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ARTICLE INFO ABSTRACT

Editor: Dr O Mousis The lunar south pole is a priority target for modern robotic and human lunar explorations. The high significance
of the region for scientific research and resource utilization stems from the potential presence of volatiles. The
upcoming Chang’e-7 mission, scheduled for 2027, will conduct comprehensive in situ explorations of this region.
The Chang’e-7 candidate landing site is located between Shackleton and Slater craters. In this study, we con-
ducted a comprehensive analysis of the Chang’e-7 candidate region. Multi-source remote sensing data were used
to characterize the regional topography, geomorphology, and chemical composition, and to perform impact
modeling to trace the provenance of landing site materials. Our results reveal that the landing site is dominated
by anorthositic materials with low-Ca pyroxene signatures. Impact ejecta thickness calculation indicates the
landing region is primarily composed of materials from the Imbrian-aged Shackleton crater (~11.6 m of primary
ejecta), with significant contributions from impact basins within the South Pole-Aitken basin, such as Amundsen-
Ganswindt and Schrodinger, which were redistributed and buried by Shackleton ejecta. Water ice reflectance
features indicated potential surface and subsurface ice at the nearby permanently shadowed region of Crater S
(unofficial name). This suggests that it is necessary to explore this region with newly developed payloads and
extract subsurface regolith for volatile measurements. This study provides a critical geological framework for the
Chang’e-7 mission, offers testable hypotheses for its scientific operations, and contributes to a broader under-
standing of lunar polar geology, volatile distribution, and the evolution of the South Pole-Aitken basin.
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mid- and low-latitude regions (Li et al., 2018). The south polar region
has a more continuous distribution of PSRs (Fig. 1A), thus becoming a

1. Introduction

The lunar south pole has long been a focal point of lunar exploration,
with the potential presence of volatile resources and materials recording
the Moon’s early evolution (Flahaut et al., 2020). Because of the
extremely low surface temperatures in permanently shadowed regions
(PSRs) near the poles, more water ice might be possessed there than in
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priority target for modern robotic and human lunar explorations.
Located at the southern edge of the South Pole-Aitken (SPA) basin, the
Shackleton crater region is an ideal place to study lunar volatiles and the
lunar interior structure. The SPA impact event is the last major impact
event that reshaped the immediate south polar region, offering access to
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Fig. 1. The CE-7 candidate landing region. (A) DEM of 85° S to the south pole, the light blue polygons represent PSRs. (B) Zoom in view of the yellow square region
in (A). (C) The vertical exaggerated DEM profile (Barker et al., 2023) of the blue line in (B), the red dot represents the CE-7 candidate site.

materials with clear provenance from surface to subsurface (Wueller

et al., 2026¢).

Previous studies showed that lunar interior materials from deep crust,

even upper mantle, might be excavated and dispersed across SPA (Melosh
et al., 2017; Moriarty et al., 2021). This distribution extends to the south
pole, especially if the impact was southward (Andrews-Hanna et al., 2025),
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with significant implications for this giant impact. However, only two
missions have landed within SPA so far: the Chang’e-4 (CE-4) and Chang’
e-6 missions (CE-6). Neither did these missions provide conclusive evi-
dence of SPA materials as they landed on mare regions. A south pole
mission is able to offer solid evidence of the SPA basin materials with its
high concentration in the region (Frueh et al., 2025; Moriarty and Pieters,
2018; Wueller et al., 2025).

Several upcoming missions (e.g., Artemis 4, Chang’e 7/8, Chandrayaan-
4, Luna 27) are targeting the lunar south pole for studying key scientific
questions related to volatiles and the SPA formation. The Chang’e-7 (CE-7)
mission of the Chinese Lunar Exploration Program will present unprece-
dented capabilities to address them, consisting of a communication relay
satellite, an orbiter, a lander, a rover, and a hopper (Wang et al., 2024). The
CE-7 mission is scheduled to launch in 2027. The region between Shack-
leton and Slater craters (hereinafter Shackleton-Slater Ridge) is the priority
landing site (88.8°S, 123.4°E) (Fig. 1B). It offers solar illumination (>60%
of the year) (Mazarico et al., 2011), Earth visibility (Mazarico et al., 2011),
and surface slopes less than 5 degrees (Barker et al., 2023), enabling a safe
landing. The main scientific goal of CE-7 is to search for water and SPA
materials. CE-7 will carry a Lunar Neutron Gamma Spectrometer and a
Wide-band Infrared Spectrum Mineral Imaging Analyzer (WISMIA) on-
board the orbiter, an In situ Measuring System of Volatiles (IsMSV), a Lunar
Raman Spectrometer (LRS), a Lunar Penetrating Radar (LPR) onboard the
rover, and a Lunar Soil Water Molecular Analyzer (LSWMA) onboard the
hopper that will explore PSRs (Wang et al., 2024). LSWMA will measure the
isotopes of volatiles (hydrogen and oxygen) within PSRs to determine the
source of lunar water; ISMSV will conduct in situ measurements of water
content and variation with unprecedented accuracy (0.01 wt.%) to deter-
mine the distribution and abundance of lunar water (Li et al., 2025; Wang
et al., 2024). These would greatly help to study the distribution and
composition of SPA-derived materials and potential volatile resources.

Therefore, a comprehensive, pre-landing study of the CE-7 candidate
region is essential to inform and guide surface operations and in situ
exploration. We first characterized the topographic, geomorphologic, and
geological setting of the CE-7 candidate region (Sections 3.1 and 4.1),
identifying the surrounding geomorphic features that may influence
landing safety and scientific access. Secondly, we modeled the provenance
and stratigraphy of the landing site materials through impact ejecta
thickness calculations (Sections 3.2 and 4.2) (Neumann et al., 2015;
Sharpton, 2014; Wangetal., 2021; Xu et al., 2021). This directly addressed
which materials CE-7 will likely investigate. Then, we analyzed the surface
chemical and mineralogical composition of the candidate site (Lemelin
et al., 2022) (Sections 3.3 and 4.3). This compositional characterization
defines the lithology that CE-7 will likely encounter in situ. It also provides
a compositional fingerprint for tracing the provenance of materials
delivered to the landing site from distant craters and basins. Lastly, we used
multiple datasets to study potential surface water/ice and subsurface ice.

Our study addresses two main questions: (1) What impact sources
contributed to the regolith, and how are their ejecta distributed strati-
graphically? (2) What geological context does the landing site provide
for future investigations of lunar volatiles?

2. Data and methods
2.1. Topography and geomorphology

Lunar Reconnaissance Orbiter (LRO) Wide-Angle Camera (WAC,
spatial resolution 100 m/pixel) (Wagner et al., 2015) and Lunar Orbiter
Laser Altimeter Digital Elevation Model (LOLA DEM) were used to analyze
the topography and geomorphology of the lunar south pole. The Narrow
Angle Camera (NAC, spatial resolution 1 m/pixel) (Archinal et al., 2023)
polar region mosaic was also used for studying small-scale topographical
structures. For LOLA DEM, the spatial resolution is 10 m/pixel southward
of 85°S, and 5 m/pixel southward of 87.5°S. These data are accessible
from LOLA PDS Data Node (https://imbrium.mit.edu/DATA/LOLA_GD
R/POLAR/FLOAT IMG/) and the LROC website (https://pds.lroc.im-Idi.
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com/data/LRO-L-LROC-5-RDR-V1.0/LROLRC_2001/DATA/BDR/NAC
_POLE/NAC_POLE_SOUTH/).

Two geological maps were used. The geological map of Krasilnikov
et al. (2023) was used as a major reference for the south polar region.
This map covers a range from 70°S to 90°S at a scale of 1:300,000. Five
major types of geological units and structures were mapped, including
high-standing SPA massifs, basins and crater materials, plains-forming
units, crater wall terraces/wall-floor arcuate lobes, and lobate scarps.
The global 1:5,000,000 scale geological map (Fortezzo et al., 2020) was
used for global stratigraphic context. The mapped geological units
include materials of craters, basins, terra, plains, Imbrium Formation,
Orientale Formation, and volcanic units. In addition, the SPA geological
map (Igbal et al., 2026) and the high-resolution map (Wueller et al.,
2026c¢) could complement the previous two maps at different scales.
This would allow local observations to be correlated and linked to
regional or global geological units, and vice versa.

2.2. Ejecta thickness calculation

We applied the ejecta thickness model of Sharpton (2014) to calcu-
late the ejecta thickness at the CE-7 candidate site, as it was tested for
lunar impact craters. For a given crater with radius R and center point
located at a spherical distance r from the CE-7 candidate site, the pri-
mary ejecta thickness T (in m) for simple (smaller) craters and complex
(larger) craters was calculated by:

_ 0.014R'*'(r/R)"3, 250m < R < 8.5km

= 1
{3.95(ﬂ:1.19)R°'399(r/R)'3, 8.5km < R < 100km )

Because all impact basins pre-date the formation of Shackleton crater
between 3.43-3.69 Ga (Kring et al., 2021; Tye et al., 2015; Spudis et al.
2008), therefore, any basin ejecta materials near the south pole were
overlain by Shackleton ejecta. However, subsequent impact gardening
might have re-excavated basin ejecta to the surface. Therefore, we used
Pike’s model to calculate the basin ejecta thickness (in meters):

T = 0.033R,(r/R,)*° )

Where R; is the transient rim-to-rim radius (half of the transient rim-to-
rim distance) of the basin. As the radius of all basins are larger than the
simple to complex transitional radius Rgc = 9.5km, we used R; = 0.5R
(Croft, 1985), where R is the final rim-to-rim radius. The coordinates
and radius data of basins are based on Neumann et al. (2015). For
Orientale, Schrodinger, and Imbrium basins, their transient radii were
referred to Xie and Zhu (2016), Xu and Xie (2020), Miljkovi¢ et al.
(2013), respectively.

In addition, distance corrections and deposition corrections were
conducted for craters >1,500 km away from the candidate landing site
(Xu et al., 2021). In the distance correction step, the revised distance d
(Rg) is calculated by:

2R tanX

d(Rs) = Ry + 2 —=
(Rs) @t ranx + 1

3
Where R, is the average radius of the Moon (1,737.1 km). R is the
transient radius at the lunar surface, which equals to approximately 0.5R
(Croft, 1985) for basins. For simple craters, R, is considered as 0.84R,
and for complex craters, Ry would be calculated as R3!°R%%%, where
Rsc = 9.5 km is the transition radius. X equals to Rs/(2Rp), Rs =7 — Rqt,
and Ry = 0.83R; for craters.

As for the deposition correction, for a selected square of interest (SOI),
the length of the SOI is considered as Lso; = %Rat. Then an inner boundary
and an outer boundary could be defined as rier = d(r —Lsor /2) and
Touer = d(r + Lsor /2), respectively. The geometrical mean distance 7 is
calculated by ¥ = \/TimerTouer- Considering the actual area on a spherical
planetary body, the average primary ejecta thickness within the SOI could

Sri _
be calculated as Tso; = 'Z‘:‘ T(F) (Xu et al., 2021) where

S
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Sring = 27R% (08 ((dsphere — Lsor) / 2) / Rm) — €08 ((dsphere +Lsor) / 2) /Rm))
©)]
Sring_fiax = 7 (75,

outer

~Toner) 5)

In this study, uncertainties in ejecta thickness calculations were assessed
using a Monte Carlo bootstrap approach with 500 iterations. In each iter-
ation, the coefficients of the (Sharpton, 2014) scaling law were randomly
sampled from normal distributions based on their reported uncertainties
(40.004 for simple craters and +1.19 for complex craters) (Sharpton, 2014;
equation (5) and (6)), crater radii were perturbed by +£5%, and the landing
site coordinates by 180 m. The 2.5™ and 97.5™ percentiles of the resulting
thickness distributions define the 95% confidence intervals (in m) reported
in Table 1 and S1.

The primary ejecta would mix with local materials. The mixing
model is used to calculate the mixing ratio y' of local materials with
ejecta materials.

/ Hs u<5
”{y/2+2.5, ©>5 ©)

where y = 0.0183r%8(km) (Oberbeck et al., 1975).

The crater database LU1319373 from (Wang et al., 2021) was used for
computing their foreign ejecta thicknesses at the CE-7 candidate site. In
this dataset, craters >1-2 km (diameter) were extracted nearly completely
from global DEM data using a machine-learning-based method. This
dataset contains a total of approximately 1.32 million craters. For each
crater, the recorded information includes: the longitude and latitude co-
ordinates of the crater center, crater diameter, crater depth, the slope of the
crater wall, the height of the crater rim, and the width of the crater floor.
The coordinates and diameter were used in our calculations.
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2.3. Chemical composition

The spectral products from Lemelin et al. (2022) were used for middle
and high-latitude regions. This dataset was produced based on Kaguya
Spectral Profiler (SP) data, using its spectra between 512.6 and 1,571.7 nm
and calibrated to the LOLA reflectance at 1,064 nm. The dataset includes
FeO, low calcium pyroxene (LCP), high calcium pyroxene (HCP), olivine
(OLV), and plagioclase (PLG) contents from 50°S to 90°S with a spatial
resolution of 1 km/pixel and an uncertainty of ~9 wt.% (Lemelin et al.,
2022). Qiu et al. (2025) used the spectral data of Clementine Ultra-
violet/Visible (UVVIS) and a linear relationship between oxide content
and spectral reflectance to derive TiO; contents (100/200 m/pixel reso-
lution for Ultraviolet/Visible, 1.17 wt.% uncertainty). The TiO, content
was also used in this study.

We also used SP data to extract the spectral characteristics of the
landing site. Kaguya SP acquired reflectance spectra between 500 and
2,600 nm (Visible Band, 0.5-1 pm; Near Infrared Band 0.9-1.7 pm; Near
Infrared Band 2, 1.7-2.6 pm) with a ~500 m footprint (Haruyama et al.,
2008; Yamamoto et al., 2014). Klima et al. (2007) calculated two main
absorption band centers (Band I at 1,000 nm, Band II at 2,000 nm) of
typical lunar silicate minerals, including Mg-OPX, Fe-OPX, LCP, HCP,
and Wo50 pyroxene, which were used to identify the major mineral type
at the CE-7 candidate region.

2.4. Volatile-related datasets

The Moon Mineralogy Mapper (M>) (Green et al., 2011) global mode
data (spatial resolution 140 m/pixel) were used. M> provides wider spec-
tral coverage than SP with a wavelength range of 460-3,000 nm, covering
absorption features of water species (i.e., OH™, water ice, HoO) at 1,300, 1,

Table 1
The list of 10 major craters and 6 basins that contribute the most foreign materials.
Name Longitude Latitude Radius/M Ejecta thickness/M Local material thickness/M Thickness/M Age/GA
SHACKLETON 131.07 -89.65 10671.60 11.6 3.6 15.2 3.51°
(95% CI: 4.1-24.0)
WIECHERT J -177.67 -85.24 17568.50 0.5 0.6 1.1 3.2°
(95% CI: 0.2-1.0)
ANTONIADI -172.99 -69.60 68255.00 0.5 2.3 2.8 3.2-3.7
(95% CI: 0.2-1.0)
HAUSEN -88.57 -65.39 81679.95 0.4 2.3 2.7 ~34
(95% CI: 0.2-0.9)
97.76 -88.94 2696.05 0.2 0.0 0.2
(95% CI: 0.1-0.5)
NUMEROV -162.23 -70.57 50881.05 0.2 0.9 1.1
(95% CI: 0.2-1.0)
HALE 91.79 -74.23 40370.20 0.2 0.7 0.9 Upper Imbrian-aged®
(95% CI: 0.1-0.4)
-138.15 -83.71 18496.65 0.2 0.3 0.5
(95% CI: 0.06-0.3)
134.24 -88.61 1728.05 0.2 0.0 0.2
(95% CI: 0.05-0.4)
-94.55 -88.34 8488.25 0.1 0.1 0.2
(95% CI: 0.04-0.4)
151.71 -88.70 2790.45 0.1 0.0 0.1
(95% CI: 0.04-0.4)
BASINS
AMUNDSEN-GANSWINDT 123 -81 189000 263 559 822 4.26'
Schrédinger 133.5 -74.9 163000 35 124 159 3.86'
AUSTRALE NORTH 96 -35.5 440000 17 138 155
ORIENTALE -94.8 -20.1 468500 16 153 169 3.81
MENDEL-RYDBERG -94.6 -49.8 325000 12 83 95 413
IMBRIUM -18.5 37 660500 8 109 117 3.87'

Age references:
2, (Tye et al., 2015);
b .(Deutsch et al., 2020)
¢ . (Sruthi and Senthil Kumar, 2014);
4 | (Hawke et al., 2004);
¢ . (Igbal et al., 2026);

£ (Orgel et al., 2018). Note that Australe North is just a proposed basin (Neumann et al., 2015) and not yet proven.
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500, 2,000, and 2,850 nm (Li et al., 2018; Pieters et al., 2009). The Level 2
reflectance data acquired during the OP2C optical period have undergone
thermal and photometric corrections, with uncertainty <10% (Green
et al., 2011). However, the signal levels of the M2 data are limited for
high-latitude regions due to poor illumination conditions. Therefore, we
used LOLA 1064 nm reflectance (spatial resolution 1 km/pixel) to help
characterize water/ice signals within PSRs. These data are the reflectance
of the surface measured at zero phase angle relative to a Lambert surface
illuminated at the same geometry, and are in units of normal albedo (Fisher
etal., 2017) (http://pds-geosciences.wustl.edu/lro/lro-1-lola-3-rdr-v1/Iro
lol_1xxx/data/). The off/on ratio data (off-band: 155.57-189.57 nm,
on-band: 129.57-155.57nm) of the Lyman Alpha Mapping Project
(LAMP) was also used for searching water/ice signals (Gladstone et al.,
2012; Hayne et al., 2015), as it has higher SNR in polar regions than M3,

Two datasets were also used to analyze the potential existence of sub-
surface water ice, including ice stability depth (ISD, ~200 m/pixel)
(Siegler et al., 2016) and ice favorability index (IFI, ~532m/pixel)
(Cannon and Britt, 2020). The ice stability depth is determined by an
updated thermal model of (Siegler et al., 2016). Three types of ice sources
were considered to derive the IFI, namely the carbonaceous asteroids and
comets, volcanic outgassing from the lunar interior, and solar/Earth wind
implantation (Cannon and Britt, 2020). The IFI was then calculated by
modeling the ice capture and ice retention process.

3. Results
3.1. Local topography and geomorphology

The CE-7 candidate landing region is located ~25.7 km away from
the center of Shackleton crater (Fig. 1A, 1B), at Shackleton-Slater Ridge.
The candidate site is located on a local topographic peak with an
elevation of ~1,600 m, surrounded by slopes steeper than 10° (Fig. 1C).
Compared to the surrounding region, the selected site is about 400 m
higher. The candidate landing site has an average yearly solar illumi-
nation of ~60% (Mazarico et al., 2011). Boulders are abundant along
the rim of Shackleton crater and several smaller craters around the
landing site (Boazman et al., 2022) (Fig. S1).

Most craters in the 85-90°S study region are distributed on the nearside,
with diameters up to ~50 km. The largest three craters (Haworth, Shoe-
maker, and Faustini) are highly degraded and have relatively smooth rims.
Secondary craters are widely distributed within the entire study region,
with irregular morphology, spatial occurrences in chains and/or clusters
that exhibit herringbone-shaped morphology.

Light plains with very shallow slopes (less than 2°) exist in the floor
of a few large craters (e.g., Shoemaker, Faustini, Sverdrup) (Qiao et al.,
2024) (Fig. S1). Because of the mapping scale, some smaller light plains
that occur in small, isolated patches were mapped in our new study
(Wueller et al., 2026c¢).

As the study region is close to the SPA rim, a few topographically
prominent massifs appear near the edge of the study region (e.g. Mons
Kocher, Mons Malapert). These Mons are several kilometers higher than
their surrounding regions, about 50-100 km in width. All of them are
interpreted as remnant rims of the SPA basin (Bernhardt et al., 2025;
Waueller et al., 2025, 2024).

The geological units within the study region range from Pre-
Nectarian to Copernican in age (Fig. 2). The underlying layer of this
region is the undivided Pre-Nectarian basin materials (the SPA basin is
the basis here), and is covered by primary and secondary craters. Mons
Kocher, Mons Cabeus, Mons Malapert, and Mons Mouton surrounded
half of the study region near 85°S. The ridge that Shackleton crater is
located on could also be interpreted as a remnant rim massif of the SPA
basin (Frueh et al., 2025; Gawronska and Boazman, 2025).
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Pre-Nectarian-aged craters are the dominant craters. This includes
Haworth, Shoemaker, Faustini, etc. (Fig. 2). Most Pre-Nectarian and
Nectarian-aged craters have light plains on their crater floors (Qiao
et al., 2024; Wueller et al., 2026c¢). Several Imbrian-aged craters are
distributed within the study region, including Kocher, Wiechert J, etc.
The Shackleton crater is characterized as an Imbrian-aged crater
(Krasilnikov et al., 2023; Wueller et al., 2026c¢). The diameters of the
four Eratosthenian craters are all less than 12 km, but the range of their
ejecta blankets could extend to larger than three times the crater
diameter (Krasilnikov et al., 2023).

3.2. Provenance of materials

Based on the Sharpton (2014) ejecta thickness model, 163 craters that
contribute a primary ejecta thickness thicker than 5 cm were identified. As
the CE-7 candidate site is primarily located within the ejecta of
Imbrian-aged Shackleton crater (about 2.6 times Shackleton’s radius, see
also discussion) (Krasilnikov et al., 2023), 121 craters of Nectarian and
Pre-Nectarian ages were excluded based on the two geological maps
mentioned above. The distribution of the 42 major source craters (Fig. 3) is
relatively homogeneous from all directions. Among these 42 craters, 29 of
them are within the SPA basin, and brought ~22.8 m of foreign material to
the landing site. Other craters did not bring large amounts of foreign ejecta
as Shackleton did, but the local material was excavated and mixed lots of
times by impact gardening.

To further constrain the number of source craters, we comprehen-
sively investigated the morphology of all 42 craters. Craters that are
degraded or were reported to be older than Shackleton at 3.43-3.69 Ga
(Kring et al., 2021; Tye et al., 2015; Spudis et al. 2008) were excluded.
The degraded craters include 24 craters that have no obvious crater rim,
and craters that possess a lot of secondary craters or light plains
(Fig. S2). Eight small source craters whose ejecta blankets are hard to
identify, typically with a radius < 2 km, were treated as young craters.
Two secondary craters were identified as Imbrian-aged (Krasilnikov
et al., 2023).

Within the remaining 18 source craters, the crater that contributed
the highest amount of ejecta is the Shackleton crater. It brought ~11.6 m
of foreign ejecta material to the CE-7 candidate site, ~15.2m in total
(with the mixed local material, ~60% of the total ejecta thickness). The
true thickness of emplaced Shackleton ejecta may be higher, and that
mixing may be less intense based on the topography of the landing site
with respect to Shackleton crater (Wueller et al., 2026c). Followed by
Wiechert J and Antoniadi craters that could contribute ~0.5 m of ejecta
materials. The total thickness of ejecta brought by Imbrian-aged craters
was ~13m. Compared to this, the Eratosthenian-aged craters (e.g.,
Hausen) contribute a small amount of foreign ejecta.

The bootstrap-derived 95% confidence intervals for the primary
ejecta thicknesses are listed in Table 1. For Shackleton crater, the
nominal thickness of ~11.6 m corresponds to a 95% confidence interval
(CD of 5.8-18.1 m, reflecting the propagation of uncertainties in the
Sharpton model coefficients through the non-linear power-law scaling.

As the radius of basins is much larger than most of the craters, around
26 basins contributed foreign ejecta thicker than 1 m. Here, we selected 6
basins that contribute the most foreign ejecta (thicker than 7 m) for further
analyses. These basins include Amundsen-Ganswindt, Schrodinger, Ori-
entale, Australe North, Mendel-Rydberg, and Imbrium. Detailed ejecta
thickness values are listed in Table 1 (Table S1 for full list).

3.3. Surface chemical composition and implications for ejecta provenance

Fig. 4 shows the compositional characteristics of the CE-7 candidate
landing region (Lemelin et al., 2022). The FeO content of the landing
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region varies between 5% and 8%. However, the ejecta deposits of materials from an uplifted SPA basin rim (Frueh et al., 2025; Moriarty and
Shackleton and Faustini craters show lower FeO contents than surrounding Petro, 2024; Wueller et al., 2026c). Although the TiO; content data only
regions, suggesting an anorthositic composition, potentially crustal partly covers the study region, it still indicates that the TiO; content is low
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Fig. 4. Surface chemical composition of CE-7 candidate region. (A) Kaguya SP FeO abundance, (B) Kaguya SP HCP abundance, (C) Kaguya SP LCP abundance, (D)
Kaguya SP OLV abundance, (E) Kaguya SP PLG abundance, and (F) The reflectance of Kaguya SP at 800 nm. The red stars and black frames represent the CE-7

candidate site, the white/yellow regions represent PSRs.

(<1%) near the south pole (southern than 87.5°S), while the content can
reach up to 17% near (-87°S, 150°W), probably indicating a cryptomare
region.

As for the mineralogical contents, the HCP contents inside the study
region are almost all below the detection limit. PLG is the dominant min-
eral phase (~76+6%) at the CE-7 candidate landing site. The content of

LCP becomes lower (~10%) toward the south pole than in regions north of
~87°S (~20%). At the CE-7 candidate site, the OLV content is about 5.4
+4%. We analyzed the lithology (Fig. 5A) of CE-7 candidate site based on
the scheme of Stoffler et al. (1980). It contains ~81% PLG and ~7% LCP;
HCP was not detected, which could be classified as anorthosite. Chemical
compositions of 85°S to the lunar south pole are shown in Fig. S3.
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Fig. 5. (A) Lithology of CE-7 candidate site and 42 source craters that contribute larger than 5 cm foreign ejecta. (B) Band I absorption features of 323 spectra at the

landing site, also showing two spectra at the CE-7 candidate site as examples.
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The spectral absorption features in the region near the CE-7 candidate
site (Fig. 5B) were analyzed. Spectra of 323 pixels of the topographic peak
at the CE-7 candidate landing site were extracted, and the absorption
centers of each spectrum were calculated. The histogram of the absorption
center was plotted and compared to the dataset of Klima et al. (2007). Due
to the limited wavelength range of the spectral data (512-1,571 nm), only
the Band I center was used. The statistical result showed that the absorp-
tion center concentrated near 975 nm, matching the absorptions of LCP,
indicating that the CE-7 candidate region mainly consists of LCP, consis-
tent with Kaguya’s mineralogical datasets.

For the remaining 42 craters (Fig. 3), the average HCP, LCP, and PLG
contents within the crater rims were extracted, with at least tens of pixels in
area (Fig. 5A). The surface chemical composition of Shackleton crater and
the CE-7 candidate site are the most similar, which is consistent with the
interpretation that Shackleton is the predominant source of local ejecta.
The HCP contents of all source craters are low, with half of them less than
2%, and the highest under 8%, all within the errors of the data. Meanwhile,
the PLG contents remain higher than 90%.

3.4. Volatile characteristics

M2 spectrum of the CE-7 candidate site shows an absorption feature
near ~2,850 nm (Fig. 6A, B), which might be hydroxyl signals (Li and
Milliken, 2017). LOLA reflectance data showed an average albedo of
0.37+0.01 at the CE-7 candidate landing site, and 0.385+0.01 within
Crater S (Fig. 6C), 4% higher than the CE-6 site. The off/on ratio of
LAMP data showed an average value of 1.24 + 1 and a max value of 6
within Crater S, while the CE-7 candidate landing site was not covered
by the LAMP data.

PSRs are widely distributed in the study region, mostly inside craters,
and have a circular shape. Near the CE-7 candidate landing site, there are
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large-scale PSRs, such as PSRs within Shackleton (~232 km?, ~15km
from the candidate site), Haynes (~86 kmz, ~24 km from the candidate
landing site), and Slater (~176 kmz, ~15km from the candidate landing
site) craters. However, these PSRs are not accessible by the hopper due to
high slopes and long distances (Li et al., 2025). Along the Shackleton-Slater
Ridge, there are several PSRs around 1-6 km?. Among them, Crater S hosts
a PSR about 5 km? located ~6 km away from the CE-7 candidate site in the
southeastern direction (Figs. 6B, and 7A) and is preferred to be explored by
the CE-7 hopper. According to Diviner thermal measurements, the average
temperature of Crater S throughout a year is ~52K, below the surface
stable temperature of CO5 (62 K) and H,0 (110 K) (Williams et al., 2019)
(Fig. S4). The CE-7 rover might also investigate several small-sized PSRs
located between the candidate CE-7 landing site and Crater S, some of
which are expected to have trapped and accumulated volatiles (Wueller
et al., 2026a).

The ISD data suggests shallow ISD near PSRs, including Crater S and
Shackleton, at a range of 0-0.5m (Fig. 7B). At the CE-7 candidate site
with solar illumination, the ice stability depth is around 2 m. At the CE-7
candidate site, the IFI was nearly zero (Fig. 7C), indicating there might
not be any water ice. However, Crater S has an IFI of ~0.31, even higher
than Shackleton crater (~0.16), showing Crater S is a better candidate
for water ice deposits than the larger Shackleton crater.

4. Discussion

4.1. Lateral and vertical distribution of materials at the CE-7 candidate
region

Laterally, whether CE-7 will land on the ejecta blanket of Shackleton
crater will predominantly control the scientific outcome of the mission. In
the south circumpolar geological map of Krasilnikov et al. (2023), the
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Fig. 6. (A) M spectrum at CE-7 candidate site. A clear adsorption feature can be seen near 2850 nm. (B) PSR of Crater S (in blue) and M® data coverage of the study
region; the CE-7 candidate landing site is shown in the white frame. (C) The LOLA 1064 nm reflectance data. The CE-7 candidate landing site is shown in the black

frame. (D) The LAMP off/on ratio data near the CE-7 candidate landing site.
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Fig. 7. (A) Detailed NAC image and PSRs of the CE-7 candidate landing region (shown in white or black frames). (B) Ice stability depth near the CE-7 candidate

landing region. (C) Ice favorability index near the CE-7 candidate landing region.

ejecta blanket of Shackleton extends to ~20 km outside the crater rim,
including the CE-7 candidate site. The USGS geological map (Fortezzo
et al., 2020), on the other hand, identified a smaller Shackleton ejecta
blanket, only 4-9 km outside the crater rim, putting the CE-7 site in a much
older Pre-Nectarian-aged region. Detailed ejecta extent was mapped and
calculated in (Wueller et al., 2026b), who suggest a maximum of 31 km
from the crater center. Continuous ejecta usually expands 1-2 radii beyond
the crater rim (Osinski et al., 2011), and the CE-7 candidate site is located
at 1.6 radii beyond the crater rim, making it possible that CE-7 lies directly
on its continuous ejecta. In addition, we found that the composition of the
CE-7 candidate landing site and adjacent materials is mostly similar to
Shackleton, and the ~15.2 m ejecta (~11.6 m foreign ejecta, and ~3.6 m
mixed local materials) of Shackleton is estimated to be at the CE-7 site, not
very likely to be discontinuous ejecta for this large thickness (see above).
Thus, we suggest that the CE-7 candidate site is located on the continuous
ejecta blanket of Shackleton, and CE-7 will primarily explore its materials.
Two of the six impact basins (Table 1) are located inside SPA, i.e.,
Amundsen-Ganswindt (~263m of foreign ejecta) and Schrodinger
(~35 m of foreign ejecta) basins. These two basins mainly transported SPA
materials to the CE-7 site. An oblique impact was suggested for Schr
odinger away from the south pole (Kring et al., 2025), resulting in only
minimal Schrodinger ejecta near the south pole. Mendel-Rydberg basin
(~12m of foreign ejecta) is located at the rim of SPA, which might exca-
vate both SPA materials and Feldspathic Highland Terrane (FHT) mate-
rials. Australe North basin (~17 m of foreign ejecta) and Orientale basin
(~16m of foreign ejecta) are approximately several hundred km away
from the SPA basin rim in the FHT. Therefore, highland materials could be
delivered to the CE-7 site. In addition, the second-largest lunar impact
basin (Neumann et al., 2015), namely the Imbrium basin (~7 m of foreign
ejecta), will transport KREEP-rich materials to the CE-7 candidate site, as it
islocated at the Procellarum KREEP Terrane (PKT). Compared with impact
basins, major source craters are located within a much smaller distance
(Fig. 3); among them, 29 source craters are located within SPA, and the
remaining 13 craters are in the FHT region. All of them might provide
fragments with diverse compositions to the CE-7 candidate site.
Vertically, the stratigraphy of the CE-7 candidate site was constrained.
Two pathways contribute to the mixing of materials at the CE-7 candidate
site: (1) Vertical excavation—the Shackleton impact overturned pre-ex-
isting distal ejecta layers from the SPA, Orientale, Schrodinger, and
Imbrium basins, directly incorporating them into its ejecta blanket. (2)
Lateral impact gardening—later small craters (including 29 within the SPA
basin) reworked the upper Shackleton ejecta layer, adding minor
SPA-derived materials laterally. These pathways explain how a site
dominated by Shackleton ejecta can still access ancient basin and poten-
tially mantle-derived lithologies, providing a clear rationale for the

expected compositional diversity at the CE-7 landing site.

Based on the overlapping relationships and the obtained ejecta thick-
ness, we constructed a first-order subsurface stratigraphy of the CE-7
candidate region (Fig. 8). The top layer of the CE-7 candidate site mainly
consists of ejecta from Eratosthenian- and Imbrian-aged craters (e.g.,
Shackleton, Wiechert J, Antoniadi). Covered by Shackleton ejecta are
basin materials from Orientale (3.81 Ga), Schrodinger (3.86 Ga), Imbrium
(3.87 Ga), Mendel-Rydberg (4.13 Ga), Amundsen-Ganswindt (4.26 Ga)
(Orgel et al., 2018), and Australe North (Neumann et al., 2015). We used
the Maxwell Z model (Maxwell, 1977) to trace the depth of materials
excavated and delivered by Shackleton crater to the CE-7 candidate site
(Fig. S5). Maxwell Z model results suggested that the excavation depth
might reach ~2 km, which was deep enough to re-excavate the Imbrium,
Schrodinger, and Orientale basin materials (Fig. S5). If the Shac
Kkleton-Slater ridge is related to SPA, it should be older than the younger
basins and may have influenced their ejecta deposition in this region,
leading to different ejecta thicknesses and mixing with local materials
(Wueller et al., 2026¢). It could also have excavated materials from the
crustal ridge itself, as evidenced by the anorthositic composition of
Shackleton ejecta.

Allin all, CE-7 will likely investigate materials from these three basins,
together with SPA materials from lateral and vertical transport. If SPA
materials were investigated, it would help to analyze the compositional
heterogeneity of SPA together with previous CE-4/6 missions at other parts
of the SPA basin. The SPA basin is characterized by distinct compositional
zones with Ca- and Fe-rich pyroxene (SPA Compositional Anomaly), Mg-
rich pyroxene (Mg-Pyroxene Annulus), and mixed pyroxenes (Heteroge-
neous Annulus) from the center to the exterior (Moriarty and Pieters,
2018). They might represent the distinct compositions of the crust prior
to SPA impact, or SPA melt sheet differentiation (Hurwitz and Kring,
2014). Schrodinger basin materials from SPA are very likely excavated
by Shackleton crater to the CE-7 candidate site (and from other cra-
ters/basins, see above). Orbital hyperspectral observations found abun-
dant olivine outcrops on its floor (Kramer et al., 2013) and peak rings
(Yamamoto et al., 2012), indicating possible mantle exposures. It will be
extremely valuable to identify potential olivine-rich lithologies at the CE-7
candidate site, which likely comes from the Schrodinger basin. Further-
more, it is possible to identify SPA materials, including deep crust or even
upper mantle materials in a region abundant in them (Moriarty et al.,
2021), especially if a southward SPA impact is considered (Andrew
s-Hanna et al., 2025). These SPA materials might be OLV-rich (mantle
materials), OPX-rich (deep crust or differentiation), CPX-rich (SPA
Compositional Anomaly), and could be compared with those SPA mate-
rials explored by CE-4 (Huang et al., 2020) and CE-6 missions (Su et al.,
2025). Altogether, they will help to piece a complex picture of the SPA
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Fig. 8. (A) Vertical profile under the CE-7 candidate site. Layer I (blue): ~445 m, ejecta from Imbrian-aged basins (Orientale, Schrédinger and Imbrium); Layer II
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framed region (the top layer) in (A). Layer I-i (grey): ~1.2m, ejected material from small young craters; Layer I-ii (green): ~3.3m, ejecta from Eratosthenian-
aged craters; Layer I-iii (blue): ~5.7 m, ejecta from Imbrian-aged craters; Layer I-iv (dark blue): ~15m, Shackleton crater ejecta.

impact, probing into the lunar interior, and providing additional con-
straints on SPA basin processes (Jolliff et al., 2021) and the magma ocean
model (Elkins-Tanton et al., 2011). The stratigraphy of these materials
could be constructed by the LPR (100 MHz-1,500 MHz, 10 MHz-110 MHz)
onboard the rover; their mineralogy and composition could be measured
by the LRS (300-6,000 cm_l) onboard the rover together with the Lunar
Neutron Gamma Spectrometer and the WISMIA onboard the orbiter.

4.2. Volatile distribution at the CE-7 candidate landing region

Multi-source datasets were used to analyze the volatile potentials and
their characteristics at the CE-7 candidate region. As for the candidate site
(Fig. 7A), M> spectra showed a relatively distinct water/hydroxyl ab-
sorption feature near 2.85 um (Fig. 6). The PSR within Crater S (Fig. 7A)
has an average albedo of 0.385 at 1064 nm and a maximum temperature of
~ 78K (Williams et al., 2017). Previous analysis of LOLA 1064 nm
reflectance data showed that the high albedo at low-temperature
(maximum temperature < 110K) regions could be related to the pres-
ence of potential surface water ice (Fisher et al., 2017). This agrees with the
result of Crater S. As for the LAMP data, the off/on ratio would rise with
water ice concentration (Hayne et al., 2015). Inside Crater S, the average
ratio was ~1.24. Compared to the typical ratio of ~0.8 in regions that are
not likely to possess water/ice, this indicates potential water ice inside
Crater S. We note that the value of LOLA 1064 nm albedo might be related
to soil maturity (Lucey et al., 2014), but the LAMP ratio should not
correlate with maturity. The content of water ice, however, might be low,
as the ratio was much higher (~1.73) within the PSR of Shackleton crater.

Orbital and in situ measurements of lunar south pole will provide
constraints of volatiles in different scales and support each other. The
detection results from the CE-7 measurements, combined with thermal
stability models and capture/retention models, can facilitate a compre-
hensive assessment of lunar volatiles. Multiple CE-7 payloads would be
able to measure low-abundance surface water, including WISMIA on orbit
and IsMSV from surface. Covering a wide wavelength range from 0.45 to
10 pm (including the most obvious water absorption feature near 6 pm),
WISMIA on the orbiter will be used for large-scale surface water/ice
detection, including the CE-7 site and Crater S, even globally to compare
with M® observations (Li and Milliken, 2017). IsMSV on the rover is
designed specially to detect various kinds of volatiles (He, CO, Ar, etc.) on
surface. These two payloads will contribute to the in situ and orbital water
detection at the CE-7 site, as well as along the route of the rover that likely
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passes by a few PSRs. They will compare the water content/volatile types
between small/big PSRs, in different thermal and geological conditions.
Both WISMIA and IsMSV are more likely to capture the weak signals of
potential surface water/ice than previous datasets with their wider
wavelength coverage (0.45-10pm) and sensitivity (volatile content
detection limit >0.01 wt.%) (Wang et al., 2024), respectively.

In addition, LSWMA will be onboard the CE-7 hopper. It will investigate
Crater S for its surface/subsurface water contents and hydrogen/oxygen
isotopes concurrently (Chen et al., 2024). Lunar soils will be collected and
heated to extract any potential water ice, and loaded into the measurement
mechanism to be analyzed by the miniaturized tunable laser spectrometer
(Li et al., 2025). The current three major sources of lunar water include
solar wind, volcanic activities, and asteroid impacts (also cometary im-
pacts and micrometeoroid bombardment) (Anand et al., 2014; Head et al.,
2020; Zhou et al., 2024). Measuring hydrogen isotopes could enable
interpretation of their potential sources. Any surface volatiles in Crater S
were likely removed or buried by the Shackleton impact (Wueller et al.,
2026c¢). Thus, the potentially exist volatile must have been subsequently
delivered or migrated.

Even if there is no surface water identified, the hopper could drill down
up to 1 m to extract subsurface soils, at which depth water ice should be
stable and may exist. In addition, the LPR that is expected to detect sub-
surface structures deeper than 40 m (for 100 MHz-1,500 MHz) or even
400 m (for 10 MHz-110 MHz). The subsurface water ice could be detected
because its physical properties differ from lunar soils, especially its
dielectric constant controlling the propagation of radar echoes (ice: ¢ = 3;
lunar soil: ¢ = 5) (Zhao et al., 2025). As discussed above, even at the CE-7
candidate site, large-scale surface water ice exposures are unlikely to exist,
but are predicted to be stable at a depth of >2m, fully in the region of
discernibility by LPR.

5. Conclusions

In this study, we established a comprehensive geological context for
the CE-7 candidate site at Shackleton-Slater Ridge to support this up-
coming south pole mission. Our key findings are summarized below:

1. Geological Setting and Material Provenance: The candidate landing
site is located on Shackleton crater's continuous ejecta blanket,
approximately 1.6 crater radii from the rim. Provenance analysis
indicates that Shackleton crater is the predominant source of local
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materials, contributing ~11.6 m of primary ejecta. In addition, 29
key source craters from within the SPA basin contribute to the local
regolith, delivering a mixed assemblage of SPA-related lithologies.
Materials from impact basins, including the Amundsen-Ganswindt,
Schrodinger, and Orientale basins, were calculated to be buried at
several hundred meters depths. Excavation by the Shackleton impact
could have exposed these deeper SPA and other basins’ materials on
the surface, making them accessible for CE-7 payloads.

2. Compositional Characteristics: The surface materials at the landing
site are compositionally uniform, dominated by anorthosite (~80%
plagioclase) with a low-Ca pyroxene (LCP) component (~10%). This
lithology is consistent with the magnesium-rich, noritic composition
expected for materials within the SPA basin's influence. High-Ca
pyroxene (HCP) and TiO, are notably low in the CE-7 candidate
landing region, further supporting a non-mare, feldspathic-rich
provenance.

3. Volatile Assessment: Multi-dataset analysis of the PSR within Crater
S and the CE-7 candidate landing region reveals evidence for the
possible existence of surface water/ice. M® spectra show an absorp-
tion feature of hydroxyl, and LOLA reflectance data show high
reflectance inside the PSR. Subsurface ice could exist ~2 m under the
candidate landing site. The CE-7 mission's scientific payloads,
particularly the LSWMA, are crucial for detecting these potentially
elusive volatile signals.

4. Scientific Implications: The CE-7 mission aims to explore the lunar
south polar region. By investigating materials associated with Shack-
leton, other local craters, and potentially deep basin ejecta, CE-7 will
provide ground-truth data for models of SPA composition and evolu-
tion. Furthermore, its volatile search will directly test hypotheses
regarding water sources and migration in permanently shadowed re-
gions. The findings from this study offer a predictive framework for
interpreting the data that CE-7 will return, bridging the gap between
orbital remote sensing and in situ analysis.
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