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Abstract

:

Chang’E-5 is the first lunar sample return mission of China. The spacecraft was landed in the northwest of the Procellarum KREEP Terrane (43.0576°N, 308.0839°E) on 1 December 2020 and returned 1731 g samples from a previously unvisited region. The landing area has been proposed as one of the youngest mare basalt units of the Moon and holds important information of lunar thermal evolution and chronology. However, the absolute model ages estimated in previous studies are quite different, ranging from 2.07 Ga to 1.21 Ga. Such significant difference may be caused by (1) different crater counting areas, (2) different crater diameter ranges, (3) effects of secondary craters, and (4) biases in crater identification. Moreover, the accurate landing site was unknown and the ages were estimated over the Eratosthenian-aged mare unit (Em4) instead. In light of the above unsatisfactory conditions, this study seeks to establish a standard crater size-frequency distribution of the CE-5 landing site. We derived the concentrations of FeO and TiO2 to map out the pure basaltic areas where external ejecta deposits are negligible and thus secondary craters are rare. Based on the geochemistry of basaltic ejecta excavated by fresh craters in the mare unit, the FeO concentration threshold for mapping pure basaltic areas is 17.2 wt.%. The morphologically flat subunits in the pure basaltic areas were selected for crater identification and age dating to exclude the contamination of external ejecta to the best as we could. In the Chang’E-5 sampling site subunit, we detected 313 craters with a diameter greater than 100 m and derived the absolute model age as     1.49   − 0.084   + 0.084     Ga. The craters identified in all pure basaltic subunits of Em4 gave the model age of     1.41   − 0.028   + 0.027     Ga. As least affected by secondary craters, the crater size-frequency distribution of the sample-collected pure basaltic subunit can provide important constraints for lunar cratering chronology function in combination with isotopic age of returned samples.
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1. Introduction


On 1 December 2020, China’s first lunar sample return mission, Chang’E-5 (CE-5), successfully landed in the northwest of lunar Procellarum KREEP Terrane (PKT) [1]. The CE-5 mission returned 1731 g samples from drilling the subsurface and grabbing surface regolith. The landing site (43.0576°N, 308.0839°E) is quite far from the sampled sites from the Apollo and Luna missions (Figure 1a). The ages of all lunar basaltic samples returned by previous missions are older than 2.93 Ga [2]. Hiesinger et al. [3,4] dated the lunar near-side mare basalt units using the crater size-frequency distribution (CSFD) model [5,6,7], and the results show that some mare units are younger than 2.0 Ga in the PKT region and that the CE-5 landing area (unit P58) can be dated to 1.33 Ga. Therefore, the location and age of the mare basalt of the CE-5 landing site were very different from previous sample return missions. The CE-5 samples can provide information about lunar late volcanism processes and thermal evolution. The absolute model age (AMA) and CSFD of the landing site, combined with the isotopic ages of returned samples can constrain the lunar cratering chronology model of 1–2 Ga and improve the accuracy of age dating on the Moon, which is critical for lunar science and cratering chronology models of other planets [5,6,7].



Surface model age of the CE-5 landed mare unit (Em4) has been investigated by several previous studies with the CSFD method. Qian et al. [8] analyzed the TiO2, FeO abundances, and mineralogy of the prelanding site of CE-5-Rümker region, and defined the boundaries of regional geologic units. They mapped craters on the Kaguya Terrane camera (TC) global morning mosaic, and derived the AMA of Em4 as 1.21 Ga. Using machine learning, Wu et al. [9] detected craters larger than 100 m in diameter in an area (53–56°W, 41–44°N) inside the Em4 unit. After excluding the secondaries from crater Copernicus, Harpalus, and Pythagoras, the Em4 was dated to 1.49 Ga [9]. Based on digital orthophoto map (DOM) derived from Lunar Reconnaissance Orbiter (LRO) Narrow Angle Camera (NAC) images and the SLDEM2015 elevation model, Jia et al. [10] dated the Em4 using the craters with a diameter larger than 200 m, and derived the AMA of 2.07 Ga. Qian et al. [11] divided the Em4 unit into 52 squares with the width of 1° × 1° and dated each of them. They dated the AMAs of the squares ranging from 2.9 Ga to 1.1 Ga, and the AMA of the entire Em4 unit was 1.53 Ga.



It can be concluded that the ages of the Em4 unit dated by previous studies are inconsistent with each other and substantially varied from 2.07 to 1.21 Ga. One reason is that they selected different regions for crater counting. More important, the northern part of the Em4 unit is highland and the eastern is Montes Jura, and there are many craters (Sharp B, Pythagoras, Philolaus, etc.) that would deliver ejecta deposits to Em4 (Figure 1b). The discontinuous ejecta deposits are patchy and characterized by localized deposits and shallow elongated secondary craters that usually occur in clusters and chains (Figure 1c,d). These studies declared that they identified and removed the secondary craters based on the morphology. However, in high energy impact, the morphologic features of secondary craters and primary craters are similar. Therefore, it is difficult to completely distinguish secondary craters from primary craters based on their morphology, leading to great uncertainty [12,13]. Werner et al. [14] estimated that counting all secondary craters would increase the CSFD model age by a factor of two at most. It is necessary to effectively exclude the effects of secondaries to obtain an accurate CSFD of the CE-5 landing area.



In this study, we utilized the FeO content, which was derived from Kaguya Multiband Imager (MI) data, to divide the Em4 unit into two classes: pure basaltic areas (the basaltic areas least affected by external ejecta, PB) and non-pure basaltic areas (the areas contaminated by external crater ejecta, NPB). In the PB areas, we defined the subunits where the surface is flat for crater identification and CSFD analysis. Based on LRO NAC images, we mapped out the primary craters with diameters larger than 100 m in the PB units and derived the model ages. Given the high spatial resolution of the crater identification images and the least external ejecta contamination, our CSFD provided a standard CSFD of primary craters of the CE-5 sample collecting area. To analyze the possible ejecta sources, we estimated the model ages of the surrounding external craters. Based on the distance and ages of these craters with respect to the CE-5 landing site, we predicted the craters that might contribute impact-melt breccias to the CE-5 samples.




2. Data and Methods


2.1. Data


Kaguya MI data, which has spatial resolutions of 20 m/pixel for the five visible bands (415, 750, 900, 950, and 1000 nm) and 62 m/pixel for the four near-infrared bands (1000, 1050, 1250, and 1550 nm), were used for the calculation of the FeO and TiO2 concentrations [16]. We used the MAP-V3.0 level data that had been topographically corrected and radiometrically corrected (http://www.darts.isas.jaxa.jp/planet/pdap/selene/, acessed on 10 September 2020). We used the Kaguya TC DTM data with a spatial resolution of 10 m/pixel [17]. The SLDEM2015 is a high-resolution lunar topography model of ~59 m/pixel produced by a combination of the Lunar Orbiter Laser Altimeter (LOLA) and Kaguya TC DTM [18] (http://imbrium.mit.edu/EXTRAS/ SLDEM2015/, accessed on 30 August 2020). The LRO NAC images, with spatial resolutions between 0.5 m and 2.5 m per pixel [19], were used to visually identify craters. The dataset can be downloaded from LRO data collections (http://wms.LRO.asu.edu/LRO/search, accesed on 30 August 2020). These images were mosaicked to analyze the topographic and geological features.




2.2. FeO and TiO2 Content


Lucey et al. [20] provided algorithms to inverse the FeO and TiO2 abundances based on Clementine UV/VIS images. The algorithm was then modified to validate other datasets [20,21,22,23,24,25]. In this study, the FeO and TiO2 abundances were derived from the Kaguya MI data. The FeO abundance was derived using algorithm described by Lemelin et al. [25], and the TiO2 abundance was derived using algorithm described by Otake et al. [22]. The equations are as follows.


   θ  Fe 1   = − arctan     R  950   /  R  750   − 1.39    R  750   − 0.04     



(1)






   θ  Fe 2   =   0.0656 e   ( 3.6681 ×  θ  Fe 1   )    



(2)






  FeO   wt . %   =  θ  Fe 2   × 1.0708 − 0.3986  



(3)






   θ  Ti   = arctan     R  415   /  R  750   − 0.208    R  750   + 0.108     



(4)






    TiO  2    wt . %   =  θ  Ti      14.964   × 0.72  



(5)




where    R  415   ,  R  750   ,    and   R    950     are the reflectance at 415 nm, 750 nm, and 950 nm, respectively. The standard deviations were 0.85 wt.% for FeO and 0.43 wt.% for TiO2. However, Pieters [26] noted that the TiO2 abundance has high uncertainty at low-Ti values (<2 wt.%).




2.3. Identifying Pure Basalts


The FeO and TiO2 contents of most Em4 areas were higher than outside (Figure 2). Meanwhile, the western and northern parts showed regions with low abundances, and most of them were due to contaminations of external ejecta rays. These ejecta rays are transported from the craters on the Montes Jura and highland geologic units, which have lower FeO and TiO2 abundances.



Korotev et al. [27] mapped the Fe–Al composition based on the feldspathic lunar meteorite samples and the lunar soil samples brought back through the Apollo and Luna missions. The FeO contents of the maria basalts range from 15 wt.% to 23 wt.%, the feldspathic highlands material ranges from 1.5 wt.% to 6.5 wt.% [27]. Considering that maria and highland have large differences in FeO contents, Em4 can be divided into two categories based on the FeO contents: pure basaltic areas (the basaltic areas least affected by external ejecta, PB) and non-pure basaltic areas (the areas contaminated by external crater ejecta, NPB). In PB areas, the effects of secondary craters could be removed the best because external ejecta were not deposited.



A key question is defining the threshold of FeO content to distinguish the PB areas and NPB areas. Due to space weathering, the surface basalts will turn to maturity, resulting in being featureless in spectrum. A postdated cratering event can penetrate to the subsurface and expose the immature material in its ejecta, which can be used to characterize the properties of the pure basalts. Continuous ejecta deposits, which usually distribute less than 2 radii from the crater center, are the closest ejecta part and almost all the materials are excavated from the subsurface. However, the ratio of ejecta to local materials decreases with increasing distance [28,29]. Therefore, we mapped out the fresh craters in Em4 unit and extracted the TiO2 and FeO contents in the 1–1.5 radii from crater center. The threshold FeO content to distinguish PB and NPB was derived from these fresh craters.




2.4. Crater Size-Frequency Distribution Model


The CSFD model is based on two hypotheses: (1) the formation of impact craters is randomly distributed in the lunar surface; and (2) the degradation rate of craters is far less than the production rate [30]. Thus, an aged surface has undergone more impact events and has more craters than a young surface. With the radiogenic isotope ages of lunar samples from the Apollo and Luna missions, Luna production function (PF) [6,31,32] and Luna chronology function (CF) [30,33] were established to calibrate the absolute model age of the lunar surface. CSFD model is one of the most widely used techniques for lunar surface dating, with the development of lunar remote sensing exploration.



Based on the mapped craters in crater counting areas, the model age can be calculated using the Craterstats2 tool, which was developed by Michael et al. [34]. In the dating process, the PF of Neukum et al. [6] was employed, with the standard lunar equilibrium proposed by Hartmann [35]. Meanwhile, we used the Poisson timing analysis proposed by Michael et al. [36] to analyze the uncertainties of derived model age. The accuracy of Poisson timing analysis is independent of the statistical method of craters in the dating process.





3. Results


3.1. Topography and Geologic Context


Em4 is relatively flat in morphology, but the western maria is ~50–250 m higher than the eastern (Figure 3a), which indicates possible multiphase mare eruptions. Based on SLDEM2015 and LRO NAC images, we identified the geologic structures including the wrinkle ridges, sinuous rilles, and domes in the Em4 unit (Figure 3a). The lowest point is the Mairan G crater bottom (−3525.5 m), and the highest point is the top of the Mairan T dome (−1747 m). The topography relief is mainly caused by sinuous rilles, wrinkle ridges, and volcanic domes. Sinuous rilles are products of high effusion-rate eruptions with high temperature and low viscosity [37]. Rima Sharp has an average width of 840 m, and an average depth of 76 m [38]. The channel of this rille cuts through the Em4 unit (Figure 3a,b), suggesting a younger age than Em4. Wrinkle ridges that were formed in compressional stress conditions are in abundance in the west of Em4 (Figure 3a). Wrinkle ridges express folded basalt layers overlying thrust faults [39,40]. Mairan domes are located in the east of Em4. These volcanic domes are composed of high SiO2 and low FeO lava flows [41]. Previous study suggests that this volcanic event (around ~3 Ga) is older than the Em4 mare basalts [42]. The geologic structures in Em4 indicate that this region may have undergone a complex evolution history.



Xiao et al. [43] found that the material may be quick or migrate slowly in areas with larger slope. They confirmed that topographic slope will affect the density and size-frequency distribution of craters by counting craters on the geologic units with the same age and different inclines. In order to preclude the influence of inclined topography in crater statistics, we avoided areas developed with geologic structures.




3.2. Pure Basaltic Area Identification


Using the algorithm of Leminlin et al. [25], we calculated the FeO contents of Em4 (Figure 2a). The average content of FeO in Em4 is 17.3 wt.%, and the areas with FeO content greater than 15 wt.% in Em4 occupy 96% of the whole area. However, these regions include the areas mixed with external ejecta (Figure 2a and Figure 4a). In order to find pure basaltic materials, the small and fresh craters (e.g., Figure 5) that can excavate the immature pure basaltic materials have to be identified. These craters should meet the following criteria.




	(1)

	
The continuous deposits are not contaminated by external ejecta.




	(2)

	
The crater is located on a basaltic region.




	(3)

	
The crater is large enough to penetrate through the surface mature regolith.









The TiO2 contents in Em4 are 0.5–8 wt.% (Figure 4d), with an average of 4.7 wt.%. According to the titanium-dependent maria basalts classification of Giguere et al. [44], 61% of the Em4 area has TiO2 contents >4.5 wt.% and belongs to intermediate-Ti and high-Ti basalts. The ejecta-basalts mixtures have a TiO2 content of 1–4.5 wt.% and occupy 39% of the region. Materials on the bottom of two large impact craters in Em4 have TiO2 contents less than 1 wt.% (Figure 2b and Figure 4b), indicating that the impacts penetrated through the mare and exposed the substrate feldspathic materials. In this study, the areas with TiO2 contents >4.5 wt.% are thought to be pure basalts. In these areas (Figure 4b), we identified the craters whose rim had higher TiO2 contents than outside and showed clearly visible rock on the wall and rim. These craters are young and the continuous ejecta deposits are not affected by feldspathic ejecta. We identified 13 fresh craters with diameters of 252–898 m. These craters were used for resolving thee FeO threshold to distinguish PB and NPB. We collected the FeO contents of the fresh craters at pixels in 1 to 1.5 crater radii from the crater center. Then, we calculated the mean, median, and standard deviation of the collected data. The results are shown in Table 1.



As shown in Table 1, except for No. 3 crater, the mean FeO content in the rim of each crater was more than 17 wt.%. The mean FeO content of all craters was 16.6 wt.%, and their standard deviation was very large. This may suggest that the craters have various FeO abundance in different locations, which may be caused by spatial heterogeneity. Space weathering will accelerate the mixing rate of the basin basalt and the underlying lunar regolith, and with the increase of the distance from the impact crater, the ejecta distribution becomes gradually uneven. When extreme values appear in statistics, it is better to use the median value as the representative value instead of the mean value, because the median is not affected by small amounts of extreme values. Therefore, the median FeO content of all impact craters, 17.2 wt.%, was used as the threshold FeO content to define PB areas. Thereafter, according to the FeO content, Em4 can be divided into subunits of two types: PB (17.2–23 wt.%) and NPB (8–17.2 wt.%), as shown in Figure 6. Given that the threshold is defined from the exposed subsurface basalts that have experienced weak space weathering, the threshold value is quite strict when applying it to the whole Em4 region. Such a strict threshold can identify the areas even lightly contaminated by external ejecta and provide robust PB areas.



It was noticeable that the FeO inversion algorithm is affected by submicroscopic metallic iron (SMFe), the products of space weathering [45]. Spectral reflectance decreases with an increase in the abundance of SMFe, but the ratio of near-IR to visible reflectance increases [45]. Based on the FeO inversion algorithm described in Lemelin et al. [25], the increase in space weathering will lead to decreased FeO content when the reflectance at 700 nm band is greater than 0.04. As ~99.96% of the Em4 area has a reflectance at 750 nm greater than 0.04, we can assume that the FeO contents were slightly underestimated in areas with strong space weathering. As a result, the identified PB areas were smaller than the actual PB areas. However, the dating results are independent of the dating area if the crater number is statistically reasonable. In addition, we applied a strict threshold FeO content to identify the PB areas, which worked even more robustly as the surface FeO contents were underestimated. Thus, space weathering in the study area did not affect the model ages.



Compared with the FeO content classification map (Figure 6), the TiO2 content >4.5 wt.% areas were basically consistent with the PB area. Some regions that have TiO2 content <4.5 wt.%, and FeO content >17.2 wt.%, belong to PB areas that may have been mixed with mature regolith or lightly affected by external ejecta. Furthermore, the algorithm inversed TiO2 abundance had higher uncertainty at low-Ti values. Therefore, we finally chose the lunar surface with FeO content >17.2 wt.% as the candidate areas for dating. In this study, we selected 10 crater counting subunits (Em4a–Em4j; Figure 6 red rectangles) with consideration of both pure basalt distribution and topography. Em4a–Em4e are located in the north; Em4f is located in the southwest; Em4g–Em4j are located in the southeast. The internal terrain of each dating area was flat and smooth, and the degradation of impact craters in these areas were unaffected by the slopes of the terrain. Meanwhile, the contamination of secondaries caused by far-field ejecta of external craters are minimal in these crater counting areas.




3.3. Model Age Estimates


The absolute model ages were obtained from the CSFD measurements with the statistical results of craters with diameters larger than 100 m, location, and number. The AMA of the whole of the Em4 unit is shown in Figure 7. Em4 (    1.41   − 0.028   + 0.027     Ga) and the AMAs of the subunits are shown in Figure 7. Em4ato Em4j, Em4a (1.10 Ga) and Em4b (1.23 Ga) are located in the northwest; Em4d (1.34 Ga) and Em4e (1.01 Ga) are located in the northeast; Em4i (1.22 Ga) and Em4j (1.40 Ga) are located in the southeast. These regions had smaller model ages than the overall AMA of Em4 (1.41 Ga), but were smaller in area and had larger uncertainties in general. The subunit of CE-5 sample collection site, Em4c, is located near the center of Em4 and dated as 1.49 Ga. Em4f (1.45 Ga), Em4g (1.54 Ga), and Em4h (1.71 Ga) are contiguous to the Mairan T dome. These regions have older model ages than the overall AMA of Em4.





4. Discussion


4.1. Model Age of the CE-5 Landing Site


Using crater identification images in different spatial resolutions and different dating areas in the Em4 unit (Figure 6), previous studies have provided different model ages of this area ranging from 2.07 Ga to 1.21 Ga [4,8,9,10,11], as shown in Table 2. Therefore, the age of the CE-5 landing is very suspect. The resolution of the images for crater identification will severely affect the identification of heavily degraded craters and the diameter measurement [46]. According to the hypothesis of the CSFD model, the greater the number of craters, the older the area. If seriously degraded craters are missed, the AMA will be underestimated. Qian et al. [8] identified craters in Em4 using Kaguya TC images with a spatial resolution of 10 m/pixel. We tested the craters in their crater catalog to calculate the AMA of the Em4a. The obtained age was     1.01   − 0.16   + 0.16     Ga, which was less than the age of this study (    1.10   − 0.079   + 0.079    Ga), in which the high resolution LRO NAC images enabled us to identify smaller craters and had higher accuracy in measuring the crater diameters.



LRO NAC images were used in Wu et al. [9], Jia et al. [10], Qian et al. [11] and this study. However, it can be found that the dating areas (Figure 6) of Wu et al. [9] and Jia et al. [10] contained NPB areas. There were many secondaries that were difficult to distinguish from primary craters based on morphology. The dating area of Wu et al. [9] for Em4 involves few NPB, and the AMA     1.49   − 0.17   + 0.17     Ga was close to that in this study (    1.41   − 0.028   + 0.027     Ga). The AMA in the Em4a derived using the crater catalog of Wu et al. [9] was     1.10   − 0.072   + 0.072     Ga, which was very close to our estimate. The dating area of Jia et al. [10] contained more NPB areas in the central part. The AMA of     2.07   − 0.028   + 0.027     Ga is far older than this study. In the study of Qian et al. [11], the Em4 region is divided into 52 subunits and each were dated. They estimated the AMA of the whole Em4 unit as     1.53   − 0.027   + 0.027     Ga, which was older than our result (    1.41   − 0.028   + 0.027      Ga). In summary, given the uncertainties, our dating results are consistent with previous studies in general, except for Jia et al. [10]. With the least secondary contamination and good image resolution, the absolute model age of     1.41   − 0.028   + 0.027     Ga in this study is a reliable estimate about the CSFD of the whole Em4 unit if all the subunits are coevaluated.



It is noticeable that AMAs of subunit Em4a–Em4j range from 1.01 to 1.71 Ga, though we assumed that all the areas were pure basaltic. Several reasons may cause the results. These subunits are different in areas and may have different degrees of ejecta contamination. Though Em4 was defined as an individual mare unit because of its spectroscopic difference from the neighboring mare unit [3,4], it is spatially ununiform, as shown in the morphology in Figure 3a. Em4 may be formed through multi-phase eruptions and experienced different post modifications in different areas. The Rima Sharp that cuts through Em4 indicates the existence of late volcanic activities (Figure 3a), though the FeO and TiO2 concentrations do not show clear discrepancies (Figure 2). The FeO content can indicate the contamination by external ejecta. In an individual mare unit, the area with smaller FeO content indicates higher contamination of highland material. Figure 8 shows that there is no obvious low correlation between AMA and mean FeO content of the investigated subunits, which suggests unobvious contaminations of highland material in these PB subunits. Figure 8 also shows that there is no obvious low correlation between AMA and the crater counting area, which rules out the statistic bias due to area difference. Finally, the lunar chronology function is unconstrainted in 1–3 Ga due to the lack of lunar samples [30], which may lead to higher uncertainties for geologic units with an age in this range.



The CE-5 was landed in the PB subunit Em4c, which covers an area of ~270 km2 and has a relatively smooth surface (Figure 3a). The mean FeO content of Em4c is 18.0 wt.% (Figure 8). Based on 313 craters with a diameter larger than 100 m, the absolute model age of Em4c was     1.49   − 0.084   + 0.084     Ga, which does not differ from the model age over the whole Em4 region (    1.41   − 0.028   + 0.027    ) given the uncertainties. Crater distribution randomness can be used to evaluate if an area is affected by secondary craters as they are usually more clustered than primary craters [47]. Using the CraterStats2 clustering analysis function with the mean 2nd-closest neighbor distance (M2CND) measure method [47], we analyzed the randomness of craters in Em4c. The method evaluates the randomness of testing craters by comparing them with randomly generated craters through Monte Carlo simulations [47]. The clustering analysis results of 5 diameter bins are shown in Figure 9a–e individually and are summarized in Figure 9f. The results show that all the actual values lie inside the Monte Carlo simulations, which suggests that the mapped craters in Em4c are randomly distributed.



Considering the possible spatial heterogeneity over Em4, we suggest that Em4c, rather than the whole Em4, can best characterize the geologic settings of the samples returned by CE-5. The spatially random distribution of the craters in Em4c (Figure 9) suggests that the mapped craters are not affected by secondary craters. Thus, we think that the model age of the CE-5 landing site is     1.49   − 0.084   + 0.084     Ga. The CSFD of Em4c, combined with the isotopic age from the CE-5 samples, can provide important constraints to the lunar chronology function.




4.2. Evaluating Secondary Crater Effects


In order to evaluate the influence of secondary craters in age dating with CSFD, we selected an area covered by external ejecta according to the FeO classification map (Figure 6 blue rectangle), and dated the CSFD model age. Based on all of the mapped impact craters in this region without excluding the secondary craters, the AMA was     2.96   − 0.084   + 0.073     Ga, as shown in Figure 10a. After we identified the secondary crater based on morphology and removed them, the AMA of this region was     2.37   − 0.089   + 0.088     Ga, as shown in Figure 10b. The age was far greater than the PB subunits and most of the other studies of the Em4 region, and the main reason is that the secondaries were not well identified just from the morphologic characteristics. Thus, our crater identifications in PB areas can eliminate the influence of secondary craters with good performance.




4.3. Possible Components of the CE-5 Samples


The CE-5 probe landed in a PB area Em4c (43.0576°N, 308.0839°E). The landing site surface contains 18.1 wt.% FeO, 6.8 wt.% TiO2, and 6.3 ppm Th [15] based on remote sensing data (Figure 1a and Figure 2). The returned samples were predicted with dominating mare basalt. However, with an evolution history of more than 1 Byr, non-mare materials can be transported to the sampling site through post impact events, even if the amount is small. Some small brecciated materials that are not big enough to form secondary craters would be preserved in the form of breccia. It is important to identify these external impact craters that are younger than the landing site to interpret the origination of breccia. The AMAs of the external impact craters around the landing site (Figure 1a) were derived using CSFD model. As shown in Table 3, the AMAs of crater Sharp B, Harding, Copernicus, and Aristarchus were younger than the CE-5 landing area. Thus, the returned samples may contain brecciated materials of these craters.



Sharp B crater is located at the Montes Jura, where the materials are poor in iron, titanium [22], and rich in thorium [15]. The Aristarchus crater has many special rock types such as pure-olivine suite, pure-anorthosite, and alkaline suite [49,50,51]. The Copernicus crater has been detected to have rocks of magnesian-suite, pure-olivine suite, and pure-anorthosite [52,53,54,55]. The Harding crater is located at the Imbrian-aged mare basalt [3], and its ejecta may contain Imbrian-aged basaltic breccia. These special components of young craters are possibly found in the CE-5 returned samples.




4.4. The Significance of the CE-5 Samples


Thermal evolution history is one of the most important aspects for the science of the Moon. The main eruptions of lunar magma are before ~3.0 Ga, but the young volcanism may had lasted up to ~1.0 Ga [3,4]. Revealing more information of the extended periods of lunar magmatism is critical to understanding the whole thermal evolution history. The Em4 mare unit, where the CE-5 probe landed and collected samples, is thought to be produced from the late mare eruption of ~1.3 Ga [3,4]. However, the morphology and geologic structures in this unit suggest that it may have experienced a complex evolution history instead of being produced in one mare eruption activity. In the pure basaltic area that covers the CE-5 landing site, we obtained a model age of 1.49 Ga, which is older than the early estimates of the whole Em4 region with a significant difference [3,4]. Such an old age suggests that the Em4 unit may be not as young as expected, at least in part. The reason may be that early studies defined mare units only by spectral differences on false color images [3,4]. If this is common in other mare units, a deeper investigation of the original mare units may reveal a different magmatism story of the Moon. The CE-5 samples and our CSFD statistics can provide important constraints on this topic. Moreover, our results can be used to renew the lunar cratering chronology function, which has extensive and important implications in studying the Moon and other terrestrial planets.





5. Conclusions


The detailed geological study of the CE-5 landing site is helpful for the analysis of the returned samples. This study provides a method to calculate crater size-frequency distribution over the pure basaltic unit and was applied to the CE-5 landing area. We also analyzed the possible components of the CE-5 samples. Based on above analysis, we drew the following conclusions:




	(1)

	
Pure basalt areas in Em4 were mapped out with FeO contents greater than the threshold of 17.2 wt.%, which was derived from the fresh craters of the region.




	(2)

	
The model age of the pure basaltic unit where the CE-5 landed was     1.49   − 0.084   + 0.084       Ga based on the craters with a diameter greater than 100 m.




	(3)

	
The ejecta breccia from craters Sharp B, Harding, Copernicus and Aristarchus were possibly sampled by CE-5.









The crater size-frequency distribution of the landing area, in combination with the isotopic ages of returned samples, can be used to constrain lunar cratering chronology model of 1–2 Ga and improve the accuracy of lunar age dating. The improved chronology model is critical not only for lunar science, but also for chronologic studies of other terrestrial planets.
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Figure 1. (a) Th content of Procellarum KREEP Terrane (PKT) in simple cylindrical projection (the red solid line is the boundary of PKT; the black solid line denotes geologic boundary of Em4 [8]; “A” represents the Apollo sampling sites and “L” represents the Luna sampling sites; the background image is the hillshade produced from SLDEM2015; Th data were observed from LP mission with the resolution of 5°/pixel [15]). (b) Kaguya MI 1550 nm band reflectance image covering the Em4 unit in Lambert conformal conic projection (the red flag marks the CE-5 landing site. The arrows denote the external ejecta patches from different directions). (c,d) show the secondaries in the areas marked by white boxes in (b). The secondaries in (c) are in cluster and chain patterns. (d) shows an elongated crater with the long and short axes of 850 m and 634 m, respectively. The elongated shape indicates a secondary impact origin. 
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Figure 2. FeO (a) and TiO2 (b) abundances of the Em4 unit. The red flag marks the CE-5 landing site. The dark grey line denotes the geologic boundary of Em4. The arrow denotes the external ejecta from different directions. 
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Figure 3. (a) Topography of the Em4 unit and surrounding terrains. The elevation is Kaguya TC DTM. The base image is SLDEM2015 hillshade. The yellow lines denote volcanic domes. The red stars denote volcanic vents. The crimson lines denote Rima Sharp. The black lines denote wrinkle ridges. The red flag marks the CE-5 landing site. The white line denotes the boundaries of Em4c. The grey line denotes the geologic boundaries of Em4. (b) Wrinkle ridge (53.96°W, 41.79°N). (c) Rima sharp (51.40°W, 43.48°N). (d) Mairan T Dome (48.51°W, 41.79°N). 
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Figure 4. FeO (a) and TiO2 (b) classification map. (c) and (d) show the relative frequencies of FeO and TiO2 contents, respectively. 
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Figure 5. (a) LRO NAC image of the crater No. 2 in Table 1. (b,c) show the TiO2 and FeO contents of the same crater. The circles in (b,c) represent the extents of 1 and 1.5 radii from the crater center, where the FeO and TiO2 contents of the pixels are collected. 






Figure 5. (a) LRO NAC image of the crater No. 2 in Table 1. (b,c) show the TiO2 and FeO contents of the same crater. The circles in (b,c) represent the extents of 1 and 1.5 radii from the crater center, where the FeO and TiO2 contents of the pixels are collected.



[image: Remotesensing 13 01515 g005]







[image: Remotesensing 13 01515 g006 550] 





Figure 6. Crater counting areas of previous studies and this study. The pure basalt areas and non-pure basalt areas are mapped. 
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Figure 7. Crater size-frequency distributions, mean AMAs of Em4 and subunits Em4a–Em4j. The AMAs were determined using the Craterstats2 Tool [34] with the production and chronology functions of Neukum et al. [6]. 
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Figure 8. The correlations of AMAs with crater counting areas and mean FeO contents. Correl = correlation coefficient. Orange points denote the AMAs against subunit areas and the correlation coefficient is 0.59. Blue points denote the AMAs against mean FeO contents and the correlation coefficient is 0.60. 
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Figure 9. (a–e) show the clustering analysis for five consecutive diameter bins of craters in Em4c. Craters are shown to scale with line segments connecting 2nd-closest neighbors. The measured mean 2nd-closest neighbor distance (M2CND) is plotted with respect to the Monte Carlo M2CND histogram for simulated random scatterings of the same crater catalog [47]. (f) n sigma plot of M2CND all the diameter bins. 
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Figure 10. AMAs of the area contaminated by external ejecta before (a) and after (b) secondary craters were removed based on the crater morphology. Location of the area is shown as the blue square in Figure 6. 
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Table 1. Properties of the identified fresh craters in the Em4 region.
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	Crater Number

(No.)
	X (°)
	Y (°)
	Diameter (m)
	FeO (wt.%)

Mean
	FeO (wt.%)

Median
	Standard

Deviation





	1
	309.2483
	43.5156
	898
	17.0
	17.0
	1.05



	2
	308.2003
	42.6849
	275
	17.6
	17.7
	0.66



	3
	306.5969
	41.0291
	396
	16.9
	16.9
	0.97



	4
	310.9380
	40.0592
	335
	17.7
	17.7
	0.63



	5
	309.7386
	40.4121
	252
	17.4
	17.3
	0.71



	6
	308.0127
	43.1216
	339
	17.7
	17.6
	0.74



	7
	307.2733
	43.2583
	646
	17.2
	17.2
	0.63



	8
	306.6480
	41.2637
	328
	17.5
	17.4
	0.85



	9
	309.7550
	42.8579
	747
	17.2
	17.0
	0.90



	10
	311.4511
	40.6872
	477
	17.5
	17.5
	0.64



	11
	311.2801
	41.4460
	443
	17.4
	17.4
	0.68



	12
	305.0674
	41.7707
	307
	17.5
	17.5
	0.56



	13
	311.2772
	42.9367
	392
	17.2
	17.2
	0.63



	All craters
	
	
	
	16.6
	17.2
	3.49










[image: Table] 





Table 2. Absolute model age dating results of Em4 in this study and previous studies.
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	Crater Mapping Image
	Em4 AMA (Ga)
	Crater Countering Area (km2)
	Minimum

Diameter (m)
	Crater Number





	Qian et al. [8]
	Kaguya TC
	     1.21   − 0.03   + 0.03     
	4742
	200
	1580



	Wu et al. [9]
	NAC
	     1.49   − 0.17   + 0.17     
	5607
	500
	77



	Jia et al. [10]
	NAC
	     2.07   − 0.028   + 0.027     
	17,074
	>200
	6455



	Qian et al. [11]
	NAC
	     1.53   − 0.027   + 0.027     
	29,600
	300
	3268



	This study
	NAC
	     1.41   − 0.028   + 0.027     
	2361
	>100
	2611
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Table 3. The location and AMA of external craters younger than the CE-5 landing area.
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Crater Name

	
Longitude (°)

	
Latitude (°)

	
Diameter (km)

	
Distance (km)

	
AMA (Ga)






	
Sharp B

	
314.63

	
47.02

	
20.56

	
184.64

	
     1.32   − 0.18   + 0.18     




	
Harding

	
288.31

	
43.55

	
22.68

	
435.60

	
     1.25   − 0.36   + 0.44     




	
Copernicus

Aristarchus

	
339.87

	
9.68

	
95.10

	
1315.05

	
0.80 a




	
312.45

	
23.77

	
40.32

	
594.93

	
     0.14   − 0.022   + 0.022       








a: the AMA of Copernicus crater is based on Mazrouei et al. [48] where uncertainties are not provided.
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