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Introduction: Our fundamental understanding of lu-
nar evolution is grounded in the theory that the Moon
underwent an early, extensive magma ocean near the end
of'its primary accretion phase [1-3]. This theory explains
well the compositions and ages associated with the lunar
crust [2], however, the last stages of magma ocean crys-
tallization have yet to be reconciled with the observed
surface geochemical distribution, particularly that of lu-
nar KREEP [4-6]. KREEP — a geochemical component
with a high abundance of incompatible elements such as
K, Rare Farth Elements, and P — is the residuum from
the magma ocean that crystallized beneath the less dense,
feldspathic crust [3]. As a result of the high enrichment
of radioactive elements such as potassium, thorium, and
uranium within KREEP material, the primary distribu-
tion and subsequent evolution of lunar KREEP has sig-
nificant implications for the thermal and chemical evo-
lution of the Moon [7].
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Figure 1. Lunar maps of (a) topography (km) [11] with surface
volcanic deposits (outlined in red; [12]) and (b) surface Th
(ppm; [13]). The Feldspathic Highlands Terrane (FHT), South
Pole—Aitken (SPA) basin, and Procellarum KREEP Terrane
(PKT) are labeled in (b) and delineated (black and white). Ba-
sins with diameters larger than 650 km are outlined (b). Modi-
fied after [14].

Although the magma ocean is expected to have oc-
curred globally [1,2], KREEP lithologies are found al-
most exclusively on the lunar nearside surface associated
with high thorium abundances (Figure 1b) [4]. Several
theories relying on giant impacts [9] and asymmetric
evolution of the crystallized magma ocean cumulates
[10] have been proposed to explain the apparent locali-
zation of surface KREEP, and other late-stage magma
ocean cumulates such as ilmenite, within the Procella-
rum KREEP Terrane (PKT). However, the present-day
observed asymmetry of KREEP at the lunar surface is
heavily biased by Imbrium ejecta, mare volcanism, and
other surface effects [e.g., 8; Figure 1]. Accordingly, it is
not known whether the observed surface geochemical
asymmetry in thorium is reflective of an asymmetry in
the original subsurface distribution of KREEP or other
processes.

Herein, basins that excavated beneath the lunar crust
are used to determine: (1) whether an asymmetry in the
primary subcrustal KREEP layer is required to explain
the observed surface KREEP distribution and (2) the de-
gree of subsurface KREEP asymmetry required to repro-
duce the observe surface geochemical asymmetry. For
the preliminary analyses below, the South Pole—Aitken
and Imbrium basins are primarily considered.

Methodology: For each basin of rim diameter D, the
observed surface thorium concentration [Th].ss within
the continuous ejecta blanket region (annulus bounded
by 0.5%D and D) is presumed to be representative of the
mean thorium concentration of material excavated by the
basin. Using the outline of surface volcanic deposits in
Figure 1a, [Th]oss is corrected to exclude measurements
within the maria. Excavation diameters of 721 km for
Imbrium [15] and 850 km and 1200 km [16] for South
Pole—Aitken are considered, respectively. The excava-
tion cavity is approximated as a parabolic shape, with a
depth of 10% of the excavation diameter [17], such that
the observed thorium distribution can be related to the
crust, KREEP, and mantle layers via the following rela-
tion:
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The thorium concentration [Th] and volume V for the ex-
cavated portions of the crust, mantle, and KREEP layers
are denoted with subscripts C, M, and K, respectively.
The sum of the volumes of the excavated layers in the
above equation is equivalent to the total excavation vol-
ume Ver. To be consistent with models of lunar magma
ocean crystallization [2], the subsurface KREEP layer is
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considered to be immediately beneath the feldspathic
crust and above the mantle.

The lunar mantle thorium concentration is lower than
that of the crust and KREEP layers by at least a factor of
~20 [3]. Therefore, the middle term in the above equa-
tion is insignificant and can be neglected. For the crust,
a range of Th concentrations (0.5, 0.8, and 1.0 ppm) and
pre-impact thicknesses (30, 45, and 60 km) are consid-
ered [e.g., 3,15,16]. Th concentrations for the feldspathic
crust and KREEP layer are considered to be the same at
the pre-impact sites of both Imbrium and SPA. The
KREEP layer has a constant global thickness for each
model scenario (5, 27, and 42 km). The crustal thickness
ranges are permitted to vary independently at each pre-
impact site. In each scenario, the term [Th]k is globally
varied to ensure that [Th].ss matches observations at Im-
brium. Ultimately, this allows predictions to be made for
[Th]oss at SPA that can then be compared to observations.

Discussion and Summary: Our results from the
range of scenarios described above are shown in Figure
2. For the best-fit impact parameters predicted by previ-
ous workers for SPA and Imbrium [15, 16], we find that
a factor of 1.2-2.6 more subsurface KREEP may have
existed beneath the pre-impact site of Imbrium compared
with the pre-impact site of SPA. Most interestingly, we
also find that the observed asymmetry in thorium con-
centration and KREEP at the lunar surface does not re-
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quire a greater amount of KREEP beneath the lunar near-
side. Instead, the surface geochemical asymmetry may
have been the result of the known global variation in
crustal thickness and the expected difference in depths of
excavation for the Imbrium and SPA impacts. Further-
more, if the South Pole—Aitken basin impacted into the
Moon prior to the final crystallization of the lunar
magma ocean, as suggested by the results of [14], a less-
concentrated KREEP-rich layer would have been exca-
vated at SPA compared to Imbrium, resulting in lower
thorium concentrations than those predicted in Figure 2.
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Figure 2. Predictions for thorium concentration in an annulus surrounding SPA assuming that both the crustal thorium concentration
and subcrustal KREEP thorium abundance were the same at the pre-impact sites of Imbrium and SPA, respectively. A range of predic-
tions are shown for varying Th concentrations in the crust (0.5, 0.8, and 1.0 ppm), pre-impact crustal thicknesses at Imbrium and SPA
(30, 45, and 60 km), thorium concentration in Imbrium ejecta (2.76, 5.05, and 7.34 ppm). Variations based on SPA transient diameter
and KREEP layer thickness are not uniquely distinguished by symbols or colors.



