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On the basis of Apollo gamma-ray results, [1] sug-
gested that relatively high concentrations of Th near 
the Imbrium antipode in the South Pole-Aitken (SPA) 
basin might represent Imbrium ejecta, a consequence 
of convergence of Th-rich material ejected by the 
Imbrium impact that occurred in the Th-rich Procel-
larum KREEP Terrane (PKT; [2]). Taking into ac-
count the high orbits and long travel times from Im-
brium, [3] suggested that the smearing of antipodally 
directed ejecta to the SW owing to the Moon’s rota-
tion [4] made Imbrium an unlikely source for Th en-
richment in the NW SPA basin, and that Serenitatis 
was more likely. Serenitatis ejecta, except in the Tau-
rus-Littrow region, do not show high Th concentra-
tions, however, so it is necessary to presume high 
concentrations for distal Serenitatis ejecta, which 
seems unlikely. Also, there is no corresponding pat-
tern of Th enrichment where Imbrium ejecta would 
have occurred, despite the known high concentrations 
of Th in Imbrium ejecta [e.g., 5] and the position of 
the NE anomaly within Imbrian grooved terrain [6] 
around the crater Birkeland.  

Global compositional mapping [7] shows that the 
SPA basin generally has higher Th concentrations 
(mainly 2-3 ppm) than the surrounding Feldspathic 
Highlands Terrane (FHT; typically ~0.5–1 ppm), al-
though well below those of the PKT (mostly >4 and 
up to 20 ppm). Enrichment of the entire SPA basin is 
not consistent with the pattern expected for Imbrium 
ejecta even if lunar rotation is taken into account. The 
SPA basin is also richer in FeO than the surrounding 
FHT, and a likely explanation is that FHT-like upper 
crustal material was removed by the impact that pro-
duced the SPA basin, exposing lower crust or even 
upper mantle material. Considering a simple magma-
ocean solidification model, such material would be 
expected on petrologic grounds to contain trapped, 
late-stage magma-ocean melt enriched in Th and 
other incompatible elements.  

Superimposed on the general level of Th concen-
tration in the SPA basin are two “warm spots” in the 
NW quadrant, one in the vicinity of an unnamed Era-
tosthenian crater southeast of Ingenii and one in the 
vicinity of Birkeland, NE of the Imbrium antipode 
(Fig. 1) [7-11]. These have Th concentrations of ~4 
ppm, higher than the rest of the SPA basin. Might 
these locations contain substantial Imbrium or 
Serenitatis ejecta?  

Previously, we showed contours for Imbrium 
ejecta with respect to azimuthal launch position and 
for several launch angles [12]. Here, we present land-
ing positions for 7500 fragments ejected from Im-
brium obtained by three-body (Earth-Moon-
fragment) numerical integration for uniformly se-
lected azimuthal launch positions, ejection angles of 
45º, and velocities from 0.95 to 0.99 × lunar escape. 
This provides an estimate of the density of infalling 
ejecta fragments to be expected in the vicinity of the 

Imbrium antipode (Figure 1). Similar calculations for 
35 and 50º leave large empty regions surrounding the 
antipode.  

 
Fig. 1. Th concentrations superposed on shaded relief.  Th 
data from Lunar Prospector gamma-ray spectrometer at 
half-degree resolution [7-11], smoothed. 

It is evident that the ejecta patterns do not match 
the positions of the warm spots. The pattern for the 
45º launch angle shows the closest grouping of ejecta 
to the Imbrium antipode, but it also shows that the 
highest density of points to the NNW of the antipode 
and the overall pattern of concentrated ejecta is much 
broader than any observed pattern of raised Th con-
centrations, with a gap between ~150 to 170º longi-
tude within which the Imbrium antipode lies. Im-
brium material ejected at 30º and 55º surround but 
also do not approach the antipode, so likewise cannot 
account for the two warm spots.  

Lunar and Planetary Science XXXV (2004) 1461.pdf



The results just described are essentially inde-
pendent of any assumptions about the cratering proc-
ess, but questions of launch angle and its evolution 
during basin excavation [e.g., 13] remain. The model 
on which the original estimates for Imbrium ejecta 
near the antipode [14] are based was derived mainly 
from laboratory experiments and observations of 
bomb craters. Its applicability to an impact as large as 
the Imbrium impact and to the distances involved in 
reaching the antipode remains uncertain, although 
when the distance is considered in terms of number 
of crater radii (~15 Imbrium transient crater radii), it 
is well within the range found valid experimentally. 
Evidence for raised Th antipodal to Imbrium, (and by 
extension, to Serenitatis, which lies at a similar lati-
tude) is lacking or at least not obvious, however.  
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and are associated with the east-west trend of ITE 
concentrations (15-17).  

As pointed out by [9], several smaller Th 
“anomalies” are seen in the global gamma-ray data. 
These locations include the SPA basin warm spots, 
and they all differ from the maria in other properties 
such as FeO concentrations and perhaps age.  

Although it is possible that original SPA basin 
ejecta deposits could have produced the western ar-
cuate pattern of Th enrichment, we think it unlikely 
that such an origin, followed by saturated large-crater 
impacting, could have sustained such localized 
anomalies. Thus we interpret them as part of forma-
tions that were emplaced after the formation of the 
SPA basin. Some large craters in the region such as 
Van De Graaff do not appear to have displaced Th-
rich material, so more extensive buried deposits are 
not indicated and, most likely, the deposits are 
younger than such craters. However, two Eratosthe-
nian craters appear to have displaced Th-rich mate-
rial, and Imbrian lava flows in Ingenii, Leibnitz, and 
Poincaré [6] may cover the Th-enrichment signature 
and thus postdate the emplacement of these deposits.  
If not antipodal ejecta deposits, then they may repre-
sent the surface expression of ITE-rich intrusive bod-
ies emplaced after SPA basin formation.   
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Fig. 2. Landing positions of 7500 azimuthally uniform ejecta 
fragments, velocities 0.95 – 0.99 v, 45° launch angle.
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