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ARTICLE INFO ABSTRACT

Associate editor: Janne Blichert-Toft The Moon’s mare volcanism predominantly occurs within the Procellarum KREEP Terrane (PKT), which is
widely thought to be associated with KREEP components within the lunar interior. The Chang’e-5 (CE-5) mission

Keywords: sampled a young (2 Ga) mare basalt Em4/P58 unit of northern Oceanus Procellarum. The geochemistry of the

Chang’e-5

CE-5 mare basalt enables assessment of mantle source compositions which are essential to understand the
thermo-chemical mechanism for prolonged volcanism during secular cooling of the Moon. Geochemical com-
positions of the CE-5 bulk soil, breccias, and basalt clasts from various depths within the drill core consistently
display high concentrations of incompatible trace elements (ITE: ~ 0.3 x high-K KREEP; ~ 5 pg/g Th) with
KREEP-like inter-element ratios, for example for La/Sm, Nb/Ta, and Zr/Y. Exotic impact ejecta, extensive magma
differentiation (<70 % fractional crystallization) and significant assimilation of KREEP materials during magma
transit and eruption cannot account for the ITE contents and ratios or radiogenic isotope compositions (e.g.,
€Ndipitial of + 8 to + 9 and eHfjpjia of + 40 to + 46) of the CE-5 basalts; instead, partial melting of their mantle
source played a dominant role. The Chang’e-5 basalt is a chemically evolved low-Ti mare basalt (Mg# of ~ 34)
with enriched KREEP-like ITE compositions but high long-term time-integrated Sm/Nd and Lu/Hf ratios, which
represent a hitherto unsampled type of mare basalt. It formed by melting of an augite-rich mantle source (late-
stage magma ocean cumulates containing > 30-60 % augite, and little or no ilmenite), with a small amount of
late-stage interstitial melt that resembles KREEP (~1-1.5 modal %, equivalent to 0.2-0.3 pg/g Th in the mantle
source). The voluminous mare basalts making up the Em4/P58 unit (>1500 km3) provide compelling evidence
for large-scale, ITE enriched young mare magmatism within Oceanus Procellarum. In combination with remote
sensing data and with the unique Th-rich Apollo 12 basalt fragment 12032,366-18 (impact ejecta likely from
Oceanus Procellarum), this implies that significant portions of the FeO- and Th-rich mare regions of the western
PKT may also have formed in a similar way.

Mare basalt

KREEP

Lunar young volcanism
Oceanus Procellarum

1. Introduction surface asymmetry (Haskin et al., 2000; Jolliff et al., 2000; Lawrence
et al., 1998). The PKT also hosts extensive mare basalt volcanism over a

The Moon’s Procellarum KREEP Terrane (PKT, Fig. 1) is character- prolonged period of the Moon’s history from at least ~ 4.1 until ~1.2 Ga
ized by high concentrations of incompatible trace elements (ITE), rep- (Hiesinger et al., 2011; Morota et al., 2011), which is widely thought to

resented by potassium [K], rare earth element [REE] and phosphorous be associated with the KREEP enrichment of the PKT (e.g., Jolliff et al.,
[P] (hence, KREEP), demarcating a profound lunar compositional 2000; Laneuville et al., 2013; Wieczorek and Phillips, 2000). Examining
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Fig. 1. Spatial distribution of CE-5 basalts in Em4/P58 unit (red) and other young mare basalts (Qian et al., 2023) within the PKT defined by remote sensing data
(Jolliff et al., 2000) (outlined by dashed white line). These units show high-Fe, mid-Ti contents and abundant augites, as revealed by the CE-5 and CE-3 missions (Ling
et al., 2015; Qian et al., 2023; Zhang et al., 2015). The Apollo 15 and 17 landing sites with indigenous KREEP basalts are shown in yellow circles. CE-5 scooped and
drilled soil (S), their basalt (Ba), breccia (B) and agglutinate (A) components were measured in this study. The contour plots of FeO and Th contents of lunar nearside

are originally from Jolliff et al. (2000).

the origin and distribution of KREEP-rich igneous rocks is therefore
crucial for deciphering the Moon’s thermo-chemical evolution (Shearer
et al., 2006; Wieczorek et al., 2006).

Samples of KREEP-rich and pristine (i.e., not affected by impacts)
basalts, however, are surprisingly rare, including in the KREEP-rich PKT
terrane (Shearer et al., 2006; Wieczorek et al., 2006). Most lunar mare
basalts (e.g., Borg et al., 2019; Hallis et al., 2014; Neal, 2001) and
basaltic meteorites (e.g., Korotev, 2005; Korotev and Irving, 2021) have
low Th abundances (< 2 pg/g). Surface enrichment of KREEP compo-
nents as observed from orbital investigations of Th are often considered
to reflect remote impact ejecta or impact mixing with an underlying
KREEP-rich substrate (e.g., Haskin, 1998; Wieczorek et al., 2006).
Moreover, indigenous KREEP basalts discovered at the Apollo landing
sites erupted between ~ 4.1 and 3.8 Ga (Nyquist and Shih, 1992; Shih
et al,, 1992) and are not representative of younger PKT volcanism.
Young mare basalts of Oceanus Procellarum display high abundances of
FeO, Th and K (Jolliff et al., 2000; Prettyman et al., 2006), making them
underrepresented in comparison to the rock record at the Apollo and
Luna landing sites (Prettyman et al., 2006; Qian et al., 2023). A note-
worthy case is from the Apollo 12 basalt fragment 12032,366-18 (2.3
Ga?, impact ejecta likely from Oceanus Procellarum) which is unique
given its distinct chemical composition with high Th (6.9 pg/g; Sta-
dermann et al., 2022). Due to limited sampling by existing missions
(Fig. 1), available lunar basalt samples are unable to well address the
origin of young basalts in the PKT region that are enriched in K and Th
contents (e.g., Shearer et al., 2006; Wieczorek et al., 2006).

Lunar basalts with KREEP components (i.e., KREEPy basalts) mainly
display two trace elemental traits: 1) high ITE concentrations; and 2)
ratios of a wide range of ITE close to the theoretical urKREEP compo-
sition (often represented by high-K KREEP basalts) (Warren, 1989;
Warren and Wasson, 1979). Moreover, the typical pristine KREEP ba-
salts such as Apollo 15,386 and 72,275 have radiogenic Sr and unra-
diogenic Nd and Hf isotope compositions, as expected from time-
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integrated LREE-enriched compositions with high Rb/Sr, low Sm/Nd
and Lu/Hf ratios in their mantle sources (e.g., Borg and Carlson, 2023;
Nyquist and Shih, 1992; Shih et al., 1992; Sprung et al., 2013). Whether
the orbital data of enrichment of K and Th in the PKT region reflects the
presence of KREEP basalts or merely their high ITE contents (without
KREEP-like ITE ratios or enriched radiogenic isotopes) is poorly un-
derstood. However, this is important in the interpretation of the remote
sensing-based definition of the PKT terrane and requires detailed studies
of their indigenous trace element and radiogenic isotope compositions.

The Chinese Chang’e-5 (CE-5) mission sampled the Em4,/P58 unit of
northern Oceanus Procellarum, which represents large-scale (> 1500
km? assuming a thickness of several tens of meters), young (~2.0 Ga)
mare volcanism (e.g., Che et al., 2021; Du et al., 2022; Li et al., 2021,
Qian et al., 2023; Qian et al., 2021; Tian et al., 2023b; Wang et al.,
2023). This type of volcanism has high FeO and Th contents, providing
an ideal ground-truth verification of the chemical components of young
basalts in the PKT. Because of relatively unradiogenic Sr and radiogenic
Nd isotopes, the CE-5 basalts were interpreted to be derived by low-
degree melting of a non-KREEP mantle source, followed by extensive
fractional crystallization (Tian et al., 2021; Yang et al., 2022), similar to
some ~ 3.0 Ga mare basalt-derived lunar meteorites such as the La Paz
Icefield 02,205 mare basalt and NWA 4734 pairs (e.g., Borg et al., 2009;
Elardo et al., 2014). However, these lunar meteorites show neither high
Th contents nor KREEP-like La/Sm ratios (e.g., Borg et al., 2009; Day
et al., 2006; Elardo et al., 2014). The CE-5 soils, impact glasses and
basalt fragments display high concentrations of the REE with KREEP-like
patterns (e.g., Chen et al., 2023; Jiang et al., 2023; Li et al., 2022; Tian
et al.,, 2021; Zong et al.,, 2022) and KREEP-rich breccia occurs in
Chang’e-5 regolith (Mei et al., 2023). However, whether CE-5 basalts
show an inherent KREEP signature has not been well established given
incomplete data for a wide range of highly incompatible elements. It is
also unclear if the KREEP-like component, if present, resulted from
either mantle source, magma differentiation or assimilation during
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magma ascent. Overall, the likely constituents of the mantle source of
the CE-5 basalts remain poorly understood and the affinity of CE-5 basalt
to either low-Ti basalt or high-Ti basalt is also debated (e.g., Fu et al.,
2022; Jiang et al., 2022; Tian et al., 2023a).

The CE-5 scooped soil has been well studied for chemical composi-
tion (Li et al., 2022; Yao et al., 2022; Zong et al., 2022). To add to these
works, we measured bulk chemical compositions of drilled soils, brec-
cias, agglutinates, and basalt clasts from various depths of the CE-5 drill
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cores (Fig. 1). These analyses involved determination of 48 major and
trace elements of aliquots of 12 subsamples, and Lu-Hf isotope data for
three samples. In-situ analyses on chemical compositions of pyroxene
were also carried out to evaluate the effects of crystal fractionation and
assimilation on ratios of the ITE. We synthesize the available data and
identify CE-5 basalt as a highly evolved mare basalt with a KREEP-like
ITE signature but depleted compositions in radiogenic isotopes, which
is not represented in the Apollo and Luna catalogs. The comprehensive

Basalt clast

100pm

Fig. 2. Representative backscattered electron images of basalt clasts, breccias, and agglutinates. Four basalt clasts (a-d) have subophitic textures and mainly consist
of clinopyroxene, plagioclase, ilmenite, and fayalite. Breccia (e) and agglutinate (f) contain several impact glasses and relict mineral crystals.
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elemental and isotopic compositions reflect that its mantle source was
abundant in augite cumulates expected from the later-stages of lunar
magma ocean (LMO) crystallization with a small amount of KREEP-like
interstitial melt but absence of ilmenite. The results provide evidence for
large-scale, ITE enriched young magmatism within the mare region of
the Oceanus Procellarum and even a wider range of the western PKT.

2. Chang’e-5 samples and analytical methods

Three batches (200 mg of CE5C0400, 100 mg of CE5Z0204YJ, and
100 mg of CE5Z0906YJ) of CE-5 lunar soil that were not sieved during
sampling and preparation, were obtained from the China National Space
Administration Agency. CE5C0400 is a scooped soil while CE5Z0204YJ
and CE5Z0906YJ are from soil drill cores. CE5Z0204YJ is from the
fourth interval of the second section in the sampling tube (from a depth
of ~ 65 c¢cm) and CE5Z0906YJ is from the sixth interval of the ninth
section in the sampling tube (~ 10 cm) (Zhao et al., 2023).

In this study, CE-5 lunar soils of variable depth and of different
components, particularly basalt clasts, were analyzed for bulk chemistry
at the China University of Geosciences, Wuhan (CUGW). Large soil
components (i.e., breccias, agglutinates, and basalt fragments, typically
0.5-1.5 mm in size) were manually picked from the lunar soil (Fig. 2).
They were cut into two parts with a diamond wire saw. One part was
chemically digested for bulk rock measurement of major and trace
element abundances and the other portion was utilized for petrographic
observations. As shown in Fig. 2, the basalt clasts have a well-preserved
igneous texture with no or minor modification by impacts; while brec-
cias and agglutinates mainly consist of impact glass and relict crystals,
and highly vesicular nature with small metal-blebs occurs within the
agglutinate (Fig. 2f).

The sample digestion and measurement procedures have been well
described before and applied to scooped soil, two basalt clasts and other
lunar meteorites (Jiang et al., 2023; Zong et al., 2022). This method
consumes limited sample but enables simultaneously quantitative
analysis of abundances for up to 48 major and trace elements from the
same sample aliquot with high precision (Zong et al., 2022). An Agilent
7700x ICP-MS (Agilent Technologies) was used for major and trace
element measurements. The detailed operating conditions and acquisi-
tion parameters of the ICP-MS, and data reduction procedure have been
described before (Zong et al., 2022). International basalt standard
reference materials BCR-2 and BHVO-2 were used as monitor standards
and their results match well with recommended values (Jiang et al.,
2023; Zong et al., 2022).

After ICP-MS analysis, the leftover solutions of scooped soil and
basalt clasts were used for Hf isotope analyses. The digested samples
were converted to the matrix of 3 M HCl and loaded to an ion exchange
column (with Ln-Spec anionic resin) that was leached and balanced by 3
M HCL. Five milliliter 3 M HCI and 6 M HC] were then added twice and 4
times, respectively, which can effectively separate Yb and Lu from Hf.
Afterwards, 35 ml 4 M HCl combined with 0.5% H;0, was added to
separate Ti. Lastly, 5 ml 2 M HF was used to collect Hf for its isotopic
determination using a Neptune Plus MC-ICP-MS (Thermo Fisher Scien-
tific, Bremen, Germany) at CUGW (Lin et al., 2020).

Major and trace element abundances of clinopyroxenes from soils
and the basalt clasts were analyzed by laser-ablation ICP-MS, following
methods that have been well established at CUGW (Hu et al., 2008). The
spot diameter in this study was 32 pm. The measured elements were
externally calibrated by using multiple USGS glasses (BCR-2G, BHVO-
2G, and BIR-1G). The NIST SRM 610 glass was employed to monitor
data quality. The software ICPMSDataCal was used for offline selection
and integration of the background and analyzed areas, time-drift
correction, and data reduction (Liu et al., 2008). Major and trace
element results using laser-ablation ICP-MS are given in Table S3.

20
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3. Results

The major and trace elements of aliquots of 12 subsamples (three
drilled soil samples, three breccias, two agglutinates, and four basalt
clasts) are reported in the Supplementary Table S1. Different aliquots of
CE-5 drill core soil display uniform major and trace element abundances
at 2-4 mg sample sizes (within a few percent uncertainty of relative
standard deviation, RSD, Figs. S1-S2), and they are also identical with
the well-characterized scooped soil (Figs. 3-5). However, abundances of
some siderophile elements (e.g., Ni) and volatile elements (e.g., Zn) in
the CE-5 soils exhibit scatter (Figs. S1-S2). For agglutinates and breccias,
most major and trace elemental compositions of several replicates show
a certain range with 20-30% RSD, and the Ni content is also heteroge-
neous within soil subsamples (Figs. S1-52). In contrast, basalt clasts
show noticeable variations in chemical compositions (e.g., a two-fold
range for the ITE concentrations, Fig. 5, Table S1). However, the ra-
tios of the ITE of these basalt clasts (e.g., La/Sm, Zr/Y, Th/U, Eu*) are
uniform (Figs. 5-7, Table S1), and the mean values of basalt clasts
analyzed (n=6, Table S1) overall are similar to those of the bulk soils
(Fig. 3).

The Hf isotopes of two scooped soils and one basalt clast (Table S2)
show that the soil subsamples have similar initial éHf(2 ¢ ga) of + 40 to
+42 and are lower than that of the basalt clast (+46, Fig. 8a). Clino-
pyroxene grains measured for compositions shows variable Mg# from
60 to <10, which resulted from strong magmatic fractionation
(Table S3, Fig. 9). Although incompatible elements like the REE of these
clinopyroxene show large variations in concentration, although the La/
Sm ratios and Eu* are quite constant (Fig. 9).

4. Discussion
4.1. Chemical compositions of CE-5 soil and its components

The scooped soil of CE-5 has been well-characterized from different
batches (CE5C0400, CE5C0600, CE5C0800) and using different
methods (ICP-MS and INAA, XRF); they show rather homogenous
chemical compositions (Li et al., 2022; Yao et al., 2022; Zong et al.,
2022). In this study, we further analyzed milligram-sized samples of
drilled soils of variable depths and their different components (Table S1,
Figs. §1-52). Subsamples of the drilled soil demonstrate consistent
chemical compositions and match those of the scooped soil within
analytical uncertainty (Fig. 3). These results indicate that the CE-5 soil,
at least from shallow depths, is homogenous in chemical composition at
the milligram level, except for a few elements such as Ni and Zn which
are likely to have been affected by variable degrees of meteoroid addi-
tion or condensation/evaporation occurring as a result of impacts that
formed the soil (e.g., Yang et al., 2022; Zong et al., 2022). Such homo-
geneity can be ascribed to the very small particle sizes of the CE-5 soil (>
95% of particles are less than 10 pm) (e.g., Cao et al., 2022; Li et al.,
2022; Zong et al., 2022). Apart from Ni, major and trace elemental
compositions of agglutinates and breccias overlap the scooped soil
within 20-30% RSD (Fig. S1-S2). The elevated Ni contents for bulk soil,
agglutinates and breccias are consistent with their petrological features
(Fig. 2), reflecting the variable effects of meteoroid impacts, which are
known to elevate Ni contents considerably (e.g., Day, 2020).

Different basalt clasts show variable major elements abundances, as
reflected by this study (Fig. 4) and previous works (e.g., Che et al., 2021;
Chen et al., 2023; Su et al., 2022). These examined basalt clasts are often
0.5-1.5 mm size, equivalent to several milligrams (e.g., Fig. 2 and
Table S1). Most trace elements (e.g., Cr, Y, Zr, REE, Hf, Th, and U) of
these basalt clasts show variations in concentration by a factor of two
(Fig. 5 and S2). Such chemical variations could be ascribed to the ‘mode
effect’ at small sample sizes (i.e., different proportions of mineral phases
and mesostasis in different basalt clasts). The FeO concentration of
basalt clasts is slightly elevated relative to bulk soils (e.g., 25.3 wt%
versus 22.7 wt%). We also note that the Mg# (molar ratio of Mg/
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Fig. 3. The relative deviation (RE%) of the average compositions of drilled soil and basalt clasts compared to the mean value of scooped soil (Zong et al., 2022).

(Mg+Fe)) of most basalt clasts are lower than bulk soil (e.g., 28 versus
34) (Table S1 and Chen et al., 2023). These features likely reflect that the
basalt clasts tend to sample more evolved parts of CE-5 basalt, and
higher proportions of Fe-rich phases. However, the ratios of ITE of these
basalt clasts (e.g., La/Sm, Zr/Y, Th/U) are uniform (Fig. 5 and 7,
Table S1). Heterogenous sampling or magmatic fractionation can lead to
noticeable changes in concentrations but have limited effects on ratios of
ITE, which has been also well illustrated for the Apollo 17 KREEPy basalt
(Salpas et al., 1987).

The scooped and drilled soils demonstrate consistent compositions,
implying either limited addition of exotic materials into the CE-5 soil or
addition of similar materials. As shown in Fig. 2, the basalt clasts display
no evidence of post-crystallization modifications and low Ni contents
(about 20 pg/g, Table S1), they are therefore likely to represent rela-
tively pristine CE-5 basaltic materials. Importantly, the ratios of Zr/Y,
La/Sm, and Nb/Ta in basalt clasts overlap those of bulk soils and impact
glasses (Fig. 5). The CE-5 soil underwent long-term impact and strong
modification (e.g., Li et al., 2023; Long et al., 2022; Yang et al., 2022);
and a small fraction of exotic ejecta from units outside of the CE5 basalt
has been identified (e.g., Jia et al., 2022; Mei et al., 2023; Zeng et al.,
2022; Zhao et al., 2023). However, such effect was overall limited for the
bulk composition of the CE-5 soil as demonstrated here. The remarkable
homogeneity of the CE-5 lunar soil, and the consistency of ITE ratios of
bulk soil and basalt clasts, leads us to conclude that the CE-5 soil formed
mainly (likely > 95%) from the local basalts of the Em5/P58 unit,
consistent with increasing evidence from other studies (e.g., Jia et al.,
2021; Yang et al., 2022; Zeng et al., 2022; Zong et al., 2022). Because the
bulk soil is likely representative of a large homogeneous component of
CE-5 basalts, its bulk chemical composition likely overall reflects the
mean value of the sampled CE-5 basalt, except for some volatile and/or
siderophile elements.

4.2. Low-Ti affinity of Chang’e-5 mare basalts

The CE-5 basalts are from the Em4/P58 unit of mare basalts within
the northern Oceanus Procellarum. Which type of mare basalt (i.e., very
low-Ti, low-Ti, and high-Ti) the CE-5 basalt can be classified as is of
great importance to understand their origin and evolution (Neal and
Taylor, 1992; Papike et al., 1976). Based on the petrological data and
chemical compositions, CE-5 basalts display highly evolved features
with low Mg# (34), high FeO (22.5 wt%), intermediate TiOy (5.1 wt%)
and low Ni contents (20 pg/g, Table S1) (e.g., Chen et al., 2023; He et al.,
2022; Li et al., 2022; Yang et al., 2023). The abundant ilmenite (2-6 vol
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%) in basalt clasts (e.g., Cao et al., 2022; Chen et al., 2023; Li et al.,
2022) and the TiOy contents of CE-5 basalt may have resulted from
extensive fractionation (e.g., He et al., 2022; Tian et al., 2021; Yang
et al., 2023). Its primarily melt likely contains 4.4 wt% or lower TiO»
(Zhang et al., 2022), which lies within the range of low-Ti mare basalts
(Neal and Taylor, 1992). On the other hand, the Fe# (Fe/(Fe+Mg) molar
ratio) -Ti# (Ti/(Ti+Cr) molar ratio) relationship of pyroxenes represents
another powerful indicator of basalt type (e.g., Arai et al., 1996; Rob-
inson et al., 2012). This method indicates an affinity of CE-5 basalt to the
high-Ti mare basalt type (Fu et al., 2022), which apparently also ex-
plains the presence of some high-Ti CE-5 fragments (Jiang et al., 2022).
Because Cr is highly compatible relative to Ti in clinopyroxene (e.g.,
Dygert et al., 2014; Leitzke et al., 2016), progressive magmatic differ-
entiation may account for the elevated Ti# of clinopyroxene with higher
Fe# (Tian et al., 2023a). However, such a process is unlikely to be the
main cause of the elevated Ti#, because it is appliable to all mare basalts
and, importantly, the Ti# of early crystallized clinopyroxene (e.g., at
given Fe# of 40-50) remains higher for CE-5 basalt than for charac-
teristic low-Ti Apollo mare basalts (Fig. 8b). Such an apparent discrep-
ancy reflects a high proportion of augite in the mantle source of CE-5
basalts, as discussed below.

The correlation of Nd-Hf isotope ratios of mare basalts is well-suited to
distinguish between a low- and a high-Ti mare basalt nomenclature for
the CE-5 basalt. Ilmenite tends to incorporate much more Hf than the REE
and is a predominant mineral responsible for noticeable differentiation of
Lu/Hf ratio without perturbing the Sm/Nd system. Lunar low-Ti and high-
Ti basalts therefore display distinct trends for Nd-Hf isotopes (e.g., Beard
et al., 1998; Miinker, 2010; Sprung et al., 2013; Unruh et al., 1984). All
low-Ti mare basalts, including Apollo 12 ilmenite mare basalts, share
consistent Lu/Hf-Sm/Nd ratios, although they display significant Nd-Hf
isotope variability (Fig. 8a). The eNdjpjtia1 of CE-5 basalt (~ +8 to +9)
has been obtained from in-situ analyses on merrillite (Tian et al., 2021).
We show that the CE-5 soil and basalt clasts have similar eHf;,jta of +40
to +46, leading to its Hf-Nd isotope compositions being consistent with
the trends of low-Ti basalt and distinct from the high-Ti basalt trend
(Fig. 8a). The exposure of samples on the lunar surface to cosmic rays
often leads to isotope anomalies in many elements, and correcting
neutron capture effects has been shown to be important for Hf isotopes of
some lunar rocks (e.g., Gaffney and Borg, 2014; Sprung et al., 2013). We
did not obtain other isotopes of Hf due to limits of the available quantity
of sample so that such correction is impossible in this study. However,
neutron capture effects do not necessarily occur for all lunar samples, e.g.,
for many low-Ti basalts (See Fig. 8a and Sprung et al., 2013), and the
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effect would be lower for the less exposed basalt clasts relative to the soils.
The CE-5 soil show eHfjnitial similar to the basalt clast (Fig. 8a), likely
reflecting a limited neutron capture effect on CE-5 basalt, although future
more precise work is required for clarification. Based on the currently
available Hf-Nd isotopes, we suggest the affinity of CE-5 basalt to low-Ti
basalt. The result also reveals negligible ilmenite in the mantle source;
otherwise, the abundant ilmenite, if present in the source, would lead to
source ratios of Lu/Hf-Sm/Nd close to high-Ti basalts, which is clearly not
the case (Fig. 8a). This result is also consistent with the constraints based
on pMELTs simulations (Luo et al., 2023).

4.3. KREEP-like ITE compositions in Chang’e-5 mare basalts

4.3.1. KREEP-like signature in CE-5 mare basalts
Although the CE-5 basalt is a low-Ti mare basalt variant, its trace
elements differ from known low-Ti mare basalts. For example, the CE-5
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basalt has a high Th content (5.1 pg/g) relative to low-Ti mare basalts
(Fig. 7 and S3). Overall, the CE-5 bulk soil, basalt clasts and breccia
display elevated ITE abundances (e.g., Ba, Th, U, Nb, Ta, Zr, Hf, and
REE, ~0.3 x urKREEP or high-K KREEP (Warren, 1989)). Such levels are
comparable to the Apollo 72,275 KREEPy basalt clasts with a mean of
5.6 pg/g Th (e.g., Fig. 6,7 and S3). Following the criteria of Warren
(1989), high contents of the ITE and KREEP-like ITE ratios should both
be satisfied to reflect a KREEP-like trace element composition. For
example, high-K basalts typically have high contents of K (>2000 pg/g),
Th (2-5 pg/g) and other incompatible elements, a level similar to CE-5
basalt and Apollo 17 KREEP basalts (Fig. 7d and S4). However, high-K
basalts are not recognized as KREEPy basalts, because their La/Yb and
La/Sm ratios are rather low (Neal and Taylor, 1992). Instead, the
KREEP-like samples have high La/Sm (> 2) and La/Yb ratios (typically
> 2.9, Fig. 7c and S4).
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Fig. 5. Concentration and ratios of incompatible trace elements in different components of CE-5 soil. They show variable contents but consistent ratios. Light gray

circles are impact glasses (Yang et al., 2022).

The bulk soil, breccia, basalt clasts of CE-5 all display distinct KREEP-
like patterns and ratios for incompatible trace elements (e.g., La/Sm, Zr/
Y and Nb/Ta, Figs. 6 and 7), which cannot be ascribed to magmatic
differentiation. For example, Nb and Ta are highly incompatible in most
crystallization phases of lunar basalts except ilmenite, and Nb/Ta is
predominantly affected by ilmenite removal or addition during lunar
magmatism (e.g., Leitzke et al., 2016; Miinker, 2010). Given ilmenite
undersaturation during differentiation of the CE-5 parental magma
(Zhang et al., 2022), the Nb/Ta ratio of CE-5 basalt reflects parental
magma and mantle source. The Na/Ta ratio of CE-5 is similar to those of
high-K KREEP and of the 15,386 KREEP basalt, but noticeably higher
than for Apollo low-Ti and high-Ti mare basalts (Fig. 7c). Such a high
Nb/Ta ratio for KREEP basalts was likely the result of separation of
dense Ti-rich cumulates from urKREEP during magma ocean overturn.
The Zr/Hf ratio is another indicator of ilmenite involvement (Miinker,
2010) and the broad correlation between Zr/Hf and Nb/Ta further
supports the separation of Ti-rich cumulates (Fig. 7c). As with Hf iso-
topes, the Zr/Hf and Nb/Ta ratios of the CE-5 basalt indicate negligible
ilmenite in its mantle source. If residual ilmenite was present after
partial melting to explain high Nb/Ta ratio, it would be difficult to
reconcile with high Nb and Ta contents and Ta/La and Nb/Ce ratios of
CE-5 basalts which trend towards urKREEP endmembers (Fig. 6) (e.g.,
Hui et al., 2013).

Like the aforementioned Apollo KREEP basalts, the CE-5 basalt also
shows strong fractionation of the REE, e.g., high ratios of La/Sm (~ 2.1)
and La/Yb (~ 3.6, Figs. 6 and 7). These features differ from what is
observed for most Apollo mare basalts and this difference is also re-
flected in other ratios, such as Zr/Y (Fig. 7a). Given the highly evolved
nature of CE-5 basalt (e.g., Che et al., 2021; He et al., 2022; Su et al.,
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2022; Yang et al.,, 2023), low-degree partial melting and extensive
crystallization were proposed to explain such KREEP-like ratios (Tian
et al., 2021). However, such process is most likely not the predominant
mechanism (Warren and Wasson, 1979). Extensive crystallization can
significantly elevate the contents of ITE in melts but hardly change the
ratios used to identify the KREEP-like signature, such as La/Sm, Nb/Ta
and Zr/Y. As shown in Fig. S6, La/Sm ratio varies less than 20% even if
high-degree (< 70%) fractional crystallization occurs. The highly
evolved low-Ti mare basalts such as NWA 4734, NWA 032 and LAP
02205 pairs (Borg et al., 2009; Day et al., 2006; Elardo et al., 2014) show
low Mg# of 35-40 similar to the CE-5 basalt (Mg# of 34), but their La/
Sm and La/YDb ratios are far lower than those of the CE-5 basalt (Fig. 4
and 7).

Our in-situ data on clinopyroxene provide convincing support for
this argument. The clinopyroxenes of CE-5 basalt in this study and
previous work show variable Mg# covering the least evolved to highly
evolved range (from ~ 60 to (10) and a large variation of REE contents
(Table S3 and Fig. 9). However, La/Sm ratios and Eu* of these clino-
pyroxenes with different Mg# are overall constant (Fig. 9), reflecting the
negligible effects of extensive fractionation on these ratios. Therefore,
the La/Sm ratio and other KREEP-like ratios of CE-5 basalt cannot result
from magmatic fractionation but instead reflect the primary signature.

Anomalies of Eu* and Ti/Sm ratio are also often used as indicators
for KREEPy basalts (e.g., Borg et al., 2009; McKay et al., 1978), because
the urKREEP reservoir is expected to display extremely negative Eu*
(0.2) and low Ti/Sm (~500) after extensive (> 95%) crystallization of
magma ocean (Warren and Wasson, 1979). However, Eu* and Ti/Sm
ratio could not be effective markers. This is because REE and Ti contents
in basalts reflect the combined results of KREEP and other cumulate
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phases in the mantle source, particularly clinopyroxene or plagioclase.
Consequently, Eu* and Ti/Sm are expected to vary among KREEPy ba-
salts (Fig. 7e-f). The Eu* of CE-5 basalt (0.47, Table S1) is slightly higher
than KREEPy samples (Apollo 15&17, SaU 169, and high-K KREEP), but
similar to NWA 773 and NWA 4737 pairs (Fig. 7e). The high Ti/Sm ratio
of CE-5 basalt can be ascribed to abundant augite in its mantle source
(see discussion below).

4.3.2. Mantle source origin of KREEP-like ITE signature for Chang’e-5
basalt

A key question is whether the KREEP-like ITE component of CE-5
basalt was inherent to the mantle source or due to contamination dur-
ing magma ascent. Due to high Rb/Sr, low Sm/Nd and Lu/Hf, urKREEP
components that evolved from ~ 4.4 to 2.0 Ga, would show relatively
radiogenic Sr and unradiogenic Nd-Hf isotopes (e.g., eNd of —12,
Fig. 10c). If assimilation resulted in the KREEP-like ITE properties of CE-
5 basalts, such Sr-Nd-Hf isotope signatures would be inherited by CE-5
basalts. However, the young eruption age of the CE-5 basalts and its
Sr-Nd-Hf isotopes (e.g., eNdipitial Of ~ +8 to +9 and eHfjy;tia) of ~ +40 to
+46) exclude significant late KREEP assimilation (Fig. 10). More criti-
cally, it is impossible to simultaneously satisfy the eNd-eHf values and
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the high La/Yb (~ 3.6) and La/Sm (~ 2.1) ratios that are similar to, or
even higher than high-K KREEP and the Apollo 17 KREEP basalts
(Fig. 10).

A simple binary mixing model is shown to simulate the trace element
abundances and ratios, and Nd isotopes of CE-5 basalts (Fig. 10). Either
the primary partial melt derived from a clinopyroxene-rich cumulate
source (assimilation in deep mantle depth; Fig. 10a-c) or its evolved melt
after 50% fractional crystallization (assimilation in shallow mantle or
crust depth; Fig. 10d-f) is assumed to assimilate high-K KREEP. The bi-
nary mixing modelling shows that ITE enrichment in CE-5 basalts re-
quires > 25% of KREEP assimilation to account for their trace elements
contents (Fig. 10a). The trace element ratios (e.g., La/Sm, Sm/Nd and
Nb/Ta) further confirm that > 25% of KREEP assimilation is required
(Fig. 10b). Such significant assimilation of KREEP materials (> 25%)
would lead to radiogenic Nd isotopes in CE-5 basalts (eNd of < —5,
Fig. 10c). However, only < 5-10% of KREEP is required to explain the
limited radiogenic ingrowth of Nd isotopes in CE-5 basalts (exq of +8 to
+9) (Tian et al., 2021), even if we mixed the partial melts of the most
depleted mantle sources with KREEP (Fig. 10). On the other hand, the
assimilation of 5-10% KREEP to reconcile the Nd isotopes cannot
simultaneously reconcile with around 30% KREEP components and
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KREEP-like trace element ratios of CE-5 basalts. This conclusion is also
applicable to the mixing of evolving melts with KREEP components
(Fig. 10d-f). Because most of the trace elements used here are incom-
patible in olivine and clinopyroxene (Dygert et al., 2020), fractional
crystallization would elevate the contents of incompatible elements in
the evolving melts but hardly affect their ratios (e.g., La/Sm and Nb/Ta).

For similar reasons, incorporation of considerable KREEP-rich sub-
surface regolith into lava flows feeding CE-5 basalts must also have been
negligible. This conclusion is also supported by in-situ data on crystal-
lizing pyroxene (Fig. 9) and plagioclase (Tian et al., 2022). Therefore,
we suggest that assimilation of any KREEP component during magma
ascent was not sufficient to affect the CE-5 basalt’s KREEP-like ITE
composition. Instead, we favor that the KREEP-like ITE signature of the
CE-5 basalt was inherited from its mantle source.

Subcrustal KREEP layers have been widely thought to be present at
the base of crust and up to several several-km thickness, which is
important for lunar thermal evolution (e.g., Hess and Parmentier, 2001;
Laneuville et al., 2013; Wieczorek and Phillips, 2000). The voluminous
(> 1500 km? at the surface, presumably more at depth) magmas of CE-5
basalt (Qian et al., 2021; Tian et al., 2023b; Wang et al., 2023) ascended
through the plumbing system and accumulated at the base of litho-
spheric mantle and crust for extensive fractionation (Luo et al., 2023).
However, such melts do not show any noticeable assimilation of KREEP
components, suggesting a lack of subcrustal KREEP layer, at least in the
Em4/P58 unit.

4.3.3. Chang’e-5 basalt as a previously unrecognized type of lunar basalt

Combined with igneous textures and low Ni contents (< 30 ug/g, i.e.,
no meteoroid addition), it is clear that the CE-5 basalt displays inher-
ently high abundances of ITE with KREEP-like ratios; whereas it also
shows depleted radiogenic Sr-Nd-Hf isotopes which differ from the
typical KREEP basalts (Fig. 7 and 8). We suggest that the CE-5 basalt is a
hitherto unrecognized form of mare basalt with KREEP-like ITE
component, which however, is distinct from either the previously
described KREEP basalt clasts from the Apollo 15 and 17 landing sites, or
known low-Ti mare basalts.
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In terms of major elements, the CE-5 basalts show low Mg# (~34)
relative to Apollo 15 and 17 KREEP basalts (Mg# of 50-70, Fig. 4 and
S5), and were evolved from low-Ti parental melts via fractional crys-
tallization. Apollo 15 (orthopyroxene-rich) and 17 (pigeonite-rich)
KREEP basalts (Fig. 4b) are distinguished from mare basalts by their
high-Al contents and low Ca/Al ratios (e.g., Ryder, 1987; Ryder et al.,
1977; Salpas et al., 1987; Taylor et al., 2012). In contrast, CE-5 basalts
contain abundant augite (e.g., Chen et al., 2023; Li et al., 2022; Qian
et al., 2023) and have high FeO contents and high Ca/Al (Fig. 4b),
reflecting enrichment of Ca-rich clinopyroxene in their mantle source.
The young basalts show similar major element compositions (e.g., low
Mg# and high Fe contents) to the KREEP-poor YAMM basalts (Srivas-
tava et al., 2022) and NWA 4734 and 032 pairs (Borg et al., 2009; Elardo
et al., 2014), and are low-Ti mare basalts.

From a trace element perspective, the CE-5 basalt displays ITE
abundances and ratios comparable to KREEPy basalt such as 72,275 but
noticeably different from Apollo and meteorite low-Ti mare basalts
(Figs. 6 and 7). However, isotopically, the CE-5 basalt is not enriched in
radiogenic Sr-Nd-Hf isotopes as the KREEP basalts. Therefore, the CE-5
basalt likely represents a new type of low-Ti mare basalts that show
mineralogical and major element characteristics similar to highly
evolved low-Ti mare basalts but ITE compositions similar to KREEP
basalts. The CE-5 basalts have been underrepresented in the available
lunar sample collections and broaden the sampled diversity of lunar
mare basalts.

4.4. KREEP-bearing and augite-rich cumulate source

The CE-5 basalts show a KREEP-like signature for most highly
incompatible elements. However, its Sr-Nd-Hf isotope compositions are
distinct from known KREEP basalts (e.g., Figs. 6-8), which suggest long-
term depletion of ITE compositions in the mantle sources with low Rb/
Sr, high Sm/Nd and Lu/Hf ratios. Such difference between chemical
compositions of the CE5 basalts and long-term ITE depleted composi-
tions in mantle source implied by the radiogenic isotopes reflects hybrid
components in the mantle sources of CE-5 basalts. Given partition
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coefficient data (e.g., Dygert et al., 2014; Sun and Liang, 2013), clino-
pyroxene is the mineral predominant hosting the REE budget in lunar
mantle cumulates with low Rb/Sr and high Sm/Nd and Lu/Hf ratios.
Clinopyroxene is therefore required to balance the Sr-Nd-Hf isotope
composition of the mantle source of the CE-5 basalts which contains a
minor KREEP component.

Moreover, as illustrated by the Nb/Ta ratio and Nd-Hf isotopes
(Fig. 7d and Fig. 8a), negligible ilmenite was present in the mantle
source of CE-5 basalt. However, CE-5 basalts display intermediate TiOy
content (5-6 wt%, Fig. 4) and its primarily melt likely contains 4.4 wt%
TiOgy (Zhang et al., 2022). Such features also require Ti-rich clinopyr-
oxene in the source. The CE-5 basalt shows affinity to low-Ti basalt, but
the Ti#-Fe# relationship of clinopyroxene overlaps with high-Ti basalt
rather than low-Ti basalt field (Fig. 8b). Magmatic differentiation cannot
account for these features as discussed above. Instead, this indicates the
control of source lithology. Titanium is moderately incompatible in
clinopyroxene (mostly Dr; < 0.5), but Cr is strongly compatible (D¢
often > 5) in this mineral (e.g., Dygert et al., 2014; Leitzke et al., 2016).
Residual clinopyroxene in the source would lead to a fractionated Cr/Ti
ratio in the melt and would result in the primary melts of CE-5 basalt
with high Ti# signature. Therefore, these diverse petrological and
geochemical features all strongly indicate clinopyroxene-dominant

150 250

Scepx(Hg/g)

Fig. 9. The Eu* and La/Sm ratio of clinopyroxenes from CE-5 basalts. Clinopyroxenes show variable Mg# and trace element contents but overall constant La/Sm
ratio and Eu*. This result reflects limited fractionation of La/Sm and Eu* ratios and also negligible assimilation of KREEP materials during shallow magma frac-
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mantle cumulates with a small fraction of KREEP as the mantle source
for the CE-5 basalt.

Pyroxene data, Fe-Mg isotopes, phase diagram and crystallization
modelling increasingly support the clinopyroxene-rich cumulate source
for CE-5 basalts, although the specific proportion is variable in different
studies (Jiang et al., 2023; Luo et al., 2023; Su et al., 2022; Zong et al.,
2022). Following previous work (Zong et al., 2022), we modelled this
possibility and suggest that 0.5-1.5 modal % KREEP materials would be
present in a clinopyroxene-rich (> 30 to 60 molal %) cumulate source of
CE-5 basalts (the specific compositions rely on model variables, Fig. 11,
see details in Supplementary Materials). Overall, the more clinopyrox-
ene the mantle source contained, the more KREEP would be required.
The olivine-bearing pyroxenite mantle source has even been suggested
for the CE-5 basalt based on pMELTSs simulation and petrological con-
straints (Luo et al., 2023), implying the possibility of 1-1.5 modal %
KREEP in the source of CE-5 basalts.

Because late-stage clinopyroxene crystallized from the lunar magma
ocean (i.e., augite) is also rich in TiOg, FeO and CaO with low Mg# of <
60-70 (Charlier et al., 2018; Elkins-Tanton et al., 2011; Schmidt and
Kraettli, 2022; Snyder et al., 1992), we suggest that partial melts of such
an augite-rich mantle source with a KREEP flavor can well explain
petrological, elemental and isotopic features of the CE-5 basalts (e.g.,
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Fig. 10. The modelled effects of assimilation of KREEP materials with ascending primitive (a-c) or evolved melts (d-f, KREEP-melt binary mixing). More than 25%
KREEP assimilation is required to replicate the trace elemental contents and ratios, whereas the Nd isotope requires assimilation of only 5-10% KREEP materials. The
CHUR, Chondrite Uniform Reservoir. NWA 032, LAP 02205, NWA 4734 are from (Elardo et al., 2014) and references therein. Asuka 881,757 (Misawa et al., 1993),
NWA 773 (Borg et al., 2004), 15,386 (Nyquist et al., 1975), 72,275 (Shih et al., 1992) are shown. The estimated depleted lunar mantle is from Elardo et al. (2014).

abundant augite but no orthopyroxene (e.g., Li et al., 2022), high Fe
contents, low Mg#, high Ca/Al, high Ti# of clinopyroxene, KREEP
property of incompatible trace elements, and overall depleted Sr-Nd-Hf
isotopes). The augite accounts for the evolved major element composi-
tions (like low Mg# and high Fe content) and also the depletion in
radiogenic Sr-Nd-Hf isotopes (long-term low Rb/Sr, and high Sm/Nd
and Lu/Hf ratios in mantle source); whereas the minor interstitial
KREEP-like melts explain its main features of patterns and ratios of
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highly incompatible trace elements (Fig. 11). If its source was rich in
calcic ferropyroxene but KREEP-free, as for the YAMM basalts, these
trace element compositions and Sr-Nd isotope compositions would be
dramatically different (Srivastava et al., 2022). Besides, the low-Mg#
(34) feature of CE-5 basalts may also have been partly inherited from
low-Mg# augite in the mantle source and may not necessarily reflect
high-degree (> 50-70%) fractional crystallization.
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Fig. 11. Melting-crystallization modelling of KREEP-bearing, clinopyroxene-
rich mantle cumulates to explain KREEP-like trace element patterns and Nd
isotopes of CE-5 basalts. (a) Variable proportions of clinopyroxene (0-80%) and
high-K KREEP (0-2%) in the mantle sources are calculated to reconcile with enq
in the mantle sources of CE-5 basalts. (b) The weight percentages which KREEP
component in the hybrid cumulate source contributes to trace element abun-
dances of partial melts after melting. Most of the highly incompatible elements
and high-field strength elements are from KREEP components in the hybrid
cumulate source; whereas clinopyroxene contributes to most Sr, Eu and Ti to
the partial melts. The 4-5% non-modal batch melting of this hybrid mantle
source and subsequent 30-50% fractional crystallization can produce a melt
with the KREEP-like pattern similar to the CE-5 basalts. These elements in the
mantle source, partial melts and evolved melts show patterns or ratios similar to
CE-5 basalts (e.g., Sm/Nd, Nb/Ta, Zr/Hf and La/Sm), although the chosen
partition coefficients of clinopyroxenes would affect degrees of partial melting
and fractional crystallization of clinopyroxenes. Note that the clinopyroxene in
the source contributes higher Sr, Ti and Eu proportions to the partial melts
relative to neighbouring elements with similar incompatibility, leading to the
(leviation of Eu*, Rb/Sr and Ti/Sm ratios from high-K KREEP.

The major-element diversity and trace-element pattern uniformity
for KREEPy basalts (Warren, 1989; Warren and Wasson, 1979) can be
ascribed to the variable distribution of the common last urKREEP dregs
of high-degree (> 99%) crystallization of the lunar magma ocean that
may then have been remixed in heterogeneous cumulate lithologies
after magma ocean overturn (hybrid mantle sources) (Elkins-Tanton
etal., 2011). Diverse major elements of KREEP-bearing basalts are likely
to reflect different cumulates in their mantle sources, e.g., augite-rich
(low Mg#) cumulates for CE-5 basalt but orthopyroxene-rich (high
Mg#) source for Apollo 15 KREEP basalts (Ryder, 1987; Taylor et al.,
2012). The different proportions of KREEP components in CE-5 basalt
and 72,275 (~30% x high-K KREEP) and Apollo 15,386 KREEP basalts
(50%-70% x high-K KREEP, Fig. 6 and 7) would result from variable
degrees of mantle melting and fractional crystallization, but the KREEP
components in their mantle sources overall would be limited (e.g., 1-1.5
modal % for CE-5 basalts and < 5% for 15,386 KREEP, Fig. 11 and S9,
and Supplementary Materials).

Because of the additional contribution of mantle cumulate hetero-
geneity, various types of KREEPy basalts or those with KREEP-like ITE
composition (i.e., CE-5 basalt) may display variations in some ITE ratios
compared to the urKREEP model composition (e.g., Apollo 15 and 17
KREEP basalts, Fig. 7). Besides a KREEP component, the abundant
augite in the CE-5 basalt source would have contributed REE, Ti and
other ITE that led to the deviation of Eu* and Ti/Sm ratios from the
urKREEP (e.g., Fig. 7 and 11). Because augite-rich cumulates host more
Sr and REE relative to orthopyroxene and pigeonite (Dygert et al., 2014;
Sun and Liang, 2013), the combined contributions of different magma
cumulate lithologies with variably proportions of KREEP components
could also explain the different Rb/Sr, Sm/Nd and Lu/Hf ratios (thus
variable initial Sr-Nd-Hf isotope compositions) of mantle sources of CE-5
basalts and KREEP basalts.

4.5. Large-scale, ITE enriched young mare basalts in the PKT

The CE-5 mission sampled the mare Em4/P58 unit that is composed
of distinctive young (~ 2 Ga) moderate-Ti and high-FeO mare basalts.
Our laboratory ground-truth compositions confirm their FeO and Ti
contents with elevated inherent Th abundance (about 5 pg/g, Fig. 4 and
7, S3). It also reveals a chemically evolved low-Ti mare basalt with
KREEP-like ITE signature and its regolith that is overall spatially
consistent with the orbital-based remote sensing data of the Em4/P58
unit (e.g., Fu et al., 2021; Jia et al., 2022; Qian et al., 2023). Therefore,
the basalts of the Em4/P58 unit (> 1500 km3), as reflected by CE-5,
represent voluminous young volcanism with enriched KREEP-like ITE
compositions within mare regions of the northern Oceanus Procellarum
(Fig. 1).
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Calibration of orbital-based data using CE-5 samples (Liu et al., 2022;
Qian et al., 2023) indicates the widespread distribution of young mare
basalts with minerals and major elements similar to CE-5 basalts (e.g.,
abundant augite, moderate Ti and high FeO contents) in the central part
of the PKT (orange region in Fig. 1). These young mare basalts suggest
that the western PKT is a large region that is underrepresented among
the available samples (Prettyman et al., 2006; Qian et al., 2023).
Moreover, the unique Apollo 12 basalt fragment 12032,366-18 (Sta-
dermann et al., 2022) and some mare basalts within Mare Imbrium
examined by the Chang’e-3 Yutu rover (Ling et al., 2015; Zhang et al.,
2015) display mineral and chemical compositions (e.g., high FeO and
low Mg# features) consistent with CE-5 basalts (Fig. 4). These young
mare basalts likely reflect the widespread presence of clinopyroxene-
rich mantle cumulate sources beneath the center area of PKT (Fig. 12).
This is consistent with the expected enrichment of low-solidus, high-Ca
and high-Fe clinopyroxene (i.e., low-Mg# augite) as late-stage phase of
magma ocean evolution (Charlier et al., 2018; Elkins-Tanton et al.,
2011; Schmidt and Kraettli, 2022; Snyder et al., 1992) in overturned
lunar mantle cumulates.

Importantly, the orbital-based data also have identified high Th and
K contents which are widely interpreted to represent the KREEP
enrichment of the PKT (Haskin et al., 2000; Jolliff et al., 2000; Lawrence
et al., 1998). The CE-5 basalt revealed the existence of basalts in the
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center of the PKT displaying trace element compositions similar to
KREEP, although isotopically they are not KREEPy. The Apollo
12032,366-18 shows a KREEP-rich composition (~0.4 x high-K KREEP)
with high Th of 6.9 pg/g, which likely were ejected from Oceanus Pro-
cellarum (Stadermann et al., 2022). Consequently, the FeO- and Th-rich
young mare basalts in the center of the PKT may be also rich in KREEP-
like trace element components and have formed in a similar way as the
CE-5 basalts, which would be of great importance for future examination
(Fig. 12).

4.6. Implications for the episodic eruption of lunar young mare basalts

The model age distribution of lunar mare basalts shows that basalt
magmatism on the Moon was not continuous and that three main epi-
sodes occurred at 3.9-3.6 Ga, 3.4-3.0 Ga and 2.2-1.8 Ga (e.g., Hiesinger
et al., 2011; Merle et al., 2020; Morota et al., 2011; Qian et al., 2023;
Tian et al., 2023b). What mechanisms may have led to these pulses of
volcanic activity, and most especially that at 2.2-1.8 Ga, remains un-
clear. Heating in the lunar interior, such as tidal heating (Che et al.,
2021; Harada et al., 2014) or enhanced radioactive elements, seems to
be required as an efficient way, although low-solidus characteristics of
augite-rich mantle source (e.g., Charlier et al., 2018; Su et al., 2022;
Zong et al., 2022) and megaregolith insulation (e.g., Warren et al., 1991;

Ancient low-Tr
—#— Chang’e-5

(KREEP-bearing,

augite-rich, 2.0Ga)
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Fig. 12. Schematic cartoon illustrating how augite-rich mantle cumulates with a small distribution of TRAILs or KREEP components produced CE-5 basalt and other
large-scale young mare volcanism within the PKT. The CE-5 basalts display abundant augite, low-Mg#, high-Fe and mid-Ti features, as also observed in the basalt
fragment 12032,366-18 and Chang’e-3 samples. Impact ejecta from these regions likely delivered 12032,366-18 to the Apollo 12 landing site (Stadermann et al.,
2022). The small TRAILs or KREEP components in mantle sources may have promoted melting of augite-rich cumulates via accumulated heat from enhanced
radioactive elements such as Th and U. Partial melting and crystallization greatly elevated ITE contents but hardly affected La/Sm, Nb/Ta, Zr/Hf and other ratios of
KREEP signatures. Assimilation of any KREEP component occurred during magma ascent was not sufficient to affect the CE-5 basalt’s original KREEP-like ITE
signature. After eruption at 2.0 Ga, impacts comminuted local basalts to fine particles with limited (<5%) addition of exotic impact ejecta (Zong et al., 2022).
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Ziethe et al., 2009) were suggested to facilitate re-melting of source
cumulates. A change in depth of source melting may also have been
important in the thermal evolution of the Moon (Srivastava et al., 2022).

For 3.4-3.0 Ga magmatism, the urKREEP components in the mantle
source were not necessarily present (e.g., Elardo et al., 2014), except the
~ 3.1 Ga KREEP-bearing NWA 773 clan (e.g., Borg et al., 2004; Fagan
et al., 2014; Jolliff et al., 2003; Korotev and Irving, 2021). However,
their initial Pb isotopic ratios suggest a broad trend towards higher
p-values (reflecting 2%8U/2%4Pb ratio) in the younger samples (i from
~300 to ~800 from 3.4 Ga to 3.0 Ga) (e.g., Merle et al., 2020; Snape
et al., 2019; Xu et al., 2024). This implies enhanced radioactive ele-
ments, which may originate from the widespread trapped interstitial
liquid (TRAIL) in overturned mantle cumulates (e.g., Elkins-Tanton
et al., 2011; Snyder et al., 1992). The TRAILs are rich in Th and other
incompatible elements but do not necessarily have KREEP-like La/Sm,
Nb/Ta and Zr/Hf ratios, if they formed earlier than ilmenite separation
(e.g., < 95 percent solid) in the evolving LMO (Miinker, 2010; Snyder
et al., 1992). The amount of TRAIL in mantle sources of mare basalts is
typically small, e.g., 1-3 % (e.g., Elkins-Tanton et al., 2011; Hallis et al.,
2014; Snyder et al., 1992). The initial Pb isotopic ratio is more sensitive
than Nd-Hf isotopes to reflect such enhanced radioactive elements
because the former reflects the ratio of highly incompatible U to Pb
whereas the latter isotopic ratios are significantly buffered by the mantle
cumulates such as clinopyroxene. Both U and Th are highly incompat-
ible and refractory elements, and the Th/U ratio is constant at around
3.7 for diverse types of lunar basalts (Tables S1 and S4) (e.g., Borg et al.,
2019; Hallis et al., 2014; Siegler et al., 2022). The initial Pb isotopic ratio
(or p value) is thus a useful indicator for the presence of enhanced
radioactive elements including U and Th in mantle sources of lunar
basalts.

The CE-5 basalt shows a moderately high p value of ~ 680 (Che et al.,
2021; Liet al., 2021), similar to those of NWA 773 clan and other young
low-Ti mare basalts (e.g., Merle et al., 2020; Snape et al., 2019; Xu et al.,
2024). The presence of a small quantity of KREEP in the mantle source of
CE-5 basalts (e.g., 1-1.5 modal % KREEP) is equivalent to about
200-300 ng/g Th which is noticeably higher than those (e.g., about 50
ng/g Th) used in typical models of the lunar thermal evolution (e.g.,
Laneuville et al., 2018; Siegler et al., 2022). Therefore, the mantle
sources of lunar young mare basalts show some enhanced radioactive
element abundances in the form of TRAIL or KREEP components. Based
on the orbital high-Th data, it may represent a common scenario in a
wide source region of the PKT (Fig. 1). Whether such a level of Th
contents had led to the lunar young volcanism needs detailed thermal
modelling, which is out of scope of this study. However, here we
tentatively propose a conceptual model to explain the interval eruption
of the lunar late-stage mare basalts for future consideration.

In general, a gradual heat production via time-related radiogenic
decay or tidal heating (Che et al., 2021; Harada et al., 2014) competes
with the thickening lunar lithosphere and megaregolith with secular
cooling and impacts on the surface (i.e., the thermal lid for heat insu-
lation) (e.g., Head and Wilson, 2017; Hiesinger and Head, 2006; Ziethe
etal., 2009). If there was no internal heating, it would be difficult for the
solidified lunar mantle cumulates to remelt; whereas if the Th or U
contents were too high, then lunar basalt eruption would be expected to
be continuous rather than episodic. Instead, a moderate amount of
radioactive elements (e.g., 200-300 ng/g Th for CE-5) may be required.
The heat accumulated at early stages was lower than the dissipated heat
when the lithosphere and porous crust were thin (i.e., neither melting
nor eruption). However, with secular cooling and thickening of the lunar
lithosphere and megaregolith, the heat became accumulated until it
reached the melting point of cumulate sources (i.e., eruption occurs).
This model, if confirmed, may explain the high melting temperature
beneath some PKT regions (e.g., 1350 & 50°C for the mantle source of
CE-5 basalt) (Luo et al., 2023). The variably dispersed distribution of
TRAIL or KREEP components (thus enhanced radioactive elements)
within lunar mantle cumulates could be a reasonable mechanism for the
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lunar young volcanism, and also reconcile with other geophysical ob-
servations of the high electrical conductivity (Grimm, 2013), low mag-
netic field intensity (Wieczorek, 2018) and negative topography
anomaly within the Procellarum KREEP Terrane (Andrews-Hanna et al.,
2014).

5. Conclusions

The CE-5 scooped and drilled soils show a remarkable homogeneity
in chemical composition at the milligram level, and the ratios of highly
incompatible elements are similar to those of basalt clasts (such as La/
Sm and Nb/Ta), indicating that the CE-5 soil formed mainly (> 95%)
from the local basalt of the Em5/P58 unit. Its spatial distribution in the
mare region of the Em4/P58 unit, petrological and geochemical features
(e.g., Nd-Hf isotope correlation) reflect its affinity to low-Ti mare basalt;
whereas it also displays high concentrations of incompatible trace ele-
ments (~ 0.3 x high-K KREEP; ~5.1 pg/g Th) with KREEP-like ITE
compositions. Such KREEP-like components are difficult to explain by
exotic impact ejecta, magma differentiation or significant assimilation of
KREEP materials during magma eruption, and must be inherited from its
mantle source. The absence of noticeable assimilation of KREEP com-
ponents likely suggests a lack of a kilometer-thick subcrustal KREEP
layer, at least in the Em4/P58 unit. The CE-5 basalt is thus a chemically
evolved low-Ti mare basalt with enhanced KREEP-like ITE but isotopi-
cally depleted Nd and Hf isotope compositions, which has not been
previously recognized in available lunar samples. We propose that the
mantle source of CE-5 basalt was ilmenite-absent, KREEP-bearing (~
1-1.5 modal %, equivalent to 200-300 ng/g Th) and contained abun-
dant (> 30-60%) augite cumulates from the late stages of crystallization
of the lunar magma ocean. Low-degree partial melting and subsequent
fractional crystallization significantly enhanced incompatible element
concentrations to ~ 0.3 x KREEP.

The mare basalts in the Em4/P58 unit thus reveal large-scale, ITE
enriched young mare volcanism within Oceanus Procellarum and
augite-rich mantle cumulate with variably dispersed small KREEP
components as a key ingredient for lunar young volcanism. According to
the remote sensing data and the unique Apollo 12 basalt fragment
12032,366-18, a large part of FeO- and Th-rich mare regions at the
center of PKT may have formed in a way similar to the CE-5 basalt. The
initial Pb isotope compositions indicate a broad trend towards higher
p-values (600-800) and thus enhanced radioactive elements in the
mantle sources of the young low-Ti basalts (including those erupted
around 3.0 Ga), which may be related to a small amount of trapped
interstitial liquids (TRAIL) or KREEP components. Whether such
enhanced radioactive elements can explain the episodic eruption of
lunar young mare volcanism requires detailed thermal modelling.
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