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A B S T R A C T   

The lunar south pole, on the rim of Shackleton crater, is the target for the next human landing on the Moon. We use numerical modeling to investigate the formation 
of that crater and the distribution of ejecta around the south pole. We find that a 1.5 km diameter asteroid with a chondrite-like composition, vertically impacting a 
gabbroic anorthositic target at 15 km/s, forms a crater morphologically similar to Shackleton. If the impact had a shallower 45-degree trajectory, the asteroid may 
have had a diameter of 1.75 km and velocity of 15 km/s or a diameter of 1.5 km and velocity of 20 km/s. Impact melt is generated during the impact, with most of the 
melt volume ponding on the crater floor. We introduce a water-bearing layer at various depths in the target and find that the burial depth of a volatile layer influences 
the final crater morphology and may explain the morphology of Shackleton.   

1. Introduction 

Shackleton crater is a key area of interest for future lunar exploration 
due to its proximity to the South Pole-Aitken (SPA) basin and near 
coincidence with the south pole (Fig. 1a). Shackleton is a simple crater 
with a mean rim diameter of 21 km and depth of 4.2 km (Haruyama 
et al., 2008; Spudis et al., 2008; Zuber et al., 2012; Tye et al., 2015) and 
has a greater depth to diameter (d/D) ratio (0.195 ± 0.025, Zuber et al., 
2012) than other simple craters in the south polar region (Rubanenko 
et al., 2019). This bowl-shaped, near-axisymmetric crater has unusually 
well-preserved crater walls and rim crest (Haruyama et al., 2008; Zuber 
et al., 2012). The projectile that formed Shackleton impacted into a 

platform-like massif, resulting in a crater with a regional topographic tilt 
(Spudis et al., 2008). Originally, Shackleton was estimated to be 
approximately 1.1 to 3.3 billion years old (Wilhelms, 1987); however, 
this age was determined using the apparent freshness of the crater, 
which can be misleading due to low solar incidence angles. Subsequent 
crater counting analysis suggests an Imbrian age of ~3.6 ± 0.4 Ga 
(Spudis et al., 2008). More recent observations using data from the 
Lunar Orbiter Laser Altimeter (LOLA) (Smith et al., 2010) yielded an age 
of ~3.69 Ga for the ejecta and ~1.44 Ga for the steep crater walls (Zuber 
et al., 2012). The crater floor is a permanently shadowed region (PSR) 
creating a potential cold-trap for volatiles to accumulate over time 
(Watson et al., 1961; Arnold, 1979; Campbell and Campbell, 2006; 
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Haruyama et al., 2008; Spudis et al., 2008; Zuber et al., 2012). The 
estimated age for the current orientation of the Moon’s spin axis and 
present pole location indicate that the floor has been in permanent 
shadow for ~2 Ga (Ward, 1975; Siegler et al., 2016) and, thus, Shack-
leton could have been accumulating volatiles over this time. The likely 
source for these volatiles is implantation from solar wind (Crider and 
Vondrak, 2000, 2002; Starukhina, 2001) and, potentially, late-stage 
volcanism (Kring et al., 2014; Needham and Kring, 2017). 

Due to the presence of potential volatiles in PSRs, the south polar 
region and Shackleton crater are primary targets for future human 
exploration efforts on the Moon. These resources may be essential for 
developing a sustainable and long-term human presence on the lunar 
surface (e.g., Spudis and Lavoie, 2010) including further investigation of 
the SPA basin. The SPA basin is the oldest and largest impact basin on 
the lunar surface. The impact event which created Shackleton may have 
excavated part of a massif previously formed by the SPA basin impact, 
providing a unique probe of massif formation and potentially exposures 
of primitive lunar crust. Thus, missions to the lunar south pole may help 
address several scientific priorities (Concepts 1, 2, 3, 4, and 6; NRC, 
2007). 

We simulate impacts into the lunar surface to determine the likely 
conditions that produced Shackleton. These simulations allow us to 

investigate crater morphology, ejecta distribution, and impact melt 
generation from such an impact. As volatiles may have been deposited in 
the polar regions, we also investigate the consequences that a volatile 
layer in the target may have for final crater geomorphology. Any vola-
tiles in the pre-impact target at the lunar south pole were likely to exist 
in the form of a regolith-ice mixture (Nozette et al., 2001; Thomson 
et al., 2012), preserved in PSRs, and buried under ejecta layers sourced 
from surrounding, older craters such as Haworth, Shoemaker, and 
Faustini. Indeed, layers of debris are observed in the walls of Shackleton 
crater on one side of the crater (Gawronska et al., 2020; Harish et al., 
2020). Therefore, we investigate the influence that a mixed regolith- 
volatile layer has on the final crater morphology when placed at vary-
ing depths within the target. We then compare the simulated crater 
geomorphologies to the current morphology of Shackleton to determine 
whether volatiles on or beneath the surface were present at the time of 
impact. 

2. Methods 

The impact-Simplified Arbitrary Lagrangian Eulerian (iSALE) shock 
physics code (Collins et al., 2004; Wünnemann et al., 2006), based on 
the SALE hydrocode (Amsden et al., 1980), was used to compute impact 
simulations. iSALE has been well tested against laboratory experiments 
(Wünnemann et al., 2006) and other impact modeling codes (Pierazzo 
et al., 2008). It has been used extensively to model lunar impacts over a 
variety of scales (e.g., Potter et al., 2012a, 2012b, 2013a, 2013b, 2015, 
2018; Miljković et al., 2013, 2016; Kring et al., 2016; Silber et al., 2017; 
Wiggins et al., 2019). Simulations were constructed in an axisymmetric 
half-space, taking advantage of two-dimensional (2D) cylindrical ge-
ometry to save computational time. The 2D version of iSALE limits 
impact trajectories to 90◦ (vertical). A 3D code could be used to evaluate 
a more probable impact angle (most likely 45◦) but would either be too 
computationally expensive or reduce spatial resolution. Previous work 
has shown that 2D models produce the reasonable azimuthally average 
behavior of impacted materials for circa 45◦ (e.g., Pierazzo and Melosh, 
2000; Elbeshausen et al., 2009; Davison et al., 2011). 

The simulations explored impact velocities between 10 and 20 km/s 
to capture an appropriate range of those for the Moon (Ivanov, 2008). 
Simple scaling approximations suggested an impactor diameter of ~1.5 
km, so simulations explored diameters between 1 and 2 km. Each 
simulation was run for 500 s beyond initial impact to fully capture the 
crater-forming process. Computational cell size was fixed at 50 m with 
the cells per projectile radius (cppr) being varied between 10 and 20 in 
order to model the projectile radius. Increasing the cppr would be more 
computationally expensive and crater morphology has been shown to be 
minimally affected compared to resolutions greater than 20 cppr (Silber 
et al., 2017 and references therein). We conducted a resolution test to 
confirm this finding, varying the resolution of the models between 10 
and 100 cppr. Due to the computational time needed to process these 
simulations, transient crater measurements were compared at a simu-
lated time of 25 s. The results (Table 1) show the near convergence of 
each parameter at 100 cppr. The values for transient crater radius, 
depth, and volume using a resolution of 15 cppr are underestimated by 
1.4%, 4.1%, and 6.9%, respectively, compared to 100 cppr simulations. 
Therefore, we can say that while the dimensions related to crater 

Fig. 1. Geographical and geological context of Shackleton (21 km diameter). 
(a) White lines show potential extent of the ejecta blanket mapped using 388 
Lunar Reconnaissance Orbiter Camera (LROC) Narrow Angle Camera (NAC) 
images. Lines are overlying the NAC averaged mosaic (1 m/pixel). White star 
indicates the south pole. (b) Detail of NAC images M133786042L and 
M146833333L. Blue box represents the highlighted area from (a) showing high 
albedo purest anorthosite (PAN) units (red boxes) in the crater wall, initially 
identified by Yamamoto et al. (2012). 

Table 1 
Resolution test with transient crater dimensions taken at time, t = 25 s.  

Resolution (cppr) Radius (km) Depth (km) Volume (km3) 

10 6.31 5.54 448.78 
15 6.46 5.55 468.11 
20 6.47 5.56 477.96 
50 6.53 5.77 491.79 
75 6.54 5.81 499.05 
100 6.55 5.83 502.93  
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morphology are systemically underestimated at lower resolution, the 
overall crater morphology is still accurately represented at the resolu-
tion used in this study. The model grid was composed of a high- 
resolution zone with dimensions of 350 horizontal cells (17.5 km) by 
300 vertical cells (15 km). Cells beyond the high-resolution zone 
increased in size by a factor of 1.05 per cell to maximum distances of 
38.5 km horizontally, 30 km below the point of impact, and 7 km above 
the target. Simulated crater morphologies were compared to the 
observed morphology of Shackleton, especially 2D profiles generated by 
LOLA topography data. Criteria used to determine best-fit crater mor-
phologies included: rim-to-rim diameter, floor diameter, rim-to-floor 
depth, rim height above the pre-impact surface, rim crest shape, slope 
of walls, and topography of the plains outside of the rim crest. 

Shackleton’s depth (4.2 km) justified use of a 30 km deep crustal 
target with no mantle layer beneath. Crustal thickness at the south pole 
(28 to 32 km, Wieczorek et al., 2013) illustrates that the lunar mantle is 
at a depth that would not significantly affect the crater formation pro-
cess in these simulations. A Tillotson equation of state (EoS) for gabbroic 
anorthosite (Ahrens and O’Keefe, 1977) was used to represent the 
crustal target, and a semi-analytical equation of state (ANEOS) of dunite 
(Benz et al., 1989) for the impactor. Anorthosite was chosen based on 
purest anorthosite (PAN) units inferred by Yamamoto et al. (2012) using 
Kaguya Spectral Profiler (Ohtake et al., 2008) data, some of which were 
identified in the crater wall during this study (Fig. 1b). We used a con-
stant thermal profile with a gradient of 10 K/km, similar to those used in 
previous lunar impact studies (Miljković et al., 2013; Zhu et al., 2015; 
Potter et al., 2018). Most impactors are chondritic and dunite has been 
proven as a relatively accurate proxy for chondritic asteroidal material 
(Pierazzo et al., 1997). 

Once a crater with Shackleton’s morphology was produced in an 
anorthositic crust, a water-rich layer was added to the target to inves-
tigate the effect of volatile layers on crater morphology. An idealized, 
100 m thick water-ice saturated regolith layer was added to the anor-
thosite target (similar, in part, to the method used by Senft and Stewart, 
2007) at varying depths: on the surface, buried at 100 m, and buried at 
500 m. A Tillotson EoS for wet tuff, based on a Nevada tuff with a water 
content of 14.4 wt% (Allen, 1967), was used to simulate a volatile- 
saturated sediment layer (density = 1970 kg/m3). Although this water 
content is greater than the 5.6 ± 2.9 wt% water content estimated in the 
regolith at the Lunar CRater Observing and Sensing Satellite (LCROSS) 
impact site (Colaprete et al., 2010), it serves to investigate the effects of 
a water-rich layer in the regolith. Wet tuff has been used previously in 
terrestrial impact simulations that required modeling of a water- 
saturated sediment layer overlying a competent bedrock (Collins and 
Wünnemann, 2005; Wünnemann et al., 2005; Kenkmann et al., 2009). 
The strength and damage models used here are described in Collins et al. 
(2004) and Ivanov et al. (2010), respectively. Details of the parameters 
used in this study are listed in Table S1. 

A bulk density of 2400 kg/m3 was chosen to represent the crustal 
material, informed by the Gravity Recovery and Interior Laboratory 
(GRAIL) mission (Zuber et al., 2013). Bulk crustal densities are esti-
mated to be ~2600 kg/m3 at the south pole (Wieczorek et al., 2013) and 
~2200 kg/m3 averaged across the highlands (Besserer et al., 2014); 
therefore, we used an average to estimate the density of the pre-impact 
surface at Shackleton. The desired bulk density was obtained using an 
epsilon-alpha porous compaction model within iSALE (Wünnemann 
et al., 2006; Collins et al., 2011), incorporating a porosity of 18.4%, 
higher than the crustal average for the Moon (~12%). However, this is 
within the range of regional variations for highland surface porosity 
(Wieczorek et al., 2013; Besserer et al., 2014) and feldspathic samples 
returned from the Apollo missions (Kiefer et al., 2012). Similarly, a bulk 
density of 2400 kg/m3 was chosen for the dunite impactor based on the 
average bulk density of chondritic meteorites (Britt and Consolmagno, 
2003; Wilkison et al., 2003; Consolmagno et al., 2008) and similarly- 
sized parent body asteroids (e.g., Itokawa and 1999 KW4 α/β) to those 
modeled in this work (~0.5 to 2 km diameter) (Abe et al., 2006; Ostro 

et al., 2006). Porosity of the impactor was modeled at 27.5%, well 
within the expected range of macro-porosities for chondrite parent body 
asteroids (Flynn et al., 1999; Abe et al., 2006). 

Lagrangian tracer particles placed in each cell of the high-resolution 
zone tracked the path followed by the material within that cell 
throughout the simulation. For each simulation, pressure and tempera-
ture were recorded at the location of each tracer. In the best-fit crater 
simulation, a simple impact melt volume was calculated by using tracer 
pressures and temperatures at the end of the simulation. Instantaneous 
liquidus temperatures were calculated using the Simon approximation 
(Poirier, 1991) and volumes of cells with tracers that experienced tem-
peratures greater than the calculated melt temperature were added to 
the melt volume. This assumes only material above the liquidus is 
molten and, therefore, underestimates the total melt produced 
compared to melt volumes if partially molten material was considered. 
Latent heat of melting is not considered in the EoS used, which means 
melt volumes may be anomalously large. Additionally, peak pressures 
will be underestimated for the resolution of these simulations and 
temperatures in regions experiencing shock pressures between 15 and 
100 G-pascals (GPa) are underestimated in the low-pressure phase of the 
anorthosite Tillotson EoS (Ahrens and O’Keefe, 1977). To estimate 
whether melt volumes produced by the simulations are reliable and 
realistic, we compare the results with melt volumes calculated using 
scaling laws (Abramov et al., 2012) for the same scenario. Impact melts 
were not considered for layered targets. Vapor production during impact 
was not important, so material with a density <300 kg/m3 was removed 
to expedite computation time. 

The block oscillation acoustic fluidization model (Melosh, 1979; 
Melosh and Ivanov, 1999) was used in the simulations, implemented 
using parameters based on scaling relations described by Wünnemann 
and Ivanov (2003) and the approach used by Silber et al. (2017). A 
constant gravitational acceleration field of 1.62 m/s2 was used in all 
simulations. 

3. Results 

3.1. Final crater morphology 

A total of 20 scenarios were simulated, 17 with a solid target and 3 
with a layered target. For impacts into a homogenous target, first, a 1 km 
diameter projectile impacting at 10 km/s produced a crater that was too 
small in both depth and diameter. Increasing the diameter of the low- 
velocity projectile initially led to a better fitting crater diameter (~20 
km), but too shallow (~3 km). Further increasing this projectile diam-
eter (up to 2 km) led to crater diameters well over 25 km. Secondly, a 
high-velocity projectile (20 km/s) with a 2 km diameter resulted in a 
crater that was too wide and deep. Using a smaller projectile diameter 
(1 km) formed a crater with a depth comparable to Shackleton but a 
diameter of ~18 km. Increasing the projectile diameter formed final 
crater depths and floor diameters that were too large, even if the rim 
diameter was comparable to Shackleton. Finally, impactor velocity was 
set to 15 km/s and diameters varied between 1 and 1.5 km, culminating 
in the simulation of a best-fit crater with morphology most similar to the 
observed morphology of Shackleton. 

Fig. 2 illustrates the crater-forming process for the best-fit simulation 
of Shackleton. An impactor with a diameter of 1.5 km and a velocity of 
15 km/s, which resulted in an impact energy of 4.89 × 1020 J, was 
determined to form a crater similar in morphology to that of Shackleton. 
After 500 s, the final crater was deemed to have formed completely. A 
maximum transient crater depth of 5.26 km was reached 25 s into the 
simulation (Fig. 2b), at which point the excavation stage of the crater 
forming process ceased. After this, the target surface began to rebound, 
initializing the formation of the breccia lens and final crater floor. 
However, the volume of the transient crater increased until 61 s, with a 
maximum of 447 km3. Rim uplift and distribution of the ejecta curtain 
over the target surface are seen to continue through Fig. 2b and c. Uplift 
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of the crater floor continued until after the proximal ejecta blanket had 
been deposited (Fig. 2d) forming what looked like a central peak; 
however, by the end of the simulation the uplifted material relaxed and 
formed a flat crater floor (Fig. 2e). The final crater depth, floor diameter, 
and rim to rim diameter were 4.1, 7.2, and 20.7 km, respectively, which 
results in a d/D ratio of 0.20. These values agree well with observations 

of Shackleton (Zuber et al., 2012), as illustrated in Fig. 2e. The breccia 
lens extends to a maximum depth of ~2.9 km beneath the impact point, 
reducing in thickness away from the center of the crater as shown by the 
high-density area (dark material) in Fig. 2e. The systematic underesti-
mation of the transient depth and diameter of craters modeled at this 
lower resolution, alongside evidence for little modification (<300 m 

Fig. 2. Density plot for the best-fit simulation for Shackleton crater, progressing from (a) the initiation of impact through to (e) 500 s post-impact. Black line in plot 
(e) shows a topographical profile of Shackleton crater measured along the line A-A’ shown in (f) using a LOLA Digital Elevation Model (DEM) (5 m/pixel). 
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change in depth) of Imbrian aged craters with diameters >10 km and 
wall slopes of ~30◦ from degradation simulations (Craddock and 
Howard, 2000), justifies matching the post-impact simulations to the 
present day observations of Shackleton. The topographical differences in 
the target surface beyond the rim can be attributed to the irregularity of 
the real pre-impact surface, the presence of volatile layers (discussed 
later), and the limitations of 2D simulations. 

Expanding the high-resolution zone of the simulation to 35 km from 
the impact site (originally 17.5 km) allowed assessment of the ejecta 
blanket. Ejecta thickness was calculated by measuring the number of 
cells which contained material at the end of the simulation (500 s post- 
impact) and multiplying by the cell size (50 m). This process was 
repeated and recorded at multiple distances from the crater rim where 
changes in ejecta thickness were observed. Continuous ejecta was 
deposited ~20 km from the crater rim, with discontinuous ejecta trav-
elling farther (up to the boundary of the simulation grid). This agrees 
well with scaling laws estimating continuous ejecta distribution to one 
crater diameter beyond the rim, although the outer portions of that 
ejecta are not readily identifiable in visual images (Fig. 1a). It is likely 
that, due to the age of Shackleton (~3.6 Ga), impact gardening of the 
regolith has obscured those portions of the ejecta blanket. Ejecta 
thicknesses at distances 5, 13, and 20 km from the rim are 150, 100, and 
50 m thick, respectively. The coarse cell size (50 m) prohibits a more 
accurate quantification of ejecta thickness. 

3.2. Impact melt generation 

For the best-fit simulation crater, an impact melt volume of ~20 km3 

was calculated at 500 s (Fig. 3a). This can be considered the minimum 

melt produced during the simulation as it only considered material that 
still recorded temperatures greater than the instantaneous melt tem-
perature at 500 s. Therefore, any material that may have been heated 
beyond this melt temperature but had subsequently cooled would not be 
included in the melt volume calculation. The melt was concentrated in 
the floor of the target, centered beneath the impact site. Fig. 3b illus-
trates the maximum extent of the melt distribution across Shackleton 
based upon tracers that experienced peak temperatures that exceeded 
1513 K (solidus of the target material) at any time during the simulation. 
The maximum melt volume calculated from these tracers was ~62 km3, 
concentrated in the crater floor; however, melt material is also deposited 
on the crater wall and rim (Fig. 3b). For the calculation of the maximum 
melt volume, melt material concentrated beneath the crater floor (~26 
km3) constitutes 42% of the total melt volume generated by the impact. 
Therefore, while most of the melt material is distributed onto the crater 
walls, rim, and beyond, the largest single concentration of melt material 
is likely found in the crater floor. 

For a crater of this size, melting occurs from the surface to a depth of 
~1.6 km in the target rocks. Because the target area is a highland region, 
not too dissimilar to that of the Apollo 16 landing site, melt compositions 
will nominally be feldspathic – reflecting the observed PAN seen in 
Shackleton’s crater walls (Yamamoto et al., 2012; Gawronska et al., 
2020; Gilmour et al., 2020; Harish et al., 2020). We note, however, that 
more mafic components ejected from the SPA basin are possible (Kring, 
2019; Moriarty and Petro, 2020) and that geologic units beneath the 
anorthosite are not visible in the crater walls because they are perma-
nently shadowed. Thus, some uncertainty is attached to any current 
estimate of melt composition. 

Fig. 3. The minimum and maximum extent of impact melt 
generated for the best-fit simulation of Shackleton’s forma-
tion. (a) Red material represents tracers at 500 s with tem-
peratures greater than instantaneous melt temperature of the 
material. (b) Red material represents tracers which have 
experienced peak temperatures greater than the material sol-
idus (1513 K) at any point during the simulation. All shades of 
red represent melt. Lighter shades of red represent material 
close to, but beneath the boundary of the solidus or instanta-
neous melt temperature.   
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3.3. Volatile target layers 

Once a best-fit simulation for Shackleton was determined using a 
homogenous target layer, a mixed volatile-sediment layer with a 
thickness of 100 m (at a temperature of 125 K) was added at various 
depths to explore the consequences ice-bearing regolith may have on the 
morphology of the crater. Fig. 4 illustrates a comparison between the 
best-fit simulation with no layer (left of each sub-figure) against simu-
lations with the additional volatile layer (right of each sub-figure). A 
volatile layer at the surface (Fig. 4b), buried at 100 m (Fig. 4c), and 
buried at 500 m (Fig. 4d) led to final craters with d/D ratios of 0.20, 
0.20, and 0.18 respectively. Increasing the burial depth of the volatile 
layer initially leads to a more pronounced and steeper outer rim (Fig. 4b, 
c). This is probably due to the rapid removal and potential vaporization 
of the less dense, weaker volatile layer. Energy from the projectile is 
consumed by this process and leads to non-ballistic motion of the ejecta 
blanket, with a greater volume of ejecta deposited non-uniformly closer 
to the rim. However, at a burial depth of 500 m (Fig. 4d) the rim height 
decreases, becomes less distinct, and the surface topography flattens 
when compared to a homogenous target. The inclusion of a volatile layer 
at any depth does not significantly affect the crater floor depth, relative 
to the pre-impact surface (height = 0 km, Fig. 4). However, due to the 
significant decrease in peak rim height, the maximum depth of the final 
crater (measured from the peak height of the rim to the crater floor) in 
Fig. 4d is significantly decreased by ~500 m (3.6 km depth) relative to 
the simulation with a homogenous target layer (4.1 km depth). In all the 
simulations, volatile layers located beneath the impact site were 
removed or vaporized. The 500 m buried volatile layer in Fig. 4d shows 
greater preservation closer to the rim than the 100 m buried layer and 
surface layer. 

4. Discussion 

Impact melt volumes derived from post-processing of simulation 
results agree well with those calculated using scaling laws (Abramov 
et al., 2012). For purposes of this comparison, we utilize (Abramov et al., 
2012; Eq. 12): 

Vmelt = 0.12Em
−0.85

(ρp

ρt

)−0.28

Dtc
3.85g0.85sin1.3θ (1) 

where Vmelt is the volume of melt produced, Em is the specific internal 
energy of the target material at a shock pressure that results in melting 
upon release, ρp and ρt are the density of the projectile and target, 
respectively, Dtc is the diameter of the transient crater, g is the acceler-
ation due to gravity, and θ is the angle of impact (where θ is defined as 
90◦ for a vertical impact). We used a value for Em of 3.42 × 106 J/kg for 
an anorthosite target material (Bjorkman and Holsapple, 1987) and all 
other parameter values were taken directly from the iSALE simulations. 
Using those input values and a 90◦ angle of impact produces a melt 
volume of 20.9 km3, which corresponds well with the minimum impact 
melt volume of ~20 km3 for a vertical impact in the iSALE simulation, 
estimated by extracting temperature data from tracers placed in the 
simulation. If we use the scaling relationship to explore melt production 
with the most likely impact angle of 45◦—while keeping the transient 
and final crater diameters the same—we derive a minimum melt volume 
of ~13 km3. 

Shackleton’s asymmetric crater-rim morphology across the profile A- 
A’ (Fig. 5) shows a more pronounced rim crest in the south pole area 
(white star on Fig. 5) and a less pronounced, flatter crest and flank on the 
opposite side. The latter may be consistent with a PSR and/or volatile 
deposits in the target area. The flatter, less pronounced rim crest and 
target surface beyond are observed in the scenario with a 100 m thick 
volatile layer buried at a depth of 500 m (Fig. 4d). This simulation with a 
buried layer of ice-filled regolith reduces rim height and, thus, is 

Fig. 4. Comparative density plots for the final crater morphology of the best fit for Shackleton crater (left) against the same simulation with the introduction of a 100 
m thick volatile layer (right) for each plot (a-d). Layer placement: (a) no layer, (b) on the surface, (c) buried at 100 m and (d) buried at 500 m. Dashed line shows the 
maximum height of the rim crest for the homogenous scenario (left). The volatile layer buried at 500 m in (d) is more clearly seen in Fig. 5. 
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consistent with a premise suggested by Kokhanov et al. (2015) that 
craters in the lunar polar regions are systematically less deep than those 
in other areas of the Moon. They infer that low temperatures and the 
presence of a near-surface volatile layer may be responsible for these 
morphometric differences, although the scale of craters examined differs 
by more than an order of magnitude compared to Shackleton (0.1 to 1 
km diameters compared to 21 km, respectively). As the iSALE simula-
tions explore crater formation, not post-impact modification, they 
cannot address another model proposed by Rubanenko et al. (2019), in 
which post-impact infilling of a regolith-ice mixture reduces the depth of 
the crater. However, we note that if the Rubanenko model is correct, and 
because Shackleton has a d/D of 0.20, marginally lower than the Stopar 
et al. (2017) value of 0.21 (for a large dataset of lunar craters up to 10 
km), that implies there would be an ice layer no more than ~300 m in 
thickness at the bottom of Shackleton crater. 

The geomorphological features of Shackleton may be explained by a 
combination of subsurface volatiles and pre-impact surface topography. 
The simulated crater profile (Fig. 5) is offset by ~200 m from the 
topographical surface of Shackleton (black line) on the A’ side of the 
crater. This could be explained by the regional tilt of the pre-impact 
surface, with the regional slope of the massif on which Shackleton lies 
estimated to be on the order of 15◦ or less (Spudis et al., 2008). The rim 
crest at the south pole agrees best with a target surface with no volatile 
layer; however, based on the LOLA topographic data and assessment of 
the NAC imagery used to produce the ejecta map in Fig. 1a, the pre- 
impact surface topography beyond the rim crest has influenced the 
slope away from the crater. We infer from the simulations that a com-
bination of pre-impact surface topography (resulting in the regional tilt 
across Shackleton) and subsurface volatile layers (resulting in the flat-
tened rim crest and flank) could be responsible for the variable crater 
morphology seen today. The slight disagreement with the profile in the 
right side of the crater floor in Fig. 5 is potentially explained by slumping 
of crater wall material onto the floor, which can be seen in LOLA 
topography (Zuber et al., 2012) and Kaguya imagery (Haruyama et al., 
2008, 2013), and may also have been influenced by a weak volatile- 
sediment mixture in that side of the target. 

It is important to note, however, that subsurface volatile layers and 
pre-impact surface topography are not the only factors that can affect 
the geomorphology of an impact crater. Indeed, a variety of properties 
relating to the target material can influence the crater forming process; 
e.g., heterogeneity in the target rocks (O’Keefe et al., 2001; Senft and 
Stewart, 2007); changes in material composition (Pierazzo et al., 2008; 
Miljković et al., 2013); strength (Bray et al., 2008; Potter et al., 2015); 
and porosity (Wünnemann et al., 2006; Milbury et al., 2015). A distinct 
type of layered unit has been recently observed in a portion of Shack-
leton crater’s walls (Gawronska et al., 2020; Harish et al., 2020), which 
may modify composition and porosity, while also providing the condi-
tions needed for deposition of water ice at depth. Thus, water ice at 
depth is not a unique solution for Shackleton’s asymmetrical 
morphology, but it is shown here, for the first time, to be a parameter 

than can alter crater morphologies in the polar regions of the Moon. 

5. Conclusions 

Our simulations show that Shackleton crater is likely formed by a 
~1.5 km diameter chondrite-like impactor, impacting with a vertical 
velocity of ~15 km/s. A minimum impact melt volume of ~20 km3 is 
likely to have been produced at a 90◦ impact angle (decreasing to ~13 
km3 at 45◦ using scaling laws) with distribution concentrated solely in 
the crater floor, directly beneath the point of impact. For the maximum 
melt volume calculated (~62 km3), a significant volume of melt (58% of 
the total volume) was distributed on the crater walls and outside of the 
rim crest. The actual distribution of melt material is likely to be some-
where between these scenarios. The asymmetric rim crest heights and 
topography across the crater may have been influenced by the presence 
of subsurface volatile layers, pre-impact surface topography, or a com-
bination of both. Specifically, a 100 m thick volatile layer buried at 500 
m in the pre-impact surface on one side of the target area (i.e., the side 
opposite the south pole) is consistent with a relatively flat rim in that 
area compared with that around the south pole. Higher resolution 
simulations and better constraints on volatiles present at Shackleton will 
help to improve the accuracy and robustness of the simulations pre-
sented here. 
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