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Introduction: Impact crater density has long been 

used as an indicator of the relative age of surface units 

on the Moon. Crater density also provides direct evi-

dence of resurfacing events. Basin-forming impacts 

played a large role in regional resurfacing on the 

Moon, as well as contributing to the current preserved 

crater population. The oldest areas of the Moon likely 

contain crater populations at or approaching saturation 

equilibrium - wherein the formation of a new impact 

crater erases a similarly sized existing crater [1,2,3]. 

Identifying the occurrence of saturation equilibrium 

(SEQ) is important for understanding the nature of the 

crater population and the effect of resurfacing and/or 

secondary bombardment.  

The global population of lunar craters >20 km in 

diameter was analyzed to correlate crater distribution 

with resurfacing events and multiple impactor popula-

tions [4, Fig. 1a]. The work presented here extends the 

global crater distribution analysis to smaller craters (5-

20 km diameters, n=22,746) [5]. Smaller craters form 

at a higher rate than larger craters and thus add granu-

larity to age estimates of larger units and reveal smaller 

and younger areas of resurfacing (see also [6]). The 

resulting maps show local deficiencies of 5-20 km di-

ameter craters, which we interpret to be caused by a 

combination of resurfacing by the Orientale basin, in-

filling of intercrater plains within the nearside high-

lands, and partial mare flooding of the Australe basin. 

Chains of 9-16 km diameter secondaries NW of Orien-

tale and possible 5-10 km diameter basin secondaries 

within the farside highlands are also distinguishable. 

Locations where relative crater densities exceed levels 

thought to represent SEQ can be mapped, which allows 

analysis of the most heavily cratered regions of the 

lunar highlands (Fig. 3). 

Crater Counts: All craters between 5 km and 20 

km in diameter were digitized at a scale between 

1:250,000 and 1:500,000 in ArcGIS. Basemaps used 

included: 1) a 100 m/pixel scale WAC monochrome 

(643 nm) mosaic with an average solar incidence of 

60°, and 2) a shaded relief map based on 100 m/pixel 

LROC WAC Digital Elevation Model (GLD100 [7]) to 

help demarcate craters in shadowed regions at the 

poles and/or subdued craters. An existing database of 

>20 km craters supplemented this dataset [8]. 

Crater Density: We determined areal crater densi-

ty for each diameter range (5-20 km and >20 km) in-

dependently using a moving neighborhood method 

with a radius of 500 km and an output cell size of 15 

km (Fig. 1). Density magnitude values for each map 

were divided into 10 equal-interval bins and reclassi-

fied with a ranking of 1 to 10 (1 being lowest density 

and 10 being highest). The resulting 5-20 km density 

map (Fig. 1b) was subtracted from the >20 km density 

map (Fig. 1a) to produce a crater density difference 

map (Fig. 2). Output cell values range from -4 to +5. 

Positive difference values represent a high density 

(red) of >20 km craters relative to 5-20 km craters, and 

negative values represent low density (blue) of >20 km 

craters relative to 5-20 km craters. 

Saturation Equilibrium: Seventeen crater size 

bins were populated with all craters within a 500 km 

radius of the center of each 15x15 km output cell. Rel-

ative density (R) values were calculated for each bin 

using the method outlined in [9]. Global crater density 

maps (Fig. 3) were then created showing those areas 

having R≥0.3 for each crater bin. This measure re-

stricts the condition for SEQ to ~10% of geometric 

saturation. 

Results: The difference map highlights several no-

table features with one of the most prominent being a 

large zero difference area encompassing the mare and 

several large impact basins on the nearside (area A in 

Fig. 2). Observing such similar behavior between mare 

and some highlands is consistent with a production 

 
Figure 1. Areal crater density for >20 km (a) and 5-20 

km craters (b). 
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function that is constant in time, rather than temporally 

changing proportions of different impactor types [10]. 

A positive difference area surrounding the Orientale 

basin (B in Fig. 2) indicates that this area has retained 

a greater number of >20 km craters relative to 5-20 km 

craters, which is expected for a basin that disrupted the 

existing crater population and whose continuous ejecta 

obliterated smaller craters out to 2 basin diameters 

from the rim [4]. To the northwest of Orientale basin, 

beyond this proximal affected zone, is a negative dif-

ference area peppered with chains of 5-20 km second-

aries traceable back to the Orientale basin (C in Fig. 2) 

[11]. The most extreme relative differences are a wide-

spread positive density difference in the southern near-

side highlands (D in Fig. 2) and a negative density 

difference throughout much of the farside highlands (E 

in Fig. 2). An area in the heavily-cratered “pristine” 

NW farside highlands displays zero density difference 

(F in Fig. 2). Detailed analyses of CSFDs extracted 

from these areas are reported by [6].) 

Figure 3 shows the areas where R≥0.3 for craters in 

three diameter ranges across the Moon - expanding on 

previous work which suggested SEQ may exist in parts 

of these areas [1,12,13]. Areal coverage for these bins 

is as follows: 27% (57-80 km), 39% (80-113 km), 

12.4% (113-160 km). R≥0.3 for craters down to 5 km 

craters has also been mapped, though areal coverage of 

these bins is much lower (< 1% for 5-7 km craters), 

because these smaller craters likely reach SEQ at lower 

percentages of geometric saturation. Nevertheless, 

maps of R≥0.3 offer a way to identify the most heavily 

cratered areas of the Moon for focused studies. 

Conclusions: 1) A significant reduction of craters 

>5 km in the nearside maria was caused by large-scale 

basaltic flooding. 2) A reduction of 5-20 km diameter 

craters occurred due to removal by the formation of the 

Orientale basin and infilling by mare basalts. 3) Tight-

ly-grouped 9-16 km secondaries are present NW of 

Orientale. 4) There is a high density of >20 km craters 

relative to 5-20 km craters in the area encompassing 

the nearside highlands and Mare Australe. 5) Possible 

previously unrecognized 8-22 km secondaries are as-

sociated with several farside basins. 6) Large regions 

of the Moon contain crater densities exceeding R≥0.3, 

7) Saturation equilibrium is likely a size-dependent 

process, where smaller craters are more quickly and 

efficiently destroyed than larger craters. 8) A sequence 

of major impact events at ~4.03, 4.15, 4.19, and 4.26 

Ga suggests that major basin-forming events were not 

clustered around 3.9 Ga [e.g., 6,14] arguing against a 

late heavy bombardment [15,16,17,18]. 9) The most 

ancient surfaces on the Moon give ages that are con-

sistent with major resurfacing due to the formation of 

the South Pole-Aitken basin [see also 6]. 

 
Figure 2. 5-20 km vs >20 km crater density difference. 

 
Figure 3. Crater saturation equilibrium for (a) 57-80 

km, (b) 80-113 km, and (c) 113-160 km craters. 
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