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aboard the Lunar Reconnaissance Orbiter (LRO) to provide new estimates of rock-free regolith thickness in
recently-formed impact craters. Diviner cold spots have been shown to last no longer than a few 100 kyr, and
thereby point to fresh craters on the Moon. Trends in Diviner data also show that larger, and therefore deeper,

cold spot craters have rockier ejecta. We employ statistical analyses to show that cold spot craters in the lunar
mare have rockier ejecta at smaller excavation depths when compared to those in the highlands. We estimate that
the average rock-free regolith is approximately 10 m thick in the mare and 12 m thick in the highlands, which is
consistent with previous estimates. We expect these values will be highly variable due to differences in regolith
development and overturn across the Moon.

1. Introduction

The lunar regolith covers the entire surface of the Moon and is in
direct contact with the surrounding space environment. As an airless
body, the Moon preserves geologic evidence on its surface (McKay et al.,
1991). Naturally it follows that the lunar regolith is our primary source of
geological and geophysical information about the Moon (Fa and Wiec-
zorek, 2012; Hayne et al., 2017; Horz et al., 1991; Shkuratov and Bon-
darenko, 2001; National Aeronautics and Space Administration, 1994).
Recent evidence also suggests that the lunar regolith may harbor valuable
resources, including volatile ices, near the lunar poles (Colaprete et al.,
2010; Fisher et al., 2017; Hayne et al., 2015; Li et al., 2018; Rubanenko
et al., 2019). Understanding how thick the lunar regolith is i.e. to what
depth below the Moon's surface the soil is fine-grained and rock-free, is
key to advancing these scientific efforts, particularly in light of the
Artemis program and its science objectives (National Aeronautics and
Space Administration, 2020).

The presence of boulder fields on the Moon's surface and buried
beneath the regolith fines have historically been an obstacle for lunar
landings. During the Apollo 11 descent, the crew was forced to perform a
spontaneous, semi-manual maneuver to avoid blocky ejecta approxi-
mately 400 m east of the ultimate landing site with only 25 s of fuel
remaining (Apollo 11 mission report, 1969). For Apollo 12, the actual
landing point was determined in real time from visible surface features
(Apollo 12 mission report, 1970). Although confirmed with other
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measurements from lunar orbit, none of these methods were individually
precise enough to establish the landing site within a few feet of known
features (Apollo 12 mission report, 1970). Rock abundance (RA) mea-
surements from the Lunar Reconnaissance Orbiter (LRO) Diviner Lunar
Radiometer Experiment provide a means to begin quantifying the dis-
tribution of these boulders on the surface. Diviner-derived RA is the
fraction of surface area covered by boulders in a single Diviner pixel
(Bandfield et al., 2011). Combined with data from fresh impacts, this can
inform us about the distribution of subsurface consolidated rock using
regolith thickness estimates.

1.1. Previous work

There have been extensive prior efforts to characterize the approxi-
mate thickness of the lunar regolith. Results from Apollo seismic data
(Horz et al., 1991) divide the upper 25 km of the lunar surface into
approximately a 10 m thick regolith, followed by large scale ejecta up to
the 2 km mark, and crust up to roughly 25 km (Fig. 1). Quaide and
Oberbeck (1968), and laterBart et al. (2011), attempted to find regolith
thickness distributions using crater morphology. Their results showed
thicknesses on the order of 10 m, which concurs with previous studies.
However, Prieur et al. (2018) have shown that crater morphology does
not necessarily follow a typical trend with diameter. The global distri-
bution of regolith thickness on the Moon has also been studied exten-
sively using radar data. Work by Shkuratov and Bondarenko (2001) and
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Fig. 1. Schematic of penetration depths and corresponding ejecta for a small crater and large crater, assuming the uppermost lunar surface layers from Horz

et al. (1991).

Fa and Wieczorek (2012) use 70 cm Aricebo data and find regolith
thicknesses ranging from 2 to 17 m. However, this approach cannot be
applied to regions where the surface roughness is very high as radar
sounder echoes are affected by surface clutter from rocky, off-nadir
impact craters (Fa and Wieczorek, 2012). Wilcox et al. (2005) inferred
regolith depths in an equivalent range, but using crater size frequency
distribution statistics. Similar to Shoemaker and Morris (1970), they
define regolith thickness using the distribution of missing craters oblit-
erated by repetitive impact processes. They observed that the depth of
the regolith is equal to the excavation depth of the largest saturated
craters. It is important to note that all of these estimates fall within
ranges. Both Shkuratov and Bondarenko (2001) and Fa and Wieczorek
(2012) find that the mare regolith is a few meters thinner than that in the
highlands. We expect our estimates in this study to vary by lunar region
as well due to differences in impact gardening, and the resulting differ-
ences in regolith overturn across the Moon (Quaide and Oberbeck, 1968).

1.2. Lunar regolith geology

There is disagreement in the literature as to what constitutes the lunar
regolith. Arnold (1975) notes this ambiguity in his Monte Carlo model for
lunar regolith gardening. The Lunar Sourcebook uses the terms soil and
regolith interchangeably, defining them as fragmental, unconsolidated
rock material - residual or transported - at the lunar surface (Horz et al.,
1991). Others have defined it in terms of process of formation. Shoe-
maker and Morris (1970) describe the regolith to be low cohesion ma-
terial formed by repetitive bombardment, covering nearly all parts of the
lunar surface. Their definition distinguishes this heavily reworked layer
from the larger debris or rocks underlying this layer. There is some doubt
as to whether such a "megaregolith’ layer might exist, and what it con-
stitutes. Oberbeck et al. (1973) discuss how the regolith itself is not
completely reworked, rather interspersed with coarser-grained material,
creating an ambiguous boundary between the regolith and so-called
megaregolith. We do not attempt to define the megaregolith in the pre-
sent work. We are primarily concerned with rock detectable by Diviner
and regolith that is rock-free.

We also know that there are differences between the geology of the
mare and highlands regolith. It has been shown that there is a well-
defined deposit of basalts under the mare regolith that stems from past
lunar volcanism (Wilhelms and with, 1987). Using radar data, Fa et al.
(2015) have also shown the presence of a relatively homogenous ’Pale-
oregolith’ in the mare region around the Chang'e 3 landing site that could
be buried beneath crater ejecta. The lunar highlands, which have been
pulverized from accumulated impacts, are geologically more complex
than the mare (Cintala and Mcbride, 1995). The exact structure and
composition of the highlands subsurface is still under debate. Seismic
measurements do not show a pronounced discontinuity between the
regolith-bedrock interface in the highlands. This could point to the

presence of highland impact breccia from sufficiently heated ejecta that
cemented beneath the regolith but above larger rock (Horz et al., 1991).

1.3. Diviner rock abundance and cold spots

In the present work, we calculate rock-free regolith thickness statis-
tically, using the LRO Diviner Lunar Radiometer (Paige et al., 2010) RA
estimates from cold spot craters, which are visibly fresh impact craters
surrounded by a large region of reduced nighttime temperatures
(Bandfield et al., 2014).

Since consolidated rock has a higher thermal inertia than fine-grained
regolith, surface temperatures derived from Diviner measurements pro-
vide a means to understand physical properties such as RA on the lunar
surface (Bandfield et al., 2011). Using this method, Diviner is able to
detect rocks larger than 1 m in diameter. Fig. 1 illustrates the potential
utility of surface RA measurements for probing subsurface material.
Larger craters will naturally excavate deeper into the lunar surface. It is
expected that small impact craters will excavate only regolith, while
larger craters will excavate more consolidated rock detectable by Diviner
(Fig. 1). We therefore expect to be able to measure lunar regolith
thickness as the depth at which these craters excavate consolidated rock
detectable by Diviner.

RA signatures have, however, been shown to fade over time (Ghent
et al., 2014). Basilevsky et al. (2013) have also shown that the median
survival time of meter-sized boulders on the rims of smaller craters on the
Moon's surface is between just 40 and 80 Ma. Thus, focusing on fresh,
young craters is of particular importance. Cold spots on the Moon provide
us with the ability to constrain our database of craters to ones that are
fresh and young. Williams et al. (2018) have shown that smaller cold
spots around lunar craters persist for ~100 ka to 1 Ma, and therefore
point to fresh, young impact craters with an enduring RA signature. Using
the LRO Diviner Lunar Radiometer RA estimates from cold spot craters,
we can statistically estimate rock-free regolith thickness.

2. Methods

Our approach to find regolith thickness estimates involves statisti-
cally quantifying the depth at which small, simple, and fresh craters
begin to excavate rock detectable by Diviner. To do so, we compare the
diameters and calculated excavation depths for each crater in our dataset
against Normalized RA (NRA) calculated as RAmax — RAmean (See section
2.1), to find the average depth at which small, simple, cold spot craters
exceed a certain threshold NRA value, indicating that they have exca-
vated consolidated rock beneath the fine-grained regolith. We expect to
see a difference between the lunar mare and highlands excavation depth
values, similar to previous estimates (Fa and Wieczorek, 2012; Horz
et al., 1991; Shkuratov and Bondarenko, 2001; Quaide and Oberbeck,
1968; Bart et al.,, 2011; Wilcox et al., 2005; Shoemaker and Morris,
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Fig. 2. (a) Example of Diviner derived RA for a 2.3 km diameter cold spot crater located at 4.079°S, 151.682°E. The black dashed line represents the rim of the crater
centered at ’+’. (b) LROC NAC (Robinson et al., 2010; Robinson, 2010; Humm et al., 2016; Mahanti et al., 2016) Mosaic of images M125984243RE, M1222726789RE,
and M1222726789LE corresponding to subfigure (a). Both images have a horizontal and vertical extend of three crater radii.
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Fig. 3. Distribution of diameters for all cold spot craters in our RA dataset, for the highlands (left) and mare (right). Bin width of the histograms is 0.1 km. The inset
plots show the tail-end of the distributions to highlight that simple cold spot craters at larger diameters occur less frequently in our dataset.

1970).

2.1. Normalized rock abundance

For the present study we used an updated version (Venkatraman
et al., 2022) of the Williams et al. (2018) cold spot dataset to find the
centers and diameters of 2282 cold spot craters, ranging from 43 m to 2.3
km in diameter, equatorward of +50° latitude. We identified the center
of each cold spot crater in both LROC NAC images and the Diviner 128
pixels per degree (240 m per pixel at the equator) improved global RA
maps (Bandfield et al., 2011; Williams et al., 2017; Powell et al., 2022),
as illustrated in Fig. 2. Most debris ejected by an impact crater falls within
one crater diameter from the rim (Melosh, 1989). We therefore calcu-
lated the value of maximum and mean RA for the crater interior and
surrounding ejecta within three radii from the center of that crater

(Fig. 2). We use normalized Diviner RA (NRA) to distinguish ejecta rock
values from the background regolith (all regolith away from the ejecta).
While background regolith RA values are normally distributed, ejecta
values are not (Ghent et al., 2014). Ejecta RA distributions are typically
right-skewed and cannot be meaningfully represented by Gaussian
summary statistics like the mean RA (Ghent et al., 2014). To effectively
capture the right skew of the RA distribution for each crater, we calculate
NRA as RApmax — RAmean Of the region within three radii of the crater
center. This is simply a heuristic method of capturing the skewness of a
distribution by incorporating the distribution maxima. This statistic can
be refined in future studies with the availability of more data (Behrens
et al., 2004; Sohn et al., 2005). Our derived NRA dataset contains 22
craters less than the Williams et al. (2018) cold spot dataset as a result of
missing information in the global RA maps. Our crater diameters for this
study are right-skewed, following a power law distribution, with
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Fig. 4. (a) Shows a schematic of crater modification and movement of material during the formation of a typical small, simple crater (from Melosh (1989), Fig. 6.8, p.
238). (b) Shows the difference between the dimensions and nature of excavated material of transient and final crater boundaries post gravity-dominated collapse.

Adapted from Grieve (1987).

approximately 97% having diameters less than 500 m (Fig. 3).
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Fig. 5. (a) Linear and (b) log-log scatterplots of cold spot crater diameter
against NRA for the lunar mare and highlands.

Using these estimates, we get a depth of excavation equal to 8.4% of the
apparent diameter of a small, simple crater.

3. Results

Our dataset has a much lower density of cold spot craters for di-
ameters > 500 m than diameters < 500 m (Figs. 3 and 5, Fig. 6). Fig. 5b
also shows a significant overlap in the mare and highlands NRA values
across crater diameter. To see trends within smaller diameter ranges, and
separate out diameters > 500 m where there is less data (n = 45), we
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Fig. 6. NRA distributions by diameter for the mare and highlands: (a) 0-100 m, (b) 100-200 m, (c) 200-500 m, and (d) 500 m-1 km. Plots have a bin width of 0.05%
NRA, with error bars representing the 95% confidence interval. The dashed black line represents our selected threshold for rockiness fraction, which we define as the
probability that a given crater has an NRA value greater than 0.8%. Our NRA values extend out to 8% but we have only included values up to 3% for the sake of clarity.
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compare NRA distributions by diameter (Fig. 6). This also allows us to see
potential differences between the mare and highlands regions.

3.1. Threshold selection and rockiness fraction

From Fig. 6a, b, and c, we see that for the smallest diameters, majority
craters have NRA <0.8%. Our approach for identifying rocky craters
requires choosing a ‘rockiness’ decision threshold, below which craters
are considered not rocky and above which they are considered rocky. A
threshold of 0.8% NRA is therefore selected, and we define the proba-
bility that a given crater has an NRA value greater than 0.8% as the
rockiness fraction:

P(NRA >0.8%) (5)

In other words, a low rockiness fraction or probability indicates a low
NRA for that particular diameter range, while a high rockiness fraction or
probability represents a high NRA for the same. This threshold can be
refined in future studies with the availability of more data (Behrens et al.,
2004; Sohn et al., 2005).

3.2. Mare and highlands depths

Plotting the rockiness fraction against crater diameter and excavation
depth gives us slightly more discernible differences between the mare
and the highlands (Fig. 7). The rockiness fractions for both the mare and
highlands fit well with a Logistic Sigmoid function, typically used in
statistics and machine learning to model how the probability of an event
(a binary, dependent variable) might be affected by one or more
explanatory variables (Cramer, 2004). If half the craters in a particular
diameter bin are rocky (rockiness fraction = 0.5), we consider this to be
an indication of rock excavation detectable by Diviner. The results show
that 50% of craters are rocky at a diameter of around 123 m in the mare,
and 141 m in the highlands. In accordance with Melosh (1989), these
correspond to excavation depths of around 10 and 12 m respectively.
Lunar mare craters seem, on average, to become rocky at slightly shal-
lower depths than those on the highlands. It is important to note that
these depths are calculated from existing models as opposed to from
imaging or other instrument data.

4. Discussion

From our results, we see that there is evidence of a slight difference
between the mare and highlands excavation depth estimates. However,
we still do not completely understand the geology of the regolith-bedrock
interface in either region. For instance, there is still debate as to whether
a megaregolith or paleoregolith might exist, and if it's interspersed with
finer regolith or completely buried beneath it. The presence of a mega-
regolith or shock-lithified breccia boulders could pose a challenge to
regolith thickness estimates from Diviner. Detected rock could poten-
tially include highly friable breccia thought to have been formed from
regolith crystallization upon impact (Muehlberger et al., 1973; Schmitt,
1973). However, we expect friable breccia to have a lower thermal
inertia than coherent rock (Elder et al., 2019), and therefore not signif-
icantly affect our results. The presence of impact melt deposits in small,
simple impact craters in the lunar highlands that either partly or
completely bury rocks (Plescia and Cintala, 2012), could also impact
regolith thickness estimates from Diviner. Even so, these melt deposits
are rare, and unlikely to significantly affect our results. It is also useful to
note that with recent growing interest in lunar pits (Horvath et al., 2022),
further analysis and in-situ work on these mare cave openings could help
constrain the regolith thickness in those regions.

Our excavation depth estimates are unique values for both the mare
and highlands regions. It is worth noting that interpreting these results in
terms of a single regolith thickness can be problematic. Firstly, regolith
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thickness estimates are not only varied across techniques, but also
spatially within a local area on the lunar surface (Wilcox et al., 2005;
Wilhelms and with, 1987). Secondly, we must rely on existing excavation
depth models (Melosh, 1989) to estimate these thicknesses. Sharpton
(2014) has suggested a new model based on higher resolution LROC
images showing crater deformation that suggest a depth of excavation
less than or equal to 3% of the diameter of the transient crater.

d, < 0.03 D, [49] (6)

= d, ~ (0.84) (0.03) D = 0.025 D @)

Using Sharpton's results would give a depth of excavation of 2.52% of
the apparent diameter of a small, simple crater. Melosh's model (Melosh,
1989) gives us regolith thickness estimates that are more than three times
those of Sharpton's. However, both models give us estimates that are
within the range of other previous studies (Fa and Wieczorek, 2012; Horz
et al., 1991; Shkuratov and Bondarenko, 2001; Quaide and Oberbeck,
1968; Bart et al., 2011; Wilcox et al., 2005; Shoemaker and Morris,
1970).

5. Conclusion

Our results show that the mare regolith might be thinner than that in
the highlands. The approximate diameter at which the majority of craters
start to become rocky is 123 m in the mare and 141 m in the highlands.
Using maximum excavation depth estimations from Melosh (1989), this
corresponds to a 10 m average rock-free regolith thickness in the mare
and 12 m in the highlands. Using maximum excavation depth estimations
from Sharpton (2014), we get 3 m average rock-free regolith thickness in
the mare, and 4 m in the highlands. Both models give us regolith thick-
ness estimates that are within the range of other previous estimates (Fa
and Wieczorek, 2012; Horz et al., 1991; Shkuratov and Bondarenko,
2001; Quaide and Oberbeck, 1968; Bart et al., 2011; Wilcox et al., 2005;
Shoemaker and Morris, 1970) which is significant in that our approach to
estimating regolith thickness differs from previous ones, while producing
results consistent with them.
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