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Abstract

:

Impact craters serve as recorders of lunar evolutionary history, and determining the stratigraphic ages of craters is crucial. However, the age of many craters on the Moon remains undetermined. The morphology of craters is closely related to their stratigraphic ages. In the study, we systematically and quantitatively analyzed seven morphological parameters of 432 impact craters with known stratigraphic ages (Copernican, Eratosthenian, Imbrian), including crater depth, wall width, wall height, rim height, irregularity, volume, and roughness, as well as rock abundance. The study provided a range of morphological parameters for craters from the Copernican, Eratosthenian, and Imbrian. Additionally, we derived power law relationships between five morphological parameters and crater diameter, excluding irregularity and roughness. Furthermore, the transitional crater diameters from simple to complex crater morphology were determined for the Copernican and Eratosthenian, approximately 13 km and 15 km, respectively. These results suggest systematic differences in the lunar regolith in different stratigraphic ages. For impact craters of the same diameter, as crater age increases, irregularity tends to be greater, while crater depth, wall width, wall height, rim height, volume, roughness, and rock abundance tend to be smaller. Therefore, in cases where the diameter is determined, the actual values of morphological parameters and rock abundance can be used to constrain the stratigraphic age information of craters of an unknown age.
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1. Introduction


Impact craters are the most typical geomorphic units and fundamental landform features on the Moon. Impact craters document the exogenic dynamic evolutionary history of the Moon, since the lunar surface has been continuously exposed since the formation of the Moon’s crust. Previous studies have established the relationship between crater-size frequency distribution and absolute model age [1,2,3,4,5]. Additionally, it has been observed that impact craters undergo degradation over time, with older craters experiencing more significant degradation and morphological changes [6,7,8,9,10]. The absolute model age and degradation complement each other, providing better constraints on lunar geological evolution. Therefore, studying the morphology of impact craters can offer insights into their morphological changes over time.



In stratigraphic studies, Wilhelms et al. (1987) [11] divided the moon time scale into five periods based on the principle of stratigraphic system using impact ejecta and volcanic deposits: Pre-Nectarian period, Nectarian period, Imbrian period, Eratosthenian period, and Copernican period. Guo et al. (2023) [12] divided the moon time scale into six periods based on changes in both endogenic and exogenic dynamic forces and impact events: Magma-Oceanian period, Aitkenian period, Nectarian period, Imbrian period, Eratosthenian period, and Copernican period. Regardless of the classification scheme used, the stratigraphic age divisions after the Nectarian period are consistent. The age boundaries for these periods are as follows: Nectarian period (3.92–3.85 Ga), Imbrian period (3.85–3.16 Ga), Eratosthenian period (3.16–0.8 Ga), and Copernican period (0.8 Ga–present). The Imbrian period is further subdivided into the Early Imbrian epoch (3.85–3.8 Ga) and Late Imbrian epoch (3.8–3.16 Ga). The impact flux rate was high in approximately 3.85–3.95 Ga, leading to rapid obliteration and severe degradation of impact craters [7]. The impact flux after ~3.85 Ga seems to have drastically decreased [6,13]. Impact craters are more likely to be well-preserved thereafter [7]. Therefore, impact craters formed since around 3.85 Ga, including those from the Imbrian period and onward, may have a better correlation between their morphology and stratigraphic age.



The morphology of impact craters changes over time due to subsequent geological activities, such as subsequent impact events [7,10,14,15,16], moonquakes [10,15,17], and space weathering [10]. The effects of subsequent impact events on impact craters manifest in three aspects. Firstly, subsequent impacts can directly impact existing craters, leading to their disappearance or degradation [14]. Secondly, the seismic shaking from nearby impacts can induce mass wasting of existing craters [10,14,15]. The downslope movement of material can directly cause the degradation of crater terrace, wall collapse, and infilling of the impact crater. Thirdly, ejecta from subsequent impacts can directly overlay or infill craters, causing degradation in their morphology [7,10]. Moonquakes also affect impact craters by inducing fragmentation and slope failure through their seismic shaking [10,15]. Previous studies suggest that the impact of a single moonquake on crater morphology might be limited, but the cumulative effects of multiple moonquakes can result in various forms of mass wasting, leading to crater degradation [16]. Space weathering affects impact craters through impact by meteorites and micrometeorites and irradiation by solar wind and cosmic rays, causing changes in the surficial regolith layer of the craters [10,18]. This process is known as maturation. If the surficial regolith layer experienced longer space weathering, it would be more mature. [18]. These combined effects manifest in changes to the crater rim, depth, walls, and floor. Figure 1 shows the morphological features of impact craters at different ages (Copernican, Eratosthenian, Early Imbrian, Late Imbrian) and different diameters (~8 km, ~17 km, ~30 km, ~45 km, ~95 km). The transition of impact craters from simple to complex morphology can be observed.



Qualitative studies classified impact craters into grades according to their degradation features (such as ray, radial ejecta, rim-crest, terracing and interior radial channels, rim texture, etc.) and inferred the relative stratigraphic age of impact craters [6,8,9,10]. Trang et al. (2015) [10] categorized 15 craters with diameters ranging from 4.7 to 22.1 km based on their degraded morphologies grade and established relationships with crater ages. However, such judgments require advanced experience. Hence, quantitative research is necessary.



Previous crater quantitative studies primarily focused on morphological parameters. Croft (1985) [19] studied 86 fresh craters with diameters ranging from 2.85 km to 150 km and identified power law relationships between crater depth, interior volume, and diameter. Kalynn et al. (2013) [20] analyzed 80 fresh craters with diameters of between 15 km and 167 km, investigating the power law relationships between crater depth, central peak height, and diameter. Scott (2013) [21] examined 174 well-preserved craters with diameters of from 3 km to 21 km, exploring power law relationships between crater depth, rim height, volume, and diameter. Sharpton (2014) [22] studied 21 fresh craters with diameters ranging from 2.2 km to 45 km, focusing on the power law relationship between rim height and diameter. Osinski et al. (2018) [23] analyzed 20 well-preserved craters with diameters ranging from 15 km to 42 km and found power law relationships between depth, crater floor diameter, wall width, rim height, and diameter. Agarwal et al. (2019) [24] investigated 245 craters with diameters ranging from 180 m to 20 km, studying the relationships between crater diameter, wall slope, and diameter. Wang et al. (2022) [25] studied 52 fresh complex craters with diameters of between 21 km and 316 km, researching the power law relationships between interior volume, central peak height, and diameter. Sun et al. (2023) [26] conducted a study on 15,135 craters with diameters ranging from 5 km to 20 km, examining depth, rim height, bidirectional slope, and rock abundance. To summarize, crater depth and diameter are the two most commonly used morphological parameters. Additionally, previous studies have utilized other parameters such as volume, rim height, floor diameter, wall width, wall slope, and rock abundance, and so on. However, many previous studies have primarily focused on fresh craters, mainly from the Copernican and Eratosthenian periods, without distinguishing between these two periods.



Previous qualitative studies on crater morphology required a high level of expertise to assess the crater degradation and integrate it with stratigraphic ages. Quantitative studies have not combined crater morphological parameters with stratigraphic ages, and most of these studies have focused on fresh or well-preserved craters. To better understand the morphological evolution of impact craters and to investigate the relationship between lunar crater morphological parameters and different stratigraphic ages, 432 impact craters were analyzed from the Lunar and Planetary Institute lunar crater database [27] dating back to the Early Imbrian epoch. Using high-resolution imagery data, quantitative analyses were conducted on seven morphological parameters (crater depth, irregularity, wall width, wall height, rim height, volume, roughness) and rock abundance. We compared the morphological differences of impact craters at different stratigraphic ages, aiming to provide scientific references for determining the relative stratigraphic ages of the impact craters of unknown age and enhance our understanding of crater degradation process.




2. Data and Methods


2.1. Data


2.1.1. Impact Crater Data


The Lunar Impact Crater Database [27] (2015 version; https://www.lpi.usra.edu/lunar/surface/, accessed on 1 April 2023) from LPI contains 497 impact craters with stratigraphic ages since the Imbrian period. In this study, we first examined the morphology of each crater in the database, and craters heavily affected by subsequent impacts (e.g., craters extending beyond the rim edge, overlapping craters) were excluded. Ultimately, 432 impact craters distributed across the lunar surface were analyzed. Among them, 76 craters were classified as Copernican, 124 craters as Eratosthenian, 144 craters as Late Imbrian, and 88 craters as Early Imbrian, distributed across the lunar surface. Figure 2 shows the distribution and stratigraphic ages of the impact craters employed in this study.




2.1.2. Topographic Data


The Global Lunar LOLA DEM was used in this study, and it was downloaded from the USGS Astrogeology Science Center Node. The LOLA DEM covers latitudes within 90°N/S and has a spatial resolution of ~118 m/pixel [28]. Additionally, the study utilized the global maximum slope map generated by SELENE and LOLA merged DEM (SLDEM2015), which has a spatial resolution of approximately 59 m/pixel [29].



Based on the binned Diviner channel 6–8 radiance data, Bandfield et al. (2011) [30] obtained global rock abundance (RA) data by calculating the thermophysical properties of rocks (≥1 m). Bandfield et al. (2016) [31] improved the algorithms with local slopes considered. Rock abundance data cover latitudes between 80°N/S with a spatial resolution of 128 pixels/degree.





2.2. Method


Accurately identifying the boundary between the impact crater rim and floor is of great significance in the quantitative analysis of impact craters. In our study, we employed a manual visual identification method using WAC images, LOLA DEM, and SLDEM slope data.



Single or a few parameters are insufficient to comprehensively describe the morphology of impact craters, and each parameter may vary to different extents at different stratigraphic ages. In this study, 7 morphological parameters including crater depth, irregularity, wall width, wall height, rim height, volume, roughness, as well as rock abundance were utilized to constrain the crater morphology, aiming to determine their relationships with the stratigraphic ages.



Due to the significant variations in crater sizes at different stratigraphic ages, the five morphological parameters including crater depth, wall width, wall height, rim height, and volume were normalized.



2.2.1. Determining the Boundaries of Impact Craters


When interpreting the boundaries of impact crater rim and floor, especially for complex craters, the identification of crater floor boundaries can be challenging due to collapse effects [7]. The manual visual identification method relies on a detailed analysis of the morphological features of impact craters to identify the crater rim and floor. WAC images provide high-resolution surface features of the impact craters, enabling observations of both the overall morphology and finer details. DEM data offer precise elevation information for the crater region, while Slope data provide topographic variations across the crater area.



The crater rim is defined as the highest edge of the impact crater. By combining WAC images with DEM, the crater rim can be accurately identified. The crater floor typically manifests as a relatively flat area, further validated by the slope data. Analyzing the slope map allows us to identify the transition from the flat area of the crater floor to the steep area of the crater wall, marking the boundary of the crater floor. Therefore, by integrating WAC images, DEM data, and SLDEM slope data, the position of the crater floor was determined accurately and precisely.




2.2.2. Crater Diameter and Depth


Previous researchers often used the radius of an equi-areal circle at the crater rim as the radius of the impact crater [32,33], which is reasonable for nearly circular craters. However, this estimation method is not suitable for irregular craters, such as elliptical impact craters. In this study, using WAC image data, we plotted the distances from each point on the crater rim to the centroid of the crater and used these distances as radii for the points. Figure 3 illustrates a circular crater and an elliptical impact crater with radial lines emitted from the centroid of each crater to each point on each crater rim. Finally, we calculated the mean of all radii to define the radius of the impact crater. Depending on the morphological characteristics of the impact craters, the minimum number of lines measured was over 80, while the maximum exceeded 4000.



To improve the accuracy of measuring the impact crater depth, this study excluded elevation data affected by later impacts or crater floor fractures when calculating the difference between the average elevation of the excluded crater floor region, and the average elevation of the crater rim was then calculated as the impact crater depth (Figure 4).




2.2.3. Crater Wall Width and Wall Height


Similarly, previous studies commonly used an equidistant circle to determine the diameter of the impact crater floor and then subtracted this from the rim diameter to calculate the crater wall width [23]. However, the crater floor shape is often irregular and polygonal. Therefore, we employed a method similar to calculating the diameter to determine the crater wall width. The boundaries of the crater rim and floor were manually delineated through visual interpretation. These two boundaries collectively define the upper and lower limits of the crater wall. Using DEM data, the elevation values of these boundaries were extracted, and their average elevations were calculated. The difference between the average elevation of the rim boundary and that of the floor boundary represents the crater wall height.




2.2.4. Crater Rim Height


The crater rim height refers to the elevation difference between the crater rim and the pre-impact surface. For the calculation of rim height, the four-, six- and eight-profile methods are mostly adopted [23,33,34,35]. Elevation values within a certain range of the impact crater (e.g., 2.5 crater radius and 3 crater radius) are viewed as trends from the pre-impact surface to rim height [22,36].



Due to the complexity of the terrain, the crater rim height varies in different directions. Therefore, the rim height obtained using the above methods may not be very accurate. In this study, the “Trend” tool was utilized to simulate the pre-impact surface and obtain the rim height by fitting a trend surface.



Taking the Sharonov crater in the Eratosthenian period (173.10°E, 12.34°N, D = 76.01 km) as an example (see Figure 5), the following steps were followed: First, a distance range of 4R from the center of the crater was taken as the buffer zone. Secondly, an outer rectangle was created to clip the required data. Thirdly, the “Trend” tool was used to fit the pre-impact surface. Fourth, the elevation of the crater rim was subtracted from the corresponding elevation of the fitted surface, and the average difference was taken as the rim height.




2.2.5. Crater Irregularity Index


Irregularity is used to calculate the degree of irregularity of a crater rim and is obtained from the ratio of the crater perimeter to the area of the crater rim. The irregular index was calculated by Agarwal et al. (2019) [24]:


  I r = p / ( 2 π  A  )  



(1)




where p is the perimeter, and A is the area of the crater rim. The larger the value of Ir, the more irregular the impact crater becomes.




2.2.6. Crater Volume


Crop every crater from the LOLA DEM 118 m gridded topography. Volume can be directly calculated using image processing tools. This study employed the piling method to calculate the volume of impact craters [25].




2.2.7. Crater Roughness


Bidirectional slope is widely used in geological and geomorphological research to describe the variations in terrain relative to a specific horizontal scale, also known as a baseline [37]. It is a quantitative method for characterizing both the rate of change of roughness with spatial scale and the amplitude of roughness [38]. The calculation of roughness typically depends on the selected baseline and the spatial resolution of the terrain elevation data. This method is applied across various terrain scales, from submillimeter to kilometer scales [26,37,38,39,40]. The detailed calculation method can be found in Cai and Fa (2020) [38].



The choice of different baseline has an impact on capturing the different features of the terrain. A shorter baseline is beneficial for capturing the details and local characteristics of the terrain but is also more susceptible to noise and local variations in the terrain. Conversely, a longer baseline can better smooth out the terrain, reducing the impact of local variations, but may lead to a loss of some detailed information in the terrain. Therefore, in this study based on 118 m/pixel LOLA DEM data, we employed a baseline ranging from 168 m to 5340 m for calculating the bidirectional slope.




2.2.8. Mean Slope and Rock Abundance of the Crater Wall


The crater wall is defined as the transitional area between the crater rim and the crater floor. This region is described by a circular area bounded by the identified crater rim and crater floor. In our study, we used this identified crater wall area to extract data from the SLDEM slope [29] and Rock Abundance (RA) [30] image datasets. Consequently, we obtained slope and rock abundance image data for the crater wall. By calculating the average values from these datasets, the average slope and average rock abundance of the crater wall was obtained.






3. Results


3.1. Crater Diameter and Depth


Figure 6 shows that the crater depth increases with diameter, but the trend is uneven. There is a rapid increase followed by a slower trend, with a turning point. A power law equation was used to fit the relationship between crater depth and diameter, and by searching for the optimal fit, the turning point values were obtained, which were ~13 km for the Copernican period and ~15 km for the Eratosthenian period. Table 1 summarizes the power law fitting relationships between crater depth and diameter for impact craters of different stratigraphic ages.



From Figure 6 and Table 1, it can be concluded that: (1) With the increase in the age of impact craters, the correlation between depth and diameter decreases. (2) As the stratigraphic age increases, the ratio of depth to diameter (d/D) tends to decrease.




3.2. Crater Wall Width and Wall Height


The crater wall width increases with increasing diameter (Figure 7a), showing a high correlation (Table 2). The crater wall height also increases with diameter, with significant differences in slopes at different intervals, showing a higher slope followed by a lower one with increasing diameter. By fitting the relationship between wall height and diameter using a power law equation, the turning points for Copernican and Eratosthenian are found to be ~13 km and ~15 km, respectively (Figure 7b).



Figure 7c,d displays the ratio of crater wall width to crater radius and the ratio of crater wall height to crater depth. For craters without a floor (i.e., bowl-shaped craters), both the ratio of crater wall width to radius and the ratio of crater wall height to depth are equal to 1. Table 2 lists the ratios of crater wall width to radius and crater wall height to depth. The ratio of crater wall width to crater radius shows a decreasing trend from the Copernican to the Early Imbrian period. The ratio of crater wall height to crater depth decreases from the Copernican to the Late Imbrian, with a slight increase in the Early Imbrian compared to the Late Imbrian (Figure 7d, Table 2).




3.3. Crater Rim Height


The crater rim height increases with the crater diameter, with noticeable variations in slope, showing an initial increase followed by a decrease in slope (Figure 8). Using a power law equation to fit the relationship between rim height and diameter, the turning points for the Copernican and Eratosthenian were determined to be ~13 km and ~15 km, respectively.



The power law relationships for rim height are listed in Table 3. As the diameter of the impact crater increases, the crater rim height also increases. By calculating the ratio of crater rim height to diameter for 21 fresh impact craters provided by Sharpton (2014) [22], a range of 0.0193 to 0.0477 was obtained.




3.4. Crater Irregularity Index


Figure 9 illustrates the density distribution and kernel density estimate of irregularities for the impact craters of different stratigraphic ages. The peak irregularity density is 1.0093 for the Copernican craters, 1.0124 for the Eratosthenian craters, 1.0209 for the Late Imbrian craters, and 1.0243 for the Early Imbrian craters. This suggests that its irregularity tends to increase as the stratigraphic age of the crater increases.




3.5. Crater Volume


The volume of impact craters increases with diameter, showing a positive correlation with size (Figure 10a, Table 4). Table 4 provides the best-fitting equations for the relationship between crater volume and diameter. Figure 10b illustrates that as the age of the impact crater increases, its volume tends to decrease.




3.6. Crater Roughness


Based on the 118 m/pixel LOLA DEM, we calculated the bidirectional slopes at baseline distances ranging from 167 m to 5340 m for different geological ages. Figure 11a shows the median bidirectional slope at different baselines across different stratigraphic ages. As the baseline increases, the rate of decrease in the bidirectional slope for a younger stratigraphic age is greater than for older ones [37]. At the 167 m baseline, the median bidirectional slope of the Copernican craters is 21.15 ± 7.52, for the Eratosthenian is 17.66 ± 5.99, for the Late Imbrian is 14.09 ± 4.44, and for the Early Imbrian is 13.33 ± 3.89. This indicates that the impact craters of a younger stratigraphic age have a rougher morphology [42,43]. Figure 11b calculates the relationship of the crater diameter and median bidirectional slope of impact craters at a 167 m baseline. For the Copernican and Eratosthenian, the bidirectional slope of simple impact craters shows an increasing trend [26]. For the Copernican, it rises from 25.26 to 33.15, and for the Eratosthenian, it increases from 22 to 30.33. The bidirectional slope of complex impact craters shows a decreasing trend across different stratigraphic ages.




3.7. Mean Slope and Rock Abundance of the Crater Wall


We calculated the average slopes and rock abundance of the impact crater walls. Figure 12a,b show the distribution of the impact crater diameter, slope, and rock abundance for different stratigraphic ages, respectively. For Copernican, Eratosthenian, Late Imbrian, and Early Imbrian, the rock abundance values for these ages are 0.0303 ± 0.0398, 0.0165 ± 0.0254, 0.0043 ± 0.0030, and 0.0034 ± 0.0021, respectively. This indicates a decrease in rock abundance with increasing stratigraphic age.



Correlation analysis of rock abundance with diameter and crater wall slope reveals significant negative correlations with diameter and positive correlations with wall slope for younger stratigraphic ages. The correlation coefficients for Copernican-aged craters are −0.393 ** and 0.477 ** respectively, while for Eratosthenian-aged craters, they are −0.568 ** and 0.533 **. No significant correlations were found for Imbrian-aged craters.





4. Discussion


4.1. Transition Diameter of Simple-to-Complex Crater Morphology


We conducted power law fitting for the relationships between depth, wall height, rim height, and diameter, respectively (Figure 6, Figure 7 and Figure 8), and found turning points in all cases. These turning points represent the transition of the impact crater morphology from simple to complex, and the corresponding diameter is the transitional diameter [23,34]. Previous studies obtained the transitional diameters through a single morphological parameter. Pike (1974) [44] identified the transitional diameter range in the depth-to-diameter ratio based on the impact craters with diameters of between 10 km and 15 km. Wu et al. (2022) [45] identified the transitional diameter at approximately 11 km in diameter based on craters with a depth-to-diameter ratio of ~0.2. Croft (1978) [19] found the transitional diameter to be 13 km through the relationship between volume and diameter. Sharpton (2014) [22] obtained a transition diameter of 17 km by calculating the rim height vs. diameter relationship. Other researchers have provided transitional diameter ranges based on visual interpretation and numerical simulations. Chandnani et al. (2019) [34] investigated changes in crater morphology and obtained transitional diameters ranging from 15 km to 20 km. Wünnemann and Ivanov (2003) [46] determined the transitional diameter to be around 15 km using 2D numerical modeling of impact cratering. In summary, the transitional diameter range of impact craters is estimated to be between 10 km and 20 km. We found a transitional diameter of approximately 13 km to 15 km for craters of Copernican and Eratosthenian, consistent with previous research findings. However, the transitional diameter of impact craters in the Imbrian period could not be determined due to the limited number of preserved simple craters, since it is challenging to obtain accurate values through data fitting methods using a few craters.



To further investigate the relationship between the transitional diameters and stratigraphic ages, this study regarded the transitional diameter for each period as an approximate value. Through multi-parameter fitting, it was discovered that transitional diameters vary among different periods, with an approximate value of ~13 km for the Copernican period and ~15 km for the Eratosthenian period.



Previous studies have found that the transitional diameter is mainly influenced by gravity and target properties [23,32,34,47]. For the Moon, the gravity acceleration during the Copernican and Eratosthenian periods was consistent. Therefore, the difference in the transitional diameters of impact craters between the Copernican and Eratosthenian should be attributed to differences in target properties. The Copernican and Eratosthenian periods represent the later stages of lunar evolution, characterized by a prolonged history of impacting. These impacts occurred on the megaregolith that formed during the Late Heavy Bombardment (LHB) [48]. In the process of lithification on Earth, compaction occurs when layers of materials accumulate due to gravity, reducing the porosity between particles in the lower layers, which is a process referred to as compaction. This compaction is a physical process solely influenced by gravity. Similarly, we believe that on the Moon, the lunar material at the base of the megaregolith also undergoes compaction due to gravity. The deeper the depth, the higher the degree of consolidation. Compared to the transition diameters of lunar maria and highlands, previous studies found that the transition diameter of lunar maria is smaller than that of highlands [23,26,32]. They ascribed it to the overlapping of multiple phases of basaltic lava flows in the lunar maria, resulting in the formation of layered basalts. The layered structure leads to faster cavity collapse in the form of terraces [23,34]. Similarly, we suggest that layering may have contributed to the transitional diameter of Copernican impact craters being smaller than that of the Eratosthenian. The reasons are as follows. The Copernican period is approximately 2.36 Ga younger than the Eratosthenian period. During this time gap, new ejecta continuously accumulated on impact craters, increasing the thickness of the regolith layer. Additionally, the cumulative effect over time allowed for sufficient consolidation of the underlying regolith layers, resulting in the formation of multiple layers of regolith. And the layering may account for the smaller transitional diameter of the Copernican period.




4.2. The Evolution of Impact Crater Morphology over Time


4.2.1. Different Thermal States at Different Stratigraphic Ages


The Imbrian period was characterized by active endogenic processes, during which extensive basaltic lavas erupted onto the lunar surface through magma channels [49]. Basaltic magma intruded upward into the lunar crust. Some of the magma formed magma reservoirs beneath the crust, some intruded into the crust along fractures but did not erupt, while a small portion of it erupted onto the lunar surface through ascending channels, resulting in the formation of lunar mare basalts. The influence of molten magma extends far beyond the actual eruption area. Within the range affected by magma, the lunar crust experiences elevated thermal stress. According to the 1:2,500,000-scale geological map of the global Moon [50], it is calculated that the area covered by mare basalts in the Imbrian period constitutes approximately 9.34% of the total lunar surface. This indicates that at least 9.34% of the lunar surface during the Imbrian period remained under relatively high thermal stress.



The relatively higher thermal stress results in higher viscosity of the lunar crust material compared with the cold one. Hotter thermal states weaken target materials by reducing their yield strength and promoting the formation of impact melt, leading to a decrease in viscosity [46,51,52,53,54]. Wünnemann and Ivanov (2003) [46] demonstrated through numerical simulations of the relationship between crater depth and diameter that increased temperature reduces the shear strength, making material flow more easily and leading to deposition within the crater. Hall et al. (1981) [52] found that in regions with abnormally high near-surface temperatures, low effective viscosity, and a thin lithosphere, crater relaxation is significantly accelerated. Wichman and Schultz (1995) [53] noted that elevated temperatures result in increased rock temperatures, decreased viscosity, and lower viscosity of the impact melt, which could lead to relaxation and consequently accelerate shallowing due to laccolith injection. Jozwiak et al. (2012) [54] suggested that shallow crater floors may result from viscous relaxation. Ding et al. (2021) [51] found, through studying craters with diameters ranging from 100 km to 650 km, that the thermal contraction of the lithosphere affects crater morphology, with colder targets freezing the crustal structure of impact basins in the lithosphere more quickly. Therefore, it could reasonably be inferred that when an impactor hits a relatively hot, plastic surface, the same amount of impact energy results in a shallower excavation depth and a smaller volume of excavated crater compared to the situation of hitting a colder, more rigid surface [51]. When an impactor hits a relatively hot, plastic surface, the same amount of impact energy results in a shallower excavation depth and a smaller volume of excavated crater compared to the situation of hitting a colder, more rigid surface [51].



The interior of the Moon gradually cooled down over time. During the Eratosthenian period, only a small amount of basaltic lava erupted, while in the Copernican period, which represents the latest stage of lunar evolution, there are no evident indications of internal geological processes (no Copernican lunar mare or cryptomare has been found on the lunar surface). The lunar surface mainly undergoes exogenic processes, primarily impacting. At these stages, the lunar surface had completely cooled down and was completely solidified. Compared with the hot surface, with the same energy, the impactor excavated more deeply and more materials when hitting a cooled, solidified surface.




4.2.2. Different Target Properties at Different Stratigraphic Ages


With the accumulation of impact craters, the target characteristics (porosity) also change continuously, which affects the sizes of subsequent impact craters [55]. Impacting is a major contributor to the generation of porosity. Impacting is thought to raise the porosity of the near-surface area by causing brecciation [56]. The tensile and shear stresses generated by impacting can cause fracturing, shattering, and faulting of the crust around the crater, extending several crater radii beyond the crater rim and to a depth greater than 10 km into the lunar crust [55,57,58]. The Moon has been continuously subjected to external impacts. The older the surface is, the more impacts that it may have suffered. Therefore, we can infer that the porosity of the lunar crust increased from the Imbrian period to the Copernican period. Additionally, through simulation experiments, many researchers have found that impacting high-porosity targets can result in unusually deep craters, as most of the impact energy is used to break up the porous spaces, leading to compaction of the target materials and the formation of deeper craters [19,58,59,60]. This may be one of the reasons why craters in the Imbrian period are shallower and smaller in crater depth and volume compared to those in the Eratosthenian and Copernican periods.




4.2.3. The Crater Degradation at Different Stratigraphic Ages


Impact craters are affected by subsequent impact events, causing varying degrees of inward and outward collapse at different parts of the crater rim, leading to increased irregularity of the crater and reduced rim height [35,61] (Figure 8 and Figure 9).



According to previous studies, the degradation of impact craters is mainly influenced by processes such as self-material slumping and infilling by ejecta from subsequent impact events. During weathering processes, material from the crater wall collapses and slides toward the crater floor, spreading over a larger area [7,62]. The infilling of material leads to a decrease in crater depth, wall width, wall height, and volume (Figure 6, Figure 7 and Figure 10).



We found that the ratio of wall height to crater depth decreased from the Copernican to the Late Imbrian (Figure 7). However, compared to the Late Imbrian, the ratio of rim height to crater depth increased in the Early Imbrian. We believe that it is caused by the different contributions of collapsed rim material to wall height and crater depth. After the formation of the impact crater, the rim material is affected by gravity and undergoes collapse, sliding down to the crater floor. This process is known as mass wasting [15,63].



In the early stages after the formation of an impact crater, the relatively steep slope causes the rim material to slide down at a relatively fast rate, accumulating at the edge of the crater floor. The distribution of the slide rim materials on the crater floor is uneven, with more accumulation towards the edges, leading to a greater reduction in wall height compared to crater depth. Xiao et al. (2013) [15] observed that mass wasting occurs within a slope range of approximately 25–35°, with weaker mass wasting associated with smaller slope angles. The data in this study indicate that the slope gradually increases from the Early Imbrian to the Copernican, implying a gradual enhancement of the mass wasting process from the Early Imbrian to the Copernican (Table 5). In other words, the impact craters from the Imbrian period have undergone a longer period of evolution compared to those from the Copernican period. As a result, the current morphology (crater wall slope) of Imbrian craters is smaller than that of Copernican craters. Therefore, Copernican craters are more susceptible to mass wasting than Imbrian craters. With the accumulation of time, the cumulative decrease in wall height exceeds that of crater depth, explaining the gradual decrease in the ratio of wall height to crater depth from the Copernican to the Late Imbrian.



Furthermore, during the Early Imbrian, the maximum value of the crater wall slope is 25.36° (mean value is 17.52°), indicating that mass wasting may have ceased during this epoch. Therefore, mass wasting is not the primary factor driving the increase in the ratio of crater wall height to depth during this epoch. Instead, external ejecta become the main factor. The rate of change in crater depth is greater than that of crater wall height, leading to an increase in the ratio of crater wall height to depth.



From the Imbrian period to the Copernican period, the roughness of impact craters and the rock abundance of crater walls gradually increased (Figure 11 and Figure 12). This indicates that the crater walls during the Imbrian period had lower rock abundance compared to those in the Copernican period. The reasons are as follows: (1) Subsequent impact events’ ejecta cover rugged terrains, resulting in reduced roughness [7,43]. (2) Exposed boulders on the surface undergo rapid destruction due to thermal fatigue from diurnal temperature cycling and micrometeorite impacts, leading to gradual smoothing of the terrain [64,65,66,67]. Basilevsky et al. (2013) [66] estimated a half-life of 40–80 Myr for rocks with a diameter ≥ 2 m, while Vanga et al. (2022) [67] demonstrated that the half-life of meter-scale surface rocks is 80 ± 20 Myr. This implies that rock fragments with a diameter of 1 m disappear approximately 150 Myr. (3) Mass wasting of crater walls covers rugged terrains.






5. Conclusions


The study systematically and quantitatively analyzed seven morphological parameters of 432 known impact craters from the Copernican, Eratosthenian, and Imbrian periods, including crater depth, rim height, volume, wall width, wall height, irregularity, and roughness, as well as rock abundance. The following conclusions were drawn:




	(1)

	
Based on power law fitting for the relationships between depth, wall height, rim height, and diameter, transition diameters were determined for craters from the Copernican and Eratosthenian periods. Specifically, the craters from the Copernican period had an approximate transition diameter of 13 km, while those from the Eratosthenian period had a diameter of around 15 km. These systematic differences are attributed to the stratification of the target regolith.




	(2)

	
Impact craters of the same diameter tend to have greater irregularity with older age, while crater depth, rim height, volume, wall width, wall height, roughness, and rock abundance decrease. Therefore, using the real values of crater morphological parameters and rock abundance may better constrain the stratigraphic ages of impact craters of unknown age.
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Figure 1. Morphology characteristics of lunar impact craters at different stratigraphic ages and diameters. (a) Lansberg A (31.15°W, 0.17°N, D = 8.36 km). (b) Maestlin H (43.57°W, 4.64°N, D = 7.31 km). (c) Ariadaeus B (15.06°E, 4.89°N, D = 8.07 km). (d) Dubyago W (69.75°E, 6.50°N, D = 8.48 km). (e) Tharp (145.63°E, 30.61°S, D = 13.07 km). (f) Sharp A (42. 68°W, 47.62°N, D = 17.16 km). (g) Daedalus S (172.88°E, 6.68°S, D = 21.96 km). (h) Ukert (1.37°E, 7.72°N, D = 22.80 km). (i) Madler (29.74°E, 11.03°S, D = 27.15 km). (j) Izsak (117.58°E, 23.32°S, D = 31.16 km). (k) Siedentopf M (135.13°E, 18.98°N, D = 33.10 km). (l) St. John X (147.35°E, 13.73°N, D = 30.46 km). (m) Harpalus (42. 48°W, 52.72°N, D = 40.13 km). (n) Perrine E (125.26°W, 42.53°N, D = 40.52 km). (o) Nikolaev (151.28°E, 35.07°N, D = 43.59 km). (p) Vander Waals W (117.95°E, 41.71°S, D = 45.54 km). (q) Copernicus (9.63°E, 20.07°S, D = 92.91 km). (r) Theophilus (26.29°E, 11.48°S, D = 100.03 km). (s) Fizeau (134.00°W, 58.17°S, D = 107.00 km). (t) Arzachel (1.91°W, 18.26°S, D = 97.68 km). The base map uniformly adopts the LROC (Lunar Reconnaissance Orbiter Camera) WAC (Wide Angle Camera) image mosaic; 100 m/pixel. It is orthographically projected with the center at the crater’s centroid. 
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Figure 2. The map illustrates the distribution of impact crater data in this study. Dots represent craters that were categorized: Copernican craters are depicted in blue, Eratosthenian craters in orange, Late Imbrian craters in green, and Early Imbrian craters in red. The base map is based on LOLA (Lunar Orbiter Laser Altimeter), DEM (digital elevation model), and LROC (Lunar Reconnaissance Orbiter Camera) WAC (Wide Angle Camera) image mosaic. This representation employed Mollweide projection. 
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Figure 3. Schematic diagrams of impact crater shapes and segments used for diameter calculations: (a) Circular Milichius A crater (32.07°W, 9.25°N, D = 8.32 km); (b) Radial lines emitted from the centroid of Milichius A crater to various points on its rim; lines are colored in MediumVioletRed; (c) Elliptical Messier_crater (47.65°E, 1.90°S, D = 11.52 km); (d) Radial lines emitted from the centroid of Messier crater to various points on its rim; lines are colored in MediumVioletRed. Green dots in (b,d) indicate the centroid of the crater rim, while black dots mark various points on the crater rim. 
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Figure 4. The Ritter impact crater in the Late Imbrian (1.96°N, 19.17°E, D = 29.19 km). The yellow line represents new impact craters formed by subsequent impacts. The blue line represents the crater floor, the green line represents the crater rim, and the red line represents crater floor fractures. The base map is the global LROC WAC image mosaic, orthographically projected with the center at the crater’s centroid. 
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Figure 5. The main process of calculating the rim height of the Sharonov crater (173.10°E, 12.34°N, D = 76.01 km). (a) Elevation map of the outer rectangular extent of 4R from the crater center. The area formed by the red line is the fitted area after removing the effects. (b) Fitted pre-impact surface. (c) Pre-impact surface. (d) Morphology of the Sharonov crater below the pre-impact surface. 
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Figure 6. The relationship between impact crater depth and diameter at different stratigraphic ages. (a) The distribution map of crater depths at different diameters. (b) The ratio of crater depth to diameter value. The red diamond represents the mean value of crater depth to diameter ratio. The gray diamonds represent abnormal values. 
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Figure 7. Different stratigraphic ages of (a) The distribution map of crater wall width at different diameters; (b) The distribution map of crater wall height at different diameters. The red diamond represents the mean value of crater wall width to radius ratio; (c) The ratio of crater wall width to radius value; (d) The ratio of crater wall height to depth value. The red diamond represents the mean value of crater wall height to depth ratio. The gray diamonds represent abnormal values. 
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Figure 8. The relationship between impact crater rim height and diameter at different stratigraphic ages. (a) The distribution map of crater rim height at different diameters. (b) The ratio of crater rim height to diameter value. The red diamond represents the mean value of crater rim height to diameter ratio. 
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Figure 9. Irregularities for impact craters of different stratigraphic ages. Different colored lines represent the kernel density lines of impact craters. 
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Figure 10. The relationship between impact crater volume and diameter at different stratigraphic ages. (a) The distribution map of crater volume and diameter at different diameters. (b) The ratio of crater volume to diameter value. The red diamond represents the mean value of crater volume to diameter ratio. The gray diamonds represent abnormal values. 
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Figure 11. (a) The relationship between median bidirectional slope and baseline at different stratigraphic ages. (b) The relationship between median bidirectional slope and diameter at the 167 m baseline at different stratigraphic ages. 
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Figure 12. The distribution relationships between impact crater diameter, slope, and rock abundance at different stratigraphic ages. Average values for the slope and rock abundance of the crater walls were calculated. (a) Relationship between impact crater diameter and rock abundance. (b) Relationship between mean value of wall slope and rock abundance. 
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Table 1. The summary of power law (  Y = a   X   b    ) coefficients and ratio range for the depth and diameter in different stratigraphic ages.






Table 1. The summary of power law (  Y = a   X   b    ) coefficients and ratio range for the depth and diameter in different stratigraphic ages.





	
Stratigraphic Age

	
Diameter Range (km)

	
a

	
b

	
R2

	
d/D Range






	
Copernican

	
2.30–~13

	
0.2076 ± 0.0509

	
0.9993 ± 0.1053

	
0.8796

	
0.0414–0.2502




	
~13–97.36

	
0.9920 ± 0.1088

	
0.3482 ± 0.0287

	
0.7526




	
Eratosthenian

	
3.07–~15

	
0.1985 ± 0.0536

	
0.9908 ± 0.1160

	
0.8554

	
0.0337–0.2243




	
~15–132.44

	
1.1161 ± 0.1165

	
0.3093 ± 0.0270

	
0.5848




	
Late Imbrian

	
5.67–133.42

	
1.0293 ± 0.1638

	
0.3142 ± 0.0409

	
0.3174

	
0.0184–0.1933




	
Early Imbrian

	
8.49–97.64

	
0.6313 ± 0.1385

	
0.4233 ± 0.0572

	
0.3944

	
0.0167–0.1506








The sample size of both Late Imbrian and Early Imbrian impact crater diameter was less than 20 km too small; hence, segment fitting was not applied for these two ages to find the turning points. Y, X, a, and b represent crater depth, crater diameter, constant, and power exponent, respectively.













 





Table 2. The summary of power law (  Y = a   X   b    ) coefficients for the crater wall width, crater wall height, and diameter in different stratigraphic ages.






Table 2. The summary of power law (  Y = a   X   b    ) coefficients for the crater wall width, crater wall height, and diameter in different stratigraphic ages.





	
Stratigraphic Age

	

	
Diameter Range (km)

	
a

	
b

	
R2

	
Wall Width

/Radius Ratio

	
Wall Height

/Depth Ratio






	
Copernican

	
wall width

	
2.30–97.36

	
0.7485 ± 0.0487

	
0.7167 ± 0.0165

	
0.9722

	
0.3871–1

	
-




	
wall height

	
2.30–~13

	
0.1985 ± 0.0536

	
0.9908 ± 0.1160

	
0.8554

	
-

	
0.8092–1




	
~13–97.36

	
0.85 ± 0.0621

	
0.35 ± 0.0199

	
0.8356




	
Eratosthenian

	
wall width

	
3.07–132.44

	
0.7393 ± 0.0379

	
0.7152 ± 0.0128

	
0.9722

	
0.3587–1

	
-




	
wall height

	
3.07–~15

	
0.1565 ± 0.0255

	
1.0537 ± 0.0683

	
0.9278

	
-

	
0.7596–1




	
~15–132.44

	
0.9536 ± 0.0989

	
0.3160 ± 0.0268

	
0.5962




	
Late Imbrian

	
wall width

	
5.67–133.43

	
0.7546 ± 0.1205

	
0.6935 ± 0.0397

	
0.6791

	
0.1362–0.8204

	




	
wall height

	
5.67–133.43

	
0.9024 ± 0.1476

	
0.3149 ± 0.0420

	
0.3063

	
-

	
0.7347–0.9591




	
Early Imbrian

	
wall width

	
8.49–97.64

	
0.5878 ± 0.1206

	
0.7526 ± 0.0521

	
0.6963

	
0.1298–0.6888

	
-




	
wall height

	
8.49–97.64

	
0.5437 ± 0.1281

	
0.4333 ± 0.0613

	
0.3745

	
-

	
0.5975–0.9604








For the relationship of crater wall height and diameter, the sample size of both Late Imbrian and Early Imbrian impact crater diameters was less than 20 km too small; hence, segment fitting was not applied for these two ages to find the turning points. Y, X, a, and b represented crater depth, crater diameter, constant, and power exponent, respectively.













 





Table 3. The summary of power law (  Y = a   X   b    ) coefficients and ratio range for the rim height and diameter in different stratigraphic ages.






Table 3. The summary of power law (  Y = a   X   b    ) coefficients and ratio range for the rim height and diameter in different stratigraphic ages.





	

	
Diameter Range (km)

	
Number

	
a

	
b

	
R2

	
Rim Height

/Diameter Ratio

	






	

	
16–45

	
5

	
3.86

	
0.56

	
0.9318

	
-

	
Krüger et al., 2017 [32]




	
Highlands

	
15–42

	
12

	
0.053 ± 0.144

	
0.958 ± 0.779

	
0.169

	
-

	
Osinski et al., 2018 [23]




	
Mare

	
21–38

	
13

	
0.180 ± 0.056

	
0.456 ± 0.097

	
0.634

	
-




	
Copernican

	
2.30–~13

	
21

	
0.1985 ± 0.0536

	
0.9908 ± 0.1160

	
0.8554

	
0.0118–0.0571

	
This study




	
~13–97.36

	
52

	
0.85 ± 0.0621

	
0.35 ± 0.0199

	
0.8356




	
Eratosthenian

	
3.07–~15

	
28

	
0.0158 ± 0.0052

	
1.3213 ± 0.1355

	
0.8545

	
0.0090–0.0515




	
~15–132.44

	
94

	
0.1553 ± 0.0303

	
0.5169 ± 0.0493

	
0.5468




	
Late Imbrian

	
10.62–133.43

	
124

	
0.1312 ± 0.0280

	
0.5161 ± 0.0537

	
0.4102

	
0.0084–0.0455




	
Early Imbrian

	
8.49–97.64

	
85

	
0.0592 ± 0.0204

	
0.6431 ± 0.0879

	
0.3872

	
0.0072–0.0467








The sample size of both Late Imbrian and Early Imbrian impact crater diameter was less than 20 km too small; hence, segment fitting was not applied for these two ages to find the turning points. Y, X, a, and b represented crater depth, crater diameter, constant, and power exponent, respectively.













 





Table 4. The summary of power law (  Y = a   X   b    ) coefficients for the crater volume and diameter in different stratigraphic ages.






Table 4. The summary of power law (  Y = a   X   b    ) coefficients for the crater volume and diameter in different stratigraphic ages.





	

	
Diameter Range (km)

	
Number

	
a

	
b

	
R2

	






	

	
17–136

	
20

	
0.29

	
2.37

	

	
Hale and Grieve, 1982 [41]




	
Copernican

	
4.37–97.36

	
73

	
0.35 ± 0.0714

	
2.40 ± 0.0468

	
0.9884

	
This study




	
Eratosthenian

	
3.07–132.38

	
122

	
0.48 ± 0.0367

	
2.31 ± 0.0168

	
0.9947




	
Late Imbrian

	
10.62–132.74

	
124

	
0.32 ± 0.0715

	
2.40 ± 0.0513

	
0.9568




	
Early Imbrian

	
8.48–97.68

	
85

	
0.33 ± 0.0653

	
2.38 ± 0.0459

	
0.9912











 





Table 5. The crater wall slope value at different Stratigraphic ages.






Table 5. The crater wall slope value at different Stratigraphic ages.





	Stratigraphic Age
	Mean
	Min
	Max
	Standard Deviation





	Copernican
	23.14
	15.46
	33.01
	5.3004



	Eratosthenian
	20.54
	13.66
	29.74
	4.3250



	Late Imbrian
	18.19
	11.06
	26.82
	2.6780



	Early Imbrian
	17.52
	10.86
	25.36
	2.5004
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