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Interpreting statistics of small lunar craters 

PETER H. SCHULTZ 
The Lunar Science Institute, 3303 NASA Road 1, Houston, Texas 77058 

RONALD GREELEY 
University of Santa Clara/NASA Ames Research Center, Moffett Field, California 94035 

DONALD GAULT 
The Lunar Science Institute*, 3303 NASA Road 1, Houston, Texas 77058 

Abstract-Analysis of statistics of craters between 5 and 500 m reveals three major size-frequency 
distribution types that appear to be related to unit type. Type I distributions (relatively young mare 
surfaces) exhibit an excess of craters (30-300 m), relative to craters less than 25 m in diameter. 
Type II distributions (certain mare surfaces and ejecta deposits) exhibit a relatively straight - 2 slope 
reflecting equilibrium conditions up to the break-in-slope for craters in production. Type III 
distribution (old mare surfaces and highland plains regions) exhibit a crater deficit (15 to ~ 200 m) 
relative to craters less than 10 m in diameter that disappears at larger diameters. Most distributions 
exhibit approximately the same level of geometric saturation at small crater diameters. The 
consistency of data within each distribution type and the location of the sampled regions suggest that 
the non-random contribution to the crater population, such as by secondary craters, is relatively 
unimportant except in certain regions. The different distribution types, instead, are believed to 
reflect both the physical strength of the· target material and a contribution by non-impact craters. 
Type I distributions may result from either (both) differential degradation between craters formed in 
bedrock and craters formed in regolith or (and) differential preservation of non-impact craters. Type 
III distributions probably result from similar processes except that the regolith depth is significantly 
greater than the depth in Type I regions, resulting in more efficient erosional processes. Type II 
distributions indicate regions with relatively uniform strength (including uniformly interbedded 
substrata) without a superposed population of non-impact craters. The different distribution types 
may be masked in various statistics that use insufficient diameter increments, cumulative-frequency 
distributions, or diameter cut-offs that aretoo large (100 m for young mare surfaces). In such cases, 
errors in production-slope analysis may result. 

INTRODUCTION 
STATISTICS OF SMALL LUNAR CRATERS have provided fundamental but relatively 
general information on the lunar cratering rates and surface processes. However, 
wide variations in the crater-size distributions are clearly evident in the available 
photography (Chapman et al., 1970; Schultz, 1976) and in the resulting crater 
statistics (Chapman et al., 1970; Greeley and Gault, 1970; Young, 1975; Lucchitta 
and ·sanchez, 1975). Some of these variations were interpreted as different 
degradation rates on different surfaces (Schultz, 1972, 1976; Young, 1975; Lucchitta 
and Sanchez, 1975), different scaling laws in different targets (Young, 1975), and 
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a possible population of endogenic craters (Chapman et al., 1970; Greeley and 
Gault, 1971; Schultz, 1976). These possibilities are re-examined for published 
(Greeley and Gault, 1970) and unpublished statistics of 26 different regions. In 
contrast to most other studies, crater diameters as small as 5 m were measured 
from enlarged Lunar Orbiter framelets, and much of the discussion focuses on 
the distribution of craters from this smallest size to near the equilibrium 
diameter. 

SIZE-FREQUENCY DISTRIBUTIONS 

Most of the data included in the discussion represent crater counts per-
formed at NASA-Ames Research Center under the direction of two of the 
authors (R.G. and D.G .). The details of the technique used and a large collection of 
the original data already have been published (Greeley and Gault, 1970). The pres-
ent paper includes not only this collection but also previously unpublished data. 

As described in detail by Greeley and Gault (1970), craters were measured 
and automatically tallied with a Zeiss TGZ3 Particle Size Analyzer. Small 
diameter intervals provided fine-scale detail in the resulting size-frequency 
distributions. The range of each diameter interval was increased 6.6% with 
increasing crater size-thereby maintaining the same relative precision in 
measurement with increasing size and preserving constant interval spacing on a 
log-log plot. Tables supplied with the Zeiss machine provided the necessary 
corrections to frequencies for the increased interval range with increasing 
diameter. This system of tabulation and data reduction results in identical slopes for 
incremental (number/km2 in a given size interval) and cumulative (total num-
ber/km2 larger than a given diameter) size distributions. 

Figure 1 illustrates both the incremental and cumulative size-frequency 
distributions for a mare surface near the Gruithuisen domes. For a wide range of 
crater diameters (10-500 m), different photographic scales must be used. For 
Lunar Orbiter photographs the different scales typically correspond to 20 x 24" 
medium-resolution (crater diameters larger than 200 m) and high-resolution pho-
tographs (80-200 m) as well as 4x enlargements of selected framelets (6-80 m). 
Consequently the standard deviation, as derived only from the number of craters 
in each size interval, will change across the entire size range. In subsequent 
illustrations the different data sets are joined where the standard deviation from 
each set becomes sufficiently small. In several instances, the standard deviation 
does not adequately describe the reliability of the data owing to poor resolution. 
In such cases, the observed consistency between the connecting data sets 
determines where they are joined and over what interval the statistics from both 
sets are averaged, if possible. 

Enlargements of Lunar Orbiter framelets provide scales ranging from 
2.6 m/mm (Lunar Orbiters II and III) to 10 m/mm (Lunar Orbiter V). Although 
the particle size analyzer permits measurements as small as 0.4 mm, only craters 
larger than 1 mm were tabulated. The reliability of using framelet enlargements 
can be documented by comparison of overlapping data from enlarged (4x) 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1977LPSC....8.3539S


1
9
7
7
L
P
S
C
.
.
.
.
8
.
3
5
3
9
S

N 

' c::: 

Interpreting statistics of small lunar craters 

2 

~o 
::, 
z 
(!) -I 
0 
...J 

-2 

-3-....----------.---------. 
I 2 3 
LOG DIAMETER (meters) 

Fig. 1. Incremental (av/km2) and cumulative (cum av/km2) size-frequency distributions 
(circles and triangles, respectively) for area north of the crater Gruithuisen. Each point 
corresponds to the minimum in the size interval and error bars indicate standard 
deviations based on the square root of the number of craters used for each data point. 
Poor data at large diameters have been truncated in the incremental distribution but are 
included in the cumulative distribution. Three different scales were used: 4x enlarge-
ment of high-resolution framelets (111.1 km2

); 20 x 24 print of high-resolution frame, 
LO-V-182 (124.3 km2); and 20x 24 print of LO-V-185 (989.8 km2). 

3541 

medium-resolution framelets with data from (1 x) high-resolution composite 
frames. The results are essentially identical. Consequently inadequate resolution, 
in general, does not control the size-frequency distributions of craters down to 
5 m (Lunar Orbiters II and III) to 10 m (Lunar Orbiter V) in diameter. 

Greeley and Gault (1970) considered in detail the consistency of count data 
produced by different individuals and by counting at different photographic 
scales. In general, the repeatability of the crater counts by different individuals is 
always better than a factor of 2 and more typically approaches a factor of 1.2 for 
a sufficiently large number of craters (more than 100). When craters are counted 
in the same area but at different photographic scales, the resulting size-
frequency distributions show good agreement particularly if a sufficiently large 
number of craters was available. However, where the sample areas are not 
equivalent, departures from the different data sets occur in a few cases (Fig. 2). 
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Fig. 2. Incremental and cumulative size-frequency distributions for Apollo 11 region. 
Statistics from high-resolution frame and enlargement of high-resolution framelets 
mismatch. This mismatch results from a patch containing numerous small craters 
included in the enlarged framelets, rather than resolution loss in the standard 20 x 24 

high-resolution frame. 

This problem is most visible where counts from enlarged framelets are compared 
with counts covering a larger surface area and larger photographic scale. 
Although the sample area for the enlarged framelets is more than adequate for 
the number of craters counted (103

), significant mismatch of the size-frequency 
distributions can occur. Inspection of the framelets clearly reveals that at such 
scales departures from the random process of crater production and destruction 
have occurred in the small sample area, e.g., a cluster of small primary or 
secondary craters. Similar sampling problems develop for much larger craters 
(1-5 km diameter) where poor statistics require sampling from larger surface areas, 
which may include different geologic units. 
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The last source of error to be considered is the effect of solar illumination. 
Young (1975) documented a consistent shift of the size-frequency distributions 
to larger diameters as the illumination angle becomes lower. This shift was 
attributed to a combination of increased apparent crater size and increased 
detection of craters. Figure 3 shows the result of a similar exercise using Lunar 
Orbiter photography and reveals that between 11 ° and 30° solar illumination such 
a shift is not significant for a flat, mare surface. Because most of the data to be 
considered are within this range, a correction for sun angle is not included. 

As described by Gault (1970) and others, the - 2 slope (incremental dis-
tribution as plotted here as well as the cumulative distribution) represents an 
equilibrium condition where the rate of impact formation is balanced by the rate 
of impact-produced crater destructio~ for impact-production slopes steeper than 
- 2. On the younger maria, such a condition generally has developed for craters 
smaller than 150-200 m. Most craters larger than 150-200 m in diameter on such 
surfaces have escaped destruction; consequently, their distribution represents 
the production record of primary and secondary craters. Equilibrium can be 
expressed as a percentage of geometric saturation, a hypothetical condition 
describing the maximum number of craters of a given size that can cover a 
surface without overlap (Gault, 1970). A given level of equilibrium provides a 
reference for comparing distributions on different cratered surfaces. 
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Fig. 3. Effects of sun angle on crater statistics. Identical areas were counted at two 
different sun angles: (a) area east of Maestlin G in L.O. 111-165, 166H (11°) and 11-199 
(19°); (b) area north of Apollo 12 landing site in L.0. II-172H (30°) and IIl-175H (17°). 
Craters are lost below a certain diameter, which is larger for higher sun angles; 
however, a significant shift of entire distribution to larger diameters (to the right) is not 

documented except at extremely low sun angles. 
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If a large sample of the available size-frequency distributions is superposed, 
then a chaotic array of trends results as shown in Fig. 4. Such complexity is 
exhibited not only by the incremental distributions but also by the much 
smoother cumulative distributions. However, almost all curves exhibit a com-
mon size-frequency distribution for craters smaller than approximately 20 m in 
diameter. This common distribution follows a - 2 equilibrium slope, which is 
better expressed in the incremental distribution plots, and suggests that despite 
the collective complexity at large crater diameters, a similar equilibrium level 
(3% geometric saturation) is recorded by the smallest diameter craters. 

Comparison of size-frequency distributions reveals three major components, 
or types (Fig. 5). Type I distributions exhibit an excess of craters between 40 and 
200 min diameter. The level of this excess commonly approaches 6% geometric 
saturation. Type II distributions closely follow a - 2 slope and generally match 
the equilibrium level of smaller craters. Type III distributions exhibit a 
pronounced crater deficit relative to smaller craters, a deficit which disappears 
for craters larger than approximately 100 m and which may exhibit an excess at 
larger diameters. Figure 5 also defines the transition diameters that mark both 
departures and returns to a - 2 equilibrium slope; these values will be discussed 
in detail below. 
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Fig. 4. Composite of incremental distribution for 12 different mare and non-mare 
regions showing wide variations in crater frequency for craters larger than 30 m in 

diameter but similar distribution for craters smaller than 20 m in diameter. 
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Fig. 5. Classification of size-frequency incremental distributions: Type I (triangles) and 
Type III (circles) in (a); Type II (both symbols) in (b). Type I distributions exhibit a -2 
slope (lines) for small craters and increase in crater frequency relative to this slope for 
larger craters (a); example shown is the Hadley Rille region (V-26.1). Type II dis-
tributions exhibit a relatively constant - 2 slope up to the fall-off to the production 
slope (b); examples shown are southwest of Maestlin R (circles) and on the ejecta 
deposit of Aristarchus (triangles). Type III distributions exhibit a - 2 slope for small 
craters that decreases, then increases, at larger diameters (a); example shown is in 
Mare Tranquillitatis near Ranger VIII impact point. The diameters at which craters 

depart or return to a -2 slope have been labeled in (a). 

l000 

Figure 6 illustrates specific examples of the three distribution types. Although 
the classification is based solely on the appearance of the distribution curves, the 
different types also correspond to different surface units. Type I distributions 
represent relatively young (Eratosthenian) mare units. Type II distributions are 
composed of certain mare surfaces and the ejecta ·of large craters. Type III 
distributions are characteristic of old (late Imbrian) mare surfaces and highland 
regions. These general correlations are primarily based on lunar stratigraphic 
relationships determined by Wilhelms and McCauley (1971) and basalt ages 
determined from returned lunar samples. Although Neukum and Konig (1976) 
have noted possible exceptions to the stratigraphic ages of certain large impact 
craters, such exceptions do not affect the general correlations intended here. 
Figure 7 reveals that the classification of distributions does not correlate with 
geographic location on the lunar surface. For example, mare surfaces exhibiting 
Type I and II distributions occur at equivalent distances from a major impact. 
Type I and III distributions occur on adjacent surfaces; one in the highlands, the 
other in the mare. 

Although Fig. 3 indicates that sun angle is probably unimportant for the data 
being examined, the question still might remain that different sun angles could 
contribute to the different distributions shown in Fig. 6. Figure 8 reveals, 
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Fig. 6. Examples of different types of size-
frequency distributions. Type I (a) typically 
occur in relatively young mare regions. Type 
II (b) occur in certain mare regions or on 
ejecta deposits of large craters. Type III (c) 
occur in old mare regions and numerous 
highland surfaces. Each distribution is 
shown with a -2 slope corresponding to 3% 

geometric saturation. 
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Fig. 8. Relation between sun angle and level of geometric saturation for size-frequency 
distributions. Squares indicate the level reached by the crater excess in Type I 
distributions. Triangles indicate the level exhibited by small mare craters ( diameters 
generally less than 20 m) in Type I and II distributions. Circles indicate the level 
reached by both the crater deficit in Type III distributions and craters on ejecta 
surfaces in Type II distributions. There appears to be no significant dependence 

between sun angle and saturation level. 

distributions exhibit a loss of craters between 30 and 60 m that reaches and 
commonly follows a - 2 slope at the 1-2% level. Type II distributions on ejecta 
surf aces closely match the level of geometric saturation exhibited by old mare 
surfaces (Type III) between 20 and 50 m. However, Type II distributions on 
mare surfaces display a 3% geometric saturation level: which matches the level 
for craters smaller than 25 m in diameter. Figure 9 summarizes these levels of 
saturation for the different surface units and underscores the consistency of the 
data within the different distribution types. Table 1 identifies the different areas 
and corresponding Lunar Orbiter frames that were used in this study. They are 
grouped into the three distribution types illustrated in Figs. 5 and 6. Table 1 also 
presents the various transition diameters, which are defined in Fig. 5. 

Figure 10 shows the excess of craters (relative to the equilibrium level, - 2 
slope of small craters) on different Type I distributions. The sharply peaked 
appearance of the crater excess is largely the result of the semi-log represen-
tation, and the fall-off at large diameters is partly the result of extending the data 
into the region where crater production (- 3 slope) may dominate the statistics. 
With the exception of the area northeast of Wichmann R, the excess-ratio 
maximum ranges from 2 to 3; that is, there are more than twice as many large 
craters as expected from the extrapolation of small crater data. 

The variety in crater size-frequency distributions also was described and 
discussed by Chapman et al. (1970). They recognized two types of lunar cratered 
surfaces: densely cratered areas and ~ess densely cratered areas. Size-frequency 
distributions from densely cratered areas could be subdivided further into two 
distributions: one corresponding to mare surfaces; the other, to the floors of old 
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Fig. 7. Location of areas counted and classification of distributions. White circles with 
black dot indicate Type I distributions. White circles with open circle indicate Type IL 

White circles only indicate Type III. 
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however, that a systematic dependence of the inferred equilibrium level for 
craters in the same size range and distribution type does not exist. From the 
study by Young (1975), such a dependence should exhibit an increasing satura-
tion level with decreasing sun angle. Small craters (diameter less than 25 m) 
consistently exhibit a level of geometric saturation near 3% with only a few 
exceptions. The exceptions are directly the result of high-resolution framelets 
including locally anomalous clusters of young craters (small secondary impacts), 
a sampling problem illustrated in Fig. 2. The equilibrium level of craters larger 
than 30 m fall into two clusters correspon4ing to the different distribution types. 
Type I distributions exhibit an excess of craters larger than 30 m that establishes 
a - 2 slope corresponding to geometric saturations between 5% and 6%. Type III 
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Region 

Mare Insularum (Apollo 12) 
NE Wichmann R 
Flamsteed Ring 
W. Serenitatis 
Hadley Rille (Apollo 15) 
Gruithuisen 

Highland Plains 
Highland Plains 
Sinus Medii 
Sinus Medii 
Sinus Aestuum 
SW of Maestlin R 
Censorinus ( ejecta) 
Dawes (ejecta) 
Tycho (ejecta) 
Copernicus (ejecta) 
Aristarchus ( ejecta) 

SE Tranquillitatis (unit 1) 
SE Tranquillitatis (unit 2) 
SW Tranquillitatis 

(Ranger VIII area) 
SW Tranquillitatis 

(Apollo 11) 
Cayley Plains 
Insularum (SW of Gambart A) 
FraMauro 
W. Serenitatis Shelf 
Hipparchus Floor 

P. H. SCHULTZ et al. 

Site 

III-P9C 
III-P11 
III-P12 
V-22 
V-26.1 
V-45.1 

I-P4 
II-P4 
II-P7B 
II-P8A 
II-P9 
111-PlO 
V-12 
V-15.1 
V-30 
V-37 
V-48 

II-P2 
II-P2 

II-P5 

II-P6B 
II-S8 
III-PS 
III-S23 
V-22 
V-24 

Table 1. 

' Type I distributions 

Lunar 
Orbiter frames 

154 
174 
187 
93 

105 
182 

Type II distributions 

107 
63 

104,106 
113,114 

140 
199 
63 
70 

128 
157 
201 

Type III distributions 

41 
39 

71 

84 
94 

125 
133 
93 

101 

Dl 

10± 1 
7±1 

7±1 

13± 1 
37±3 
9±1 

8±1 
NA 

D2 

17± 1 
17± 1 

17± 1 

19±9 
67±3 
16±2 

36±5 
NA 

D3 

29±6 
30±3 
23± 1 
28±3 
26±2 
30±5 

54±2 
NA 

41±2 

59±3 
133±3 
35±5 

151 ± 26 
117 ± 17 
302± 14 

D4 

43±2 
89±2 
39±2 
94±6 
43±2 
79±4 

185±5 
NA 

75±5 

142 ± 16 
595 ± 34 
90± 1 

473 ±27 
480±80 
698±48 

crat~rs. These subdivisions roughly correlate with the Type I and III dis-
tributions, respectively, of this study. Less densely cratered areas of Chapman et 
al. represent highland areas, crater walls, and ejecta deposits and roughly 
correlate with both Type III and II distributions. Although most of their data did 
not extend to crater diameters smaller than 20 m, their distributions appeared to 
merge at the small diameters as shown in this study. The general similarities of 
the data by two independent groups support the contention that the fine-scale 
variations in the crater size-frequency distributions are characteristic of the 
cratered lunar surface. The difference between these studies is the larger number 
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of surfaces available for the present analysis, thereby permitting a more detailed 
classification of size-frequency distributions from a large variety of surfaces. 

Young (1975) compared crater statistics from five different mare regions and 
noted a systematic difference in crater frequency that appears to correlate with 
surface age. Mare Tranquillitatis, an old mare surface, exhibits a loss of craters 
below 250-300 m relative to craters in Mare Serenitatis, a young mare surface. 
Moreover, he noted that the level of saturation approaches 1 % for the older 
maria but is considerably greater for younger maria (1-10%). These observations 
are now confirmed and generalized in the present analysis. 

DISCUSSION AND INTERPRETATIONS 

Several plausible processes might account for or contribute to the different 
types of size-frequency distributions. These processes can be placed into two 
broad categories representing additions or subtractions to the impact crater 
population. Additive processes produce the humps in the size-frequency dis-
tributions and include the following: 

(1) Catastrophic contributions by a swarm of impacts. 
(2) A systematic increase in crater size owing to different energy scaling in 

different materials. 
(3) Long-term, differential survival of craters reflecting material strength 

differences. 
(4) A preserved population of endogenic craters m addition to the impact 

record. 

Dips in the distributions indicate subtractive processes that include the 
following: 

(1) Catastrophic removal or burial of craters. 
(2) A systematic decrease in crater size owing to different energy scaling in 

different materials. 
(3) Long-term, differential destruction of craters reflecting material strength 

differences. 

Catastrophic effects 
Chapman et al. (1970) have discussed in detail the effects of catastrophic 

additions and removals to an existing crater population. Specific additive catas-
trophes include impacts by a group of either secondary or primary projectiles. 
They excluded such impacts as important contributors primarily because it is 
difficult to explain the deficiency of subdued craters on the highlands relative to 
those on the maria. The present study provides similar objections. If the humps 
that typify frequency relations of young mare regions (Type I) were only the 
result of secondary craters, then a similar hump should be observed in a similar 
size range on old mare regions and on other surfaces. Such humps are con-
sistently absent. Figure 11 illustrates the point for crater statistics of the 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1977LPSC....8.3539S


1
9
7
7
L
P
S
C
.
.
.
.
8
.
3
5
3
9
S

3552 

3 

"' 2 
:E 
:::-:: 

' 0::: 
LLJ cc 
:E 
::) 0 z 

g -I 

-2 

P. H. SCHULTZ et al. 

0 0 .. . ... 
0 0 

O 00 0 

-3------+---..._--~--------~ 
I 2 3 

LOG DIAMETER {meters) 
Fig. 11. Comparison of crater counts on low-albedo shelf region in western Mare 
Serenitatis (open circles) and counts on mare surface (closed circles) that embay the 
shelf. The shelf region displays a Type III distribution; the embaying mare displays a 

Type I distribution. 

low-albedo shelf region of western Mare Serenitatis and mare units that embay 
this shelf. The embayment relation clearly defines relative age, and their close 
proximity suggests that the post-mare impact history was similar on both 
surfaces. Figure 11 shows that the low-albedo shelf (Type III distribution) has a 
deficiency of craters smaller than 200 m, whereas the mare exhibits an excess. If 
the crater excess for the mare were only the result of secondary cratering, it also 
would be recorded in the adjacent low-albedo shelf. The contrasting crater 
frequency is easily seen in the photography (Schultz, 1972, 1976). Moreover, 
statistics of a similar low-albedo shelf on eastern Mare Serenitatis reveal the 
same contrasting crater record (Lucchitta and Sanchez, 1975). 

The hypothesis of only catastrophic crater removal (whether ejecta deposi-
tion or lava flooding) faces similar objections. If it is momentarily assumed that 
surface strength does not play a role in crater survival, then the presumed 
catastrophe enigmatically destroyed craters on the shelf region but did not affect 
the cratering record on the adjacent maria. Moreover, the catastrophe(s) 
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LOG DIAMETER--+-
Fig. 12. Possible contributions to a Type III distribution. Existing population of small 
craters was partly destroyed by an unspecified process, thereby leaving craters at larger 
diameters. Two stages of crater destruction could produce two humps in the resulting 
distributions. The smallest craters are subsequently replenished by craters in produc-

tion, a process indicated by the steep slope at the smallest diameters. 
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apparently not only affected the shelf region but also affected old mare surfaces 
simultaneously at a time more recent than the crater Aristarchus. Such a 
conclusion is based on the following logic (see Fig. 12). If the deficiency of 
craters between 20 and 100 m for Type III distributions represents a catastrophe, 
then the increased number of craters smaller than 20 m must represent craters in 
production. However, the diameter, DE (corresponding to Dl in Table 1), at 
which the production slope of - 3 changes to an equilibrium slope of - 2 
consistently occurs between 7 and 13 m, with the exception of the highland 
plains. The inferred equilibrium diameter for the crater Aristarchus is 90 ± 10 m 
(Fig. 6b). Such an event should remain visible on other surfaces as well, 
including young maria and the ejecta blankets and features of young craters. 

Although secondary craters probably can be eliminated as the S(?le cause for 
the variety in the crater distributions, they might contribute to the inferred crater 
excess in Type I distributions if other processes operated simultaneously. As 
discussed in more detail below, craters formed in incompetent material may be 
destroyed more easily, thereby producing the crater deficit in Type III dis-
tributions, but those formed in bedrock may add to the existing equilibrium 
population, thereby producing the crater excess in Type I distributions. 
However, such a suggestion implicitly requires a relatively long term, rather than 
catastrophic, contribution to the overall cratering rate; otherwise, much greater 
variability in the crater statistics for similar surfaces would be observed. Thus, 
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either the contribution by secondary impacts is sufficiently large that secondary 
craters become a significant part of the total crater population (Gault, 1970) or 
their contribution is sufficiently small that their inclusion has little effect on the 
crater statistics (N eukum et al., 197 5; Arvidson et al., 1977). Either alternative 
would lead to the observed uniformity in the size-frequency distributions. 

Scaling-law effects 

Chapman et al. (1970) also discussed the possible effects of changes in scaling 
laws on the crater-size distributions. For equivalent energies, craters smaller 
than 100 m formed in incompetent materials will be larger than craters formed in 
competent materials (e.g., see Gault, 1974). Consequently craters formed entirely 
within regolith should be larger than craters formed entirely within bedrock. As 
Chapman et al. correctly point out, incompetent materials should produce a shift 
in the size-frequency distribution to larger craters, thereby producing a relative 
crater excess, whereas competent materials should produce a shift to smaller 
diameters, thereby producing a relative crater deficit. At face value, then, the 
increase in crater frequency for craters larger than 30 m in diameter for Type I 
distributions might indicate a soft substrate. For the scaling law to be controlled 
by this soft substrate, any hard overlying layer must be extremely thin, between 
1 and 5 m. Such a stratigraphy seems contradictory to observations by Apollo 
astronauts and observations of crater morphology where the depth to bedrock is 
approximately at this level. Similarly, the decrease in crater frequency for 
craters larger than 10 m in diameter for Type III distributions might indicate a 
hard substrate. However, in order for the crater to be largely within this 
substrate, the overlay of soft regolith must be extremely thin, less than 1 m. 
Such a stratigraphy is also contradictory to observation. 

These contradictions between observation and interpretation of crater statis-
tics suggest that impact craters larger than approximately 20 m in diameter might 
not be affected significantly by target strength. However, they can be reconciled 
if scaling-law effects are hidden in degradational processes, as discussed below. 

Differential degradation effects 

Because craters formed entirely in regolith should be larger than craters 
formed enti~ely in bedrock (for equivalent impact energies), the efficiency in 
degrading a crater of a given size in regolith should be greater than the efficiency 
in bedrock. The increased degradational rate in regolith is not only because of 
the increased crater sizes but also because of the increased role of ballistic 
sedimentation and other degradational processes such as seismic shaking 
(Schultz and Gault, 1975). In contrast, the process of achieving saturation in 
competent targets may be largely controlled by crater overlap. Scaling-law 
effects alone would predict an increased crater size in the regolith relative to 
bedrock (rightward shift in size-frequency curves), whereas a greater degrada-
tional rate in the regolith relative to bedrock would be expressed by a decreased 
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crater frequency (downward shift in the size-frequency curves). If the observed 
crater distributions for craters in a steady-state condition reflect differential 
degradation effects, then the increased degradation in the regolith dominates any 
record of an increase in crater size. Such strength-dependent erosional processes 
are also indicated by microcraters (Hartung et al., 1973). 

Thus, one of the remaining alternatives for explaining the observed size-
frequency distributions is the dependence between crater survival time and 
material strength. Young (1975) believed he recognized such a transition; 
however, his data extended only to· 100 m and he interpreted the bedrock-
regolith transition to be indicated by craters 275 m in diameter. For a diameter-
to-depth ratio (depth relative to pre-impact surface) of 4: 1, a crater 275 m in 
diameter extends to a depth of 70 m. If this depth corresponds to the bedrock-
regolith transition as implied by Young, then the inf erred regolith depth is much 
greater than currently accepted values for most mare surfaces. 

The greater number and more complete data sets available in the present 
analysis, however, perhaps provide a different marker of a possible regolith-
bedrock transition. The marker used by Young (1975) corresponds to the 
position of the relative hump in Type III distributions. In Fig. 5, this diameter 
corresponds to D4. However, Type I distributions display a better defined 
transition diameter, D3, where the crater frequency increases with increasing 
size. Type III distributions exhibit a similar increase, which is also indicated by 
D3. For a diameter-to-depth ratio of 4: 1, a crater large enough to extend just to 
bedrock would have a diameter 4t, where t is the thickness of the regolith. The 
wall and rim of such a crater would be eroded at nearly the same rate as a crater 
formed entirely in regolith. The erosion rate would not change unless bedrock 
comprised an appreciable fraction of the wall; that is, the diameter of a crater 
beginning to exhibit effects of differential degradation would be more nearly St. 

Figure 13 illustrates this possible dependence between regolith depth and the 
transition of diameters in the size-frequency distributions. Profiles of two craters 
are shown with their diameters indicated on Type I and III distributions. Craters 
equal to or smaller than crater A degrade at similar rates and result in a 
constant - 2 slope reflecting equilibrium conditions. In the Type I distribution, 
craters slightly larger (approximately a factor of 1.5) than crater A include 
greater portions of bedrock and degrade at a slower rate, thereby resulting in an 
increase in crater frequency. Crater B in this example is essentially entirely in 
bedrock and will degrade at a rate comparable to the rate for larger craters, 
thereby resulting in a new level of equilibrium. In the Type III distribution, 
crater A is formed entirely within the regolith. Although crater B in this 
distribution has penetrated the regolith, bedrock does not comprise a significant 
portion of its wall. Consequently, only craters much larger than crater B will 
reach the equilibrium level exhibited by statistics in Type I distributions. Table 
2 provides a comparison between D3/7 and regolith depths independently 
calculated by Oberbeck and Quaide (1968) and from the Apollo missions (Apollo 
Preliminary Science Reports). Within the uncertainties of the different 
approaches, the agreement is very good and suggests that different rates of 
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Fig. 13. Possible origin of Type I (left) and Type III (right) distributions as a function 
of substrate strength. For Type I distributions, craters formed entirely in the regolith 
(indicated by left arrow and represented in profile below) establish an equilibrium level 
corresponding to 3% geometric saturation. Larger craters (right arrow) penetrate the 
regolith into bedrock and establish a higher equilibrium level owing to slower degrada-
tion of impacts in competent material. For Type III distributions (right), craters of the 
same size as shown in Type I distributions extend to a small fraction of the regolith 
depth and establish an even lower equilibrium level. Larger craters may penetrate the 
regolith and exhibit the same rate of production-destruction as craters penetrating 

thinner regoliths. 

degradation are not important until the crater extends to approximately half of 
its depth below the pre-existing surface into bedrock. 

Figure 6a shows that the region near Wichmann R with a Type I distribution 
exhibits a crater deficit at small diameters, resulting in a distribution form that 
resembles Type III distributions. Table 1 indicates that the transition diameter, 
D3, is one of the largest, 30 m, in its distribution class. In addition, a region in 
Mare Insularum displaying a Type III distribution exhibits one of the smallest 

Table 2. Comparison between transition diameter and regolith depths. 

Median 
D3/7 regolith depth* Apollo 

Flamsteed Ring 3.1-3.4 m 3.3 m 
NE of Wichmann R 3.8-4.7m 3.3m 
Insularum (A12) 3.2-5 m 4.6m 3-4m 
Hadley Rille (A15) 3.4-4m 5m 
SW Tranquillitatis (A 11) 8.l-9m 4.6m 3-6m 
SE Tranquillitatis 7.4-8m 7.5m 
Highland Plains 18-20 m 16m (12m) 
Fra Mauro Form. (A14) 18-25 m 10-20 m 

*Oberbeck and Quaide (1968). 
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transition diameters, 35 m, of its class. Perhaps some physical property of the 
upper subsurface correlates with a critical transition diameter where a Type I 
mare surface becomes a Type III mare surface. If this property is regolith depth, 
then the critical depth defined by D3/7 approaches 5 m. 

With increasing regolith depth, the transition diameter D3 progressively 
moves to larger values. This effect is also illustrated in Fig. 6 where the different 
distribution types are arranged with decreasing D3 from top to bot~om. Because 
of the shift in D3, the crater excess appears to move to larger diameters with 
increasing surface age as predicted by Young (1975). However, Fig. 6 reveals 
that the precise position of crater-frequency maximuin is poorly defined. 
Moreover, in terms of the proposed model of differential degradation rates, the 
transition to this maximum (D4) is difficult to define precisely except that craters 
of this size and larger are largely formed in bedrock where the level of 
equilibrium is higher than the level in regolith. 

Thus far, Type II distributions have not been discusseo with respect to 
differential degradation. As shown in Fig. 6, there are generally two classes of 
Type II distributions: distributions exhibiting a 3% geometric saturation level 
and distributions exhibiting a 1 % geometric saturation level. These distributions 
correspond, respectively, to certain mare surfaces and ejecta facies around large 
(> 1 km) craters. The distributions on ejecta facies are consistent with a model 
of differential degradation if such surfaces are largely incompetent, thereby 
exhibiting an equilibrium level comparable to the deep regolith of old mare 
surfaces, and if they exhibit little or no change in substrate strength with depth, 
thereby maintaining a relatively constant slope to the production curve. Mare 
surfaces exhibiting Type II distributions also may be consistent with the model if 
the thickness of the mare basalts is relatively thin (10 m) and interbedded with 
incompetent layers. Such a stratigraphy would be more competent than a deep 
regolith layer but less competent than essentially solid basalt. Consequently, 
long-term erosional processes might produce a level of equilibrium cratering that 
is intermediate between the crater excess exhibited by Type II distributions and 
the crater deficit exhibited by Type III distributions. 

The data for craters larger than 20 m appear to be consistent with the model 
of different degradation rates for different substrate strengths. However, the 
frequency of small craters in Type III distributions increases to near the 3% 
geometric saturation level. A similar increase also might be expected for ejecta 
surfaces with Type II distributions. Although the poorer resolution of Orbiter 
photography in these regions precludes general confirmation, such an increase is 
recorded on the ejecta deposit of Tycho. 

The increased crater frequency at small diameters might be explained in 
several ways. First, it might indicate a change in regolith strength with depth. If 
substrate strength controls only the degradation rate (i.e., any difference in 
crater size is not recorded in the crater statistics), then the decrease in crater 
frequency with diameters greater than 10 m suggests a decrease in strength with 
depth. Such a trend is contrary to results of seismic profiles at the Apollo 16 and 
17 sites. Consequently, if substrate strength is a contributing factor, then it must 
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be related to either a scaling-law change or a process of differential degradation 
that depends on the crater size. 

A second mechanism elaborates on the possibility of a process of differential 
degradation that changes with crater size. Degradation of small craters will be 
primarily by meteoritic erosion, whereas degradation of large craters might be 
aided by additional processes, such as gravitative mass transfer, where the wall 
slope is gre~ter and instabilities are more likely. Thus, large craters formed 
entirely within the regolith could attain equilibrium at a level of saturation lower 
than the level for small craters. The crater statistics possibly suggest, therefore, 
that craters deeper than approximately 2-3 m (diameter of 10 m) begin to be 
affected by smoothing processes in addition to meteoritic erosion. Such depths 
approach the inferred regolith depths for many Type I distributions; con-
sequently, a dip in frequency of craters larger than 10 m would not be produced 
in Type I distributions. 

A third plausible mechanism for the increased crater frequency at small 
diameters (10 m) may be non-random impact cratering at very small dimensions. 
Departures from random cratering may occur in restricted regions or over 
certain intervals of time and reflect small, discrete secondary impact clusters 
from distant primaries or variations in the primary cratering flux. Figure 2 
illustrated a specific example of a cluster of recent craters that is easily noted in 
the photographs and is indicated by the statistics. Such components can be 
shown to be responsible for the relatively high frequency (6% geometric satura-
tion level) of small craters in sampled regions of SW Tranquillitatis (Apollo 11 
site) and SE Tranquillitatis, as illustrated in Fig. 6c. If clusters of impact craters 
are more generally responsible for the return to the 3% level of equilibrium in 
Type III distributions, however, then a similar contribution should be added 
occasionally to the small-size cratering level in other distributions. Such exces-
ses are not documented in Figs. 6a and b. Consequently, either non-random 
cratering is not a contributing factor or is expressed only in regions known to 
exhibit a deep regolith where crater formation and crater removal are not 
balanced at very small diameters over short intervals of time. 

Non-impact contributions 
An entirely different explanation for the crater excess displayed by Type I 

distributions involves the preservation of endogenic craters on certain mare 
surfaces. Kuiper et al. (1966), Fielder and Fielder (1968), and Chapman et al. 
(1970) have postulated for a variety of reasons that the large number of highly 
subdued craters represent collapse structures in lunar basalt flows. Chapman et 
al. (1970), in particular, noted that the large variations in frequency of highly 
subdued craters on different surfaces could be explained best by such a 
component. Greeley and Gault (1971) directly compared the excess of craters on 
a certain plains unit in Copernicus to the population of endogenic craters on 
terrestrial lava fields, and concluded that such an excess could represent an 
endogenic component. Schultz (1975) has argued that the preservation of 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1977LPSC....8.3539S


1
9
7
7
L
P
S
C
.
.
.
.
8
.
3
5
3
9
S

Interpreting statistics of small lunar craters 3559 

extremely small features (e.g., terraces, ring-moat structures, flow structures, 
certain wrinkle ridges) suggests that large (D > 100 m) highly subdued craters on 
Eratosthenian surfaces could not be impact-degraded craters if these features 
were formed at times of mare emplacement comparable to Apollo 12 or 15 
sample ages (3.2-3.3 b.y.). Quantitative data on ring-moat structures (Schultz et 
al., 1976) support this conclusion. Thus, if such features do not indicate an 
extremely recent period of mare flooding, then highly subdued craters much 
larger than their dimensions may represent a non-impact component in the crater 
statistics. 

Figure 14 illustrates the distribution of craters contributing to the crater 
excess (relative to the 3% geometric saturation level) displayed on the mare near 
the Gruithuisen domes (see Figs. 6a and 10). In the size interval between 54 and 
58 m in diameter, there are 0.88 extra craters in each square kilometer; in the 
interval between 108 and 116 m, there are 0.49 extra craters in each square 
kilometer. Although such frequencies may sound unimportant, the crater excess 
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Fig. 14. Incremental size-frequency distribution (solid dots) in the Gruithuisen area, the 
component of craters contributing to the excess of craters above the level of small 
craters (open dots), and the distribution of endogenic craters on the Wapi lava field, 

Snake River Plain, Idaho ( open triangles). 
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ratio in Fig. 10 and the total size-frequency distribution included in Fig. 14 
demonstrate that these values represent a significant percentage (commonly 
70%) of the total number of craters counted. If the excess in craters represents a 
distribution of endogenic craters, then the present frequency maximum for lunar 
lavas occurs at a significantly larger diameter than the frequency maximum for 
collapse craters on terrestrial lava fields, as counted by Greeley and Gault (1971) 
and shown in Fig. 14. The distribution of craters on-the moon, however, would 
reflect a remnant population of endogenic craters, and if a maximum existed, it 
probably would be at a diameter considerably smaller than the maximum 
indicated in Fig. 14. Nevertheless, the remaining lunar crater population appears 
to be greater and larger than terrestrial counterparts. There are reasons to expect 
larger endogenic craters on the moon. First, lower gravity may permit the 
formation of larger cavities that collapse or sag to produce such craters. Second, 
imprints of pre-existing relief characterizes plains-type basalt fields on the earth 
(Greeley, 1976), and pre-existing relief on the moon could include a previous impact 
record remaining as subdued craters on thin basalt flows. 

Several features of the different crater distribution types might be explained 
with this interpretation. The transition diameter for Type I mare surfaces may 
indicate the smallest preserved endogenic crater and should correlate with other 
flow-related relief. Schultz et al. (1976) have suggested that ring-moat structures 
represent preserved flow relief. Histograms of the moat widths exhibit a maxi-
mum that closely matches the measured mean moat-width. The mean moat width 
is 50 m in the Flamsteed Ring and 90 m in the region northeast of Wichmann R. 
Moreover, the smallest moat width measured in the Flamsteed Ring is approxi-
mately 15 m, whereas the smallest width in the region northeast of Wichmann R 
is approximately 30 m. If the distribution of moat widths has been cut-off at 
small sizes because of degradational processes, then the measured mean width 
should approximately correspond to the transition diameter D4 in the crater 
statistics, and the smallest moat width should correspond to D3. In the Flam-
steed _Ring region, D4 is 39 m and D3 is 23 m, whereas in the region northeast of 
Wichmann R, D4 is 89 m and D3 is 30 m. Thus, the inf erred preservation of 
ring-moat structures is consistent with the inferred preservation of a population 
of endogenic craters. 

The presence of non-impact craters also might account for the steep produc-
tion slope of Type I distributions. The production slope for craters on ejecta 
deposits is typically - 3 (see Fig. 6b). The production slope for Type I dis-
tributions, however, consistently approaches - 3.5 (Fig. 6a) but changes to a - 3 
slope at larger diameters. This increased slope can be understood if a population 
of craters was added to both the equilibrium and production slopes but gradually 
disappeared at larger diameters. 

If the crater excess represents only endogenic craters, then mare surfaces 
without excesses (Type II distributions) simply represent mare basalt flows with 
relatively few endogenic craters. Thus, the level of equilibrium established at 
small crater diameters is considered to be the same at larger diameters. The low 
equilibrium level for Type III and certain Type II distributions, however, 
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suggests that where the regolith 1s deep (> 4-5 m) differential degradation 
becomes an important factor. 

Comparison of hypotheses 
The different crater distribution types appear to be most consistent with the 

hypotheses of differential degradation and a superposed crater population. 
Differential degradation can account for the low level of equilibrium in in-
competent materials such as ejecta deposits, mantle deposits, and deep regoliths 
where scaling law changes and catastrophic processes introduce contradictions 
with other observations, as discussed above. The crater excess exhibited by 
Type I and III (at larger diameters) seems explainable both by degradation rates 
that are different in regolith and bedrock and by a preserved population of 
superposed craters. 

The significance of the 3% level of equilibrium exhibited by small craters is 
distinct in these two hypotheses. If the hump in Type I and Type III (at larger 
diameters) results from a slower degradation rate, then the 3% level reflects the 
properties of a thin, incompetent regolith. If the hump reflects a superposed crater 
population, then the 3% level represents a standard equilibrium state for both thin 
regoliths and hard surfaces. The first hypothesis is supported by the following 
observations. 

(1) Good agreement between the depth of penetration indicated by the 
transition diameter and regolith depths indicated by other means. 

(2) The relatively straight, - 2 slope and similar values of inferred geometric 
saturation described by the crater excess in several mare regions. 

The second hypothesis (an added crater population) is supported by the 
following. 

(1) Good agreement between the observed fine-scale relief and the transition 
diameters in two areas. 

(2) The increased slope (to - 3.5) for craters larger than the equilibrium 
diameter. 

Both processes might contribute to the development of a Type I distribution. A 
more definitive selection requires further study. For both hypotheses, however, 
relatively rapid degradation in deep, incompetent materials seems necessary to 
account for the crater deficit in Type III distributions. 

The significance of the transition diameter (D3) is actually similar, whether 
by differential destruction or by differential preservation. As a product of 
differential destruction, the transition diameter is proportional to the depth of the 
regolith. As a product of obliterating a super_posed crater population, the 
transition diameter is proportional to complete saturation of the surface with 
craters, which also provides a measure of regolith depth. 

Figure 15 compares values of the transition diameter, D3, and the parameter, 
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Fig. 15. Relation between the degradation parameter DL(1°) used by Soderblom and 
Lebofsky (1972) and the transition diameter (D3 defined in Fig. 5) for identical lunar 
regions. Relatively good agreement exists for mare surfaces, but the data point 
representing non-mare surface falls well below position suggested by points for mare 

surfaces. 

DL, used by Soderblom and Lebofsky (1972) and Boyce et al. (1974) for dating 
lunar surfaces. As Schultz et al. (1976) have pointed out, DL(l 0

) may not 
represent the extrapolated diameter of an impact crater degraded to a 1 ° slope, 
yet may be a reliable indicator of relative surface age on similar surfaces. The 
fair correlation between DL and D3 shown in Fig. 15 is consistent with the 
interpretation that these two parameters indicate some measure of the degrada-
tional state of a mare surface. Ho~ever, the different size-frequency dis-
tributions for different surface types suggests possible difficulties where the 
meaning of DL references the final degradation state for a crater and where DL is 
applied to different surface types. For example, if the inferred crater excess in 
Type I distributions represents a preserved population of subdued non-impact 
craters, then the value of DL(1°) probably does not refer to the degradation of 
impact craters to a 1 ° slope. If the different crater excesses and deficits reflect 
material properties, then extending DL to absolute ages for craters on different 
surfaces seems inappropriate. 

CONCLUDING REMARKS 

Analysis of the large sample of crater statistics in different regions permits 
the following conclusions. 

(1) Size-frequency distributions of small craters (5-500 m) can be classified in 
three broad types, and each distribution type consistently correlates with 
a specific surface unit type known to exhibit different ages or properties. 
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(2) Young (Eratosthenian age) mare surfaces typically exhibit an excess of 
craters between 40 and 130 m relative to the abundance of craters smaller 
than 20 m, but old (lmbrian age) mare surfaces exhibit a crater deficit 
between 15 and 100 m. 

(3) Non-mare regions known to possess a deep layer of incompetent material 
exhibit the same distribution form as old mare surfaces, but the distribution 
is shifted to larger diamete1 s. 

(4) Ejecta surfaces and certain mare surfaces lack significant departures 
from a - 2 equilibrium slope before reaching the equilibrium diameter. 

(5) The level of equilibrium cratering at small diameters is similar (3% 
geometric saturation) for most surfaces but decreases to a similar, low 
level (1 % ) for larger craters in old mare surfaces, highland plains, 
low-albedo shelf regions, and ejecta surfaces. 

(6) The crater deficit in old mare and non-mare surfaces is interpreted as 
more efficient degradation in deep (> 5 m) regoliths. 

(7) The crater excess in young mare regions may represent a preserved 
population of non-impact craters and/or differential preservation of 
craters formed in competent bedrock; both hypotheses are consistent 
with observations. 

The consistency with which these different distributions correlate with certain 
surface unit types suggests that near-surface properties (strength, primary mor-
phology) might be derived from the broad calibration provided by this study. If 
secondary cratering is responsible for the different distribution types, then their 
contribution cannot be separated by simple visual inspection. Rather, secondary 
cratering would have to be a major contributor to the equilibrium process and 
only the most recent, recognizable secondary craters could be eliminated from 
the statistics, and such craters would represent a small fraction of the total 
number of craters counted. 

Cumulative distributions and statistics involving increased sizes of diameter 
intervals (Neukum et al., 1975) may mask the relatively fine-scale detail revealed 
here. More seriously, statistics that do not extend to small enough diameters to 
permit classification may include several component slopes in the derived 
production slope. The different types of size-frequency distributions illustrate a 
possible source of current and past difficulties in interpreting consistent surface 
ages. 
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