
85 https://janss.kr  plSSN: 2093-5587  elSSN: 2093-1409

Research Paper
J. Astron. Space Sci. 42(4), 85-96 (2025) 
https://doi.org/10.5140/JASS.2025.42.4.85  

Copyright © The Korean Space Science Society

Episodic Mass Wasting and Exposure of High Reflectance Material 
Within the Shackleton Crater Permanently Shadowed Region

Prasun Mahanti1†, Shuai Li2, Mark S. Robinson1, Thomas Watters3, Paul Lucey2, Brad Jolliff4,  
Madeleine Manheim1, Cordell Michaud1

1Intuitive Machines, Phoenix, Arizona, AZ 85004, USA 
2Hawaii Institute of Geophysics and Planetology, University of Hawaii, Honolulu, HI 96822, USA
3Smithsonian Institution, Washington, DC 20024, USA
4Department of Earth, Environmental, and Planetary Sciences, Washington University, St. Louis, MO 63130, USA

The Shackleton crater permanently shadowed region (PSR) exhibits high 1,064 nm reflectance and S-band radar circular 
polarization ratios (CPR), which previous studies interpreted as indicating the presence of water-ice or frost. In the absence 
of photogeologic evidence, alternative hypotheses offered for the reflective properties of the Shackleton crater PSR (mass 
wasting, presence of pure anorthosite, and interior blockiness) were not confirmed. ShadowCam has acquired high signal-
to-noise ratio stereo images of Shackleton crater; we use these images, derived digital terrain models, and M3 data to show 
that episodic mass wasting is active inside Shackleton, arising from the instability of steep wall slopes. We conclude that 
the relatively high reflectance within the Shackleton PSR results from continued exposure of plagioclase-rich material and 
not from water-ice or frost. In addition, mass wasting also excavates small blocks that collect on the wall and floor, mainly 
responsible for the enhanced radar CPR signature.
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1. INTRODUCTION 

Considering its reported age [> 3.4 Ga (Spudis et al. 2008; 

Zuber et al. 2012; Tye et al. 2015; Kring et al. 2021), ~2.5 Ga 

(Giuri et al. 2024)], Shackleton crater (20 km diameter) is 

a well-preserved simple bowl-shaped crater. Lunar orbiter 

laser altimeter (LOLA) topography (Zuber et al. 2012) 

indicates steep walls (> 30°) uncharacteristic of craters of 

early Imbrian and older ages (Kreslavsky & Head 2016). 

Alternatively, larger younger craters (Copernican and 

Eratosthenian) exhibit steeper wall slopes and extensive 

mass wasting features (Xiao et al. 2013; Kokelaar et al. 

2017; Watters et al. 2022). However, the interior walls of 

Shackleton crater show no clear evidence of large-scale 

wall slumping or regolith flow and appear smooth from 

the available LOLA topography. Downslope streamers of 

low-albedo regolith were identified (Gawronska et al. 2020) 

at directly illuminated rim sections Lunar Reconnaissance 

Orbiter Narrow Angle Camera (LROC NAC) images (Robinson 

et al. 2010), but since much of Shackleton crater is within a 

permanently shadowed region (PSR), such image analysis 

was not possible in the earlier work.

The South Pole-Aitken (SPA) basin formation event may 

have ejected and emplaced the primordial anorthositic 

layer in the south polar region. Shackleton crater formed 

on the rim of the SPA basin, implying that its pre-impact 

surface was primarily SPA ejecta, likely composed of ancient 

crustal material [primarily anorthosite (Ohtake et al. 

2009)]. Spectral Profiler data from SELENE and LROC NAC  

photogeologic inference both suggest the presence of pure 

anorthosite on the sunlit portions of the crater rim and wall 

(Yamamoto et al. 2012; Gawronska et al. 2020). However, 
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illumination is insufficient to allow spectral compositional 

determinations inside the PSR boundary, which starts 600 

m to 1,400 m below Shackleton’s rim.

The interior of Shackleton crater was suggested to contain 

water-ice from the bistatic radar experiments (Nozette et 

al. 1996) and from neutron spectroscopy measurements 

(Feldman et al. 2000). One hypothesis for the relatively 

high interior optical reflectance of Shackleton crater was 

the presence of up to 20% water-ice (Zuber et al. 2012). 

Competing hypotheses were suggested for the observed 

optical and radar reflectance properties (Simpson & Tyler 

1999; Thomson et al. 2012; Zuber et al. 2012; Haruyama et 

al. 2013; Lucey et al. 2014); the absence of high-resolution 

surface images and topography hindered testing these 

interpretations.

Here, we bridge the knowledge gap with ShadowCam 

(Robinson et al. 2023) images enabled by secondary 

illumination. ShadowCam is an instrument onboard the 

Korean Pathfinder Lunar Orbiter (KPLO; also known as 

Danuri) designed to acquire high-resolution images at the 

PSRs to create maps for scientific analysis and exploration. 

From these images, we mapped the interior landforms 

within the Shackleton crater PSR and measured topographic 

slope from the ShadowCam digital terrain model (DTMs) 

to recognize modifications caused by mass wasting and 

characterized wall slope stability. Finally, we geo-localize 

pure anorthosite from the spectral identification of 

crystalline plagioclase within the directly sunlit portions 

of Shackleton crater and link them to ShadowCam 

observations of high radiance contrast outcrops.

2. DATA AND METHOD

2.1 Assessment of Slope - Horizontal Curvature and Wall 
Stability

Our analysis utilizes 2-m/pixel images acquired by 

ShadowCam and topography derived from ShadowCam 

stereo images (also see Appendix 1). Nine radiance 

(Wm−2sr−1µm−1) calibrated stereo observations (Humm et 

al. 2023) were used to obtain a 12 m/px DTM of a pole-

facing interior sector of Shackleton crater (Fig. 1(a)). Using 

the ShadowCam DTM of the interior wall of the Shackleton 

crater, we calculate the slope (Fig.1(b)), derive slope 

statistics and investigate the interior wall slope stability (Fig. 

1(c)) with a factor of safety (Fs) analysis. 

For an infinite-slope stability model (Watters et al. 

2024), the factor-of-safety (Fs) describes the ratio of shear 

strength to shear stress for downslope movement (Newmark 

1965; Gallen et al. 2015). The infinite-slope stability model 

considers surface slope (θ; bidirectional slope), angle of 

internal friction (ϕ; assumed to vary between 30° to 35°; 

Mitchell et al. 1972), cohesion (C), thickness (t) and bulk 

density ρr of the regolith layer. Here, we assume a bulk 

density of 1,660 kg/m3 for the regolith (Mitchell et al. 1972; 

Carrier et al. 1991), and that the regolith has low cohesion 

(0.1 kPa; Mitchell et al. 1972). The minimum thickness of 

the regolith layer moving downslope is assumed to be about 

1m, since recent regolith landslides observed in LROC NAC 

temporal images (Watters et al. 2022) do not form detectable 

detachment scarps (Watters et al. 2024).

In terms of the parameters, Fs is expressed as
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Of these parameters, regolith cohesion has the most 

significant influence on slope stability (Watters et al. 2024). 

We compute Fs for each cell in the partial DTM, and the 

entire crater interior from 60 m LOLA digital elevation 

model (DEM; Barker et al. 2021) since the ShadowCam 

DTM had limited coverage. A cell is deemed unstable if Fs 

< 1. A higher angle of friction can allow steeper slopes to be 

stable. The angle of friction, ϕ, was varied in our analysis to 

determine the maximum angle of friction for each cell.

Topographic signatures indicating erosional/mass-

wasting features and downslope motion are found using 

horizontal curvature (Kh) maps computed in a direction 

perpendicular to the slope. Kh maps show the convergence 

and divergence (Krcho 1983; Shary et al. 2002) of flow 

across the interior wall surface. Positive, negative, and zero 

curvatures indicate whether the surface is convex (like 

ridges), concave (like channels), or flat.

2.2 Crystalline Plagioclase Abundance Map

To localize pure anorthosite, we utilized a crystalline 

plagioclase map (140 m/px; Li et al. 2025), which was 

derived from a controlled mosaic of thermally corrected 

(Li & Milliken 2016) and spatially registered M3 data near 

the lunar south pole (see also Appendix 3). We applied 

integrated band depth (IBD) parameters to differentiate 

between various mineral  and glassy components. 

Specifically, IBDs near 1 μm were used to detect pyroxene, 

olivine, and glasses, while plagioclase was assessed using 

IBDs near 1.25 μm. Pyroxene and spinel were identified 

based on IBD values near 2 μm. These band parameters 

are consistent with those reported in Cheek et al. (2013), 

and Hanna et al. (2014). Strong absorptions near 1.25 µm 
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indicate the presence of crystalline plagioclase, which 

exhibits higher reflectance compared to mafic components 

and mature regolith, resulting in significant contrast 

differences in radiance images.

3. RESULTS AND DISCUSSIONS

3.1 Episodic Mass Wasting Active inside Shackleton Crater

Shackleton crater is bowl-shaped with a depth-to-diameter 

Fig. 1. ShadowCam stereo ortho-mosaic (a) revealing high reflectance ‘bright’ units ~1 km from the floor. (b) Shackleton slope map in polar stereographic 
projection. X and Y axis are distance in meters from south pole. Colorbar indicates bidirectional slope. Examples of locations of extreme high wall slopes (99th 
percentile) close to floor are marked with black ‘+’ sign. Slope instability maps at Shackleton crater from (c) ShadowCam DTM’s (12 m/px) and (d) LOLA DEM (60 
m/px). Colors indicate the maximum angle of friction for stable slopes, indicating that most of these slopes (b) are unstable. The dashed black arrows show the 
possible landslide directions. DTM, digital terrain model; LOLA, lunar orbiter laser altimeter; DEM, digital elevation model.
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ratio of 0.195 ± 0.025 and a well-preserved rim crest typical of 

relatively fresh craters. Interior walls within the Shackleton 

PSR appear smooth at scales above 30 m, and ShadowCam 

images show relatively high reflectance outcrops. Interior 

slopes of permanently shadowed walls within our high-

resolution map area (Fig. 1(b)) range from 23° (1st percentile) 

to 39° (99th percentile) with a median of 31°. The 90th, 95th, 

and 98th percentile slopes are 35°, 36° and 38°, respectively, 

all higher than the typical angle of repose for dry materials 

(Mitchell et al. 1972; Jaeger et al. 1989).

Previous studies indicate that slopes of 32° or steeper 

mostly occur in craters with ages younger than early Imbrian 

(Kreslavsky & Head 2016). In this study, we find that our 

conservative maximum slope values (99th percentile) are 

39°, >10% higher than previously reported maximum values 

for Shackleton crater (35°, at 10 m baseline, Zuber et al. 

2012). Additionally, approximately 9% of the permanently 

shadowed wall area has slopes greater than 35°. Further, our 

wall slope analysis of large craters (D > 5km) near the south 

pole reveals that Shackleton is one of the few craters within 

ten degrees of the south pole with such steepness of the 

interior walls.

Analysis of Shackleton wall slope stability (Watters et 

al. 2024) using a 468 m/px (LOLA; Barker et al. 2016) DTM 

suggests that most of the steep slopes in Shackleton crater 

are susceptible to regolith landslides. A similar analysis 

was conducted here for the entire Shackleton PSR wall 

area (Fig. 1(d)) using a 60 m/pixel LOLA DTM and for the 

ShadowCam DTM (12 m/pixel, Fig. 1(c)), corroborating this 

recent finding with additional details.

•	 ‌�Unstable slopes within PSR are larger than 32°, and 

occur from ∼500 m below the rim up to a depth of ~2 to 

~2.7 km below the rim (Fig.1 and Fig. A2 in Appendix 4).

•	 ‌�Approximately 30% of the wall area inside the PSR 

boundary has unstable slopes in both ShadowCam 

and LOLA DTMs.

•	 ‌�Slope instability is non-uniform and asymmetric. 

The far/bottom interior walls are more stable than 

the near/top interior walls. The most unstable region 

is (Fig. 1(d)) ∼5 km away from the south pole (local 

median slope > 37°), at the leading rim (about 800 

meters higher than the trailing rim). (Directionality 

descriptions in Appendix 2 and Fig. A1).

•	 ‌�The Fs maps show two stable zones (rim-floor 

direction) in the far/bottom interior walls. Wall slides 

that lead to the two slumps (Fig. 1(d), P and Q) at the 

wall-floor intersection may have removed outcrops, 

thus lowering wall instability here. Impacts near 

Shackleton’s rim (–89.58, 198.00, e.g., dashed circle 

in Fig. 1(d)) were recently suggested as the cause 

for landslides leading to the floor mounds P and Q 

(Mitusov et al. 2023).

•	 ‌�Within the range of ϕ (30° to 35°) selected for analysis, 

the slopes estimated from ShadowCam DTM are 

stable if ϕ > 33°. Hence, we hypothesize that the angle 

of internal friction at Shackleton’s interior walls must 

be less than 33° to support mass wasting.

Extreme high slopes and factor of safety computations 

from ShadowCam DTMs from this work indicate that mass 

wasting processes (falls, slides, slumps, flows, and creeps) 

should be active within Shackleton. Signatures of such 

processes can be found in (Xiao et al. 2013) for craters of 

Eratosthenian or Copernican age.

ShadowCam images and DTMs reveal evidence of 

episodic mass wasting within Shackleton crater. In PSRs, 

the diffuse nature and large phase angles of secondary 

illumination suppress reflectance contrast, making it 

difficult to identify subtle flowlines. However, some 

ShadowCam images (Fig. 2(a) and 2(b)) show these flow 

lines overlapped by block-fall tracks, indicating downslope 

movement. Flow lines and block tracks also form criss-

cross patterns seen in ShadowCam images, expected 

from the inherent randomness of the block-fall pathways. 

ShadowCam images show examples that debris flows initiate 

above the PSR boundary (Fig. 2(c)) - similar to downslope 

streamers of low albedo regolith identified (Gawronska et al. 

2020) in LROC NAC images near Shackleton’s rim.

Topographic signatures of slope erosion can be observed 

in maps of horizontal curvature (Kh maps, Fig. 2(d)). The Kh 

maps reveal flow patterns caused by a cumulative erosional 

mechanism. The Kh maps show converging negative 

curvature striations in the rim-to-floor direction while 

forming crisscross patterns. Nearer to the rim, the Kh map 

patterns resemble similar patterns seen in ShadowCam 

images (Fig. 2(c)). Evidence of large-scale (> 100 m wide) 

flows and landslides that can dislodge large volumes of 

debris is not seen in ShadowCam images.

At the steep walls within PSRs, erosion [from impact 

shaking and endogenic seismic activity; (Mishra & Kumar 

2022; Watters et al. 2024)] moves loose regolith and blocks 

downslope as debris flows. Only a few fresh small craters 

(D < 30 m) are observed on the crater walls because debris 

flows quickly erase small craters. Large median wall slopes 

without distinct signs of significant sliding events indicate 

that mass wasting mainly occurs as dry, sweeping, granular 

flows (Xiao et al. 2013) in the rim-to-floor direction. The 

downslope debris flow does not lead to deep channel 

formations and is more similar to narrow (< 20 m wide) 
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sweeping flows observed in Copernican/Eratosthenian 

craters, which move loose soil and block fragments (Xiao et 

al. 2013). Similar flow patterns are visible (Xiao et al. 2013; 

Kokelaar et al. 2017) in directly illuminated images of steep 

morphology elsewhere on the Moon (e.g., crater walls, 

volcanic pits and domes, mountainous elevations).

ShadowCam images show that the interior of Shackleton 

crater is peppered with blocks. Compounded with the 

distribution of steep, unstable slopes (Fig. 1) and the evidence 

of mass wasting flows (Fig. 2), these observations are 

consistent with a young age. Accordingly, we suggest that 

Shackleton is not of Imbrian age but is younger, at least mid-

Eratosthenian (~2.5 Ga). A similar suggestion supporting 

an Eratosthenian age for Shackleton ejecta deposits was 

made recently (Giuri et al. 2024) from crater size frequency 

distribution analysis (CSFD), contrasting previous work 

(Spudis et al. 2008; Zuber et al. 2012; Tye et al. 2015; Kring et 

al. 2021) that estimates the age of Shackleton to be > 3.4 Ga.

Fig. 2. ShadowCam images ((a) from stereo mosaic, (b) from image M084203041S) show the combined effect of flow lines and block tracks in the general rim-to-
floor direction (blue arrows). Tracks and flow lines, visible in both the floor (with a darker contrast in the radiance image) and the wall regions (relatively brighter), 
overlap and cross each other. ShadowCam images ((c) from image M081161776S) also show signatures (black arrows) of downslope flow near the rim, where some 
of the flows originate. Similar signatures can be seen in the horizontal curvature (Kh) map computed from the lunar orbiter laser altimeter DTM (LOLA DTM) (d). 
Pixels within the Kh map and inside Shackleton’s rim are colored based on curvature sign - blue pixels (negative curvature) represent local concavities, while red 
pixels (positive curvature) are locally convex. The local concavities merge and converge, transporting debris in the rim-to-floor direction. DTM, digital terrain model.
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3.2 Crystalline Plagioclase Exposures within Shackleton 
Crater

Previous work determined that the spectral identifications 

of pure anorthosite correspond to high albedo blocky 

exposures within the interior walls of Shackleton crater 

down to a depth of approximately 1 km (Yamamoto et al. 

2012; Gawronska et al. 2020). Blocks in the Shackleton ejecta 

with similar albedo contrast were speculated (Gawronska et 

al. 2020) to be ejected blocks of purest (> 98% plagioclase) 

anorthosite (PAN; Ohtake et al. 2009). Here, we used the 

unique absorption near 1.25 µm in M3 data to identify 

crystalline plagioclase exposures (Ohtake et al. 2009; Cheek 

et al. 2013; Cheek & Pieters 2014) in our map for pure (> 95% 

plagioclase) anorthosite detections.

ShadowCam observations of the Shackleton permanently 

shadowed walls show distinct high reflectance units as 

far as < 2 km below the rim (Fig. 2). Some ShadowCam 

observations also image the temporarily shadowed region 

(i.e., directly illuminated at other times) below the rim 

and show the high reflectance outcrops. Where available, 

overlaying the M3 data over ShadowCam images (Fig. 3, 

temporarily shadowed areas) allows us to follow a spectral 

detection of crystalline plagioclase from the temporarily 

shadowed (for which M3 data is also available when it was 

sunlit) region, associate the spectral signatures with the high 

reflectance outcrops, and then follow the high reflectance 

outcrops on the permanently shadowed wall towards the 

floor. Our analysis of the M3 observations confirms that the 

high reflectance outcrops are consistent with crystalline 

plagioclase observed along the rim in primary illuminated 

areas. 

Our M3 maps (Li et al. 2025) show that crystalline 

plagioclase is present at Shackleton below the rim and outside 

the PSR. The plagioclase detections are extensive at the near/

leading wall but less at the trailing wall (pole-facing), which is 

glass or pyroxene-rich and lower in plagioclase content. The 

two relatively stable zones discussed earlier (Section 3) have 

Fig. 3. Crystalline plagioclase at Shackleton crater. (a) Mineralogy derived from M3 observations. Green pixels indicate plagioclase-rich regions. Colored lines drawn 
indicate locations of other mineralogy components (b) M3 spectra of crystalline plagioclase-rich pixel on the rim of the crater (–89.822°S, –157.307°W). A spectrum 
of terrestrial pure, crystalline plagioclase is plotted to indicate the unique absorption near 1.25 µm seen (red arrow indicates center of the range) in terrestrial and 
lunar crystalline plagioclase. (c) ShadowCam image M014524048S of the leading wall (nearer to the south pole) of Shackleton, showing exposed high reflectance 
units. M3 data (red dots) overlayed indicates crystalline plagioclase rich locations that also partially overlap bright PAN (purest anorthosite [≥ 98% plagioclase; (Ohtake 
et al. 2008)] exposure identified in earlier work (Yamamoto et al. 2012; Gawronska et al. 2020). Directionality descriptions are provided in Appendix 2 and Fig. A1.  
PAN, purest anorthosite.
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a low density of outcrops and a muted plagioclase signature 

at the corresponding rim portions. Landslides removed the 

rim portions at these zones, smoothed the outcrops, and led 

to floor mounds.

The assessment of PAN based on the absorption near 1.25 

µm also requires the measurement of mafic components, 

particularly pyroxene. Thus, we also examine absorptions 

near 1 µm and 2 µm to constrain the abundances of mafic 

minerals, which indicate purity (> 95% plagioclase). The 

absence of pronounced absorptions near either 1 µm or 2 

µm indicates very low mafic (e.g., pyroxene) content (< 2%; 

Cheek et al. 2013), typical of pure anorthosite.

3.3 The High Albedo and Blockiness of Shackleton Crater 
Interior

The albedo of the interior is high for fresh craters of 

its size, though not uniquely so (Lucey et al. 2014). The 

presence of high albedo crystalline plagioclase, steep 

slopes that facilitate exposure of the high albedo material, 

and possibly reduced darkening of the exposed material 

from space weathering are responsible for the high wall 

albedo. While surface ice / frost was posed as an alternate 

explanation for the anomalously high reflectance in 

earlier work (Zuber et al. 2012), our analysis of over 200 

ShadowCam images of the wall and floor does not reveal 

clear evidence of surface ice or frost. In the context of 

previous water frost detections within Shackleton crater 

(Li et al. 2018), if present, then such concentrations are low 

and do not result in identifiable signatures in ShadowCam 

images. Furthermore, if a higher concentration of water-

ice was mixed with regolith, a significantly higher cohesion 

(Gertsch et al. 2006) would result, opposing the mass 

wasting evidenced in this work.

Shackleton’s floor exhibits lower average radiance than 

the walls (Mahanti et al., 2023). A large part of the floor is 

occupied by landslide material that appears to superpose 

any possible original impact melt and ejecta fallback from 

crater formation. Over time, the floor material should have 

matured similarly as the ejecta albedo outside the rim. 

However, the continuous admixing of debris from the wall 

elevates the average albedo of the floor, compared to other 

south polar surrounding craters. Coupled with reduced 

darkening from space weathering within PSRs, this is a 

probable reason for the elevated floor albedo of Shackleton 

(Lucey et al. 2014). Continuous mass wasting processes at 

the walls dislodge blocks that contribute blocks now visible 

on the wall and floor, and more blocks are possibly buried 

under mature regolith. An overall blocky interior is perhaps 

largely responsible for the circular polarization ratios (CPR) 

enhancement observed earlier for Shackleton (Nozette et al. 

1996; Simpson & Tyler 1999).

4. CONCLUSION

In this study, we evaluate previous hypotheses about the 

distinctive relative reflectance of Shackleton crater’s interior, 

as reported from the Clementine (Nozette et al. 1996), LRO 

(Zuber et al. 2012), and Kaguya (Haruyama et al. 2008) 

missions, using high-resolution PSR images and topography 

from ShadowCam. We confirm the occurrence of near-

continuous mass wasting, as hypothesized by Haruyama et al. 

(2013) and Zuber et al. (2012), based on flowline signatures 

observed from images of the permanently shadowed interior 

walls. ShadowCam images show that small craters (D < 30 

m) are sparse on the inner walls, suggesting that debris flows 

occur both frequently and episodically. Previous studies 

point out that wall slopes near the angle of repose lead to 

the exposure of high reflectance underlying material. We 

confirm this, but add from ShadowCam DTMs that at small 

pixel scales (12 m), particularly on wall scarps, much steeper 

slopes exist (39° at 99th percentile). These extreme slopes 

cause instability in the walls, as shown by our computations, 

resulting in periodic mass wasting. These events are primarily 

characterized by dry, sweeping granular flows whose 

flowlines are visible in ShadowCam images, overlapping with 

block-fall tracks. Over time, these granular flows significantly 

alter the topography, creating distinct convergence patterns 

observable in horizontal curvature maps. The combination 

of ShadowCam images and topographical data confirms 

that significant landslides have occurred in the past, likely 

triggered by nearby impacts. Further, the ShadowCam images 

reveal a rocky interior in Shackleton, likely resulting from 

frequent debris flows and contributing significantly to the 

elevated radar brightness observed in the area.

Our work independently uses M3 observations to confirm 

the presence of crystalline plagioclase near the permanent 

shadow boundary, consistent with the earlier observations 

of pure anorthosite (Yamamoto et al. 2012). Here, we 

extend the previous findings to within the permanently 

shadowed walls, comparing ShadowCam images with 

M3 observations. We demonstrate that the plagioclase-

rich rim and walls serve as a high-albedo source material, 

which is then intermittently exposed due to the extreme 

slopes. We rule out the hypothesis that the anomalously 

high reflectance inside Shackleton is due to the presence 

of ice or frost (Zuber et al. 2012). Our analysis of over 200 

ShadowCam images of the wall and floor does not show any 

clear evidence of surface ice or frost (supporting with visual 
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evidence the discussions in Haruyama et al. 2008). Overall, 

ShadowCam observations synthesize previous hypotheses 

about Shackleton, and we conclude that the relatively 

high reflectance within the Shackleton PSR is due to the 

continued exposure of plagioclase-rich material, rather than 

water ice or frost.

Our work also explains the observation (Lucey et al. 

2014) that the floor of Shackleton is relatively brighter 

than other nearby craters. The floor of Shackleton crater is 

predominantly covered with mature regolith that exhibits 

lower reflectance than the surrounding walls. However, 

compared to the floors of nearby craters, Shackleton’s 

floor exhibits higher reflectance because of the continual 

admixing of high albedo material from the walls onto the 

floor.

We also propose that Shackleton Crater is younger than 

its commonly assigned Imbrian age of more than 3.4 billion 

yr (Spudis et al. 2008; Zuber et al. 2012; Tye et al. 2015; Kring 

et al. 2021). This hypothesis is based on our observations 

of very steep wall slopes and mass wasting features in the 

Shackleton crater, which are typical of Copernican and 

Eratosthenian craters. Our hypothesis is consistent with 

recent analysis (Giuri et al. 2024), suggesting that Shackleton 

may have formed as early as the mid-Eratosthenian period 

(~2.5 Ga).
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APPENDIX 1. 

ShadowCam Images and ShadowCam DTMs 

The ShadowCam team creates digital terrain models at 

6-7 m/pixel using images that were targeted for geo stereo 

(Manheim et al. 2024). These images are acquired on close-to-

successive orbits to ensure similar lighting conditions between 

images. Typical stereo sets consist of a nadir image and a 

~20° pitch slew. The Shackleton DTM and mosaic used here 

was produced using nine images (five nadirs: M043503903S, 

M043475618S, M043461476S, M043532189S, M043503903S, 

and four pitch slews : M043482711S, M043468570S, 

M043454432S, M043525136S, M043510996S) that were 

acquired on December 21, 2023, during the lunar south pole 

summer. In addition to these 9 images, two observations 

M081161776S and M084203041S acquired at 1 m/pixel scale 

were used. ShadowCam DTMs are produced using SOCET 

SET 5.5.0, a commercial software from BAE Systems, and 

USGS ISIS, using the methods outlined in Henriksen et al. 

(2017). They are controlled to the best available LOLA track 

dataset; in this case, the LOLA point cloud LDEM 80S ADJ.

XYZI (Barker et al. 2023). DTMs are extracted at ~3 times 

the pixel scale of the stereo images. The ShadowCam team 

releases derived products, including DTMs, on a three-month 

schedule; products are to become available about one year 

after the images used to create the products were acquired. 

ShadowCam data products are available from the PDS 

(https://pds.shadowcam.im-ldi.com/).

APPENDIX 2. 

Directionality Description 

To discuss direction, we use the convention near/far/

trailing/leading for up/down/right/left respectively in a 

standard south polar stereographic projection (Fig. A1). 

In this description near (up) indicates towards Earth, far 

(down) indicates away from Earth, leading (left) indicates 

the leading hemisphere of the Moon and trailing (right) 

indicates the trailing hemisphere of the Moon. The 

corresponding walls of Shackleton are also marked as near/

far/trailing/leading. Consequently, a combination of near/

far and leading/trailing can be used to describe directions 

in between. For example, far-trailing wall indicates the wall 

region between the trailing and far walls.

Fig. A1. Visual direction reference for this work.
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APPENDIX 3. 

Polar Maps of Crystalline Plagioclase from M3 data 

The crystalline plagioclase is mapped from a controlled 

mosaic of M3 data near the lunar south pole. The M3 data 

were first thermally corrected using the method in (Li & 

Milliken, 2016). We used the maximum median reflectance 

value for a pixel with multiple repeat observations, which 

could help to exclude observations in shadow. However, if 

all repeat observations were in shadow, we defined such 

regions are not covered by M3. Due to the degraded signal-

to-noise ratio (SNR) of M3 data in the polar regions, we 

used a smoothness threshold developed in the study of (Li 

et al. 2025) to rule out noisy pixels in our mosaic. M3 data 

in OP1A, 1B, and 2A were acquired when the star-tracker 

still worked and were preferentially used in our mosaic to 

ensure the accurate spatial registration of the final mosaic 

products. M3 data in those three OPs covers around 65% of 

the polar regions. We manually picked M3 image cubes from 

OP2B (140 m/pixel) and OP2C (280 m/pixel) that match 

best (e.g., least registration offset) with the commonly used 

LOLA digital elevation model (DEM) product SLDEM2015 

(60 m/pixel; Barker et al., 2016) to fill the remaining around 

35% gaps. The high sampling density of M3 data near the 

poles allows us to derive a polar mosaic of M3 data at 140 m/

pixel (Li et al. 2025).

APPENDIX 4. 

Unstable Slope Locations on the Shackleton Topography

Fig. A2. Visualization of locations (black dots) with slope values 32° or 
higher for outcrops and are unstable from our analysis. Apart from the 
elevation contours (marked with numbers), the figure also shows Shackleton’s 
rim (black), PSR boundary (red), and floor boundary (blue) used in this work. 
Map in polar stereographic projection. X and Y axis are distance in meters 
from south pole.
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