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Chang’e-5 (CE-5) is the first sample-return mission of China’s lunar exploration and will be launched in 
2020. The planned landing area is near Mons Rümker in Oceanus Procellarum. It is important to have 
a detailed geological analysis of the landing area prior to the lunar sample collection. The crater size-
frequency distribution curve, combined with radioisotope dating of components of the returned sample 
by CE-5, may allow a refinement of the lunar chronology function. Based on a digital orthophoto map 
with a pixel size of 1.5 m generated from more than 700 Lunar Reconnaissance Orbiter Camera Narrow 
Angle Camera images of the CE-5 landing area, all impact craters larger than 200 m in diameter were 
extracted. Using the resultant crater catalogue of 32,277 craters, a systematic analysis of the landing 
area including the crater distribution, morphology characteristics, and geologic model ages is conducted. 
The results show that craters smaller than 1,000 m are denser in the east and the west parts of the 
region, while those larger than 1,000 m tend to be more concentrated in the central part, particularly 
within the range of 61.5◦W–64.5◦W. Within nine geologic units divided using the spectral characteristics, 
the geologic unit of Em1 (Eratosthenian-aged mare, Em) near the Mons Rümker is the youngest with a 
model age of 2.02+0.16

−0.16 Ga. The three Rümker plateau (IR) units are the oldest parts of the landing area 
with the largest model age of 3.49+0.073

−0.12 Ga. The crater catalogue and the surface model age analysis 
results can contribute to the CE-5 mission as well as further scientific research.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The Chang’e-5 (CE-5) mission will be launched as soon as the 
Long March 5 rocket is prepared. The target area is near Mons 
Rümker in Oceanus Procellarum, which is a large area of lunar 
mare on the northwest region of the near-side Moon (Di et al., 
2018, 2019). It is China’s first sample-return mission and aims to 
return approximately 2 kg of lunar regolith and rock samples (Yue 
et al., 2019).

Impact craters are some of the most prominent surface features 
of terrestrial planets and can provide geologic information and in-
sights into the shallow subsurface structure of planetary bodies 
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(Wilhelms et al., 1978; Head et al., 2010). The crater size-frequency 
distribution (CSFD) measurement is an important technique used 
to derive relative and absolute surface model ages (e.g., Shoemaker 
and Hackman, 1962; Neukum and Ivanov, 1994; Hiesinger et al., 
2000, 2003; Michael and Neukum, 2010). Sample-return missions 
such as the CE-5 mission offer the possibility to provide a refine-
ment of the lunar chronology function (CF) if radioisotope ages 
obtained from components of the returned samples can be linked 
to the CSFD of a corresponding surface area. Craters are also po-
tential hazards for landing and therefore, a detailed crater database 
is important both for scientific research and for engineering safety.

Many global or local lunar crater catalogues have been estab-
lished using available data. For example, Losiak et al. (2009) in-
tegrated previously published data to develop a new lunar crater 
database including 8,680 craters with diameters ranging from 1 
km to 1,000 km. Head et al. (2010) established a global lunar 
crater catalogue with craters larger than 20 km, including an anal-
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Fig. 1. (a) The basemap of the CE-5 landing area with a pixel size of 1.5 m and generated from LROC NAC images (Di et al., 2018, 2019). (b) The involved geologic units (Qian 
et al., 2018) of the CE-5 landing area. The small areas exposed within the Em3 and Em4 units are several areas belonging to Ith and Idm units, which were excluded in the 
surface dating process. (c) The extracted craters (≥200 m) in the CE-5 landing area overlaying on the LROC NAC DOM mosaic. The Lambert conformal conic projection is 
adopted and north is up.
ysis regarding the crater distribution. Recently, Povilaitis et al. 
(2018) extended the craters’ diameters down to 5–20 km using 
the basemaps of the Lunar reconnaissance orbiter camera (LROC) 
Wide Angle Camera (WAC) mosaic (100 m/pixel) (Wagner et al., 
2015) and digital terrain model (DTM) (100 m/pixel) (Scholten et 
al., 2012), which involved 22,746 craters.

More detailed crater catalogues can be established both for the 
local and global lunar surface using high-resolution images and 
DTMs, for example from the LROC Narrow Angle Camera (NAC), 
the Kaguya Terrain Camera (TC), and the Chang’e-2 CCD camera. 
Based on the data from LROC WAC, LRO Lunar Orbiter Laser Al-
timeter (LOLA) and Kaguya TC, Robbins (2018) established a global 
lunar crater database of more than 2 million, within which 1.3 
million are larger than 1 km in diameter. For regions related to 
the CE-5 mission, Qian et al. (2018) used the Kaguya TC global 
morning image mosaic (Haruyama et al., 2008, 2014) to analyze 
the crater population in the Rümker region in northern Oceanus 
Procellarum and determine the absolute model ages of related ge-
ologic units. Wu et al. (2018) analyzed the crater and rock distri-
bution in the CE-5 landing area based on LROC NAC images. They 
detected 48,200 craters that were larger than 100 m.

In this study, we utilize a LROC NAC digital orthophoto map 
(DOM) mosaic (Di et al., 2018, 2019) and SLDEM2015 (Barker et 
al., 2016) to obtain a crater catalogue with crater diameters larger 
than 200 m in the CE-5 landing area. Considering the high spatial 
resolution and good illumination condition of the images used in 
generating the DOM mosaic, a reliable CSFD measurement can be 
expected. Furthermore, the depth of craters is automatically mea-
sured from the SLDEM2015. Based on the established crater cat-
alogue, the distribution and morphology characteristics of craters 
in the CE-5 landing area are analyzed and the model ages for the 
nine geologic units involved are estimated.

2. Data and method

2.1. LROC NAC images and SLDEM2015

To map craters in the CE-5 landing area, a high-resolution DOM 
mosaic of the landing area was generated using 765 LROC NAC im-
ages and SLDEM2015 (Fig. 1(a)). The SLDEM2015 was generated 
using a combination of LOLA and stereo-derived DTMs from the 
Kaguya TC images, which covers latitudes within ±60◦ . It has a 
pixel scale of 512 ppd (approximately 60 m at the equator) and 
a typical vertical accuracy of approximately 3–4 m (Barker et al., 
2016). Currently, the LROC NAC obtains the highest resolution lu-
nar orbital images, with the pixel size ranging from 0.5 m to 2.5 
m at different flight altitudes (Robinson et al., 2010).

The Experimental Data Record (EDR) level data were first down-
loaded from the Planetary Data System website (https://ode .rsl .
wustl .edu /moon/). The Integrated System for Imagers and Spec-
trometers (ISIS) software was then used to attach the SPICE kernels 
(NAIF, 2014) and make radiometric corrections for each image. A 
block adjustment was then applied to decrease the geometric de-
viation to the sub-pixel level of NAC images (Di et al., 2018, 2019). 
The block adjustment simultaneously solves the orientation param-
eters of the images and the ground coordinates of the tie points 
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that link the images together, to achieve high accuracy and consis-
tency in a least squares manner. Control points from SLDEM2015 
were also incorporated in the block adjustment so that geomet-
ric inconsistencies between SLDEM2015 and NAC images could be 
effectively removed. Finally, a geometrically seamless and radio-
metrically consistent DOM mosaic was produced with a pixel size 
of 1.5 m. The DOM mosaic covers an area of 443.7 km × 121.4 km 
and is centered at (43◦N, 59◦W). The detailed mapping method 
can be found in Di et al. (2018, 2019).

2.2. Crater mapping in CE-5 landing area

The craters within the CE-5 landing area were manually dig-
itized from the DOM mosaic with an ArcGIS extension named 
“CraterTools” (Kneissl et al., 2011). When manually digitizing the 
craters, the DOM mosaic is shown in a local tangent plane pro-
jection with the projection center at (43◦N, 59◦W) and thus the 
craters appear circular, making it convenient and precise for crater 
mapping. Three evenly distributed points on the crater rim were 
identified to derive the crater diameter with CraterTools, which in-
ternally ensured that the crater measurements were not affected 
by the map projection.

With manual measurements, the crater rim-to-floor depth can 
be automatically extracted from SLDEM2015 by an ArcGIS add-in 
developed by Liu et al. (2018). For each crater rim circle, eight 
evenly distributed profiles crossing the circle center were gener-
ated at an angular interval of 22.5◦ . From each profile, the local 
maximum of the topographic curvature was determined at the 
range of ±10% diameter around the manually selected crater rim. 
If the profile intersecting with other craters, the tool will automat-
ically remove these interfered rim points. End points are manually 
checked to ensure that they are indeed along the crater rim. Also, 
manual supplementation may be involved to guarantee that each 
crater has at least six rim points. Finally, crater depth could be 
obtained by calculating the average elevation difference between 
the rim and the floor of each profile. More details of the method 
can be found in Liu et al. (2018). It is notable that the automatic 
crater depth extraction process was limited by the resolution and 
height accuracy of SLDEM2015. Generally, the smallest crater di-
ameter that can be reliably resolved is at least eight pixels across 
(Garvin and Frawley, 1998; Robbins and Hynek, 2012; Gou et al., 
2018). Therefore, only craters larger than 480 m were involved in 
the automatic depth extraction process.

Secondary craters should be avoided in the surface dating pro-
cess because they form in large numbers nearly simultaneously, 
and therefore two surfaces of equal age may differ in crater spa-
tial density by several orders of magnitude (McEwen and Bierhaus, 
2006). The proportion (especially at less than 1 km in diame-
ter) and influence of secondary craters on planetary surface have 
been studied in many papers (e.g., Shoemaker, 1965; Neukum and 
Ivanov, 1994; Neukum et al., 2001; Hartmann, 2005; Quantin et 
al., 2007; Bierhaus et al., 2018). Generally, secondary craters oc-
cur in chains or clusters around their primary crater with irregu-
lar shapes, shallow depths, and herringbone ejecta patterns (e.g., 
Shoemaker and Hackman, 1962; Oberbeck and Morrison, 1973). 
However, many authors have pointed out that numerous small 
circular craters are hardly distinguished as primary or secondary 
craters from morphology alone (Soderblom et al., 1974; Wilhelms 
et al., 1978) and the identification of secondaries requires more 
dedication. In this study, all the craters in chains and clusters with 
irregular morphologies are mapped as secondary craters and ex-
amples can be seen in Fig. S1 of the supplementary file.

There are also several buried craters with shallow profiles and 
indistinguishable rim borders in this region. An example of the 
buried crater from NAC DOM mosaic and the SLDEM2015 can be 
seen in Fig. S2 of the supplementary file. These craters are older 
than others nearby and are covered by later volcanic lava flows. 
Therefore, they were also excluded when dating the surface.

2.3. Surface dating with craters

The principle of surface dating from the crater size-frequency 
distribution is that an aged surface suffers more impact events and 
accumulates more craters than a young surface. A relative surface 
model age can thus be determined. With the measured radioiso-
tope ages of returned lunar samples from the Apollo and Luna 
missions, an absolute model age can be calibrated, consisting of 
the production function (PF) and the chronology function (Neukum 
et al., 1975; Neukum, 1983; Neukum and Ivanov, 1994). The PF 
is established by crater diameter (D) and Ncum, which represents 
cumulative crater density of a geologic unit taken at a fixed refer-
ence diameter (usually 1 km and abbreviated as N(1) hereinafter). 
The deviation of N(1) in each geologic unit can reveal the relative 
age difference of these units (Neukum, 1983; Neukum and Ivanov, 
1994; Hiesinger et al., 2000).

To determine the surface model age with a CSFD measurement, 
the spatial density of primary craters at every diameter must be 
calculated (Shoemaker and Hackman, 1962; Boyce, 1976; Neukum 
and Ivanov, 1994; Hiesinger et al., 2000, 2003). It is important that 
the mapped craters for dating are within the same geologic unit, 
that is, accumulated on an area with the same initiation time. A 
geologic unit can often be understood from spectral and composi-
tional analyses of the surface.

In this study, we adopted the division results of geologic units 
from Qian et al. (2018), which were determined by the TiO2 and 
FeO contents, as well as a false color composite map from the 
Kaguya Multiband Imager data. There are mainly nine geologic 
units involved in the CE-5 landing area (Fig. 1(b)), including three 
Eratosthenian-aged mare (Em1, Em3, Em4) units, three Imbrian-
aged mare (Im1, Im2, Im3) units and three Rümker plateau (IR1, 
IR2, IR3) units. Within the Em3 and Em4 units, there are also sev-
eral dome units (Idm) and Kipukas/highlands (defined as Ith unit) 
interpreted to have been formed by the ejecta of the Imbrium 
basin by Qian et al. (2018).

Moreover, it is worth noting that the regions contaminated by 
secondaries should be and are excluded from the relevant geologic 
units when applying CSFD-based dating. The areas of identified 
secondary craters in this study are illuminated in Fig. S5. With the 
measured craters in each geologic unit, the absolute model ages 
can be assessed using the Craterstats2 tool (Michael and Neukum, 
2010; http://www.geo .fu -berlin .de/). The Ith and Idm unit-related 
areas and craters were excluded when dating the Em3 and Em4 
units. The lunar PF and CF in the dating process followed Neukum 
et al. (2001).

A Poisson timing analysis was used to analyze the crater pop-
ulation and obtain the surface model ages with uncertainties be-
cause it was independent of the binning width and the application 
of any type of curve fitting technique (Michael et al., 2016). The 
derived model age and uncertainties were represented in the per-
centile format (m ± σ ), with m being the model age at 50% (me-
dian) of the Poisson probability density function and ±σ being 
±34% either side of the median.

3. Results

3.1. Catalogue of craters in CE-5 landing area

There were 174,297 craters identified, of which 140,796 and 
32,277 craters were larger than 100 m and 200 m, respectively. 
The mapped results are shown in Fig. 1(c) with the background 
of the LROC NAC DOM mosaic. There are a number of secondary 
crater clusters distributed in the research area, which may have 
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Fig. 2. The (a) incremental and (b) cumulative size-frequency distributions of craters in the established catalogue with the diameter interval set to be 
√

2D in a log-log plot. 
Note that the diameter axis is the crater median in each bin, which shifts the curves slightly to the larger craters (Robbins et al., 2018). (c) The incremental size-frequency 
distribution established by robust kernel density estimation (Robbins et al., 2018).
been produced by the craters Copernicus, Harpalus, and Pythagoras 
(Scott and Eggleton, 1973; Qian et al., 2018). With the easily appli-
cable criteria of irregular shape, clumped distribution and auxiliary 
information of shallow depth, we manually identified 7,783 and 
4,274 secondary craters larger than 100 m and 200 m, respectively, 
of which 84 were larger than 1 km with the largest diameter be-
ing approximately 3 km. These secondary craters and their related 
areas were excluded from obtaining the model ages. The appar-
ent vertical striping at the left-hand side of Fig. 1(a) (albedo) and 
Fig. 1(c) (mapped crater density) is due to variable ray density.

The completeness of a crater database describes the minimum 
size that contains all existing craters (Robbins, 2018), and has been 
obtained by several different ways in previous researches. For in-
stance, completeness size was determined from the slope change 
of a cumulative crater size-frequency distribution in Salamunićcar 
et al. (2012). Robbins and Hynek (2012) adopted the definition that 
the crater database is complete at one diameter bin larger than 
that with most craters from an incremental size-frequency distri-
bution (ISFD). In Robbins (2018), the value is estimated by Nth 
diameter bin larger than where the derivative of the slope is zero 
in an ISFD.

The size-frequency distributions of craters in our catalogue are 
depicted in Fig. 2 with incremental and cumulative formats, re-
spectively. The diameters (D) of the craters were binned in 

√
2D

intervals. The bin with the largest crater number in Fig. 2(a) has 
a diameter of ∼100 m, thus the database can be considered com-
plete in ∼150 m with the definition in Robbins and Hynek (2012). 
By using the method in Salamunićcar et al. (2012), the complete-
ness size can be found to be about 100 m from Fig. 2(b). The 
zero-slope derivative method by Robbins (2018) indicates that the 
completeness is ∼200 m (Fig. 2(c)). To be rigorous, the complete-
ness diameter of our crater database is defined as 200 m. Further-
more, Fig. 2 also indicates that the number of craters decreased in 
a power-law trend with the crater size increasing within the diam-
eter range of 100 m–3.2 km.

The crater spatial density was calculated on a per km2 basis 
with the spot size of 1 km × 1 km and a search radius of 5 km for 
200 m–1 km craters and 10 km for craters ≥ 1 km. Crater spatial 
densities for diameters larger than 200 m and 1,000 m are shown 
in Fig. 3, respectively. There were 233 craters larger than 1,000 m, 
which was 0.7% of the craters larger than 200 m. The blank areas 
at the borders of Fig. 3 (c) and (d) were caused by the absence of 
craters larger than 1,000 m. The low-density areas in Fig. 3 (a) and 
(b) were generally within Mons Rümker and around large craters, 
that is, Harding D, Dechen B, and several Rümker craters. There 
were more craters with D < 1,000 m in the catalogue distributed in 
the east and the west parts compared with the center area (56◦W–
60◦W). Conversely, craters larger than 1,000 m were predominantly 
in the central part of the landing area, 61.5◦W–64.5◦W in particu-
lar. Most of the high-density areas within 62◦W–64◦W, regardless 
of being smaller sized (200 m–1 km) or larger sized (≥1 km) cor-
responded to secondary crater clusters or chains (Fig. S1).

The number of craters in each geologic unit was also counted 
and listed (Table 1). The Im2 unit had the highest crater numbers 
in all diameter ranges, which was about 45.5% of the total craters 
larger than 200 m, being the largest of the nine geologic units in 
the CE-5 landing area. Eight of the top ten largest craters were on 
Im2 units, including the largest, Harding D crater, which has a di-
ameter of 6.37 km and a depth of 1.27 km and the second largest, 
Dechen B crater, which has a diameter of 5.52 km and a depth of 
1.02 km. The crater spatial density in each geologic unit was cal-
culated by dividing the number of craters by the area (Table 2) in 
each geologic unit. The Em4 and Im3 units had the highest crater 
spatial density, both of which are located in the east of the land-
ing area. The results are consistent with those shown in Fig. 3. The 
Im2 unit had an intermediate crater spatial density, due to the fact 
that it contained more >1,000 m craters than other geologic units.

The crater depth (d) was estimated with the assistance of SL-
DEM2015 as described in Section 2.2. Considering the pixel scale 
of the SLDEM2015, depths were estimated only for craters with 
diameters larger than 480 m. The SLDEM2015 has a typical ver-
tical accuracy of approximately 3–4 m (Barker et al., 2016) and 
therefore craters with depths larger than 12 m were used for sub-
sequent analysis. The final number of craters with depth measure-
ments was 2,566, with the depths ranging from 12 m to 1,274 m. 
Most of the craters (97%) had depths of less than 200 m. Only two 
craters were deeper than 1 km, with the third-deepest crater be-
ing 657 m. Fig. 4 shows the crater depth distribution with a depth 
interval of 50 m.

The relationship between crater diameter and depth has been 
widely used to describe the shape of craters such that the depth-
diameter (d-D) ratio is considered an important morphologic pa-
rameter. The d-D ratios of 2,566 craters were calculated (the his-
togram is shown in Fig. S4) and primary and secondary craters 
were analyzed separately. As shown in Fig. 5(a), the diameters and 
depths for both the primary craters and secondary craters had the 
positive correlation within the size range of 0.48 km-6 km. The 
secondary craters had relatively smaller power-law slopes (0.12) 
compared with those of primary craters (0.19). Fig. 5(b) indicates 
that primary craters generally had larger d-D ratios than secondary 
craters. This is consistent with previous research (Pike, 1977; Pike 
and Wilhelms, 1978).
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Fig. 3. Crater spatial densities in the CE-5 landing area. (a) crater spatial density including all craters within 200 m–1 km, (b) crater spatial density with D within 200 m–1 
km excluding possible secondary craters, (c) crater spatial density including all craters with D ≥ 1 km, (d) crater spatial density with D ≥ 1 km excluding possible secondary 
craters. The Lambert conformal conic projection is adopted and north is up. Note that the colors represent different density values in different plots. (For interpretation of 
the colors in the figure(s), the reader is referred to the web version of this article.)

Table 1
Number of craters in each geologic unit. The percentiles represent the ratio between the number 
of craters in each group and the total number of craters (≥200 m) in all nine geologic units. The 
crater spatial density was calculated by dividing the crater number by the area (Table 2) in each 
geologic unit.

Geologic Unit Crater number Crater spatial density (km−2)

200 m–1 km >1 km Total Fraction 200 m–1 km >1 km

Em1 279 1 280 1.0% 0.491 0.002
Em3 1290 9 1299 4.6% 0.457 0.003
Em4 10123 29 10152 36.0% 0.593 0.002
Im1 2570 16 2586 9.2% 0.548 0.003
Im2 12652 155 12807 45.5% 0.490 0.006
Im3 535 9 544 1.9% 0.597 0.010
IR1 164 5 169 0.6% 0.229 0.007
IR2 216 1 217 0.8% 0.462 0.002
IR3 108 2 110 0.4% 0.352 0.007
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Table 2
Surface model age dating results of the nine geologic units in this research and results from existing literatures 
are listed for comparison.

Geologic 
Unit

Area 
(km2)

N(1)
(×10−3 km2)

Model age
(this study; Ga)

Model age 
(Hiesinger et 
al., 2003; Ga)

Model age 
(Qian et al., 
2018; Ga)

Model age 
(Wu et al., 
2018; Ga)

Em1 568 1.70 2.02+0.16
−0.16 2.30+0.10

−0.10 2.03+0.33
−0.33

Em3 2823 2.13 2.54+0.41
−0.50 1.51+0.07

−0.07 2.06+0.24
−0.24

Em4 17074 1.74 2.07+0.026
−0.027 1.33 1.21+0.03

−0.03 1.49+0.17
−0.17

Im1 4690 2.99 3.23+0.035
−0.042 3.47 3.42+0.02

−0.02 3.48+0.03
−0.04

Im2 25808 3.10 3.27+0.022
−0.025 3.44 3.39+0.02

−0.02 3.47+0.02
−0.02

Im3 896 3.48 3.35+0.053
−0.079 3.40 3.16+0.06

−0.09

IR1 715 3.96 3.42+0.10
−0.21 3.71+0.04

−0.05 3.57+0.04
−0.05

IR2 468 4.42 3.47+0.061
−0.11 3.58+0.03

−0.04 3.58+0.04
−0.05

IR3 307 4.65 3.49+0.073
−0.12 3.51+0.04

−0.06 3.62+0.02
−0.02
Fig. 4. Crater depth (D ≥ 480 m) distribution of CE-5 landing area in a log-log plot. 
There were 2,566 craters catalogued with a depth interval of 50 m. Crater depth in 
the horizontal coordinate refers to the middle value of each bin, which shifts the 
curves slightly to the deeper craters (Robbins et al., 2018).

3.2. Surface model ages of CE-5 landing area

The absolute model ages of the nine geologic units were ob-
tained from CSFD measurements with the assistance of the Crater-
Stats2 tool (Michael and Neukum, 2010). The PF and CF were 
adopted from Neukum et al. (2001). A differential plot was adopted 
to exhibit the CSFD, which is useful for identifying possible partial 
resurfacing events (Michael and Neukum, 2010).

A number of secondary craters are present in the research area 
(see Fig. S1). These secondary craters were excluded in surface dat-
ing of the region. The dating results were plotted in Fig. 6 and 
listed in Table 2. The existence of secondary craters mostly affected 
the dating results of Em3, Em4 and the three Imbrian-aged mare 
units.

In Fig. 6, the crater data points used for fitting are marked as 
black solid squares, and the fitted dating curves are shown as thick 
black lines. Because larger craters can endure for a longer time 
and are therefore more likely to hold the best record of the sur-
face formation time, in principle as many as larger craters should 
be incorporated in surface dating. It can be seen in Fig. 6 that all 
the large craters are included in fitting the dating curves in this 
study. All the large craters take effect in the fitting though some 
of them may not fall exactly on the fitted solid black lines. It is 
worth noting that some data points in the small end of the crater 
bin were not used in the curve fitting through selection of fit-
ting range, so that a more accurate fitting can be achieved, i.e., 
the fitted curve is closer to data points of medium and large sized 
craters. For comparison purpose, dating curves by using all craters 
larger than the completeness diameter (200 m) are provided in 
the supplemental material. It can be observed that including those 
small craters would make the model age younger; this may be at-
tributed to the effect of resurfacing and/or saturation equilibrium 
(Michael and Neukum, 2010).

The three Eratosthenian-aged mare units (Em1, Em3 and Em4) 
were the relatively young units in the research area and Em1 
was the youngest unit of the entire region with a model age of 
2.02+0.16

−0.16 Ga. The three Rümker plateau units (IR1, IR2 and IR3) 
were the oldest units and all were older than 3.40 Ga. The three 
Imbrium-aged mare units had surface model ages occurring be-
tween these values. The detailed comparisons of the dating results 
within the CE-5 landing area with other studies are described in 
Section 4.2.

4. Discussion

4.1. The analysis of crater depth-diameter ratio in CE-5 landing area

Pike (1977) revealed that typical lunar simple craters (D<15 
km) have the depth-diameter ratios of about 0.2. Daubar et al. 
(2014) used the small craters measured from Apollo-15 landing 
area and Mare Ingrenii to analyze the d-D ratio and the results 
showed that, within the diameter range of 17.01 m–918.56 m, the 
average d-D ratio is ∼0.1. Sun et al. (2018) investigated d-D ratios 
of fresh craters with diameters smaller than 1 km, resulting the 
d-D ratios ranging from ∼0.1 to ∼0.2.

As shown in Section 3.1, the d-D ratios in this study are smaller 
than the above results, which vary from 0.02 to 0.22. The main 
reason is that previous researches concerned the d-D ratio of fresh 
craters, which generally have the characteristics of crisp rims, con-
tinuous ejecta fresh in appearance, and/or rays around the craters 
(Pike, 1977; Sun et al., 2018). However, craters in this study con-
tain many degraded craters besides some pristine ones. Fig. 7
shows some craters with low d-D ratios; they are heavily degraded 
with craters B–E identified as secondary craters in this study.

4.2. Dating results compared with previous studies

Several studies have reported the surface model ages of the CE-
5 landing area (see Table 2). Hiesinger et al. (2003) performed a 
CSFD measurement in Oceanus Procellarum and the model ages 
of four relevant geologic units are listed for comparison. Qian et 
al. (2018) investigated the Rümker region, which incorporated the 
research area in this study, and also found absolute model ages 
of 10 geologic units in the region. However, their research area 
(39◦–46◦N, 48◦–70◦W) was larger than that of this study. The 
Morning Map data from Kaguya TC images were used to map the 



M. Jia et al. / Earth and Planetary Science Letters 541 (2020) 116272 7

Fig. 5. The relationships between the crater diameter and (a) the crater depth (in a log-log plot), (b) d-D ratio, respectively. The results for primary craters are shown in red 
while the results for identified secondary craters are shown in black. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
craters in their research, with a pixel size of ∼10 m (Haruyama et 
al., 2008, 2014) and it is expected that their identification of the 
smallest craters may not be as precise as that in this research. Fur-
thermore, the limited information about the craters (e.g., the size 
range and the treatment about secondary craters) used for dating 
in Qian et al. (2018) makes a detailed comparison to check the 
reasons for the model age difference difficult.

Wu et al. (2018) performed related work regarding the CE-5 
landing area based on the LROC NAC images; however their re-
search area (53◦–63◦W, 41◦–44◦N) was smaller than that of this 
study. An automatic crater detection method (Wang and Wu, 2018) 
in conjunction with manual checking was used to map craters 
larger than 100 m and there were 48,200 craters obtained in 
their research, which is approximately one third of the number 
of craters obtained here (Section 3.1). This was probably caused by 
the behavior of the automatic crater identification algorithm: pos-
sibly only craters with sharp rims and regular morphology were 
identified and thus they could only use a fraction of the craters of 
D ≥ 500 m for the CSFD analysis. They also adopted similar geo-
logic units to Qian et al. (2018) and their dating results are listed 
in Table 2.

For the relative model age of different geologic units, we 
reproduce the results of previous studies indicating that the 
Eratosthenian-aged mare units are the youngest, followed by the 
Imbrian-aged mare units, while the Rümker plateau units are the 
oldest. Nevertheless, smaller differences still exist, with the most 
likely explanation being the different treatment of the secondary 
craters. Setting a diameter threshold to exclude the secondary 
craters, such as in Wu et al. (2018), is a method that is com-
monly used (e.g., McEwen and Bierhaus, 2006), but may not be 
the optimal strategy in the CE-5 landing area. As we (Section 3.1
and Fig. 5) and other researchers have found, there are many sec-
ondary craters larger than 500 m, and they should also be excluded 
from dating of the units. Although Wu et al. (2018) implemented 
manual checking to exclude larger secondary craters, details were 
not given.

The selection of the crater diameter range representative of 
the PF is also an important reason for the discrepancies between 
different studies. In our study, all the measured craters in each 
geologic unit, after excluding possible secondary craters, are ex-
hibited in Fig. 6; the diameter range has been set for each geologic 
unit in such a way that all the large bins are included and some 
small bins are excluded to reach a best fit, i.e., the fitted curve is 
closer to medium and large sized craters. The comparison in the 
supplemental material indicates that the dating results reported 
in this manuscript should be more accurate than that using all 
craters larger than the completeness diameter. One divergent case 
between the existing studies and our results can be found in the 
Em1 unit from Qian et al. (2018) and the Em4 unit from Wu et 
al. (2018). Their fitted curves do not fit as closely for the larger 
craters.

The definition of the geologic units also has an effect on the 
dating results. Although Wu et al. (2018) and our study adopted 
the geologic units from Qian et al. (2018), there are some dif-
ferences in the treatment of the enclosed kipuka/highland-related 
areas in the Em3 and Em4 units. In our study, these areas were 
excluded, causing an adjustment to the total area, while Wu et al. 
(2018) included them in the Em3 and Em4 units. Besides, whether 
one removes areas occupied by secondary craters when calculating 
a crater spatial density can also lead to the model age disagree-
ment. Other possible reasons for the dating deviations may be 
factors such as the number of craters involved and differently cal-
culated count areas for the same unit.

4.3. Potential application in future

The establishment of the lunar cratering chronology is based 
on the combination of radioisotope ages from the lunar returned 
samples and crater counts of the landing sites (Papanastassiou 
and Wasserburg, 1971; Neukum, 1983; Neukum and Ivanov, 1994; 
Hiesinger et al., 2003). CE-5 is a sample-return mission and the ra-
dioisotope dating of components from the samples may be able to 
provide additional absolute age calibrations for the lunar chronol-
ogy function. Therefore, the crater database and the produced 
crater size frequency distribution in this research may provide im-
portant information to refine the CF.

Besides this, craters are potential hazards for landing. The crater 
database, as well as the analysis of the crater morphology and dis-
tribution, can be a valuable aid for landing site selection to ensure 
the safety of the mission.

5. Conclusion

This study has established a catalogue for craters larger than 
200 m in the CE-5 landing area based on a LROC NAC DOM mo-
saic with a pixel size of 1.5 m. The crater parameters such as 
diameter, center latitude and longitude, and depth (D ≥ 480 m) 
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Fig. 6. Dating curves of the nine geologic units excluding possible secondary craters. The crater data points effective for fitting are marked as black solid squares, which are 
all within the ranges of the fitted dating curves shown as thick black lines. The corresponding isochrons are displayed as gray lines. Data points of small craters not included 
in fitting are marked as hollow squares.
are included in the database. The crater morphology and distribu-

tion in this region is analyzed based on the database. The crater 
size-frequency distribution was used to obtain the absolute model 
ages of nine geologic units in the region with higher accuracy than 
previously. The results indicate that the oldest unit in this region 
is one of the Rümker plateau units (IR3) with the model age of 
3.49+0.073

−0.12 Ga, while the youngest unit is an Eratosthenian-aged 
mare unit (Em1) with the model age of 2.02+0.16

−0.16 Ga. The estab-

lished crater database and the obtained model ages are useful for 
the CE-5 mission and subsequent scientific research.
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