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Theearlyimpact flux recorded by the Moon, especially the first billion years
during the basin-forming epoch, is pivotal to understanding the evolution
of inner Solar System bodies. However, our current understanding of this
critical epochisimpeded by the lack of samples that have a clear provenance
from specific ancientimpact basins. Here we examine three impact-melt
clastsinthe Chang’e-6 lunar regolith collected from the Apollo basin within
the gigantic South Pole-Aitken basin. We found that the impact-melt rocks,
which have KREEP-like compositional signatures, probably originated from
the differentiates of a South Pole-Aitken basin impact-melt sheet or pool,

which were later reworked by the Apollo basin-forming event at ~4.16 Ga. This
study suggests that the basin-forming epoch did not occur within the narrow
timespan of -3.8-4.0 Ga proposed for a cataclysmic late heavy bombardment.

The KREEP (potassium, rare-earth elements, phosphorus and other
incompatible elements) geochemical signature is found in different
rock types across the Moon'’, including igneous rocks (that s, >3.8 Ga
lithologies such as extrusive KREEP basalts and ancient intrusive Mg-
and alkali-suites) as well as in impact-melt or melt breccias’. KREEP
is believed to be a key component of the late-stage products of lunar
magma ocean crystallization (that is, urKREEP)*. Global surface map-
ping oftheincompatible element Th has shown anasymmetrical KREEP
distribution pattern, with higher abundances on the nearside Procel-
larum KREEP Terrane and low concentrations on the farside Feldspathic
Highland Terrane*. The general deficiency of farside KREEP has been

attributed to displacement of these materials in the mantle towards the
nearside by the South Pole-Aitken (SPA) impact’. Nevertheless, some
KREEP-rich areas have still been detected within the lunar farside SPA
basin®andinsome unique farside places, such as Compton-Belkovich’.
Several proposed scenarios®® for interpreting the origin of KREEP mate-
rials within the SPA region remain controversial, and understanding
therock carriers of KREEP remotely observedin the SPA basinrequires
direct study of samples returned from this region.

Following the Moon’s giant-impact origin, large impacts were the
dominantgeological processes shaping the Moon after solidification
of an hypothesized magma ocean’. Termed late heavy bombardment
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Fig.1|Backscattered electron (BSE) images of three impact-melt fragments.
a, Porphyritic pigeonites immersed into fine-grained plagioclase grains (P006).
b, A close view of image A showing exsolution lamellae within pigeonites and
Si-K-richintercumulus melt (yellow arrows). ¢, Irregular pigeonites (containing
exsolution lamellae) dispersed within the plagioclase-silica matrix, and
silica-plagioclase intergrowths showing a granophyric texture (P147). Small

apatite, ilmenite and zircon grains are generally associated with plagioclase and
Si-Kintergrowths. The red arrows point to the penetration of plagioclase into
adjacent pyroxene. d, A poikilitic-granoblastic texture for P106, which contains
lathy and irregular amorphous silicas and FeNi metal grains. Pl, plagioclase; Kfs,
K-feldspar; Pig, pigeonite; Ilm, ilmenite; Ap, apatite; Chr, chromite; Zrn, zircon; Si,
silica; FeNi, FeNi alloy.

(LHB)', theimpact flux of the basin-forming eraremains a core debate
inlunar and planetary science, and two-end member scenarios include
(1) agradually declining flux and (2) a flux peak at a narrow window of
~-3.8-4.0 Ga or shorter". The long and unresolved debate stems from
the fact that most lunarimpactbasins lack precise sample-constrained
radiometric formation ages". Nevertheless, there is a consensus that
precise formation ages of the Nectaris, Imbrium and Orientale basins
would be the diagnosticinformationto resolve theimpact flux during
the LHB'™. For these three basins, the Nectaris basin is critical asits age
potentially marks the onset of the putative LHB". While the Imbrium
basin has arelatively well-defined age of -3.92-3.94 Gabased onsample
analyses" and the Orientale basin may have been formed at ~-3.81 Ga
(ref.14), deciphered formation ages of the Nectaris basin from samples
exhibit considerable uncertainties, that is, ~3.92 (ref. 15) to 4.26 Ga
(ref. 16). Meanwhile, crater statistics and stratigraphic relationships
of major lunarimpact basins suggest that the farside Apollo basin was
slightly younger than the nearside Nectaris”, which is supported by
their retention ages derived from crater statistics, thatis, about 4.14 Ga
and 4.1Ga, respectively. Therefore, as a close approximation for the
formation age of the Nectaris basin, a precise sample-derived control
for the formation age of the Apollo basin would provide aninvaluable
reference for the impact flux of the Moon during the LHB epoch'®.
The origin of KREEP-rich components in the SPA basin and the
question of the Moon’s LHB are addressed here by studying regolith
samples returned by the Chang’e-6 (CE-6) mission, whichlanded in the
southerninterior ofthe Apollo basin, within the northeast region of the
SPA basin'. CE-6 returned samples contain abundant exotic, non-mare
materials (for example, anorthosite, norite, gabbro and impact-melt
breccia) in addition to local mare basalts dated to be -2.83 Ga
(refs. 20,21), thereby providing an optimal opportunity to study
lunar farside evolution. In this study, we focus on three impact-melt

fragments (hereafter PO06, P106 and P147) identified in the allocated
CE-6samples. We present the sample constraint onthe age of the Apollo
impactbasin, and direct evidence for the presence of KREEP-like rocks
onthelunar farside.

Impact-melt fragments

The three CE-6 non-mare fragments (150-350 um) studied predomi-
nantly contain low-Ca pigeonite and plagioclase, with variable amounts
of K-feldspar, silica (amorphous), Fe-Ni metal, zircon and apatite
(Fig. 1). In terms of mineralogy, these fragments are compositionally
similar to Apollo gabbros (fragments PO06 and P106) and Apollo quartz
monzodiorite (QMD) (fragment P147) (Fig. 2), although the two CE-6
gabbro fragments analysed here have mafic minerals that are more
Fe-rich than Apollo Mg-suite gabbros (Fig. 2b). The grain size of the
crystals in these fragments is typically <100 um, indicating that they
aremore likely to be crystallineimpact melts rather than endogenous
intrusive bodies. The detailed description of their petrography and
texture can be found in the Supplementary Text. Here, we outline the
diagnostic characteristics of these lithic fragments that support our
interpretation of their impact-derived origin.

First, FeNi particles in P106 exhibit Ni/Co ratios (11.2-14.6) con-
sistent with the composition of exogenous metal found in a series of
Apollo16impact-meltbreccias (Extended DataFig. 1), suggesting that
this fragment has animpact-melt origin.

Second, the bimodal sizes between plagioclase (10-60 pm) and
pyroxene (50-70 um) in POO6 reflect their mismatched cooling his-
tory, where the plagioclase cools much faster (-10° °C yr™ estimated
from the largest size of 60 pm (ref. 22)) than pigeonite (0.2-2.2 °C yr™*
calculated from 1-3 pm exsolved lamellae?). This contrasting cooling
rate between plagioclase and pigeonite in the same sampleis suggestive
of the pyroxenes being xenocrysts in asecondary melt*.
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Fig. 2| Composition plots of pyroxene and plagioclase in three CE-6 lithic
fragments. a, A quadrilateral plot showing compositions of pyroxenesin three
CE-6 lithic fragments, in comparison with Apollo QMD, alkali gabbro®, and Mg-
suite. b, A plot of An (plagioclase) versus Mg# (pyroxene). The line length of each
sample reflects compositional ranges in three lithic fragments (P006: Angg o,,
Mg# of 55-65; P106: Ang,_os, Mg# of 58-61; P147: An,, g, Mg# of 38-40) and Apollo
QMD*®. Compositional ranges of pristine non-mare Apollo Mg-suite, alkali-suite
and ferroan anorthite (FAN) are from ref. 66.

Third, some of the margins of larger pigeonites adjacent to pla-
gioclase have higher crystal orientations (Extended Data Fig. 2); high
crystal orientations may be related to shock deformation, as any shock
effect would be prominent at the two-phase interface, particularly
when involving low-density plagioclase. Some lath-like Si-rich areas
(50 um) are glass and the exsolved pyroxenes have narrow widths of
~1um (Fig. 1d), suggesting a cooling rate near the threshold required
for exsolution to occur.

Finally, some plagioclases in P147 penetrate into the adjacent
pyroxene, akin to textures seen in Apollo KREEP basalt containing
xenocrysts®. This fragment is compositionally similar to Apollo 15
QMD (Fig. 2), but has smaller crystal grain sizes than its counterpart
Apollo 15 QMD*, suggesting that it could cool rapidly from a parent
melt of aQMD-like rock.

KREEP-bearing impact melts

The impact-melt fragments carry a strong KREEP signature, which is
reflected by their trace element and Srisotopic compositions. Specifi-
cally, pyroxenes in P147 and POO6 have high rare-earth element (REE)
abundance (Fig. 3a), comparable to and exceeding those in Apollo
KREEP basalt, QMD and Mg-suite samples (Extended Data Fig. 3). The
calculated REE compositions of meltsin equilibrium with pigeonite and
plagioclase from P147 and PO06 are ~200-2,500 xCI (Fig. 3c), compa-
rable to Apollo KREEP basalts”. The Eu/Sm plot of plagioclasein P006
suggests acompositional similarity to Apollo KREEP basalts (Extended
Data Fig. 4). The intercumulus melts (silica-K intergrowths) in PO06
exhibit high-field-strength-element abundances similar to those of
Apollo KREEP basalts (Fig. 3b), despite having conspicuously lower

contents of other incompatible trace elements (ITEs), which prob-
ably resulted from the removal of phosphate phases within KREEP
melts. Fragments PO06, P147 and P106 have initial Sr/*¢Sr values of
0.69969 +0.00010 (2 5.d.),0.69991 + 0.00022 and 0.69995 + 0.00020
(Fig.3d), respectively, calculated to 4.16 Ga (see below), which concur
well with the Srisotopic evolution trajectory of the urKREEP source
region (*Rb/%*Sr ratio of 0.215; Fig. 3d), similar to KREEP-rich Apollo
impact-meltrocks®. Thus, the Srisotope compositions of the three CE-6
impact-melt fragments suggest that they originate from KREEP-like
precursors.

Origin of the KREEP-rich lithologies

Orbital measurements have revealed the presence of KREEP-rich materi-
alswithin theinterior of the SPA basin, with heterogeneous KREEP-like
materials surrounding the SPA centre®’, near the CE-6 sampling site,
whichislocated inthe northeast of SPA interior (Extended Data Fig. 5).
This suggests that there must be rocks containing a KREEP-like sig-
nature within the SPA basin. Several scenarios can be constructed to
explainthe origin of these materials: antipodal Imbriumimpact ejecta
from the Procellarum KREEP Terrane region®, deep LMO residues
(urKREEP) excavated by the SPA impact itself*, and differentiates of
the SPA impact-melt sheet or pool®**. The first scenario can be dis-
counted due to the fact that the Pb-Pb age (4.16 Ga, see next section)
of the impact melts studied here predates the Imbrium basin age of
approximately 3.9 Ga (ref. 13). However, the occurrence of KREEP-rich
lithologies that were distributed by SPA impact proximal ejecta or
within an SPA melt poolis supported by continuous Th-bearing materi-
als around the SPA centre®’, with portions of the interior impact-melt
region obscured by later cryptomare and mare deposits®.

Recent work on the lunar meteorite Northwest Africa2995* sug-
gests that quartz monzogabbro lithologies within this sample could
be representative of SPA KREEP-like impact melts. Accordingly, the
precursor of the CE-6 KREEP-rich impact melt (P147) may originate
from similar KREEP-rich SPA ejecta or KREEP-rich differentiates of
animpact-melt sheet (Fig. 5a). Models indicate that the SPA-forming
impact had penetrated to adepth of more than 50-100 km (ref. 35) to
expose deeply buried KREEP materials, which were melted and mixed
into an impact-melt pool or sheet on the floor of the basin. Given the
low melting temperature of a subcrustal layer of urKREEP*®, the SPA
impact-melt sheet would have potentially scavenged almost all KREEP
components from the targeted area, leaving behind a very depleted
mafic mantle source. This is consistent with a KREEP-free source of
much later CE-6 sampled 2.83 Galow-Ti mare basalts®. The differentia-
tion of the SPAimpact-melt sheet could have generated a cumulate pile
made of ultramafic pyroxenite and dunite in the lower partand anorite
layerinthe upper part, consistent with spectroscopic and geophysical
observations aswell as thermal modelling®*. Like the LMO case, the last
~0.5% of theimpact-melt sheet would be KREEP-like in composition, as
represented by the CE-6 impact-melt clasts reported here.

Constraints on the formation age of the Apollo
basin

Pb-Pbisotope dating on Zr-bearing mineral, K-rich phase, apatite and
pyroxeneintheimpact-melt fragments (Figs.1and 4) yield a weighted
average Pb-Pb age of 4,165 + 14 Ma (standard deviation, 20), despite
the fact that two impact-melt fragments (PO0O6 and P147) are from
quitedistinctlithological precursors (thatis, aMg-rich gabbro versus
an Fe-rich QMD). Specifically, P106 yielded a Pb-Pb isochron age of
4,164 + 7 Ma (20, probability of 0.31). Aless robust age of 4,184 + 40 Ma
(20) is obtained for P147, givenits probability of 0.006 (Fig. 4b). Never-
theless, thisapparent ageisidentical within error tothe isochrondating
of P147 (Fig.4b). The consistent ages of ~4.16 Ga obtained from the two
impact-melt fragments probably reflect one (large) impact event, either
the SPAbasinimpact or the Apollo basinimpact. Thisinterpretationis
based onthesource of the CE-6 KREEP-richimpact-melt samples, which
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an enhanced ITE/KREEP-like geochemical signature®. b, At 4.16 Ga, the impactor
that formed the Apollo basin impacted the periphery of the SPA basin impact-
melt sheet, heating, melting and reworking this material. At <2.83 Ga (ref. 40),
the Chaffee Simpact within the Apollo basin could have delivered the KREEP-rich
rocks formed by the Apolloimpact to the CE-6 landing site.

probably represent the KREEP-rich SPA impact-melt differentiates or
ejecta or the remelting of their precursors during the formation of
Apollo basin. However, both sample analyses***” and crater-counting
studies™ support the consensus that the age of the SPA basin is older
than 4.2 Ga, bolstered by recent CE-6 sample results ofimpact-derived
norite that suggest a SPA basin age of 4.25 Ga (ref. 38). Therefore, the
younger impact-melt fragments analysed here are unlikely to represent
the age of the SPA basin itself.

The preferredinterpretationis that the precursor materials of CE-6
KREEP-richimpact melts were differentiates from the SPAimpact-melt
sheet that were remelted during the later formation of the Apollo basin"
(Fig. 5). KREEP-like materials have been reported to overlie the area
of the pre-Apollo impact basin®**, Notably, the Apollo basin region
shows lower concentrations of Th thanits surroundings along the SPA
topographic rim” (Extended Data Fig. 5), supporting the reworking of
the KREEP-rich SPA impact-melt differentiates by the Apollo basin. A
significant amount of Apollo basinimpact-melt deposits®, potentially
including crystalline KREEP-rich rocks, is dispersed extensively in and
around the vicinity of the basin. According to the prediction of ballis-
tic sedimentation models*°, the majority of exotic (that is, non-local)
materials in the CE-6 regolith should have been delivered by a large
and proximal impact crater adjacent to the sampled unit. The CE-6
KREEP-like impact-melt fragments without intense secondary shock
features indicate that they were not altered by multiple intense shock
events, probably supporting an origin from a nearby impact crater.

The Chaffee S impact crater, located within the southwest rim of
the Apollobasin (Extended Data Fig. 5a), may have transferred Apollo
basin ejecta to the site sampled by the CE-6 mission” (Fig. 5b). Chaffee
S ejecta, exhibiting low-Ca pyroxene spectral features, appears to
overlie the CE-6 mare unit and would have been mixed into the local
regolith®. This material is mineralogically consistent with the low-Ca
pigeonite rich nature of two impact-melt fragments investigated here.
Furthermore, the slightly elevated Th abundance (Extended Data
Fig. 5b) of the Apollo basin western peak ring and Chaffee S ejecta
supportstheideathat KREEP-like rocks occur close to the Apollo basin.
Considering the small size (20 km) and young age <2.8 Ga (ref. 41) of
the Chaffee Simpact crater, the ages of impact-melt fragments do not
represent the age of this crater. As the CE-6 sampling site is situated on
the surface of ayoung mare unit (-2.83 Ga)***, these impact-melt frag-
ments cannotbetransported to theirlocationsby animpactat4.16 Ga.

Furthermore, the Pb-Pb isotopic ages of the CE-6 impact-melt frag-
ments are perfectly consistent with the model age (4.14i8;8§‘; Ga) of
the Apollo basin'. Therefore, we interpret the Pb—Pb age of 4.16 Ga
dated for two of the CE-6 impact-melt fragments to represent the
formation age of the Apollo basin.

Early lunarimpact flux

The proposed isotopic age of the Apollo basin at 4.16 Ga here estab-
lishes an old sample-controlled calibration point for the lunarimpact
flux. This new calibration point is consistent with an extension of both
the canonical Neukum crater chronology model* and the recently cali-
brated crater chronology model to older ages®, showing that the early
rapiddeclineinimpact fluxbegan atleast as early as 4.16 Ga (Extended
DataFig. 6). Furthermore, the updated model age of the Apollo basin
using crater statistics assumed thatimpactor populations on the Moon
followed the same size-frequency distribution at least subsequent to
the formation of the SPA basin'* Therefore, the consistency between
theisotopic age and model age of Apollo basin supports the interpre-
tation thatimpactors on the Moon followed a similar size-frequency
distribution at least since 4.16 Ga (refs. 14,17). Considering that the
Apollo basin has a crater retention age slight younger than Nectaris
basin', our proposed isotopic age of the Apollo basin also suggests that
the Nectarian Period on the Moon started earlier than the canonically
used 3.92 Ga, maybe slightly earlier than 4.16 Ga (ref. 9).

On the basis of spatial densities of impact crater populations
formed onlunar terrains of different ages (Extended DataFig. 7), there
is a consensus that the early impact flux on the Moon was evidently
orders of magnitude larger before 3.9 Ga (ref. 11) (Fig. 6). Inrelation to
the stratigraphic position and the newisotopic age of the Apollo basin,
15basins must have been formed separately in the Pre-Nectarian (that
is, earlierthan4.16 Ga) and Nectarian to early Imbrian periods (that s,
>4.16 Ga to -3.8 Ga)". Therefore, the LHB must have initiated before
the Nectaris basin, thatis, earlier than 4.16 Ga (ref. 11). If the SPA basin
was indeed formed at -4.3 Ga (refs. 14,34,37), 15 basins were formed
within ~140 Ma between ~4.16 and 4.3 Ga and another 15 basins were
formed in the subsequent 360 Ma (from 4.16 to 3.8 Ga), suggesting
an even larger impact flux between the formation of SPA and Apollo.
This first-order comparison agrees with a rapid decline of impact
flux since the SPA basin-forming event, possibly even earlier since
the Moon’s formation*. Alternatively, if the SPA basin formed earlier
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than 20 kmin diameter for key impact basins are summarized in the Methods.
Error bars with arrows are not to scale. Dashed red error bars with arrows denote
the unconfirmed spatial density and isotopic age of the SPA basin. The dashed
yellow error bar with arrows denotes that the Nectaris basin is older than 4.16 Ga.
Solid squares and the dashed red line are the plausible impact flux derived from
this work. Transparent squares and the dashed blue line are impact fluxes that
assumed a cataclysm scenario of the LHB (Methods).

than ~4.3 Ga, for instance, at ~4.42 Ga when the oldest lunar zircon
crystallized®, the early impact flux between SPA and Apollo impacts
would still be significantly higher, but to a lesser extent, than that
between the Apollo and Orientale impacts. Nevertheless, if the SPA
ageisyoungerthan-~4.3 Ga, forexample, 4.25 (ref. 38), theimpact flux
during LHB declined much more rapidly before the Apollo basin was
formed than afterwards (Fig. 6).

In any case, the isotopic age of the Apollo basin is not consistent
withthe scenario of adramatic period of basin formationinacataclysm
between ~4.0 and 3.8 Ga (ref. 44) or even ~3.9-3.8 Ga (ref. 41). This
interpretationreinforces theimportance of acquiringareliable forma-
tion age of the SPA basin, which is crucial for determining the impact
flux during the LHB and the early evolution of our Solar System—for
example, whether a late orbital reconfiguration of the giant planets
occurred® and the evolution of small body reservoirs*.

Methods

SEM and EBSD

Scanning electron microscopy (SEM) was used to take photos of min-
erals within epoxy sections at ~-15 kV working voltage and with a suit-
able working distance. After the SEM observation, the epoxy samples
were polished, using a VibroMet 2 vibratory polisher, for 3 h,and then
deposited withathinlayer of carbon (-20 nm) using a LeicaEM ACE600
sputtering coater to allow preferable electron back-scattered diffrac-
tion (EBSD) analyses. EBSD data were collected on a Thermofisher
Helios CX5 dualbeam system with an Oxford Aztec Symmetry Il EBSD
detector at the Electron Microscopy Center of GIGCAS (Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences). EBSD data
collection was operated at 20 kV accelerating voltage and ~16.5 mm
working distance. The step size ranged from 0.1to 0.3 pm. ATEX soft-
ware was adopted for post-data processing and the creation of interest
maps. Phase maps identified by EBSD were used to estimate mineral
modes. (Supplementary Table1).

Field-emission electron microprobe for major element
compositions of minerals

The elemental concentrations of silicate, oxide, glass and Fe-Ni
metal were determined using a CAMECA SXS5 field-emission electron

microprobe (EMP) at the State Key Laboratory of Deep Earth Processes
and Resources (SKLDEEPER), GIGCAS. This instrument is equipped
with five wavelength-dispersive X-ray spectrometers and incorporates
atotal of 14 crystalsinstalled within 160-mm-radius Rowland circles. A
detailed description of this EPM procedure can be foundinref.47. The
analysis was conducted using an accelerating voltage of 15 kV,abeam
current of 20 nA and a beam size of 1 pm. For the slim high-Ca augite
(-1 um) exsolved inthe low-Ca pigeonite, we obtain their mixing com-
positions. Avariable peak counting time (-10-100 s) was used based on
the intensity of the characteristic X-ray line and desired precision for
the major oxides. The background counting time was set to half of the
peak counting time onboth sides of peak. Calibrationstandardsinclude
albite (Na), diopside (Si, Ca, Mg), haematite/pyrite (Fe), sanidine (K),
almandine (Al), rutile (Ti), chromite (Cr), rhodonite (Mn), pentlandite
(Ni), metal cobalt (Co) and synthetic RbTiPOS5 (P). The corresponding
standard materials were selected according to the target minerals. For
example, the plagioclase standard was used for Si, Ca and Al analyses
on plagioclase, while the glass standard BIR-1G was employed for Si,
Ca, Mg, Al and Fe analyses on glass. The metal standard was selected
to analyse the Fe-Ni metal. Finally, a Pouchou and Pichoir (PAP) pro-
cedure was used for matrix correction. Full EMP data are available in
Source DataFig. 2.

Calculation of REE concentrations of melts in equilibrium with
plagioclase and pigeonite

The partition coefficients (D) of REE in plagioclase and pigeonite have
been reported by Dygert et al.**, who conducted a series of experi-
ments under near-lunar conditions. REE concentrations in melts in
equilibrium with plagioclase was calculated using D (plagioclase): La
(0.0245), Ce (0.02), Pr (0.0176), Nd (0.0165), Sm (0.0115), Eu (0.8491),
Gd (0.0082), Tb (0.0061), Dy (0.005), Ho (0.004), Er (0.0031), Tm
(0.0026),Yb (0.0034) and Lu (0.0017). The pyroxenes investigated in
this study are pigeonite, despite having exsolved textures. Thus, we
selected the D (pigeonite) to estimate the REE in melts in equilibrium
with pyroxenes, specifically: La (0.0053), Ce (0.0079), Pr (0.013), Nd
(0.019), Sm (0.04), Eu (0.067), Gd (0.07), Tb (0.093), Dy (0.111), Ho
(0.133), Er (0.151), Tm (0.169), Yb (0.184) and Lu (0.205).

LA-SF-ICP-MS for measurement of mineral trace element
compositions

Trace element contents of pyroxene and plagioclase were determined
withan ELEMENT XR (Thermo Fisher Scientific) sector field (SF) induc-
tively coupled plasmamass spectrometer (ICP-MS) coupled to a193-nm
(ArF) Resonetics RESOlution M-50 laser ablation (LA) system. The
laser conditions were as follows: 6 Hz repetition rate for all analyses;
33/24/17 pum beam size was used depending on sample sizes. Each
analysis consisted of 30 s gas blank collection and 29 s sample data
acquisition. The oxide molecular yield (indicated by 2*Th'*0/***Th)
was <0.3%. Signals of the following masses were measured: >**U, >’Th,
ZOSPb, 181Ta, 178Hf, 175|_u, 174Yb, 169Tm, 166Er, 165H0, 162Dy, 159Tb’ 157Gd, ISIEU,
“7Sm, 146Nd, mPl‘, 14°Ce, 139La, 137Ba, 93Nb, 9021,, SQY, sssr’ 85Rb and 2°Si. The
calibration lines for the analysed element were constructed by meas-
uring two reference glasses (BHVO-2G and GSD-1G). Silicon, premeas-
ured with EPM, was selected as the internal standard element. Given
that the intercumulus liquid is too small to directly analyse the trace
elements, arelatively large laser beam (33 pm) was used to ablate the
intercumulus liquid and the tiny matrix plagioclase together on sample
$3583-P006 (Supplementary Fig. 1). All major elements and selected
trace elements were detected (Source Data Fig. 3). The final content
of each element of the mixture was calculated by normalizing all the
measured element oxidesto 100 wt.%. The trace element composition
oftheintercumulus liquid was calculated using a mass balance model.
Based on the average K,O contents of plagioclase and the intercumulus
liquid measured by EPMA, the estimated plagioclase proportionin the
mixture of the intercumulus liquid and the tiny matrix plagioclase is
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72%.Then, the trace element contents of the intercumulus liquid were
calculated by subtracting the contribution of the ablated plagioclase
fromthe mixture. Geological reference glass BCR-2G was measured as
anunknown sample to evaluate data quality. The detailed instrumental
settings and datareduction strategies are reported in ref. 49. For most
measured elements, the accuracy is better than £10% with an analytical
precision of better than10%.

Insitu Rb-Sr isotope measurements by LA-MC-ICP-MS

In situ Rb-Sr isotope analyses were conducted on a Neptune Plus
multiple-collector (MC) ICP-MS (Thermo Scientific), coupled with
the same LA system used for trace element analysis at SKLDEEPER,
GIGCAS. The laser parameters were as follows: a beam diameter of
112 pm, a repetition rate of 15 Hz and an energy density of ~4.5) cm™.
Under this laser set-up, all the measured CE-6 samples had ®Sr signal
intensities larger than 0.7 V. The isobaric interferences (**Kr and 5*Kr
on %¢Sr and Sr) were corrected by subtracting gas blank from the raw
time-resolved signal intensities. The signals at 83.5 and 85.5 were used
to monitor double-charged "’Er*" and "'Yb?*, which were then used to
correcttheinterferences of Er** and Yb*. The interference of ¥Rb on ¥Sr
was corrected with the measured ®Rb with a natural *Rb/*Rb =2.593
(ref.50). The mass bias of ’Sr/%Sr was calibrated by normalizing %¢Sr/%Sr
t0 0.1194 with anexponential law. The detailed instrumental set-up and
datareduction procedure were reported in previous studies™ % ¥Rb/*¢Sr
was calibrated with the standard-sample-bracketing method with
BCR-2G (ageological reference glass) used as anexternal calibrator. The
analytical reproducibility of ¥Rb/%¢Sr, evaluated by repeating analysis
of BHVO-2G (0.5%, n = 3), was propagated to the uncertainty of ¥Rb/5¢Sr
ofthemeasured samples. Three analyses of BHVO-2G and BCR-2G dur-
ing this study yielded averaged ¥Sr/*Sr = 0.70348 + 0.00008 (2 s.d.)
and 0.70502 + 0.00007 (2s.d.), respectively, which are consistent
within error with their recommended values®. Four analyses of an
in-house plagioclase glass (PZHPL, An = 56) yielded weighted means of
8Sr/5Sr = 0.70437 + 0.00005 (2 5.d.), which agrees within error with the
result measured by solution MC-ICP-MS**. The analytical uncertainty of
isotopic datais given as 20 (Source Data Fig. 3).

Insitu Pbisotope analyses by SIMS

All Pb-Pb data were acquired by the CAMECA-IMS-1280-HR
secondary-ion mass spectrometer (SIMS) at SKLDEEPER, GIGCAS,
Guangzhou. To obtain highion-beam density (the maximum intensity
of the O™ primary beam is approximately 3.0 pA), we followed the
instrumentsettings inref. 55, including adding plasma arc current up
to the designed maximum limit of about 100 mA and using a modi-
fied duoplasmatron cathode. A Gaussianillumination mode was used
to focus a primary beam of °0™ to 2 x 3 um in size, with an intensity
of 210-365 pA. Beam diameter was measured using the knife-edge
method of SpotShape software and reconfirmed by obtaining anion
image on an area with a2-3-pm-spaced raster pattern. Five low-noise
(<0.003 counts per second) electronic multipliers (Hamamatsu 416)
were used to simultaneously collections of 2°°Pb, 2’Pb, 2°°Pb and ***Pb,
under the multicollector mode. Entrance (60 pum) and exit (150 pm)
slits were adjusted to obtain a mass resolution of ~-8,000 (50% peak
height). A nuclear magnetic resonance controller was used to keep a
stable magnetic field, with an instrumental drift of <1.5 ppm over 1 h.
Before each measurement, a primary beam of O~ with an intensity of
8 nAwas used for 120 s to remove the gold coating and minimize pos-
sible surface contamination. Theionimages of *°Zr* ona-25 pm x 25 um
area were used to precisely locate the target minerals. Each measure-
ment consisted of 4 s x 80 cycles. High-purity oxygen flooding was
introduced to the sample surface toimprove Pb* sensitivity. Geological
reference glass, NIST 610, was used to calculate the relative yield of
different electronic multipliers and evaluate the external reproduc-
ibility, yielding precisions of 2°°Pb/***Pb = 0.55%, *’Pb/***Pb = 0.71% and
204pp20ph = 2,69% (reported as 1 relative standard (RSD), n=32). The

uncertainties on each unknown analysis were propagated to determine
the overall uncertainties of single spot analysis. Within uncertainty
limits, no systematic drift was observed in the NIST 610 measurements
during a given analytical session. Abaddeleyite standard Phalaborwa
(*"Pb’/?°°Pb’ = 0.1272 (ref. 56)) was measured as an unknown sample
at two sessions to monitor the correction factor and data processing.

The Pb isotopic compositions of apatite, K-rich glass, matrix
and pyroxene were determined using a CAMECA-IMS-1280-HR SIMS
equipped with an updated Radio Frequency oxygen source in the
Institute of Geology and Geophysics, Chinese Academy of Sciences
(IGGCAS) in Beijing. The primary beam sizes of 5,10 and 30 pm with
intensities of <170 pA, -6 nA and 20 nA were selected according to size
of minerals to minimize terrestrial lead introduced from cracks and
mineral boundaries. SIMS analytical locations on two repolished sec-
tions are marked in Supplementary Fig. 2. Multicollector mode with
four electric multipliers (EMs) was used to measure 2°*Pb + (L2), 2°°Pb*
(C),%’Pb* (H1) and *°Zr*°0%*(H2). Before each measurement, an area of
20 umaround the spot location was raster-scanned for 120 s to remove
the gold coating and minimize possible surface contamination. Other
procedures and data processing methods are the same as those of the
SIMS laboratory in GIGCAS. All SIMS datasets are included in Source
DataFig. 4. Ultimately, data affected by terrestrial contamination were
filtered out to calculate the Pb—Pb age of the sample, following the
protocol established in previous studies®*®,

The N(1) value of the Apollo basin

To establish a new calibration point for impact flux using the isotopic
age of the Apollo basin, arepresentative production density ofimpact
craters that were formedinthe Apollo basinis needed. Canonically, the
number of craters equal to and larger than1kmin diameter per square
kilometre, N(1), is used as the representative production density™.
However, the Apollo basinis a Nectarain- or Early-Imbrian-aged basin
that has undergone prolonged postformation resurfacing and con-
tamination by kilometre-scale secondaries™, which have prohibited
direct extraction of N(1) based on the observed population of craters
larger than1kmin diameter (D). Typically,a crater production function
thatdescribesthe densities of different-sized craters formedinagiven
periodisneeded to derive N(1) from larger or smaller diameter ranges.
Recent crater statistics for the Apollo basin derived size-frequency
distribution of craters with D > 20 km after considering the effect of
non-sparseness of densely packed craters, which may have caused
disproportionately removal of differently sized earlier craters'. Using
the corrected crater size-frequency distribution and the Neukum
crater production and chronology functions®, the predicted model
age for the Apollo basin was 4.14 (+0.024, -0.029), which is closely
consistent with the isotopic age derived inthis work. Itis notable that,
by applying the same crater production and chronology functions®,
thefirst-order consistency between model ages and isotopic ages has
been repeatedly verified, such as the Chang’e-5°° and CE-6°° landing
site mare deposits. Therefore, following the recommendation that the
model age of Apollois better modelled using the crater size-frequency
distribution at D > 20 km (ref. 14), the N(1) value and its associated
errorsare derived using the reported model age and the Neukum crater
chronology model®. The result is shown in Extended Data Fig. 6 (red
dot). Notably, this study did not try torecalibrate the crater chronology
model using the new calibration point of the Apollo basin, because the
N(1) value—calculated from the best-fit model age—yielded an N(20)
via the Neukum production function that differed from the directly
observed N(20). This discrepancy suggests that deriving N(1) using the
canonical production function may involve notable uncertainties. Nev-
ertheless, the new calibration point of the Apollo basin falls directly on
boththe canonicaland updated crater chronology models (Extended
DataFig. 6), suggesting that these models and the related impact flux
can be used together with crater statistics to estimate model ages up
to atleast 4.16 Ga.
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Evaluation of the early impact flux on the Moon

Toevaluate the impact flux during LHB (that is, between the formation
of SPAand the Orientale basins), the formation ages and representative
production densities of critical basins are needed. The SPA, Nectaris,
Imbrium and Orientale basins are undisputedly critical basins for this
purpose, and their formation ages largely determine the impact flux
during LHB™", For Nectarian- and Imbrian-aged basins, the effect of
crater non-sparseness due to dense packing is relatively minor when
deriving the production population, and the N(20) values obtained
after accounting for this effect remain reasonably reliable™. Therefore,
in this work, we refer to these N(20) values and their errors* for the
Nectaris, Imbrium and Orientale basins (Extended Data Fig.7), and the
impact flux during LHB isrepresented by the formation rate of craters
larger than20 kmin diameter per million square kilometres per million
years (Extended Data Fig. 6).

By contrast, the cratering record superposed on pre-Nectarian
basins, especially the SPA basin, is significantly biased due to the effect
of non-sparseness, and extracting their N(20) values is hampered by
uncertainties caused by crater equilibrium'". This effect is most obvi-
ousfor crater populations formedin the SPA basin, asits reported N(20)
valueis only slightly larger than that of the Nectaris basin'*. Therefore,
using the best-fit model age of the SPA basin (that is, 4.33 Ga)**, which
is also supported by recent sample analyse***, the Neukum crater
chronology and production models*® are used to estimate the best-fit
N(20).Fortheerror of thismodel-predicted N(20), we consider that the
actual production density of N(20) should be larger than Nectaris, but
the upper limit of N(20) is not known. Therefore, the dashed red arrows
in Extended Data Fig. 7 show the N(20) and errors of the SPA basin.

Theisotopic age of the Apollo basin establishes a clear reference
for the possible impact flux during LHB. Isotopic ages of the SPA,
Nectaris, Imbrium and Orientale basins are not well constrained; the
Imbrium basin has asmaller range of uncertainties from-3.85t03.92 Ga
(ref. 61). The preferred formation age of Imbrium is plotted as 3.91 Ga
(ref. 62),and the possible age range reported by sample analysesis 3.77—
3.99 Ga (ref. 14) (Extended Data Fig. 7). The possible formation age of
the Orientale basin that was derived fromthe non-sparseness-corrected
crater size-frequency distribution (that is, 3.81 Ga (ref. 14)) was plotted
(Extended DataFig. 7), and the possible age range reported by earlier
crater statistics is ~3.72-3.92 Ga (ref. 63). The Nectaris basin is prob-
ably older than 4.16 Ga, and it should be younger than the SPA basin.
However, the precise age of the Nectaris basin is not known, and this
uncertainty ismarked as an orange arrow (Extended Data Fig. 7). Like-
wise, whileanage of4.33 Gais plotted in Extended Data Fig. 7 for the SPA
basin (red square), the actual age might be much larger or smaller, but
definitely larger than 4.16 Ga (Extended DataFig. 7, dashed red arrows).

The impact flux during the LHB is investigated using the above
ranges of formation ages and N(20) of the four critical basins (Fig. 6,
solid squares). The data are compared with a classic version of the
late cataclysm™, which assumed that the N(20) values of the Nec-
taris, Imbrium and Orientale basins are the same as reported above
(Extended Data Fig. 7), but they were formed at 3.92, 3.85 and 3.8 Ga,
respectively (Fig. 6, transparent squares). To show qualitatively the
contrastofimpact flux during LHB, the dashed red and blue curves are
annotated for the two versions of impact flux at these critical impact
basins (Fig. 6)

Data availability

The CE-6 sample involved in this work was allocated by the Chinese
National Space Administration (CNSA) under amaterials transfer agree-
ment (Www.cnsa.gov.cn/n6758823/n6758839/c6811124/content.html).
The prepared sample mounts are presently stored at GIGCAS, and
they willbereturned to CNSA after a1-year loan. Readers may request
Chang’e-6 samples from CNSA through a standard procedure. All data
presented in this study are available in the Article and its source data.
Source data are provided with this paper.
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Extended Data Fig. 1| Co versus Ni contents of FeNi alloy in the P106 fragment. The areas of Apollo mare basalts, iron meteorite, chondritic metal and the regression
line of Apollo 16 impact melt breccia samples are from the compilation of ref. 68.

50

Nature Astronomy



http://www.nature.com/natureastronomy

Article https://doi.org/10.1038/s41550-025-02640-5

0 0.6 1.2 1.8 24 3° 0 0.6 1.2 1.8 2.4 3° 0 0.6 1.2 1.8 2.4 3°

Extended Data Fig. 2| EBSD maps of three studied CE-6 lithic fragments. orientationand dark colors represent a low orientation. The color bar represents
(a-c), phase mappings, different colors are identified as crystal, and black regions  the crystal orientation distribution. Note that, some pigeonitesin P106 and P147
are glass within clasts; clinopyroxene (green), plagioclase (purple), K-feldspar have higher crystal orientations, as shown by their light color.
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Extended DataFig. 3 | REE patterns of the low-Ca pyroxene from CE-6 fragments. Low-Ca pyroxene from Apollo Mg-suite and QMD are shown for comparison. Data
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Extended DataFig. 5| Thabundance around the Chang’e-6 landing site. (a)
The hemispheric thorium (Th) element mapping” shows the Th distribution
relationships between the South-Pole Aitken (SPA) basin and Apollo basin where
the CE-6 mission landed (Solid red dot); It is evident that the region around the
SPA center (estimated transient crater; red circle) show elevated Th abundance,
but the Apollo basin region shows lower Th abundance than its surroundings
along the SPA topographic rim; Color bar represents the Th abundance. (b) The
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enlarged Th mapping shows the Thvariations between the CE-6 sampling site and
the nearby Chaffee S crater to the northwest. The Chaffee S crater region shows a
slightly higher Thabundance than toits eastern. The Th-bearing ejecta material
from the Chaffee S crater are highly likely to have been delivered into the CE-6
sampling site area. Red and white lines represent the boundary of SPA estimated
transient crater’” and SPA Compositional Anomaly (SPACA) region®, respectively,

which are marked in the image (a).
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Extended Data Fig. 6 | An anchor point for the early lunar impact flux by for the CE-5°°”> and CE-6 mare basalts® (red line) are shown for comparisons.
the Apollo basin. The new calibration point of lunar impact flux based on the Calibration points (blue dots) are established from Apollo and Luna samples
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line) and arecently updated version using the calibration point established square kilometer.
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Extended Data Fig. 7| Comparison of crater densities and age ranges of key impact basins on the Moon whose formation ages are related to the impact flux
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