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Lunar mare basalts illuminate the nature of the Moon’s mantle, the lunar compositional
asymmetry and the early lunar magma ocean (LMO)' %, However, the characteristics of
the mantle beneath the vast South Pole-Aitken (SPA) basin on the lunar farside remain
amystery. Here we present the petrology and geochemistry of basalt fragments from
Chang’e-6 (CE6), the first returned lunar farside samples from the SPA basin*”. These
2.8-billion-year-old CE6 basalts® share similar major element compositions with the
most evolved Apollo 12 ilmenite basalts. They exhibit extreme Sr-Nd depletion, with
initial ¥’Sr/%¢Sr ratios of 0.699237 t0 0.699329 and £,,4(¢) values (ameasure of the
neodymium isotopic composition) of 15.80 t016.13. These characteristics indicate
anultra-depleted mantle, resulting from LMO crystallization and/or later depletion by
melt extraction. The former scenario implies that the nearside and farside may possess
anisotopically analogous depleted mantle endmember. The latter is probably related
tothe SPAimpact, indicating that post-accretion massive impacts could have potentially
triggered large-scale melt extraction of the underlying mantle. Either way, originating
during the LMO or later melt extraction, the ultra-depleted mantle beneath the SPA
basin offers a deep observational window into early lunar crust-mantle differentiation.

Orbital observations have identified notable differences in crustal
thickness, magmatic activity and geochemical compositions between
the nearside and farside of the Moon®2, However, the origin of this
collective evidence of alunar asymmetry remains debated. Anumber
of hypotheses have been proposed, including asymmetrical crystal-
lization of the lunar magma ocean (LMO)™*, asymmetrical mantle
convection™ or large impacts on the nearside" or on the farside'>".
One of'the key objectivesin testing this wide range of hypotheses is to
ascertain whether the lunarasymmetry formed during LMO solidifica-
tion or resulted from subsequent processes. Comparative studies of
the deep lunar mantle® on the nearside and farside have the potential
to provide constraints on this issue. However, all sample-return mis-
sions to date, from Apollo 11 to Chang’e-5 (CES5), collected samples
exclusively from the lunar nearside. Thus, the characteristics of the
lunar farside mantle remain unknown because of the lack of farside
samples collected.

On 25 June 2024, China’s Chang’e-6 (CE6) mission successfully
returned the first lunar farside samples from the South Pole-Aitken
(SPA) basin (Fig.1). The landing site of the CE6 probe was situatedona
mare basalt unit (153.9856° W, 41.6383° S)* 7%, The samples provide an
opportunity to investigate the composition and nature of the farside
lunar mantle. In this study, we present a petrological and geochemi-
cal study of 16 CE6 basalt fragments picked from two scooped soil

subsamples. The findings offer a crucial foundation for revealing the
nature of the LMO and the origin of the lunar asymmetry.

The 16 basalt fragments studied here (around 0.5-6 mm in size)
exhibit arange of textures, including porphyritic, subophitic and poiki-
litic (Extended DataFig.1). Four of the fragments are of sufficient mass
(more than30 mg) to permit high-precision whole-rock major and trace
element and Sr-Nd isotope analyses, as well as petrological observa-
tion (Extended DataFig.2 and Supplementary Table1). The CE6 basalt
fragments are composed of clinopyroxene, plagioclase and ilmenite,
aswell as minor amounts of silica, olivine (mostly fayalite), ulvospinel,
troilite, Ca-phosphates and Zr-bearing minerals. The mineral modes
were estimated to be 46-70 vol.% clinopyroxene and 22-50 vol.% pla-
gioclase, with ilmenite comprising less than 7 vol.% (Supplementary
Table 2). [imenite crosscuts both the clinopyroxene and plagioclase,
and occurs as a late-stage crystallization phase, indicating a low-Ti
basalt crystallization sequence? (Extended Data Fig. 1). Forsterite is
rare in the studied CE6 basalt fragments, with the exception of one
grain found in fragment YJFM002-013 (Extended DataFig. 1b). Various
mineral phases in 15 of the 16 fragments were dated through in situ
Pb-Pb geochronology, yielding a consistent crystallization age of
2.807 +0.003 billion years ago (Ga)®.

The mineral chemistries of the CE6 basalt fragments indicate
a cooling crystallization of the lava, similar to the approximately
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Fig.1|Marebasalt distributioninthe SPA basinand the CE6 landingsite.
a, TiO, map for mare basaltin the SPA basin. The Apollo basin, Von Karman and
Leibnitz craters and basaltic plains of Mare Ingenii are also shown. The red box
delineatesthe area depictedinb. b, Regional TiO, map for the mare basalt of

2.0-billion-year-old CE5 basalt®, as evidenced by the pronounced Fe
enrichment (Supplementary Table 3). The clinopyroxene compositions
indicate crystallization temperatures ranging from 1,200 down to
800 °C (Extended DataFig.3a). OnaTi# (atomic Ti/(Ti + Cr)) versus Mg#
(atomic Mg/(Mg + Fe)) plot, the data for the pyroxene follow a crystal-
lization trend typically observed in the low-Ti mare basalts (Extended
Data Fig. 3b). The plagioclase grains show considerable variations
in anorthite (An) content, ranging from Ang, to An,, (Extended Data
Fig. 3c). The cores of the olivine grains have a Mg# of 66-58, which is
more ferroanthanthe earliest-crystallizing olivine in the Apollo mare
basalts (Extended Data Fig. 3d).

The bulk compositions of the CE6 basalt fragments exhibit contents
of TiO, (3.5-5 wt%), Al, 0, (10-11 wt%) and K,0 (0.08-0.11 wt%) consis-
tent with those of low-Ti/low-Al/low-K-type mare basalts (Extended Data
Fig.4 and Supplementary Table 4).In comparisonto the Apollo 12 and
15 low-Tibasalts, they show elevated FeO (21-23 wt%) and a low Mg#
(30-36). The bulk trace element concentrations, except for Rb,Kand P,
ofthe CE6 basalts vary from 30-50 times those of carbonaceous chon-
drites, thus being much lower than those of the CE5 basalt (Extended
Data Fig. 5a). The rare earth elements (REEs) exhibit middle-REE-
enriched patterns with a slight negative Eu anomaly ([Eu/Eu*].,=
0.7-0.8) and a steep heavy-REE trend (Sm/Yb ratios = 1.7-1.9). This
REE patternis similar to those of the Apollo 15 basalts (such as sample
15545), despite the CE6 basalt fragments having overall higher REE
concentrations (Extended Data Fig. 5b). The Sr-Nd isotope analyses
yielded low initial ¥Sr/*¢Sr ratios of 0.699237 t0 0.699329 and extremely
high g,4(¢) values 0f 15.80 t0 16.13 (Supplementary Table 5). £y4(£) =
(("**Nd/**Nd)gampieo/ *Nd/**Nd) e — 1) X 10,000, where (**Nd/
MNd)gomple and (**Nd/**Nd) iz are the Nd isotopic compositions of
the sample and the chondritic uniformreservoir (CHUR) att =2.807 Ga,
respectively. The calculated ¥Rb/®¢Sr and *’Sm/***Nd for the mantle
sourceare 0.008-0.011and 0.262-0.272, respectively, making the CE6
basalt among the most depleted of all reported mare basalts (Fig. 2).
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the CE6 landingsite (red triangle). The base map is the Chang’e-1lunar global
image mosaic®. The distribution of mare basalts and TiO,abundances are from
refs.9,38.

Origin of the CE6 basalt

Thel6studied CE6 basalt fragments exhibit anidentical age®, compa-
rable mineral chemistries and homogeneous Sr-Nd isotopic composi-
tions, collectively suggesting that they share a similar petrogenesis.
However, because of the small sizes of these basalt fragments, their
whole-rock major and trace element compositions may have been
affected by non-model sampling. Among the four fragments charac-
terized for their bulk geochemical signatures, the fragment YJYX251
exhibits a higher Mg# (36) and lower REE concentrations (Extended
DataFig. 5b). The highest Mg# of clinopyroxene in this fragment is 62
(Supplementary Table 3), which should have precipitated from an equi-
librium melt with alow Mg# of 26 when the Mg-Fe partition coefficient
is 0.22 (ref. 24). This discrepancy indicates the non-model sampling of
Mg-rich clinopyroxenein this fragment. Conversely, the most Mg-rich
clinopyroxenes (Mg# = 64-66) inthe other three fragments are thought
to have precipitated from equilibrium melts with a Mg# of 28-30, con-
sistent with their whole-rock Mg# of 29-31. Therefore, these three
fragments are considered to represent the composition of the basalt
atthe CE6 landingsite. They show major element signatures similar to
those of the most evolved Apollo 12 ilmenite basalt (12051) (Extended
DataFig.4).Inaddition, the CE6 basalt and 12051 fall on a similar Sm-
Nd evolutionary trend (Fig. 2b), suggesting that their mantle sources
had nearly the same Sm/Nd ratio. It can therefore be posited that the
CE6 basaltand the Apollo 12 ilmenite basalt may have originated from
mantle sources with similar compositional characteristics.

However, compared to the Apollo 12 ilmenite basalt, the CE6 basalt
has a middle-REE enrichment pattern with a steep heavy-REE trend
(Extended Data Fig. 5b), indicating slight compositional differences
between the mantle sources of these two basalt groups. To elucidate the
mechanism responsible for this difference, atrace element modelling
approach previously employed for the Apollo basalts®** was employed
for the CE6 basalt. Four LMO models**? with initial magma ocean
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Fig.2|Mantle-source Rb-Srand Sm-Ndisotopic evolution of lunar basalts.
a, The¥Rb/®*Sr ratios of the CE6 basalt source regions were calculated assuming
asingle-stage modelin which the Moon differentiated at 4.56 Ga, with aninitial
87Sr/%¢Sr ratio of 0.69903 (refs. 39,40). The bulk Moon ¥’Rb/%¢Sr value is from
refs.39,41.b, TheSm/"**Nd ratios of the CE6 basalt source regions were
calculated assuming a two-stage growth model following refs. 42,43. In this
model, the Moon followed a chondritic path until differentiation occurred at
4.42+0.07 Ga, represented by the model age of urKREEP formation***. The Sr
and Ndisotopic datafromthe CE6 basalts were acquired from whole-rock Rb-Sr

depths from 600 kmto fully molten were selected. The slight negative
Euanomalyinthe CE6 basaltindicates thatits mantle source underwent
only aminor degree of plagioclase separation during LMO crystalliza-
tion. Accordingly, the earliest LMO cumulates that underwent plagio-
clase separation in each model were taken as the source of the CE6
basalt. Small amounts (0.3-1.0%) of trapped instantaneous residual
liquid (TIRL) were added to reproduce the measured source *’Sm/**Nd
ratio of 0.262-0.272. The results indicate that the partial melting of
these mantle sources is unable to reproduce the REE composition
of the CE6 basalt, particularly its steep heavy-REE trend (Extended
DataFig. 6).

Two potential explanations are proposed for the steep heavy-REE
pattern observed in the CE6 basalt. One is that garnet was retained in
the mantle residue. This mechanism has previously been considered
asanexplanation for the elevated Sm/Yb ratios of the Apollo 17 green
volcanic glasses®®and Apollo 15 basalts®. If 0.8% garnetis retained in the
mantlesource, thenthe steep heavy-REE patterns observedin Apollo15
basalt15545and the CE6 basalt can be successfully reproduced (Fig.3a
and Extended Data Fig. 7a). In this scenario, a small degree (1-1.5%)
of partial melting with moderate (32-45%) fractional crystallization
is required to produce Apollo 15 basalt 15445, with more extensive
(66-75%) fractional crystallization needed to generate the CE6 basalt.
This result is consistent with the higher Mg# value and lower Al,O,,
TiO,and CaO contents of 15545 than those of the CE6 basalt (Extended
Data Fig. 4), indicating that the CE6 basalt may have been formed by
the fractional crystallization of a melt with a REE composition similar
to the Apollo 15 basalt. Although a possible explanation® to be con-
sidered further, inlight of the CE6 REE pattern, lunar garnet has fallen
out of favour because it cannot directly crystallize from various LMO
models* and the experimental study did not support its presence
in the mare basalt sources™.

An alternative possibility is that the CE6 mantle source itself had a
high Sm/Yb ratio. Given that the mantle source also exhibits depletion
inlight REEs with a high Sm/Nd ratio constrained by the Nd isotopes, it
would necessitate theincorporation of amiddle-REE enriched material
into the mantle. One potential source for this material could be the
high-Ti component associated with ilmenite-bearing later-stage LMO
cumulates. A contribution of this high-Ti component would result in

and Sm-Nd analyses (Supplementary Table 5and Methods). The initial ’Sr/%¢Sr
and &,4(¢) values were calculated using arock formation age of 2.807 Ga (ref. 8).
Thehorizontal solid linesinaandbrefer to the primordial reservoir. The Apollo
marebasaltand meteorite data (including samples 12051 and northwest Africa
(NWA) 773) are fromref.43 and references therein. The CE5 basalt dataare from
ref.23. The depleted Nd isotopic compositions of the CE6 basalt source could
havebeen produced by either: (1) inheritance from a depleted primordial
mantle; and/or (2) later depletion by melt extraction. BABI, basaltic achondrite
bestinitial.

the formation of a high-Sm/Yb-ratio mantle source (Extended Data
Fig. 7b). A small degree (0.7-1.0%) of partial melting of this high-Sm/
Yb-ratio source with moderate (0-40%) fractional crystallization could
reproduce the REE composition of the CE6 basalt (Fig. 3b). Thisresultis
also consistent with the relatively higher TiO, contents of CE6 in com-
parisontothe Apollo low-Tibasalts (Extended DataFig. 4). If thisis the
case, it could indicate that mantle overturn®™' might have occurredin
the SPA basin, withilmenite-bearing later-stage LMO cumulates sinking
deep. It should be noted, however, that other mechanisms to form a
high-Sm/Yb-ratio mantle source are also conceivable.

Ultra-depleted mantle of the farside SPA basin

The extremely depleted Sr-Ndisotopic compositions indicate that the
CE6 basalt originated from an ultra-depleted mantle. The formation
of this ultra-depleted mantle beneath the SPA basin could have been
controlled by two potential processes: (1) inheritance from a depleted
mantle that crystallized from the LMO; and/or (2) later depletion by
melt extraction (Fig. 2b).

If the CE6 basalt originated from a deep lunar mantle source that
was unaffected by melt extraction, then the depleted characteristics
would have presumably formed during LMO crystallization. The iso-
tope systematics of lunar nearside samples have indicated the pres-
ence of three major reservoirs in the Moon, including a deep mantle
source, a shallow mantle source and the concept of primeval KREEP
(the proposed lastdreg of LMO whichisenriched inK, REEs and P), with
the vast majority of lunar samples able to be modelled by the mixing
of these three reservoirs®. The deep mantle source with extremely
positive gy values® is represented by the Apollo 12 ilmenite basalts
and their derivation from 350-400 km depth®, The mantle source of
the CE6 basalt falls along the same Sm-Nd evolutionary trend as that
of the most depleted Apollo 12 ilmenite basalt (12051) (Fig. 2b), and
both basalts have similar major elemental compositions (Extended
Data Fig. 4), indicating that the most depleted mantle endmembers
of the nearside and farside share some petrological and geochemical
similarities. This potential hemispheric consistency implies that the
nearside and farside could be symmetrical, at least during the LMO crys-
tallization of these mantle sources. The observed asymmetry, including
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Fig.3 | REEmodelling of the origin of the CE6 basalt. a, REE modelling of
deviationfromagarnet-bearing mantle source. The mantle source was assumed
tobe 78 PCS cumulate + 0.6% TIRL from the LMO model fromref. 29, with 0.8%
garnetintheresidue. Asmall degree (1-1.5%) of partial melting withmoderate
(32-45%) fractional crystallizationis required to produce the Apollo 15 basalt
15445, with more extensive (66-75%) fractional crystallization needed to
generate the CE6 basalt. b, REE modelling of the deviation froma high-Sm/Yb
mantlesource. The mantle source was assumed to be 78 PCS cumulate from the
LMO model of ref.27 with a contribution of 0.8% high-Ti component, whichis
represented by an Apollo 11 high-Tibasalt (10050) fromref.25. Asmall degree
(0.7-1.0%) of partial melting with moderate (0-40%) fractional crystallization

crustal thickness, magmatic activity and geochemical compositions,
would then probably be the result of later processes.

Otherwise, the CE6 basalt may have originated from arelatively shal-
low mantle source that was affected by melt extraction (Fig. 2b). Such
melt extraction could have been caused by either the SPA impact or
later volcanism. The occurrence of such an event would be expected
tobeearlybecause it would require time for the mantle to evolveto the
highly depletedisotopic compositions ataround 2.8 Ga. Compared to
the earliest volcanismin the Apollo basin at around 3.4 Ga (ref. 5), melt
extractioninduced by the SPA impact (around 4.33 Ga fromref. 34) is
amore reasonable scenario. The SPA impact that formed an approxi-
mately 2,000-km crater could have potentially triggered extensive melt
extraction from the underlying mantle (Fig.4). Simulations of the SPA

a

| SPA basin |
Crust Crust
Mantle Mantle

REE

canreproduce the REE pattern of the CE6 basalt. The normalization values are
fromref.46.Because the CE6 basalts may have asimilar source to the Apollo

12 basalts, we adopted the modal mineralogy calculated for the Apollo12 basalts
(52% olivine, 23% orthopyroxene, 23% pigeonite, 2% augite)>. The model
parametersarelisted in Supplementary Tables 6 and 7, and details of the batch
melting and fractional crystallization model are provided in the Methods.

The REE abundances of the CE6 basalt are the average composition of the

three fragments CE6C0000YJYX48501, CE6CO000YJYX48901and
CE6C0000YJYX56201. Theerrorbarsarels.d.Clchondrite, Ivuna-type
carbonaceous chondrite.

impact suggest that melting at depths of less than 250 kmin the upper
mantle may have occurred® 2, This process would not only result in
the depletion of incompatible trace elements, as observed in the CE6
mantle source, butalso aloss of volatile elements and the fractionation
of volatile isotopes, which can be verified by further study of the CE6
basalt. Such impact-related melt extraction would imply that similar
post-accretion massive impacts with diameters of more than1,000 km
found throughout the Solar System® may have played an underappre-
ciated and poorly constrained role in contributing to the early crust-
mantle differentiation of terrestrial bodies by impact-induced melting
of the upper mantle®*. Whether vestigial from LMO crystallization or
later depletion by melt extraction, the ultra-depleted mantle beneath
the SPA basin informs early lunar crust-mantle evolution.

b
[«—Apollo basin —|
CEB6 basalt
st Impact melt rock T Crust
Mantle Mantle

Rheological barrier

Fig.4 |Model of the effect of the SPAimpact on the deep mantle and the
subsequent formation of the CE6 basalt. a, Formation of the SPA basin
ataround 4.33 Ga (ref. 34). Hydrocode models suggest that the upper
approximately 250 km of the lunar interior was melted* and that melts
gathered at the bottom of the SPA basin to form an approximately 50-km-thick
meltsheet afterimpact**%. However, the heating effect of the SPAimpact on
the underlying mantle remains poorly understood. The dashed lines represent
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theisotherms of the lunar mantle based on constraints fromref.48.b, Eruption
ofthe CE6 basaltataround 2.8 Ga (ref. 8). Therheological barrier refers to the
base of thelithosphere. Removal of the thermally insulating megaregolith/
crustinthe SPAbasin could haveresulted inafaster coolingrateand adeeper
rheological barrier*. The mantle source of the CE6 basalt may have undergone
meltextraction or it may have remained unaffected.
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Methods

Sample preparation

The studied CE6 samples (CE6C0100YJFMO0O1, about 5,000 mg,
and CE6C0100YJFM002, about 2,000 mg) were allocated by the
China National Space Administration. Both samples were scooped
from the lunar surface. A total of 16 basalt fragments were picked
out from the soil samples for detailed petrological and geo-
chemical analysis (Supplementary Table 1). Four large fragments
(CE6C0000YJYX25101, CE6C0000Y]YX48501, CE6CO000Y]YX48901
and CE6C0000YJYX56201) had sufficient mass (more than 30 mg)
for whole-rock major, trace and Sr-Nd isotope analyses to be per-
formed. Thus, each of the four fragments was cut into two parts, one
for scanning electron microscope (SEM) analysis and electron probe
microanalysis (EPMA), and the other for whole-rock major, trace and
Sr-Ndisotope analysis. The remaining 12 smaller fragments were only
examined by SEM and EPMA. Before the SEM analysis and EPMA, the
samples were embedded in 1-in. epoxy mounts and polished.

SEM analysis and energy dispersive spectrometer mapping

The petrography was carried out on a Zeiss Supra 55 field-emission
SEM at the Key Laboratory of Lunar and Deep Space Exploration,
National Astronomical Observatories, Chinese Academy of Sciences
and a Zeiss Gemini 450 field-emission SEM at the Institute of Geology
and Geophysics, Chinese Academy of Sciences (IGGCAS) in Beijing,
China. The accelerating voltage was15.0 kV and the probe current was
2.0 nA. In addition, a Thermo Scientific Apreo SEM equipped with an
energy dispersive spectrometer was used at IGGCAS to obtain the
modal abundance of each mineral and calculate the bulk major ele-
ment compositions based on the elemental mapping. The results are
listed in Supplementary Table 2.

Electron microprobe analysis of minerals

The major element concentrations of pyroxene, plagioclase, olivine,
ilmenite, spinel, quartz, sulfide and phosphates in each sample were
analysed using aJEOL JXA8230 electron probe at the National Astronomi-
cal Observatories, Chinese Academy of Sciences, and aJEOLJXA8100
electron probe at the IGGCAS. The conditions of the EPMA were as
follows: accelerating voltage of 15 kV, probe current of 20 nA, focused
beam and peak counting time of 10 s. Calibration of the elemental data
was done using aseries of natural minerals and synthetic materials. The
analytical crystals and calibration standards were as follows: Na (thal-
lium acid phthalate, natural albite), Mg (thallium acid phthalate, natu-
ral diopside), Al (thallium acid phthalate, synthetic Al,O,), Si (thallium
acid phthalate, natural diopside), Cr (lithium fluoride, synthetic Cr,0,),
Mn (lithium fluoride, natural bustamite), Fe (lithium fluoride, haematite),
Ni (lithiumfluoride, synthetic NiO), K (pentaerythritol, natural K-feldspar),
Ca(pentaerythritol, natural diopside) and Ti (pentaerythritol, synthetic
rutile). Based on ananalysis of theinternal laboratory standards, the preci-
sion for the major (more than1.0 wt%) and minor (0.1-1.0 wt%) elements
were better than1.5and 5.0%, respectively. The analytical datafromthe
samples and standards are listed in Supplementary Table 3.

Whole-rock major and trace elements

Aliquots of 30 mg of each of the four samples analysed for bulk chem-
istry were mixed thoroughly with ultrapure lithium borate (3.0 g) in
a Pt-Au crucible at a ratio of 1:100. The sample was then melted at
1,050 °C using an M4 propane gas automatic fluxer before being cast
intoa27-mm-disk-shaped glass sample. The prepared disc-shaped glass
sample was measured using panalytical wavelength-dispersive X-ray fluo-
rescence spectrometry. The X-ray fluorescence spectrawere calibrated
after measuring the intensities of 44 international reference materials.
Thecriteriafor selecting these samples were based on the required con-
centration intervals. The instrument conditions were consistent with
thosereported inref. 50.

Thetrace elements were subsequently analysed using laser ablation
inductively coupled plasma mass spectrometry on lithium borate
glass discs, employing an Agilent 8900 ICP-MS instrument coupled
with a high-repetition-rate Genesis GEO Femtolaser Ablation System®..
Ablation was performed using spots with a diameter of 100 pm and
alength of 1,000 um, at a frequency of 1 Hz for 45 s, following a 25-s
measurement of the gas blank. A 25-s washout between analyses was
used. The gas flows were optimized by spot ablation of the National
Institute of Standards and Technology Standard Reference Material
(NIST SRM) 612 glass standard reference material to obtain maximum
signal intensities while maintaining the ThO/Th ratio below 0.3% and
the U/Thratio at 0.95-1.05. During the test, Al was used as the inter-
nal standard, while NIST SRM 612 served as the external standard for
sample measurement.

For the major elements, the deviations between the analytical results
and the reference values range from 0.5 to 1.5%, depending on the
mass fractions of the elements, while the relative standard deviation
was maintained within 2%. For trace elements, the measurement bias
between the analytical results and the reference values was within 10%,
and the relative standard deviation was maintained within 10%. The
analytical data of the samples and standards are listed in Supplementary
Table 4.

Whole-rock Rb-Srand Sm-Nd isotopes

All chemical procedures, including sample dissolution and the chro-
matographic separations, were conducted on and in International
Organization for Standardization (ISO) class 5 clean benches or hoods
inanISO class 6 ultra-clean laboratory. Approximately 3-5 mg of CE6
basalt fragments, along with appropriate amounts of ¥Rb-%Sr and
49Sm-""Nd spikes, were weighed into 2-ml Savillex perfluoro alkoxy
polymer beakers. The samples were dissolved in tightly capped per-
fluoro alkoxy polymer vials using 0.5 ml of HF and 0.1 ml of HNO; at
150 °C on a hotplate for 1 day, with intermittent sonication for 1 h to
enhance the dissolution. The solutions were then evaporated to dry-
nessand redissolved in 0.2 mlof1.5 MHCland 0.1 M HF to obtainaclear
solution with no visible residue.

Thesample solutions were firstloaded into pre-cleaned homemade
columns packed with approximately 0.25 ml of AG 50W-X12 200~
400-meshresin to separate the matrix elements Rb, Sr and the REEs.
The columns were pre-cleaned using three washes of 3 ml of 6 MHCI,
followed by 1 ml of Milli-Q water, and then were equilibrated with 1 ml
of 1.5 M HCl and 0.1 M HF. After loading the sample, the major matrix
elements and the trace elements, such as U, Pb and Hf, were eluted
with four washes of 0.25 ml of 1.5 MHCl and 0.1 M HF. Additional major
matrix elements (Fe, Mg and K) were washed out with 1 ml of 1.5 MHCI.
After that, Rb was stripped using 1.5 ml of 1.5 M HCI. Subsequently, Sr,
Ca,Baand the REEs were recovered using 5 ml of 6 M HCI.

In the second step, Bio-Rad Bio-Spin columns packed with 0.5 ml
of Sr spec resin were used to separate the Sr and REEs. The resin col-
umns were pre-washed using three 2-ml washes of Milli-Q water and
conditioned with2 mlof 3 MHNO,. The Sr-REE solutions from the first
column were evaporated to dryness, redissolvedin 0.2 ml of 3 MHNO,
and then loaded into the columns. The REEs were collected with the
sampleload and further recovered by washing with 0.5 ml of 3 MHNO,
three times. After three rounds of washing with 2 ml of 7 M HNO,, the
Srwas recovered using 2 ml of Milli-Q water.

Next, Eichrom polypropylene columns packed with 1.7 ml of home-
made 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (HEHEHP)
extractionresin (similar to Eichrom LN2 resin) were used for the Sm-Nd
separation. The resin columns were pre-cleaned using 4 ml of 6 MHCI
twice, followed by 4 ml of Milli-Q water, and then conditioned using
4 ml of 0.1 M HCI. The REE fractions from the Sr-resin column were
dried down, redissolved in 0.15 ml of 0.1 M HCI, and loaded into the
HEHEHP columns. The columns were then washed using 0.25 ml of
0.1 MHClfourtimes. The Ce and Pr were further removed using 4.8 ml



of 0.1 MHCI. Subsequently, Nd was recovered using 2 ml of 0.2 MHCI.
Finally, Sm was stripped using 2.5 ml of 0.4 MHCI.

The Rb-Sr and Sm-Nd isotopic analyses were conducted using a
Thermo Scientific TRITON Plus thermal ionization mass spectrometer.
TheSrisotoperatios were measured using W filaments with TaF;as the
ion emitter®, and the Nd isotope ratios were measured as NdO* also
using W filaments with TaF; as the ion emitter®, During the analytical
sessions, the results were 0.710245 + 0.000020 (20, n = 5) for National
Bureau of Standards (NBS) 987 Sr and 0.512102 + 0.000010 (26,n =5)
for JNdi-1 Nd, which are consistent with previously reported values
(0.710248 + 0.000011 (20) for NBS 987 Sr and 0.512115 + 0.000007
(20) for JNdi-1 Nd)***. The procedural blanks were less than 3 pg for
Rb, less than 100 pg for Sr, less than 10 pg for Sm and less than 20 pg
for Nd, which were negligible compared to the amounts of Sr and Nd
in the analysed samples.

The US Geological Survey BCR-2 reference material, in amounts
of approximately 3 mg, was analysed alongside the CE6 samples,
yielding average values (+20, n =2) of 0.401 + 0.012 for ¥Rb/%¢Sr,
0.705017 + 0.000025 for ¥Sr/®¢Sr, 0.1384 + 0.0002 for *’Sm/**Nd
and 0.512625 + 0.000020 for **Nd/**Nd, all of which are consist-
ent with their reference values (0.3990 + 0.0005 for ¥Rb/%¢Sr,
0.705013 + 0.000010 for ¥Sr/%¢Sr, 0.1380 = 0.0004 for *’Sm/**Nd
and 0.512637 + 0.000012 for **Nd/**Nd)>**¢. The data are shown in
Supplementary Table 5.

Petrography and mineral chemistry

The basalt fragments could be texturally subdivided into three types:
porphyritic, subophitic and poikilitic (Extended Data Fig. 1). The
porphyritic clasts commonly exhibit coarse-grained (50 x 300 pm)
clinopyroxene phenocrysts in afine-grained (less than 10 um) matrix
(Extended Data Fig. 1a). The matrix is composed of acicular plagio-
clase (Any;_g5,), interstitial clinopyroxene and tiny (less than 5 pm)
ilmenite (Extended Data Fig. 1a). Compared with the clinopyroxene
phenocrysts, those in the matrix have higher FeO (32.1-38.8 wt%) but
lower MgO (4.03-19.0 wt%) and Cr,0; (0.10-1.19 wt%) contents. The
ilmenite needles commonly show three directions cutting the matrix
plagioclase and pyroxene, representing a late-stage crystallization
phase.

The subophitic clasts show various grain sizes (20-300 pm) and
consist mainly of plagioclase, clinopyroxene and ilmenite, with minor
Fe-Ti-spinel (ulvospinel), troilite, olivine and cristobalite (Extended
DataFig.1b,c). Boththe clinopyroxene and olivine have compositional
zoning, with Mg-rich cores and Fe-rich rims. The plagioclase shows
euhedral tosubhedral shape with anorthite-rich composition (Ang; ¢_o;5)
(Supplementary Table 3). The single olivine grain with a forsterite core
(Extended Data Fig. 1b) shows a large compositional range (Fo,, s 5)
(Supplementary Table 3).

The poikilitic clasts are mainly composed of clinopyroxene, plagio-
clase andilmenite, withaccessory Fe-Ti-spinel (ulvdspinel) and troilite,
and amesostasis including K-feldspar, fayalite, cristobalite, baddeley-
ite, tranquillityite, zirconolite and phosphates (Extended Data Fig. 1d).
Clinopyroxenes of various sizes are included in the coarse-grained
(larger than 100 pum) plagioclases. The plagioclase is anorthite-rich
(Ang; 5.0, 3). The clinopyroxene shows a large compositional range
(W0g5_350ENg 554 0FS20.5-505) and is systematically characterized by
Mg-rich cores (Mg# = 27.6-66.1) and Fe-rich rims (Mg# = 0.2-39.1).
The euhedral spinel has 1.9-6.5 wt% Cr,05, 61.5-64.0 wt% FeO and
30.2-32.4 wt% TiO,. Small amounts of Fe-rich olivine (Fo, ), associ-
ated with cristobalite, baddeleyite, tranquillityite, zirconolite and
phosphates, occur as mesostasis phases representing late-stage
crystallization products.

Batch melting and fractional crystallization modelling
We used trace elements to model the batch melting and fractionation
crystallization processes to reproduce the REE compositions of the CE6

basalt following the same method used inrefs. 23,25. The batch melting
was modelled using the following equation: C,/C,=1/(D, + F(1 —D,)),
where C, represents the weight concentration of atrace elementinthe
melt; C,is the weight concentration of the trace elementin the original
cumulate source; Fis the melt fraction; and D, is the bulk distribution
coefficient of the solid phase.

Thebulk distribution coefficient is determined by multiplying each
mineral partition coefficient by its modal abundance in the source.
Because the CE6 basalts have a source similar to that of the Apollo 12
basalts, we adopt the modal mineralogy calculated for the Apollo
12 samples®. The REE partition coefficients for olivine”, orthopy-
roxene’®, augite®, pigeonite®, plagioclase®® and garnet® are listed in
Supplementary Table 6.

Four mantle sources were used for the modelling: (1) 76 PCS cumu-
late + 0.7% TIRL of the LMO model fromref. 26; (2) 78 PCS cumulate + 1%
TIRL of the LMO model fromref.27; (3) 88 PCS cumulate + 0.3% TIRL of
the LMO model fromref.28; and (4) 78 PCS cumulate + 0.3% TIRL of the
LMO model fromref.29. The earliest LMO cumulates that underwent
plagioclase separationin each model were taken as the source of the
CE6 basalt. Small amounts (0.3-1.0%) of TIRL were added to repro-
duce the’Sm/**Nd ratio (0.262-0.272) of the CE6 basalt source. The
REE concentrations of the PCS and TIRL are listed in Supplementary
Table 7. Using these bulk distribution coefficients (D,) and the solid
cumulate (C,), the REE concentrations in the melt (C,) were calculated
for increasing melt fractions (F). The results are shown in Extended
Data Fig. 6.

The trace element concentrations in the remaining melt, follow-
ing fractional crystallization, were calculated using the Rayleigh frac-
tionation equation: C,/C, = (1- F)°, where D is the bulk distribution
coefficient (the same as in the batch melting model), Fis the mass
fraction of crystallized solids, and C, and C, are the element concen-
trations in the initial and final melt, respectively. Two scenarios are
proposed to reproduce the high Sm/Yb ratio of the CE6 basalt: (1) a
garnet-bearing mantle source, where the initial melts are assumed to
have resulted from1-1.5% batch melting of the 78 PCS cumulate + 0.6%
TIRL of the LMO model fromref. 29, with 0.8% garnet in the residue;
and (2) ahigh Sm/Yb ratio mantle source, where the initial melts are
assumed to have resulted from a 0.7-1% batch melting of the 78 PCS
cumulate of the LMO model from ref. 27, mixed with 0.8% of a high-Ti
component. These results are presented in Fig. 3 and Extended
DataFig.7.

Data availability

All data generated in this study are included in Supplementary
Tables 1-7 and are available at Zenodo (https://doi.org/10.5281/
zen0do.15029797)%% Source data are provided with this paper.
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Extended DataFig.1|Backscatter electronimages of typical CE6 basalt fragments with various textures. a, Porphyritic fragment.b, ¢, Subophitic fragment.
d, Poikilitic fragment. Detailed sample descriptionis provided in the Methods. Cpx, clinopyroxene; Pl, plagioclase; Ol, olivine; Ilm, ilmenite.
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Extended DataFig.2|Stereomicrographs of the four large CE6 basalt fragments selected for whole-rock analyses.a, CE6CO000Y]YX25101.
b, CE6C0000Y)YX48501.c, CE6CO000Y)YX48901.d, CE6CO000YJYX56201.



b 100

80

60

Ti#

40

20

0
100 80 60 40 20 0

@ CES6 basalt
© CES5 basalt

CES6 basalt » O @ ([ ] o0 ®
CES5 basalt
A15 Pig basalt -
A15 Ol basalt —_—
A12 lim basalt _—
A12 Pig basalt -
A12 Ol basalt —

T T
100 90 80 70 60 50 40 30 20 10 0

Ab% (Na) ADGi(GE) Mole % Forsterite ( mol%)

Extended DataFig. 3| Mineral chemistry of the CE6 basalt fragments. fragments. Fields represent variationin Mg# and Ti#in Apollo very low-Ti,
a,Quadrilateral diagram of pyroxene in the CE6 basalt fragments. Temperature low-Ti, and high-Ti mare basalts®>®°. ¢, Ternary diagram of plagioclase in the
contours® calculated at 0.5 GPaare shown, where 0.5 GPawas chosenaccording  CE6 basalt. An, anorthite; Ab, albite; Or, orthoclase.d, Comparison of olivine
tothe possible pressure range for the low-Ti basalts®*. The CE5Ssamples are compositions in CE6 basalts with those within the CE5, Apollo12 and Apollo 15
plotted (grey region) for comparison. Di, diopside; En, enstatite; Fs, ferrosilite; basalts*%. Dataare provided in Supplementary Table 3.

Hd, hedenbergite. b, Ti# versus Mg# diagram of the pyroxene from CE6 basalt



Article

a
50 .
" 251 '.
3 o = D'Etu
T4 o & s
E o L]
z A12051 BA1554
o (<] o0 % =)
o CES o o £ .
@ %%
40 - ING
&
@ %0
<
djss
o
=]
a
0.8
o
o6
2
o
=~ 0.4
[8)
0.2
go
0.5
9
Eo.4
o,
©
So.3
0.2
o
0.1
20 30 40 50 60 70
Mg#

< High-Tibasalt (Apollo11 and Apollo 17)

Extended DataFig.4|Whole-rock major element compositions for the
CE6 basalt fragments compared to various types oflunar mare basalts.
a, Si0, versus Mg#. b, TiO, versus Mg#. ¢, Al,O; versus Mg#.d, Cr,0, versus

E) FeO (wt%) o TiO, (Wt%)

K,O (wt%)

16
12
o
8
A1205% High-Ti
CESO. e Low-Ti
4 b o
s )® .-3: q:”fﬂ:'ga o
251 = *'l
0 A15545 Very low-Ti
a
a
26
22 e
18
14
o
A
28
o High-K
0.2
o
CE50
20 70

O Low-Ti basalt from Apollo 12

Mg#. e, FeO versus Mg#. f, CaO versus Mg#. g, Na,O versus Mg#. h, K,0

B Low-Ti basalt from Apollo 15

16
<
12 A12051 o
o & o High-Al
B
S,
< 8
L o
f 4
13
M
H
1
{
39 - oo
A15545 G
o
7 <o
o
i 5
o
CE5
0.2
— (o3
g R
2 00
o omo
o) o
N 0, TA15545
0.1 ® =a” o
L] o
o O o o
© 00900- o o
A12051
o
0.0
20 30 40 50 60 70
Mg#
O CE5 @ CE6

versus Mg#.i, P,Os versus Mg#. The Apollo and Luna dataare from the mare
basalt database of Clive Neal (https://www3.nd.edu/~cneal/Lunar-L/). The CE5S
dataare fromref. 68. Abbreviation: 251, CE6C0000Y]YX25101.
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Extended DataFig. 5| Trace element spider diagram and REE patterns for

the CE6 basalts compared to low-Tilunar mare basalts. a, Chondrite-

normalized trace element spider diagram. b, Chondrite-normalized REE
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patterns. The Apollo and Luna data are from the mare basalt database of Clive
Neal (https://www3.nd.edu/-cneal/Lunar-L/). The CE5 dataare fromref. 68.
Normalization values are fromref. 46.


https://www3.nd.edu/~cneal/Lunar-L/

Article

ar b
[ Batch melting degree Batch melting degree
o100 100k
5 foy S
S :ozﬂ/gk*% E g 2
5, 0.5%---- TR . — I S,
O 10F 4o —ooooooeee - - 0 10
[0} £ [0}
e [ 2% o
© L ©
-g -50/—*"""'7 -8
2 ’ A7) | 2
< 1t ), 20 <1
So\lfoea
- -@- CE6 --A12051 -A~A15545 "y -@- CE6 --A12051 -~~A15545
) La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu " La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
c d
[ Batch melting degree [ Batch melting degree
o100 o100t
= FO.1%-.__ = F
© P °
c c
o o
¥ = £
Q Q
o 10 o 10
[0} [0
[$) o
[ =4 ———— C
© 5%~ - ©
© ©
C =
> >
2l 21
0 - CE6 --A12051 -~~A15545 -@- CE6 --A12051 -~~A15545
1 1

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Extended DataFig. 6 | Chondrite-normalized REE patternsand REE
modelling for various degrees of partial melting of the mantle sources.

a, REEmodelling using the LMO model fromref. 26. b, REE modelling using the
LMO model fromref. 27. ¢, REE modelling using the LMO model fromref. 28.

d, REEmodelling using the LMO model fromref. 29. The earliest LMO cumulates
that underwent plagioclase separationin each model are taken as the source
ofthe CE6 basalt. Smallamounts (0.3-1.0%) of trapped instantaneous residual
liquid (TIRL) were added to reproduce the measured source ’Sm/**Nd ratio
0f0.262-0.272. As the CE6 basalts have asimilar source as Apollo12 basalts,
we adopt the modal mineralogy calculated for Apollo12 (52% olivine, 23%
orthopyroxene, 23% pigeonite, 2% augite; ref. 25). The melts are produced after

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

0.1-5% partial melting of the mantle sources. Model parameters are listed in
Supplementary Tables 6, 7. Detailed description of batch melting and fractional
crystallization modeling is provided in the Methods. Normalization values are
fromref.46.Dataofthe Apollo basalts (A12051and A15545) are from the mare
basalt database of Clive Neal (https://www3.nd.edu/-cneal/Lunar-L/). The
modelling resultsindicate that partial melting of these mantle sourcesis unable
toreproduce the REE composition of the CE6 basalt, particularly the steep heavy-
REE pattern. The REE abundances of the CE6 basalt are the average composition
ofthethree fragments (CE6CO000YJYX48501, CE6CO000Y)JYX48901, and
CE6C0000YJYX56201). The errorbars are one standard deviation.
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volcanicglass. a, Modelling of the deviation from a garnet-bearing mantle
source. The dashed lines denote the melts produced by partial melting of the
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