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Introduction:  South Pole–Aitken (SPA) basin is 
the largest, deepest, and most ancient (undisputed) 
impact basin on the Moon. SPA is a priority destination 
in Solar System exploration—holding important 
insights to Solar System chronology and planetary 
evolution [1]. Due to its large size—spanning >2,000 
kilometers—SPA almost certainly excavated the lunar 
mantle. Yet, the lunar mantle predicted by magma ocean 
crystallization models has not been unambiguously 
observed in remote sensing datasets of the region [2–4]. 
This motivates the question: where is SPA’s ejecta? 

One hypothesis is that the lunar farside highlands 
may actually represent SPA ejecta [4–5]. At present, the 
spatial distribution of SPA ejecta is poorly 
constrained—in part because other impact basins also 
contribute to the crustal structure of the lunar farside, 
obfuscating older structures associated with SPA. In this 
work, we apply a crustal reconstruction method to 
isolate and remove the crustal structure associated with 
impact basins, in the hope of isolating the crustal 
structure associated with SPA and its putative ejecta. 

Methodology for Removing Basins: There are 
many methods for isolating, characterizing, and 
removing the contribution of impact basins from the 
gravity and topography datasets. In this work, we use 
the methodology developed by Bouley et al. [5]. In 
short, this approach uses mass conservation to 
reconstruct the crustal structure before an impact.  

The Bouley et al. methodology starts with present-
day crustal thickness maps. These maps, which are 
derived from gravity and topography data [e.g., 7], 
provide information about the crustal structure. We 
assume that impacts modified the crustal structure 
symmetrically about their centers, and that the total 
volume of crustal material is conserved through the 
impact process, i.e., that the volume deficit within the 
basin is equal to the volume excess in the surrounding 
terrain. With these assumptions, we can remove the 
crustal thickness structures associated with impact 
basins. For each basin, we calculate the azimuthally 
averaged crustal thickness as a function of distance from 
the center of the basin. We then define a “background” 
annulus outside of the basin which we take to represent 
the background crustal thickness. We calculate the 
mean crustal thickness in this background annulus, and 
then calculate the total crustal mass above that thickness 
(a crustal mass excess) and the total crustal mass below 
that thickness (a crustal mass deficit). If the crustal mass 
excess equals the crustal mass deficit, we deem the 
background crustal thickness to be a mass-conserving 
solution for the crustal thickness in this region before 

the formation of the impact basin. For each basin of 
interest, we perform a parameter space search searching 
for such mass-conserving solutions as a function of 
different background annulus radii and widths. In cases 
where multiple mass-conserving solutions are 
identified, the solution that makes the smallest change 
to the crustal structure is preferred. In cases where no 
mass-conserving solution is identified, we select the 
solution that is closest to conserving mass.  

Since this methodology works by removing one 
basin at a time, it makes the analysis iterative and non-
linear. We start with the present-day crustal structure 
(Fig. 1A), fit and remove the effect of one basin, and 
then use the new “corrected” crustal thickness map as 
the starting point for removing the next basin, and so on. 
We work through the entire catalog of 73 basins 
observed by GRAIL [8] until we arrive at the basin-less 
reconstruction (Fig. 1B). Thus, the result may depend 
on the order in which basins are removed. However, in 
practice, we find that the resulting solution is only 
weakly dependent on the order of removal.  

Results: Fig. 1B shows the reconstructed crustal 
structure of the Moon with the 73 largest impact basins 
(other than SPA) removed. Removing impact basins 
reveals a Moon with more subdued crustal thickness 
variations—although several features remain, 
including: (a) a thinned region of crust associated with 
SPA (which is to be expected, since we did not fit or 
remove SPA); (b) an excess of thick crust in the farside 
highlands; (c) a polygonal region of crustal thinning 
associated with the nearside, Procellarum region. The 
Procellarum is a unique tectono-magmatic region [9], 
and we do not consider it further here.  

The spatial distribution of the thick crust associated 
with the farside highlands is suspicious for two reasons: 

First, the volume of excess crust in this farside 
highlands is approximately equal to the volume deficit 
within the SPA depression—a fact that has been noted 
since the Clementine provided the first global 
topography maps of the Moon in the early 1990s [5]. 
However, our result allows us to be more quantitative 
with total volume and spatial distribution. The crustal 
volume excess of the farside highlands is equal to the 
crustal volume deficit in SPA if the mean crust in this 
region was originally 40 km. Fig. 1C shows a truncated 
version of the reconstructed crustal thickness, showing 
only regions in excess of 40 km thickness. 

Second, the spatial distribution of the excess crust in 
the farside highlands is similar to the expected spatial 
distribution arising from SPA ejecta [4]. The excess 
crustal thickness is largely down-range from SPA 
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(assuming it impacted from the south), and there 
appears to be some symmetry about the long-axis of 
SPA. The crustal thickness excess is not perfectly 
symmetric about the long-axis, although it is possible 
that other unmodeled processes may contribute to this 
asymmetry. The presence of substantial ejecta loading 
in this region contributes to the global tectonic stresses 
of the Moon, and modeling of these stresses yield a good 
fit to the observed pattern of thrust faults on the Moon 
[11]. 

These two pieces of evidence support the hypotheses 
that a substantial component of the lunar farside 
highlands is made up of SPA ejecta. This is further 
detailed in a companion abstract by James et al. [12]. 
While evocative, more work is necessary to understand 

the details of the SPA impact, and the compositional and 
chemical implications of this hypothesis. 
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Fig. 1: Observed and 
reconstructed crustal 
structure of the Moon. 
A: The observed crustal 
thickness of the Moon 
[7]. B: The 
reconstructed crustal 
thickness of the Moon 
after removing the 
largest impact basins. 
C: The inferred ejecta 
blanket of SPA, as 
described in the text. 
All maps are draped on 
shaded relief, to 
provide context for the 
reader. For more 
details, see the 
companion abstract by 
James et al. [12], and 
the publication by 
Matsuyama et al. [11]. 
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