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This work was based on analysis of LROC NAC images with resolution  0.5 m per pixel for the
Lunokhod-1 and Lunokhod 2 study areas and Digital Elevation Models (DEMs) produced from these
images. On these images, craters Z7 m in diameter were identiﬁed and outlined and their diameters D
and depths d were measured using the mentioned DEMs. Then the depth/diameter ratios (d/D) were
determined and their analysis showed that only the measurements for craters with DZ 20 m were
reliable. In addition, the maximum slope of the crater inner walls was measured by two techniques. The
d/D and the maximum slope were found well correlated and practically similar for the two study areas.
These results were compared with the earlier published values of d/D and maximum slope of the crater
inner walls that had been reported by Florensky et al. (1972a) and Basilevsky (1976) as typical for craters
of certain morphologic classes. Analysis of d/D-frequency distribution showed that the crater degradation
rate as a function of d/D had a characteristic bend suggesting that there are two different processes of
crater degradation. One is rather quick and operates for craters with d/D above  0.14 and the inner
crater walls steeper than  25o, the other, signiﬁcantly slower process, operates for craters with the
smaller relative depth and the gentler inner walls. The quick process with distinctive threshold is the
downslope movement of the surface material by landslides and avalanches. The slow degradation
without a threshold is probably contributed by crater ﬁlling by the ejecta from the near and distant
craters and micrometeorite-induced diffusion creep of the regolith. These slow processes also operate on
initial stage of crater degradation, but their role is minor in comparison to the quick processes.
& 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Small impact craters (a few meters to 1–2 km in diameter) are
the dominant surface features on all terrains of the Moon except a
tiny area of a few youngest large impact craters. They were under
extensive studies in the 1960s and 70s (e.g., Trask, 1968; Pohn and
Ofﬁeld, 1970; Shoemaker, 1971; Florensky et al., 1972a; Swann,
1974; Basilevsky, 1976). Those works have shown that these craters
have a range of morphology, which is mostly a function of the
crater age and size. Crater populations can be subdivided into two
parts: larger craters make a growing production (accumulation)
subpopulation, while smaller craters make an equilibrium subpopulation, formation of new craters is balanced by obliteration of
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old ones. In earlier work, morphology of the studied craters was
mostly characterized in a qualitative way (prominent, with sharp
or subdued rims, deep, shallow, etc.). Florensky et al. (1972a) have
formalized these qualitative characteristics by subdivision of the
craters into several morphologic classes from most prominent to
subdued: A, B, and C, sometimes with intermediate classes AB and
BC. Within the equilibrium subpopulation, the percentage of
craters of different morphological freshness have been found close
to uniform and independent of crater size (A: 1–2%, AB: 2–3%,
B:  20%, BC:  30% and C:  50%). Within the production
population, the percentage of morphologically fresh craters
(classes A, AB and B) have been found growing with the increase
of crater diameter (Florensky et al., 1972b; Florensky et al., 1978a,
b; Basilevsky, 1976). The key quantitative morphometric characteristics, such as crater depth/diameter ratio and slope of the
crater inner walls, could be determined only in limited cases in
those early works.
Nowadays, with high-resolution (0.5–1.5 m) images taken by
the Lunar Reconnaissance Orbiter Narrow Angle Camera (LROC
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Fig. 1. Locations of Lunokhod-1 and -2 study areas shown on a telescopic image of
the Moon. Photographer Pascal Christian.
Source: http://www.spacelapse.net/Astrophotography/Full-Moon.jpg.

NAC) (Robinson et al., 2010) and Digital Elevation Models (DEMs)
derived from them, it is possible to revisit characteristics of
small impact craters in a more quantitative way. This is important
to better understand the processes of craters formation and
evolution and also to develop more accurate engineering models
of lunar surface, which are necessary for a reliable lander design
and safe landing. We do this work through analysis of morphometry of small impact craters of the Lunokhod-1 and Lunokhod-2
study areas (Fig. 1), which are considered to be typical samples of
lunar mare terrain (e.g., Florensky et al., 1972b; Florensky et al.,
1978a).

2. Data and results
This work is based on analysis of LROC NAC images with a
sampling  0.5 m per pixel for the Lunokhod-1 area (8.7 km2) and
approximately equal selected area (7.9 km2) in the Lunokhod-2
study region. The stereo pair M150749234/M150756018 was used
by Frank Scholten (DLR, Berlin), to produce a DEM with 0.5 m
horizontal resolution and 1 m vertical accuracy for Lunokhod-1
area (Karachevtseva et al., 2013). The stereo pair M177426582R/
M177426582L was used by Isabel Haase (Technical University of
Berlin) to produce a DEM with the same resolution for Lunokhod-2
ﬁnal parking position. Using the mentioned images, craters Z7 m
in diameter have been identiﬁed and outlined in ArcGIS using
CraterTool (Kneissl et al., 2011), and their diameters D were
measured. Crater depth d was measured with ArcGIS as the
topography amplitude between the highest and the lowest point
within the crater outline using the mentioned DEMs. Then the
depth/diameter ratios (d/D) have been determined.
Fig. 2 shows image of the area of the Mare Imbrium studied
by Lunokhod-1 and  900 craters Z20 m in diameter identiﬁed
within it. The largest in this area, a crater named Borya after Boris
(Borya) Nepoklonov, the Chief Scientist of Lunokhod-1 and -2
missions,
(http://planetarynames.wr.usgs.gov/SearchResults?tar
get=MOON&featureType=Crater,%20craters) has a diameter 410 m.
Fig. 3 shows our study area in the crater Le Monier, whose ﬂoor
is a bay of the eastern part of Mare Serenitatis. The shown area is
3 km north of the eastern part of the Lunokhod-2 traverse. In its

general morphology, it is similar to the parts of the Le Monier ﬂoor
traversed by the Lunokhod-2. The ﬁgure shows the LROC image
and identiﬁed craters Z20 m in diameter. The largest crater in this
area has a diameter 350 m.
Fig. 4 represents the scatterplots of d/D against D for craters
Z7 m in diameter for the study areas shown in the Figs. 2 and 3.
The thick horizontal line in Fig. 4 represents d/D¼0.18, which is
characteristic of a crater of parabolic cross-section with maximum
slope of 351, which is the angle of repose. We anticipate that
almost all craters should have d/D below this value. It is seen on
the diagram that an appreciable percentage of craters of 7 to 20 m
in diameter are above the line and below the values typical for the
D420 m subpopulations as well, which is probably an artifact due
to insufﬁcient accuracy of the DEMs. Thus, below we work only
with 932 (Lunokhod-1) and 602 (Lunokhod-2) craters 420 m in
diameter (see arrows in Fig. 4). It was found that in these parts of
crater subpopulations among the craters of the Lunokhod-1 area
d/D typically varies from  0.02 to 0.2–0.26, and among the craters
of the Lunokhod-2 area, from 0.02 to 0.2–0.35. In the section
below, we analyze how the d/D values depend on crater diameter.
For that, we subdivided the subpopulation of these craters for
Lunokhod-1 area into four parts, with the same number of 233
craters in each, according to crater diameters: (1) 20–25.4 m,
(2) 25.4–33 m, (3) 33–46.07 m, and (4) 446.07 m; for each part
we considered d/D frequency distribution (Fig. 5). Our use of size
bins with the same number of craters minimizes the formal
stochastic errors.
No systematic trend in the d/D distribution with D is seen in
Fig. 5. The Kolmogorov–Smirnov test showed that the conﬁdence
level at which the d/D distribution differs between part 1 and part
2 is 70%, between part 2 and part 3 is 79% and between part 3 and
part 4 is 98%. The latter number indicates that the difference is
statistically signiﬁcant or close to it, however, its conﬁdence is
not very high. Florensky et al. (1972b, 1978a) reported that the
Lunokhod-1 area and its close vicinity to the crater diameter
corresponding to the boundary between the equilibrium and
production parts of crater populations is close to 100 m. Thus,
one could expect that in our largest size bin (D 446.07 m), which
contains craters approaching and exceeding the 100 m threshold,
the percentage of the relatively large d/D values should be higher.
However our analysis showed it is not the case: from the group of
the smallest craters (20–25.4 m) to the group of the largest ones
(446.07 m) numbers of craters having d/D 40.15 are the following: 7, 9, 3, and 3. This could be due to relatively small number of
craters with D 4100 m in the D 446.07 m crater sample (o20%)
and with not very accurate determination of the boundary
diameter value due to shortage of good available images used for
this determination by Florensky et al. (1972b, 1978a).
Similarly, for Lunokhod-2 area we subdivided the subpopulation of these craters into four parts, 150 craters in each, with
diameters: (1) 20–24.7 m, (2) 24.7–35 m, (3) 35–58 m, and
(4) 458 m; for each part we considered d/D frequency distribution (Fig. 6).
Here we also could not ﬁnd systematic trend in the d/D
distribution. The Kolmogorov–Smirnov test showed that the conﬁdence at which the d/D distribution is different between part
1 and part 2 is 30%, between part 2 and part 3 is 79% and between
part 3 and part 4 is 95%, the later being marginally signiﬁcant.
Florensky et al. (1978a) reported that in the Lunokhod-2 area and
its close vicinities, the crater diameter corresponding to the
boundary between the equilibrium and production parts of crater
populations is close to 50 m. So one could expect that among the
craters of the D 458 m range the percentage of deep craters
should be higher. However, our analysis showed that although
some increase of craters having d/D 40.15 in this size group is
observed (2, 3, 0, 5) it is not large enough to be considered as
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Fig. 2. (a) LRO NAC orthomosaic (M150749234/M150756018), the Sun incidence angle 65.3/66.01; (b) map of area of the Lunokhod-1 study in the northwestern part of Mare
Imbrium: stereographic (conformal) projection with the central meridian (  351) and main parallel (381).

reliable and obviously is within the statistical uncertainty. This
could be due to the inaccurate determination of the boundary
diameter value due to shortage of good available images used for
this determination by Florensky et al. (1978a).
We also studied another important parameter of crater morphometry, the maximum slope of crater inner walls. This was
done using two techniques. First, we calculated topographic gradients on of the source DEMs at 0.5 m baseline. We selected a
representative subset of 240 craters with a simple randomization
procedure that ensures that craters of all diameters are well
represented. For each of these craters we found the steepest 5% of
all DEM pixels within the crater outline, calculated the mean slope
over these pixels and refer it as the maximum slope for given crater.
This procedure was aimed to produce a “typical steepest slope” for a
crater being tolerant to possible data outliers. The DEMs often have
bad quality on steep crater walls that sometimes are in the geometric

shadow or saturated in the source stereo images. We manually
excluded the most obvious DEM defects before calculating the
steepest slopes. The measured maximum slopes were found to be
from 71 to 281 (Lunokhod-1) and from 71 to 371 (Lunokhod-2). As
expected, they correlate well with d/D values (Fig. 7). A number of
outliers in the plots are caused by the source DEM imperfections that
escaped the manual prescreening and were too abundant to be
ﬁltered out by the averaging over the 5%.
The imperfections of the DEMs led us to apply another
technique to assess maximum slope of craters0 inner walls. Using
the DEM, we generated a set of artiﬁcial hill-shade images with
different simulated “Sun elevation”. Then we visually assessed the
presence of geometric shadow in craters. The highest “Sun elevation” at which in the given crater visible shadow appeared is
considered as an estimate of the maximum slope of the crater
inner wall (Fig. 8).
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Fig. 3. (a) LROC NAC orthomosaic, based on image M177426582, the Sun incidence angle 71.451; (b) map of area neighboring the eastern part of the Lunokhod-2 study
route on mare surface the ﬂoor of crater Le Monier: stereographic (conformal) projection with the central meridian (  30.91) and main parallel (261).

The visual inspection of simulated images ﬁltered out the
effects of imperfect DEMs more reliably than formal procedures
we could implement in ArcGIS. Fig. 8 shows an example of this

approach. On the image with the “Sun elevation” of 15o (Fig. 8(a))
craters 1, 2, 3, and 4 have shadows in their NW parts; at the 25o
“Sun elevation” (Fig. 8(b)) only craters 3 and 4 have such shadows,
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between BC and C – 1/12 (0.08). These values and our results of d/
D measurements obtained in this work are compared in Fig. 10.
It is seen from Fig. 10 that general character of distribution of d/D
values for craters of the Lunokhod-1 study area is close to that for the
Lunokhod-2 study area, but with some difference: for the Lunokhod1 area this parameter is typically higher by 0.01–0.02. The reason of
this difference is unclear and may be an artifact. The d/D values
reported by Florensky et al. (1972a) and Basilevsky (1976) as typical
for craters of certain morphologic classes are generally close to our
measurements for the Lunokhod-1 and -2 areas.
However, if we want to keep the relative abundances of the
morphologic classes the same as reported by Florensky et al.
(1972a) and Basilevsky (1976) it looks worthwhile to suggest to
slightly decrease the mean d/D value for class BC (from 0.10 to
0.09) and for class C (from 0.08 to 0.075). But this suggestion is
very tentative and needs to be tested by the d/D values of small
impact craters in other areas of the Moon.

4. Further analysis and discussion

Fig. 4. Scatterplots showing crater d/D as a function of D, (a) Lunokhd-1 area and
(b) Lunokhod-2 area. Arrows show the domain of reliable d/D measurements.
Concentration of points along inclined lines in the lower left parts of the diagrams
results from the fact that the elevation values in the source DEM were rounded to
0.1 m.

while craters 1, 2 do not. This procedure was applied to all craters
Z20 m in diameter and the diagram showing the maximum slope
as a function of d/D was produced (Fig. 9).
It is seen in Fig. 9 that the maximum slope of the studied
craters correlate well with crater d/D values. This correlation is
rather general with some deviations represented by the broad
range of d/D in each maximum slope category. This may reﬂect the
real variation of this parameter but partly may be due to our
coarse binning of the “Sun elevation”.

3. Comparisons with earlier results
Here we compare characteristics of craters of the Lunokhod-1
and -2 study areas (d/D and maximum of the crater inner walls)
obtained in this study with similar characteristics of small lunar
craters summarized by Florensky et al. (1972a) and Basilevsky
(1976). As it was mentioned above, Florensky et al. (1972a)
suggested the morphological classiﬁcation of small lunar craters
into three morphological classes: A: most prominent, B: of intermediate prominence, and C: signiﬁcantly subdued, with two
transitional subclasses, AB and BC. For the most typical bowlshaped variety of craters, Florensky et al. (1972a) reported the
following typical d/D values: A – 1/5 (0.2), AB – 1/6 (0.167), B – 1/8
(0.125), BC – 1/10 (0.1), C – 1/14 (0.07). Basilevsky (1976) reported
the following boundary values of d/D: between A and AB classes –
1/5 (0.2), AB and B classes – 1/7 (0.14), between B and BC – 1/10 (0.1),

As it was shown above, the frequency distributions of d/D for
the chosen 120 craters in both study areas are remarkably similar
to each other. Thus, it is reasonable to consider combined population. Fig. 11 shows cumulative frequency distribution of d/D for
combined 240 craters.
Let us consider a simpliﬁed concept of crater population in
equilibrium. Let R be the crater production rate, and N(d/D) be the
number of craters with d/D greater than given in the considered
crater population. Let us assume that each crater is formed with
the same d/D ¼A0 ¼0.18. Our data are insufﬁcient to ﬁnd d/D for
newly formed craters from the data. The assumed value of A0 is the
d/D value for a crater with a paraboloid shape and a maximum
wall slope of 351, close to the angle of repose. Probably, in reality,
d/D for newly formed craters is scattered in some range; it may be
higher, as it is shown below on the example of crater North Ray
whose geometry is closer to a cone than to a paraboloid. With
time, d/D decreases as a function of crater age t until the crater
becomes so shallow that it becomes unrecognizable and quits the
population. From Fig. 11 it is clear that this occurs at d/DE 0.04. It
is easy to ﬁgure out that under these assumptions, the degradation
rate  ∂ðd=DÞ=∂t is related to the cumulative distribution N(d/D)
according to the following relationship:

1


∂ðd=DÞ
∂N
∂ðd=DÞ

¼ R
:
ð1Þ
¼ R
∂t
∂ðd=DÞ
∂N
To perform differentiation (1) practically, we need to approximate the empirical N(d/D) with a smooth functional dependence.
We tried two dependences deﬁned in implicit form as a sum of
two exponents
d=D ¼ A expð  BNÞ þ ðA0  AÞexpð  CNÞ;

ð2Þ

and as a sum of a linear function and an exponent
d=D ¼ A  BN þ ðA0 AÞexpð CNÞ;

ð3Þ

where A40, B40, and C4B are constants chosen to provide the
best ﬁt to the observed distribution. Calculating the best ﬁt, we
excluded the shallowest 10% of the craters, because for them we
observe the distribution rollover obviously caused by partial failure to
identify very shallow craters. These chosen forms of the smooth
approximation automatically provide that N(A0)¼0, in other words,
craters are formed with d/D¼A0. Both approximations work equally
well; Fig. 11 shows approximation with Eq. (2)
 as an example.
Fig. 12 shows the derivative ∂ d=D =∂N calculated from
Eqs. (2) and (3) as a function of d/D. According to Eq. (1), the plotted
quantity is proportional to the degradation rate  ∂ðd=DÞ=∂t and can
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be considered as the degradation rate in arbitrary units. Initially
(higher values of d/D, left part of the plot) the degradation rate is
high and drops quickly; then (lower values of d/D, right part of the
plot) it either remains constant or decreases slowly. The degradation
of young deep craters is an order of magnitude quicker than
degradation of older shallow craters.

The fact that the observed frequency distribution of d/D is very
well described by two-term approximations (2) or (3) and cannot
be adequately approximated with a single exponential function
which indicates that there are two different processes of crater
degradation. One, described by the term ðA0 AÞexpð CNÞ in
Eqs. (2) and (3) is quick and operates only for deep craters. The

Fig. 5. Distribution of d/D in four different in crater diameter ranges of the craters studied in the Lunokhod-1 area.

Fig. 6. Distribution of d/D in four different in crater diameters parts of the craters studied in the Lunokhod-2 area.
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Fig. 7. Mean values of the steepest 5% of the crater DEM pixels as function of crater
d/D: (a) Lunokhod-1 area and (b) Lunokhod-2 area.

characteristic point of cessation of this process can be obtained by
substituting N ¼1/C into (2) or (3), which gives d/D¼ 0.14. We
ensured that variations of the assumed and poorly constrained
value of A0 affect the inferred cessation threshold insigniﬁcantly.
The other process is an order of magnitude slower and does not
stop until crater disappears.
The situation is complicated by the fact that the craters are of
different sizes and the absolute degradation rate  ∂ðd=DÞ=∂t may
depend on crater size D. In Fig. 12 we went around this problem by
plotting the degradation rate in arbitrary units, as described above,
and using d/D rather than the time on horizontal axis.
The above-mentioned “quick” process of the crater degradation acting at d/D Z0.14 is probably dominated by landslides,
avalanche-like downslope movement of the regolith material on
the crater inner walls. These landslides can be triggered by small
meteoritic impacts and/or by seismic shaking caused by moonquakes and/or by distal larger impacts. When triggered, the
downslope movement of material for some time is selfsupporting due to dynamic mobilization. The effectiveness of this
process depends on the slope: the steeper the slope, the easier
avalanche triggering, and the longer the self-supporting movement. This is a process with a threshold: walls of shallow,
degraded craters are not sufﬁciently steep to make downslope
movement self-supporting, and the landslides/regolith avalanches
do not occur, if crater walls are gentle enough. For such craters
some much slower processes become important. One of them is
the regolith creep caused by minor disturbances by micrometeoritic impacts and surface temperature changes. Soderblom (1970)
has shown that regolith transport induced by the micrometeorites
is accurately described as linear diffusion creep, which means that
the downslope material ﬂux is proportional to slope, and there is

Fig. 8. Examples of the hill-shade images produced for 15o and 25o of “Sun
elevation” for the Lunokhod-1 area.

no any activation threshold for this process; when the crater
degrades, diffusion creep continues to move material downslope
and ﬁll the crater at progressively lower rates. Another possible
mechanism is ﬁlling by the ejecta from the near and distant
meteoritic impacts. Of course, on the ﬁrst stage of crater degradation these slow processes also operate, but their role is minor in
comparison to the “quick” processes. The discussed difference in
crater degradation style between deep and shallow craters is also
seen in crater morphology, as we illustrate below. These phenomena have been described in the areas of Apollo 14, 15, 16, 17 and
Lunokhod-2 studies (e.g., Swann et al., 1971, 1972; Muehlberger
et al., 1972, 1973; Kuzmin, 1975). A non-linear diffusion, where the
downslope material ﬂux sharply increases, when slope becomes
steeper than some threshold, is also known in terrestrial geomorphology (e.g., Roering et al., 1999), although the transport mechanisms in the terrestrial environments are different.
It is important to consider what is the slope that corresponds to
the d/D value at which cessation of the “fast” process is observed.
Fig. 13 shows the dependence (combined for the Lunokhod 1 and
2 study areas) of the mean values of the steepest 5% of the crater
DEM pixels as a function of d/D (see also Fig. 7 above).
Fig. 13 shows that there is an expected strong correlation
between maximum slopes S within the crater and its depth/
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Fig. 10. Cumulative frequency distribution of the d/D values for Lunokhod-1 and-2
study sites (L1 and L2) in comparison with the results reported by Florensky et al.
(1972a) and Basilevsky (1976) for the crater morphological classes. Gray boxes
illustrate the percentages of craters of different morphological classes according to
Florensky et al. (1972a) as well as boundary d/D values from Basilevsky (1976);
large diamonds show the typical d/D values according to Florensky et al. (1972a).

Fig. 9. Diagrams showing the maximum slope as a function of crater d/D;
(a) Lunokhod-1 area and (b) Lunokhod-2 area.

Fig. 12. Inferred degradation rate (the rate of d/D decrease with time) in arbitrary
units plotted as a function of d/D. Thick gray line shows the degradation rate
inferred from approximation with Eq. (2) shown in Fig. 10; thin black dashed line is
the same for approximation with Eq. (3).

Fig. 11. Cumulative distribution of d/D, in other words, the percentage of craters
with d/D greater than given plotted along the horizontal axis against d/D along the
vertical axis. Thin black line shows combined data for 240 craters in both study
areas. Thick gray line shows the least-square ﬁt with Eq. (2).

diameter ratio d/D. Also shown in the ﬁgure is the trend line
according to equation
tan ðSÞ ¼ Q d=D;

ð4Þ

where Q¼3.4 provides the best ﬁt. As discussed above in relation
to Fig. 7, a few very steep points in the upper part of the plot can
be outliers related to imperfections of the used DEM in the deepest
craters due to the presence of geometric shadows in these craters
in the images used for DEM production. The trend yields S¼ 261 for
d/D¼0.14, which, according to Eqs. (2) and (3), gives the characteristic threshold for the slope processes.
Below we consider images of the three craters, one of which is
relatively deeper and with steeper slopes comparing to the
transitional values, the other one has parameters close to the
transition, and the third one is shallower with gentler slopes.
The ﬁrst of these three craters is crater North Ray measuring
950 m in diameter and 230 m deep, so its d/D¼ 0.24 and maximum slopes is 30–351 (Muehlberger et al., 1972). We consider it
here because in the Lunokhod-1 and -2 study areas among the

A.T. Basilevsky et al. / Planetary and Space Science 92 (2014) 77–87

Fig. 13. The steepest slopes S plotted against d/D. Gray line shows the best ﬁt with
Eq. (4).

studied craters there are craters deep enough for morphological
analysis. The second crater is in the northern part of the Lunokhod
1 area,  490 m west of crater Albert. It is 183 m in diameter, 25 m
deep, so its d/D is 0.14 and maximum slope is  241 according
to the DEM for this given crater, or 261 according to the trend in
Eq. (4) and Fig. 13.
Fig. 14(a) and (b) show that on the very steep inner walls of
crater North Ray are seen down-streaming lobate features probably bearing scars of the landslides. Their surface in places bear
rock boulders of several meters across. The central mound on the
crater ﬂoor is obviously a combined accumulation of several
suggested landslides.
Fig. 14(c) and (d) show that on moderately steep inner slopes of
the second crater no down-streaming features are seen but metersized rock boulders are present. It is interesting that on the
external sub-horizontal parts of the crater rim, boulders are not
observed. Earlier, they were probably present on the rim of this
crater, which is large enough to excavate consolidated material
from beneath the regolith layer, but with time they have been
destroyed, while the boulders on the inner walls are newly
exposed due to downslope movement of the regolith.
Fig. 14(e) and (f) show that on the rather gentle inner slopes of the
third crater neither down-streaming features nor rock boulders are
seen. Only the small superposed impact craters peppering the rather
smooth surface of the slopes are observed.
This change in morphologies of the inner walls of the craters as
a function of their slope demonstrates the transition from intensive landslide-like, avalanche-like downslope material movement
on the slopes steeper than 251 to less active material movement
on the ones having slopes less than  251 and practical ceasing of
such movement on the slopes below 10–121.

5. Summary and conclusions
This work is based on the analysis of LROC NAC images with a
resolution  0.5 m per pixel for the Lunokhod-1 and Lunokhod2 study areas and Digital Elevation Models (DEM) with 0.5 m
horizontal resolution and 1 m vertical accuracy produced from
these images. On these images, craters Z 7 m in diameter have
been identiﬁed and outlined in ArcGIS, and their diameters D and
depths d were measured using the mentioned DEMs. Then the
depth/diameter ratios (d/D) have been determined and their
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analysis showed that only the measurements for craters with
DZ20 m could be considered as being reliable. In addition, the
maximum slope of the crater inner walls was measured by two
techniques. The d/D and the maximum slope were found to be
well correlated and practically the same in the two study areas.
These results were compared with the earlier published values of
d/D and maximum slopes of the crater inner walls reported by
Florensky et al. (1972a) and Basilevsky (1976) as typical for craters
of certain morphologic classes. Small differences between now
obtained and the earlier published results have been found and
demand additional study.
The analysis of cumulative frequency distribution of d/D for the
studied craters and derived crater degradation rate showed a characteristic bend. As far as we know, this is the ﬁrst quantitative
evidence for such nonlinear change of the degradation rate suggesting
that there are two different processes of crater degradation. One is
rather quick and operates for craters with d/D larger than  0.14 and
the maximum slope of crater inner wall steeper than 251. The other,
signiﬁcantly slower process, operates for shallower craters with
gentler slopes. The ﬁrst process is obviously dominated by the landslides and avalanche-like downslope movement of the surface material, while the second one is probably due to regolith creep and crater
ﬁlling with the ejecta from near and distant impacts. These slow
processes also operate on the initial stage of crater degradation, but
their role is minor in comparison to the quick processes. The d/D value
 0.14 and maximum slope of  251 had been considered by
Basilevsky (1976) as the values of transition from craters of morphologic class AB to class B. Presented above at Fig. 14 pictures are the
LROC NAC images of the three craters having different relative depths
and maximum slopes that morphologically demonstrate the role of
the different downslope movement process.
It is necessary to note that craters were identiﬁed and mapped
using particular images taken at certain resolutions and Sun incidence
angle. Both these parameters signiﬁcantly affect completeness of crater
identiﬁcation (e.g., Soderblom and Lebofsky, 1972; Young, 1975;
Wilcox et al., 2005; Ostrach et al., 2011; Basilevsky et al., 2012). This
observational selection effect obviously affects subdued craters not
affecting the morphologically prominent ones. It is quite possible that
the higher proportion of subdued (lower d/D) craters in the Lunokhod2 population in comparison to Lunokhod-1 (Fig. 10) is caused by
greater incidence angle (lower Sun) of the image used (71.51 vs. 65.31).
Thus, the observed difference between the two populations we
studied may be solely caused by the difference in the observation
conditions rather than by physical difference between populations. For
the crater size range we deal with here, both the populations are close
to the equilibrium state, where formation of new craters is balanced
by obliteration of old craters due to degradation; in such situation it is
natural to expect a universal d/D frequency distribution.
Due to the discussed observational bias, the lower limits of
crater d/D values ( 0.02) and inner walls slopes (  5o) are not the
natural boundaries characteristic of the small craters populations
of the Moon; instead, they reﬂect observational conditions. Had
we used images taken at grazing (very low Sun) illumination
instead of the images actually used, the number of craters
identiﬁed almost certainly would be larger, and the lower boundaries of d/D values and inner wall slopes would be lower than the
now reported 0.02 and 51. Thus, when we use observations to
constrain models of morphological evolution of craters with time,
we should keep in mind that we deal not with the complete
populations of craters but observed ones.
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