697388 M143766500R
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A layered terrain occurs on the side of Shackleton crater
opposite to the south pole and is exposed in the upper cra-
ter wall. These layers appear to be ejecta deposits of sur-
rounding craters; the velocity of this ejecta landing at the
Shackleton site is approximately 1000 km/hr. Ballistic sed-
imentation at these velocities likely caused mixing of ejecta
with underlying material (Oberbeck, 1975). Since the
Shackleton impact event also appears to have excavated
layers of debris from pre-Nectarian and Nectarian craters,
additional crustal components from more distant locales
may also be available. Impact melts from those older cra-
ters (including the SPA basin) and from the host crater,
Shackleton, may provide impact ages for deciphering the
collisional modification of the ancient Moon. Additional
sampling of the numerous PSRs existing near the lunar
south pole (e.g., Cisneros et al., 2018; Mazarico et al.,
2011) will address questions regarding the extent of
volatile-bearing material. Sampling PSRs will provide an
opportunity to assess the composition, extent, depth, and
volume of volatiles, which may be used for future sustain-
able exploration and ISRU initiatives (e.g., Crawford,
2015; Fegley and Swindle, 1993; Lawrence, 2016; Nozette
et al., 2001; NRC, 2007).

Regolith along the rim and flanks of Shackleton can be
used to evaluate regolith processes in a polar terrain. Vola-
tiles mixed with that regolith may provide an important
assessment of volatiles available for ISRU and scientific
investigations. Sampling of both the regolith and possible
rocks originating from the PAN unit is also necessary to
expand our understanding of the geology of Shackleton
crater and the cross-cutting massif, as well as the extent
and geology of the SPA basin itself. Samples collected near
the south pole will thus address questions regarding the
lunar magma ocean hypothesis and the subsequent evolu-
tion of the crust in this region with respect to both magma-
tism and impact cratering. As defined by the parameters set
by the Apollo program, many of the EVA targets presented
here require rover assistance to access due to the complex
topography of the region. Rover-assisted EVAs would
allow astronauts to traverse steeper slopes, while pressur-
ized rovers may allow access to distant areas of interest,
creating more opportunities to sample a diverse suite of
materials.
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Appendix A

Table A1 summarizes information regarding figures
which are included in this article. Specifically, the table
gives the approximate locations of features of interest
described in the article, as well as the LROC NAC images
used. The chosen NAC images were processed and pro-
jected to a lunar polar stereographic projection using the
Integrated Software for Imagers and Spectrometers 3
(ISIS3) software. ArcMap (Esri GIS Software) was then
utilized to extract latitude and longitude locations of the
selected features, which are summarized in Table A1.
Depending on the NAC images used, the exact locations
of features may change; therefore, the reported latitude
and longitude coordinates mark the center of the figure,
and the NAC ID used is reported.
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Westrenen, W., Füri, E., Xiao, L., Zhao, S., 2020. Regions of interest
(ROI) for future exploration missions to the lunar South Pole. Planet.
Space Sci. 180, 1–15. https://doi.org/10.1016/j.pss.2019.104750.

Fortezzo, C.M., Spudis, P.D., Harrel, S.L., 2020. Release of the digital
unified global geologic map of the moon At 1:5,000,000-scale. Paper
presented at the 51st Lunar and Planetary Science Conference, Lunar
and Planetary Institute, Houston, TX. https://www.hou.usra.edu/
meetings/lpsc2020/pdf/2760.pdf.

Gladstone, G.R., Stern, S.A., Retherford, K.D., Black, R.K., Slater, D.C.,
Davis, M.W., Versteeg, M.H., Persson, K.B., Parker, J.W., Kauf-
mann, D.E., Egan, A.F., Greathouse, T.K., Feldman, P.D., Hurley,
D., Pyor, W.R., Hendrix, A.R., 2010. LAMP: the lyman alpha
mapping project on NASA’s lunar reconnaissance orbiter mission.
Space Sci. Rev. 150, 161–181. https://doi.org/10.1007/s11214-009-
9578-6.

Gladstone, G.R., Retherford, K.D., Egan, A.F., Kaufmann, D.E., Miles,
P.F., Parker, J.W., Horvath, D., Rojas, P.M., Versteeg, M.H., Davis,
M.W., Greathouse, T.K., Slater, D.C., Mukherjee, J., Steffl, A.J.,
Feldman, P.D., Hurley, D.M., Pryor, W.R., Hendrix, A.R., Mazarico,
E., Stern, S.A., 2012. Far-ultraviolet reflectance properties of the
Moon’s permanently shadowed regions. J. Geophys. Res.: Planets 117
E12, E00H04. https://doi.org/10.1029/2011JE003913.

Glӓser, P., Scholten, F., De Rosa, D., Figuera, R.M., Oberst, J.,
Mazarico, E., Neumann, G.A., Robinson, M.S., 2014. Illumination
conditions at the lunar south pole using high resolution digital terrain
models from LOLA. Icarus 243, 78–90. https://doi.org/10.1016/j.
icarus.2014.08.013.

Gold, T., 1955. The lunar surface. MNRAS 155, 585–604.
Goswami, J.N., Annadurai, M., 2009. Chandrayaan-1: India’s first

planetary science mission to the Moon. Curr. Sci. 96 (4), 486–491.
Gruener, J.E., 2009. NASA constellation program office regions of interest

on the moon. 2009 Annual Meeting of the Lunar Exploration and
Analysis Group. https://www.lpi.usra.edu/meetings/leag2009/presen-
tations/Day-2%20PM/03-35_Gruener.pdf.

Halim, S.H., Barrett, N., Boazman, S.J., Gawronska, A.J., Gilmour, C.
M., Harish, McCanaan, K., Satyakumar, A. V., Shah, J., Kring, D.,
Under review. Numerical modelling of the formation of Shackleton
crater at the lunar south pole. Submitted to Icarus.

Harish, Animireddi, V.S.K., Barrett, N., Boazman, S., Gawronska, A.,
Gilmour, C., Halim, S., McCanaan, K., Shah, J., Kring, D., 2019.
Slope Map between Shackleton and de Gerlache Craters, Lunar South
., Geologic context and potential EVA targets at the lunar south pole,

https://doi.org/10.1134/S0038094619050022
https://doi.org/10.1134/S0038094619050022
https://doi.org/10.1029/2018JE005876
https://doi.org/10.1016/j.pss.2011.07.020
http://refhub.elsevier.com/S0273-1177(20)30368-9/h0055
http://refhub.elsevier.com/S0273-1177(20)30368-9/h0055
https://doi.org/10.1038/nature0516745
https://doi.org/10.1038/nature0516745
https://doi.org/10.1016/j.icarus.2006.12.020
https://doi.org/10.1016/j.icarus.2006.12.020
https://doi.org/10.1007/s11214-007-9153-y
https://doi.org/10.1007/s11214-007-9153-y
https://doi.org/10.1126/science.290.5497.1754
https://doi.org/10.1126/science.1186986
https://doi.org/10.1126/science.1186986
http://refhub.elsevier.com/S0273-1177(20)30368-9/h0090
http://refhub.elsevier.com/S0273-1177(20)30368-9/h0090
https://doi.org/10.1177/0309133314567585
https://doi.org/10.1016/j.icarus.2011.11.031
https://doi.org/10.1002/2014JE004671
https://doi.org/10.1016/j.icarus.2019.113455
https://doi.org/10.1016/j.icarus.2019.113455
https://doi.org/10.1016/80273-1177(03)00550-7
https://doi.org/10.5194/isprsannals-I-4-203-2012
https://doi.org/10.5194/isprsannals-I-4-203-2012
http://refhub.elsevier.com/S0273-1177(20)30368-9/h0130
http://refhub.elsevier.com/S0273-1177(20)30368-9/h0130
https://doi.org/10.1029/2011JE003951
https://doi.org/10.1038/ngeo1841
http://refhub.elsevier.com/S0273-1177(20)30368-9/h0145
http://refhub.elsevier.com/S0273-1177(20)30368-9/h0145
http://refhub.elsevier.com/S0273-1177(20)30368-9/h0145
http://refhub.elsevier.com/S0273-1177(20)30368-9/h0145
https://doi.org/10.1029/2000JE001444
https://doi.org/10.1016/j.icarus.2017.03.023
https://doi.org/10.1016/j.pss.2019.104750
https://doi.org/10.1007/s11214-009-9578-6
https://doi.org/10.1007/s11214-009-9578-6
https://doi.org/10.1029/2011JE003913
https://doi.org/10.1016/j.icarus.2014.08.013
https://doi.org/10.1016/j.icarus.2014.08.013
http://refhub.elsevier.com/S0273-1177(20)30368-9/h0185
http://refhub.elsevier.com/S0273-1177(20)30368-9/h0190
http://refhub.elsevier.com/S0273-1177(20)30368-9/h0190
https://doi.org/10.1016/j.asr.2020.05.035


16 A.J. Gawronska et al. / Advances in Space Research xxx (2020) xxx–xxx
Pole, Map 1. LPI Lunar South Pole Atlas, LPI Contribution #2227,
https://hdl.handle.net/20.500.11753/1360.

Hartmann, W.K., 2003. Megaregolith evolution and cratering cataclysm
models – Lunar cataclysm as a misconception (28 years later).
Meteorit. Planet. Sci. 38 (4), 579–593. https://doi.org/10.1111/j.1945-
5100.2003.tb00028.x.

Hartmann, W.K., 2019. History of the terminal cataclysm paradigm:
epistemology of a planetary bombardment that never (?) happened.
Geosciences 9 (7), 285. https://doi.org/10.3390/geosciences9070285.

Haruyama, J., Ohtake, M., Matsunaga, T., Morota, T., Honda, C.,
Yokota, Y., Pieters, C.M., Hara, S., Hioki, K., Saiki, K., Miyamoto,
H., Iwasaki, A., Abe, M., Ogawa, Y., Takeda, H., Shirao, M., Yamaji,
A., Josset, J.-L., 2008. Lack of exposed ice inside lunar south pole
shackleton crater. Science 322 (5903), 938–939. https://doi.org/
10.1126/science:1164020.

Haruyama, J., Yamamoto, S., Yokota, Y., Ohtake, M., Matsunaga, T.,
2013. An explanation of bright areas inside Shackleton Crater at the
Lunar South Pole other than water-ice deposits. Geophys. Res. Lett.
40 (15), 3814–3818. https://doi.org/10.1002/grl.50753.

Hayne, P.O., Hendrix, A., Sefton-Nash, E., Siegler, M.A., Lucey, P.G.,
Retherford, K.D., Paige, D.A., 2015. Evidence for exposed water ice in
the Moon’s south polar regions from Lunar Reconnaissance Orbiter
ultraviolet albedo and temperature measurements. Icarus 255, 58–69.
https://doi.org/10.1016/j.icarus.2015.03.032.

Hiesinger, H., Head, J.W., Wolf, U., Jaumann, R., Neukum, G., 2011. In:
Ambrose, W.A., Williams, D.A. (Eds.), Recent Advances and Current
Research Issues in Lunar Stratigraphy, 477. Geological Society of
America Special PaperThe Geological Society of America Inc,
Boulder, CO, pp. 1–51. https://doi.org/10.1130/2011.2477(01).

Hiesinger, H., Van der Bogert, C.H., Pasckert, J.H., Funcke, L.,
Giacomini, L., Ostrach, L.R., Robinson, M.S., 2012. How old are
young lunar craters? J. Geophys. Res. Planets 117, E00H10. https://
doi.org/10.1029/2011JE003935.

Hurwitz, D., Kring, D.A., 2015. Potential sample sites for South Pole-
Aitken basin impact melt within the Schrodinger basin. Earth Planet.
Sci. Lett. 427, 31–36. https://doi.org/10.1016/j.epsl.2015.06.055.

Ivanov, M.A., Basilevsky, A.T., Abdrakhimov, A.M., Karachevtseva, I.
P., Kohanov, A., Head III, J.W., 2015a. Boguslawsky crater on the
Moon: Geology and assessment of the boulder distribution on its floor.
Astronomicheskii Vestnik 49, 403–419. https://doi.org/10.7868/
S0320930X15060031.

Ivanov, M.A., Hiesinger, H., Abdrakhimov, A.M., Basilevsky, A.T., Head
III, J.W., Pasckert, J.H., Bauch, K., van der Bogert, C.H., Gläser, P.,
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