
 

 

THE ORIGIN OF ELEVATED TH IN THE ERATOSTHENIAN LAVA FLOWS IN THE PROCELLARUM 
KREEP TERRANE.  J. J. Gillis1, B. L. Jolliff1, R. L. Korotev1, and D. J. Lawrence2, 1Washington University, Dept. 
of Earth and Planetary Sciences, St. Louis, MO 63130 (gillis@levee.wustl.edu), 2Los Alamos National Laboratory, 
MS-D466, Los Alamos, NM, 87545. 
 

Remote sensing studies have shown [1-7] that the compo-
sitions of basalts within the Procellarum KREEP Terrane 
(PKT) are noticeably different than any other observed by 
remote sensing or in the sample collection. Understanding 
whether the elevated Th compositions of basaltic soils within 
PKT are the result of (1) contamination by impact mixing with 
Th-rich crustal materials [8], (2) assimilation of Th-rich 
crustal material enroute to the surface [9], or (3) composi-
tional differences in the mantle source regions for these basalts 
relative to the rest of the Moon [10] is important for revealing 
information about the Moon’s igneous and thermal evolution, 
dynamics of basalt eruption, and devel-
opment of lunar soils. Here, we utilize 
Clementine spectral reflectance and com-
positional data, Lunar Prospector γ-ray 
and neutron spectrometer data, along 
with sample analysis of lunar soils to 
examine these questions. 

For example, studying the map of Th 
distribution for the PKT there are two 
principal observations. The first is that 
most of the mare surfaces within the PKT 
have Th concentrations between 2.5 and 
7 ppm Th [11, 12], and the second is that 
Aristarchus, Kepler, and the Apennine 
and Jura Mountains are obvious Th hot-
spots that influence the distribution of Th 
over large areas within the PKT. The 
significance of the first observations is 
that Th concentrations are significantly 
higher than most of the mare basalts sam-
pled by the Apollo and Luna missions. The significance of the 
second observation is that high-Th terra is exposed in many 
locations around the PKT [12], and where it is not exposed at 
the surface there is indication that it underlies the mare plains, 
(e.g., Alpes Fm. around Kepler [13]). Moreover, samples from 
the PKT that have high-Th concentrations (>10 ppm) are 
nonmare. Thus, there exists a strong possibility that all basal-
tic soils within the PKT have elevated Th because of contami-
nation as a result of impact mixing. 

Nowhere has this argument been more strongly proven 
than at Apollo 12. Where sample analysis of soils from this 
site show clear evidence, both lithologically and composition-
ally, that the common basalt types in the area, which are low 
in Th (~1 ppm), are mixed with high-Th end member (Fig. 1). 
Using the Apollo 14 soil as the KREEP bearing component, 
approximately 45% of the soils would be of nonmare origin 
[8]. The result is an average Th concentration of typical 
Apollo 12 soils with 5.8 ppm Th and 16.5 wt% FeO [8]. 

Alternatively, the likelihood that Th is inherent to the ba-
salts is supported by some sample data. Although large sam-
ples of high-Th, high-FeO mare basalt are not among the sam-
ple collection, samples of mare basalt and impact/volcanic 
glass have high FeO and Th compositions (Table 1). These 

samples bear on the possibility that mare basalts with intrinsi-
cally high Th are present within the PKT. 

In order it circumvent problems due to contamination, we 
studied the Eratosthenian age [14] basalt flows in the Im-
brium-Procellarum region. These flows exhibit high-FeO 
compositions, which indicates that minimal contamination by 
high-Th terra or KREEP basalt has occurred. In addition these 
flows are nearly free of exposures of nonmare material, and 
large craters that have penetrated through the flows to exca-
vate highlands material [12]. Thus, we expect the mixing of 
terra material into the basaltic regolith of the Eratosthenian 

flows to be relatively minimal and their 
compositions easier to understand. 

Although these flows remain unsam-
pled directly, remote sensing observa-
tional data combined with analysis of soil 
particles from Apollo soil samples will 
provide constraints on the origin of Th in 
these basaltic soils. Identification of soil 
particles with high-Th, mafic composi-
tions that match the remotely sensed data 
will provide evidence that the Eratosthe-
nian basalts contain intrinsically high-Th 
concentrations. Determining the origin of 
Th will help to resolve whether KREEP-
bearing materials extend into the lower 
crust (and possibly the mantle) or 
whether the high-Th values of the PKT 
are an upper crustal phenomenon. Pin-
ning down the location of KREEP-
bearing lithologies has important implica-

tions on the subdued topography, large volume of melt pro-
duced, and the extended duration of mare volcanism within 
the PKT. 

Remotely Sensed Data:  These young flows exhibit the 
highest TiO2 and FeO compositions of any basalt units within 
the PKT. Estimates of the iron composition of these flow us-
ing Clementine UVVIS data [6, 7, 15] and Lunar Prospector 
data [3, 5] range from 20-25 wt% FeO (Fig 1). Clementine 
UVVIS [7] and Lunar Prospector neutron spectrometer [3] 
based estimates of TiO2 suggest that the composition of these 
flows is between 4-8 wt% TiO2. Moreover, the Th contents [4, 
16] of these flows ranges from 4-6 ppm Th [17]. The observa-
tion that FeO, TiO2, and Th all correlate within the central 
portion of a flow in the Schiaparelli region [17] is evidence 
that Th is not an effect of contamination by impact mixing 
with Th-rich materials. 

Telescopic observations of the Eratosthenian flows reveal 
a strong absorption in the ferrous band longer than 1 µm, 
which suggests the presence of olivine or Fe-bearing glasses 
[18]. More recent remote sensing studies using Clementine 
data suggest that the 1 µm band is inherent to the abundance 
of olivine (e.g., Ol/Px >1) within the basalts and not the result 
of a glassy cooling surface occurring within the uppermost 
surface of the flows as previously thought [6]. 

Table 1 sample analysis
sample FeO Th TiO2

Lithic fragments with basaltic compositions
12001,911a 20.2 3.6 -
12032,366a 20.0 2.8 -
12070,882a 21.0 2.6 -
12001,907a 21.7 2.4 -

Apollo 11 high-K basalts
10024b 19.5 4.1 11.9
10049c 18.7 4.0 11.3
10057b 19.4 3.4 11.4
10072c 19.6 3.2 11.3

10017,1b 19.7 3.0 11.8
Avg. A11 High-Kd 19.7 2.9 11.2

Apollo 14 high-aluminum basalts
14161,7127e 19.7 5.4 4.3

14053b 17.8 2.1 2.6
Apollo 15 yellow glass

15010,3189f 18.9 8.3 4.2
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Sample Data:  Analysis of Apollo 12 [19], and 14 [20], 
lithic fragments offers a “grab bag” approach to identifying 
unusual igneous lithologies from large areas outside the im-
mediate landing site. The distribution and mixing effects of 
impact cratering provides the chance to collect multiple 
lithologies at a given site. By identifying particles that are 
allochthonous to the site, on the basis of composition and 
mineralogy, small samples that may represent Th-rich basaltic 
soils of the PKT and possibly the Eratosthenian flows can be 
identified. Thus far, a few possible candidates have been iden-
tified that closely match the compositions observed in the 
remote sensing data (Table 1). While these samples are not 
exact matches to the Eratosthenian flows, they do hold the 
promise that samples with high-FeO, moderate TiO2, and 
high-Th do exist but have not been sampled. 

CIPW norm calculations were made using the available 
compositional data of pyroclastic glasses and high-Th basalts 
(Table 2) in order to evaluate whether their compositions 
would produce mineral phases observed in spectroscopic 
analysis of the Eratosthenian flows [6, 17]. We would not 
necessarily expect melts that would be rich in Th as well as Fe 
and Ti to crystallize ilmenite and olivine together if they de-
rived their evolved compositions by way of fractional crystal-
lization. If the partial melts were inherently rich in Th and Ti, 
however, they could co-crystallize olivine and ilmenite simi-
larly to orange and yellow volcanic glass compositions, how-
ever, none of the norm calculations exhibited more olivine 
than pyroxene for the give glass composition. Moreover, nor-
mative calculations of high-Th basalts did produce ilmenite 
but only little or no olivine, however. 

Conclusions:  While comparisons between sample analy-
sis and remotely sensed compositions yielded no perfect match 
on the basis of FeO, TiO2 and Th, identification of samples 
with similar compositional characteristics are encourangeing. 
Additional INA analyses on Apollo 12 mare soils are forth-
coming and may reveal high FeO, moderate TiO2, high Th 
mare basalt particles. The observation that the Th and FeO 
compositions for the Eratosthenian basalts lie outside the mix-
ing array between mare basalts and KREEP (Fig. 1) is evi-
dence that these flows acquired Th prior to their eruption, and 
a possible mixing component might be granite/felsite, quartz 
monzodiorite, or quartz monzogabbro. Whether the Th con-
tent was inherent in the mantle source region or may have 
come about through interaction with KREEP-bearing noritic 
residual melt ponded at the base of the crust is unclear. This 
does, however, stress the importance of collecting samples 
from these Eratosthenian basalts, in order to perform detailed 
petrologic modelling that will distinguish whether Th is inher-
ited from mantle source regions or a contamination that occurs 
as the melts ascend through the crust-mantle boundary. 
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Table 2.  Apollo samples with compositions similar to Imbrium-Procellarum basalt flows 

TiO2 3.58 4.82 6.84 8.83
Cr2O3 0.52 0.4 0.54 0.6
FeO 21.22 24.1 21.7 21.21
MgO 13.06 13.74 11.8 13.09
Th ppm - - - -
Reference b b b b
CIPW Normative Mineralogy (weight)

total pyroxene 46.5 38.3 42.4 47.4
total olivine 20.8 31.1 18.8 13.5
ilmenite 6.9 9.1 13.2 16.8

A17 orange 
glass

A15 yellow 
glass

A14 yellow 
glass

A17 yellow 
glass

A1
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Fig. 1 Mixing trends between basalt and high-Th KREEP 
component. Apollo 12 basalt compositions lie within the 
mixing array (samples, black circles; remote sensing data, 
cyan triangles with black outline (Clementine), and orange 
squares with black outline (LPGRS). Compositions of Era-
tosthenian basalts are marked with cyan triangles 
(Clementine) and orange squares (LPGRS). Note that Era-
tosthenian basalt compositions lie outside the mixing array, 
especially for LPGRS data. The pixel offset between the 
Clementine and LPGRS FeO will have to be reconciled by 
further analysis of the two data sets. 
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