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ABSTRACT 

The near -side lunar surface has been contoured for the 

densities of all craters of diameter greater than 2 km. 

The lowest densities are concentrated toward the centers 

of the maria in the circular basins, and succeeding contours 

continue to show the circular symmetry of the basins themselves. 

The highland areas of the Southern Hemisphere are heterogeneous 

in crater density. An inverse correlation between the loca- 

tions of positive density anomalies (massons) and crater density 

appeared particularly for the major "massons ". It was also 

apparent for the lesser anomalies. 



I. INTRODUCTION 

From the Lunar Orbiter IV pictures, I have prepared a 

map of the near -side lunar surface displaying the crater 

densities of the various parts. Crater counts in individual 

lunar areas have been made before (Öpik, 1960; Shoemaker, 

et al., 1961; Dodd, et al., 1963; Hartmann, 1967, 1968). 

Also crater densities at diameters, d > 3.5 km. (counted 

from earth based photos), have been mapped for the nearsido 

(Ronca and Green, 1968). While these studies did not cover 

enough area or have enough resolution for detailed mapping, 

techniques and boundary conditions for this project were ob- 

tained from them. It was hoped, Initially, that the results 

of this study would identify certain areas of the moon having 

similiar "age ", and perhaps show a progression of "ages" re- 

lating to surface character. It was also felt that new informa- 

tion about time variations in cratering rate might be reveled. 

II. CRATER TYPES AND GRID GEOMETRY 

The term "age" is used under the assumption that surface age 

increases as a function of crater density. The functional rela- 

tionship is not necessarily linear. Ideally only impact craters 

show this correlation, so it was essential to exclude nonimpact 

craters from the counts. This was done not by attempting to judge 

individual craters, but rather as follows. In previous works by 

Hartmann (1957,68), plots of "log diameter" vs "log frequency" 

of the various types of surface showed the crater distribution to 

be essentially linear with slope N -2 for all surfaces until the 

diameter d became less than two km. From that point on,significant 



and highly variable increases in frequency with decreasing 

diameter suggested that another source of cratering was be- 

coming important. From the similarity of diameter distribu- 

tions for d > 2 km., ft was concluded that the primary source 

of craters of diameter greater than 2 km. was the same over 

the entire surface, and was for the most part, probably impact. 

(This reasoning is supported by Baldwin, 1963, and Hartmann,1961.) 

On the other hand at less than 2 km., the craters were apparently 

caused by a variety of effects including primary impacts, 

secondary impacts, volcanism, and collapse. Thus, it was 

decided that a count of all craters, diameter greater than 

2 km., would eliminate most of the contamination from other 

sources, while still giving a maximum amount of statistics. 

The frequency of these craters is minimum in the maria; 

about 10 -3/ km ?(Hartmann, 1967, 181). Thus a reasonable sized 

area for a counting grid was determined to be 10 km? The 

dividing lines in the east -west direction were chosen to be 

100 of longitude. In the north -south direction the eta co- 

ordinate was used. The chosen "eta" co- ordinates were a set 

of parallel planes, the first coinciding with the lunar 

equator and then the rest at equal intervals of 0.1 lunar 

radii. The advantage of this combination was two fold: 

First, the cosine effect of converging meridians of longitude 

at the pole and the inverse cosine effect of the projection 

of the eta co- ordinates on the surface, offset one another 

yielding equal areas that were roughly rectangular. Second, 

both sets of co- ordinates are readily accessible, being 
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overprinted on the USAF Lunar Atlas (Arthur and Whitaker, 1965). 

The actual area of each block ís: 

L1)c1km. 2 1 8 km _ 
Y 

. 

cos. lat. 3 0 

These blocks were subdivided into 4 sub -blocks each having 

about 104 km? each. This was exactly what was needed to provide 

lat. 100 = 5.3 x 104km? 

both the resolution and the significant statistics. In the case 

of each Orbiter photo, because of cropping, areas were calculated 

individually. 

III. CRATER COUNTING PROCEDURES 

The method of counting and recording the data was evolved 

from several trials and was followed for all of the recorded 

counts. The procedure was as follows: 

1. Correlate an Orbiter photo with its position in the atlas. 

2. By relating the distance along a longitude line (on the photo) 

in cm., to a distance in the atlas in 0.1 parts of a lunar 

radius, the scale of that portion of the photo was determined. 

Scale was checked every 6° of latitude (generally about every 

28 -30 cm.). For example: 

28 cm. 3600 latitude = .142 cm./ km. 
6 Lat. 2 1r 1738 km. 

The scale factor was doubled to give the apparent size of the 2 

km. craters. A pair of dividers was set at this Interval 

(usually about 3 mm.). The Orbiter photographs were mostly 

taken at near vertical angles, and thus forshortening was not 

a problem. Also the lighting on the photos which could affect 

counts of shallow craters, was for the most part consistant. 
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The scale was found to be'almost constant for the area 

within eta = + 0.5 (2 a lunar radii). This was the result 

of the orbital characteristics of the satellite. The clos- 

est approach to the surface (perilune) was the moon's 

equator on the visible side. 

3. Next the approximate bounds of the sub -block were out- 

lined using plastic strips. It was found that most generally 

the sub -block was of one dominent type of terrain and that the 

2 km. and larger craters were easily resolvable. 

4. The boundaries of the area were recorded in mm. and the 

count made. The dividers set to equal 2 km. (scaled) were 

used to limit the count to the specified diameters. Craters 

obviously associated with internal features (e. g. chains 

along a rifle etc.) were not counted; however, this was usually 

a small correction and the author did very little interpreta- 

tion. The counting was aided greatly by the scan lines which 

appeared every 15 mm. or so on all the photos. 

5. The initial result was a rectangular array as illustrated: 

The number of craters 
counted per block 

The scale factor 
squared 

The dimension of the side 
measured in cm. 

18 19 

15 34 1514.5L}0 16 

/v 

19 19-1)205 

w 5 °E 

-1.05 

.10 
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6. An example of the reduction method is shown below: 

(# of craters Scale factor_ sg,uared = density x 10 -3/ km2 
area in cm2 

Using the figures in page 4 as an example: 

10.51jß { 15) ?0 
= 2.47 x 10-3/ km2 

7. The density figure in units of 10 -3/ km2 were rounded off 

in the calculation to the nearest tenth, and were recorded on 

the final "eta - longitude" grid. As the limb was approached, 

the photographs became much more difficult to scale. The detail 

in the Orthographic atlas was more and more distorted. A future 

project is planned to involve a limb- centered projection using 

the same grid. This will correct some of the distortion of 

presentation near the limb areas. 

IV. ACCURACY AND RESOLUTION 

As a check on accuracy, two counts were made on selected 

sub- blocks. Comparisons are shown in Figure 1. In Figure 2. 

I have compared my counts for specific areas with counts made 

earlier for the same areas. The names of the other counters 

are included in the tabulation. Inconsistencies in my two 

counts of the same area were' part ly accounted for by lighting 

variations. The magnitude of this error was generally 20' -40, 

but these errors were resolvable. Where two projections of the 

same area having different lighting were available, the one with 
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RELATIVE DENSITY VALUES 
(1 = average over all maria) 

NAME I 

M. Serenitatis 1.03 

P. Enidemiarum .77 

M. Humorum .77 

M. Nubi um .77 

M. Crisium .92 

O. Procellarum 

M. Imbrium 1.01 

M. Orientale 

M. aCoghi tum 

M. Nectaris 1.11 

M. Frigoris 1.10 

M. Foecundit. .99 

M. Tranquil,. 1.20 

1. R. B. Baldwin (1963) 

2. R. B. Baldwin (1963) 

3. ',v. K. Hartmann (1968) 

4. This value is the one adopted by N. K. Hartmann (CLPL 1116) 
and is based on the values obtained by Baldwin and others. 

5. This value is the one obtained for this paper and has 
a lower limit of d = 2.0 km. 

2 3 4 5 

0.76 0.40 0.6 0.73 

.76 0.8 4WD OW WO MO 

.76 0.8 1.27 

.76 0.8 1 .37 

.70 0.8 0.51 

0.9 1.01 

.95 0.9 o.77 

.94 1.0 

.94 1.0 1 .36 

.96 1.0 2.06 

1.26 1.4 

1.14 1.5 1.07 

1.37 1.11 1.6 1.03 

Lower limit of d = 1.6 km. 

Lower limit of d = 3.2 km. 

Lower limit of d = 4.0 km. 

Figure 2 
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the greater amount of side lfghting was used. It fs believed 

that errors due to lighting are generally less than 20~. 

Remaining errors were also mostly (75:'fo) less than 20%. 

Two independent contour maps were drawn, each using the 

same density values. The first by Dr. Hartmann was done as 

each block 6f data was recorded. The second by myself was done 

with al I the blocks of data complete. In both cases, no refer-

ence was made initially to actual physical formations. Thus, 

any density effect which transcended several types of surface 

structure would not be lost because of the natural prejudice to 

fol low known formations. The detaf I relfabi ffty of the contours 

fs no greater than the dimensions of the sub-block which fs 

about 100 km? However, finer detai I occa!ional ly appears because 

the density contour lines may be forced close together at bound

aries. 

Initial maps were made with linear densfty intervals: 1, 

3, 5, 7, .•. (x 10-3/ km?). But, since upland densfties exceed 

20, the upland intervals were less than the internal errors and 

false detai I may have been drawn. (Nonetheless, the maps 

strongly fndfcated heterogeneity fn the uplands, as consistent 

highs and lows fn density were found over large areas.) 

To avoid this difficulty, I chose logarithmic contour 

intervals, starting at 0.25 ( x 10-3/ km?) and increased each 

tfme by a factor of two. The selected and plotted values were: 

0.25, 0.5, 1.0, 2.0, 4.o, 8.o, and 16.0. These values dfd not 

manufacture any artificfal detaf I, and fel I well within the 



limits of the accuracy of the counts. It is of interest that 

when contour intervals are chosen to increase by a constant 

factor, the pattern of lunar detail is relatively homogeneous 

with the uplands not markedly distinct in pattern from the 

maria. 

V. RESULTS AND CONCLUSIONS 

In the following discussion I will use the term "young" 

to refer to areas of low crater density and "old" to refer to 

high density areas. The term "mascon" is a contraction for 

"mass concentration" and refers to the areas of the lunar 

surface which have positive gravity anomalies, suggesting a 

concentration of mass at these points. 

1. Investigators have pointed to the high degree of circular 

symmetry in the lunar basin systems (Baldwin,1963; Hartmann, 

1964; and Fielder, 1965). That is, the large circular basins 

have concentric scarps, fault patterns, ejecta blankets, and 

radial lineaments radiating from them. One might assume that 

the mare material filled the inner basins in a relatively 

short period or in a haphazard sequence of events; thus, the 

maria would show uniform or randomized crater densities. This 

is not so. The tendency to circular symmetry is continued in 

the surface density of craters greater than 2 km. In figure 

3, the density contours are shown with the lunar landscape 

as a background. The lowest densities are concentrated toward 

the centers of maria in the circular basins. 



All craters with diameter greater than 2 km. have been 

counted. The lines are density contours in units of 10 -3/ km? 

The values range from .125 to 8.0. 

Figure 3 
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The fact that densities do not increase dramatically at 

the physical edge of the maria and then fall off as one moves 

outward suggests that the contamination from secondary impact 

was effectively reduced by the choice of lower limit of the 

count (d w 2 km). The "youngest" areas in the maria regions; 

e.g., those with the most recent flows, are located in the 

center of the maria. This suggests the basin centers were 

the centers of most frequent, or at least most recent, activity 

because sub- surface fractures were deepest there. 

2. It has been shown by photographic analysis and other 

techniques (Kuiper and Strom, 1966, p.24; and Fielder and 

Fielder, 1968) that the surface of Mare Imbrium (for example) 

is covered with several different flows which took place at 

different times. The variation from .125 to 1.0 in densities 

suggests a significant time scale between the "oldest" and the 

"youngest" flow, although most of the surface falls in the 

interval, .3 to 0.7. 

3. Because of probable variation in the cratering rate during 

the formation of the moon, the word "significant" in the above 

statement is difficult to define. However, boundary conditions 

are placed on the formation interval of the maria by the density 

differences. It was previously shown that the range of density 

values for the maría was a factor of about 2.4 times the least 

value (Hartmann, 1967). With greater resolution, the "oldest" 

area appears to be 4.0 times the "youngest" in terms of crater 
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density. The age difference may be smaller than these 

factors if the cratering rate was declining rapidly at the 

time of mare formation. 

4. The highland areas of the Southern Hemisphere are heter- 

ogeneous in crater density. Earlier contouring showed that 

the area, 200-250E and 35 ° -40 °S (eta -.75) was the center 

of a pattern of decreasing densities (Ronca and Green, 1968). 

I have reprinted their figure and its caption as my Figure 4. 

A Lunar Orbiter photo of this area is shown in Figure 5. They 

concluded that this area was probably the òldest portion of 

the near side and represented, perhaps, the original surface. 

Increased resolution breaks up the pattern of densities they 

obtained. My counts were anomalously high for this area as 

well, namely 9.5 x 10 -3/ km. But, this is not to say it 

represents an area that is 9.5 older than the maria, or even 

that is has 9.5 times as many impact craters. The non- random 

nature of a number of craters, and the fact that there were 

fewer medium sized craters in this block than in the ajoining 

ones suggest the following: 

A number of collapse, or secondary impact craters larger 
than 2 km. are present. 

The "cookie- cutter" erasing effect of the medium sized 
craters is not present. 

The increased detail which I first plotted using contour 

intervals at 1, 3, 5,... etc., did not produce the smooth, 

large -scale "Bull's -eye" pattern found in the lower resolution 
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approximate scale 

This is a Lunar Orbiter photo mosaic of the area about 

2O ° -25 °E and 35 ° -40 °S. It was found to have an anomalously 

high crater density. A 2 km. crater is about 1 mm on this 

photo. 

FIGURE 5 



counts (Ronca and Green, 1968) as seen in Figure 4. Use 

of the factor of ,2 in contour values does not produce the 

nesting of contours either (Figure 3). Rather, the high- 

lands do in fact appear heterogeneous. They are probably 

not uniform "original surface" but instead, surface that has 

been extensively modified by volcanism, crater overlapping, 

overlapping of ejecta blankets, and secondary impacts, as 

well as primary impacts. The ratio between upland or high- 

land area and the maria is '+24, about 2/3 the value found 

by Hartmann (1968). Again, since a linear cratering rate 

is not likely, the relative time interval of formation is 

not 20:1. However, the ratio does place conditions on future 

relative age determinations. 

5. An increase in density with latitude is noted. It is not 

clear whether this is due to external causes or not. (The 

latitude dependence has been discussed by Hartmann, 1968). 

6. An inverse correlation between crater density and pos- 

itive density anomalies (mascons) on the near side is demon- 

strated in Figures 6 and 7. The correlation is particularly 

striking for three major mascons: Imbrium, Serenitatis, and 

Crisium. It is noticeable for the other four: Nectaris, 

Procellarum, Humorum, and Aestuum. There are several pos- 

sible interpretations. 
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The shaded areas are to be compared with the "mascon" 

locations shown in the next figure (7). The darkest areas 

have densities less than .25 x 10 -3/ km? (Three have densities 
less than .125 in their centers.) The rest of the contours are 

in the same units, and have the values shown. 

Figure 6 
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This is a lunar gravimetric map of the nearside hemisphere 

obtained from Lunar Orbiter spacecraft tracking data. ,íhen 

the spacecraft was over the shaded areas, it experienced an 

acceleration in excess of 0.4 mm /sect (40 milligals). These 

areas are the so called lunar "mascons" (mass concentrations). 

The locations are similiar to the areas of lowest crater density 

illustrated in Figure 6. (From the cover of Science, Aug '68) 

FIGURE 7 



a. The "mascons" are genetically associated with the maria, 

(e.g. dense degassed lava), and the maria are recent (low 

crater densities) areas of lava flow. 

b. The "massons" are genetically associated with the basins, 

(e.g. buried projectiles), and the basins were incidentally 

flooded in the later stages of the moon's formation, produc- 

ing low crater densities. 

c. The "massons" have associated with them, some rejuven- 

ating process which has renewed the surface above them. For 

example, lava in convection cells might produce dense intrusions, 

and extrusions. 

The nature of the mascons and other unique features of 

the moon will probably be resolved by manned exploration.. 

However, it is important to make use of existing data to guide 

this exploration and to, compare with similiar data soon to be 

available from other cratered bodies in the Solar System. 
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