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The Orientale basin is the most well-preserved multi-ring impact basin on the Moon and it has been used to
define the end of the Early Imbrian Epoch. Thus a precise determination of the absolute model age (AMA) of
Orientale Basin is important for lunar geology study. The method of crater size—frequency distribution (CSFD)
has been used to date Orientale Baisn in previous studies, and the resultant AMA ranges from 3.68 Ga to 3.8 Ga.
The inconsistence may be attributed to the choice of counting area and identified superposed craters. In this
research we have mapped 27,093 craters larger than 0.7 km in diameter on the entire ejecta of the Orientale
Basin, and derived that the AMAs of the Orientale Basin and the pre-existing luanr suface are 3.8073:3978 Ga and
~4.1473:333 Ga, respectively. And the knee point of the CSFD of the entire counting area is ~10 km, corre-
sponding to ~ 2 km of the average thickness of the Orientale Basin ejecta. To further analyze the variation of the
ejecta thickness of Orientale Basin, the counting area was divided into eight 45-degree subsections. The analysis
of the knee points of the CSFD in the subdivided counting areas demonstrates that Orientale Basin was formed by

an oblique impact from the south-west, and the impact incidence was between 45° and 20°.

1. Introduction

The Orientale Basin is the most well-preserved multi-ring impact
basin and its center is located on the western limb of the Moon (centered
at 20°S, 95°W) (e.g., Head, 1974; Hawke et al., 1991; Bussey and Spudis,
2000; Cheek et al., 2013). This basin has attracted much interest from
the geology community because it is well-preserved and lacks extensive
mare flooding (Spudis et al., 1984; 2014). Orientale Basin has tradi-
tionally been considered as an archetype of multi-ring impact structures
(Spudis et al., 1984; Hawke et al., 1991; Bussey and Spudis, 2000;
Johnson et al.,, 2016). The formation of Orientale Basin also has
important significance for the evolution of the Moon, for example, it has
been used to define the ending of the Early Imbrian Epoch (Wilhelms
et al., 1987). Thus a precise determination of the absolute model age
(AMA) of Orientale Basin is of great importance for lunar geology.

The AMA of the Orientale Basin was mostly studied with the crater

size—frequency distribution (CSFD) technique, although other strategies
were also tried (e.g., Schaeffer and Husain, 1974; Baldwin, 1987a). The
method rests upon the assumption that a given surface unit once existed
in a pristine state with no superposed craters, and that time is taken as
the unit’s formation time (Michael et al., 2012). Then the surface ac-
cumulates craters, and the present AMA is determined by fitting the
current CSFD to a known crater production function (PF) (e.g., Hart-
mann et al., 1981; Neukum, 1983; Neukum et al., 2001). The crater
frequency for certain crater sizes is used together with a calibrating
chronology function (CF) to obtain an AMA (Stoffler and Ryder, 2001;
Michael and Neukum, 2010). The selected area and superposed craters
within a given unit has a significant influence on deriving the AMA with
the CSFD method (Arvidson et al., 1979; Michael et al., 2016), which can
be demonstrated in previous studies. For example, the AMA of the Ori-
entale Basin was estimated as 3.8 Ga by Wilhelms et al. (1987) with 38
craters mapped by Neukum et al. (1975) and a few craters larger than
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Fig. 1. Exemplified craters in the counting area. (a) Secondary craters from Orientale Basin as indicated by arrows were excluded from the dating process. (b) Both
the craters formed before (e.g., Darwin B Crater) and after (e.g., Darwin C Crater) were included in the analysis of the AMA of the Orientale Basin.

20 km in diameter on the Orientale Basin ejecta. Similar work was
carried out by Baldwin (1987b) with the result of ~3.79 Ga. Recently
Whitten et al. (2011) updated the AMA for Orientale Basin to ~3.68 Ga
with the counted craters in diameters between 1 km and 20 km in and
around Orientale Basin.

To give a comprehensive analysis of the AMA of the Orientale Basin,
the entire ejecta surrounding Orientale Basin was mapped as the
counting area (~1.68 x 10° km?). All of the craters larger than 0.7 km in
diameter are counted in this research. Our result indicates the AMA of
Orientale Basin is 3.7873:394 Ga using the production function of
Neukum (1983), and the result is helpful to constrain a more precise
chronology in lunar study.

2. Materials and method

Craters superposed on Orientale Basin ejecta were identified in
orbital images from Lunar Reconnaissance Orbiter Camera (LROC) Wide
Angle Camera (WAC). The WAC is a push-frame camera with resolutions
of 75 and 384 m (at an altitude of 50 km) in the visible and ultraviolet
bands, respectively (Robinson et al., 2010). LROC WAC covers a swath
~104 km wide from the nominal 50-km orbit (Robinson et al., 2010),
which allowed the instrument team to create a number of global mosaics

with favorable quality. In this research, the WAC global mosaic created
in June 2013 (https://astrogeology.usgs.gov/search/map/Moon/L
RO/LROC_WAC/Lunar_LRO_LROC-WAC_Mosaic_global_100m
_June2013) (Sato et al., 2014; Wagner et al., 2015) was used as the base
map for crater identification and measurement. The area of Orientale
Basin ejecta is from the renovated 1:5,000,000 lunar digital geologic
maps (Fortezzo and Hare, 2013).

The craters were mapped with an ArcGIS add-in “CraterTools”,
which can measure the crater boundary and diameter with regard to the
map projection (Kneissl et al., 2011). CraterTools can work well with
three points identified on the crater rims. The three points should be
evenly distributed in order to eliminate any possible errors (Yue et al.,
2019). The secondary craters formed on the Orientale Basin ejecta,
which were distributed in chains (Fig. 1a), were excluded in the dating
process (e.g., McEwen and Bierhaus, 2006; Michael et al., 2012). The
craters in the counting area may be superposed on or overlaid with
Orientale Basin ejecta (Fig. 1b), and only the former can be used to
determine the AMA of the Orientale Basin. However, it is unnecessary to
make such distinction between the two types of craters because the
ejecta formation process is also considered as a partial resurfacing event
(Michael and Neukum, 2010). Another tool used in this study to deter-
mine the AMA is the CraterStats2 (Michael and Neukum, 2010), in

Fig. 2. Counting area (outlined by green polygon) and mapped craters (indicated by red circle) in the research. (a) 27,093 craters larger than 0.7 km in diameter
were mapped in the Orientale Basin ejecta. (b) The counting area is further divided into eight subsections for analysis. All the mapped craters and counting areas are
available upon request. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Dating results of Orientale Basin and the lunar surface time. y is a
function representing the uncertainty of calibration of the chronology model
(Michael et al., 2016).

which the Neukum (1983) production and chronology functions are
adopted. The dating result is expressed as a likelihood function with an
intrinsic uncertainty, which is derived from Poisson statistics and
Bayesian inference (Michael et al., 2016).

3. Results

Fig. 2 shows the counting area and mapped craters in this research.
In total, 27,093 craters larger than 0.7 km in diameter were mapped in
the Orientale Basin ejecta. The mapped crater dataset and their infor-
mation are listed in supplementary material, and an additional 13,247
smaller craters are also available through the corresponding author. The
craters larger than 0.7 km in diameter are used to estimate the AMA of
the Orientale Basin.

Fig. 3 shows the dating results with the mapped craters. The larger
craters (D > 11.5 km) of the distribution lie on the 4.14 Ga isochron,
while the distribution flattens toward smaller diameters and then in-
creases in slope. After that the crater distribution follows the 3.80 Ga
isochron in the diameter range ~2.8-5.5 km, and the corresponding
craters are randomly distributed (Fig. 3). According to Fig. 3, the 4.14
Ga is simply interpreted as the AMA of the pre-existing surface before
Orientale formed, and we acknowledge that the underlying surface
should have a variety of AMAs, including older ones, as shown in the
large crater end of the crater size frequency distribution curve (Fig. 3).
The crater population then increased in accordance with the production
function until the Orientale Basin-forming impact event occurred. The
ejecta from the impact event reduced the population of craters below
~11.5 km in diameter, and likely removed all the craters below ~5.5 km
in diameter. After the impact event, the population of craters less than
~5.5 km in diameter began to build up again and followed the 3.80 Ga
isochron, which represents the AMA of the Orientale Basin according to
the interpretation to the CSFD including resurfacing event (Michael and
Neukum, 2010). Because the ejecta coverage is very uneven, the kink of
the crater size frequency distribution between two isochron curves is not
sharp although the emplacement is near instantaneous. It should be
noted that the fall-off at the smallest diameters (~1.6 km and less) is a
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consequence of the resolution limit of the LROC mosaic image used to
make the crater counts, and is a commonly observed effect.

Fig. 4 shows the dating result of each sub-sector in Fig. 2b. The dating
results are from 3.74 Ga to 3.85 Ga for Orientale Basin, and from 4.09 Ga
to 4.18 Ga for the terrain where Orientale Basin formed. The difference
is most likely from the unevenness of ejecta coverage, which makes it
difficult to completely separate superposed from underlying craters. The
thickness of coverage may vary from sector to sector. It is as expected
that the dating results of Orientale impact event and pre-Orientale sur-
face are generally consistent to those in Fig. 3, and the inconsistency is
from the counting areas and mapped craters as discussed before.

4. Implications to the Orientale Basin impact

Fig. 3 also provides information on the depth of the Orientale Basin
ejecta. It can be assumed an old terrain appears at ~ 4.14 Ga, and then
the impact for the formation of Orientale Basin happened at ~3.80 Ga.
Besides the many craters which are removed directly by the impact, pre-
existing craters surrounding Orientale Basin are covered by the thick
ejecta. For the largest craters with great depth, they can be still identi-
fied as exemplified by Darwin B Crater in Fig. 1b. As a result, a transition
interval between two isochrons appears in the CSFD. The transition in-
terval corresponds to the diameters of the buried pre-existing craters,
with its width depending mainly on the inhomogeneous depth of the
ejecta (other factors, such as the pre-existing topography and random
spatial distribution of the craters may also have contributed). For the
Orientale Basin, the transition interval of the crater diameters are
5.7-12.6 km. If 12.6 km is considered as the diameter of the largest
buried crater in the ejecta of Orientale Basin, the ejecta depth sur-
rounding the Cordillera Mountain ring would be ~2.52 km. This value is
13% smaller than that ~2.9 km estimated by Fassett et al. (2011) with
Lunar Orbiter Laser Altimeter (LOLA) data. This discrepancy may be
caused by the randomness of crater spatial distribution and inherent
uncertainty of the CSFD method, although it can give an estimation of
the ejecta depth surrounding one crater.

Analysis of the thickness of Orientale Basin ejecta can also provide
some information on the ejecta structure as a whole. However, it is
necessary to derive a representative thickness for the measured area
because of the existence of transition interval of the crater diameters. As
the ejecta thickness t may be represented by a power function of distance
from the crater center (McGetchin et al., 1973):

¢ = 0.14R"™ (%) o ¢h)

where r is the range measured radially from the center of the crater and
R is the crater radius (all measured in meters). The above equation can
be modified as:

r=R(0.14R"™) 1113 @

The thickness of the ejecta in the mid-point between the radial dis-
tances of r; and ry is:

-3.0
1, = 8(;;”3 + g”") 3

According to the scaling law (Melosh, 1989), the depth of the crater
is about 1/5 of the diameter. Therefore, the above equation can be
further modified with the transited crater diameters:

-=3.0
tw = 02(Do> + D) (4)
where Dpi, and Dpax correspond to the minimum and maximum
diameter of the transition interval, respectively. The parameter t;,
which is named average thickness, will be used to represent the thick-

ness of the ejecta in each sub-sector. In addition, if the different re-
lationships for the ejecta thickness and the distance from the crater
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Fig. 4. (continued).

center are adopted (e.g., Petro and Pieters, 2006), similar equations
would be derived with different powers in Eq. (4). The inherent signif-
icance of the above equation is the thickness of the ejecta at half of the
radial distance, if the craters are always randomly distributed.

As the transition interval of the crater diameters are 5.7-12.6 km for
the Orientale Basin, the representative depth of the ejecta is ~206 m.
Similar analysis can also be carried for the sub-sectors with the results
from Fig. 4. As shown in Fig. 4, the transitional diameter interval of each
sub-sector of Orientale Basin ejecta is different. Fig. 5 shows the derived
ejecta thickness within eight different sub-sectors, and Table 1 lists the
corresponding values.

It can be seen that the thicknesses of the ejecta in sub-sectors in South
(435 m), NorthEast (403 m), and North (403 m) are much larger than
that in other sub-sectors, and the ejecta in sub-sectors of SouthWest
(206 m), West (237 m), and East (313 m) are much thinner. The vari-
ation on thickness may imply that a forbidden zone has been developed
in the southeast during the Orientale Basin-forming impact. For simple
and complex craters, previous studies on ejecta formed by oblique
impact (e.g., Gault and Wedekind, 1978; Melosh, 1989; Schultz, 1999)
suggested that a wedge-shaped forbidden zone would develop uprange
when the incidence angle is between 45° and 20° in the situation of the
simple crater. In the case of large impact basins, it is reasonable to

conceive that some ejecta will also appear in the uprange of the crater
with similar impact conditions. Therefore, the result may be interpreted
that the Orientale Basin was most likely formed by an oblique impact
and the incidence angle possibly was between 45° and 20°.

On the impact direction, Schultz and Papamarcos (2010) deduced
the impact for Orientale Basin is from the northeast toward the south-
west according to the distribution of grooves and elongated secondaries.
Morse et al. (2018) believed that Orientale was formed by an oblique
impact from the northeast based on the lack of secondary impact crater
chains to the northeast. Guo et al. (2018) also deduced that the impact
for Orientale Basin is from the northeast based on the distribution
density of the secondaries. It can be seen that these studies are mostly
obtained from the secondaries of the Orientale Basin. However, in the
northeast of Orientale Basin, the maria basalt in Oceanus Procellarum is
widely distributed and most of their AMAs are younger than Orientale
Basin (~99.74%; Hiesinger et al., 2003). As a result, a significant frac-
tion of the secondaries in the northeast would be flooded by mare ba-
salts. The previous studies may have missed some secondaries and
derived inconvincible conclusion. The previous deduced impact direc-
tion is also inconsistent with the representative ejecta thickness of each
sub-sector derived in this study, i.e., the ejecta thickness is much higher
in the South, NorthEast, and North than that in the opposite sectors.
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Fig. 5. Variations of the average thickness of Orientale Basin ejecta in sub-
sectors. The thicknesses are derived from the minimum transition diameter of
the craters in Fig. 4 for each sub-sector. The corresponding values are listed in
supporting online material Table 1.

Table 1
Depth of the ejecta in eight sub-sections.

Sub-sector Diameter interval (km) Representative ejecta depth (m)
E 11.2-14.1 313
N 13.2-20.0 403
NE 13.5-19.5 403
NwW 9.2-11.7 259
S 15.2-20.0 435
SE 10.0-17.4 326
SwW 5.9-12.0 206
W 8.96-10.1 237

Therefore, we suggest that the interpretation on the impact direction
should be cautious and further studies are necessary on this topic.

5. Conclusion

In this research we mapped the craters on the entire Orientale Basin
ejecta, and the dating result with the crater counting method indicates
that Orientale Basin formed ;3.8073:3374 Ga ago on the y4.14—*3:33 Ga
old pre-existing lunar surface. The analysis of the knee points on sub-
divided counting areas provides information on the ejecta thickness of
Orientale Basin, i.e., the ejecta is much thicker in South, NorthEast, and
North and much thinner in SouthEast, NorthEast, and East. The ejecta
thickness estimates indicate that Orientale was most likely formed by an

oblique impact.
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