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Abstract

The formation of Shackleton crater (∼21 km in diameter) represents the last major impact event that reshaped the
south polar terrain of the Moon. Because the region is of high interest for future exploration, understanding the
regional geology and stratigraphy is critical for selecting scientifically promising landing sites, targeting sample
materials, and interpreting obtained samples. Here, we present a new 1:100,000-scale geological map of the
region that provides context for several candidate landing sites for the Artemis program and the Chang’e-7
mission. We demonstrate that regional topography, particularly the Shackleton-de Gerlache Ridge, influences the
emplacement distance, velocity, and angle of Shackleton ejecta. This controls ejecta thickness and mixing with
local materials, leading to significant spatial variability in ejecta thickness and material provenance near candidate
landing sites. These effects have direct implications for future landing missions, which will explore materials
excavated by the Shackleton impact near the south pole. Combined with the geological context provided by the
map, our analysis of ejecta emplacement and distribution provides critical information to help future missions
address a variety of key scientific objectives through strategic sampling, and maximize the scientific return from
the Shackleton crater region.

Unified Astronomy Thesaurus concepts: The Moon (1692); Planetary geology (2288); Lunar impacts (958)

1. Introduction

Due to its unexplored terrain, diverse geology, proximity to
the South Pole–Aitken (SPA) basin, potential volatile
resources, and regions that receive prolonged sunlight, the
south polar region of the Moon is of high scientific interest for
future landing and exploration missions (e.g., National
Research Council 2007; NASA 2022a; S. S. Krasilnikov
et al. 2023; C. Wang et al. 2024). The ∼21 km Shackleton
crater is coincident with the south pole, and its formation age
is among the youngest large-scale events that have reshaped
the region within a few degrees of the south pole. A detailed
understanding of the south polar geologic evolution and
stratigraphy is essential for mission planning, site selection,
science activities, and task-oriented mission support.
To provide this critical information, we mapped the

Shackleton crater region near the lunar south pole and
investigated how topographic effects influence the emplace-
ment of Shackleton ejecta, thereby controlling ejecta distribu-
tion and sample provenance. Our new map extends previous
mapping efforts of the adjacent Amundsen crater (L. Wueller
et al. 2024) and Mons Malapert–Mons Mouton (L. Wueller
et al. 2025) regions. The study region (Figure 1) is near the
apparent rim of the SPA basin (e.g., H. Bernhardt et al. 2025;
W. Iqbal et al. 2026a), the largest and oldest recognizable
basin on the Moon (H. Hiesinger & J. W. Head 2004;
I. Garrick-Bethell & M. T. Zuber 2009). The topographically

prominent Shackleton-de Gerlache Ridge (SDGR; Figure 1)
extends from Shackleton to de Gerlache crater, rises
2.5–3.5 km above the surrounding terrain, and may represent
a remnant rim or megablock of the SPA basin (e.g., T. Frueh
et al. 2025a; A. J. Gawronska & S. J. Boazman 2025). Thus,
the formation of Shackleton crater postdates that of the ridge,
but Shackleton formed on top of the ridge, partially destroying
and modifying its initial shape and topography. Due to its
proximity to the south pole, it has potential volatiles in
nearby permanently shadowed regions (PSRs) and favorable
illumination conditions for surface exploration (L. Wueller
et al. 2026a).
The SDGR is of high interest for both robotic (e.g., China’s

Chang’e-7 mission, CE-7; Deep Space Exploration Laboratory
2022; G. Wei et al. 2023; C. Wang et al. 2024) and human
(e.g., NASA’s Artemis program; D. A. Kring et al. 2020a,
2020b, 2020c, 2020d, 2023; NASA 2022b, 2024) surface
landing and exploration missions. In the immediate vicinity of
Shackleton crater, multiple mission landing sites have been
suggested (Figure 2). These include 16 of the 130 candidate
landing sites identified within Artemis candidate landing
regions across the south polar region (L. Wueller et al.
2026a) that lie on shallow slopes and traversable areas of the
continuous Shackleton ejecta deposit mapped in this work. For
the CE-7 mission, six potential landing sites have been
proposed (Deep Space Exploration Laboratory 2022) on the
rim or ejecta deposit of the Shackleton crater.
Here, we present a new geological map of the Shackleton

crater region, produced at a mapping scale of 1:100,000,
covering ∼28,500 km2. While previous studies have mapped
the region at scales of 1:5M (D. E. Wilhelms et al. 1979),
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1:500,000 (C. Pöhler et al. 2021; W. Iqbal et al. 2026a),
1:300,000 (S. S. Krasilnikov et al. 2023), and 1:250,000
(J. Hostrawser & G. R. Osinski 2025), our 1:100,000 scale
mapping is the highest-resolution map of the region to date.
H. Bernhardt et al. (2022) mapped parts of the SDGR
(“Connecting Ridge”) at a scale of 1:8,000, providing vital
insights for mission and traverse planning. Building on these
maps, we provide a regional-scale map that can be integrated
with broader regional-to-global maps and landing site-scale
maps to link observations made at landing sites with regional
or global geologic processes and units (e.g., L. Wueller et al.
2026c). Combining this nested mapping approach (e.g.,
J. W. Luna et al. 2024; W. Iqbal et al. 2026b) with analyses
of the region’s spectral properties (see Section 4) and the
effects of topography on the distribution and emplacement of
Shackleton’s ejecta (see Section 5) provides critical informa-
tion for future landing and sampling missions, including
Artemis and CE-7, to maximize their scientific return.

2. Datasets and Methodology

2.1. Datasets

For regional geologic mapping of the Shackleton crater area,
we mapped at a scale of 1:100,000 using ESRI’s ArcGIS
Pro software in south polar stereographic projection and

incorporating the following datasets: (a) the Lunar Reconnais-
sance Orbiter (LRO) Wide Angle Camera (WAC) image
mosaic with a spatial resolution of 100 m pixel−1 (M. S. Robi-
nson et al. 2010); (b) the LRO Narrow Angle Cameras (NAC)
polar mosaics with a spatial resolution of ∼1 m pixel−1
(M. S. Robinson et al. 2010; B. A. Archinal et al. 2023);
and (c) the LRO Lunar Orbiter Laser Altimeter (LOLA) digital
elevation models (LDEM) with spatial resolutions of
10 m pixel−1 (�85°S) and 20 m pixel−1 (�80°S) (D. E. Smith
et al. 2010; M. K. Barker et al. 2023). These DEMs were used
to generate hillshade and slope maps with a 20 m baseline,
thereby minimizing potential biases caused by variable
illumination conditions near the lunar south pole. Additionally,
we employed polar spectral maps to study spatial and temporal
variations in the spectral properties of surface materials. These
include plagioclase and FeO maps derived from Kaguya
Spectral Profiler and LOLA data with a spatial resolution of
1 km pixel−1 (M. Lemelin et al. 2022a, 2022b), and Moon
Mineralogy Mapper (M3) polar plagioclase maps at a spatial
resolution of ∼193 m pixel−1 (K. Du et al. 2026).

2.2. Mapping Technique

Geologic mapping in the south polar region is inherently
challenging due to persistently low solar incidence angles, which

Figure 1. Geographic setting of the lunar south pole with our study area (black box). The white boxes show the extents of the 1:100,000 scale geologic maps of
Amundsen crater (L. Wueller et al. 2024) and the Mons Malapert–Mons Mouton region (L. Wueller et al. 2025). The dashed gray line indicates the position of the
outer SPA rim (second fit of H. Bernhardt et al. 2025). Figure 1 is displayed on the 20 m pixel−1 LRO LDEM topographic base map (M. K. Barker et al. 2023).
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produce extensive shadowing from high-relief topography
(E. Mazarico et al. 2011) and limit image-based geologic
mapping. To ensure uniform mapping criteria and scale
throughout the study area, we derived artificially illuminated
hillshade maps at different azimuths using LOLA topography
data (M. K. Barker et al. 2023). These hillshade maps served as a
base map and allowed for consistent identification and
characterization of landforms and unit boundaries, using various
illumination geometries. Additional topographic context was
provided by LOLA DEMs and slope maps derived at
10m pixel−1 spatial resolution (M. K. Barker et al. 2023). These
were primarily used to assess surface morphology and crater
degradation states, indicative of the stratigraphic position of the
mapped units. We employed image datasets from LROWAC and
NAC (M. S. Robinson et al. 2010; B. A. Archinal et al. 2023) to
evaluate surface texture and morphology. Spectral data were used
only for unit interpretation and were thus not specifically applied
to the mapping.
To ensure consistency and readability on a regional scale, the

mapping technique and geologic units are based on previous
mapping efforts of the adjacent Amundsen crater (L. Wueller
et al. 2024) and Mons Malapert–Mons Mouton regions
(L. Wueller et al. 2025) (Figure 1). Consequently, the mapping
was performed at a scale of 1:100,000, and the final map plate
was exported at a scale of 1:300,000 in A0 format. Geologic
contacts were delineated based on morphological, structural, and
stratigraphic relationships, using hillshade and slope maps, image
data, and topographic datasets. Contacts that could be confidently
located were mapped as certain, whereas gradational or obscure
contacts whose locations could not be identified with confidence
were mapped as approximate. All features �5 km in extent are
included on the map, while smaller features were omitted at the
mapping scale. We modified the chronostratigraphy originally
proposed by D. E. Wilhelms et al. (1987) and later updated by

G. Neukum & B. A. Ivanov (1994) to better resolve the relative
age relationships within the predominantly pre-Nectarian terrain.
We assessed relative age relationships using crater degradation,
the apparent density of superposed primary craters, and
stratigraphic relationships, such as superposition, cross-cutting,
and embayment (e.g., J. W. Head 1975; T. W. Offield &
H. A. Pohn 1970). To ensure comparability with previous maps
(e.g., D. E. Wilhelms et al. 1979; P. D. Spudis et al. 2008;
S. S. Krasilnikov et al. 2023; L. Wueller et al. 2024, 2025), we
follow the symbology, standards, and recommendations of the
Planetary Geologic Mapping Protocol (J. A. Skinner et al. 2022)
and the Federal Geographic Data Committee (FGDC 2006). The
nomenclature conforms to that of the Gazetteer of Planetary
Nomenclature.6

3. Geologic Map

The largest impact crater within the study area is Shoemaker
crater (∼52 km diameter), whereas the ∼21 km diameter
Shackleton crater formed directly at the lunar south pole. The
geology of the study region is dominated by pre-Nectarian
materials, which are represented by six mapped geologic units
(Figure 3). Younger materials within the area are predomi-
nantly associated with impact-related processes that have
modified the region since the pre-Nectarian period.

3.1. Description and Interpretation of Map Units

3.1.1. Pre-Nectarian Massifs—pNm

Pre-Nectarian massifs are characterized by their positive
topographic prominence relative to their surrounding regions.
In the study area, the Shackleton-de Gerlache Ridge (SDGR)

Figure 2. Overview of suggested candidate landing sites near the Shackleton crater, shown on the 20 m pixel−1 LRO LDEM topographic base map (M. K. Barker
et al. 2023). Black boxes are the two Artemis candidate landing regions “Connecting Ridge” and “Peak Near Shackleton” (NASA 2022b). Candidate landing sites
proposed for the CE-7 mission are shown in red (Deep Space Exploration Laboratory 2022), and potential Artemis landing sites are shown as blue triangles
(L. Wueller et al. 2026a, 2026b).

6 https://planetarynames.wr.usgs.gov/
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rises 2.5–3.5 km above the surrounding terrain. The SDGR
extends approximately 100 km from the Nectarian-aged de
Gerlache crater to the Imbrian-aged Shackleton crater and
possibly beyond, crossing the lunar south pole (Figure 3). The
slopes on the flanks of the SDGR can be as steep as 30° and
average at about 15°. The section of the ridge that connects the
∼31 km diameter de Gerlache and ∼21 km diameter
Shackleton craters is often referred to as the “Connecting
Ridge” (e.g., NASA 2022b).

Interpretation: The SDGR is intersected and superposed by
younger impact craters and their ejecta materials, such as de
Gerlache, Marvin, and Shackleton craters. The exposed
portions of the SDGR are mapped as pNm units, whereas the
hatched overlay indicates the covered but topographically
exposed portions of the ridge (Figure 3). The ridge’s pre-
Nectarian age, inferred from its degradation state and super-
position relationships with younger features, is consistent with

previous maps and studies (e.g., D. E. Wilhelms et al. 1987;
P. D. Spudis et al. 2008; S. S. Krasilnikov et al. 2023;
A. J. Gawronska & S. J. Boazman 2025). The SDGR is
considered part of the inner ring of the ancient SPA basin (e.g.,
P. D. Spudis et al. 2008; I. Garrick-Bethell & M. T. Zuber
2009; S. S. Krasilnikov et al. 2023), indicating that the massifs
once extended beyond this region (A. J. Gawronska &
S. J. Boazman 2025). Subsequent impact cratering deter-
mined the massif’s current extent and exposed SPA-related
lithologies at the surface. Alternatively, the massif that
defines the SDGR is a crustal megablock associated with the
SPA basin formation (T. Frueh et al. 2025a) or a remnant rim
structure of an ancient impact crater that formed after the
SPA basin. In any case, the resulting lithologies likely persist
within the SDGR and have been excavated by younger
impacts, such as those that formed de Gerlache and
Shackleton craters.

Figure 3. Geologic map of the Shackleton crater region near the lunar south pole produced at a mapping scale of 1:100,000 and exported at a scale of 1:1.25M on a
20 m pixel−1 LDEM hillshade base map (M. K. Barker et al. 2023).
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3.1.2. Pre-Nectarian Amundsen–Ganswindt Basin—pNAG

The ∼380 km diameter Amundsen–Ganswindt basin
(∼81.5°S; 125.7°E) is located between the lunar south pole
and the Schrödinger basin (e.g., G. A. Neumann et al. 2015;
L. Wueller et al. 2024; J. Hostrawser & G. R. Osinski 2025).
While much of the basin has been altered or buried by
subsequent impacts, such as the formation of Schrödinger
basin, a segment of its rim structure remains within the study
area (Figure 3). This arcuate segment features an elevation
change of ∼3 km, linear slope breaks that are parallel to the
curvature of the rim, and a high degree of overall degradation.

Interpretation. This unit is interpreted as the remnant rim of
the pre-Nectarian Amundsen–Ganswindt basin, which was
estimated to be ∼4.26 Ga old (C. Orgel et al. 2018). Since the
peak ring of the Amundsen–Ganswindt basin is mostly
destroyed, only a few arcuate segments of the initial peak
ring structure remain (J. Hostrawser & G. R. Osinski 2025).
These segments were intersected by younger impacts, such as
the Imbrian-aged Idel’son L crater (L. Wueller et al. 2024).
The observed linear slope breaks are interpreted as degraded
basin wall terraces, which, like the entire unit, were modified
by the deposition of younger ejecta material from nearby
impact events, resulting in their degraded appearance. Due to
the proximity of the Amundsen–Ganswindt basin to the south
pole, it is likely that the region contains a large amount of the
basin’s ejecta that was redistributed by subsequent gardening
impacts (e.g., T. Frueh et al. 2025a).

3.1.3. Pre-Nectarian Terra Hummocky and Smooth—pNth and pNts

The majority of the study area is dominated by pre-
Nectarian terra material, which fills the intercrater plains. We
distinguish between hummocky (pNth) and smooth (pNts)
materials based on their morphology. The pNth unit exhibits a
rugged appearance with an attenuated morphology that
incorporates subdued, discontinuous, arcuate fragments. The
pNth unit has an average slope of 8.°7 ± 4.°4, which is steeper
and more heterogeneous than the pNts unit (6.°4 ± 3.°2). The
pNts unit has a similar degree of degradation, but shows a
more attenuated and subdued morphology. Both endmembers
of the terra unit are overlain by crater and plains material
ranging in age from the pre-Nectarian to Copernican
(Figure 3).

Interpretation. The undivided crater and basin material of
the hummocky and smooth pre-Nectarian terra units consist of
heavily degraded fragments of ancient impact structures.
These impact materials are no longer recognizable and are
partially buried by material from subsequent impacts. This
includes local craters such as de Gerlache, Henson, Sverdrup,
and Shackleton craters, as well as basins in proximity to the
south pole, such as Amundsen–Ganswindt, Ashbrook, and
Schrödinger. As described by D. E. Wilhelms et al. (1987),
S. S. Krasilnikov et al. (2023), and L. Wueller et al.
(2024, 2025), the rugged and attenuated morphology is the
result of the mixing of locally derived debris with ejecta from
these nearby craters and basins. The arcuate but discontinuous
fragments likely represent eroded crater rims that resisted
erosion and burial by subsequent processes (e.g., H. Hiesinger
& k. Tanaka 2020). Consequently, the pre-Nectarian terra
material incorporates highly degraded and segmented crater
and basin structures, local ejecta and debris, and basin ejecta.
The smooth terra material likely comprises a higher proportion

of ejecta and/or less-preserved fragments of ancient structures,
resulting in its more subdued topography.

3.1.4. Pre-Nectarian Crater Materials 1 and 2—pNc1 and pNc2

Following the classification scheme introduced by
L. Wueller et al. (2025), craters were categorized based on
their degree of degradation (J. W. Head 1975; N. Agarwal
et al. 2019; J. Wang et al. 2020), modifying the chronostrati-
graphic framework of D. E. Wilhelms et al. (1987). Since the
study area is dominated by pre-Nectarian materials (Figure 3),
pre-Nectarian craters were further subdivided into two
degradation classes: a more degraded pre-Nectarian crater 1
unit (pNc1) and a comparatively less degraded pre-Nectarian
crater 2 unit (pNc2). These classes are distinguished by a
combination of quantitative and qualitative criteria, including
crater wall slopes, crater rim continuity, overall crater
preservation, and superposition relationships. Craters assigned
to the pNc1 unit are characterized by comparatively shallow
wall slopes of <15° (Figure 4(F)), discontinuous and degraded
rims, and a greater degree of superposition and infilling by
younger materials. Conversely, pNc2 craters exhibit steeper
circumferential wall slopes exceeding 15° (Figure 4(E)), more
continuous and better-preserved rims, and are locally super-
imposed on pNc1 craters (Figure 3). Representatives of the
pNc1 unit include Henson and Slater craters, whereas Faustini,
Shoemaker, and Sverdrup exemplify the pNc2 class.

Interpretation. Due to the high level of degradation,
extensive modification and infilling by subsequent processes,
as well as their superposition relationship with the surrounding
units, both pNc1 and pNc2 classes are interpreted as pre-
Nectarian in age (D. E. Wilhelms et al. 1987). Craters assigned
to the pNc1 unit are considered older than those of the pNc2
unit. This is indicated by their shallower crater wall slopes and
greater rim and wall discontinuity. Both units have experi-
enced modification through impact cratering and mixing with
ejecta deposits; however, these effects are more pronounced in
the older pNc1 craters. Crater diameter shows no systematic
relationship with either crater class and spans a wide range,
from a diameter of ∼52 km (Shoemaker crater) to several
craters with diameters of ∼10 km. Crater size–frequency
distribution measurements by A. R. Tye et al. (2015) yield
model ages of 4.10 ± 0.03 Ga for Faustini crater and 4.15 ±
0.02 Ga for Shoemaker crater, both mapped as part of the
younger pNc2 unit (Figure 3), suggesting that craters of the
pNc1 unit are older than at least ∼4.15 Ga.

3.1.5. Nectarian Crater Materials—Nc

Impact craters assigned to this category are highly degraded
but retain partially recognizable ejecta deposits and crater rims
in topographic data. Although most craters are circular in
shape, some exhibit irregular morphologies, such as de
Gerlache crater (∼31 km diameter), which formed on the
topographically high SDGR. Craters of this class superpose
pre-Nectarian units, yet are themselves partially buried by
younger materials emplaced during the Imbrian, Eratosthenian,
and Copernican periods.

Interpretation. Based on their high level of degradation (e.g.,
T. W. Offield & H. A. Pohn 1970; J. W. Head 1975; J. Wang
et al. 2020) and their superposition by younger (crater)
materials, these craters are interpreted to be Nectarian in age
(D. E. Wilhelms et al. 1987). Their crater floors are partially
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filled with younger materials, including ejecta from nearby
impact events and plains materials (Figure 4(D); L. Qiao et al.
2024). This interpretation is consistent with previous maps (e.g.,
D. E. Wilhelms et al. 1979; S. S. Krasilnikov et al. 2023;
L. Wueller et al. 2024, 2025).

3.1.6. Imbrian Crater Materials, Certain and Imbrian Crater
Materials, Uncertain—Ic and Icu

Impact craters in this category display an intermediate level
of degradation and are partially superposed by material from
younger units (i.e., Ec or Cc). Compared to younger craters,
they are characterized by a more subdued topography, nearly
circular shapes, and raised rims. Their crater floors are often
flat, and some are covered by plains-forming materials (Ilp;
e.g., Brill crater). Continuous ejecta deposits are topographi-
cally and morphologically discernible in the vicinity of the
crater but progressively diminish with increasing distance from
the rim until they transition into the discontinuous ejecta
deposit. For this reason, we distinguish between certain (Ic)
and uncertain ejecta materials (Icu). The latter unit is applied
only for the distal ejecta materials of the ∼21 km diameter
Shackleton crater (Figure 4(C)), whose distal ejecta materials
are more challenging to delineate compared to the proximal
ejecta materials. This is likely to be related to the illumination
conditions near the south pole (e.g., E. Mazarico et al. 2011).
Consequently, the uncertain ejecta extent was mapped based
on hillshade data, whereas NAC image data was considered for
mapping Shackleton’s certain ejecta deposit.

Interpretation. We attributed these crater materials to the
Imbrian period based on their morphologic characteristics,
superposition relationships, and intermediate degree of degrada-
tion (e.g., T. W. Offield & H. A. Pohn 1970; J. W. Head 1975;
D. E. Wilhelms et al. 1987). The largest Imbrian crater in the
study area, Shackleton crater at the lunar south pole, has been
variously classified as Imbrian by T. Frueh et al. (2025a),
S. S. Krasilnikov et al. (2023), P. D. Spudis et al. (2008), and
M. T. Zuber et al. (2012), and as Eratosthenian by B. Giuri et al.
(2024), J. Hostrawser & G. R. Osinski (2025), and D. E. Wilhe-
lms et al. (1979). We classify Shackleton crater as Imbrian, as the
continuous ejecta deposit is challenging to delineate and is
extensively overprinted by numerous superposed craters ranging
from hundreds of meters to kilometers in diameter. Both units, Ic
and Icu, are interpreted to be part of Shackleton crater’s
continuous ejecta deposit. Furthermore, crater size–frequency
distribution analyses by D. A. Kring et al. (2021), A. R. Tye et al.
(2015), P. D. Spudis et al. (2008), and M. T. Zuber et al. (2012)
yield model ages of 3.43 +0.038 −0.051 Ga, 3.51 +0.05 −0.08
Ga, 3.6 ± 0.4 Ga, and 3.69 +0.02 −0.03 Ga, respectively, for
Shackleton crater. These age estimates support a formational age
of Shackleton crater in the Imbrian period.

3.1.7. Imbrian Light Plains—Ilp

Isolated patches of light plains are scattered throughout the
study area and are preferentially concentrated in topographic
depressions, particularly on the floors of Faustini and Shoe-
maker craters (Figure 3). These plains form laterally extensive,
flat surfaces with an average slope of 4.°6 ± 3.°8 and are

Figure 4. Examples of crater classes spanning the (a) Copernican, (b) Eratosthenian, (c) Imbrian, (d) Nectarian, and (e), (f) pre-Nectarian periods. The 10 m pixel−1
slope maps (M. K. Barker et al. 2023) are shown on a 10 m pixel−1 hillshade base map. Green colors indicate slopes of <5°, yellow symbolizes slopes of 5°–10°,
orange shows slopes of 10°–15°, red indicates slopes of 15°–20°, and wine-red colors symbolize slopes >20°. Shackleton crater is shown in panel (c) and Faustini
crater in panel (e).
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characterized by smooth, relatively featureless morphologies.
Individual light plains deposits vary considerably in size,
ranging from small patches of ∼10 km2 to extensive deposits
such as the ∼500 km2 plain within Shoemaker crater. The light
plains overlie (pre-)Nectarian units and some Imbrian craters,
and are themselves superposed by small impact craters of
Eratosthenian and Copernican ages.

Interpretation. The distribution and stratigraphic relation-
ships of the light plains suggest emplacement after major
impact events formed and modified the region through the end
of the Nectarian period. We interpret these deposits as
resulting from basin-forming and local impact events,
potentially associated with the formation of the Orientale
and Schrödinger basins (e.g., H. M. Meyer et al. 2020; B. Giuri
et al. 2024; L. Qiao et al. 2024).

3.1.8. Slumped Materials—CIsm

The floor of Shackleton crater is characterized by a rugged,
hummocky texture with mounds up to ∼250 m high. The
surface slopes of the floor materials are irregular and up to 20°,
with a clear slope break to the inner wall of Shackleton crater.
The floor is sparsely cratered, with craters less than ∼400 m in
diameter. Slumping and accumulation of debris on the floor
also occurs in other craters, but they are too small to be
mapped at our scale.

Interpretation. We interpret the floor deposit in Shackleton
crater as resulting from material slumping downslope from the
inner crater wall, creating landslides and accumulating debris on
the crater floor. Boulders are concentrated along the slope break
between the crater wall and floor (S. J. Boazman et al. 2022;
A. J. Gawronska & S. J. Boazman 2025), indicating downslope
material transport. Because the inner crater wall and the slumped
floor material are sparsely cratered, we suggest that landslides
recently altered the floor of Shackleton crater. This is further
evidenced by the secondary crater chain (sc) on the SDGR that
abruptly ends on the Shackleton crater rim and does not extend
into its interior, likely implying that mass-wasting modified the
crater’s floor (H. Bernhardt et al. 2022) and is still episodically
active (P. Mahanti et al. 2025). The slumping is likely triggered
by the instability of steep wall slopes (P. Mahanti et al. 2025).

3.1.9. Eratosthenian Crater Materials—Ec

Impact craters assigned to this category are circular and
predominantly bowl-shaped, with intact, raised crater rims and
diameters ranging from ∼2.5 to ∼12 km within the study area
(Figure 4(B)). They feature a circumferential ejecta deposit
marked by finely textured ridges and lobes, indicative of a low
degree of degradation (J. W. Head 1975). Within the study
area, the Malinkin crater (∼8.5 km diameter) and Marvin
crater (∼5 km diameter) are the only formally named
examples of this crater class. They occur on pre-Nectarian,
Nectarian, and Imbrian units.

Interpretation: Owing to their well-preserved morphology,
superposition relationships, and low degree of degradation,
these craters are interpreted to be Eratosthenian in age
(D. E. Wilhelms et al. 1987).

3.1.10. Copernican Crater Materials—Cc

This unit consists of small impact craters with diameters of
less than ∼2.5 km, characterized by fresh and sharply defined
morphologies (Figure 4(A)), and prominent bright radial rays

that are visible in image data. Their continuous ejecta deposits
display well-defined ridges and grooves, reflecting a very low
degree of degradation (e.g., J. W. Head 1975; N. Agarwal et al.
2019). These craters are not superposed by other geologic units.

Interpretation. Based on their well-preserved morphology
and the presence of bright radial rays, these impact craters are
classified as Copernican in age (D. E. Wilhelms et al. 1987).

3.1.11. Secondary Crater Materials—sc

Craters that occur in clusters or linear chains are classified as
secondary craters. These craters are elongated and irregular in
shape, often overlapping, and typically exhibit a comparable
degree of degradation within individual chains or clusters (e.g.,
V. R. Oberbeck & H. R. Aggarwal 1977; A. S. McEwen &
E. B. Bierhaus 2006). In the study area, secondary crater chains
range in length from ∼5 to ∼35 km. Secondary craters are
superposed on units spanning different stratigraphic periods, from
pre-Nectarian to Imbrian materials (Figure 3). While no clear
orientation pattern is apparent, several chains show a general
NE–SW alignment (top-right to bottom-left of the map area).

Interpretation. Chains and clusters of small, irregularly
shaped craters are interpreted as secondary craters of
undetermined ages, with the exception of Orientale second-
aries, which were mapped separately (see below). For the NE–
SW-oriented chains, Schomberger crater represents a potential
source, while Wiechert J crater may be responsible for some of
the shorter chains toward the lunar farside (toward the bottom
of the map). Moreover, an ejecta ray from the Copernican-
aged Tycho crater is visible in Mini-RF data (C. M. Dundas &
A. S. McEwen 2007; E. G. Rivera-Valentín et al. 2024) and
crosses the study area in an NW–SE direction (Figure 3).

3.1.12. Secondaries of the Orientale Basin—IscO

One group of secondary crater clusters that can be
distinguished from the others are those related to the formation
of the Orientale basin. The study region records three secondary
clusters of the Orientale basin, with craters up to ∼15 km in
diameter, which includes Spudis crater located near the south
pole. All clusters show a similar degree of degradation and are
oriented toward the Orientale basin on a regional-to-global scale
(e.g., D. E. Wilhelms et al. 1979; D. Guo et al. 2018).

Interpretation. Based on their size and radial orientation
relative to the Orientale basin (D. Guo et al. 2018), these
secondary clusters are attributed to the formation of the
∼930 km diameter Orientale basin ∼3.81 Ga ago in the
Imbrian period (C. Orgel et al. 2018). Due to the size of the
basin, ejected material following ballistic trajectories traveled
far enough to produce recognizable secondary chains and
clusters at considerable distances from the parent basin
(Orientale basin is ∼2500 km away from the south pole).
The Orientale secondaries mapped are consistent with previous
studies and maps (e.g., D. E. Wilhelms et al. 1979; D. Guo
et al. 2018; S. S. Krasilnikov et al. 2023).

3.2. Stratigraphy of Map Units

Based on superposition and cross-cutting relationships,
apparent relative degradational stages and crater densities,
and derived model ages from previous studies (e.g.,
P. D. Spudis et al. 2008; M. T. Zuber et al. 2012; A. R. Tye
et al. 2015; D. A. Kring et al. 2021; S. S. Krasilnikov et al.
2023; B. Giuri et al. 2024; L. Wueller et al. 2024, 2025), we
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constructed a stratigraphic correlation chart of mapped units
(Figure 5).
The correlation chart shows that most of the units formed

during the pre-Nectarian period and are related to the
formation of the SPA basin between ∼4.23 and 4.33
Ga (H. Takeda et al. 2006; H. Hiesinger et al. 2012;
V. A. Fernandes et al. 2013; I. Garrick-Bethell et al. 2020;
K. H. Joy et al. 2025; B. Su et al. 2025; L. Wueller et al. 2025),
the Amundsen–Ganswindt basin at ∼4.26 Ga (C. Orgel et al.
2018), and local impact craters, including the Faustini,
Henson, Slater, and Sverdrup craters. The formation of these
craters redistributed and mixed pre-existing SPA and Amund-
sen–Ganswindt ejecta materials and potentially the underlying
primordial crust, depending on the thickness of SPA ejecta in
the region (T. Frueh et al. 2025a; see their Figure 11).

Continued impact cratering reworked and modified the original
(crater) materials, resulting in their erosion and burial that
formed the region’s terra deposits (pNth and pNts). Since the
end of the pre-Nectarian period (∼4.1 Ga ago; G. Neukum &
B. A. Ivanov 1994), geologic activity has decreased, resulting
in fewer and smaller impact craters from the Nectarian
throughout the Copernican period. During the Imbrian period,
the region was modified by secondary craters originating from
the Orientale basin and by the emplacement of light plains
(Ilp), which are potentially associated with the formation of the
Orientale and Schrödinger basins (e.g., H. M. Meyer et al.
2020; B. Giuri et al. 2024; L. Qiao et al. 2024). Between
∼3.43 Ga and ∼3.69 Ga (P. D. Spudis et al. 2008; M. T. Zuber
et al. 2012; A. R. Tye et al. 2015; D. A. Kring et al. 2021), the
∼21 km diameter Shackleton crater formed at the lunar south

Figure 5. Stratigraphic correlation chart of mapped units. Absolute period extents are adopted from G. Neukum & B. A. Ivanov (1994), who modified the
stratigraphic scheme originally proposed by D. E. Wilhelms et al. (1987), as described by H. Hiesinger et al. (2023) and H. Hiesinger & K. Tanaka (2020). The range
of ages for Shackleton crater were derived by D. A. Kring et al. (2021), P. D. Spudis et al. (2008), A. R. Tye et al. (2015), and M. T. Zuber et al. (2012).
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pole on the Shackleton-de Gerlache ridge. Its floor is likely to
have been resurfaced episodically by downslope slumping of
material and boulders that have been liberated from the
steep inner crater wall (e.g., H. Bernhardt et al. 2022;
A. J. Gawronska & S. J. Boazman 2025; P. Mahanti et al.
2025). The formation of Shackleton crater marked the last
major cratering event in the study region. Since then, all units
have been modified by subsequent smaller impacts or distal
ejecta and secondary craters from larger distant craters. This
includes the deposition of ray material from Tycho crater,
located ∼1400 km away, crossing the ejecta deposit of
Shackleton crater (Figure 3; C. M. Dundas & A. S. McEwen
2007; E. G. Rivera-Valentín et al. 2024).

4. Spectral Characteristics of the Mapped Region

To assess regional compositional characteristics and miner-
alogic variation, we examined spectral datasets from Kaguya’s
Spectral Profiler (J. Haruyama et al. 2008; M. Lemelin et al.
2022a, 2022b), the Moon Mineralogy Mapper (M3;
R. O. Green et al. 2011; D. P. Moriarty & N. E. Petro 2024;
K. Du et al. 2026), and the Lunar Prospector (D. J. Lawrence
et al. 2002).
The Kaguya Spectral Profiler acquired hyperspectral obser-

vations (500–2600 nm wavelength) of the lunar surface
(J. Haruyama et al. 2008). By calibrating Kaguya gridded
reflectance data (∼500–1550 nm) to absolute reflectance values
obtained by LOLA at 1064 nm, M. Lemelin et al. (2022a)
derived quantitative polar mineral maps (low-Ca-pyroxene, high
Ca-pyroxene, olivine, and plagioclase) with a spatial resolution
of 1 km pixel−1 and an uncertainty of 9 wt%. M3 spectral data
provide the highest spatial resolution currently available
(140–280 m pixel−1) for the polar regions, resulting in regional
mosaics of ∼1.5 km pixel−1 (D. P. Moriarty & N. E. Petro
2024), and, when combined with LOLA reflectance data, enable
processing quantitative mineral maps of the south polar region
at ∼193m pixel−1 spatial resolution (K. Du et al. 2026).
Prospector Fe abundance maps provide a spatial resolution of
0.°5 pixel−1 and an uncertainty of <0.5% for neutron count rates
near the poles (D. J. Lawrence et al. 2002).
The SPA basin is characterized by a gradual decrease in

FeO content, ranging from ∼15 wt% near the apparent center
of the SPA basin to ∼5 wt% in the anorthositic feldspathic
highlands on the lunar nearside (B. L. Jolliff et al. 2000). Since
our study area is near the expected rim of the SPA basin, the
average FeO abundance is intermediate at 7.1 ± 1.2 wt% with
a local minimum poleward of ∼87°S (Figure 6(A)). Further-
more, plagioclase is abundant (Figure 6(B)) and indicates
anorthositic norite/troctolite (60–77.5 wt% plagioclase) and
noritic/troctolitic anorthosite (77.5–90 wt% plagioclase)
regolith compositions (D. Stöffler et al. 1980; M. Lemelin
et al. 2022a; T. Frueh et al. 2025a).
The Kaguya SP polar spectral maps (M. Lemelin et al.

2022b) reveal locally low FeO abundances of 5.6 ± 0.7 wt%
(Figure 6(A)) and high plagioclase abundances of 81.3 ±
1.1 wt% (Figure 6(B)) in the Shackleton crater and its ejecta
deposit. These observations indicate a localized noritic/
troctolitic anorthosite composition associated with the Shack-
leton crater (D. Stöffler et al. 1980). Some pixels in the
Kaguya plagioclase maps are indicative of pure anorthosite
(PAN) lithologies (S. Yamamoto et al. 2012), with a
plagioclase content exceeding 90 wt%, the highest plagioclase
abundances within the mapped area (M. Lemelin et al. 2022a).

However, the relatively coarse spatial resolution of the Kaguya
maps (1 km pixel−1) limits detection to either extremely pure
or laterally extensive anorthositic exposures (e.g., T. Frueh
et al. 2025a). The low FeO and high plagioclase abundances
detected by Kaguya, as well as the location of Shackleton
crater on the SDGR (which likely represents uplifted crust or a
crustal megablock associated with the formation of the SPA
basin; e.g., A. J. Gawronska et al. 2020; T. Frueh et al. 2025a),
suggest that the Shackleton crater may have excavated material
of crustal composition (e.g., A. J. Gawronska et al. 2020;
D. P. Moriarty & N. E. Petro 2024; T. Frueh et al. 2025a). The
excavation of anorthositic crustal material was also suggested
for Amundsen crater, whose central peak exhibits similar low
FeO and high plagioclase abundances (L. Wueller et al. 2024).
Redistribution of this material within Shackleton’s ejecta

likely resulted in the elevated plagioclase signal observed by
the Kaguya Spectral Profiler (M. Lemelin et al. 2022a),
consistent with ejecta thinning and a decreasing anorthositic
signal with increasing distance from the crater (D. P. Moriarty
& N. E. Petro 2024). Furthermore, stratigraphic excavation
models suggest that the Shackleton impact penetrated an SPA
ejecta deposit up to ∼1.2 km thick, potentially exposing
underlying anorthositic crustal material (T. Frueh et al. 2025a).
Given Shackleton’s Imbrian age (e.g., P. D. Spudis et al. 2008;
M. T. Zuber et al. 2012; A. R. Tye et al. 2015; D. A. Kring
et al. 2021) and its high plagioclase abundance (Figure 6(B)),
its ejecta deposit is likely to be enriched in mafic-free
lithologies and crustal components relative to older terrains
that were more extensively modified by subsequent impacts.
However, the anorthositic signature identified in Kaguya

mineral maps (M. Lemelin et al. 2022a) is not confirmed by
M3 data, which show absorption bands inconsistent with
mafic-free anorthosite (D. P. Moriarty & N. E. Petro 2024).
Furthermore, Lunar Prospector Gamma Ray Spectrometer Fe
and Kaguya Spectral Profiler FeO data show contrasting
spatial distributions near the south pole. Lunar Prospector data
indicate a smooth regional gradient from higher to lower Fe
concentrations from inner to outer SPA structures across the
south pole (D. J. Lawrence et al. 2002), while Kaguya Spectral
Profiler records a local minimum around Shackleton crater
(Figure 6(A)). D. P. Moriarty & N. E. Petro (2024) suggested
that the discrepancy may stem from variations in the two
instruments’ sensing depth, spatial resolution, or Fe specifica-
tion. Iron present in oxides or glasses would elevate Lunar
Prospector Fe measurements without producing strong absorp-
tion features in reflectance spectra (D. P. Moriarty &
C. M. Pieters 2018), resulting in low FeO abundances in
Kaguya data. Additionally, the high-relief topography and high
albedo of the south polar region may bias spectral abundance
estimates (D. P. Moriarty & N. E. Petro 2024). Recent mineral
maps derived from M3 data (K. Du et al. 2026) show improved
spatial correspondence with Kaguya detections of high
plagioclase concentrations in Shackleton’s ejecta and PAN
exposures along its rim (e.g., S. Yamamoto et al. 2012;
J. Haruyama et al. 2013). L. Hood et al. (2026) suggested that
swirls (bright, optically immature surface features shielded
from space weathering by localized magnetic anomalies) may
be present near the south pole, based on a strong magnetic
anomaly that spatially overlaps with high surface albedo.
Despite these spectral uncertainties, Shackleton crater and

its associated materials remain primary targets for sampling
primordial crust (D. P. Moriarty & N. E. Petro 2024; T. Frueh
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et al. 2025a). Its ejecta deposit contains abundant boulders and
outcrops, offering access to coherent lithologies (H. Bernhardt
et al. 2022; S. J. Boazman et al. 2022). Even if the anorthositic
signal in the Kaguya data proves to be (partially) a

misinterpretation, Shackleton’s geological context and rela-
tively young age still support the presence of crustal
components in its ejecta. As emphasized by D. P. Moriarty
& N. E. Petro (2024), in situ investigations and sampling are

Figure 6. Distribution of (A) FeO and (B) plagioclase based on 1 km pixel−1 spectral data with a 9 wt% uncertainty from M. Lemelin et al. (2022b) on a hillshade
base map. Mapped unit boundaries and crater rims (Figure 3) are included to show the characteristics of the mapped units. Spectral data are unavailable in PSRs
(M. K. Barker et al. 2023, gray areas).
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essential to resolving spectral ambiguities and determining
whether Shackleton’s ejecta preserves substantial abundances
of primordial crust material, for example, using the Lunar
Raman Spectrometer on board CE-7 (C. Wang et al. 2024).

5. Topographic Effects on the Distribution of Shackleton
Ejecta

The surrounding topography determines how far ejecta can
travel once excavated from its parent crater, as well as its
velocity upon emplacement (e.g., V. R. Oberbeck 1975;
D. A. Kring 2025; T. Frueh & D. A. Kring 2026a). Higher
topography, e.g., a massif, intercepts predicted ballistic ejecta
trajectories (e.g., T. Frueh & D. A. Kring 2026a), resulting in
ejecta being emplaced closer to the source crater than on flat
terrain and potentially the formation of ballistic shadows,
regions where ejecta is absent or reduced in thickness due to
the influence of topography (right part of Figure 7).
Conversely, lower topography results in the emplacement of
ejecta at greater distances from the source crater than one
would observe on flat terrain (left part of Figure 7).
Consequently, the surrounding topography plays a critical
role in the depositional mechanisms of the ejecta, influencing
its time of flight, kinetic energy, emplacement angle, and
emplacement velocity (D. A. Kring 2025; T. Frueh &
D. A. Kring 2026a). These factors determine the degree of
vertical mixing with local material and the degree of lateral
transport across the surface during ballistic ejecta emplace-
ment, which leads to thickening and thinning of deposited
ejecta. This directly influences the stratigraphy and provenance
of south polar samples and should be considered for future
surface missions (T. Frueh & D. A. Kring 2026a). Therefore,
we analyzed the effects of the formation of Shackleton crater
on the topographically prominent SDGR, focusing on the
ejecta extent (Section 5.1), thickness distribution (Section 5.2),
as well as emplacement velocities and mixing (Section 5.3).

5.1. Shackleton Ejecta Extent

We followed the methodology described and applied by
T. Frueh & D. A. Kring (2026a, 2026b) to construct
trajectories of ejecta emplaced within the continuous ejecta

deposit. We use π-group scaling to constrain ejecta
launch positions from the transient crater that evolve with
crater formation time (e.g., D. E. Maxwell 1977; K. R. Housen
et al. 1983; K. A. Holsapple & R. M. Schmidt 1987;
H. J. Melosh 1989). For impact on flat surfaces, experiments
and modeling show that ejection launch angles are initially
high and decrease with crater formation time, ranging from
∼55° to ∼35° for impact angles between 90° and 45° (e.g.,
D. E. Maxwell 1977; P. H. Schultz & D. E. Gault 1985;
M. J. Cintala et al. 1999; J. L. B. Anderson et al. 2003). Here,
we adapted an ejection angle of 45° (M. J. Cintala et al. 1999;
S. H. Halim et al. 2021) but provide error ranges for estimated
ejecta extents using ejection angles of 35° and 55° (Tables A1
and A2). Ejection velocity decreases with increasing ejection
time; consequently, material launched early from near the
crater center travels farther than material ejected later from
closer to the transient crater rim (e.g., D. E. Maxwell 1977;
K. R. Housen et al. 1983; K. A. Holsapple & R. M. Schmidt
1987; H. J. Melosh 1989). We only show trajectories
corresponding to the emplacement of the continuous ejecta
deposit (Figure 8). The minimum and maximum extents of the
continuous ejecta deposit are given by Equation (1)
(H. J. Moore et al. 1974):

*R R2.348 . 1ce c0.454
0.564 1.006 ( )= +

For this equation, Rce is the radius of the continuous ejecta
deposit, and Rc is the crater radius. We calculated minimum,
nominal, and maximum ejecta deposit extents based on the
error of 2.348 0.454

0.564+ . We utilized the 500 m pixel−1 LOLA
DEM (D. E. Smith et al. 2010) for topographic information
and modeled ejecta trajectories in MATLAB R2024a.
On a planar surface, the maximum extent of the continuous

ejecta deposit is ∼31 km from the crater center (H. J. Moore
et al. 1974; Shackleton’s diameter is 21 km). Here, we
consider ballistic trajectories of ejecta that lands at the outer
edge of the continuous ejecta deposit of Shackleton crater,
but since ejecta spreads out upon emplacement, such
trajectories do not necessarily contribute directly to the
continuous ejecta deposit. Accounting for topographic effects
near Shackleton crater shows that high topography (e.g., near
landing site 001) intercepted ballistic ejecta trajectories,

Figure 7. Schematic cross section of a crater, with ejecta deposition at lower (left part) and higher (right part) elevations compared to flat terrain. Lower topography
results in ejecta being emplaced farther from the crater, whereas higher topography intercepts the excavated ejecta closer to the crater. Note that this is a simplified
representation, as ejection angles and launch positions evolve with crater formation time. Instead, ejecta are launched from progressively increasing radial distances
within the transient crater during crater formation (e.g., E. M. Shoemaker 1960; D. E. Maxwell 1977; K. A. Holsapple & R. M. Schmidt 1987).
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resulting in emplacement 1.58 km (∼15%; +0.50 km/−0.72
km; Table A2) closer to the rim of the Shackleton crater than
expected for flat terrain (trajectory 5 (west) in Figure 8(B)). In

contrast, lower topography extended trajectories, leading to
ejecta emplacement 1.47 km (∼7%; +0.52 km/−0.40 km;
Table A2) farther from the Shackleton crater are compared to a

Figure 8. (A) Topographic map of Shackleton crater (20 m pixel−1; M. K. Barker et al. 2023) with the mapped ejecta deposit (Figure 3) and locations of potential
landing sites for the CE-7 mission (red circles; Deep Space Exploration Laboratory 2022) and the Artemis campaign (blue triangles; L. Wueller et al. 2026a). (B)
Ejecta trajectories for a 45° ejection angle and launch positions moving toward the transient crater rim. The shaded blue areas represent the shortest (lighter hue),
nominal, and maximum (darker hue) continuous ejecta deposits (H. J. Moore et al. 1974). Trajectories are colored by ejecta velocity and numbered from 1 to 10 with
distance from the crater rim. Vertical gray lines indicate the morphologically mapped ejecta extent (2.5× vertical exaggeration).
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flat pre-impact topography scenario (trajectory 10 (west) in
Figure 8(B)). This results in localized extension and shortening
of the ejecta deposit as a function of underlying topography.
The maximum extent of the ejecta deposit can be greater on

low topography and reduced over high topography. This is
supported by the morphologically mapped extent of the
Shackleton ejecta deposit (Figure 3, vertical gray lines in
Figure 8(B)), which is largely consistent with the estimated
maximum extent of the continuous Shackleton crater ejecta
deposit (blue shaded area in Figure 8(B)). The largest
discrepancy occurs along the western part of profile A toward
Spudis crater, where the mapped ejecta extent falls several
kilometers short of the estimated extent (Figure 8(B)), possibly
due to pre-existing topography or the impact direction of the
Shackleton-forming impactor. However, ejecta degradation
over time introduces uncertainty to the mapped extent, and the
original continuous ejecta deposit may have extended beyond
currently mapped boundaries.

5.2. Shackleton Ejecta Thickness Distribution

Several scaling models have been developed to estimate the
thickness of the ejecta deposit (d) as a function of the crater’s
radius (Rc) and distance from the crater (rd). We used the
scaling relationships of T. R. McGetchin et al. (1973), who
derived the first scaling relationship for lunar craters based on
nuclear test craters and small impact craters on Earth
(Equation (2)), and V. L. Sharpton (2014), who remotely
investigated the topography of lunar craters ranging from
2–45 km in diameter (Equation (3)). With a diameter of 21 km,
Shackleton crater is in the transitional range from
simple-to-complex craters (e.g., H. J. Melosh 1989). All units

are in meters:

* *d R r R0.14 2c d c
0.74 3.0 0.5( ) ( )( )/= ±

* *d R r R3.95 1.19 . 3c d c
0.399 3.0( ) ( ) ( )/= ±

Generally, both scaling models are in good agreement with
each other, especially when considering the model uncer-
tainties (shaded areas in Figure 9). For the distal parts of the
continuous ejecta deposit of Shackleton crater, differences in
the estimated thicknesses are small, while the discrepancy
increases closer to the crater rim. This may be related to the
consideration of structural rim uplift by V. L. Sharpton
(2014), which is a major component of raised crater rims,
with only 20% of the rim material being actual excavated
ejecta. Furthermore, we note that more scaling models exist
that can estimate the ejecta thickness of lunar craters and
basins (e.g., R. J. Pike 1974; K. R. Housen et al. 1983;
K. A. Holsapple 1993; C. I. Fassett et al. 2011). However,
these were either conceptual models tested through impact
experiments, or were derived or only tested for impact events
larger than the 21 km diameter Shackleton crater, such as the
Imbrium or Orientale basins. Therefore, we limit our analysis
to the T. R. McGetchin et al. (1973) and V. L. Sharpton
(2014) models that are widely used to scale the thickness of a
crater’s ejecta deposit to its diameter (e.g., T. Frueh et al.
2025a; A. S. Krasilnikov et al. 2024). The existing models
could be tested with the lunar ground-penetrating radar on
CE-7, which has detection depths of >40 and 400 m for its
high- and low-frequency channels, respectively (C. Wang
et al. 2024).
These two models indicate that the continuous ejecta deposit

around Shackleton crater thins with increasing distance from
the crater (Figure 10(A)), decreasing from ∼132 to ∼4 m

Figure 9. Estimated Shackleton ejecta thickness as a function of distance from the crater based on scaling models of T. R. McGetchin et al. (1973) and
V. L. Sharpton (2014). Shaded areas indicate the error range inherent to Equations (2) and (3). The error calculation for T. R. McGetchin et al. (1973) was later
introduced by H. J. Melosh (1989). Black marks indicate the locations of the six CE-7 candidate landing sites (Deep Space Exploration Laboratory 2022), orange
marks represent Artemis candidate landing sites in the “Peak Near Shackleton” region (L. Wueller et al. 2026a), and green marks indicate Artemis candidate landing
sites in the “Connecting Ridge” region (L. Wueller et al. 2026a). Their respective thicknesses are included in Tables 1–3 and are discussed in Section 6.
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(T. R. McGetchin et al. 1973) and from ∼159 to ∼5 m
(V. L. Sharpton 2014). However, this assumes flat pre-impact
topography, which is not the case, as previously discussed.
Therefore, we produced another map based on local relief,
qualitatively illustrating where topographic effects may have
led to thicker or thinner ejecta deposits relative to a flat
scenario (Figure 10(B)). For instance, ejecta accumulates near
the base of slopes facing the Shackleton crater, resulting in
thicker ejecta deposits, due to slower uphill flow compared to
spreading over a flat surface (T. Frueh & D. A. Kring 2026a).
In contrast, ejecta emplaced on steep slopes facing away from
Shackleton crater is transported downslope, resulting in
thinner ejecta on the slope and accumulation at its base
(Figure 10(C)). Consequently, the steep slopes surrounding the
SDGR likely have thinner ejecta than predicted by a planar
scenario (Figure 10(B)). Generally, the steeper the slope, the
more downslope slumping occurs, producing a much thinner
ejecta deposit relative to that predicted by scaling relation-
ships. Conversely, the bases of Shackleton-facing slopes and
topographic lows, such as those within Spudis crater,
accumulated ejecta, yielding thicker deposits (Figure 10(B)).
Because ejecta emplacement was not significantly modified by
the shallow slopes between Shackleton and Shoemaker craters,
we anticipate nominal ejecta thickness in this region that is
comparable to the estimations using Equations (2) and (3)
(Figure 10).

5.3. Shackleton Ejecta Emplacement and Mixing

In addition, regional topography influences the emplace-
ment angle and speed of excavated ejecta materials by
intercepting or extending ballistic trajectories, modifying the
mixing process between ejecta and local materials (Figure 7;
T. Frueh & D. A. Kring 2026a). This will directly influence
the composition and provenance of samples collected from
the Shackleton ejecta deposit. Thus, we investigated areas
where the emplacement speed of Shackleton ejecta was
higher or lower due to topographic effects (Figures 8(B),
11(A)). This reveals that in areas with higher topography
than Shackleton crater itself, ejecta emplacement velocities
are lower. On the other hand, lower topography near
Haworth, Henson, Shoemaker, and Sverdrup craters led to
extended trajectories with increased acceleration. This
resulted in higher ejecta emplacement speeds compared to
those estimated for flat terrain (Figure 11(A)). Additionally,
higher emplacement speeds tend to result in more mixing
with local materials (e.g., V. R. Oberbeck et al. 1975),
whereas slower-than-nominal emplacement is expected to
result in less mixing. The degree of mixing during ejecta
emplacement is also determined by the emplacement
velocity, which influences the amount of kinetic energy
induced into the subsurface. Generally, emplacement velo-
cities increase with distance from the crater (Figure 8(B)).
When massifs intercept ballistic trajectories, the ejecta is
accelerated by gravitational pull for a shorter period of time
than in a flat terrain scenario. This likely results in reduced
emplacement velocities (Figures 8(B), 11(A)) and reduced
mixing of the ejecta with local materials. Conversely, where
low-lying topography elongates ballistic trajectories and
extends the time of gravitational acceleration, emplacement
velocities increase (Figures 8(B), 11(A)). These effects may
have led to increased mixing with local materials and ejecta
spreading upon emplacement.

We estimated the mixing factor (µ) for Shackleton
ejecta emplacement following V. R. Oberbeck (1975) and
V. R. Oberbeck et al. (1975):

* r0.0183 , 4d
0.87 ( )µ =

where rd is the distance of the location of interest to the
center of Shackleton crater (measured in kilometers). The
mixing factor provides the ratio of local to ejecta material
(V. R. Oberbeck 1975; V. R. Oberbeck et al. 1975), with
higher values indicating more mixing, and lower values
indicating less mixing during ejecta emplacement. This
shows that mixing with local materials increases with
increasing distance from the crater (Figure 11(B)), reflecting
the increase in ejecta impact velocities at greater distances.
Near the Shackleton crater rim, ∼14% of the surface material
is local regolith incorporated into the ejecta. In contrast, local
regolith accounts for ∼38% of the material near the edge of
the continuous ejecta deposit (Figure 11(B)). However, based
on provenance studies of Apollo 16 regolith, N. E. Petro &
C. M. Pieters (2006) suggest that Equation (4) overestimates
the µ parameter by a factor of 2. Thus, the abundance of local
material in the Shackleton ejecta deposit may be smaller than
indicated in Figure 11(B). Regardless of the uncertainty of
the mixing factor, Shackleton ejecta remained the dominant
component of the deposited material, but the ejecta fraction
decreases with increasing distance from the crater.
By comparing the estimated mixing factor for Shackleton

ejecta with emplacement angles and velocities, we evaluate
whether topographic variations have resulted in less or more
mixing with local materials than anticipated for flat terrain
(V. R. Oberbeck 1975; V. R. Oberbeck et al. 1975). We
predict increased mixing where emplacement speeds are
higher, e.g., within Spudis crater, yielding higher local-to-
ejecta material ratios in regolith samples. Conversely, we
suggest that higher fractions of Shackleton ejecta are present
atop the SDGR because ejecta emplacement was lower
velocity (Figure 11(A)), leading to reduced mixing effects.
Consequently, the ratio of local to ejecta material may
decrease in any regolith samples collected from this region.
Thus, samples will likely contain a higher fraction of
Shackleton material. Generally, higher emplacement speeds
result in greater mixing; however, the influence of emplace-
ment angle and surface slopes on the degree of mixing
remains to be investigated in more detail. In particular, it is
unclear whether enhanced mixing occurs under conditions of
higher lateral spreading velocities and thus shallower
emplacement angles, or whether steeper emplacement angles
promote mixing by incorporating more local material
through more efficient excavation.
However, the uppermost layer of the Shackleton ejecta

deposit has been resurfaced by impact gardening since its
emplacement in the Imbrian period. Therefore, our mixing
factors should be interpreted as first-order constraints on ejecta
emplacement and provenance rather than deterministic predic-
tions of sample composition at specific sites. Depending on the
exact formational age of Shackleton crater (∼3.43–3.69 Ga;
P. D. Spudis et al. 2008; M. T. Zuber et al. 2012; A. R. Tye
et al. 2015; D. A. Kring et al. 2021), the top ∼1 m of its ejecta
deposit has been overturned by subsequent impact cratering at
least once with 99% probability (E. S. Costello et al. 2020). This
suggests that the upper layer underwent intense modification
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and mixing after its formation, resulting in homogenization.
These effects are independent of the distance to the Shackleton
crater rim, provided that the sample is collected from the ejecta
deposit. Therefore, reworked regolith sampled by surface
scooping or shallow drilling or trenching may exhibit smaller
particle sizes and younger exposure ages, making it a critical
consideration for future sampling and analysis of Shackleton
ejecta. Drilling several meters deep is required to reach
relatively undisturbed ejecta material from the crater because
the upper homogenized regolith is likely to be underlain by
layers that show evidence of reworking (E. S. Costello
et al. 2018).

6. Implications for Future Exploration and Surface
Activities

Multiple landing sites have been suggested in the vicinity of
Shackleton crater. These sites are situated on local topographic
highs, such as the Shackleton crater rim or the SDGR. The 16
Artemis candidate landing sites located on the continuous
Shackleton ejecta deposit (L. Wueller et al. 2026a) span two
Artemis candidate landing regions, the “Peak Near Shackle-
ton” (PNS) and “Connecting Ridge” (CR) regions (NASA
2022b). Additionally, six potential landing sites near Shackle-
ton crater have been proposed for the CE-7 mission (Deep
Space Exploration Laboratory 2022). The CE-7 landing site
Shackleton 2 (S2) overlaps with site CR07 (L. Wueller et al.
2026a), landing site S5 overlaps with site 007 (E. Mazarico
et al. 2011; D. A. Kring et al. 2020c), and S6 overlaps with site
CR06 (L. Wueller et al. 2026a; Figure 8(A)).
Sampling and analysis of materials associated with the

Shackleton impact may provide access to material from the
underlying SDGR, whose composition and origin are of high
scientific interest (e.g., A. J. Gawronska & S. J. Boaz-
man 2025). In general, ejecta emplaced closer to the crater rim
likely originates from greater depth (H. J. Melosh 1989).
Materials of interest include impact melt rocks and melt
breccias suitable for radiometric age dating to test model ages
of Shackleton crater (e.g., C. K. Shearer & L. E. Borg 2006),
thereby constraining an upper bound age of any volatiles
within associated PSRs. In addition, boulder samples may
provide clear provenance and insights into subsurface
stratigraphy (e.g., S. J. Boazman et al. 2022), including high-
albedo PAN lithologies (e.g., S. Yamamoto et al. 2012) that
can provide insights into lunar differentiation and magmatic
processes (National Research Council 2007). Therefore, we
provide an assessment of the topographic effects on the
distribution of Shackleton ejecta and, consequently, on the
sampling and provenance of surface materials for the proposed
CE-7 and Artemis candidate landing sites and their
surroundings.

6.1. CE-7 Candidate Landing Sites

Candidate landing sites S1, S2, and S6 are located on the
SDGR between Shackleton and Henson craters, at distances of
∼3.8, ∼8.3, and ∼9.6 km from the rim, respectively
(Figure 8(A)). At all three sites, their locations on local
topographic highs resulted in the interception of ballistic ejecta
trajectories and ejecta emplacement ∼20% (1.22 km; S1),
∼17% (1.49 km; S2), and ∼13% (1.53 km; S6) closer to the
Shackleton crater rim than expected for flat terrain. This
effectively increased local Shackleton ejecta thickness beyond

the nominal estimates of ∼52 to 63 m (S1), ∼23 to 28 m (S2),
and ∼19 to 23 m (S6) derived from scaling relationships
(Table 1). At sites S1 and S2, ejecta may have been emplaced
at lower velocities of ∼115 and 134 m s−1 instead of ∼129 and
149 m s−1, respectively, and at steeper angles than expected
for flat terrain (Figure 11(A)), leading to reduced mixing with
local regolith during ballistic ejecta emplacement. Conse-
quently, the effective mixing factor may be lower than the
estimated 0.19 (S1) and 0.24 (S2) for flat surfaces
(Figure 11(B)), thereby increasing the fraction of Shackleton
ejecta available for sampling. The Shackleton ejecta deposit
represents the stratigraphically youngest material within the
∼696 to ∼718 m thick post-SPA ejecta sequence (T. Frueh
et al. 2025b). Landing site S6 differs from S1 and S2, as it is
positioned on the edge of a topographic high, likely increasing
the local ejecta thickness (Figure 10(B)). Downrange slopes
surrounding the site lead to shallow ejecta emplacement at an
angle of ∼34° and at ∼150 m s−1 (∼540 km hr−1), which
likely has increased ejecta spreading velocities, allowing
greater lateral energy to be retained during spreading and
deposition. These conditions likely enhanced mixing with
local materials, implying an effective mixing factor of �0.25
(Table 1). Consequently, ejecta materials from diverse regional
impact events are potentially accessible near site S6. For all
three landing sites, surface slopes are generally <15° within
500 m of the proposed sites, although steeper areas exist,
particularly on the flanks of the SDGR near Spudis crater.
Candidate site S2 overlaps with Artemis candidate landing site
CR07 (Figure 8(A)) and receives extended sunlight during
midsummer periods through 2032 (L. Wueller et al. 2026a).
Across the small PSRs in this region investigated by L. Wue-
ller et al. (2026a), volatile accumulation is limited by relatively
warm temperatures, although volatiles may be present in the
subsurface. Site S6 overlaps with site CR06 (Figure 8(A)) and
offers illumination conditions and resulting thermal conditions
that are challenging for surface operations during the
midsummer periods until 2032 (L. Wueller et al. 2026a).
Candidate landing sites S3 and S4 lie on the perched rim of

Shackleton crater ∼8.5 km apart along the rim crest at
elevations of ∼1.5 km and ∼1.4 km, respectively
(Figure 8(A)). Scaling relationships that estimate ejecta
thickness and mixing have limited applicability on the crater
rim (McGetchin et al. 1973; V. R. Oberbeck et al. 1975;
V. L. Sharpton 2014). However, numerical modeling of the
Shackleton impact event (S. H. Halim et al. 2021) indicates
>150 m of ejecta on the rim crest (A. J. Gawronska et al.
2020), slightly exceeding the estimates of ∼122 to 146 m (S3)
and ∼126 to 151 m (S4) derived by scaling relationships
(Table 1). Surface materials near both sites likely consist
almost entirely of ejecta and structurally uplifted target rock,
with <14% contribution from local regolith (Table 1). The
ejecta emplaced near the rim was excavated at shallower
excavation angles and emplaced at lower velocities than
materials emplaced farther away, resulting in minimal mixing
(Figure 11). Due to the stratigraphic inversion during crater
formation (H. J. Melosh 1989), samples collected in these
areas may provide access to deeper stratigraphic units,
potentially including material linked to nearby PAN locations
identified in spectral data (e.g., S. Yamamoto et al. 2012).
However, surface mobility and landing at both sites are
restricted to the perched rim segment, which is surrounded by
steep slopes >20°, requiring high landing accuracy. At site S3
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Table 1
Estimated Ejecta Thicknesses and Mixing Factors for the Proposed CE-7 Landing Sites

Shackleton 1 Shackleton 2 Shackleton 3 Shackleton 4 Shackleton 5 Shackleton 6

Shackleton Ejecta Thickness (m) (T. R. McGetchin et al. 1973) �52.5 (+8.8, −7.5) �23.0 (+7.8, −5.8) ∼121.6 (+1.7, −1.7) ∼126.1 (+1.0, −1.0) �9.2 (+5.2, −3.3) �18.8 (+7.2, −5.2)
Shackleton Ejecta Thickness (m) (V. L. Sharpton 2014) �63.0 (±19.0) �27.6 (±8.3) ∼145.9 (±44.0) ∼151.3 (±45.6) �11.1 (±3.3) �22.6 (±6.8)
Cumulative post-SPA Ejecta Thickness (m) (T. Frueh et al.
2025b)

717.8 688.5 606.4 612.1 820.2 691.4

Relative Emplacement Speed (Figure 9(A)) slower much slower slower slower slower much slower
Mixing Factor (V. R. Oberbeck et al. 1975) �0.19 �0.24 �0.14 �0.14 �0.31 �0.25
Ratio of Local to Shackleton Ejecta Material decreased (more

ejecta)
decreased (more

ejecta)
decreased (more

ejecta)
decreased (more

ejecta)
decreased (more

ejecta)
increased (less
ejecta)

Note. The signs indicate whether topographic effects result in increased (�), decreased (�), or nominal (∼) thicknesses or mixing relative to the predictions based on scaling relationships.

Table 2
Estimated Ejecta Thicknesses and Mixing Factors for Identified Artemis Candidate Landing Sites in the “Peak Near Shackleton” Region (L. Wueller et al. 2026a)

PNS01 PNS02 PNS03 PNS04 PNS05 007

Shackleton Ejecta Thickness (m) (T. R. McGetchin
et al. 1973)

�16.8
(+6.9, −4.9)

�25.8
(+8.1, −6.2)

�10.4 (+5.5, −3.6) �12.6 (+6.1, −4.1) �6.2 (+4.1, −2.5) �9.2 (+5.2, −3.3)

Shackleton Ejecta Thickness (m) (V. L. Sharpton 2014) �20.1 (±6.1) �31.0 (±9.3) �12.5 (±3.8) �15.1 (±4.6) �7.5 (±2.3) �11.1 (±3.3)
Cumulative post-SPA Ejecta Thickness (m) (T. Frueh et al.
2025b)

905.9 814.3 825.5 801.1 864.1 820.2

Relative Emplacement Speed (Figure 9(A)) nominal nominal slower slower nominal slower
Mixing Factor (V. R. Oberbeck et al. 1975) ∼0.26 ∼0.23 �0.30 �0.28 �0.34 �0.31
Ratio of Local to Shackleton Ejecta Material nominal nominal decreased (more ejecta) decreased (more ejecta) increased (less ejecta) decreased (more ejecta)

Note. The signs indicate whether topographic effects result in increased (�), decreased (�), or nominal (∼) thicknesses or mixing relative to the predictions based on scaling relationships.

Table 3
Estimated Ejecta Thicknesses and Mixing Factors for Identified Artemis Candidate Landing Sites in the “Connecting Ridge” Region (L. Wueller et al. 2026a)

CR01 CR02 CR03 CR04 CR05 CR06 CR07 CR08 001 CRE02

Shackleton Ejecta Thickness (m) (T. R. McGetc-
hin et al. 1973)

�42.0
(+8.9, −7.3)

�38.1
(+8.8, −7.1)

�10.8
(+5.6, −3.7)

�7.4
(+4.6, −2.8)

�23.1
(+7.8, −5.8)

�18.8
(+7.2, −5.2)

�23.0
(+7.8, −5.8)

�30.6
(+8.5, −6.6)

�20.4
(+7.5, −5.5)

�8.8
(+5.0, −3.2)

Shackleton Ejecta Thickness (m)
(V. L. Sharpton 2014)

�50.4 (±15.2) �45.8 (±13.8) �13.0 (±3.9) �8.8 (±2.7) �27.7 (±8.3) �22.6 (±6.8) �27.6 (±8.3) �36.8 (±11.1) �24.4 (±7.4) �10.6 (±3.2)

Cumulative post-SPA Ejecta Thickness (m)
(T. Frueh et al. 2025b)

765.1 730.5 641.0 667.4 755.7 691.4 688.5 654.6 693.7 669.8

Relative Emplacement Speed (Figure 9(A)) slo. slo. slo. slo. slo. m. slo. m. slo. nom. m. slo. slo.
Mixing Factor (V. R. Oberbeck et al. 1975) �0.20 �0.20 �0.29 �0.33 �0.23 �0.25 �0.24 ∼0.22 �0.24 �0.31
Ratio of Local to Shackleton Ejecta Material dec. (m. ej.) dec. (m. ej.) dec. (m. ej.) dec. (m. ej.) dec. (m. ej.) inc. (l. ej.) dec. (m. ej.) nom. dec. (m. ej.) dec. (m. ej.)

Note. The signs indicate whether topographic effects result in increased (�), decreased (�), or nominal (∼) thicknesses or mixing relative to the predictions based on scaling relationships.
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in particular, numerous boulders and rocky craters pose
potential operational risks and hazards (S. J. Boazman
et al. 2022).
Candidate landing site S5 is located on the extension of the

SDGR near Slater crater atop a local topographic peak that rises
∼1.6 km (Figure 8(A)) and was previously identified and
discussed as site 007 by E. Mazarico et al. (2011), D. A. Kring
et al. (2020c), N. Kumari et al. (2022), and L. Wueller et al.
(2026a). With a distance of ∼15 km, this CE-7 candidate site is
the farthest from the Shackleton crater rim. As a result, the
estimated Shackleton ejecta deposit is the thinnest among the CE-
7 candidate sites, at ∼9 m to 11 m thick (Table 1). Based on the
site’s location on a topographic peak, ejecta has been emplaced at
∼175m s−1 (∼630 km hr−1), which is ∼5% (∼9m s−1) slower
than in a flat-terrain scenario (Figure 11(A)), with different ejecta
spreading velocities between the summit and its slopes.
Additionally, the ejected material deposited near site S5 would
have landed ∼1 km (∼7%; +0.47 km/−0.33 km; Table A1)
farther from the crater in a flat scenario. Consequently, the local
Shackleton ejecta is likely thicker than on flat terrain, as the same
ejecta volume has been emplaced over a smaller area. The post-
SPA ejecta sequence, with a cumulative thickness of ∼820 m
(T. Frueh et al. 2025b), is the thickest among the six CE-7
candidate sites (Table 1). The post-SPA ejecta includes major
contributions from the pre-Nectarian-aged Amundsen–Ganswindt
basin and the Nectarian-aged Amundsen crater (L. Wueller et al.
2024). Combined with a relatively high mixing factor of 0.31
(Figure 11(B)), this suggests that a variety of ejecta materials are
likely to be present near site S5. Sampling and age dating diverse
clasts could provide valuable constraints on south polar
stratigraphy and crustal composition. In addition, landing near
site S5 would benefit from the regionally flat surface slopes of
<10°, favorable midsummer illumination conditions until 2032,
and access to small PSRs that are cold enough to potentially trap
and accumulate volatiles (L. Wueller et al. 2026a).

6.2. Artemis Candidate Landing Sites

6.2.1. “Peak Near Shackleton” Region

Candidate landing sites PNS01 and PNS02 are characterized
by nominal ejecta emplacement velocities and intermediate
mixing factors of ∼0.26 and ∼0.23, respectively (Table 2),
indicating limited topographic modification of ejecta deposi-
tion at these locations. Estimated Shackleton ejecta thicknesses
differ notably between the two sites, with PNS01 yielding
∼17–20 m and PNS02 yielding ∼26–31 m (Table 2; T.R.
McGetchin et al. 1973; V. L. Sharpton 2014). With ∼906 m,
the cumulative post-SPA ejecta near site PNS01 is the thickest
in the PNS region (T. Frueh et al. 2025b), potentially
containing a stratigraphically diverse record of south polar
impact resurfacing.
Artemis candidate sites PNS03, PNS04, and 007 share

reduced ejecta emplacement velocities relative to a flat-terrain
scenario (Figure 11(A)) due to their position on local
topographic highs that intercept ballistic ejecta trajectories.
This results in less lateral transportation and vertical mixing
with local materials upon ejecta emplacement, suggesting that
the ratio of local material to Shackleton ejecta is decreased
relative to flat-terrain predictions of ∼0.30, ∼0.28, and ∼0.31,
respectively (Table 2). Consequently, the fraction of Shackle-
ton ejecta available for surface and shallow subsurface
sampling may be increased. Estimated Shackleton ejecta

thicknesses are comparable across this group of landing sites,
ranging from ∼10 to 13 m (PNS03), ∼13 to 15 m (PNS04),
and ∼9 to 11 m (007), with topography-controlled local ejecta
accumulation suggesting these estimates represent lower
bounds (Figure 10(B); Table 2). Landing site 007 (E. Mazarico
et al. 2011; D. A. Kring et al. 2020c) overlaps with CE-7
candidate landing site S5 (see Section 6.1) and thus, ejecta
emplaced here would have been emplaced ∼1 km (∼7%;
+0.47 km/−0.33 km; Table A1) farther away from Shackle-
ton crater than on flat terrain.
Site PNS05 is distinct within the PNS region, as nominal

ballistic ejecta emplacement speeds combined with shallow
emplacement angles likely promoted greater mixing with local
materials and lateral spreading of emplaced Shackleton ejecta.
This results from the site’s location on slopes facing away
from Shackleton crater, potentially increasing the fraction of
local material beyond the ∼34% estimated for flat surfaces
(Table 2; V. R. Oberbeck et al. 1975).

6.2.2. “Connecting Ridge” Region

In the “Connecting Ridge” region, candidate landing sites
CR01, CR02, CR05, CR07, and 001 share slower relative ejecta
emplacement velocities and low to moderate mixing factors
ranging from∼20%–24% (V. R. Oberbeck et al. 1975); although,
local topography may have resulted in less mixing, and thus, a
higher fraction of Shackleton ejecta may be present for sampling
(Table 3). Estimated Shackleton ejecta thicknesses are highest at
CR01 (∼42–50 m) and CR02 (∼38–46 m), which are situated the
closest to the rim of Shackleton crater (Figure 8(A)). Addition-
ally, the local topography may have resulted in even thicker
Shackleton ejecta deposits (Table 3). Ejecta near candidate site
001 was emplaced 1.58 km (∼15%; +0.50 km/−0.72 km;
Table A2) closer to the Shackleton crater rim and ∼10% slower
(∼141m s−1 instead of ∼157m s−1) than one would expect for a
flat pre-impact topography. Landing site CR07 overlaps with CE-
7 candidate site S2 (see Section 6.1) and benefits from extended
sunlight during midsummer periods through 2032 (L. Wueller
et al. 2026a).
Candidate landing sites CR03, CR04, and CRE02 are the

farthest away from Shackleton crater and, thus, have the thinnest
Shackleton ejecta deposits with ∼11–13 m (CR03), ∼7–9 m
(CR03), and ∼9–11 m (CRE02). However, local ejecta deposits
may be thicker than these estimates because of their location in
topographically elevated regions (Figure 8(A)). Because ejecta
emplacement is slower at these sites compared to flat terrain, and
the local slope configuration, mixing of emplaced ejecta with
local materials was likely reduced, leading to higher fractions of
ejecta (Table 3). However, the mixing factors are comparatively
high, with ∼29% (CR03), ∼33% (CR04), and ∼31% (CRE02),
implying that diverse materials from multiple regional impact
events may be accessible near these sites.
Artemis candidate landing site CR06 overlaps with CE-7 site

S6 (see Section 6.1) and is characterized by much slower relative
emplacement speeds due to its location atop the SDGR
(Figure 8(B)). The high topography intercepted ballistic ejecta
trajectories, resulting in ejecta deposition 1.53 km (∼13%;
+0.86 km/−0.55 km; Table A2) closer to Shackleton crater than
estimated by scaling laws that assume flat topography. The
estimated Shackleton ejecta thickness of ∼19–23 m and
cumulative post-SPA ejecta thickness of ∼691 m are comparable
to those of nearby site CR07. Due to the site’s location on a slope
facing away from Shackleton crater, the ejecta emplacement
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angle is shallow with ∼34° (for an ejection angle of 45°). This
suggests that mixing at site CR06 is likely increased, leading to a
higher fraction of local materials (Table 3).
Candidate landing site CR08 is unique within the CR region, as

local topography did not affect ejecta velocities and mixing with
local material upon emplacement (Table 3). Because of its
location, ejecta may have accumulated in this region, potentially
resulting in deposits thicker than the estimated ∼31–37 m of
Shackleton ejecta and the ∼655 m of cumulative post-SPA ejecta
(T. Frueh et al. 2025b; T. R. McGetchin et al. 1973; V. L. Sharpton
2014). Due to the combination of nominal emplacement speed and
mixing, this site could serve as a reference for calibrating
topographic effects on ejecta emplacement inferred at other
landing sites on the continuous ejecta deposit of Shackleton crater.

6.3. Synthesis

Although ejecta thickness and mixing with local materials
vary with distance from the Shackleton crater rim and are
further modified by topographic effects on ejecta emplacement
and deposition, missions targeting these deposits will have
access to scientifically promising samples. Consequently, all

proposed CE-7 and Artemis landing sites on the Shackleton
ejecta deposit (Deep Space Exploration Laboratory 2022;
D. A. Kring et al. 2023; L. Wueller et al. 2026a) have the
potential to obtain valuable samples and data on lunar impact
history and crustal evolution. Surface scooping will likely
sample material that has been affected by space weathering,
whereas shallow drilling or trenching will likely sample
Shackleton ejecta that has been overturned and homogenized
by subsequent impact gardening (e.g., E. S. Costello et al.
2020). Deeper subsurface drilling, however, will potentially
provide access to more undisturbed ejecta materials. We
suggest that, when drilling deeper than the estimated thickness
of the Shackleton ejecta, the fraction of material originating
from other regional impact events than Shackleton increases.
Furthermore, landing anywhere on the continuous ejecta
deposit of the Shackleton crater and using a ground-
penetrating radar to probe the subsurface, as planned for the
CE-7 mission (C. Wang et al. 2024), can provide valuable
insights into regional stratigraphy and, potentially, help resolve
discrepancies among existing crater scaling models (e.g.,
T. R. McGetchin et al. 1973; V. L. Sharpton 2014). Addition-
ally, investigating and understanding the processes affecting

Figure 10. (A) Estimated thickness of Shackleton ejecta on a planar surface (T. R. McGetchin et al. 1973; V. L. Sharpton 2014) on a 20 m pixel−1 hillshade map
(M. K. Barker et al. 2023). (B) Schematic map qualitatively showing the variation in Shackleton ejecta thickness relative to that predicted by scaling relationships
(A), highlighting the influence of regional elevation and slope. It is important to note that in regions with thinner ejecta, the extent of the continuous ejecta deposit is
larger. (C) Schematic cross section illustrating the effects of topography on ejecta emplacement, with thickening at the base of steep slopes and thinning on massifs
(inspired by a figure from T. Frueh & D. A. Kring 2026a).
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ejecta distribution and sample provenance remain critical for
sample analyses and interpretation to maximize the scientific
impact of such missions.

7. Conclusions

The Shackleton crater region records a complex geological
history that is central for understanding the evolution of the
south polar environment and guiding future exploration. Our
geological mapping demonstrates that the region is dominated
by pre-Nectarian materials associated with the formation of the
SPA basin and subsequent impact events that redistributed
SPA and, potentially, underlying crustal materials across the
region. The formation of the ∼21 km diameter Shackleton
impact during the Imbrian period represents the last major
cratering event in the study region. Because the crater formed
on the topographically prominent Shackleton-de Gerlache
Ridge (SDGR), surrounding topographic variations signifi-
cantly influenced the emplacement distance, velocity, and
angle of Shackleton ejecta. This resulted in locally extended or
shortened emplacement distances relative to flat terrain. An
assessment of topographic effects on ejecta thickness and
mixing with local materials at Artemis and Chang’e-7 (CE-7)
candidate landing sites reveals that all sites within the
continuous Shackleton ejecta deposit provide access to
scientifically valuable samples. Estimated thicknesses of
Shackleton ejecta range from ∼6 m at the most distal Artemis
landing site (PNS05) to ∼150 m at CE-7 landing site S4 on the
crater rim. Ejecta thickness generally decreases with distance
from the crater but is locally modified by topography, leading
to thicker deposits in topographic lows and thinner deposits on
topographic highs or steep surfaces. The topography of the
SDGR also controls the mixing of ejecta with local materials
upon emplacement, thereby modifying the provenance of
samples near potential landing sites. Therefore, it is essential

to consider these factors when selecting scientifically promis-
ing landing sites, targeting sample materials, and interpreting
the provenance of obtained samples.

Data Availability

The final geologic map product and georeferenced Shackle-
ton ejecta maps (Figures 10 and 11) are available via Zenodo,
doi:10.5281/zenodo.19691156. The candidate landing sites
shown in Figures 2, 8, 10, and 11 (blue triangles) are available
from Zenodo (L. Wueller et al. 2026b). The MATLAB script
can be accessed via Zenodo (T. Frueh & D. A. Kring 2026b).
The post-SPA ejecta thickness can be downloaded from
T. Frueh et al. (2025b). The spectral maps can be found in
M. Lemelin et al. (2022b).
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Appendix

Tables A1 and A2 provide an assessment of ejecta
emplacement distances with varying ejection angles for
profiles shown in Figure 8.

Figure 11. (A) Emplacement speed of Shackleton ejecta relative to a flat-terrain scenario on a 20 m pixel−1 hillshade map (M. K. Barker et al. 2023). (B) Estimated
mixing factor of local material with ejecta in a planar scenario (V. R. Oberbeck et al. 1975). Mixing increases with distance from the crater.
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Table A1
Ejecta Emplacement Distance from the Center of Shackleton Crater for Ballistic Trajectories Shown for Profile A in Figure 8, with Varying Ejection Angles (35°,

40°, 45°, 50°, and 55°)

Trajectory
(Counted
Outward from
Crater Center)

Emplacement
Distance Assuming
Flat Topography

Emplacement
Distance Consider-
ing Topography for
45° Ejection

Emplacement
Distance Consider-
ing Topography for
35° Ejection

Emplacement
Distance Consider-
ing Topography for
40° Ejection

Emplacement
Distance Consider-
ing Topography for
50° Ejection

Emplacement
Distance Consider-
ing Topography for
55° Ejection

(km) (km) (km) (km) (km) (km)

Profile A - West
1 16.50 17.39 17.78 17.56 17.24 17.12
2 17.40 18.37 18.81 18.57 18.22 18.08
3 18.30 19.39 19.87 19.60 19.21 19.06
4 19.50 20.69 21.18 20.91 20.50 20.34
5 20.70 21.93 22.44 22.16 21.75 21.58
6 22.20 23.46 23.92 23.67 23–27 23.11
7 23.90 25.06 25.52 25.26 24.89 24.74
8 25.90 27.29 27.78 27.52 27.09 26.89
9 28.26 29.60 30.17 29.85 29.39 29.20
10 31.00 32.47 32.99 32.71 32.26 32.07

Profile A - East
1 16.50 15.91 15.62 15.78 16.01 16.10
2 17.40 16.84 16.60 16.73 16.93 17.01
3 18.30 17.65 17.39 17.53 17.75 17.84
4 19.50 18.83 18.52 18.69 18.94 19.03
5 20.70 20.10 19.76 19.95 20.21 20.30
6 22.20 21.65 21.45 21.57 21.73 21.80
7 23.90 23.03 22.74 22.89 23.16 23.28
8 25.90 24.86 24.39 24.65 25.03 25.19
9 28.26 27.40 26.95 27.20 27.55 27.68
10 31.00 30.73 30.54 30.66 30.79 30.83

Table A2
Ejecta Emplacement Distance from the Center of Shackleton Crater for Ballistic Trajectories Shown for Profile B in Figure 8, with Varying Ejection Angles (35°,

40°, 45°, 50°, and 55°)

Trajectory
(Counted
Outward from
Crater Center)

Emplacement
Distance Assuming
Flat Topography

Emplacement
Distance Consider-
ing Topography for
45° Ejection

Emplacement
Distance Consider-
ing Topography for
35° Ejection

Emplacement
Distance Consider-
ing Topography for
40° Ejection

Emplacement
Distance Consider-
ing Topography for
50° Ejection

Emplacement
Distance Consider-
ing Topography for
55° Ejection

(km) (km) (km) (km) (km) (km)

Profile B - West
1 16.50 15.28 14.81 15.06 15.48 15.65
2 17.40 16.10 15.51 15.83 16.32 16.51
3 18.30 16.94 16.32 16.67 17.16 17.34
4 19.50 18.01 17.37 17.72 18.25 18.46
5 20.70 19.12 18.40 18.80 19.39 19.62
6 22.20 20.67 19.81 20.28 20.97 21.22
7 23.90 22.72 21.97 22.41 22.97 23.16
8 25.90 25.25 24.74 25.06 25.39 25.49
9 28.26 28.01 27.83 27.94 28.06 28.10
10 31.00 31.28 31.64 31.49 31.30 31.23

Profile B - East
1 16.50 17.06 17.34 17.18 16.96 16.88
2 17.40 18.12 18.46 18.27 17.99 17.89
3 18.30 19.13 19.49 19.29 18.99 18.87
4 19.50 20.40 20.78 20.57 20.26 20.14
5 20.70 21.68 22.10 21.87 21.53 21.39
6 22.20 23.25 23.66 23.44 23.08 22.94
7 23.90 24.92 25.31 25.09 24.76 24.63
8 25.90 26.91 27.36 27.11 26.75 26.61
9 28.26 29.41 29.83 29.60 29.24 29.08
10 31.00 31.97 32.25 32.14 31.83 31.70
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