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Introduction:  The maria on the Moon were em-

placed over a prolonged period of time [1]. The notice-

able spectral differences within the maria indicate dis-

tinct mineralogical compositions [2-3] which therefore 

permit identifying volcanic units formed at different 

time periods. But the use of spectral data acquired by 

different lunar missions and the interpretations of dif-

ferent authors in making such delineations show 

marked differences in the mappings presented. This is 

clearly evident in Mare Imbrium and in particular in 

Sinus Iridum, where the number of units identified and 

the location of the boundaries between adjacent units 

may be significantly disctinct [4-8]. More recently, 

some attempts have been tested to turn these distinc-

tions more objective, being based on areal density [10-

11] and spatial randomness analyses of impact craters 

[12-13]. They seem adeaquate to support quantitative 

delineations, namely related to the spatial arrangement 

of primary craters. Nevertheless, an objective proce-

dure to find the boundaries between units is still miss-

ing, and the dimension of the craters analysed so far 

stops at diameters of 500 m. The integration of a tool 

to segment the lunar maria (the watershed transform) 

with the other two procedures (areal density and ran-

domness analysis), taking advantage of the higher reso-

lution provided by the most recent imagery to include 

smaller craters in the procedure, is exploited here. 

Data: This study is currently focused in Sinus Irid-

um, a lunar mare filled crater of ~250 km in diameter 

located NW of Mare Imbrium. The dataset used con-

sists of a image mosaic from the Terrain Camera of 

Kaguya, with 7.4 m/pixel [14-15]. In this region, we 

detected craters in two dimensional ranges of diameter 

D: D>500m for the whole region and D>30m for 2 

square subregions with 30 km side (Figure 1), located 

on the transition between proposed units [6]. The out-

puts of automated detections [16] were verified and 

manually corrected whenever necessary: elimination of 

false positives, adding missing detections and local re-

adjusting of crater centres and diameters.  

Methods: The processing sequence is based on 3 

main steps: i) computation of areal crater densities; ii) 

determination of the boundaries of regions with distinct 

densities; iii) verification of the spatial randomness of 

craters within each delineated region. The two datasets 

were processed separately with this sequence. 

For the first step, a moving neighbourhood tech-

nique was used to compute the areal crater density, 

requiring the definition of a search radius and an output 

cell dimension.  

In the second step, the watershed transform from 

mathematical morphology [17] was used to detect the 

boundaries between regions with distinct crater densi-

ties. In addition, the density map may be filtered twice, 

one before and the other after the application of the 

watershed transform: i) before, by application of filters 

to remove high local concentrations of craters; ii) after, 

by merging adjacent regions with similar densities. The 

‘before’ or size (S) filter consists of the application of 

openings and closings operators, while the ‘after’ or 

merge (M) filter consisted of aggregating regions 

whose average densities are below a given threshold.  

For the third step, the basins resulting from the wa-

tershed transform, that is, the regions with similar 

crater densities, were analysed individually to verify 

about the spatial randomness of the impact craters con-

tained therein [12], using the tools provided by Crater-

stats 2.0 software [18]. In each √2-spaced bin, some 

clusters were still identified through the computation of 

the measure ‘mean 2
nd

 closest neighbour distance’ 

(M2CND), and this way not considered for the subse-

quent unit dating procedure.  

 

 
Fig. 1. Location of 30km x 30km study zones in Sinus Iridum: 

zone I at right and zone II at left [Image credits:USGS, Kaguya]. 

 

Results: This is a work in progress, thus only the 

results obtained for the two 30 x 30 km
2
 zones are now 

presented. The number of all identified craters with 

diameters larger than 50 m are: 6854 craters for zone I 

and 8775 craters for zone II. In the computation of the 
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areal crater density maps, the search radius was fixed at 

800 m and the output cell at 100 m (example for zone 

II in Fig. 2a). Alternative values of these parameters 

were also tested, but did not provide a better balance 

between ‘regional’ and local information. For the de-

lineation procedure with the watershed transform, the 

values selected (in a 0-100 scale) were S=55 and 

M=98. The value selected for S is relatively strong in 

order to remove local peaks of densities (clusters of 

craters). For the M parameter, the value chosen is 

weak, but to still possibilitate the merging of adjacent 

regions whose dissimilarity is relatively small. The two 

units detected in zone II can be seen in Figure 2b, 

where the visual differences in crater densities are no-

ticeable (Figs. 2c and 2d).  

 

(a) (b) 

(c) (d) 

Fig. 2. Delineation sequence for zone II: (a) areal crater density; (b) 

boundary by watershed; (c-d) craters within the units identified. 

 

For the randomness analysis, a histogram was built 

up for each region from 3000 iterations of a random 

scattering of an equivalent set of craters. The bins 

where randomness was not verified (those at smaller 

dimensions) were excluded for the subsequent dating 

(example of left subzone of zone II in Fig. 3). 

 

 
Fig. 3. Randomness analysis (M2NCD) for all size bins of left-zone II.  

 

The validation of the boundaries automatically de-

tected is performed by comparison with those outlined 

in a recent sudy [6]. The global matching is really im-

pressive (Fig. 4), as both novel boundaries separate 

similarly the units Im1 and Im2 of [6]. The differences 

lay at local scale, with the introduction of details by the 

novel mapping that were not available in the previous 

one, due to the use of a wider range of crater dimen-

sions (D>50m instead of D>500 m). 

 

 
Fig. 4. Comparison of boundaries detected with those from [6]. 

 

Conclusion and future work: The integration of a 

segmentation tool with available quantitative ap-

proaches permits to dispose of an objective processing 

sequence to determine the boundaries of units in the 

volcanic smooth plains of the Moon. The use of a wid-

er range of dimension of craters permits finding more 

detailed boundaries. The dating of the units, the appli-

cation of this procedure to larger areas of the lunar 

maria and the verification at other scales of analysis is 

currently under development. 
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