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Abstract

A novel method integrating the watershed transform with areal density and randomness analysis
of impact craters is developed, taking advantage of the higher resolution provided by the most recent
imagery, to define the geological units within Sinus Iridum, a lunar mare that is filled with craters
located NW of Mare Imbrium. In this region, craters in two dimensional ranges of diameter D were
detected: D ≥ 500 m for the whole region and D ≥ 50 m for 4 square subregions with 30 km side.

After the verification of the spatial randomness of craters within each delineated region, the absolute
ages were accurately determined resulting in units with < 570 Ma age differences within the whole
region of Sinus Iridum and < 100 Ma age differences in the subregions.
Keywords: Impact craters, Clusters analysis, Absolute model ages, Lunar production function,
Digital image processing

1. Introduction

The maria on the Moon were emplaced over a pro-
longed period of time [1]. The noticeable spectral
differences within the maria indicate distinct min-
eralogical compositions [2] which therefore permit
identifying vocanic units formed at different time
periods. But the use of spectral data acquired by
different lunar missions and the interpretations of
different 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 identi-
fied and the location of the boundaries between ad-
jacent units may be significantly distinct [3][4][5][6].
More recently, some attempts have been tested to
turn these distinctions more objective, being based
on areal density [7][8] and spatial randomness anal-
ysis of impact craters [9][10]. They seem adequate
to support quantitative delineations, namely related
to the spatial arrangement of primary craters. Nev-
ertheless, an objective procedure to find the bound-
aries between units is still missing. The integration
of a tool to segment the lunar maria (the watershed
transform) with the other two procedures (areal
density and randomness analysis), taking advantage
of the higher resolution provided by the most recent
imagery to include smaller craters in the procedure,
is exploited here.

2. Data

This study focused in Sinus Iridum, a lunar mare
filled crater of ≈ 250 km in diameter located NW
of Mare Imbrium. The dataset used consists of a
image mosaic from the Terrain Camera of Kaguya,
with 7.4 m/pixel [11]. In this region craters in two
dimensional ranges of diameter D were detected: D
≥ 500 m for the whole region (Figure 1) and D ≥ 50
m for 4 square subregions with 30 km side (Figure
2), located on the transition between proposed units
[5].

Figure 1: Sinus Iridum basin boundary.

1



Figure 2: Location of 30km × 30km study zones in
Sinus Iridum.

3. Methods

The processing sequence is based on 3 main steps:
i) computation of areal crater densities; ii) determi-
nation of the boundaries of regions with distinct
densities; iii) verification of the spatial random-
ness of craters within each delineated region. The
two datasets were processed separately with this se-
quence.

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 [12] was used to detect
the boundaries, between regions with distinct crater
densities. In addition, the density map may be fil-
tered twice, one before and the other after the ap-
plication of the watershed transform: i) before, by
application of filters to remove high local concentra-
tion 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 con-
sists of aggregating regions whose average densities
are below a given treshold.

For the third step, the basins resulting from the
watershed transform, that is, the regions with sim-
ilar crater densities, were analysed individually to
verify about the spatial randomness of the impact
craters contained therein, using the tools provided
by Craterstats 2.0 software [13]. In each bin, some
clusters were still identified through the computa-
tion of the measure “mean 2nd closest neighbour
distance“ (M2CND), and this way not considered
for the subsequent unit dating procedure.

4. Results

In this section all the steps of the methodology de-
veloped that led to the models of absolute ages ob-
tained for each of the geological units delimited in

the study regions are presented. The results ob-
tained for the entire extension of the Sinus Iridum
basin were subjected to a validation, using the
digital terrain model obtained with Lunar Orbiter
Laser Altimeter (LOLA) data to verify if the geo-
logic law of layer superposition is respected. The
results obtained in the subregions were compared
with the geological units identified throughout the
Sinus Iridum basin, obtained using the methodol-
ogy developed here.

4.1. Crater Counts

Cratering is a random process and the accumulation
of craters over time for a given surface reflects the
age of that surface. Only primary craters should be
considered for crater counting results to be valid.

It were identified 1316 craters with diameter ≥
500 m in the whole region of Sinus Iridum. The
number of all identified craters in the subregions
with diameters ≥ 50 m are: 6854 craters for zone
I, 8775 craters for zone II, 7787 craters for zone III
and 7577 for zone IV.

Figure 1 corresponds to a histogram that repre-
sents the number of craters in each bin, observing
that the smaller the crater is, the greater is the fre-
quency of occurrence, and therefore the first two
classes of diameters (500 - 707 m and 707 - 1000 m)
are the most frequented.

Figure 3: Crater size distribution in each diameter
bin in the whole region of the basin Sinus Iridum.

It is verified that, although the size histograms
are globally similar (Figure 4), there are a few more
local differences, wich may indicate that the “expo-
sure time“ of each region is somehow different.

Figure 4: Crater size distribution in each diameter
bin in the subregions (P1, P2, P3 e P4).
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4.2. Areal Crater Density (ACD) Maps and Delin-
eation of the Geological Units

Since older surfaces have accumulated more pri-
mary craters than younger surfaces, a measure of
ACD should reflect spatial variations in crater re-
tention across volcanic plains, indicating differential
age units. In the computation of the ACD maps,
the search radius (r) was fixed at 1200 m and the
output cell (c) at 500 m and for the delineation
procedure with the watershed transform, the val-
ues selected (in a 0-100 scale) were scale (S) = 40
and merge (M) = 5 for the whole region (Figure 5).

(a) ACD map of Sinus
Iridum.

(b) ACD boundaries by wa-
tershed of Sinus Iridum.

Figure 5: ACD map and ACD boundary by water-
shed of the whole region of Sinus Iridum.

In the subregions, for the computation of the
ACD maps, the search radius (r) was fixed at 800
m and the output cell (c) at 50 m (Figure 6) and
for the delineation procedure with the watershed
transform, the values selected (in a 0-100 scale) were
S=55 and M=98 (Figure 7) for the subregions.

(a) Subregion P1. (b) Subregion P2.

(c) Subregion P3. (d) Subregion P4.

Figure 6: DSC maps of the subregions using c=50
m and r=800 m.

(a) Subregion P1. (b) Subregion P2.

(c) Subregion P3. (d) Subregion P4.

Figure 7: ACD boundary by watershed of the sub-
regions using S=55 and M=98.

Alternative values of these parameters were also
tested, but did not provide a better balance be-
tween “regional“ and local information. 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 selected is weak, but
it is still possible to merge adjacent regions whose
dissimilarity is relatively small.

4.3. Absolute Model Ages Construction and Vali-
dation

In order to determine the crater size intervals to
be used, an analysis was carried out using M2CND
measure. The use of this numerical technique
allowed the identification of spatial groupings of
craters, taking into account the regions delimited
in the previous section. In this way, the intervals of
sizes that have a random distribution are used to
date the surface.

Absolute model ages were derived using Crater-
Stats software [13], by employing the [14] chronol-
ogy function to the data and the results were dis-
played in the cumulative crater size-frequency plot.

The absolute model ages as well as the summary
charts of the analysis of the randomness of the 6
homogeneous regions in the whole regions of Sinus
Iridum are presented in Figure 8. After the dating
of each of the 6 regions it is possible to observe that
exist 4 geologically distinct regions (Figure 9) with
the following ages: 3.17, 3.36, 3.42 - 3.45 and 3.74
Ga.
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(a) Geological unit 1. (b) Geological unit 2.

(c) Geological unit 3. (d) Geological unit 4.

(e) Geological unit 5. (f) Geological unit 6.

Figure 8: Randomness analysis (M2CND) and AMA’s of the whole region of Sinus Iridum.
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Figure 9: AMA’s of the whole region of Sinus Iridum.

(a) Unit P1.1. (b) Unit P1.2.

Figure 10: Randomness analysis (M2CND) and AMA’s of the subregion P1.

(a) Unit P2.1. (b) Unit P2.2.

Figure 11: Randomness analysis (M2CND) and AMA’s of the subregion P2.
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(a) Unit P3.1. (b) Unit P3.2.

(c) Unit P3.3.

Figure 12: Randomness analysis (M2CND) and AMA’s of the subregion P3.
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(a) Unit P4.1. (b) Unit P4.2.

(c) Unit P4.3. (d) Unit P4.4.1.

(e) Unit P4.4.2.

Figure 13: Randomness analysis (M2CND) and AMA’s of the subregion P4.
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The absolute age models as well as the plots that
synthesize the randomness analysis of the 4 subre-
gions are presented in Figures 11 to 13. In Figure
14 it can be observed that the subregions P1 and
P2 are constituted by 2 distinct geological units,
the subregion P3 is constituted by 3 units and the
subregion by 4 different geological units.

(a) Subregion P1. (b) Subregion P2.

(c) Subregion P3. (d) Subregion P4.

Figure 14: AMA of the subregions (P1, P2, P3 and
P4).

By analyzing the traced topographic profiles (in
Figure 15) and applying the principle that the over-
lying layers of basalts are successively more recent
(law of superposition), it is verified that these are in
agreement with the results obtained, being possible
to state that the Sinus Iridum filling contains 4 dis-
tinct phases, wich resulted in 4 different geological
units.

5. Conclusions

The integration of a segmentation tool with other
available quantitative approaches permits to dis-
pose of an objective processing sequence to deter-
mine the boundaries of units in the volcanic smooth
plains of the Moon. The use of a wider range of
dimension of craters also permits finding more de-
tailed boundaries.

The analysis of the spatial patterns of the craters
allows only size classes without secondary craters to
be used, so as to provide a more robust age model.
In the whole region of Sinus Iridum, the oldest ge-
ologic unit determined presents an absolute age of
3.74 Ga, while the younger units have an absolute
age of 3.17 Ga. It is important to note that the spa-
tial distribution of the geological units obtained in

(a) Cut AA’. (b) Cut BB’.

(c) Cut CC’. (d) Cut DD’.

Figure 15: Topographic profiles and their geo-
graphic location. The points indicated correspond
to the intersection of the profiles with the bound-
aries obtained to the full extent of Sinus Iridum.

the Sinus Iridum basin are in accordance with the
law of superposition and that the estimated abso-
lute ages fit into the volcanic activity of the moon
between 3.16 and 4.20 Ga [15]. Although density
maps have been capable of identifying 6 large geo-
logical units (with homogeneous crater density), it
was observed that 2 pairs of these geological units
have the same age. In one case, the distinct geolog-
ical units identified as 1 and 5 had an age of 3.42
Ga and 3.45 Ga, respectively, which is practically
the same, is possible to say that the age difference
of 30 Ma, provided by the model is probably not
geologically significant. The other anomalous sit-
uation occurred with geological units 3 and 6, for
which an absolute age of 3.17 Ga was determined.
In this case, the two units are separated by an old-
est unit identified as 4. The methodology developed
was adequate for the whole extension of the Sinus
Iridum basin, where it was based on a dataset that
considered only craters with a diameter ≥ 500 m.

In relation to the subregions, the methodology
developed has shown some limitations that are
probably result of the high values of densities that
may not adequately reflect the age of the surface.
By comparison with the boundaries obtained (Fig-
ure 16) it can be concluded that, for this scale of
analysis, the results are not conclusive and that sub-
regions with larger dimensions will be necessary to
obtain conclusive results.
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Figure 16: Location of the chosen subregions with
respect to the boundaries (in white) of the geolog-
ical units obtained to the full extent of the Sinus
Iridum, using the methodology developed in this
work.
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