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            Abstract
Random bombardment by comets, asteroids and associated fragments form and alter the lunar regolith and other rocky surfaces. The accumulation of impact craters over time is of fundamental use in evaluating the relative ages of geologic units. Crater counts and radiometric ages from returned samples provide constraints with which to derive absolute model ages for unsampled units on the Moon and other Solar System objects1,2,3,4. However, although studies of existing craters and returned samples offer insight into the process of crater formation and the past cratering rate, questions still remain about the present rate of crater production, the effect of early-stage jetting during impacts and the influence that distal ejecta have on the regolith. Here we use Lunar Reconnaissance Orbiter Camera (LROC) Narrow Angle Camera (NAC) temporal (â€˜before and afterâ€™) image pairs to quantify the contemporary rate of crater production on the Moon, to reveal previously unknown details of impact-induced jetting, and to identify a secondary impact process that is rapidly churning the regolith. From this temporal dataset, we detected 222 new impact craters and found 33 per cent more craters (with diameters of at least ten metres) than predicted by the standard Neukum production and chronology functions for the Moon2. We identified broad reflectance zones associated with the new craters that we interpret as evidence of a surface-bound jetting process. We also observe a secondary cratering process that we estimate churns the top two centimetres of regolith on a timescale of 81,000 yearsâ€”more than a hundred times faster than previous models estimated from meteoritic impacts (ten million years)5.
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                    Figure 1: Detection and distribution of new impact craters.[image: ]


Figure 2: Annual cumulative sizeâ€“frequency distribution of newly formed craters discovered with NAC temporal pairs.[image: ]


Figure 3: Signatures of crater formation in NAC temporal-pair ratios.[image: ]


Figure 4: Examples and annual sizeâ€“frequency distribution of splotches.[image: ]
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Image footprints colour-coded by the number of days between the before and after observations (June 2009 to May 2015). The size of image footprints are exaggerated for display clarity.
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Left, distribution of the area covered by individual temporal pairs versus the temporal spacing between the corresponding observations. Right, histogram of the ground sampling distance for each after image of the NAC temporal pair.


Extended Data Figure 4 Effect of image registration errors.
aâ€“d, Examples of a temporal ratio image with decreasing pixel offsets (ratio of NAC frames M188678240LR/M1180548227LR): 10-pixel offset (7.8-m offset; a); 5-pixel offset (3.9-m offset; b); 3-pixel offset (2.3-m offset; c); and <1-pixel offset (<0.8-m offset; d). The larger offsets in aâ€“c make the identification of the new impact crater impossible.


Extended Data Figure 5 R-plot of new crater population.
Relative crater frequency R of the 222 new impact craters identified with temporal imaging. For reference, a 1-yr isochron (grey line) derived from the NPF is overlaid for diameters of â‰¥10â€‰m. Error bars are estimated on the basis of Poisson statistics of counts.


Extended Data Figure 6 Details of the impact process recorded in the temporal pair.
Temporal ratio image of the 17 March 2013 impact site surrounded by four distinct reflectance zones (ratio of NAC frames M1129645568L/M183689789L).


Extended Data Figure 7 Range of reflectance zones associated with new impacts.
Maximum zone distance versus crater diameter for each of the four reflectance zones observed around new impacts. Craters smaller than 3â€‰m in diameter were excluded from the least-squares fit.
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