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Introduction:  The recent definitive discovery of 
surface water ice at the poles of the Moon [1] has vali-
dated a decades-old hypothesis that the Moon harbors 
surface water ice in craters at its poles that are perma-
nently shielded from sunlight (PSRs) [2]. However, the 
origin, extent, and evolution of lunar ice remains a 
topic of hot debate. The mystery deepens when we 
compare the lunar poles to those at Mercury. On Mer-
cury, pure and extensive ice deposits exist on every 
surface where they can persist against sublimation [e.g. 
3, 4, 5, 6] but this is not the case for the Moon. Why, 
then, is the Moon relatively dry? The hypothesis we 
test here is that the dry Moon and icy Mercury have 
experienced different rates of meteorite impact and 
impact gardening.  

 Impacts are the dominant geologic force 
acting on the surfaces of solid bodies in the solar sys-
tem and control all aspects of surface evolution, from 
generation of the blanket of fine-grained heterogenous 
regolith to the cratered morphology we observe.  "Im-
pact gardening" is the process by which impacts re-
move material from depth and emplace it on or rela-
tively nearer to the surface. Gardening is also called 
“mixing” or “overturn” [e.g. 7] because it complicates 
what might be an otherwise distinct stratigraphy with 
depth by repeatedly and stochastically inverting the 
depth-distribution of materials. We have previously 
developed an analytic impact gardening model that 
quantifies the degree to which surfaces are pulverized 
and mixed by impacts in depth and time [8] and en-
ables a quantitative comparison of the surface evolu-
tion of the poles of the two bodies. 

The Model: Our model describes the frequency a 
with which point at depth is in the overturned volume 
of an impact crater as a function of time. The word 
‘overturn’ in the context of this model means that ma-
terial at a sample point has been a component of the 
ejected volume of a crater, taken from depth and 
placed on or relatively nearer to the surface than its 
location pre-impact. The model is based on a concept 
first presented by Gault et al. [7], and in Costello et al. 
[8], we reworked the model and included several vital 
updates: the ability to calculate overturn using a crater 
production function method that can inform investiga-
tions of overturn over longer timescales and to deeper 
depths and, most importantly, the inclusion of a treat-
ment of secondary impacts, which have recently been 

shown to be an important actor on the surfaces of plan-
etary bodies across the solar system [e.g. 9, 10, 11]. 

To model gardening rates on the Moon and Mer-
cury we assume that the regolith and ice on the two 
bodies have the same material properties; we only vary 
the impact flux and the primary impact velocity. Dy-
namical models by Marchi et al. [12] showed that the 
flux of impactors of diameters 1 cm - 100 m is about 
ten times lower on Mercury than it is on the Moon. 
This size scale is the most relevant for regolith devel-
opment and overturn.  Although the primary impact 
velocity at Mercury is higher [12], impact flux is a 
dominant parameter in the overturn model (Figure 1). 

Results: On Mercury the lower impact rate of 1 cm 
- 100 m objects [12] and the resulting lower rate of 
secondary impacts produced by these primary im-
pactors leads to a gardening rate that is slower and 
shallower than the gardening on the Moon. Our model 
predicts that a 1 m thick ice deposit on the Moon 
would be pulverized by impacts in 200 Myr. A 1 m 
thick ice deposit on Mercury would survive the mod-
ern impact flux. If the deposit was emplaced 1 Gyr ago 
it would still be cohesive (Figure 1). If the Moon ever 
had Mercury-like ice deposits they have likely suc-
cumbed to impact gardening.  

Today, lunar surface frost is patchy and covers only 
about 10% of PSR area [1,13,14]. To further explore 

Figure 1: Gardening processes the top meter of 
Mercury slower than the Moon. Plots shows the depth 
overturned by impacts given exposure time to the 
impact flux. A 1 m ice deposit on the Moon would be 
pulverized in about 200 Myr. a 1 m thick ice deposit 
on Mercury would still be cohesive after 1 Gyr. 

�

Surface

20 cm

40 cm

60 cm

80 cm

1 m

1.2 m

1.4 m

1 Gyr600 Myr200 Myr

1 Turn, 50%

MOON

MERCURY

Surface Age

Re
w

or
ki

ng
 D

ep
th

1991.pdf50th Lunar and Planetary Science Conference 2019 (LPI Contrib. No. 2132)



the evolution of lunar ice, we investigate how thick 
lunar ice deposits would have to have been initially 
and how long each deposit would last under impact 
bombardment until it is 90% patchy and only 10% 
remains in PSRs (Figure 2). In Figure 2, the black con-
tour represents the deepest depth overturned by im-
pacts at least one time over the time interval on the x-
axis with 90% certainty. Every depth shallower than 
the contour has been overturned at least once. 

Over the last 3.5 Gyr, impacts have pulverized 
mare basalts into a regolith layer that is on average 
about 3 m thick [e.g. 15]. If we assume that 100 over-
turn events in the model turns mare basalt into regolith, 
then we can assume that 100 overturns have also pul-
verized into regolith or obliterated polar ice deposits to 
the same depth. In Figure 3 we extend our model for 
10% patchy deposits beyond the Copernican era and 
explore how thick the initial ice deposit must have 
been to have been pulverized by impacts into the sur-
face frost we see today. Model results indicate such a 
layer would have been  5 - 10 m thick. 

Discussion: By comparing the gardening rates at 
the Moon and Mercury we find that if the Moon ever 
had extensive Mercury-like ice deposits, they have 
likely succumbed to impact overturn (Figure 1). On the 
Moon, the rate of impact gardening at the cm and 
smaller scale is high enough that surface frost deposits 
would be pulverized to the patchy distribution we ob-
serve today [1, 13, 14] in years to decades (Figure 2). 
For example, if a 1 mm thick deposit was emplaced at 
the time of LRO launch, it would be gone (or at least 
observably altered) today. However, gardening loses 
efficiency with depth. High rates of micro-impacts and 
the loss of efficiency with depth suggest a large, old, 
impulsive volatile source for the present observed 
patchy lunar deposits. Based on the thickness of mare 
regolith, we estimate that a 3.5 Gyr old surface ice 
deposit would have had to be 5-10 m thick initially to 
become the 10% patchy deposits we see today (Figure 
3). Initially much thicker and we would observe a co-
hesive ice layer. Initially Much thinner and surface ice 
would be much more diffuse or absent. These large 
ancient deposits may have been emplaced by a vol-
canic outgassing at about 3.5 Gyr as proposed by 
Needham and Kring [16]. 

While we can be certain that gardening pulverizes 
cohesive ice deposits, questions remain: How much is 
removed? Vaporized by impacts? Tossed out of PSRs? 
Buried? We can approach these questions by exploring 
burial rates and surface exposure time and by restrict-
ing the model to only the vaporized volume of a crater. 
However, the fruit of these exploits is for future work.  
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Figure 2: High rates of micro-impacts and the loss of 
efficiency with depth suggest a large, old, impulsive 
volatile source for the present observed patchy lunar 
deposits.
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Figure 3: Mare regolith is ~ 5m thick. If 100 turns 
pulverizes rock into regolith, then to produce the 
present patchiness, ice that was deposited 3.5 Gyrs 
ago would have initially been 5 - 10 m thick.
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