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Abstract

The gamma ray spectrometer (GRS) onboard Chang’E-1 has acquired valuable datasets recording the gamma ray intensities from
radioelements (Potassium (K), Thorium (Th) and Uranium (U), etc.) on lunar surface. We extracted the elemental concentrations from
the GRS data with spectral fitting techniques and mapped the global absolute abundance of radioelements in terms of the ground truths
from lunar samples and meteorites. The obtained global concentration maps of these radioelements indicate heterogeneous distribution
among three major lunar crustal terranes (i.e., Procellarum KREEP Terrane (PKT), Feldspathic Highlands Terrane (FHT), and South
Pole Aitken Terrane (SPAT)) in relation with their origin and distinct geologic history. The majority of radioelements are restricted in
PKT, approving the scenario of KREEP (Potassium (K), rare earth elements (REE), Phosphorus (P)) residua concentrating under the
Procellarum region. Moreover, we found the consistency of distribution for radioelements and basalts, concluding that the subsequent
volcanism might be associated with local concentrations of radioelements in western Oceanus Procellarum and northwestern South Pole
Aitken Basin. The prominent and asymmetric radioactive signatures were confirmed in SPAT comparing to FHT dominated by low level
radioactivity, while the magnitudes are much lower than that of PKT, indicating a primary geochemical heterogeneity for the Moon.
© 2015 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Lunar radioelements are enriched in materials com-
posed by incompatible elements, which are also named as
KREEP (Potassium (K), rare ecarth clements (REE),
Phosphorus (P)) materials. According to the concept of
Lunar Magma Ocean (LMO), KREEP materials formed
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as residue in the last stage of LMO due to their difficulty
of crystallization, and deposited on crust-mantle boundary
layer of the Moon (Warren, 1985). KREEP materials were
emplaced on lunar surface via various geologic processes
such as impact and volcanic eruption, etc. Consequently,
spatial distribution of KREEP or radioelements near lunar
surface is an important indication of the geologic processes
and evolution of the Moon.

Previous lunar explorations have already proved that
gamma ray spectroscopy is powerful to derive absolute
abundances of radioelements. The GRS aboard Apollo
15 and 16 were two pioneers, which succeeded to portray
concentrations of Th and K for ~60 Iunar regions
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(Harrington et al., 1974; Bielefeld et al., 1976). The first
global gamma ray spectroscopic measurement was carried
out by Lunar Prospector (LP) (Feldman et al., 2004).
Distribution of Th, K and U (rely on Th) has been deter-
mined from data obtained by LP GRS (Prettyman et al.,
2006). Recently, Th and K maps were obtained by Kaguya
GRS (KGRS) with higher sensitivity and precision (Hasebe
et al., 2008; Kobayashi et al., 2010, 2012), and the lunar U
distribution was directly derived by KGRS for the first
time (Yamashita et al., 2010).

Chang’E-1 also achieved orbital observations of GRS,
which employed Csl (Tl) scintillator as major detector
(Ma et al., 2008). Lunar gamma ray spectra within energy
region between 0.3 and 10 MeV were recorded by
Chang’E-1 GRS (CGRS). The spectral resolution of
CGRS is 8.3%@662 keV in the ground calibration (Ma
et al., 2008) and 16.05%@511 keV in the lunar orbit (Zou
et al., 2011), respectively. CGRS executed orbital measure-
ments of lunar surface for about eight months (i.e., begin-
ning from November 27, 2007, ending at July 25, 2008) on
the altitude of ~200 km (Zhu et al., 2010). According to the
proportional relationship between spatial footprint and
orbital altitude for lunar gamma ray remote sensing, the
spatial resolution of CGRS is ~300 km (about 1.5 times
of the height above lunar surface (Lawrence et al., 2003)).

Massive amounts of data acquired by CGRS provide a
good opportunity for us to recognize and understand glo-
bal distribution of radioelements on lunar surface. While
majority of elemental peaks in CGRS spectra are interfered
by each other due to limited spectral resolution. Zhu et al.
(2010, 2011) and Zou et al. (2011) have reported prelimi-
nary radioelements maps utilizing energy band methods.
In this paper, based on the level 2C scientific data of
GRS datasets of Chang’E-1, we have carried out spectral
fitting to derive the contribution of radioelements in
overlapping peaks. Then, the absolute abundances were
calibrated according to returned lunar soil samples as well
as feldspathic meteorites. We mapped the global distribu-
tion of radioelements, with intent to explore the potential
of CGRS data in the understanding of lunar geochemical
and thermal evolution history.

2. Methodology

CGRS level 2C data, distributed by the Ground
Research and Application System (GRAS) of Chang’E-1
Program, have undergone a series of processing pipelines
including gain correction, dead time correction, geometric
correction, and orbit altitude normalization, etc. (Zhang
et al., 2011). Our processing procedures (shown in Fig. 1)
for level 2C data are as follows.

2.1. Data selections
Although the preprocessing procedures have been done,

that still leave incorrect data (e.g., spectra with
anomalously high values) caused by spatial environment
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Fig. 1. Processing procedures of CGRS level 2C data.

variations and abnormal states of CGRS within level 2C
datasets. Therefore data selections were carried out for
level 2C data, in order to guarantee accuracy of elemental
results in this work. Empirically, high voltage level, quality
status and overall counts were chosen as three criteria for
data selections (Zhang et al., 2011).

2.2. Spectral accumulation and smoothing

Due to the randomness of nuclear reactions, statistical
fluctuations become an unavoidable factor to influence
counts of gamma ray spectra. We tried to suppress statisti-
cal fluctuations by means of spectral summing in large pix-
els, which is reasonable in consideration of large spatial
footprint for the uncollimated, omnidirectional instrument
(Lawrence et al., 2004). In this work, all of spectra
measured during the whole observation were accumulated
in approximately equal area pixels on lunar surface. Mean-
while, data uncertainties were quantified by measuring the
standard deviations of spectral counts in each pixel using
Eq. (1) (Lawrence et al., 2004):

i (8= 8)’
N spectra 1

where o is the standard deviation, Ng,.., is the number of
spectra accumulated in each pixel, S; is the counts of
selected energy regions in each spectrum, and S is the mean
counts in each pixel. Based on Eq. (1), we have acquired
relative uncertainties (0/S) of three energy regions
corresponding to radioelements peaks listed in Table 1.
In addition, we adopted a Savitzky—Golay function to
smooth the spectra with intent to optimize the signal to
background ratio of elemental peaks.

The accumulated spectrum of south pole region
(poleward of 87.5°S) is shown in Fig. 2 as an example of
CGRS level 3 data. Several recognizable peaks (Single
escape peak@511 keV, Th@583, 2615 keV, U@609 keV,
Mg@l1368 keV, K@1461 keV and O@6129 keV) are
labeled. The sharp increase in the low-energy edge of O
peak was possibly incorrect channel counts caused by
electronic error of the instrument. Nevertheless, the energy
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Table 1

Energy regions of interest in our work along with their relative uncertainties of spectral counts and minimum count rate pixels.

Index Energy region (keV) Relative uncertainties (%) Pixel with the minimum counts
I 464-669 791 +0.54 2.5-17.5°S, 150-55°W

I 1234-1719 8.31+£0.37 2.5-7.5°S, 150-155°W

111 2325-2888 12.26 + 0.46 17.5-22.5°N, 150-155°W
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Fig. 2. CGRS spectra labeled by peaks of interest.

regions (~400-3000 keV) analyzed in this paper are far
away from the discontinuity as well as its influence.

2.3. Background and peak fitting

Quantitative analyses of radioelements are based on the
peak areas of individual elements from the GRS spectra.
As seen from Fig. 2, peaks of radioelements are located
above high background continuum so that measurements
of elemental peak areas are evidently affected by the back-
ground counts. Therefore, background estimation is crucial
to distinguish elemental peaks from the continuum. Accord-
ing to former detections of radioelements near Iunar surface
(LP GRS data from http://pds-geosciences.wustl.edu/mis-
sions/lunarp/reduced_special.html), the concentrations of
radioelements are in close proximity to zero in certain
regions of lunar highlands, where are thought to have the
minimum count rate of radioelements (Lawrence et al.,
2000). Consequently, spectra observed at the aforemen-
tioned pixels (see Table 1) were chosen for background
fitting.

Other than background contribution, analyses of
radioelements peaks are complicated by the highly over-
lapped peaks due to limited spectral resolution of CGRS.
Energy region I recording gamma ray signals with the least
uncertainties is dominated by 2'*Bi line in 2*®U decay
chain@609 keV and single escape peak@511 keV, and
contains considerable contribution from 2%TI in *?Th
decay chain@583 keV under the two strongest peaks
(Fig. 3a and d). Next, “°K decay line@1461 keV coupled
with >*Mg (n, n’' ) peak@1368 keV makes up the compos-
ite peak in energy region I, whose uncertainties are slightly
worse than energy region I (Fig. 3b and e). Other than

583 keV, another gamma ray line@2615 keV from 2%®T1 is
more independently identified in energy region III
(Fig. 3c and f). Local spectral fitting for three energy
regions were carried out using multiple Gaussian functions
with polynomial backgrounds as shown in Fig. 3.

2.4. Calibration

The peak areas of radioelements in gamma ray spectra
were calibrated to absolute concentrations by a linear
fitting procedure utilizing chemical abundances of lunar
soil samples (Haskin and Warren, 1991; Jolliff et al.,
2006; Papike et al., 1998). Although there is difference in
spatial resolutions between CGRS data (~300 km) and
lunar samples (less than several kilometers around the
landing sites), the soil and regolith samples could be suit-
able to reflect uniform chemical representatives in large
spatial size comparing to remote sensing data because of
continuous crater impacting (Gillis et al., 2004). However,
there is no available data in lunar samples for southern
nearside and northern farside highlands where are defined
as FHT by Jolliff et al. (2000). Korotev et al. (2003) pre-
sented mean composition of feldspathic lunar meteorites
(FLM) that offered us the best estimation of surface
composition in FHT since these meteorites are thought as
a random and average sampling of lunar feldspathic high-
lands. Our calibration model also included the FLM to
constrain the results of FHT.

3. Results and discussion

Based on the linear fitting functions (Fig. 4), we derived
the global distribution of radioelements on lunar surface
using CGRS data (as shown in Fig. 5). The accuracy of
CGRS radioelements maps depends on calibration, spec-
tral fitting and intrinsic data uncertainties (see Table 1).
Relative uncertainties of spectral fitting and calibration
could be expressed as root mean squared error divided by
fitting value. Average relative uncertainties of Th
(583 keV), U, K and Th(2615 keV) peak areas acquired
by spectral fitting are 0.22%, 0.35%, 0.04% and 0.04%.
Likewise, corresponding calibration uncertainties are
3.06%, 3.63%, 1.33% and 9.43%, respectively. We produced
two Th maps with the purpose of checking the reliability of
derived Th distribution. However, the lower peak area and
larger uncertainties of energy region III prevent a compara-
ble result of Th distribution with that of energy region 1. As
indicated by Fig. 5d, regions with low 2615 keV Th peak
area have been obscured and there are also less variations
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Fig. 3. Local spectral fitting diagrams of three energy regions.

in regions of high 2615 keV Th peak area (e.g., Surround-
ings of Imbrium). Th map derived from 2615 keV peak
could be less reliable than that from 583 keV peak. There-
fore, the result derived from 583 keV peak (Fig. 5a) is
regarded as the true Th map in following discussion. To
compare CGRS radioelements maps with previous study
of radioelements abundances, we outlined PKT (Fig. 6)
according to the contours of CGRS Th map (Th is chosen
for discussion because of its better accuracy than K and U)
and SPAT according to Chang’E-1 Digital Elevation
Model (DEM) (Fig. 7), and then the rest was defined as
FHT. The values in PKT, SPAT and FHT of CGRS results
are all lower than former interpretations of LP GRS (see
Table 2). It’s reasonable considering the larger spatial res-
olution of CGRS (~300 km) than LP GRS (~150 km and
~45 km) that broader perspective would cover larger
surface area around the peak point and thus weaken the
average concentrations seen by orbiters. However, CGRS
radioelements maps show higher peak values than KGRS
(6.7 ppm Th and 2753 ppm K in Kobayashi et al. (2010);
7.3 ppm Th and 2.1 ppm U in Yamashita et al. (2010))
although the latter has lower orbital altitude (100 km,
Hasebe et al., 2008) and higher spatial resolution. This
may be attributed to the larger pixel size (450 km in
Kobayashi et al. (2010); 9° in Yamashita et al. (2010)) of
spectral accumulation used for KGRS maps.

According to CGRS global maps (Fig. 5), lunar
radioelements are most concentrated in PKT and moderate
enrichment in SPAT, while FHT is depleted of radioele-
ments. Hence, following discussion will be also based on
these typical geochemical provinces.

3.1. PKT

Several regions (e.g., Montes Jura, Apennine Bench,
etc.; see Fig. 6) around Imbrium possess high abundances
of radioactive components (~7-8.95 ppm Th). The oval
pattern provides an implication that history of Imbrium
region should be responsible to the distinct feature
(Lawrence et al., 2000). Imbrium impact event was
expected to have excavated substantial KREEP-rich mate-
rials covering regions around the basin (Haskin et al.,
1998), whereas radioactivity inside Mare Imbrium was
weakened by mare basalts filling since Upper Imbrium
Epoch (beginning from ~3.8 Ga (Jolliff et al., 2006)). Fur-
thermore, radioelements are much more emplaced at the
southern side of Imbrium (~8-11.0 ppm Th) than the
northern side (~3-7ppm Th) that reveals possibly
additional sources for the high radioactivity of PKT.

Contrary to Imbrium, the origin of Procellarum is still
ambiguous. It was once interpreted as an ancient impact
basin (Wilhelms et al., 1987), yet there isn’t an obvious
basin structure for Procellarum in topography (Smith
et al., 2010). Neither circular nor elliptical shape of the
western edge of Procellarum seems more likely to yield a
nonimpact origin (Andrews-Hanna et al.,, 2014). The
radioelements maps appear to support this speculation
since high concentrations of radioelements present a pat-
tern of surrounding Imbrium rather than hypothetical
“Procellarum basin”. A model has been proposed that
KREEP-rich magma accumulated under the crust of
Procellarum region (Jolliff et al., 2006). If that’s indeed
the case, radioactive components concentrated beneath
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the Procellarum region, then Imbrium impact penetrated
through local thin crust (Wieczorek et al., 2013) and
induced subsequent large scale basalt eruptions (Jolliff
et al., 2006) with possible emergence of radioelements in

PKT.

Volcanic complexes confirmed in the Oceanus Procel-
larum show intense volcanic activities during the geologic
history of PKT (Wilhelms et al., 1987). The radioactivity
within PKT observed by CGRS would be either vertical
mixing of basalt deposits and KREEP materials below or
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Table 2
Comparisons between CGRS results and LP GRS released data (from
http://pds-geosciences.wustl.edu/missions/lunarp/reduced_special.html).

Terrane Element CGRS (ppm) LP GRS (ppm)
Maximum in PKT Th 11.0 £0.81 12.9 £0.34

K 3393 +270 3991 + 115

U 3.374+0.26 3.77 £ 0.09
Maximum in SPAT Th 3.39+£0.28 4.9 £0.11

K 1009 + 83 1716 £ 99

U 0.59 +0.05 1.2+ 0.09
Average in FHT Th 0.84 £ 0.07 1.56 £+ 0.09

K 374 + 31 432 £ 77

U 0.14 +0.01 0.31 +0.07

KREEP-bearing basalts as sampled by Apollo missions
(Jolliff et al., 2006). No matter how it worked, the consis-
tency between the boundaries of PKT determined by
radioelements distribution and major basalt filled area,

especially the western shoreline of Oceanus Procellarum
(see Fig. 6) suggests possible correlation between these
two phenomena (Haskin et al., 2000) that perhaps basaltic
lava flows have played a crucial role in the emplacement of
KREEP materials in PKT. Reciprocally, heat release from
decay of radioelements would also contribute to magmatic
evolution and volcanic processes. If local concentrations of
radioelements originated from early period of lunar
history, thermal evolution of PKT would be led by
radioelements (Wieczorek and Phillips, 2000).

Another radioactive anomaly (~8-8.15 ppm Th) corre-
sponds to Aristarchus region where is marked by high
albedo of Copernican crater materials, widespread rilles
and pyroclastic deposits on the northwestern highlands
(Whitford-Stark and Head, 1977). It’s believed that
Aristarchus crater turned over the basalts and exposed
KREEP-rich materials below (Gillis et al., 2004). While,
evident traces of magmatism confuse the origin of radioac-
tivity and demonstrate a potential volcanogenic source.


http://pds-geosciences.wustl.edu/missions/lunarp/reduced_special.html

J. Chen et al. | Advances in Space Research 57 (2016) 919-927 925

Limited by inherent spatial resolution of CGRS, it’s
difficult to distinguish these two geologic processes via
radioelements distribution of Aristarchus region in our
result.

Other basins (Serenitatis, Humorum, etc.) located on the
edge of PKT can’t be well distinguished in the radioele-
ments maps (shown in Fig. 6). These basins forming in
Pre-Imbrium Epoch (Wilhelms and McCauley, 1971) might
have been contaminated by Imbrium ejecta so that we can-
not determine whether there are local radioactive contribu-
tion other than Imbrium, and the same case may happen
for Mare Nubium and Tranquillitatis.

3.2. SPAT

South Pole Aitken Basin (SPA), the largest impact basin
of solar system, was inferred to have excavated materials in
depth of lower crust, and even upper mantle (Lucey et al.,
1998). Radioactive enhancements are observed within SPA
(~0.4-3.39 ppm Th; see Fig. 7) compared with FHT
outsides (<0.4 ppm Th), while the magnitude is just compa-
rable to the level of PKT’s edge and much less than the
peak values (~11.0 ppm Th). It seems to provide another
evidence for the speculation that KREEP-rich residua are
concentrated in PKT. Other than magma ocean differenti-
ation, substantial meteorite bombardments after the for-
mation of SPA, especially during Nectarian and Lower
Imbrium Epoch, would be likely to garden the surface of
SPA and weaken possible higher radioactivity than
observed from orbiters now.

Asymmetrical distribution of radioactive signatures can
be noticed within SPA that radioactive abundances
decrease along the northwest to southeast direction
(~1.1-3.39 ppm Th in the northwestern portion versus
~1.1-2.27 ppm Th in the southeastern portion). Coupled
with elliptical structure in topography (see Fig. 7), it sug-
gests that the event forming SPA might be an oblique
impact (Garrick-Bethell and Zuber, 2009).

Magmatic processes seem to be also related to radioac-
tive distribution in SPA. The hot spots of radioelements are
roughly corresponding to Mare Von Kdarman (~3.2 ppm
Th), Ingenii (~3.39 ppm Th) and several other volcanic
regions in SPA as shown in Fig. 7. Like the topographic
and radioactive asymmetries, majority of mare basalts con-
centrate in the western or northwestern portions of SPA as
well, revealing that heat released by radioactivity would
have promoted thermal evolution of this unique terrane.

3.3. FHT

Lunar highlands are regarded as typical representations
of anorthositic crust originating from initial differentiation
of the Moon (Warren, 1985). Therefore, highlands appears
poverty of radioelements (majority lower than 2 ppm Th),
which are difficult to be incorporated into crystal structure
during the solidification of LMO (Korotev, 1998). These
incompatible elements would gradually concentrated in
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the late-formed crust as the cooling of LMO. This scenario
could lead to an inverse correlation between incompatible
components and crustal thickness that have been found
by previous gamma ray remote sensing (Metzger et al.,
1977; Lawrence et al., 2000; Kobayashi et al., 2012).
Besides protosomatic sources, Haskin et al. (1998) claimed
that KREEP-bearing ejecta from Imbrium impact could
contaminate as far as the surface of FHT and even SPA.
The CGRS Th distribution outside of Imbrium (except
SPA) decreases as the distance from center of Imbrium
increases (Fig. 8) that also agrees with the hypothesis of
Imbrium ejecta. Anyway, further investigations are
required to examine the weight of protosomatic or enthetic
sources for the radioactivity of FHT.

4. Summary

We have acquired global concentrations of radioele-
ments utilizing CGRS level 2C scientific data. Based on
the previous CGRS studies (Zhu et al., 2010, 2011; Zou
et al., 2011), and together with spectral fitting techniques,
we updated the procedures of data processing with empha-
sis on extracting contribution of radioelements from com-
posite peaks. Moreover, we applied a calibration model
that correlates peak areas of CGRS and the ground truths
from lunar samples and meteorites.

The global maps of lunar radioelements acquired by
CGRS show the heterogenous distribution across lunar
surface, thus help us better understand the petrogenesis
in lunar terranes. The findings of an oval pattern surround-
ing Imbrium and Aristarchus radioactive anomaly agree
well with previous studies. The CGRS radioelements maps
are also in support of the nonimpact origin of Procellarum
region, and our study suggests that basaltic lava flows
might play a crucial role in the emplacement of KREEP
materials in PKT. CGRS also confirmed the radioactive
occurrence and asymmetric distribution in SPA, which
could have constrained local volcanic activity. In addition,
the distribution of radioelements matches well with the
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view that radioactivity in FHT possibly originated from
deposition of Imbrium ejecta while the contribution degree
compared to protogenous inventory would need more
investigations.

For future work, we will concentrate on further study of
CGRS data and combine with more recently distributed
lunar gamma ray datasets (e.g., Chang’E-2 and Kaguya/
Selene, Kobayashi et al., 2010, 2012; Yamashita et al.,
2010; Zhu et al., 2013, 2014, 2015) that would enable us
better investigate the origin of lunar radioelements distri-
bution at higher spatial and spectral resolutions.
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