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Introduction:  Blanketing by impact crater ejecta is 

a major mechanism in the production and transport of 
lunar regolith [1, 2]. In the polar regions, ejecta blankets 
play an important role in the evolution of frozen 
volatiles through the preservation of these deposits by 
burial, removal by the excavation of ice-mixed regolith 
to unstable surface environments, and their vertical and 
lateral redistribution within the lunar crust over 
geological timescales [3-5]. NASA’s VIPER mission 
aims to understand the origin, chemistry, and resource 
potential of lunar polar volatiles by exploring with a 1 
m drill and an array of spectrometers at a south polar 
location near Nobile crater [6].  

Characterization of ejecta stratigraphy produced by 
small, local impact craters would help constrain the 
distribution of ice and regolith within the shallow 
subsurface of the VIPER exploration site. Here we 
present the results from our Monte Carlo-based ejecta 
deposition model that simulates the deposition of layers 
of ejecta produced by the actual crater population at the 
VIPER site. We also analyzed the evolution of ejecta 
thickness as a function of surface age. Understanding 
the time evolution of ejecta thickness distribution could 
give insights into the possible local volatile deposition 
history at the VIPER exploration area.   

Methods: We investigated the ejecta sequence from 
the craters present within a 16 x 16 km grid centered at 
the VIPER mission area. Each grid cell is of 5 x 5 m 
size. 

Crater counting: Using a LOLA DEM of 5 m/px 
spatial resolution [7] and shaded relief maps derived 
from it, we mapped the local crater population in 
ArcMap and measured its size frequency distribution 
(SFD). Across the grid, we counted 24862 craters, 
including both primaries and secondaries. Their 
diameters ranged from 4.3 km to 20 m. The flattening 
of the SFD for diameters less than 20 m suggested this 
was the effective resolution limit of this DEM.  

Ejecta blanketing modeling: To model the sequence 
and extent of the ejecta blankets, we developed a Monte 
Carlo model which emplaces each counted crater at its 
mapped location in random order. The thicknesses of 
the ejecta blankets, as a function of radial distance from 
the crater center, are calculated using the scaling 
relationship from [8]. We also removed the previously 
accumulated ejecta within the new crater before 

advancing the simulation. At each simulation step, we 
determined the mean ejecta thickness of the grid by 
summing the cumulative ejecta volume contained in 
each cell and dividing it by the grid area. Additionally, 
we estimated the age of the surface based on the SFD of 
craters present in the grid at each step in the Monte 
Carlo model using the Poisson timing analysis [9]. 

PSR mapping: To assess ejecta characteristics 
within the permanently shadowed regions (PSRs) 
present at the VIPER site, we modeled shadow 
conditions in the grid over a lunar precession cycle 
(~18.6 years) at a timestep of 24 hours. The DEM was 
used to derive surface normal vectors, while the Sun 
position vector was obtained from NAIF kernels via the 
SPICE toolkit [10].  

Results: We ran 50 Monte Carlo simulations and 
obtained the average ejecta thickness distribution across 
the grid in the range of 0.1 to 113.4 m which is shown 
in Fig 1. Inside the primary mission area (bounded by 
the black dashed box in Fig 1), the ejecta cover is 
modeled to be 0.9 to 59 m thick. Nearly 4% of the 
primary mission area (2.5% of the entire grid area) is in 
permanent shadow. It should be noted that our model is 
yet to incorporate illumination caused by scattered flux 
and, hence, the modeled PSR outlines are currently 
modestly larger than they should be. Within these PSRs, 
the ejecta is predicted to be 0.9 to 56.7 m thick.  

 
Figure 1. Mean Monte Carlo-derived ejecta thickness 
distribution overlain on a shaded relief map of the study 
grid. Red circles are craters in the primary mission 
area. 
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Figure 2. The standard deviation of outputs of all model 
runs is shown in logarithmic scale.   

We observe 1 to 7.1 m thick ejecta inside the two 
largest PSRs located within craters in the primary 
mission area (shown as red circles in Fig 1), which are 
dated to be older than 3.6 Ga by [11]. The cumulative 
thickness obtained at the end of each model run shows 
the highest variation within crater interiors (Fig 2), 
while the thickness of ejecta deposited outside craters 
remains nearly the same in each model run. This is 
because the amount of ejecta accumulated inside craters 
depends on the sequence of their emplacement, which 
varies from run to run.  

Our model estimated the age of the study grid as 
4.086 Ga. This estimate is consistent with the ages 
derived by [11] for craters located within the VIPER 
primary mission area based on their degree of 
degradation. The evolution of the mean ejecta thickness 
of the grid as a function of surface age is shown in Fig 
3. Our model results suggest that large amounts (~4 m) 
of ejecta were generated at the VIPER site between ~4 
Ga and ~3.75 Ga. The buildup of ejecta thickness then 
rapidly slowed towards the present and only ~1 m of 
cumulative ejecta has been deposited in the last 2.5 
billion years. This trend is consistent with the decrease 
in regolith production rate with time observed at the 
Apollo-15 landing site [1] and the comparison of 
regolith thicknesses measured at Apollo and Chang’E-3 
landing sites with their corresponding radiometric ages 
by [12]. 

Discussion: This observed time evolution of ejecta 
thickness correlates with the decline in impactor flux 
rate through time and thus, reflects the impact history of 
the VIPER site. Since the majority of volatiles cold 
trapped near the lunar poles are likely impact-originated 
[5, 13], the observed ejecta growth trend could help us 
estimate the ice supply flux to this south polar location. 
In the early stages of the Moon’s history, large 
quantities of water ice and other volatiles would be 

frequently delivered to the poles, forming voluminous 
deposits [5], which could be buried under thick layers 
of ejecta blankets, as indicated by our model results. The 
subsequent drop in impactor flux would have led to a 
diminished ice supply, which could have accumulated 
between thinner ejecta layers if it was not eroded before 
being covered. Moreover, we find that the smallest and 
possibly, youngest craters considered in this study 
produced ejecta layers with maximum thickness at their 
rim crest as small as 60 cm. These layers occur at the 
top of the stratigraphy of the VIPER site and may 
preserve ice that can be accessed by drilling that was 
delivered recently through active solar wind 
implantation and micrometeorite bombardment 
processes. Additionally, these model-derived ejecta 
characteristics are affected by impact gardening and 
topographic diffusion driven by small-scale craters that 
are not yet accounted for [3, 4, 11]. Craters that got 
erased as the surface reached crater saturation also 
would have contributed substantial quantities of ejecta 
to the VIPER site, so the estimates derived from our 
model likely represent the lower bound of the actual 
ejecta thickness. 

 
Figure 3. Mean ejecta thickness of the grid plotted 
against mean surface age. Error bars express ± 1 
standard deviation.  
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