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Introduction: The lunar regolith is formed by the
bombardment of micrometeorites that pulverize the lu-
nar surface forming a poorly sorted layer of fragmental
debris. Regions of thinner regolith on the Moon are nat-
urally rockier because smaller impactors are able to pen-
etrate the regolith and excavate bedrock.

The large age differences among mare units offers a
controlled opportunity for understanding the effect of
impact exposure on the rockiness of the surface owing
to the similarity of the substrate. In this study, we take
advantage of the very young mare surface of the
Chang’e 5 (CE-5) landing site to compare mare regions
widely differing in impact exposure [1, 2]. Crater counts
at this site suggest this surface has undergone ~2.5-4
times less impact exposure than typical 3.5 Ga mare sur-
faces [1]. The comparison between young and old sites
allows us to control for the mechanical properties of the
regolith.

In this work we report on analysis of size-frequency
distributions of craters with rocky ejecta collected from
the CE-5 landing site and Mare Humorum. Our analysis
features these controls: 1) substrate is limited to a single
type (mare), 2) the regolith is thin enough such that all
impactors in the study area penetrate to bedrock and
have the capability of ejecting rocks, and 3) the surfaces
differ widely in reported impact exposure time.

Chang’e 5 Landing Site and Mare Humorum:
The first study area is in the northeast region of Oceanus
Procellarum, which includes the CE-5 landing site (cen-
tered on 42.795N, 52.095W) and the second study area
is in Mare Humorum (centered on 22.8128S, 40.166W).
Each study site is 60x60 km (3600 km?). The model age
of this region of Mare Humorum was reported to be 3.45
Ga [1] and the CE-5 site was estimated to be 1.21-2.07
Ga [3-7] with some regional locations up to 3.33 Ga [8].

Data: We use shaded relief imagery generated from
the merged LOLA/Terrain camera DEM data set for the
crater counting [9] and rock abundance or “rockiness”
is quantified using thermal inertia data from LRO Di-
viner following Bandfield et al. (2011) [10]. From the
rock abundance parameter we can then determine how
crater size-frequency distributions vary with degree of
rockiness.

Methods: All craters counted are larger than 200m
in diameter, which ensures the impactor penetrated to
bedrock. Secondaries are included in the counts to cap-
ture the entire crater population, as this study is not in-
tended to determine absolute model ages for the CE-5

study area. Rock abundance is quantified as the average
values of the ejecta from the crater rim to one crater ra-
dius from the rim. Crater size-frequency distributions
are measured for the total crater population in each
study area, and also each of 10 percentiles of ejecta rock
abundance. To more directly compare the CE-5 study
area to Mare Humorum, 90th percentile parameter min-
ima for Humorum are applied to the CE-5 crater size-
frequency distributions.

Results: We computed log-space histograms for
rock abundance distributions (Figure 1). This parameter
exhibits a roughly log-normal distribution at both sites,
but is slightly skewed to higher values. For CE-5, the
rock abundance distribution peaks at -2.35 (0.46% rock
abundance) and has a full width at half maximum
(FWHM) of 0.4. Rock abundance at Humorum peaks
at-2.15 (0.71% rock abundance), but is broader, with a
FWHM of 0.7.
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Figure 1: Log histogram of CE-5 and Humorum ejecta rock
abundance distribution.

100 rocky ejecta craters, ranging from 3-13% rock
abundance, comprise the 90" percentile rock abundance
class at Humorum. Applying this range of values found
for the Humorum’s 90th percentile to the CE-5 craters,
6 craters are within the Humorum 90th percentile cutoff
for rock abundance.

We computed crater size-frequency distributions
(CFD) for both sites' total crater populations and the var-
ious percentiles. Slopes for the total population CFDs
were -3.9 for both sites. The rock abundance CFD of the
90th percentile of Humorum (rocky CFD) shows a shal-
lower slope than the total population CFD for both the
Humorum and CE-5 (Figure 2).
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Figure 2: CFD of rocky craters for the Mare Humorum study
site. Minima from Humorum were applied to the CE-5 craters,
with just 6 craters within range. N(D=1) plotted in dashed
lines.

Given the variability of reported ages in the region
around the CE-5 site (ranging 1.21-3.33 Ga [3-8]), indi-
vidual quadrants (900 km?) within the study area were
assessed to provide better spatial resolution and detect
heterogeneity (Figure 3). We found variations in N(1)s
between the quadrants as suspected.

Slopes for the total population CFDs average -3.92
among quadrants, but are somewhat inconsistent, differ-
ing by 0.02-0.59. Slopes for the rocky CFDs average -
2.20 and are more consistent across quadrants, differing
by 0.03-0.26. The slopes of the rocky CFDs are always
shallower than those of the total population CFDs.

, Al Craters (0.0023 - 0.0364)
# Craters: 263
——Slope = -4.27
. 90th Perc (0.0166 - 0.0364)
# Craters: 36
——Slope = -2.37
” 90th Perc - MH Mins (0.0255 - 0.0364)
# Craters: 4

_0.0020707

Crater Frequency Per km?

[ S 7 T I 0.0015201

o
&

|1 km Diameter
10°
Diameter (km)
Figure 3: Example of a quadrant CFD using NW quadrant of
CE-5. In blue is the total crater population of CE-5 with a
steep slope of -4.27. In purple is the 90" percentile of rocky
craters in the CE-5 study area. And in red is the 90" percentile
of rocky craters using Humorum minima for the CE-5 study
area. N(D=1) plotted in dashed lines.
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Discussion: Impacts on the older Humorum surface
are much more productive in excavating rocks than the
younger CE-5 surface. We offer two hypotheses to
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explain this: The original mare surfaces may have de-
veloped different mechanical properties during em-
placement [11]; or the somewhat older surfaces are
more fragmented making it easier to expel rocks.

Further, Figure 2 and Figure 3 show consistent dif-
ferences between the rocky CFD and the total popula-
tion CFD. As expected, the total population CFDs ex-
hibit a steep slope consistent with the inclusion of sec-
ondaries [12-14]. The rocky CFDs have shallower
slopes, that could indicate that secondary impacts, being
less energetic, are less effective at producing craters
with rocky ejecta. However, the slopes are even shal-
lower than expected for a primary cratering population
[15].

All impactors included in this study are expected to
excavate bedrock as counted crater diameters are 200m
at minimum, which should penetrate nominal regolith
depths of ~5 m [16]. However, our findings show that
small impacts excavate rock less frequently or lose their
rocks more efficiently. This phenomena may be the ef-
fect of irregular bedrock that results in variable regolith
depth, leading to locally thick patches of regolith [e.g.
17]. Some small impactors will land in anomalously
thick regolith and therefore not excavate rock. It is also
possible that the small rocks excavated by small impacts
are degraded faster than the large rocks excavated by
large impacts (which must first become small rocks be-
fore becoming regolith) [18]. Additionally, the mechan-
ical properties of substrate play an important role in
whether smaller impactors are able to excavate rocks
and immature materials.
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