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Abstract

:

The Chang’e-4 (CE-4) lunar probe, the first soft landing spacecraft on the far side of the Moon, successfully landed in the Von Kármán crater on 3 January 2019. Geological studies of the landing area have been conducted and more intensive studies will be carried out with the in situ measured data. The chronological study of the maria basalt surrounding the CE-4 landing area is significant to the related studies. Currently, the crater size-frequency distribution (CSFD) technique is the most popular method to derive absolute model ages (AMAs) of geological units where no returned sample is available, and it has been widely used in dating maria basalt on the lunar surface. In this research, we first make a mosaic with multi-orbital Chang’e-2 (CE-2) images as a base map. Coupled with the elevation data and FeO content, nine representative areas of basalt units surrounding the CE-4 landing area are outlined and their AMAs are derived. The dating results of the nine basalt units indicate that the basalts erupted from 3.42 to 2.28 Ga ago in this area, a period much longer than derived by previous studies. The derived chronology of the above basalt units establishes a foundation for geological analysis of the returned CE-4 data.
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1. Introduction


Chang’e-4 (CE-4) was the second soft landing mission in the China’s Lunar Exploration Program, and the probe successfully landed on the far side of the Moon in the Von Kármán crater inside the South Pole-Aitken (SPA) basin on 3 January 2019 [1,2]. The Yutu-2 rover was then successfully released from the lander on the same day, and it is still working as of now. The SPA basin is an elliptical impact basin with axes measuring 2400 × 2050 km [3], and it is considered as one of the three major lunar terranes according to its unique geochemistry and petrologic history [4]. Using three-dimensional numerical impact simulations, ref. [5] demonstrates that the SPA must have sampled the Moon’s upper mantle to depths of 100 km. Therefore, a number of fundamental lunar science questions, such as the composition of the lunar upper mantle [6] and the reason that far side maria differ from their near side counterparts [1], are expected to be addressed with the returned CE-4 data. As a result, many studies related to the CE-4 landing area have been recently carried out (e.g., [7,8,9,10,11,12,13]), and more works are in progress with the returned CE-4 data. To support reliable analysis and interpretation of the scientific data from the CE-4 mission, it is necessary to create a reliable chronology of the geological units surrounding the CE-4 landing area.



Chronology here refers to the occurrence order of a series of geological events, and the occurrence of the geological events can be expressed with the absolute age or the relative age. Figure 1 shows the context of the CE-4 landing area. The local relative chronology surrounding the CE-4 landing area may be determined according to the superpositional relationships of different geological units. However, determining their absolute model ages (AMAs) is always preferable and particularly important when it is difficult to derive the relative ages between two non-adjacent geological units [14]. The principle of determining the AMA of lunar geological units was elaborated in [15] and was the subject of many papers (e.g., [14,15,16]). The rationale of the approach is to fit the observed crater size-frequency distribution (CSFD) of a counting area that represents the geological unit to a known crater production function (PF) (e.g., [17]), which is further used to derive the AMA along with a chronology function (CF) calibrated to radiometric dating from lunar samples [16]. Currently, the method has been widely used in dating lunar mare basalts, e.g., [17,18,19]. With this method, the AMA of the mare unit on the floor of Von Kármán crater has been derived as 3.35 Ga [20], 3.6 Ga [7], and 3.15 Ga [21]. However, the mare surface on the floor of Von Kármán crater was interpreted to be emplaced by one episode of basaltic volcanism in these studies, which can only give a rough estimation of the average AMA of the maria basalt. As to the mare deposits in Von Kármán M crater [20], an AMA of 3.38 Ga was derived, while [21] mapped two mare basalt units in Von Kármán M crater and derived AMAs of 3.38 Ga and 3.52 Ga, respectively. In addition, the AMA of the basalt unit in Leibnitz crater was derived as 3.44 Ga [20] and 3.37 Ga [21]. The mare basalt in Leibnitz X crater (the crater diameter is about 19.71 km), which is inside Leibnitz crater, was dated as 3.68 Ga [21]. The different dating results of the above studies to the same maria unit may arise from the different data sources and counting areas. Therefore, a strict basalt unit mapping and AMA dating is urgent for the analysis of data acquired by the CE-4 rover. In addition, because there are many ejecta in this area, CE-4 rover would probably encounter the fragments from the maria basalts nearby. Thus, the AMAs of them are also necessary to understand the whole history of the basalt formation in this area.



In this research, nine basalt geological units were mapped in the CE-4 landing area according to the difference of brightness, FeO content, and the topography. Superposed craters in the counting areas used for deriving the AMAs of the above geological units were mapped in mosaics generated from the Chang’e-2 (CE-2) digital orthophoto map (DOM) [22]. The AMAs of all the nine measurement areas were obtained with the CSFD method.




2. Materials and Methods


2.1. Data


Craters for dating AMAs were mapped in a DOM mosaic generated from CE-2 orbital images. CE-2 mission was China’s second lunar spacecraft and it was launched on 1 October 2010. The onboard stereo camera obtained high-resolution images, and the returned data were processed with radiometric, geometric, and photometric calibration [22]. A DOM was finally generated with a resolution of ~7 m/pixel and divided into multiple regions. The data are now publicly available through the Data Release and Information Service System of China’s Lunar Exploration Program (http://moon.bao.ac.cn, accessed on 15 November 2021). Twelve DOM files were downloaded and merged to produce a DOM mosaic in ArcGIS®.



The merged digital elevation model from the Lunar Orbiter Laser Altimeter and SELENE Terrain Camera (designated as “SLDEM”) [23] was used for topographic analysis of the geological context surrounding the CE-4 landing site. The product has a typical vertical accuracy of ~3–4 m and a resolution of ~42 m/pixel around the CE-4 landing area [23]. To reveal the topographic detail of the region, the SLDEM was color coded and was registered.



The FeO content product derived from the Kaguya Multiband Imager data [24] is also used to evaluate the boundaries of maria basalt units in this research. The product is released with a spatial resolution of ~60 m/pixel between 50° N and 50° S and nine maria basalts units studied in this research are included.




2.2. Methods


The process of determining the AMA of the geological unit includes mapping the surface unit and identifying the superposed craters. The AMAs can be derived by comparing the CSFD of the counted craters with the CF [15]. Here, we present the principles of mapping the measurement areas and the crater counting method. We used Craterstats (http://www.geoinf.fu-berlin.de/mex4/software/craterstats2/, accessed on 15 November 2021) to derive the AMA of each geological unit [25].



2.2.1. Maria Basalt Measurement Areas Mapping


It only makes sense to assess the AMA of a surface with the same geological history, i.e., a geologically homogeneous region that had undergone the same geological processes [25]. Significant interruptions to the homogeneity should be considered as another geological unit. For the maria basalt in this study, this means only one episode of basaltic volcanism should be emplaced in each geological unit.



In maria units mapping, the brightness differences, spectral ratios, FeO and TiO2 contents, and morphology have usually been used to ensure homogeneity of the investigated basalts, e.g., [17,18,19,26,27,28]. In this study, we combined the derived FeO content, brightness difference from CE-2 DOM mosaic, and topographical difference from SLDEM to map the maria basalt units. The mapped measurement areas are the intersection of these above products if they are inconsistent. In addition, areas with identifiable secondary craters should be excluded in the geological mapping [25]. Finally, nine maria basalt units were outlined see below.




2.2.2. Crater Counting


The craters superimposed on the measurement areas have been mapped on the CE-2 DOM mosaics with the ArcGIS add-in “CraterTools”, which measures crater diameter correctly regardless of map projection [29]. CraterTools can work well with three reference points on the crater rims, even for craters where a part of the rim is obscured or even absent. When manually digitizing a crater, the three points on the crater rim should be as evenly distributed as possible, which can give the minimum error [30]. The secondary craters should be excluded in the dating process [31,32], and they are usually recognized in chains or clusters with irregular shape. This judgement is inevitably subjective, and we have conducted an analysis of spatial randomness and clustering of the mapped craters superimposed on each geological unit following the method of mean closest two neighbors’ distance (MC2ND) [32].






3. Results


3.1. Maria Basalt Units in Von Kármán Crater


The floor of Von Kármán crater (Figure 2) was mapped as mare basalts by [33], and the crater floor has significantly higher FeO contents than the surrounding terrain (Figure 2C). However, the crater floor is extensively overprinted by ejecta from nearby craters [34], making the FeO content much lower in the northern and eastern part of the crater floor. In addition, the fresh Zhinyu crater obviously excavated mare basalt deposits from the subsurface resulted in much higher FeO content (Figure 2C). Thus, we selected a small area labeled as ‘a’ in Figure 2 to date the maria basalt in the Von Kármán crater floor (Figure 2A,D). Figure 2B shows two local upland structures in the SLDEM, and they are more clearly shown in Figure 2E,F, respectively. In this research, they are mapped as units ‘b’ and ‘c’ for subsequent surface dating.



Our CSFD measurements of the mare units inside Von Kármán crater show AMAs of 3.42 Ga, 3.34 Ga, and 3.34 Ga for the basalt units ‘a’, ‘b’, and ‘c’, respectively (Figure 3). The analysis results of spatial randomness and clustering of the mapped craters are on the top of each group of CSFD fitting curve. It is clear that, for the crater diameters used for surface dating, almost each of the MC2ND of the mapped craters falls within ±3σ of the expectation value derived from Monte Carlo simulation, indicating that the spatial distribution of the mapped craters is random. Figure 3 also includes the areas of the counting regions, with the values ranging from 138 km2 to 267 km2.




3.2. Maria Basalt Units in Von Kármán M Crater


Most of the floor of Von Kármán M crater is superposed by Von Kármán crater, and the exposed southern half of the crater is filled with mare basalts [33]. The eastern part of the floor is covered by the ejecta from Alder crater (Figure 1), and there are several massifs protruding from the basalt units (Figure 4A). Similar to [21], two basalt units are mapped in this study (Figure 4), in which the raised massifs are excluded. The basalt units are relatively flat, and the topography gradually rises up from southeast to northwest (Figure 4B). The FeO contents of the basalt units are obviously much higher than surrounding terrains (Figure 4C).



The CSFD measurements of the mare units in Von Kármán M crater show AMAs of 2.36 Ga and 2.28 Ga for the basalt units ‘d’ and ‘e’, respectively (Figure 5). For the basalt unit ‘d’ (counting area is 2320 km2), the minimum result of the random analysis is about −6σ of the expectation value derived from Monte Carlo simulation at the diameter of ~144 m, and the random analysis results for D >= ~200 m are within ±3σ of the expectation value. The minimum diameter for fitting the isochron line is at ~400 m in this study, which thus does not affect the reliability of the dating results. For the basalt unit ‘e’ (counting areas is 59.3 km2), the analysis results of spatial randomness and clustering of the mapped craters fall within ±3σ of the expectation value derived from Monte Carlo simulation for all the diameters. The AMA difference (0.08 Ga) between the two basalt units is small, indicating the basalt in these two areas are probably from one episode.




3.3. Maria Basalt Unit in Hess Z Crater


Figure 6 shows the mapped basalt unit (counting area is 530 km2) and the derived AMA in Hess Z crater. The southeastern part of the Hess Z crater rim was destroyed by the ejecta from the Hess crater nearby, which was superposed by the basalt herein. There are several clustered secondaries in the eastern floor of the Hess Z crater, which are deliberately avoided when map the countering area. The mapped basalt unit is relatively flat, although the topography is gradually lowered from east to west.



The CSFD measurement of the mare unit in Hess Z crater shows an AMA of 3.23 Ga (Figure 6). The mapped craters are randomly distributed in the counting area, as indicated by the spatial randomness and clustering analysis result (Figure 6).




3.4. Maria Basalt Unit in Davisson Crater


Most of the floor of Davisson crater is covered by basalt, as indicated by the high FeO content (Figure 7C). A central peak protrudes above the floor and several chained ejecta are distributed in the southeastern of the crater floor. They are deliberately excluded when mapping the counting area (Figure 7A). The mapped basalt unit is relatively flat, and it is lowest in the southern part of the floor (Figure 7B).



The CSFD measurement of the mare unit in Davisson crater shows an AMA of 3.27 Ga (Figure 8). For the craters used for dating, the MC2ND of the mapped craters falls within ±3σ of the expectation value derived from Monte Carlo simulation, indicating mapped craters in the counting area are random in spatial distribution.




3.5. Maria Basalt Units in Leibnitz and Leibnitz X Crater


The southeast part of the Leibnitz crater is superposed by the ejecta from Finsen crater (Figure 1), and a large amount of linear ejecta are distributed in the floor of Leibnitz crater (Figure 9A). Thus, we carefully selected a small area in the north part of the crater floor as the counting area, which is covered by basalts as proven by the much higher FeO content than surrounding ejecta (Figure 9C). It is interesting to note that the north part is higher than the south part in the floor of Leibnitz crater (Figure 9B), although the ejecta is from south.



Leibnitz X crater is in the northwest of Leibnitz crater floor, and the floor of Leibnitz X crater can be divided into two parts according to the brightness difference (Figure 9A). We selected the east part of the floor as the counting area, which also has a higher FeO content than the west part (Figure 9C). The selected counting area seems unaffected by the linear ejecta from the Finsen crater. It is more interesting to note that the whole Leibnitz X crater, including its floor, is much higher than the surrounding terrains (Figure 9B). In addition, the FeO content of the maria in the counting area for Leibnitz X crater (Figure 9C) is lower than that for Leibnitz crater, indicating they are probably from different sources.



The CSFD measurements of the mare units in Leibnitz and Leibnitz X craters show AMAs of 2.61 Ga and 3.05 Ga (Figure 10). For the basalt unit in Leibnitz crater (i.e., unit ‘h’ in Figure 9), the random analysis is about −6σ of the expectation value at the diameter of 144 m, and the random analysis results for D >= ~400 m are within ±3σ of the expectation value. Therefore, this again does not affect the reliability of our dating results, as the minimum diameter for fitting the isochron line is at ~400 m. For all the counted craters in the mare unit in Leibnitz X crater (i.e., unit ‘i’ in Figure 9), the spatial randomness and clustering analysis result of the mapped craters falls within ±3σ of the expectation value derived from Monte Carlo simulation. It is obvious that the basalt unit in Leibnitz X crater is older than that in Leibnitz crater. Given this, coupled with the difference in FeO content, it is reasonable to conclude that they formed in two episodes of basalt formation.




3.6. Overview for AMAs of Basalt Units Surrounding CE-4 Landing Site


Table 1 lists all the derived AMAs for the basalt units mapped in this study, and the N(1), i.e., the number of craters with a diameter larger than or equal to 1 km per km2, derived by fitting a polynomial proposed in [36] to observed CSFDs, is also included for convenient comparison with other studies. The youngest basalt unit (i.e., unit ‘e’) is in the Von Kármán M crater, and unit ‘d’ in Von Kármán M crater is the second youngest among the studied basalt units. This perhaps certificates that the basalt inside Von Kármán M crater formed later than that in other places in the study region. Basalt unit ‘h’ in Leibnitz crater floor is the third youngest among the basalt units, and they are the only three basalt units younger than 3.0 Ga in this study. The oldest basalt unit ‘a’ is in the Von Kármán crater floor, which has an AMA of 3.42 Ga, and the three basalt units in the Von Kármán crater floor are the three oldest in this study. The similarity of the derived AMAs of the three basalt units inside Von Kármán crater indicates that the basalt should be first emplaced in the Von Kármán crater floor in this area. The second oldest basalt unit is in Davisson crater floor, and the above four basalt units belong to the Late Imbrian while others belong to Eratosthenian, according to [26].





4. Discussion


4.1. Comparison with Previous Studies


Table 1 also lists the dating results in previous studies. For the maria in Von Kármán crater, the dated AMAs range from 3.34 to 3.42 Ga for the three counting areas mapped in our research. The results are similar to the previous results (3.26 Ga for [26]; 3.35 Ga for [20]; 3.6 Ga for [7]; 3.15 Ga for [21]). Thus, we have much confidence to analyze the data returned by CE-4 rover, which is now traversing to this area. For the results of maria in Hess Z crater, there is also not too much difference (0.28 Ga) [21,26]. However, there is slight difference of 0.63 Ga in the case of Leibnitz X crater, and large differences of ~1.0 Ga [20,21,26] in the cases of Von Kármán M crater and Leibnitz crater. For the AMA difference between this research and that of [21], given similar counting areas are mapped, the possible reason might be different imagery data used. In our study, the CE-2 DOM mosaic at a resolution of 7 m/pixel was used, while the wide angle camera (WAC) images (~100 m/pixel) from the Lunar Reconnaissance Orbiter (LRO) were used in [21]. In fact, ref. [21] also found that their dating AMAs based on the WAC images are indeed much older than those based on narrow angle camera (NAC) images (~1 m/pixel) from the LRO for the maria basalts in Antoniadi crater. For the difference of the derived AMAs between this research and that of [20], given similar image resolution used in the two studies, the most probable reason is the different locations and sizes of the counting areas. We cannot find the counting area of [20]. However, ref. [20] usually mapped the basalt in the floor of Von Kármán M crater and Leibnitz crater as one unit. If the basalt was formed through different episodes, this is unsuitable. In addition, we obtained the AMA of the maria in the floor of Davisson crater for the first time.



In early geological mapping [26], most mare deposits within SPA were mapped as late Imbrian. Ref. [20] first showed that some mare deposits in the lunar farside may have much younger ages up to Eratosthenian. Ref. [37] also proposed that the lunar farside was volcanically active for nearly as long as the lunar nearside. Our dating results surrounding the CE-4 landing area support this conclusion and indicate that small-scale lunar farside volcanism might have continued longer than previously thought.




4.2. Implications for CE-4 Mission


The dating results for the maria basalts inside Von Kármán crater are significant to the interpretation of CE-4 data. It is interesting to note that AMAs of the three basalt units are very similar, indicating that the basalts in Von Kármán crater were formed within a short period. CE-4 landed on linear impact ejecta (Figure 1 and Figure 2), and Finsen crater was the major source [7,9,10,11,34]. The thickness of the ejecta might be several tens of meters in the landing area [10,11,34,38]. However, the ejecta here appear linear and are not continuous [34], and CE-4 rover may probably happen to encounter local mare basalt when it traverses westward, especially around new craters (e.g., Zhinyu crater) which can excavate subsurface material [39]. If CE-4 rover will traverse the exposed mare basalt in future, the dating results of the mare basalt inside the Von Kármán crater can provide information for analyzing the lunar regolith evolution and crater degradation, combing the spectral data and lunar ground penetrating radar data. For example, according to the data collected by the ground-penetrating radar onboard the CE-4 rover, several mare basalt layers were interpreted by [10,11]. The ejecta from Zhinyu crater also reveal at least three episodes of the basalt eruption [39], and the dating results can help to provide chronological information.



The dating results for other mare basalt is also useful in relevant studies. For example, through spatial density investigation and randomness analysis, ref. [40] pointed out that secondary craters cover at least one third of the 2.4° × 1° area surrounding CE-4 landing site. Therefore, it is very likely that CE-4 rover would encounter the fragments from the mare basalts inside Von Kármán crater dated in the manuscript, and the results in the research can provide geological context to these fragments. For example, the compositions of the fragments can be analyzed by the CE-4 rover, and their sources can thus be determined by comparing the compositions with the dated mare basalts, whose formation times have been constrained in this study.





5. Conclusions


In this research, we dated the AMAs of nine basalt measurement areas surrounding the CE-4 landing area using the crater counting method, including the mare deposits in Von Kármán, Von Kármán M, Hess Z, Davisson, Leibnitz, and Leibnitz X craters. Our results indicate that the youngest mare deposit is in the floor of Von Kármán M crater with AMAs of 2.28 Ga and 2.36 Ga. This research provides both systematic information on the history of the basalt in the region and constraints for the interpretation of the in situ measured data from the CE-4 rover. The results point to a much longer-lived volcanism in the region than was previously thought (e.g., ref. [26] proposed that most mare deposits in the SPA basin were formed during the late Imbrian epoch, i.e., 3.85–3.8 Ga.), which is also beneficial to the understanding of the evolution of lunar volcanism globally. We suggest that CE-4 rover may return data on local genetic basalts while it keeps moving westward, which will contribute to our understanding of basalt formation in the lunar farside.
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Figure 1. Geographical context of the CE4 landing area. The central location is (177.07° E, 43.19° S). The basemap is Chang’e-2 (CE-2) Digital Orthophoto Map (DOM) mosaic. The crater names are from the International Astronomical Union data base (https://planetarynames.wr.usgs.gov/, accessed on 15 November 2021). North is up. 
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Figure 2. Three basalt measurement areas mapped by red polygons in Von Kármán crater. (A) CE-2 DOM mosaic (central location: 175.6° E, 44.64° S) of the Von Kármán crater with CE-4 landing site labeled. The fresh crater pointed by the white arrow is Zhinyu crater. (B) Local topography shown in SLDEM; the elevation ranges from −13,413 m to −421 m as coded from blue to red in this figure. (C) FeO content map [24] in Von Kármán crater; the values range from 0 to 24.73% as coded from blue to red in this figure. (D) Basalt unit ‘a’ shown in CE-2 DOM mosaic, with the white arrows indicating the chained secondaries. The area is 138 km2. (E) Basalt unit ‘b’ is located in a topographical elevated terrain, and the elevation ranges from −11,990 m to −10,839 m as coded from blue to red in this figure. The area is 267 km2. (F) Basalt unit ‘c’ is located in a topographical elevated terrain, and the elevation ranges from −11,995 m to −6861 m as coded from blue to red in this figure. The red polygon in each sub-figure is the outlined representative crater count area. The area is 151 km2. North is up in all sub-figures. 
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Figure 3. Dating results for basalt units in Von Kármán crater. VonKarman_Maria1, VonKarman_Maria2, and VonKarman_Maria3 correspond to the basalt units ‘a’, ‘b’, and ‘c’ in Figure 2, respectively. The equilibrium function is the standard lunar equilibrium of [35], while both the production and chronology functions are from [36]. 
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Figure 4. Two basalt measurement areas d (2320 km2) and e (59 km2) mapped by red polygons in Von Kármán M crater. (A) CE-2 DOM mosaic (central location: 173.6° E, 48.76° S) of the Von Kármán M crater. The raised massifs are indicated by the white arrows. (B) Local topography shown in SLDEM, and the elevation ranges from −11,632 m to −4906 m as coded from blue to red in this figure. (C) FeO content map [24] in Von Kármán M crater, and the maximum value is up to 22.28% as coded from blue to red in this figure. The red polygon in each sub-figure is the outlined representative crater count area. North is up in all sub-figures. 
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Figure 5. Dating results for basalt units in Von Kármán M crater. VonKarmanM_Maria1 and VonKarmanM_Maria2 correspond to the basalt units ‘d’ and ‘e’ in Figure 4. The equilibrium function is the standard lunar equilibrium of [35], while both the production and chronology functions are from [36]. 
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Figure 6. (A) CE-2 DOM mosaic of the mapped basalt unit in Hess Z crater (530 km2) (central location: 173.49° E, 51.94° S); North is up. (B) derived AMA. The equilibrium function is the standard lunar equilibrium of [35], while both the production and chronology functions are from [36]. The red polygon in the left sub-figure is the outlined representative crater count area, and the arrows indicate the excluded secondary craters. 
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Figure 7. (A) CE-2 DOM mosaic (central location: 174.88° W, 37.52° S) of the mapped basalt unit (1280 km2) in Davisson crater. The central peak and clustered secondaries (arrows) are excluded when map the counting area. (B) Local topography shown in SLDEM, and the elevation ranges from −13,007 m to −2760 m as coded from blue to red in this figure. (C) FeO content map [24] of the counting area, and the values range from 1.94% to 21.94% as coded from blue to red in this figure. The red polygon in each sub-figure is the outlined representative crater count area. North is up in all sub-figures. 
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Figure 8. Dating results for basalt unit mapped in Figure 7. The equilibrium function is the standard lunar equilibrium of [35], while both the production and chronology functions are from [36]. 
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Figure 9. (A) CE-2 DOM mosaic (central location: 178.91° E, 36.23° S) of the mapped basalt units ‘h’ (1450 km2) and ‘i’ (127 km2) in Leibnitz and Leibnitz X craters. The central peak and clustered secondaries are excluded in the counting area. (B) Local topography shown in SLDEM, and the elevation ranges from −12,020 m to −3997 m as coded from blue to red in this figure. (C) FeO content map [24] of the counting areas, and the values range from 2.27% to 19.69% as coded from blue to red in this figure. The red polygons in each sub-figure are the outlined representative crater count areas. North is up in all sub-figures. 
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Figure 10. Dating results for the basalt units mapped in Figure 9. Leibnitz_Maria and LeibnitzX_Maria correspond to the basalt units ‘h’ and ‘i’ in Figure 9. The equilibrium function is the standard lunar equilibrium of [35], while both the production and chronology functions are from [36]. 
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Table 1. Results of AMAs for the groups of basalt units in this study.






Table 1. Results of AMAs for the groups of basalt units in this study.





	
Basalt Unit

	
Location

	
N(1)

(×10−3 km−2)

	
AMAs (Ga)




	
This Study

	
Previous Studies 1






	
a

	
Von Kármán crater floor

	
3.98

	
3.42

	
3.35 *; E–I †; 3.6 ‡; 3.15 #;




	
b

	
3.44

	
3.34




	
c

	
3.43

	
3.34




	
d

	
Von Kármán M crater floor

	
1.98

	
2.36

	
3.38 ##; E–I †; 3.38 **




	
e

	
1.91

	
2.28

	
3.52 ##; E–I †; 3.38 **




	
f

	
Hess Z crater floor

	
3.00

	
3.23

	
E–I †; 3.51 ##




	
g

	
Davisson crater floor

	
3.11

	
3.27

	
-




	
h

	
Leibnitz crater floor

	
2.19

	
2.61

	
3.37 ###;




	
i

	
Leibnitz X crater floor 1

	
2.64

	
3.05

	
3.68 ##;








1 Ref. [20] used the crater chronology and production functions proposed by [15], ref. [7,21] used the crater chronology and production functions proposed by [36]; * ref. [20] in which the maria in Von Kármán crater floor is measured together; ** ref. [20] in which the maria in Von Kármán M crater floor is measured together; † ref. [26] E–I refers to near the Imbrian-Eratosthenian boundary, i.e., 3.26 Ga; ‡ ref. [7] in which the maria in Von Kármán crater floor is measured by combing three subareas, while subarea 2 is approximately the same to the basalt unit ‘a’ in this research; # ref. [21] in which the maria in Von Kármán crater floor is measured by combing two subareas, which contain the counting areas of basalt units ‘a’, ‘b’, and ‘c’ in this research; ## ref. [21] in which the counting areas are roughly equivalent to that in this research; ### ref. [21] in which the counting areas are much larger than that in our research.
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