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Abstract Craters on the lunar surface can provide valuable information about the timing and sequence of
surface-forming processes on the Moon. A commonly used method for age determination is the analysis of
the crater size-frequency distribution (CSFD) to which a production function (PF) is fitted that represents the
size-frequency distribution of the impactors. However, the commonly used PF of Neukum (1983) is valid for
crater diameters between 10 m and 300 km. Neukum et al. (2001, https://doi.org/10.1007/978-94-017-1035-
0_3) revised the PF for crater diameters of 100 m—200 km. However, it is suggested to also be valid for the
diameter range of 10 m—300 km as well. To assess whether we can extend a PF to craters <10 m in diameter,
we investigated the slopes of the CSFDs of small craters formed on ejecta of young Copernican-aged craters
Giordano Bruno, Moore F, North Ray, and South Ray. A PF for smaller diameters would allow dating of young
geological units, which are typically small, and would reduce the statistical error in age determinations, since
smaller craters are more abundant. However, small craters are strongly influenced by geological factors, such
as target properties, crater degradation, and secondary craters. For craters between 10 and 20 m we obtain a
steeper CSFD slope than Neukum's proposed —3 slope (cumulative), whereas for craters <10 m the slope is
about —3. We conclude that the PF of Neukum (1983) provides a reasonable CSFD slope for smaller craters,
although it was not developed for this crater diameter range.

Plain Language Summary Since the formation of the Moon, impactors have randomly hit the
lunar surface. Older areas have larger and more abundant craters compared to younger areas. This relationship
allows the determination of relative ages for different surfaces. A mathematical function can be fitted to the
number and size of craters. This function has a specific shape and can be used to date a surface. Frequently
used functions are valid between crater diameters of 10 m and 300 km. Dating young geological units is only
possible if the observed craters are >10 m in diameter. Therefore, an extension of these functions to crater
diameters <10 m would be beneficial. However, small craters are strongly influenced by geological factors,
such as target properties, crater degradation, and secondary craters. We consider these influences in our
investigation. To compare our results with previous findings, we look more closely at the slope of the function
that results from the number and size of the craters. Generally, we find that one function fits well for craters
<10 m, even though it was not designed for this diameter range. This allows a more robust age determination
because small craters are more abundant, reducing the statistical error.

1. Introduction

The dating of geologic surfaces on the Moon is crucial for understanding its geologic history and evolution.
Crater size-frequency distribution (CSFD) measurements are often used for determining both relative and abso-
lute ages of surfaces, where older surfaces exhibit more and larger craters than younger surfaces (Baldwin, 1971;
Neukum, 1983; Opik, 1960; Shoemaker et al., 1970). Hence, it is assumed that the number of impact craters is
directly related to time (Baldwin, 1964; Neukum, 1983; Opik, 1960). The determination of surface ages requires
the construction of a production function (PF), which indicates how many craters of a given diameter formed on
an undisturbed surface of a given age (Baldwin, 1964; Neukum, 1983; Opik, 1960). One frequently used PF was
empirically derived by measuring craters on reference surfaces using Apollo era data (Neukum, 1983) and was
revised in 2001 (Neukum et al., 2001).

The lunar PFs of Neukum are polynomials of 11th degree and are fitted to the measured CSFD of a given refer-
ence area to determine its crater density at an arbitrarily selected reference crater diameter, often 1 or 10 km
(e.g., Hartmann & Neukum, 2001; Ivanov & Hartmann, 2007; Neukum, 1983; Neukum et al., 2001), yielding the
cumulative number (N) of craters >1 or 10 km, that is, N(1) or N(10). Hence, the N(1) or N(10) provide relative
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ages. Another PF was developed by Hartmann (1999), who fitted three power laws to different diameter ranges
(>64, 1.41 to <64, and 0.3-1.41 km) of the CSFDs.

Crater densities at chosen reference diameters can be correlated with absolute radiometric and exposure ages of
lunar rock and soil samples returned from lunar sites, which allows the construction of a chronology function
(e.g., Neukum, 1983; Neukum et al., 2001; Robbins, 2014), which can be used to determine absolute model ages
(AMA-5) and can, in principle, be applied to any area on the lunar surface. Thus, with these two functions, it is
possible to derive relative ages and AMAs for the lunar surface. A limitation, however, is that the PF is only valid
for crater diameters of 10 m—300 km (Neukum, 1983). The PF of Neukum et al. (2001) was refined in crater
diameters between 100 m and 200 km, but it is also suggested to be valid for the crater diameter range between
10 m and 300 km (Ivanov et al., 2001). The power laws of Hartmann (1999) are valid in the crater diameter range
between 0.3 and >64 km. With the increased image resolution of more recent missions (Haruyama et al., 2008;
Robinson, 2011), it has been possible to perform CSFD measurements for crater diameters down to a few meters.
Thus, it would be beneficial to be able to extend available PFs to smaller diameters to allow fitting of relative and
AMAs for young geological units that do not contain larger craters. To determine whether the PF can be expanded
to smaller crater diameters, we studied the CSFDs on ejecta blankets at the four young Copernican-aged craters
Giordano Bruno, Moore F, North Ray, and South Ray. The selection of young reference units on ejecta blankets
ensures (a) that the CSFDs are in production and have not reached equilibrium at the crater diameters of interest
(e.g., Gault, 1970; Melosh, 1989) and (b) possible contrasts in target properties are minimized (e.g., van der
Bogert et al., 2017).

In this paper, we perform CSFD measurements on four young Copernican-aged crater ejecta blankets. We analyze
the resulting CSFD slopes and evaluate effects such as target properties, crater degradation, secondary craters,
and the impactor population. Our results will be compared with literature data.

1.1. The CSFD Slope at Small Crater Diameters

The CSFD slope reflects the number ratio of primary impacts with various magnitudes forming on the lunar surface
and can therefore, using crater scaling laws, be used to determine the size-frequency of craters in production and
the impactor size-frequency distribution (e.g., Hartmann et al., 1981; Ivanov et al., 2002). The 11th degree poly-
nomial of Neukum (1983) and Neukum et al. (2001) reveals a slope for crater diameters <250 m of —3.82 (cumu-
lative) and for diameters between 10 and 23 m of —3.0 (cumulative). The power laws of Hartmann (1999, 2005)
have slopes of —2.2 (log-incremental) for craters >64 km in diameter, —1.80 (log-incremental) for craters between
<64 and 1.41 km, and a slope of —3.82 (log-incremental) for craters between <1.41 and 0.3 km.

However, the size distributions of small impact craters are significantly influenced by diverse factors, such as
target properties, secondary cratering, crater degradation, and resurfacing processes (e.g., Basilevsky et al., 2018;
Fassett et al., 2018; Hiesinger et al., 2012; McEwen & Bierhaus, 2006; Melosh, 1989; Schultz & Spencer, 1979;
van der Bogert et al., 2010, 2017, 2018; Wiinnemann et al., 2011; Xiao & Strom, 2012; Zanetti et al., 2017).
These factors must be evaluated and reduced in order to obtain the most undisturbed CSFD measurement possi-
ble. In general, target properties (e.g., strength, porosity, and density of the target material) play an important role
for small craters predominantly formed in the strength regime (e.g., Housen & Holsapple, 2011; Melosh, 1989).
On the Moon the strength- to gravity transition is somewhat below 1 km (Melosh, 1989; Neukum & Ivanov, 1994;
Schultz & Spencer, 1979; van der Bogert et al., 2017). Thus, all craters in this study were formed in the strength
regime. That means that, for the same impactor size, crater diameters increase in targets with lower density and
less strength, which causes the resulting CSFD to be shifted to slightly larger diameters, but at the same crater
frequency (e.g., Housen & Holsapple, 2011; van der Bogert et al., 2017; Wiinnemann et al., 2011). This results
in older apparent ages and, if the larger diameters do not increase in size at the same rate, a steeper CSFD slope
(e.g., van der Bogert et al., 2017). Empirical observations by van der Bogert et al. (2010) indicate that the crater
diameter is ~20% larger in the ejecta material than in the melt pool material of the Jackson crater. Hence, to
exclude target property effects in this study, we only determine CSFDs on continuous ejecta deposits.

Secondary craters also affect the CSFD slope (e.g., McEwen & Bierhaus, 2006; Xiao & Strom, 2012; Zanetti
et al., 2017). Field-secondaries can be identified by clustering, chains, and herringbone patters (e.g., McEwen &
Bierhaus, 2006; Oberbeck & Morrison, 1973; Shoemaker, 1962). However, self-secondary craters can be difficult
to detect since they occur irregularly distributed across the surface (e.g., ejecta blankets) and have morphologies
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similar to primary craters, which poses the risk of including them in the CSFD measurement (e.g., Plescia
et al., 2010; Zanetti et al., 2017). In such cases, the slope becomes steeper than the slope of the primary crater PF
(e.g., McEwen & Bierhaus, 2006; Plescia & Robinson, 2011; Zanetti et al., 2017).

The stage of crater degradation is another method to infer the ages of lunar surfaces. It allows a relative chronolog-
ical classification of the craters, and is used to classify craters into specific degradation stages and linking them
to the lunar impactor flux (e.g., Basilevsky, 1976; Basilevsky et al., 2014; Fassett & Thomson, 2014; Soderblom
& Lebofsky, 1972; Stoffler et al., 2006). However, besides the time-dependent degradation, processes like mass
wasting, seismic shaking, and coverage through impacts (resurfacing) increase the crater degradation stage (e.g.,
Basilevsky et al., 2014; Drozd et al., 1974; Fassett & Thomson, 2014; Mahanti et al., 2018; Senthil Kumar
et al., 2013; van der Bogert et al., 2018; Xiao et al., 2013; Xie et al., 2017). Furthermore, smaller craters degrade
faster than large craters, resulting in an uneven degradation stage of craters on a geological unit (e.g., Fassett &
Thomson, 2014; Mahanti et al., 2018; Trask, 1971).

The influence of crater degradation on the CSFED slope is twofold: either a high degradation stage might hinder
the identification of especially small craters, leading to a reduced number of small craters in the CSFD meas-
urement and a shallower CSFD slope. Or, degradation enlarges the initial crater diameter, resulting in a higher
number of large craters in the measured CSFD, resulting in a steeper CSFD slope (Xie et al., 2017).

2. Data and Methods
2.1. Crater and Count Area Selection

We focused on the young Copernican-aged craters Giordano Bruno, Moore F, North Ray, and South Ray, which
have a crisp crater rim and ejecta blanket (see Figure 1).

Giordano Bruno (36.0°N, 102.9°E) is about 21.5 km in diameter and is located between Mare Humboldtia-
num and Mare Moscoviense. Morphologically, it appears to be transitional between simple and complex craters
(Plescia et al., 2010). Morota et al. (2009) determined ages of 1-10 Ma for several counting areas on the ejecta
and suggested an age of 4 Ma for the impact. Basilevsky and Head (2012) estimated an age between 5 and 10 Ma
based on the morphological sharpness of craters superposing Giordano Bruno's ejecta blanket. Its ejecta is rela-
tively smooth and continuous, although in the south it is overprinted by melt deposits.

Moore F (37.3°N, 175.0°W) has a diameter of 23.5 km and is located 60 km east of Moore crater. The ~41 Ma old
crater (Morota et al., 2009) has a central peak, which is surrounded by melt deposits. The ejecta appears smooth
with boulders close to the crater rim.

North Ray (8.8°S, 15.5°E) is about 950 m in diameter and is located 5 km north of the Apollo 16 landing site
in the Descartes Highlands. The crater has a distinct ejecta blanket and bright rays and plays an important role
in constraining the chronology function since rock samples from its vicinity were collected that give exposure
ages about 50 Ma (Arvidson et al., 1975; Behrmann et al., 1973; Drozd et al., 1974; Marti et al., 1973; Stoffler
& Ryder, 2001).

South Ray (9.1°S, 15.4°E) has a diameter of approximately 700 m and is located 6 km south-west of the Apollo
16 landing site in the Descartes Highlands. With an age of 2 Ma (Arvidson et al., 1975; Behrmann et al., 1973;
Drozd et al., 1974; Stoffler & Ryder, 2001), it is a very young simple crater. It has a high-albedo ejecta with an
extensive ray pattern.

These four craters were selected to minimize the number of field-secondary craters on the ejecta blanket and to
avoid major degradation (e.g., Fassett & Thomson, 2014; H. J. Moore et al., 1980) of small craters. In addition,
we focused on young craters so that small craters formed on their ejecta had not yet reached equilibrium. We use
the term equilibrium similar to Gault (1970) and Melosh (1989), which defines it as a state of the (lunar) surface
where the number of craters is already so high that each newly formed crater destroys, on average, an older
crater. For the estimation of the equilibrium of the investigated craters, the standard lunar equilibrium function of
Trask (1966) was used. Some of the selected count areas are relatively small due to the strict requirements that
count areas must fulfill: The investigated areas need to be representative of the crater of interest and therefore are
visually free of resurfacing events and secondary crater clusters, chains, and rays; identified secondary craters
were excluded. In addition, we did not include regions in our count areas with topographically steep slopes near
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Figure 1. Locations of the study areas where the crater size-frequency distribution measurements were conducted. For the count areas at Giordano Bruno and Moore F
(top panels), the Lunar Reconnaissance Orbiter (LRO) Wide Angle Camera mosaic (Robinson et al., 2010) is displayed, and North Ray and South Ray craters (bottom
panels) are shown on LRO Narrow Angle Camera mosaics (Table 1, Robinson, 2011). Inlying areas (hatched) are excluded from the count areas.

the crater rim, extensive boulder fields, and areas with rough or rope-like structures. To avoid self-secondary
craters as much as possible, some count areas are located at some distance from the crater rims. All count areas
were placed in regions of continuous ejecta blanket, where its thickness is large enough to completely cover
craters of the underlying substrate in an attempt to minimize the effect when incorporating them into our CSFD
(see Section 4.1).

In addition to their formation age, all studied craters are within the highlands to avoid possible effects of compo-
sitional and physical differences between different terrain types as these effects may change the size of craters
formed on the ejecta blankets.
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Table 1
Key Parameters of Lunar Reconnaissance Orbiter Narrow Angle Camera Products Used in Our Study
Count area Product ID Observation year Incidence angle (°)  Phase angle (°)  Pixel scale (m/px)
Giordano Bruno 1 M180509194LE 2012 78.09 79.86 1.59
Giordano Bruno 2 M1122929850LE 2013 65.12 66.84 1.51
Giordano Bruno3  M103831840LE/RE 2009 64.9/65.13 74.53/71.89 1.54/1.53
Moore F 1 M1107052575RE 2012 62.04 60.99 1.57
Moore F 2 MI1112971104RE 2013 64.64 63.49 1.49
Moore F 3 M1112978178LE 2013 65.04 55.19 1.51
North Ray 1 M129187331LE 2010 54.19 55.86 0.49
North Ray 2 M129187331LE 2010 54.19 55.86 0.49
North Ray 3 M129187331LE/RE 2010 54.19/54.26 55.86/53.12 0.49/0.49
North Ray 4 M129187331RE 2010 54.26 53.12 0.49
South Ray 1-3 M119754107RE 2010 56.15 34.79 0.52

We decided to limit the considered crater diameters. Roll-overs occur naturally at small crater diameters during
the crater counting process, indicative of the resolution limit of the image used. Therefore, we set the minimum
diameter for the small crater diameters in each count area to a bin at which the differential plot does not yet show
aroll-over. Crater diameters below that limit are not included in the CSFD slope analysis. Crater diameters, which
appear to have reached equilibrium, were excluded as well. Largest crater diameters at North Ray 3, combined
North Ray, and Moore F 3 indicate a resurfacing event and are therefore not included in this analysis. The consid-
ered crater diameters for each count area are shown in Table 3. For the determination of unidentified secondary
craters in our CSFD measurement we use the randomness analysis of Michael et al. (2012), which displays the
degree of second neighbor clustering for individual crater bin sizes (Figure 2).

We also ensured that the individual count areas did not cross the Lunar Reconnaissance Orbiter (LRO) Narrow
Angle Camera (NAC) image edges with different illumination conditions to eliminate image boundary effects.
An exception, however, is for areas Giordano Bruno 3 and North Ray 4 where counts were conducted across
the LE/RE boundary of the images (see Table 1). Here, very minorly different pixel scales and incidence angles
are present, which should not have a significant influence on the CSFDs. The count areas of North Ray were
originally determined by Konig (1977) and recounted by Hiesinger et al. (2012). We also base our count areas on
these previously derived areas, but slight modifications were made to reduce the influence of boulder fields and
to avoid possible layering effects.

2.2. Data and Slope Calculation

For our investigation, we used images from the Lunar Reconnaissance Orbiter Narrow Angle Camera (LROC
NAC, Robinson, 2011) with pixel scales between 0.5 and 1.6 m/px and incidence angles between 54° and 78°
(see Table 1). The images were obtained from the Planetary Data Systems (Robinson, 2011) and processed with
the Integrated Software for Imagers and Spectrometers (ISIS, Anderson et al., 2004).

Craters were identified using ArcGIS in combination with the two-point counting tool of CraterTools (Kneissl
et al., 2011). The CSFDs were visualized in CraterStats using pseudo-log binning (Michael et al., 2016). Details
on how to perform and display CSFD measurements are provided in several studies (e.g., Crater Analysis Tech-
niques Working Group, 1979; Hartmann & Neukum, 2001; Hiesinger et al., 2000; Neukum, 1983; Neukum &
Ivanov, 1994; Neukum et al., 2001; Werner & Ivanov, 2015).

We also used slope maps derived from NAC digital terrain models (DTMs, Table 2, Henriksen et al., 2017) to
identify flat surfaces to avoid effects of enhanced crater degradation due to slopes on our CSFD measurements.
Since only parts of Giordano Bruno are covered with available NAC slope maps and no count areas were covered
at Moore F, the Multi-temporal Database of Planetary Image Data (MUTED, Heyer et al., 2018) was used to
identify suitable stereo NAC image pairs, from which high-resolution DTMs were calculated using the Ames
Stereo Pipeline (Beyer et al., 2018). Finally, the Clementine ultraviolet-visible color ratio composite map of
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Table 2

Lunar Reconnaissance Orbiter Narrow Angle Camera Images Used to
Generate Digital Terrain Models (DTMs) and Existing DTM Products
Utilized in Our Study, From Which Slope Maps Were Made

Lucey et al. (2000) was used to ensure that the count areas for a given crater
have similar and homogeneous compositional properties.

The CSFD slopes were calculated with the algorithm of Clauset et al. (2009).
This algorithm uses a combination of the goodness-of-fit test and maximum

NAC piel ];:(1:1[ likelihood estimators and fits a power law onto the unbinned data. As it only
NAC product ID/*DTM sl qeille requires the diameter of each crater and is independent of the display of the
Count area product ID (m/px) (m/px) data, it is statistically more robust and less biased than fitting a power law
Giordano Bruno 1 M1100516110LE/RE 1.22/1.20 366 onto jblnned data (Clauset et al., 2.0(.)9; Robbins 6.3t al., 20.18)‘ However, the
algorithm of Clauset et al. (2009) is intended to fit the entire diameter range
M1100537548LE/RE 1.17/1.17 . o 1
of the measured data rather than only considering specific diameter ranges.
Giordano Bruno 2 M1207693791LE/RE 120/1.19  3.60 We found no differences in CSFD slope when crater diameters indicating a
M1207714892LE/RE 1.16/1.17 resurfacing are included (e.g., North Ray 3), except that the uncertainty is
Giordano Bruno3 NAC_DTM_GIORDNBRNO* 3.00 larger.
Moore F 1 M1120031479LE/RE 1.24/1.23 3.81
M1120038581LE/RE 1.27/1.26 3. Results
Moore F 2 M1112956872LE/RE 1.58/1.56 4.74 ) ) )
M1112978178LE/RE L51/1.52 We 1nvest1gated several areas on Giordano Bruno, Moorhe E, N(frth Ray, .and
South Ray in order to analyze the slope of small crater distributions, particu-
Moore 3 MITI2956872LE/RE 1.58/1.36  4.74 larly craters <10 m. The CSFDs are shown as cumulative and R-plots (see
M1112978178LE/RE L.51/1.52 Figure 2, Crater Analysis Techniques Working Group, 1979).
North Ray 1-4 NAC_DTM_APOLLO16* 2.00
South Ray 1-3 NAC_DTM_APOLLO16* 2.00

Note. The given DTM pixel scales were used to derive slope maps.

3.1. Analyses of CSFD Measurements

The CSFD measurements indicate a slope of about —3 for craters <10 m
and slightly steeper slopes for craters between 10 and 20 m compared with
Neukums -3 slope in the same crater diameter range (Neukum, 1983;
Neukum et al., 2001).

The cumulative plots for Giordano Bruno 1 and Giordano Bruno 2 show a small kink at 10 m crater diameter. For
these count areas, the slope of the larger craters is shallower than the slope of the smaller craters (see Figure 2 and
Table 4). Giordano Bruno 3 shows no kink and has as well a generally steep slope, but with a steeper slope for the
larger crater diameters than for the smaller crater diameters. The slope changes are also well seen in the R-plots.
In the studied count areas, craters reach equilibrium at diameters between 6 and 8 m. Randomness analyses indi-
cate that unidentified secondaries are present at crater diameters <8 m.

The CSFDs of the Moore F 1 and Moore F 2 count areas do not show any resurfacing kinks. For the count area
Moore F 3, the slope of the CSFD changes at 25 m. The individual CSFD measurements, as well as the combined
data set for all the measurements, align well with each other in the R-plot. For the Moore F count areas, equilib-
rium is reached at a crater diameter of <5 m. The randomness analyses show that the investigated crater diameter
range (5-67.2 m) does not include obvious crater clusters.

The CSFD measurements at North Ray 1, North Ray 2, and North Ray 4 do not display any resurfacing events
and show a smooth CSFD within the considered crater diameters (6—41.7 m, see Table 3). North Ray 3 and
the combined measurements indicate a resurfacing and are therefore limited to 30 and 40 m, respectively. The
scattering of the individual and combined count areas in the R-plot slightly increases for larger crater diameters,
where the number of craters is low. The North Ray CSFDs indicate that equilibrium is reached at a crater diameter
<5-6 m. The randomness analysis shows no clustering, hence secondary craters are sparse.

The CSFDs of South Ray show no obvious resurfacing. The R-plot is relatively scattered for the individual and
combined CSFD measurements, but nevertheless indicates an alignment which each other in the considered crater
diameter range. The measured craters for the South Ray count areas are not in equilibrium, and the randomness
analysis shows no crater clustering.

Table 3 shows the individual count areas with relevant parameters, such as the area size, considered crater diam-
eter range, number of craters, the N(0.01) value, and the error of N(0.01). Since the investigated crater diameters
are small, we decided to deviate from reporting the usual N(1) or N(10) values, which indicate crater density at >1
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Figure 2. Crater size-frequency distribution measurements of the investigated areas displayed as cumulative (center row) and R-plots (bottom row). The black dashed
lines in the randomness analyses (top row) show the crater diameter ranges selected for further analysis (see Table 3). Vertical gray lines on individual data points are
the error bars. The randomness analyses show that the selected diameter ranges are not affected by clusters of unidentified secondary craters.

or >10 km, respectively. Instead, we report N(0.01) or the frequency of craters at >10 m in diameter, thus reduc-
ing potential errors when small craters with diameters >10 m are extrapolated to a CSFD at >1 km. An accuracy
assessment for N(0.01) values is provided in Section 4.5. In our study of the CSFD slopes on ejecta blankets of
young Copernican-aged craters, we investigated craters with diameters between 2.5 and ~67 m.

3.2. Analyses of CSFD Slopes

The slopes of the individual and combined study areas were assessed in crater diameter ranges and as a whole,
with crater diameter ranges <10 m, between 10 and 20 m, which allows a direct comparison with the CSFD slope
of —3 derived by Neukum (1983) and Neukum et al. (2001), >10 m, and across the full considered crater diameter
range. We also examined the CSFDs from the combined count areas for each of the individual study craters, as
these all represent the same geological units (Hiesinger et al., 2012).

In the following analysis, we compare our CSFD slopes to the nominal —3 slope of Neukum (Neukum, 1983;
Neukum et al., 2001) in the crater diameter range of 10-20 m; thus, we refer to “shallower” slopes if our deter-
mined CSFD slopes were greater —3 and to “steeper” slopes if they are below —3. The similarity between the
CSFD slope of craters <10 m and the full crater diameter range, as well as between craters >10 and 10-20 m,
results from the more abundant smaller craters, which are therefore more heavily weighted.

In general, the count areas at Giordano Bruno show very steep slopes in every diameter range. For Giordano
Bruno 1, Giordano Bruno 2, and combined Giordano Brno, the slope at smaller crater diameters is steeper than
for larger diameters, particularly for Giordano Bruno 1. Giordano Bruno 1 has a steep slope of —3.92 for craters
<10 m, and at larger crater diameters, the slope is —3.28. Giordano Bruno 2 also has a slope above —3 at craters
<10 m and a shallower slope of —2.69 considering larger crater diameters. Giordano Bruno 3 has a steeper slope
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Table 3

Parameters Derived From the Crater Size-Frequency Distributions

Count area Area (km) Crater diameter range (m) Number of craters N(0.01) (km~2) Error N(0.01) (km~2)
Giordano Bruno 1 0.744 7-25.8 78 3.23 x 10! 3.66
Giordano Bruno 2 2.90 6-43.4 385 2.72 x 10! 1.39
Giordano Bruno 3 11 8-44.9 647 2.71 x 10! 1.07
Combined Giordano Bruno 14.6 8-44.9 879 2.69 x 10! 9.07 x 10!
Moore F 1 2.55 5-38.2 2273 1.14 x 102 2.39
Moore F 2 0.092 5-27.2 104 1.46 x 102 1.43 x 10!
Moore F 3 2.09 5-25 1,543 1.14 x 102 2.90
Combined Moore F 4.73 5-67.2 3,939 1.19 x 10? 1.90
North Ray 1 0.411 6-41.7 475 2.64 x 102 1.21 x 10!
North Ray 2 0.301 6-26.5 363 2.34 x 10? 1.23 x 10!
North Ray 3 0.437 5-30 633 1.96 x 102 7.79
North Ray 4 0.533 6-35.2 560 2.33 x 102 9.85
Combined North Ray 1.68 6—40 1,795 2.31 x 10?2 5.45
South Ray 1 0.0845 2.5-8 42 7.75 1.20
South Ray 2 0.0363 2.5-11.8 20 9.86 2.20
South Ray 3 0.0796 2.5-74 38 8.43 1.37
Combined South Ray 0.2 2.5-11.8 103 8.28 8.16 x 10!

Note. The N(0.01) values are based on the PF of Neukum (1983). The bold values represent the combined data.

at craters >10 m and a shallower slope with —3.50 at craters <10 m. The combined CSFD at Giordano Bruno has
a steep slope (—3.55) at craters <10 m and across the full diameter range, the slope at >10 m and between 10 and
20 m is with —3.43 slightly shallower.

The CSFDs at Moore F exhibit a different trend, with a shallower slope at smaller crater diameters and a steeper
CSFD slope at larger crater diameters. Moore F 1 has a slope of —2.74 at craters <10 m and a slope of —3.33
considering the larger crater diameters. Moore F 2 has a slope of —3.01 for the smaller crater diameters and across
the full crater diameter range, but a steeper slope of —3.63 for crater >10 m and between 10-20 m. Moore F 3
as generally a shallow slope for craters <10 m and across the full crater diameter range (—2.45), and a slope of
—2.97 for craters >10 m and between 10 and 20 m. The combined areas show a relatively shallow slope (—2.62)
at craters <10 m, and a slope of —3.16 at craters >10 m and between 10 and 20 m.

North Ray 1 shows slopes varying around —3, whereas the crater diameters <10 m and across the full diameter range
are slightly below —3 (—2.88). In the diameter range >10 m and between 10 and 20 m, we observe a slope of —3.14.
The slopes at North Ray 2 are generally steep, with —3.55 for craters <10 m and across the full crater diameter range,
and —3.39 for craters >10 and 10-20 m. North Ray 3 has shallower slopes between —2.78 (<10 m and across the full
crater diameter range) and —2.67 (>10 and 10-20 m). North Ray 4 has a slope of ~—3 at craters <10 m and a steepe
slope at craters >10 m (—3.34). The combined count areas at North Ray exhibit a similar trend to Moore F with
shallower slopes at smaller crater diameters (—3.03 at craters <10 m, and —3.10 at craters between 10 and 20 m).

South Ray 1 and South Ray 3 do not have craters >10 m. They have steep CSFD slopes of —3.84 and —3.14,
respectively for craters <10 m. South Ray 2 has a CSFD slope of —2.63 for craters <10 m and across the full
crater diameter range, and a steep slope of —3.90 for craters >10 m and between 10 and 20 m. The combined
count areas at South Ray have a slope of —3.08 at crater diameters <10 m and the full diameter range, and —3.20
for craters >10 m and between 10 and 20 m.

4. Discussion

We observed the following trends in the CSFDs of Moore F, North Ray, and South Ray craters: crater diameters
<10 m fit a —3 slope very well, whereas larger crater diameters (10-20 m, >10 m) are slightly steeper than —3.
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Table 4

Slope Comparison in Diameter Ranges <10, 10-20, 210 m, and Across the

Entire Diameter Range

Slope
Full diameter
Count area <I0m >10m 10-20m range
Giordano Bruno 1 -392 328 -3.28 -3.92
Giordano Bruno 2 -332 -2.69 —2.69 -3.32
Giordano Bruno 3 -3.50 -3.68 -3.68 -3.50
Combined Giordano Bruno —-3.55 -343 -343 =3.55
Moore F 1 -274 -3.33 -3.33 —2.74
Moore F 2 -3.01 -3.63 -3.63 -3.01
Moore F 3 —245 =297 —2.97 —2.45
Combined Moore F -2.62 -3.16 -3.16 —2.62
North Ray 1 -2.88 -3.14 -3.14 —2.88
North Ray 2 =31558 =339 -3.39 —3:55
North Ray 3 -2.78 -2.67 —2.67 —2.78
North Ray 4 -297 -334 -3.34 -2.97
Combined North Ray -3.03 -3.10 -3.10 -3.03
South Ray 1 -3.84 —3.84
South Ray 2 -2.63 -3.90 -3.90 —2.63
South Ray 3 -3.14 -3.14
Combined South Ray -3.08 -3.10 -3.10 -3.08

Note. The smallest and largest considered crater diameters are given in

Table 3. The bold values represent the combined data.

In contrast, Giordano Bruno shows a steeper CSFD slope at craters <10 m
(—3.55) and a slightly shallower slope, but still above —3, at larger crater
diameters.

Considering only diameters from 10 to 20 m, we calculated an average CSFD
slope of —3.20 across all combined count areas at Giordano Bruno, Moore F,
North Ray, and South Ray. This is slightly steeper than Neukum's —3 slope
(Neukum, 1983; Neukum et al., 2001) in the same crater diameter range.
For craters <10 m we derived an average CSFD slope of —3.07 when taking
Giordano Bruno into account, although its CSFD slopes are significantly
steeper than —3. For Giordano Bruno, several authors (including ourselves)
found a steep CSFD slope, which has been interpreted to be the result of
secondary cratering (e.g., Plescia & Robinson, 2019; Plescia et al., 2010;
Williams et al., 2022) or crater degradation (Xie et al., 2017). As described, for
example, in Zanetti et al. (2017), there is a high variability of crater densities
across ejecta blankets, which may result from self-secondary cratering. These
self-secondaries cannot be easily separated from primary craters based on
their morphological characteristics. However, our count areas were selected
carefully and secondary clusters and rays were excluded. Despite this, random
secondaries, which could not be identified based on their morphology, may
have been unintentionally included in our CSFD measurements. However,
secondary contributions to the CSFD plot can be further minimized in the
randomness analyses by excluding bins that show clustering (see Figure 2).
Thus, if we interpret Giordano Bruno's extraordinarily steep CSFD slopes
with caution in the diameter range of <10 m and exclud these CSFD meas-
urements in the final result, we derive an average slope of —2.91.

Generally, our count areas might be affected by target properties and crater
degradation, which is discussed in Section 4.1 and Section 4.2, respectively.
Steep CSFD slopes might be associated with secondary cratering and are
covered in Section 4.3. Another possibility might be that the determined
CSFDs reflect the impactor population (see Section 4.4). For the compari-
son with other authors, we translate their provided N(1) values to our used
N(0.01) (see Table 5).

Comparing our N(0.01) values using the PFs of Neukum (1983) and Neukum et al. (2001) with the literature
data, we generally find a good agreement. Morota et al. (2009) found an N(0.01) of 14.7, which represents

gil:r:;asrison of Crater Frequencies N(0.01) for the Studied Craters Using the Production Function of Neukum (1983) (*) and Neukum et al. (2001) (**)
Giordano Bruno N(0.01) Moore F N(0.01) North Ray N(0.01) South Ray N(0.01)

This work*/** 24.5/24.5 130/129 222/222 6.65/6.70

Konig (1977)** (taken from Robbins (2014)) 176

H. J. Moore et al. (1980)** (taken from Robbins (2014)) 272

Neukum (1983) and Neukum and Ivanov (1994)* 202

Morota et al. (2009)* 14.7 160

Hiesinger et al. (2012)** 175/170

Xiao and Strom (2012)** 6.80

Robbins (2014)** 272 5.57

Plescia and Robinson (2019)** 19-183

Williams et al. (2022)** 23.92

Note. N(1) values from the literature have been converted to N(0.01) values. All N-values were measured at binned craters. Note that we only have one crater to
determine the N(0.01) value of South Ray.
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fewer craters than our results, which show N(0.01) = 24.5 at Giordano Bruno. Xiao and Strom (2012) found an
even lower crater frequency of 6.80. Our results fit well with the N(0.01) value of 23.92 derived by Williams
et al. (2022). Plescia and Robinson (2019) investigated several areas and derived N(0.01) values between 19 and
183. For Moore F, our newly derived N(0.01) value of 130 agrees well with Morota et al. (2009), who derived
an N(0.01) value of 160 using the PF of Neukum (1983). For North Ray, our value (N(0.01) = 222) is lower than
the crater frequencies reported by Moore et al. (1980) and Robbins (2014), who derived an N(0.01) of 272, and
higher than Neukum (1983) and Neukum and Ivanov (1994) who reported an N(0.01) value of 202. The values of
Konig (1977) (N(0.01) = 176) and Hiesinger et al. (2012) (N(0.01) = 175/170) reflect lower crater frequencies.
We have only one crater >10 m at South Ray, which gives us an N(0.01) of 6.65/6.70, which is relatively similar
to Robbins (2014) with their N(0.01) = 5.57. Note that one crater provides a very low statistic and has only a
limited meaning.

A direct comparison of our CSFD slopes with slopes from the literature (Table 5) is complicated by differently
chosen diameter ranges in the respective publications. H. J. Moore et al. (1980) found the slope at North Ray
and Cone Crater to be —2.8 for craters between 4 and 50 m and compared the slope with Shoemaker (1965). Xie
et al. (2017) found an overall slope of —3.2 for craters <~1 km, when taking influences from the enlargement of
crater diameters due to crater degradation into account (see Section 4.2).

Ivanov (2006), using the chronology system of Neukum et al. (2001), states that age determination for crater
diameters <10 m older than 30 Ma is impossible since these craters have already reached equilibrium. Craters
with diameters of 10 m and age of 30 Ma have a N(0.01) of 110 in the chronology system of Neukum et al. (2001).
North Ray exceeds this value (N(0.01) = 222, Table 5). However, our investigation shows that CSFD meas-
urements at North Ray have not yet reached equilibrium and thus provide valuable information for a potential
extension of a PF.

4.1. Target Properties

Since we investigated craters <67.2 m, which form in the strength regime (Melosh, 1989; Neukum & Ivanov, 1994;
Schultz & Spencer, 1979; van der Bogert et al., 2017), target properties play an important role in the final crater
diameters and should be considered. The investigated CSFDs were measured exclusively on the ejecta blankets
of Giordano Bruno, Moore F, North Ray, and South Ray. This approach was chosen to reduce the effects of
contrasting target properties on the studied craters by restricting the CSFD measurements to a single terrain
type. However, impactors penetrating through the ejecta deposits do create different crater diameters in the
strength regime due to layering and the contrast in target properties between the layers (Wiinnemann et al., 2012),
which could cause a variation in the CSFD slopes. Hence, we investigated whether the craters measured for the
CSFDs are large enough to penetrate the ejecta deposits (Figure 3). According to Gault (1970) and Wiinnemann
et al. (2011), the depth-to-diameter ratio of simple craters is about 1/5. We used this relationship to estimate the
impact depth of craters forming on the ejecta blankets of our target craters. The ejecta thickness is calculated with
the equation of Kriiger et al. (2017):

-3.0
Er =573 (0.80) B2 <RL)
F

with E as the ejecta thickness (in m), R, as the final crater radius (in m), and r as the distance from the crater
center (in m).

The plot in Figure 3 visualizes the normalized ejecta thickness and the height of crater floors relative to the ejecta
surface at their location for the craters formed on the ejecta blankets. Each vertical line between the ejecta curve
and the 0-line reflects a crater that formed completely in the ejecta blanket material. This is the case for all the
craters at Giordano Bruno, Moore F, and South Ray. Some purple vertical lines representing individual craters
on the North Ray ejecta blanket are below the O-line and thus penetrate the ejecta blanket. Breaking down this
result by count areas, it is evident that no craters have certainly penetrated and that two craters (0.04%) might have
penetrated the ejecta blanket, based on the error in the ejecta thickness equation of Kriiger et al. (2017), at count
area North Ray 1. Count area North Ray 2 has one crater penetrating the ejecta blanket (0.02%) and five craters
(0.1%) potentially penetrating the ejecta blanket. North Ray 3 has four craters (0.09%), which might penetrate
through the ejecta blanket. Since ~0.1% of the craters on the individual count areas are or might be influenced,
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Figure 3. Normalized ejecta thickness with distance from the crater center, showing penetration depths for individual craters in our count areas (turquoise = Giordano
Bruno, blue = Moore F, purple = North Ray, and pink = South Ray). The ejecta surface is the black curve. Vertical lines below the 0-line indicate a penetration through
the ejecta blanket. The vertical lines represent the error bars of the individual crater floor depths in the count areas, after Kriiger et al. (2017).

we expect that the possible effects of layering on the final crater size and the CSFD slope are negligible. Count
area North Ray 4 contains 19 craters (0.2%) that are modeled to penetrate through the ejecta blanket and 28
craters (0.3%) that might do so. Here as well, we conclude that an effect on the CSFD measurement is minor.

4.1.1. Ejecta Coverage From Nearby Craters

Another consideration is whether ejecta from nearby impacts could cover smaller craters in our study area and
influence the visibility of the smallest craters. North Ray, for example, could be affected by ejecta material from
the 8.3 km distant South Ray crater. Drozd et al. (1974) discussed that impact material of Baby Ray could influ-
ence areas of South Ray 2.3 km away. However, no resurfacing is visible in the CSFDs and the spectral Clem-
entine data. For Giordano Bruno and Moore F, we found no craters that could have affected their ejecta blanket.

4.1.2. Regolith Thickness

Regolith can play an important role when considering craters with small diameters. Either successive coverage
of craters by regolith can obliterate some of the craters and, hence, lead to an undercount, which yields shallower
slopes of the CSFDs, or it may result in changes in target properties. Therefore, we considered whether and how
the regolith formation might have influenced our CSFD measurements of small craters (Table 6).

In order to investigate newly formed regolith after the impact, we used the equation of Arvidson et al. (1975),
who analyzed boulder tracks and proposed a regolith deposition rate of 5 + 3 cm/Ma in depressions located on
slopes, and calculated a regolith thickness at the investigated craters (Table 6). Our results show that the regolith

Table 6
Calculated Regolith Thicknesses Based on Arvidson et al. (1975) for the Investigated Craters

Calculated regolith thickness on ejecta deposits (m) (Arvidson et al., 1975)

Crater min med max
Giordano Bruno 0.13 0.32 0.51
Moore F 0.62 1.55 2.48
North Ray 0.93 2.33 3.73
South Ray 0.05 0.12 0.19
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at Giordano Bruno and South Ray is relatively thin, when using age determination by radiometric dating (see
Section 2.1). Moore F and North Ray have accumulated a thicker regolith. It is, however, not possible to identify
individual craters in our CSFD measurements, which are affected by this change in material. In addition, no kink
is visible in the CSFD plots (see Figure 2) for the considered crater diameter range (Table 3), which could reflect
material differences between the ejecta material and the superposed regolith.

4.2. Crater Degradation

A plausible explanation for shallower slopes at smaller crater diameters might also be that these craters could not
be well identified in the images due to their degradation states. Morphological characteristics of degraded craters
are a less or non-distinct ejecta blanket, reduced sharpness of the crater rim (Mahanti et al., 2018), reduction of
the rim height, downslope movement along the crater walls, and material infill into the crater (Ross, 1968). The
last two characteristics cause reduced slopes of the crater walls. From previous investigations, for example, by
Trask (1971), Fassett and Thomson (2014), and Mahanti et al. (2018), it is known that small craters degrade faster
than larger craters. This effect was investigated in detail by Mahanti et al. (2018), who studied small lunar craters
between 35 and 250 m in diameter. They found that crater degradation can complicate the identification and accu-
rate measurements of craters because it enlarges the observed crater diameter (Xie et al., 2017) and makes craters
shallower (Basilevsky et al., 2014) so that they blend into the surrounding environment. As a consequence, fewer
smaller craters are counted, resulting in a shallower CSFD slope.

Crater degradation correlates, among other external influences, with crater diameter, target material, topography,
and time (e.g., Dundas & McEwen, 2007; Fassett et al., 2018; Minton et al., 2019; Richardson et al., 2005; Xie
et al., 2019). Fassett and Thomson (2014) derived a global erosion rate of 0.4 mm/Ma in the last 3 Ga in lunar
maria. Dundas and McEwen (2007) stated a crater erasure rate, which they define as the destruction of craters
by crater infill or mass wasting, of 2—-6.6 cm/Ma on the lunar highlands. Craters formed completely within the
regolith have a reduced strength of the crater walls compared to basaltic maria, which results in a faster degra-
dation in weak targets (van der Bogert et al., 2017). Xie et al. (2017) investigated the topography degradation of
crates and found that smaller craters grow larger faster than larger craters (Mahanti et al., 2018; Xie et al., 2017).
Considering the entire lifetime of craters, Minton et al. (2019) stated that smaller craters experience a lower
degradation rate in total.

In general, the effects of crater degradation on our CSFD slopes could be twofold: (a) a high degradation stage
might hinder the identification particularly of small craters, leading to a reduced number of small craters in
the CSFD measurement, and hence, a shallower CSFD slope and (b) the degradation enlarges the initial crater
diameter more at smaller diameters than at larger diameters, resulting in a higher number of larger craters
in the measured CSFD, which result in a steeper CSFD slope (Xie et al., 2017). We selected areas on young
Copernican-aged crater ejecta blankets where indications for significant degradation is low to reduce uncertain-
ties due to time-dependent crater degradation.

4.2.1. Mass Wasting

Mass wasting is especially prominent in areas with steep slopes where downslope movement is frequent (e.g.,
avalanches and landslides, Basilevsky et al., 2014; Senthil Kumar et al., 2013; Xiao et al., 2013). Basilevsky
et al. (2014) proposed that rapid crater degradation through mass wasting is present at crater walls steeper than
~25°. We used LROC NAC DTM slope maps to investigate the slopes of crater walls of impacts formed on the
ejecta blankets of Giordano Bruno, Moore F, North Ray, and South Ray (Figure 4). Mass wasting from the crater
rims would result in an enlargement of the crater diameter (Xie et al., 2017) and affect the measured crater diam-
eter and the resulting CSFDs.

At Giordano Bruno and Moore F, we do not see individual craters with steep crater rims formed on the ejecta
blanket of the respective crater. At North Ray, very few large craters on the ejecta blanket have rims of >25°,
which would favor crater degradation due to mass wasting processes. South Ray does not show craters with steep
rims on its ejecta blanket. Note, that the resolution of the slope maps (see Table 2) is not high enough to identify
the slope of the small crater distribution.

Avalanches and landslides can also occur outside craters if the slope exceeds the angle of repose. To assess
whether mass wasting processes were likely in our count areas, we reviewed the slopes in these areas. However,
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Figure 4. Slope maps of the count areas. The map pixel scale is provided in Table 2. Hatched areas were excluded from the count areas.

our slope calculation is close to the resolution limit and can only be seen as an orientation. The slope maps in
Figure 4 show only a small number of surfaces, which have terrain slopes >25°. The slopes >25° was found at
North Ray 3, covering ~1.2% of the total count area. The remaining count areas have significantly lower percent-
ages of terrain slopes >25° in relation to the total area.

However, no indications for landslides and avalanches could be identified, neither with the slope maps nor
in the panchromatic NAC images. Xiao and Strom (2012) investigated crater density differences in Giordano
Bruno's ejecta blanket and concluded that mass wasting was probably not responsible for these density
differences.
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Table 7
Display of Crater Degradation Mechanisms That Might Affect Individual Study Areas

Seismic shaking

Area Age (Ma) Erasure® (m) Mass wasting seen in NAC images Impact related Tectonically related
Giordano Bruno 1 4 0.26 No No No
Giordano Bruno 2 No No No
Giordano Bruno 3 No No No
Moore F 1 41 2.71 No No No
Moore F 2 No No No
Moore F 3 No No No
North Ray 1 50 3.30 No Possibly yes No
North Ray 2 No Possibly yes No
North Ray 3 No Possibly yes No
North Ray 4 No Possibly yes No
South Ray 1 2 0.13 No Possibly yes No
South Ray 2 No Possibly yes No
South Ray 3 No Possibly yes No

aThe crater erasure rate is taken from Dundas and McEwen (2007) with 0.66 m/Ma for craters with a diameter of 37 m on
the lunar highlands.

4.2.2. Seismic Shaking

Seismic shaking can be induced by nearby impacts and may contribute to crater degradation (Mahanti et al., 2018;
Nakamura et al., 1979; Richardson et al., 2004, 2005; Titley, 1966; van der Bogert et al., 2018). Thus, we consider
whether our study craters may have been affected by such processes. As discussed in Section 4.1.1, North Ray
and South Ray craters may have been affected by ejecta from South Ray and Baby Ray craters, respectively
(Drozd et al., 1974); thus, due to their proximity, they may have also had seismic effects in addition to ejecta
emplacement. In addition, we examined whether there are tectonic sources (e.g., Watters et al., 2015, 2019;
Weber et al., 2009) of seismic shaking in the vicinity of our study areas because it has been shown that seismic
shaking during the scarp formation can affect small crater CSFDs (van der Bogert et al., 2018). Thus, we used
the Quickmap (quickmap.lroc.asu.edu) lobate-scarp map (Nelson et al., 2014) to identify whether our study
areas are in the vicinity of such thrust faults. We conclude that Giordano Bruno, Moore F, North Ray, and South
Ray do not have lobate scarps or wrinkle ridges in their vicinity; hence, seismic effects on our CSFD should be
negligible.

4.2.3. Comparison of Crater Degradation Processes

As discussed in this section, factors such as crater diameter, target material, topography, exposure time (e.g.,
Dundas & McEwen, 2007; Fassett et al., 2018; Minton et al., 2019; Richardson et al., 2005; Xie et al., 2019),
mass wasting (e.g., Basilevsky et al., 2014; Xie et al., 2017), and seismic shaking (van der Bogert et al., 2018)
can affect the degradation of craters. To estimate, if our count areas are significantly affected by degradational
processes, we searched for evidence in each count area. Our assessment is summarized in Table 7.

Comparing the erasure rate (Dundas & McEwen, 2007) and the regolith accumulation rate (Arvidson et al., 1975),
we see that they roughly balance each other out. Mass wasting processes are relevant for slopes of >25° (Basilevsky
et al., 2014). Steep slopes are present in some areas (see Table 7, Figure 4); however, the proportion is small in
relation to the total area. In the panchromatic NAC images, no evidence for mass wasting processes was found
in any of our count areas. Note that the slopes at the crater walls might be understated, as the pixel resolution of
the slope maps is not high enough. Mahanti et al. (2018) suggested that fresh craters with diameters between 35
and 250 m experience faster mass wasting processes, which in turn reduce diffusive crater degradation. Seismic
shaking can be induced by impacts (Nakamura et al., 1979; Richardson et al., 2004, 2005; Titley, 1966) or tecton-
ically active features, such as lobate scarps (van der Bogert et al., 2018; Watters et al., 2019) or failure planes
(Weber et al., 2009). However, no lobate scarps were found close to the investigated craters.
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4.3. Secondary Craters

We carefully selected our count areas to minimize the effects of field secondary craters. In particular, our
count areas are located on the ejecta blankets of Copernican-aged craters because they are least affected by
the subsequent emplacement of craters and their secondaries. J. M. Moore and McEwen (1996) listed 31
Copernican-aged craters on the lunar farside, which were identified with Clementine data. We did not find
evidence that our count areas were covered by ejecta or rays from any of these craters. Singer et al. (2020)
studied the size and frequency of secondary craters as a function of the size of the primary crater. They found
that the size and frequency of secondary craters decreases more rapidly with increasing distance from the
crater center for larger primary craters than for smaller craters. On this basis, we expect secondary craters
to be rather evenly distributed across our count areas. Since circular-shaped field secondaries in particu-
lar cannot always be completely removed from CSFD measurements, we performed additional randomness
analyses (Michael et al., 2012; Figure 2) to further evaluate and minimize secondary cratering effects on our
CSFDs.

While the use of very young reference surfaces minimizes the possibility that field secondary craters may signifi-
cantly contaminate the count areas, self-secondary craters are a relatively greater concern especially for the small-
est crater bins. This means that the selection of count areas is especially important for eliminating potential areas
with concentrations of self-secondary craters. For example, the count areas from Plescia and Robinson (2019)
with the highest number of craters at Giordano Bruno correspond to areas directly next to the rim or more than
two crater diameters away on distal ejecta/rays. In contrast, we selected our count areas on flat areas within the
continuous ejecta not far from the rim. Thus, we attempted to minimize the influence of self-secondary craters
as much as possible.

However, a direct comparison with other authors is only possible to a limited extent since they investigated a
different crater diameter range. H. J. Moore et al. (1980) found a shallower slope at North Ray, which was deter-
mined in the diameter range of 10-50 m; South Ray shows a shallower slope between 7 and 15 m in H. J. Moore
et al. (1980); however, no count areas are shown.

4.4. Impactor Population

Ideally, the CSFD reflects the size frequency-distribution of impactors hitting the lunar surface (Baldwin, 1964;
Neukum, 1983; Opik, 1960). Several studies demonstrated that the impactor flux of the last 3 Ga was stable (e.g.,
Bottke et al., 2005; Guinness & Arvidson, 1977; Hiesinger et al., 2012; Neukum, 1983; Neukum et al., 2001;
Stoffler et al., 2006; Xie & Xiao, 2023), although variations seem to be possible (e.g., Fassett et al., 2012; Marchi
et al., 2009; McEwen et al., 1997). Since we investigate young Copernican-aged craters with a maximum age
of 50 Ma, investigations of the recent bolide flux are relevant. H. J. Moore et al. (1980) measured impacts
through passive seismic measurements on the lunar surface. They estimated a stable CSFD slope between —2.7
and —3.3 for craters between 1 and 100 m in the last 100 Ma. Alternately, Marchi et al. (2009) used a modeling
approach and found evidence for a variable impactor flux in the last 500 Ma. The modeled slope of projectiles
of near-Earth objects with sizes <~0.1 km is —2.6 (Marchi et al., 2009). Projectiles of ~0.1 km correspond
to a crater diameter of ~1 km (Marchi et al., 2009). Xie et al. (2017) found a slope of about —3.2 for craters
<~1 km, when considering the increase in crater diameters due to topographical degradation processes. Further
details regarding the impactor population can be found in, for example, Fassett et al. (2018), Minton et al. (2015),
Williams et al. (2022), and Ivanov (2006). The present-day crater-production rate was investigated by Speyerer
et al. (2016), who studied recent impacts on the lunar surface with NAC images. Using multi-temporal NAC
images, they quantified the recent production rate of craters on the Moon. They found that 33% more craters with
diameters 10—43 m were formed on the lunar surface than proposed by Neukum (1983) and Neukum et al. (2001),
and observed a steeper slope for the PF for craters >10 m.

We derived an averaged CSFD slope of —3.20, which equals 6.7% more craters than Neukum (1983) and Neukum
etal. (2001), if we consider craters >10 m and between 10 and 20 m in our count areas (see Table 4). One possible
explanation for this increase in craters >10 m and between 10 and 20 m is a variation in the number of projectiles
hitting the lunar surface. Furthermore, slight changes in the CSFD slope might be as well a result of the Yarkovski
Effect (a thermal radiation force, effecting the orbit of the impactor, Bottke et al., 2006; Hartmann et al., 1999)
or break up events (Bottke et al., 2006).
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Table 8

Combined Slopes and the Derived Uncertainties From the Algorithm of

Clauset et al. (2009)

However, not all areas on the lunar surface are considered to have the same probability of being hit by an
impactor, yielding spatial variability in the distribution of impact craters. For instance, the works of Le Feuvre
and Wieczorek (2008) and Gallant et al. (2009) implicate higher impact rates at the equator than at the poles.
Gallant et al. (2009) used a numerical approach to calculate the latitudinal impactor distribution. As a result,
they found that within ~30° of the equator, the probability for an impact is 10% higher than within 30° of the
poles. Giordano Bruno and Moore F are located at 37° and 35° latitudes, respectively. The latitudes of the
North and South Rays are within 10° of the equator. Le Feuvre and Wieczorek (2008) modeled the impact
probability on different terrestrial planets and concluded that the crater formation rate on the Moon between
the poles and the equator is 0.90. In contrast, Werner and Medvedev (2010) found impact variations between
<15% and 50% for rayed craters on the lunar surface with the highest number of craters at the poles. Morota
and Furumoto (2003) investigated the impactor frequency depending on the longitude and found that the apex
has a 1.5 times higher cratering rate than the antapex. In summary, this might indicate that the frequency of
impacts is dependent on the location of the investigated areas. However, these regional changes are related to
the entire cratering rate and should not be reflected in individual crater diameters and, therefore, do not affect
the CSFD slope.

4.5. Evaluation of Count Areas and Statistical Errors

The used images have incidence angles between ~54° and ~78°, which is within the range of illuminations
published by Antonenko et al. (2013), who found that the optimal incidence angles for crater detection is between
~58° and ~77°. Ostrach (2013) found the optimal incidence angle to be ~80°. Our images show good contrast
and a sufficient pixel resolution, allowing CSFD measurements to diameters down to 2.5 m, that is, five pixels
to identify a crater.

We selected our areas to be representative of the ejecta deposit being free
of obvious secondary craters and resurfacing processes. However, the count
areas at Giordano Bruno 1 and Giordano Bruno 2 display a small kink in
the CSFD, which might indicate a minor resurfacing. Neukum et al. (1975)
determined the error of his PF to be <10% for crater diameters between 0.8

Count area

Uncertainties of the CSFD slopes

and 3 km and up to 25% for craters with a diameter range between 0.8 and

<10m >10m

S 10 km. Since we focus on young and small craters that occur in large numbers,
u 1ameter . . R
we had to select relatively small counting areas to limit the amount of work

Giordano Bruno 1
Giordano Bruno 2
Giordano Bruno 3
Combined Giordano Bruno
Moore F 1

Moore F 2

Moore F 3

Combined Moore F
North Ray 1

North Ray 2

North Ray 3

North Ray 4
Combined North Ray
South Ray 1

South Ray 2

South Ray 3
Combined South Ray

0.41
0.21
0.12
0.11
0.05
0.30
0.05
0.04
0.11
0.18
0.10
0.11
0.06
0.71
0.72
0.50
0.30

1020 m range
measuring craters. However, small counting areas often exhibit larger errors.
s e sz For example, van der Bogert et al. (2015) compared CSFDs generated via
0.36 0.31 0.17 Monte Carlo simulations of young lunar surfaces. They found a lower accu-
0.19 0.19 0.13 racy with an error of ~10% for the determined AMAs in smaller area sizes.
0.15 0.16 0.11 Pasckert et al. (2015) investigated relative ages and AMAs depending on the
0.15 0.16 0.05 count area size at Tsiolkovsky crater, where they subdivided a 100 km? area
o 5o e into 25 areas of 4 km?2. They considered craters >10 m and found differences
in the determined AMAs and observed reduced accuracy when using small
o BIE LS count areas; however, all AMAs were within the error range of the large area
0.12 0.13 0.04 size (10 km?).
027 032 011 Ejecta blankets can have highly variable crater densities (Zanetti et al., 2017).
U=t s (DAY The CSFD slope is relatively sensitive for CSFDs with sparsely populated
0.31 0.34 0.11 crater bins, so that small changes in the CSFD result in a significantly differ-
0.25 0.26 0.12 ent slope. Using the algorithm of Clauset et al. (2009) could counteract this
0.15 0.15 0.07 by fitting the slope to the unbinned data. In general, one of the main chal-
071 lenges of our study was identifying suitable count areas, as the areas had to
050 56 070 be young enough not to be in equilibrium, have a sufficiently thick ejecta
blanket, be free of resurfacing and secondary craters, and also be representa-
el tive of the crater of interest.
0.41 0.41 0.26

Note. The bold values represent the combined data.

The commonly used PFs are valid only for crater diameters larger than 10 m
and up to 300 km (Neukum, 1983; Neukum et al., 2001). For that range the
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display of the N(1) or N(10), which describes the crater density for craters with <1 km or <10 km, respectively,

are suitable. Our investigation, however, focusses on small crater diameters, mainly on craters <10 m, which

would add an avoidable error if scaled to 1 km or 10 km reference diameter.

The N(0.01) error (see Table 3) is calculated as

N(0.01)

n

Error N(0.01) =

with 7 as the number of all craters in the fit range.

We used the Matlab algorithm from Clauset et al. (2009) to calculate the slope uncertainties (Table 8).

4.6. Possible Expansion of Neukum's PFs

As mentioned, the commonly used PFs of Neukum (1983) and Neukum et al. (2001) are valid in a crater diameter

range between 10 m and 300 km. Whereas the PF of Neukum (1983) continues relatively stable with a —3 slope

toward crater diameters down to 1 m, the PF of Neukum et al. (2001), however, shows a very steep progression

(Figure 5).

Our observations indicate that the —3 slope of Neukum (1983) continues for craters <10 m. The deviation in

Figure 5 toward shallower slopes at 4 m might indicate a beginning roll-over as the image resolution limit is

reached. The very steep, nearly asymptotic continuation of the PF of Neukum et al. (2001), starting at 7 m

downwards, probably does not represent the true CSFD distribution, which proves the invalidation of the PF of
Neukum et al. (2001) for craters <10 m.

106: T IIIIIIIl T IIIIIII T IIIIIII | IIII||I| T IIIIIIlI T IIIIIIE
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Figure 5. Behavior of the production functions of Neukum (1983, blue curve)
and Neukum et al. (2001, red curve) for crater diameters down to 1 m at North
Ray in the cumulative plot. The black overlap shows the fitted craters between

10 and 40 m.

10m 100m 1km 10km
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5. Conclusion

We investigated the CSFD slopes of small craters on ejecta blankets at four
Copernican-aged craters in the diameter ranges of <10, >10, 10 m—20 m,
and across the full considered crater diameter range. The crater diameter
range between 10 and 20 m allows us to compare the derived CSFD slopes
directly with the PFs of Neukum (1983) and Neukum et al. (2001). We found
CSFD slopes of —2.91 (<10 m) and —3.20 (10-20 m) when combining all
unaffected CSFD measurements. Due to the extraordinarily steep slope at
Giordano Bruno, which is assumed to result from secondary cratering, we
exclude this area for determining the CSFD slope for craters <10 m. These
results indicate a slightly steeper CSFD slope for crater diameters between
10 and 20 m and >10 m compared to the —3 slope of Neukum (1983) and
Neukum et al. (2001), as well as a CSFD slope of about —3 for craters <10 m,
at least for young craters formed on ejecta blankets.

Small craters can be strongly affected by geological factors, including target
properties (as different target materials, ejecta coverage from nearby craters,
regolith coverage and regolith thickness, layering effects), crater degrada-
tion (diffusive crater degradation, mass wasting processes, seismic shaking),
secondary cratering, and changes in the impactor population. We aimed to
reduce these geological influences by detailed assessments of our count
areas. Our investigation suggests that the observed changes in the CSFD slope
likely reflect the craters in production rather than other geological processes.

Small craters are numerous and hence provide an opportunity to date smaller
geological units and young features. Smaller craters (<10 m) could provide
valuable age information for locations where few secondaries are observed,
equilibrium has not been reached, and only a limited area or small features
are of interest (e.g., young lava flows, ejecta blankets, scarps).

OETTING ET AL.

17 of 21



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets

10.1029/2023JE007816

Acknowledgments

We thank the reviewers, Zongyu Yue and
Mikhail Kreslavsky, for their construc-
tive comments that greatly improved the
manuscript. This project was funded by
the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation)—
Project-ID 263649064—TRR 170. This
is TRR Publication No. 196. CvdB is
funded by the Deutsches Zentrum fiir
Luft- und Raumfahrt (DLR, German
Aerospace Center)—Project 5S00W2001.
Open Access funding enabled and organ-
ized by Projekt DEAL.

Based on this investigation, we conclude that a PF can be developed for craters <10 m and that the PF of
Neukum (1983) already provides a very plausible CSFD slope for craters <10 m formed on ejecta blankets, even
though it is not designed to fit craters in that diameter range.

Data Availability Statement

The shapefiles of our countareas and the crater measurements are availablein Oetting (2023). The LROCNACimages
were obtained from the Planetary Data Systems (Robinson, 2011) and downloaded from https://ode.rsl.wustl.edu/
moon/. NAC DTMs (Henriksen et al., 2017) were taken from https://wms.Iroc.asu.edu/Iroc/rdr_product_select.
The Clementine ultraviolet-visible color ratio composite map of Lucey et al. (2000) was obtained from https://
astrogeology.usgs.gov/search/map/Moon/Clementine/UV VIS/Lunar_Clementine_UV VIS_Warp_CIlrRa-
tio_Global_200m. To assess the potential for seismic activity from nearby lobate scarps, we used Quickmap
(quickmap.Iroc.asu.edu) lobate-scarp map (Nelson et al., 2014). The algorithm from Clauset et al. (2009) for
calculating the CSFD slope and its uncertainties is available at https://aaronclauset.github.io/powerlaws/.
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