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            Abstract
Rimmed grooves, lineations and elongate craters around Mare Imbrium shape much of the nearside Moon. This pattern was coined the Imbrium Sculpture1, and it was originally argued that it must have been formed by a giant oblique (~30Â°) impact, a conclusion echoed by later studies2. Some investigators, however, noticed that many elements of the Imbrium Sculpture are not radial to Imbrium, thereby implicating an endogenic or structural origin3,4. Here we use these non-radial trends to conclude that the Imbrium impactor was a proto-planet (half the diameter of Vesta), once part of a population of large proto-planets in the asteroid belt. Such independent constraints on the sizes of the Imbrium and other basin-forming impactors markedly increase estimates for the mass in the asteroid belt before depletion caused by the orbital migration of Jupiter and Saturn5. Moreover, laboratory impact experiments, shock physics codes and the groove widths indicate that multiple fragments (up to 2% of the initial diameter) from each oblique basin-forming impactor, such as the one that formed Imbrium, should have survived planetary collisions and contributed to the heavy impact bombardment between 4.3 and 3.8 billion years ago.
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                    Figure 1: Views and trends of Imbrium Sculpture.


Figure 2: An oblique impact experiment into a planar aluminium and cylindrical target by aluminium projectile impacting at 5.2â€‰kmâ€‰sâˆ’1.


Figure 3: Hydrocode simulation tracing impactor fragments from a basin-forming impact compared with scours from the Moscoviense basin.
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Extended data figures and tables

Extended Data Figure 1 Mapped rings and features of the Imbrium basin that reveal asymmetries due to the impact trajectory and identify features for reference in the discussion.
The rings comprising the Imbrium basin (I), including an outer ring, corresponding to the Apennines (OR), a middle ring extending to the Alpes Mountains (MR), and an oblong interior ring (IR) delineated by isolated massifs (mountains) and wrinkle ridges. An additional scarp-ring extends farther to the southeast (dotted line). The poorly expressed outer ring to the northwest is detached from the boundary to the southeast due to enhanced rim collapse in the up-range direction. The middle ring is incomplete but is recognized by isolated massifs and re-direction of tectonic features (wrinkle ridges). The inner ring is oblong (northwestâ€“southeast) but truncated to the southeast. Nevertheless, wrinkle ridges do extend along the proposed trajectory. Such a pattern is consistent with portions of the impactor being decapitated after first contact but continuing to interact with the near surface down range. The Apollo 15 landing site at the base of the OR is also shown. â€˜Sâ€™ indicates the Serenitatis basin. (Base map is an orthographic projection of Lunar Orbiter Laser Altimeter (LOLA) reproduced with permission from M. Collins.)


Extended Data Figure 2 Mapped trends corresponding to grooves, scours and lineations in different directions around the Imbrium impact basin on the Moon.
a, Region southâ€“southeast of the Imbrium basin centred (latitude âˆ’6.693, longitude 6.491) near the trajectory line with the degraded crater Hipparchus in the right centre. White solid lines illustrate trends that converge up range of the basin centre (close to the point of first contact), whereas yellow dashed line trends converge closer to the centre of Imbrium (crater excavation). b, Region farther west from the trajectory line for Imbrium and south of Fig. 1a (centred at latitude âˆ’14.823, longitude âˆ’0.798). Certain grooves (white) have trends directed northwest (source up range of basin centre), and indicate first-arriving debris, in contrast to other sets (yellow), which are radial from the basin centre and correspond to later-arriving material. The crater Alphonsus is in the top left. c, Grooves and elongate secondaries near the Julius Caesar crater (bottom centre) and Boscovich craters (bottom left) southeast of Imbrium (latitude 12.496, longitude 15.681). Grooves/secondaries trending more northwest (solid white lines radial to the Imbrium) superpose those trending more westerly (dashed yellow lines converging on the proposed point of first contact). d, Region northwest (up range) of Imbrium (latitude, 68.304, longitude âˆ’114.03). The crater at the very top (only partial) is named Niepce. Most sets here indicate a source region towards the basin centre.


Extended Data Figure 3 Mapped lineations extended as great circles into the Imbrium basin to assess sources during formation.
a, Great circles extended from trends established by over 230 mapped grooves and elongate secondary craters related to the Imbrium basin (white circle). Locations of different Apollo landing sites are also identified. Lambert-conformal stereographic projection centred on Imbrium. b, Subset of trends from down-range secondaries that cross the trajectory more than 300â€‰km northwest of the Imbrium centre. c, Subset of trends north of Imbrium intersecting the trajectory line well up range from the basin centre. d, Subset of great circles that cross the inferred Imbrium trajectory within a 300â€‰km radius of its centre. The most distant secondaries have trends that converge slightly up range.


Extended Data Figure 4 Subset of great circles of trends associated with down-range secondaries and grooves that cross the trajectory 300â€‰km up range of its centre.
One subset forms trends nearly paralleling the trajectory, consistent with sheared impactor fragments. Coloured lines orthogonal to the trajectory (black) are used to constrain the size of the impactor (Fig. 3c). Circles correspond to basin rings defined by relict massifs and wrinkle ridges. IR, inner oblong ring; MR, middle ring; OR, outer ring, which is delineated by two different arcs resulting from the up-range rim collapse.


Extended Data Figure 5 Evolution of trajectories from hypervelocity oblique impact experiments, illustrating the evolving source region during excavation.
a, Early trajectory. b, Late trajectory. Packets of ejecta passing through a horizontal laser beam (using three-dimensional particle velocimetry) were captured in multiple cameras to establish in-flight trajectories at different times of crater growth. Modified from ref. 13 (a) and ref. 11 (b).


Extended Data Figure 6 Strategies for determining the position of the impact point from mapped patterns on a target surface.
a, Mapped trends of grooves and elongated trajectories down range that do not converge near the crater centre allow estimation of the size of the projectile. Convergence of trends from the up-range direction constrains the region of first contact. Convergence of trends intercepting a line orthogonal to the trajectory at the location set by the region of first contact constrains the diameter of the projectile. b, c, Convergence diagrams for 15Â° (b) and 30Â° (c) hypervelocity impacts into aluminium by 0.635â€‰cm aluminium spheres onto planar targets. Grooves created by hypervelocity projectile debris converge and cross a reference line perpendicular to the trajectory at the up-range rim of the crater (line A) and 1.5 projectile diameters up range (line B). Well beyond the up-range rim (line B), the spray originates from spalls and shears from either side of the projectile and travels down range with little relative velocities directed away from the initial trajectory. Therefore, these components can be used to estimate the impactor diameter, consistent with 0.635â€‰cm (indicated by the scale bar below).


Extended Data Figure 7 Fragmental debris resulting from a 0.635â€‰cm aluminium sphere impacting a 6.7â€‰cm aluminium disk at ~5â€‰kmâ€‰sâˆ’1.
aâ€“d, The launch angle was 30Â°, but because the impact point was not at the top of the disk, the actual impact angle was 20Â°. a, The top left frame shows the jetting phase (blueâ€“white tongue-like extension). b, The jetting phase (15â€‰Î¼s later) shows the jetting phase, now a faint blue haze, and vapour (turbulent blue gas) with fragments emerging near and above the yellow dashed line (the crater seen below the impact on the disk was from a prior experiment). c, Still later, leading fragmental debris down range (near the yellow dotted line immersed in plasma) separate from the vapour phase along the initial trajectory. d, The fourth frame shows 8â€“10 large fragments (1â€“3â€‰mm across) travelling close to the same speed as the initial impactor. Experiments were performed without artificial illumination and shows that the fragments are not notably heated. The aluminium sphere is represented graphically, and the aluminium disk is faintly outlined.


Extended Data Figure 8 Comparing results of the CTH numerical model and the Moscoviense basin on the Moon from corresponding LOLA-DEM data without mapped lineations.
a, The CTH model tracked where impactor fragments intersected the surface (in red). Beyond the rim, the linear red areas point towards the region of first contact, rather than the centre of the basin. See Fig. 3a for mapped lineations. Later ejecta (not shown) cover this evidence as identifiable units but their effects (grooves) remain preserved. b, The shaded relief map from the Lunar Laser Altimeter is shown here without the mapped lineations shown in Fig. 3b. Mapped lineations in Fig. 3b were based not only on topographic data but available images from Lunar Orbiter, Apollo and LROC wide-angle cameras.


Extended Data Table 1 Comparison of selected transient basin diameters calculated from two scaling equationsFull size table
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Carving the Moon's Imbrium Sculpture
The pattern of rimmed grooves, lineations and elongate craters around Mare Imbrium on the Moon has been termed the Imbrium Sculpture. Rather than radiating from the centre of Imbrium, the grooves come from different locations reflecting the consequence of a giant oblique collision. Peter Schultz and David Crawford use the non-radial trends in these patterns to infer that the Imbrium impactor was a proto-planet with a diameter about half that of the asteroid Vesta. On the basis of laboratory impact experiments, shock physics codes and the observed groove widths, the authors conclude that multiple fragments from each oblique basin-forming impactor, such as the one that formed Imbrium, should have survived planetary collisions and contributed to the heavy impact bombardment between 4.3 and 3.8 billion years ago.
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