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Abstract Impact craters are the dominant features on the Moon, and their degradation with time is the
most common geological process on this body. This work is aimed at detailed quantitative
characterization of this process. We quantitatively characterize crater materials by (1) the topographic
roughness calculated from Lunar Orbiter Laser Altimeter and (2) rock abundances and nighttime soil
temperatures derived from Diviner measurements. In contrast to preceding works, we separately consider
crater material subunits: central peaks, floors, walls, and continuous ejecta to study their degradation in
detail. We mapped totally 4,770 individual crater material subunits. All subunits of the youngest craters are
characterized by increased roughness, rock abundance, and soil temperature. These parameters decrease
with age and tend toward equilibrium, stable state; the continuous ejecta reach equilibrium more

rapidly than other subunits. Kilometer-baseline roughness of crater walls in the lunar maria is higher than in
the highlands. Rock abundances and soil temperatures of the walls and floors of simple craters in the
maria are also higher than in the highlands. We attribute these trends to differences in the mechanical
properties of the target materials. Although the properties studied are not exact proxies for age, they can be
used to assess individual age predictions; for example, several craters that were erroneously classified as
Copernican have been detected. We also found that the unusual thermophysical signature of the walls of the
Late Imbrian crater Bonpland D is due to recent regolith flows that could have been caused by a strong,
shallow seismic event.

Plain Language Summary Impact craters have been forming on the Moon by meteoritic impacts
throughout billions of years of its history. To assess their changes with time (degradation), we mapped
many such craters in detail and studied their quantitative characteristics using data from the Lunar
Reconnaissance Orbiter. In particular, we used data characterizing surface topography and rockiness. We
found that the youngest craters are the roughest and the rockiest. With age, craters become smoother

and rocks disappear. This happens for all parts of the craters; these changes occur more rapidly, however, for
the area around the craters covered with material excavated by the impact. We found several craters that
had been marked as very young on older geological maps of the Moon but are very smooth and lack
rocks; we believe that they were misclassified. We also found one moderately old, but extremely rocky
crater. In zoomed-in images we found very fresh, unusual landslides on its slopes; we suggest that these
landslides were caused by strong, geologically recent moonquakes.

1. Introduction

Meteoritic impacts are the main exogenic process occurring throughout the evolution of the Moon, and
impact craters are the dominant landforms on the lunar surface (Melosh, 1989; Wilhelms et al., 1987).
Crater studies are important in planetary science. Crater size-frequency distribution measurements are
powerful tools in the dating of planetary surfaces (Neukum et al., 2001); in addition, crater degradation is
widely used in age dating (Craddock & Howard, 2000; Fassett & Thomson, 2014; Head, 1975). Impact
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craters act as useful tools for studies of the properties of the surface and near subsurface, and the formation
of related landforms on the Moon (Cintala et al., 1977; Wood et al., 1977). Furthermore, materials ejected
from large craters or impact basins act like sedimentary strata, which can be used as stratigraphic markers
to build the lunar stratigraphic column (Wilhelms et al., 1987). Therefore, crater materials play an important
role in lunar geologic mapping and reconstruction of lunar history.

Material associated with impact cratering events can be divided into crater floor, walls, and rim subunits
(Wilhelms, 1970). In the framework of the 1:5,000,000 scale geological mapping program by U.S.
Geological Survey (USGS) in the 1970s (Lucchitta, 1978; McCauley & Wilhelms, 1971; Scott et al., 1977;
Wilhelms & El-Baz, 1977), however, investigators usually mapped the crater materials in their entirety,
which was due to the limitations of image resolution and the scale of the geological maps. Crater material
subunits were partly drawn only on some larger scale, regional geological maps (Hackman, 1962;
Scott, 1972). The recent 1:5,000,000 scale unified global lunar geologic maps (Fortezzo et al., 2020) continue
to combine these subunits. In the frame of ongoing Chinese 1:2,500,000 global lunar geologic mapping pro-
ject (Liu et al., 2016, 2017), the crater materials are subdivided into central peak, floor, wall, continuous
ejecta, and rays. Dividing and comparing the crater material subunits enables more detailed studies of the
characteristics of the different crater materials and their regional and temporal variations. Each specific unit
of crater material has been independently studied in many aspects. For example, the maturity of impact cra-
ter rays as the criterion of distinguishing between Copernican and Eratosthenian age (Grier et al., 2001;
Hawke et al., 2004; Werner & Medvedev, 2010), impact melt volume and distribution (Bray et al., 2010;
Cintala & Grieve, 1998; Dhingra et al., 2017), ejecta deposition and emplacement (Guo et al., 2018; Jones
et al.,, 2016; Luther et al., 2019), and central peak morphology and mineralogy (Hale & Head, 1979;
Lemelin et al., 2015). Less attention has been paid to the difference between degradation processes affecting
the various subunits of crater materials; a topic would be very useful in order to better understand impact
crater formation and degradation processes.

Craters undergo degradation with age: The sharp morphology of pristine craters becomes subdued due to
smaller impacts, mass wasting, lava flooding, and proximity weathering from larger impact events.
Head (1975) divided lunar crater degradation into two time periods based on different styles and rates of cra-
ter degradation processes. Period I, prior to about 3.85-3.95 Ga ago, is characterized by a high influx rate and
by the formation of large, multiringed basins. Period I, from about 3.85-3.95 Ga to present, is characterized
by (1) a much lower influx rate and (2) lack of large multiringed basins. In contrast, craters formed through-
out Period II show more subtle changes in morphologic characteristics with time.

Many researchers have studied crater degradation with age; however, they typically focused on the morpho-
metric characteristics (such as the ratio of depth to diameter and subjective features such as the sharpness of
the crater rim crest) and also typically considered each crater as a whole (Agarwal et al., 2019; Fassett &
Thomson, 2014; Mahanti et al., 2018; Pike, 1977a). Ghent et al. (2014) studied the disappearance of rocks
in crater ejecta with age, which has important implications for estimating the ages of young craters
(Mazrouei et al., 2019). Characteristics of impact crater materials also vary with target substrate and crater
size. The studies of target substrate effects, however, were mostly focused on the crater and ejecta formation
(Cintala & Grieve, 1998; Dundas et al., 2010; Luther et al., 2018; Osinski et al., 2019; Richardson, 2009) rather
than on their postimpact modification with time. Crater and ejecta morphology is closely related to crater
size (Florensky et al., 1976; Melosh, 1989). In this study we explore quantitatively the different subunits of
crater materials to better understand (1) how they change (degrade) with time, (2) how the target material
affects this process, and (3) how the crater size influences these trends. Although craters have been pre-
viously discussed with respect to these factors, research usually focused on entire craters or only on a single
part of crater material, for example, ejecta or rays. We focus on the detailed comparison of effects of time,
crater size, and nature the substrate on the several different crater material subunits in order to learn more
about crater degradation processes on the Moon.

The Lunar Reconnaissance Orbiter (LRO) has now provided high-resolution images, topographic data, and
thermal-infrared measurements (Chin et al., 2007; Paige et al., 2010; Robinson et al., 2010; Smith
et al., 2009). Accurate quantitative characterization of each crater material subunit is now possible and more
practical using these new data sets. We can also obtain more quantitative attributes of craters and their
degradation, such as topographic roughness, nighttime regolith temperature, and rock abundance
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(Bandfield et al., 2011; Kreslavsky et al., 2013). In this study, through
those several quantitative measurements, we characterize the crater mate-

- Copernican rial subunits and analyzed the diversity of crater material subunit proper-

ties with respect to stratigraphic age, location, and crater size. Based on
our results, two additional implications are described for certain craters:
(1) reclassification of crater stratigraphic age and (2) identification of older

Age(Ga)
|

Eratosthenian

craters characterized by recent active processes.

The paper is organized in the following way. In the next section, we
describe the data we used and explain the calculation of the quantitative
measures that characterize crater subunits. Section 3-5 treat degradation
with stratigraphic age, the effect of substrate material, and the influence of
crater size, respectively. In section 6 we describe the implications for stra-
tigraphic age identification and assessment of unusual craters.

2. Data and Method
2.1. Crater Database

= Imbrian

Pre-Nectarian

: We used the LPI lunar crater database (Losiak et al., 2009), which is
Late Eariv Inibi reviewed and updated continuously. Specifically, we used the 2015 ver-
arty Il sion (https://www.lpi.usra.edu/scientific-databases/), the most recent

i Aitkenian

pre-Aitkenian

Nectarian version at the time of writing. The database contains information from
several previous studies of lunar craters, including abundant and detailed
attributes for 8,716 craters, with stratigraphic ages for 1,675 of them. The
stratigraphic age is defined in terms of six main subdivisions (Wilhelms
et al., 1987): the Pre-Nectarian Period, Nectarian Period, Early Imbrian
Epoch, Late Imbrian Epoch, Eratosthenian Period, and Copernican
Period. Liu and Guo (2018) and Guo, Ji, et al. (2016) have used the term

Figure 1.The geologic time scale of the Moon. Absolute ages Aitkenian Period for a part of the Pre-Nectarian postdating the South
corresponding to the periods and epochs are shown according to Stoffler Pole-Aitken basin-forming impact (Figure 1); we follow this terminology

et al. (2006).

in the present paper. We chose this database, rather than the

Robbins (2019) database because it has designations of stratigraphic age
for craters. Larger impact basins whose diameters are larger than 200-300 km (Baker et al., 2017;
Neumann et al., 2015; Wilhelms et al., 1987) are much more complex and their formation and modification
processes differ from those of smaller simple and complex craters; therefore, we focus on the 1,491 craters
with known stratigraphic age, diameters less than 200 km, and units that are not overlapped completely
by other ejecta. The smallest craters studied are ~2 km in diameter. The database is not exhaustive: While
it lists the majority of the largest young (Copernican and Eratosthenian) craters, the older and smaller crater
lists are incomplete. Therefore, the database is not suitable for the study of size-frequency distributions.

Utilizing the selected crater database (Losiak et al., 2009), crater material subunits for each crater were
mapped on the basis of images and topographic data from the LRO mission. This mapping work is a part
of the Chinese lunar geologic mapping project at the scale of 1:2,500,000 (Liu et al., 2016), a larger effort that
is progressing successfully. We subdivide materials for each crater into five subunits (Liu et al., 2016, 2017):
central peak material (CP), floor material (CF), wall material (CW), continuous ejecta (CE, also called “cra-
ter rim material”), and rays (discontinuous ejecta, also called “radial material”). Rays are mapped only for
the youngest (Copernican age) craters, on the basis of their well-known degradation and loss in craters older
than Copernican age (e.g., Wilhelms et al., 1987). Technically, our approach is to manually draw a polygonal
outline in ArcGIS around the geological subunits of each crater using image mosaics and topographic data as
base maps; an example is shown in Figure 2. In total, we mapped 4,770 subunits for 1,491 craters. Locations
of mapped craters are shown in Figure 3 and the mapped subunits are illustrated in supporting information
Figure S1.

2.2. Terrain Types

It is reasonable to expect that the characteristics of the impact crater subunits depend on the nature of the
target material and other geological factors. On the Moon (Wilhelms et al., 1987), there is a prominent
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Figure 2. Example of subdivision and mapping of crater material subunits. Crater Lansberg is centered at 0.31°N,
26.63°W; its diameter is 38.8 km. Red and white lines are outlines of each subunit; from inside the crater outward,
central peak (CP), crater floor (CF), crater walls (CW), and continuous ejecta (CE). (a) Artificial hill-shade image from
digital elevation model SLDEM2015 (Barker et al., 2016), which was derived from Kaguya Terrain Camera stereo
images and Lunar Orbiter Laser Altimeter (LOLA) data. (b) LROC (Lunar Reconnaissance Orbiter Camera) Wide Angle
Camera (WAC) image mosaic. (c) Digital elevation model (DEM) map from LOLA data.

dichotomy of target material between mare and highland terrain: highland target material is predominantly
old, likely primordial crust with a thick megaregolith layer (Hartmann, 2003; Short & Forman, 1972)
reworked by old impacts, while the maria are volcanic plains of mafic composition that have not been
significantly reworked by large impacts. This underlines the broad age range difference between the two
dichotomous terrains. It is natural to analyze the differences between craters formed in maria and
highlands. However, the subdivision of craters into those in the mare and highland materials is often
difficult and not straightforward. A number of larger craters are superposed on the mare/highland
boundary, and attribution to either terrain is ambiguous. It would be natural to assign all craters
predating mare formation to the highlands. The fact that a crater is embayed by mare material, however,
means only that the crater predates the last local episode of lava emplacement; it does not necessarily
mean that the crater predates the mare itself, and attribution of embayed craters to either terrain can also
be ambiguous. We partly mitigated this problem by creating a generalized outline of mare terrain
(Figure 3), which was drawn manually on the basis of the detailed mare outline of Nelson et al. (2014).
Small mare patches were excluded, small highland “islands” were included in maria, and the boundaries
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*Copemican Craters  Eratosthenian Craters  Late Imbrian craters  ®Early Imbrian Craters
*Nectarian Craters * Aitkenian Craters Bonpland D Crater x Misclassified Craters

Figure 3. Generalized outlines of maria (red outline) and SPA terrain (yellow outline) adopted in this analysis. Colored
dots show all craters from the LPI database (Losiak et al., 2009), with the color indicating stratigraphic age according
to that database. Specifically marked are misclassified craters (section 6.1) and the crater Bonpland D (section 6.2). The
base map is the global LROC WAC image mosaic. Simple cylindrical projection centered at the nearside center.

of large mare expanses remained unchanged. We attributed craters with their centers within this generalized
outline to the maria and all others to the highlands. This correctly placed old craters with volcanic infill on
their floors into the highlands. It also correctly placed craters overlapping the mare/highland boundary into
maria or highlands, depending on where a larger part of the crater is located. Although the attribution of a
specific individual crater may in some cases still be ambiguous, our approach provides a simple and
reasonable approximation and provides a basis for the detection of meaningful statistical trends.

On the basis of global geochemistry, Jolliff et al. (2000) subdivided the lunar crust into three major terranes:
the Procellarum KREEP terrane, the Feldspathic Highlands terrane, and the South Pole-Aitken (SPA) ter-
rane. Other authors subdivided the lunar surface on the basis of typical geophysical and topographic char-
acteristics, obtaining three regional units with slightly different outlines (Guo, Liu, et al., 2016; Liu &
Ji, 2018; Wieczorek et al., 2013). The SPA basin was one of those units. In this paper, we also subdivided ter-
rains outside the generalized mare outline into typical highland terrain and SPA terrain, outlining the SPA
terrain along the edge of the topographically low SPA basin (Figure 3). Highland terrain is characterized by
moderate and high elevations, thick crust, and felsic composition with low amounts of iron. SPA terrain has
the lowest elevation, thin crust, and a higher iron abundance.

2.3. LOLA Data and Roughness: The Interquartile Range of Profile Curvature

We use topographic data obtained by the Lunar Orbiter Laser Altimeter (LOLA) onboard the LRO (Smith
et al., 2010) to calculate topographic roughness. The unprecedented ranging precision of LOLA along-
orbit-track profiles, which are available from the National Aeronautics and Space Administration (NASA)
Planetary Data System (PDS), enables robust characterization of terrains through topographic roughness.
Each LOLA laser shot is used to obtain the range to five spots on the surface; in this work, we use only spot
#3, which has the greatest number of valid measurements (Smith et al., 2009). We use data only from the
nearly circular orbit.

There are a number of methods of calculating topographic roughness from topographic profiles (Bandfield
etal., 2015; Helfenstein & Shepard, 1999; Kreslavsky et al., 2013; Rosenburg et al., 2011; Shepard et al., 2001).
In this paper, we apply the “interquartile range of profile curvature”, the advantages of which have been
discussed in (Kreslavsky et al., 2013). In addition, its application to different subunits of crater materials
has been shown by Kreslavsky et al. (2013) (Figures 9 and 13 in that paper); they also showed the usefulness
of hectometer and kilometer scale roughness for researching small and large craters, and even impact basins.
Roughness depends on the baseline length L, which can be considered as a measure of the characteristic
spatial scale. This dependence bears essential information, as we will show in detail in later sections. In
Figure 4, we can see how the different baselines used for roughness calculation are compared to typical

WANG ET AL.

5of 24



~0
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2019JE006091

-1000+

-2000

-30001

-4000

-50001

-60001

-2000
c -4000
o
<
% 6000 Baseline
- 115 m
i 55h - 460 m
- - 1800 m
-10 -5 0 5 10 -80 40 0 40 80
Distance(km) Distance(km)

Figure 4. Images and topographic profiles of typical simple (left) and complex (right) craters. Short horizontal color bars show the baselines used for
characterization of topographic roughness. Left, crater Milichius, D = 13 km. Right, crater Aristillus, D = 55 km.

profiles of smaller and larger craters. The minimal baseline is the double of ~57.4 m separation between
consecutive data points along the orbit track, which means L = 115 m. The minimal baseline used by
Rosenburg et al. (2011) is 17 m; however, the precision of LOLA data for baselines shorter than shot-to-
shot distance is slightly affected by the so-called LOLA anomaly (Smith et al., 2010). This might cause
some (minor) biases in the shortest possible baseline data. Therefore, we decided to limit ourselves to the
shot-to-shot distance to be sure that the data are as accurate as possible. In addition to this shortest
baseline, we also calculate roughness at the baselines of 4, 8, 16, and 32 steps, which is L = 230, 460, 920,
and 1.8 km. For each material subunit of each selected crater, we calculate all curvature values ¢ of each
data point located within the subunit by the formula:

Zy+Z o — 220
c= B ,

where Z,,1, Z_51, and Z, are the elevation values half-a-baseline ahead, half-a-baseline behind, and at the
given data point. After we obtained all curvature values for each LOLA profile within a given subunit, we
calculated the quartiles ¢4, c3/4 Of this subunit's curvature distribution. Then the roughness value is cal-
culated as the interquartile range by the equation below:

I'=0C34 = Cr/a
The roughness values of each crater material subunit for each baseline are stored as crater attributes.

Supporting information Table S1 contains calculated roughness values for each subunit.

2.4. Thermophysical Properties

The Diviner radiometer onboard LRO provides thermal infrared measurements that are used to study the
thermophysical properties of the lunar surface. Multiband spectral measurements indicate that the
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Figure 5. Roughness, rock abundance, and soil temperature as functions of stratigraphic age, plotted against the vertical
axis in stratigraphic order (the most recent on top, from Copernican to Aitkenian). Only the 115, 460, and 1.8 km
baselines are shown for topographic roughness. Error bars represent standard errors.

surface temperature within the radiometer resolution element is not uniform. Bandfield et al. (2011)
modeled nighttime thermal emission with a two-component regolith model consisting of warmer rocks
and colder soil. Fitting the model to the data resulted in two data sets: (1) the nighttime soil temperature
and (2) rock abundance. The mean values of rock abundance are 0.4-0.5% and 0.4%-0.6% for highland
and mare terrains, respectively (Ghent et al., 2014). Although high rock abundance often correlates with
coarse soil, and, therefore, with a higher nighttime soil temperature, these derived parameters are not
one-to-one correlated with each other and represent essentially different characteristics of the lunar
regolith (Bandfield et al., 2011). For rock abundance, we use the average rock abundance map version
with improvements accounting for local slopes described by Bandfield et al. (2016). For the soil
temperature, we use the average soil-temperature map, which has been normalized by subtracting
latitude trends (Bandfield et al., 2011). We refer to these data as “soil temperature” hereafter for brevity. It
is not, however, an actual temperature, but a deflection of the derived nighttime temperature from the
global latitudinal trend. Both data sets are available from the PDS. The maps that we use are plotted in
simple cylindrical projection, extend from 80°N to 80°S latitude, and are sampled at 128 pixels per degree.

We used custom-coded Python scripts to calculate a single property value for each crater material subunit.
We calculated the mean values of all map pixels within each subunit for rock abundance and the median
value for soil-temperature. The median provides a robust measure of a typical parameter value within each
subunit; however, small median values of rock abundance are blemished by the coarse quantization of rock
abundance in the source data set. The value of rock abundance is the areal fraction of the surface covered by
rock fragments represented in the released data set with an accuracy of one decimal place in percentage,
which results in discrete median values. Therefore, we adopt the mean as a measure of typical rock
abundance.

In analyzing the soil-temperature measurements for the subunits, we found a minor but conspicuous latitu-
dinal trend (supporting information Figure S2). Since the soil-temperature data should have the latitudinal
trend subtracted, we further compensated for this by subtracting the fitting value, which we approximated
with a symmetric quadratic polynomial function of latitude (supporting information Figure S2).
Supporting information Table S1 contains both the originally retrieved and renormalized soil-temperature
values for each subunit, as well as the retrieved mean rock abundance values.

3. Degradation of Crater Material With Age

In this section, we describe the degradation of crater material with age through the assessment of the quan-
titative attributes of the units. Impact craters can be divided into simple and complex categories on the basis
of their morphology. The typical crater transition diameter for the Moon has been discussed in many studies
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Figure 6. Median topographic roughness as a function of baseline for each stratigraphic age. Each pane refers to the specific subunit: (a) crater floor, (b) crater
wall, and (c) continuous ejecta. The lines connect data points that represent the median topographic roughness at a given baseline calculated over given
subunits of all craters belonging to the indicated stratigraphic age. The baselines were described in section 2.3. The scales of the horizontal and vertical axes are
logarithmic. Error bars represent standard errors.

(Kalynn et al., 2013; Kriiger et al., 2018; Pike, 1977a, 1977b), and here we utilize the transition from
transitional craters to complex craters, for the fresh young crater, at diameters of ~28 km (highland) and
~24 km (mare) from Kriiger et al. (2018). We also note that, relative to younger ones, older, simple craters
are underrepresented in the database. Therefore, we summarize age trends only for craters larger than
40 km, which is larger than the fresh crater transition diameter, to eliminate any size-induced biases, thus
excluding all simple and transitional craters to avoid the differences among simple and complex craters.
The effects of crater size are further discussed in section 5.

3.1. Topographic Roughness

The median roughness values calculated for subsets of craters represent typical values for those subunits
belonging to a given stratigraphic age. The comparison among subunits is shown in Figure 5. The roughness
trend with age at various baselines can also be seen in Figure 6. Figure 7 illustrates the subunit textures.

Typically, roughness always declines with age for all baselines (Figures 5 and 6). We interpret this as being
due to progressive degradation of craters by a number of processes: (1) disintegration of rocky materials by
smaller impacts (e.g., Basilevsky et al., 2013); (2) formation of regolith and its transport to local lows (e.g.,
Heiken et al., 1991); (3) burial of rough topography by smoother ejecta from nearby craters (proximity
weathering) (e.g., Head, 1975); and (4) burial of rough topography by smooth lavas (e.g., Whitten &
Head, 2013).

Although all plots (Figures 5 and 6) show a general decrease in roughness with age, there are interesting var-
iations. If we focus on the Copernican craters, we see that the roughness of CF (floors) is similar to or a little
greater than CW (walls) at the shorter (hundred[s] of meters) baseline; however, the situation reverses at
longer (kilometer|[s]) baselines. The high-resolution images show that relatively fresh solidified impact melt,
which covers crater floors, has a rough texture with large blocks, cracks, etc. (the “primary crater floor
roughness” of Head, 1975). Features of that scale (tens of meters) contribute significantly to the roughness
at the shortest baseline (Figures 7d and 8), but their contribution disappears at long baselines, over which
melt is essentially flat. Crater walls (CW) typically do not display such extensive features (Figures 7e and
8). On the other hand, the long-baseline roughness of the crater walls is inherently higher due to the steep
topographic signature of the crater itself and the abundant terraces that contribute to kilometer-baseline
roughness.

The short-baseline roughness of all subunits is similar for craters and units older than Eratosthenian
(systematic differences are much less than the natural roughness variability). At these ages, topographic
roughness reaches equilibrium, when any additional regolith formation or creep does not cause further
smoothing because it is compensated by roughening through the continuous formation of subbaseline cra-
ters (e.g., Kreslavsky et al., 2013). The equilibrium roughness on tilted walls (CW) and near-horizontal floors
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Figure 7. Subunits of fresh and degraded craters. (a) LROC WAC image mosaic of Copernican age crater Crookes. The locations of images (d)-(f) are shown by
red squares and letters. (b) Topographic map of crater Crookes from LRO LOLA data. (c) A-B topographic profile across the Crookes center. (d) LROC NAC
image M103231584LC showing rough floor (subunit CF) with blocks and cracks. (e and f) LROC NAC images M115034685RC and M112679355LC showing crater
Crookes's wall (CW) and continuous ejecta (CE), respectively. (g) LROC WAC image mosaic of Nectarian age crater Kapteyn. The locations of images (j)-(1)
are shown by red squares and letters. (h and i) The same as (b) and (c) for crater Kapteyn. (j) LROC NAC image M1214964936RC showing flat regolith-covered
floor (CF) of Kapteyn. (k and 1) LROC NAC images M1214964936RC and M1279660472RC showing crater Kapteyn's wall (CW) and continue ejecta (CE),
respectively.

(CF) and ejecta (CE) are almost the same because the large-scale tilt of the walls is effectively filtered out by
the roughness calculation procedure (Figures 7j-71).

CE shows a significant roughness decrease with age only from the Copernican to the Eratosthenian periods
(Figure 6). In stating that the decrease is significant, we mean that the difference between the median
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Figure 8. Blocks slid and rolled off the wall of Necho crater. (a) LROC WAC mosaic image showing Necho crater and the
location of the image shown in Figure 8b. (b) LROC NAC image M1281656707LC showing the detail of boulders
and blocks slid and rolled.

roughness of Copernican and Eratosthenian craters is not small in comparison to the natural scattering of
roughness values for individual craters. Statistical tests indicate the formal significance of the difference at
very high confidence levels; for example, for the shortest baseline, the Kolmogorov-Smirnov test rejects
identical roughness-frequency distributions at significance (also known as the p value) of 3 x 107°.
However, for all ages older than Copernican, roughness is almost the same (Figure 6); the variations of
the median values are significantly smaller than the natural scattering of the roughness values between
individual craters. This means that the topographic roughness of CE decreases more effectively with time
early in the history of the crater, and then roughness at these scales will no longer change after it reaches
a certain level; in other words, the CE reaches roughness equilibrium easily. Two factors contribute to
this. First, the roughness of CE for Copernican craters is lower than that of other subunits of those same
craters, which means that the pristine roughness of CE is lower, and CE is originally closer to equilibrium
roughness than the other subunits. Second, at larger scales, CE is essentially flat (Figure 7), and regolith
transport from local highs to local lows effectively removes topographic variations. CF and especially CW,
however, have significant topographic amplitudes (Figure 7) that reduce the effectiveness of degradation
processes.

Fassett and Thomson (2014) described the degradation of small craters as diffusion creep and obtained a dif-
fusivity of ~5.5 m*/Ma from their observations. This value gives ~2 Ga for the characteristic time scale of
degradation of hundred meter features in the horizontal dimension. This is consistent with equilibrium
roughness having been reached for Imbrian craters but not for Copernican or Eratosthenian craters.

In contrast to the short baselines, the long-baseline roughness of the older crater walls (CW) is higher
(Figures 5, 7e, and 7k) because the crater topography itself affects the long-baseline roughness at all ages.
At these length scales, the roughness never reaches equilibrium values, and the rough signature of the crater
walls and their terraces persists for all ages through the Nectarian. However, there is a prominent age trend:
older craters have progressively smoother walls.

Except for the Copernican craters, there is a weak increasing trend of CE roughness with age for long base-
lines; this seemingly contradicts our interpretation of ongoing degradation and attainment of equilibrium.
We attribute this to an observational bias: for craters, the CE subunit can be mapped only near rim crests
of older craters because the topography of the discontinuous ejecta materials has been entirely degraded
and become indistinguishable from the background. Therefore, long-wavelength elevated rim topography
affects the roughness signature more effectively for older craters.

3.2. Rock Abundance and Soil Temperature

Our results (Figure 5) confirm increased rock abundance and soil temperature for young craters (Bandfield
et al., 2011; Ghent et al., 2016). This correlation is easy to explain: The immature regolith of younger craters
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Figure 9. The proportion of craters with mapped central peaks in left side, and the average percentage of crater area
occupied by the central peak unit among craters with central peaks, as a function of stratigraphic age, which is
plotted along the vertical axis. Only craters larger than 40 km are used.

contains an increased proportion of rock fragments (these, when exposed at the surface, control the rock
abundance parameter) and pebble- and sand-sized particles (these, together with shallowly buried rocks,
affect the nighttime soil temperature). With time, rocks and large regolith particles disintegrate due to a
number of factors including subsequent impacts and thermal stresses (Basilevsky et al., 2013).

For CE, the age trend of rock abundance is observed only for the Copernican craters (Figure 5), in a manner
similar to that of the short-baseline roughness, partly for the same reason: For CF and CW, slopes are pre-
served for a longer time due to their greater topographic amplitudes, and intensive downslope migration
of regolith exposes bedrock. This does not happen for CE: As soon as the roughness reaches equilibrium,
steep slopes disappear, and regolith reaches the equilibrium maturity level soon after that. Another impor-
tant cause of roughness and rock abundance decrease in CE is depositional processes, especially in more
rugged terrain. The rapid decrease of rock abundance of CE is consistent with the observation that circular
polarization ratio enhancements in the crater exterior fade faster than in the crater interior (Fa & Eke, 2018;
Fassett et al., 2018).

The thermophysical properties of both CW and CF subunits are almost the same, with the exception that the
rock abundance for the Copernican craters (Figure 5) is noticeably higher for CF than for CW while their
nighttime soil temperatures are similar. We suggest that there may be two factors that are responsible for
this. First, large blocks slide or roll down from the steep sections of the walls and are preserved at the floors
or piled at the base of steep sections, thus reducing the smooth area of the crater floor. This corresponds to
the hundred meter baseline roughness measurement of the Copernican craters. Evidence for blocks sliding
and rolling off the walls is visible in high-resolution images as well (Figure 8). Second, significant propor-
tions of the floors are covered by impact melt. In general, impact melt rocks should be more competent than
the fractured and brecciated materials dominating the walls and ejecta, and such materials could be more
easily disintegrated into fine grains. In high-resolution images (Figures 7 and 8) it is readily seen that the
Copernican crater floors retain their sharp pristine morphology with many resolved rocks and large blocks
(Dhingra et al., 2017); thus, the measured distinction in the rock abundance appears to be supported by mor-
phological observations.

3.3. Central Peaks

Central peaks (subunit CP, Figure 1) are very diverse in their characteristics, and the areas they cover are
generally small in comparison to the areas of the other subunits, often being too small for roughness

WANG ET AL.

11 of 24



2GS
ADVANCING EARTH
AND SPACE SCIENCE

Y, Journal of Geophysical Research: Planets

10.1029/2019JE006091

Elevation (meters)

Elevation (meters)

y High : 044 5 1 Hioh : 044

‘ll.w:-im.! 1 . "LIUIM.S
i = 5
e | 9) il (h) =15
x 0 =< 0+ = 9
8'0-5 7 B 8-0.5 - 8 05
® -1 ® -1+ T 0

> > S
15 1 o151 805
£-2.5 1 £-25 1 8-15
» 31 a 31 3 2
-3.5 t } i -3.5 t } | 2.5

0 20 40 60 0 20 40 60
Disatance (km) Disatance (km)

| E Elevation (meters)
3 i High : 21605
N . Low : -2075.5

0 20 40 60
Disatance (km)

Figure 10. Comparisons of fresh and infilled craters. Panels (a), (d), and (g) are image, topographic map, and topographic profile, respectively, of crater Glushko.
Glushko is a Copernican age crater whose central peak is retained completely. Panels (b), (e), and (h) are the same for the crater Billy. Billy is a Nectarian

age crater whose floor was infilled by thick volcanic deposit causing shallow depth. Panels (c), (f), and (i) are the same for crater Tesla. Tesla is also a Nectarian age
crater; however, it was filled with light plains material (Meyer et al., 2020). Its central peak is presumably degraded and buried; however, the crater retains a
significant depth. Panels (a)-(c) are LROC WAC image mosaic. Panels (d)-(f) are digital elevation models from LOLA data.

calculations. This is the reason we did not consider CP in the previous sections. However, the presence of the
central peaks (or peak rings) (Figure 9) shows a very pronounced trend. Almost all large (D > 40 km)
Copernican age craters in the crater database have central peaks (Baldwin, 1972, 1981; Grieve, 1987;
Melosh, 1989; Melosh & Ivanov, 1999). A single Copernican crater without a CP subunit actually has a
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The observed trends clearly indicate that infill of craters makes an essen-
tial contribution to crater degradation (Head, 1975). Central peaks and
peak complexes in large craters are several kilometers across; local diffu-
sive regolith transport cannot completely eliminate such features because
it does not eliminate craters of comparable size. We clearly see morpholo-
gical and spectral evidence of the infill of some large craters with volcanic
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Figure 11. Scatter plot of rock abundance and wall roughness at 115 m
baseline. Colored dots show individual crater walls of different
stratigraphic ages. BD, Bonpland D; BK, Bel'kovich K.
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1.8 2.2 26 material (e.g., Whitten & Head, 2013). Some craters are filled with light
plains material (Meyer et al., 2020), which is spectrally identical to high-
lands material but shows an apparent embayment morphology
(Figure 10). The embayment morphology in the oldest craters is not
apparent (Figure 10) but the observed trend of central peak occurrence

indicates that these craters were also filled with light plains material.
3.4. Age Determination

As we described above, younger craters have distinctive roughness and thermophysical properties that
evolve with age and approach global average, equilibrium values (Figures 5 and 6). This points to an inter-
esting opportunity to determine crater ages on the basis of those trends. High values of topographic rough-
ness, rock abundance, and soil temperature would suggest that a crater is generally young. Extremely high
values would suggest a Copernican age. Regular rock abundance value and moderately high short-baseline
roughness would suggest an Eratosthenian age.

However, there are some important limitations to such an approach. First, roughness (except crater walls at
the longest baseline) and thermophysical attributes for Imbrian and all earlier craters are already similar to
the equilibrium values and are indistinguishable from the background. Therefore, this age-assessment
method is in principle applicable only for Copernican and Eratosthenian ages. Second, despite the conspic-
uous age trends, individual variations in the attributes are comparable in magnitude to the systematic differ-
ences. Figure 11 shows a scatterplot of wall roughness and rock abundance, clearly illustrating that the
domains of parameter values for different stratigraphic ages overlap significantly. The same occurs for other
pairs of parameters (supporting information Figure S3). We interpret this to be due in part to the inherent
noise in roughness and thermophysical properties, in part due to the natural variability of lunar craters,
and partly due to the possibility of nonuniform degradation, such as a rapid change of parameters due to
proximity weathering (Head, 1975). This means that roughness and thermophysical parameters are not sim-
ple functions of age and are affected by many other factors; therefore, they alone cannot be used reliably for
the independent age determination of individual craters.
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Figure 12. Median topographic roughness (115, 460, and 1.8 km baselines), mean rock abundance, and median soil
temperature for craters in the three terrain types. Only craters larger than 40 km of Copernican, Eratosthenian, and
Late Imbrian ages were used to calculate the median and mean values. Error bars represent standard errors.
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Figure 13. Topographic roughness trends with baselines for younger craters in three terrains for the crater floor subunit (left), crater wall subunit (middle), and
continuous ejecta subunit (right). All plotted quantities are calculated for craters of younger stratigraphic ages only: Copernican, Eratosthenian, and Late
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Recently, Mazrouei et al. (2019) applied a measure derived from the Diviner rock abundance data as a proxy
for age for craters less than ~1 Ga. Such an approach may be valid when the inferences are derived from sta-
tistics of many craters, as has actually been done in their work. Our results, however, indicate that the values
obtained from the regression suggested by Ghent et al. (2014) and Mazrouei et al. (2019) should not be con-
sidered as robust age estimates for individual craters. On the other hand, the various parameters can be used
as powerful supporting information; in particular, they give us clues to the detection of potentially misclas-
sified stratigraphic ages, which we discuss in section 6.

4. Systematic Differences Between Terrains

In this section, we analyze the effects of the target material on the quantitative characteristics of crater sub-
units based on the three different terrain types (section 2.2). Since the maria underwent an extensive volca-
nic resurfacing in the Imbrian period (Hiesinger et al., 2011; Wilhelms et al., 1987), they do not have large,
older craters. To exclude the age bias, in this section we analyze craters of younger stratigraphic ages only:
Copernican, Eratosthenian, and Late Imbrian. Although within each terrain the measured characteristics
vary over a wide range due to the difference in the degree of crater degradation (section 3) and individual
differences between craters, consistent trends are seen in Figures 12 and 13.

4.1. Topographic Roughness

At the shortest baseline, there is no systematic difference between craters in the maria and the highlands
(the difference in median roughness is much less than the natural roughness variability). The median rough-
ness calculated over all craters is dominated by the Late Imbrian craters, whose shortest-baseline roughness
is already close to the equilibrium value. The short-baseline roughness is generally similar for craters in the
maria and highlands (Kreslavsky et al., 2013).

At short baselines, the South Pole-Aitken (SPA) craters appear smoother than craters on the other terrains, a
trend that occurs for all crater material subunits (Figures 12 and 13). We found that an observational bias
may be partly responsible for this: The craters of different stratigraphic ages in the database were unevenly
distributed among the three terrains. In particular, the proportion of stratigraphically younger craters was
lower in the SPA terrain than in the other two. The fewer number of young craters in SPA terrain might
be due to the relatively lower impact rate at high latitudes (Le Feuvre & Wieczorek, 2011) combined with
a higher proportion of high latitudes in the SPA. Crater roughness decreases with age, so the relative short-
age of young craters in the SPA terrain would cause lower median roughness.

We excluded the potential observational bias by considering only the Late Imbrian craters (supporting infor-
mation Figure S4); however, we still see that SPA craters are smoother. This effect is rather strong, and we do
not see any further observational biases that could explain it. The typical background roughness (outside of
the young crater materials) in the SPA region is also lower than in typical highlands (Kreslavsky et al., 2013),
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Figure 14. Roughness, rock abundance, and soil temperature for Copernican and Eratosthenian craters of different sizes
in the maria (craters with D < 20 km on top, D > 40 km on bottom). Error bars represent standard errors.

which is likely to be a related phenomenon. The absence of such an effect (for CW, CE, and the background)
at long baselines suggests that SPA smoothing is caused by surficial processes; therefore, it is unrelated to the
crustal thickness. The compositional differences between SPA and other highlands are related to the
presence of distinctive mineralogies within the basin interior (Moriarty Iii & Pieters, 2018), most likely
linked to the presence of an extensive ancient impact melt sheet on the SPA floor (e.g., Vaughan &
Head, 2014), mixed impact melt and deep crustal materials in the surrounding areas, and the possibility
of ancient cryptomeria (e.g., Whitten & Head, 2013) obscured by more recent craters and ejecta from the
Orientale basin. In the broadest sense, the SPA composition and mineralogy should be between typical
highlands and maria, and if composition and mineralogy were responsible for the roughness differences,
we would expect the SPA roughness also to be between highlands and maria, which is not the case.
However, we cannot rule out the presence of unusual lithologies in the interior of the SPA, the largest
and most ancient basin, that could have an effect on rock breakdown and roughness processes and rates.

It is possible that the latitudinal trend in the impact rate is partly responsible for this effect. The short-base-
line roughness reflects a balance between roughening by the baseline-scale craters and smoothing by rego-
lith gardening. A lower impact rate at high latitudes (Le Feuvre & Wieczorek, 2011) would mean fewer
young, small (baseline-scale) craters, and therefore a smoother equilibrium topography than if the regolith
gardening processes have a weaker latitudinal dependence. However, the global roughness spatial pattern
(which, we believe is related to the trend in crater roughness) differs significantly from the pattern related
to the cratering rate (Kreslavsky et al., 2013). Therefore, the spatial variations of the impact rate are unlikely
to be the only cause of the observed smoothness of SPA.

At longer baselines, walls of craters on the maria are systematically rougher than crater walls in highlands
and the SPA (Figures 12 and 13). Generally, the high roughness of the walls of large craters is caused by
numerous terraces, whose spatial scale is comparable to the baseline (Figure 4). The observed difference
can be explained by a higher mechanical strength of competent volcanic material of the maria in comparison
to a weaker, heavily fractured highlands megaregolith (e.g., Cintala et al., 1977). It is possible that the wall
terraces in mechanically stronger, naturally layered mare material is originally rougher than in the high-
lands. It is also possible that higher resistance to degradation of mechanically stronger mare material plays
a role: Since roughness decreases with crater age, higher resistance to degradation would allow the rough-
ness to persist longer. This effect is partly similar to a higher abundance of very steep slopes in mare craters
noted by Kreslavsky and Head (2016).

At the longest baseline, crater floors are significantly smoother than walls, ejecta, and typical roughness of
the highlands. Some Late Imbrian age craters have floors filled with lavas, which make floors exceptionally
smooth at longer baselines. A more significant factor is the presence of impact melt in these large craters that
makes the floors horizontal and flat at the baselines longer than the characteristic scale of blocks on the
floor. Floors of craters on the maria, in general, are slightly smoother than on the highlands. Two factors
can explain this. First, the proportion of craters filled with lavas, and hence possessing exceptionally smooth
floors, is higher on the maria due to the more extensive Imbrian period volcanism there (e.g., Head &
Wilson, 1992; Hiesinger et al., 2011; Wilhelms et al., 1987). Second, the difference in the mechanical proper-
ties can affect energy partitioning in the impact process, which might be responsible for a generally higher
proportion of melted material, and a higher amount of impact melt, which makes floors flatter (Cintala
etal., 1977; Cintala & Grieve, 1998; Melosh, 1989). Additional detailed morphological observations of groups
of individual craters are needed to distinguish which of the two factors dominates.
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Table 1

4.2. Rock Abundance and Soil Temperature

Craters Listed as Copernican That Appear to be Misclassified

Crater name

Latitude

Systematic differences in the thermophysical properties between cra-

Longitud Di ter (ki . . . .
ohgttuce iameter (km) ters on the different terrains (Figure 12) are minor (note that the rock

Autolycus
Bel'kovich K
Birkhoff Z
Carpenter
Eudoxus
Mosting
O'Day
Taruntius
Virtanen

30.68°N
63.63°N
60.98°N
69.52°N
44.27°N
0.70°S
30.42°S
5.50°N
15.64°N

1.49°E 38.88 abundance and soil temperature axes in Figure 12 are stretched in
93.61°E 47.03 comparison to Figure 5). This is naturally explained by the fact that
145.88°W 28.63 . . . .
51.23°W - the high rock abundance and soil temperature of pristine craters dis-
16:23°E 70:16 appear relatively quickly: Craters older than Copernican have ther-
5.88°W 24.38 mophysical properties close to the equilibrium value, and such
157.29°E 70.41 craters dominate the analyzed subset. This is also consistent with a
46.54°E 57.32 short (~100 Ma) timescale of the disintegration of large boulders,

176.74°8 3965 which has been derived from independent observations (Basilevsky

et al., 2013).

This absence of a difference between maria and highlands in thermophysical properties seems at odds with
the slightly higher soil-temperature values and noticeably higher rock abundance on the maria seen in the
global thermophysical-properties maps. Elevated rock abundance in the maria is caused by rocks produced
by small impacts (Bandfield et al., 2011; Haber et al., 2018). A greater number of resolved rocks associated
with small impacts in the maria is apparent in the high-resolution images. Our data for crater subunits for
the smaller craters in the database (D < 20 km) shows significantly higher rock abundance and soil tempera-
ture on mare surfaces (supporting information Figure S5) for crater walls and floors, in contrast to those
observed for larger (D > 40 km) craters (Figure 12). The proportion of younger craters among the smaller-
crater (D < 20 km) subset in the catalog is higher; therefore, the younger craters affect the characteristic
values of thermophysical properties for this size range. Thus, relatively small (D < 20 km) craters produce
many more rocks on mare surfaces in comparison to the highlands. An analogous trend is observed for
the soil temperatures of floors and walls of smaller (D < 20 km) craters.

We interpret this to be due to two factors: (1) Contributions by the competent volcanic substrate material of
the maria, which, upon being impacted, produces more rocks and coarse soil particles than heavily fractured
megaregolith of the highlands (Bandfield et al., 2011; Mustard & Head, 1996; Shkuratov et al., 2011), and (2)
the thinner regolith of the maria means that solid bedrock is more readily encountered by craters in the
maria than those in the highlands. This is supported by observations with high-resolution LROC images,
which show that small impacts into melt sheets expose rocks that are clearly visible (Bandfield et al., 2011).

Craters in SPA show a slightly lower rock abundance and soil temperature than in the maria and typical
highlands; this occurs for all crater material subunits. We suggest that an unusual substrate in the SPA basin
interior or the paucity of younger craters in SPA in the crater database could account for the lower observed
rock abundances and soil temperatures.

5. Differences Between Simple and Complex Craters

In the previous sections, we have discussed large complex craters with diameters larger than 40 km. As we
noted above, craters can be generally divided into simple and complex (Figure 4). On the Moon, the simple-
to-complex transition occurs between 15 and 20 km in diameter (Pike, 1977b). Here (Figures 14 and S6) we
select 20 km as the upper-diameter limit for the subset of small craters; therefore, this subset spans the range
from simple to complex. Further lowering this diameter limit would compromise the statistical validity of
the analysis.

Two introductory points should be noted. First, the age-sized distribution of the simple craters in the data-
base is strongly biased, in that almost all belong to the Copernican and Eratosthenian periods, though older
simple craters undoubtedly exist on the Moon. This bias occurred because only the more prominent craters
were named and included in the database. To avoid the effects of this bias in this section, we consider only
Copernican and Eratosthenian craters. Second, the smaller craters in the database are preferentially located
in the maria. To avoid this bias, we focused on the maria only in this study.

We note that the longer roughness baselines are not suitable for the smaller craters, because roughness
cannot be calculated for a baseline, which is on the same order of magnitude as the size of the subunit.
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Figure 15. Comparison between Bel'’kovich K (misclassified as Copernican age) and Crookes (typical Copernican age)
craters. (a and b) The upper images are LROC WAC images in orthostatic projection. (c and d)The bottom images

are NAC high-resolution images. Younger features: solidified impact melt texture and superimposed decameter-sized
craters. Older features: many decameter-sized craters with flat and smoothed features.

For example, the floor diameter of crater Kepler C, which is 11.5 km in diameter, is around 4 km. The long
baseline is 1.8 km, which is on the same order of magnitude as the size of the floor subunit.

There is no significant systematic difference in the shortest-baseline roughness between small and large cra-
ters (Figure 14), which has been interpreted before. This is not the case for the intermediate-baseline rough-
ness: Large crater floors on average are significantly smoother, and the walls are rougher than in small
craters (Figure 14). The smoothness of floors of large craters is likely to be caused by their general flatness
due to the presence of impact melt. The amount of impact melt in relation to crater volume or area is known
to be greater for larger craters; for craters smaller than 20 km impact melt occupies a small proportion of the
floor or is absent (Cintala & Grieve, 1998). On the other hand, mounds, blocks, and cracks responsible for the
high, short-baseline roughness of the floors of the youngest craters (Figure 5) are much smaller than the
0.5 km baseline, and their effect at this baseline is minor. Greater wall roughness in larger craters is caused
by the presence of terraces: They are typical for complex craters and are absent in simple craters, by defini-
tion. Their characteristic spatial scale is on the order of a kilometer (Figure 4), so they affect the intermedi-
ate, but not the shortest, baseline roughness.

The rock abundances and nighttime soil temperatures of small, simple craters are generally higher than for
larger craters for all material subunits (Figure 14). This can be caused, at least in part, by a bias in the crater
sample: the proportion of Copernican age craters in the maria is greater among small craters, and, as we dis-
cussed above, such craters are characterized by the highest rock abundances and soil temperatures. Another
factor is that the walls in simple craters are steeper than in complex craters on average; therefore, intensive,
downslope material transport exposing blocks and immature regolith is more active in small craters. This is
consistent with walls having the highest rock abundance among the subunits. We also suggest that the dif-
ference in the scale of the impact event may be a factor. The large-scale impact events that produce complex
craters are characterized by a higher proportion of melted and vaporized material, as well as higher charac-
teristic shock pressure experienced by ejected material, which would favor more thorough disintegration of
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Figure 16. Ray from an unnamed crater across Carpenter crater. The image is the Clementine UVVIS ratio color image
using the red channel in 750/415 nm, green channel in 750/950 nm, and blue channel in 414/750 nm.

the target material and reduce the abundance of rocks and the coarse soil fraction in the shocked material
(Cintala & Grieve, 1998; Melosh, 1983; O'Keefe & Ahrens, 1999).

6. Implication
6.1. Reclassification of Crater Stratigraphic Age

Our analysis showed that the parameters for the crater walls have the highest sensitivity to age. We mainly
use the scatter plots of rock abundance in the crater wall material and topographic roughness at 115 m base-
line (Figure 11) to identify craters that we suspect might have a misclassified stratigraphic age. Copernican
crater walls should be rougher and have more rocks.

We selected all “suspicious” craters that are classified as Copernican but have low values of short-baseline
topographic roughness, rock abundance, and soil temperature, which is the domain where all Imbrian
and older craters normally reside. Then we checked high-resolution images of all those craters. We found
that the morphologies of nine craters are inconsistent with a Copernican age (Table 1). All of them appear
older, perhaps Eratosthenian or, in some cases, even Imbrian. These craters have morphological signatures
of thick regolith: Typical impact melt textures on the crater floors are not distinguishable; there are few
boulders or signs of geologically recent landslides; superposed craters do not possess morphologies that
are suggestive of a thin regolith layer; and there are many superposed, shallow, smoothed, decameter-sized
craters. As an example, in Figure 15 we compare crater Bel'’kovich K with the typical Copernican crater
Crookes, which is similar in size.

The misclassified craters had been originally assigned to the Copernican period on the basis of bright rays
associated with them (Hawke et al., 2008; Wilhelms et al., 1987; Wilhelms & Byrne, 2009). Hawke
et al. (2004) analyzed spectral signatures of several rays and showed that the rays can be caused either
by low regolith maturity (“maturity rays”), an admixture of excavated highland material on mare surfaces
(“compositional rays”), or a combination of the two. They argued that the attribution of craters having
purely compositional rays to the Copernican could be erroneous. In particular, Hawke et al. (2004) argued
that Autolycus has purely compositional rays and therefore is older than Copernican. We included
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Figure 17. Crater Bonpland D. (a) Regional context of Bonpland D; the red frame outlines the view shown in (b). WAC
mosaic image with large shadows (643 nm wavelength). (b) Crater Bonpland D with bright regolith flows on the
walls. The white rectangle indicates the area shown in (c). (c) A detail of the dry regolith flows. Panels (b) and (c) are
from LROC NAC image M1190835853RC.

Autolycus in Table 1 (inconsistent with a Copernican age) on the basis of its roughness signature and small-
scale morphology; thus, it appears that Hawke et al. were correct in their assessment. Another possible
cause of misclassification is that a crater is occasionally located at crossing rays originating from
different craters. Kreslavsky et al. (2013) noted that the crater Taruntius was misclassified and suggested
a ray-crossing explanation for its original misclassification (Wilhelms & Byrne, 2009). A clear example of
this kind is crater Carpenter in Figure 16, which is crossed by a ray from a very young unnamed 5 km
crater at 69.7°N 61.0°W and is older than Copernicus (McEwen et al., 1993).

6.2. Recent Active Geological Processes

An unusual combination of properties for some craters does not necessarily mean misclassification but could
reflect interesting individual peculiarities of a crater. For example, the Late Imbrian crater Bonpland D (BD
in Figure 11) has an unusually high rock abundance on its walls (subunit CW), well outside the range for
Late Imbrian craters, while its roughness signature is consistent with this age. The soil temperature of its
wall material is also anomalously high.

Bonpland D (10.2°S, 18.3°W, D = 5.3 km) is situated in Mare Cognitum and embayed by mare-forming lavas
(Figure 17). According to Hiesinger et al. (2003), the absolute crater-retention model ages of the mare units
embaying Bonpland D are 3.41 and 3.49 Ga, which is within the Late Imbrian Period. McCauley and
Wilhelms (1971) also mapped this mare as Imbrian in age. There are no signs that Bonpland D was affected
by Imbrium ejecta, which suggests that it postdates the Imbrium impact. On the other hand, the lavas with
cratering-derived model age of 3.49 Ga (Hiesinger et al., 2011) do not breach the rim, nor do they fill the cra-
ter interior, which suggests that the Bonpland D postdates the early stages of Mare Cognitum volcanism.
Therefore, the Late Imbrian age of Bonpland D is very certain. The crater is crossed by a wrinkle ridge
(Figure 17), which seems to deflect from its regional NW-SE trend toward the SW to the crater; therefore,
the formation of the ridge appears to postdate the impact. A part of the western crater wall is displaced
(Figure 17). This displacement is morphologically different from wall terraces observed in impact craters,
and the presence of wall terraces is unlikely for simple craters of this size. Therefore, the displacement
was likely caused by a fault associated with the wrinkle ridge.

In high-resolution images of this crater (Figure 17), we observe that a general rim softness and an apparently
thick regolith are indeed consistent with the Late Imbrian age; the displacement of the western wall is also
geologically old because a thick regolith layer is seen there, too. The conclusions about the thick regolith are
based on the small-scale morphological signatures, which can be seen in Figure 18. These signatures include
the absence of boulders, the absence of superposed decameter-size double-ring craters that typically occur in
a thin regolith layer, and abundant superposed shallow subdued decameter-sized craters. However, the
inner crater walls contain numerous small channels and associated lobate flows apparently formed by
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Figure 18. Morphological indications of thick regolith for Bonpland D. The image is from LROC NAC image
M1190835853RC. Red circles show younger and older decameter-sized craters.

regolith flows. These flows have some similarities to regolith flows described by Shkuratov et al. (2012),
Senthil Kumar et al. (2013), and Kokelaar et al. (2017) in large Copernican craters. They are not
morphologically identical to those flows, however, because in Bonpland D, unlike the Copernican case,
the flows are formed from older, thick regolith. These regolith flows apparently expose formerly buried
rocks (the largest of these are indeed seen in the images), which results in the observed high rock
abundance and soil temperature. The thermophysical signatures and high albedoes of the immature
regolith of the flows indicate their Copernican age. The exceptional sharpness of tiny flow lobes on these
slopes is consistent only with their very young geological age, tens of Ma, or even younger.

Bonpland D is the oddest crater in our data set, which is old, not Copernican and Eratosthenian, and pre-
sents an unusually higher rock abundance on its wall. We interpret the unusual case of regolith flows in
Bonpland D to be caused by geologically recent local strong seismic events, which fluidized the regolith
by shaking and triggered numerous slides on an otherwise stable slope. Such an event is likely to be caused
by reactivation of the shallow wrinkle-ridge-associated fault. Triggering by a local or nearby impact is
excluded because there are no suitable small fresh craters inside Bonpland D, or larger craters in its vicinity,
that would have initiated small-scale features as sharp as the regolith flow lobes in Bonpland D. Triggering
by large distal impact events or by deep high-amplitude moonquakes is excluded because it would cause
widespread slides and therefore would not account for the uniqueness of Bonpland D.

Our inference about recent strong seismicity is not unique. For example, Senthil Kumar et al. (2016) ana-
lyzed traces of rolling boulders on slopes and suggested geologically recent seismic events in association with
lobate scarps in the Schrodinger basin. Lobate scarps (e.g., Watters et al., 2015, and references therein) are
thought to be geologically young tectonic features and sources of shallow seismicity. No lobate scarps have
been mapped (Watters et al., 2015) in the immediate proximity of Bonpland D; however, there are possible
geologically recent lobate scarps in association with wrinkle ridges at the northeast edge of Mare Cognitum
(Nelson et al., 2014). Shallow seismic events detected by Apollo seismometers (Nakamura et al., 1982) are too
weak to mobilize regolith; however, they unambiguously indicate the presence of shallow seismicity on the
Moon. Locations of shallow seismic events detected by Apollo (Watters et al., 2019) do not coincide exactly
with Bonpland D, but there is an inferred epicenter location in Mare Cognitum.

7. Conclusions

We studied the characteristics of lunar crater materials quantitatively by dividing them into subunits rather
than treating them as a single unit. We analyzed the variations of subunit characteristics as functions of age,
location, and crater size.

Younger craters always have higher values of topographic roughness, rock abundance, and nighttime soil
temperature. The crater subunits degrade with age due to smaller impacts, mass wasting, regolith transport,
and other surface processes. Among the subunits, the continuous ejecta reaches roughness and rock
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abundance equilibrium more rapidly than the other crater subunits. We suggest that this occurs because the
original ejecta roughness is relatively low and therefore closer to the equilibrium value, and also because the
continuous ejecta is flat at large scales, increasing the efficiency of terrain smoothing by regolith transport.

We found some regional variations of roughness and thermophysical parameters for crater by subdividing
the lunar surface into three terrains: maria, highlands, and the South Pole-Aitken basin. Craters located
on the maria have systematically rougher walls at longer baselines, with more rocks formed during the
impact event, which we attribute to the mechanically stronger volcanic material of the maria. Craters
located in the SPA terrain have systematically lower short-baseline topographic roughness, rock abundance,
and nighttime soil temperature. This remains unexplained and needs more analysis. The dependence of the
impact rate on latitude might contribute to this.

Crater size can also affect the observable signatures. The smaller, simple, and transitional craters show
higher rock abundance than larger complex craters.

Due to their strong dependence on age, the quantitative parameters that we analyzed (topographic rough-
ness, rock abundance, and nighttime soil temperature) are very useful for validation of ages derived from
stratigraphic and morphological considerations, especially for Copernican and Eratosthenian craters. We
caution, however, that these parameters alone cannot be reliably used for age determination due to the wide
natural variability of their values.

Analyses of those parameters revealed several craters with unusual characteristics. We analyzed the most
outstanding of these: The Late Imbrian-aged crater Bonpland D in Mare Cognitum. We found that its walls
have numerous, geologically very recent, small regolith flows, which result in an unusually higher rock
abundance and that are not observed in other craters of Late Imbrian age. We interpret them to be caused
by geologically recent strong shallow seismic events.
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All of the data used in this work are accessible in the NASA Planetary Data System. All the data necessary to
generate the results used for this study are available online (https://doi.org/10.6084/m9.figshare.10298039.v1).
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