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Abstract: The youngest volcanic units on the Moon are basalt lavas in Oceanus Procellarum, a
region with high levels of the heat-producing elements potassium, thorium, and uranium. The
Chang’e-5 mission sampled these young lunar basalts and returned them for laboratory analysis.
Here we report an age of 1963+57 Ma and the chemical and mineralogical compositions of these
lavas. This age constrains the lunar impact chronology of the inner solar system and the thermal
evolution of the Moon. High concentrations of heat-producing elements in the deep mantle of the
Moon are not required to generate these lavas so alternate explanations are needed to account for

the longevity of lunar magmatism.

Main Text:

The Oceanus Procellarum region of the Moon is uniquely characterized by high concentrations of
potassium, thorium, and uranium, elements that generate heat through long-lived radioactive decay

and may have sustained prolonged magmatic activity on the near side of the Moon. The Chang’e-
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5 spacecraft landed in this region at 43.06°N, 51.92°W, about 170 km ENE of Mons Riimker, with
the aim of sampling the youngest basalt lavas on the Moon. Orbital data have shown that the
geologic unit (designated Em4/P58) exposed around the landing site has high levels of Th (5-8.5
ppm), intermediate to high Ti abundances (5-8% TiO»), and relatively high concentrations of the
minerals clinopyroxene and olivine (about 31 and 13%, respectively) (/-3). The mission goal was
to return samples of young lunar basalts that were identified based on the spatial density of impact

craters (1,4) in order to address outstanding problems of planetary evolution.

The number of impact craters on a surface reflects its relative age, with older surfaces having more
craters. The Moon is the only planetary body where impact crater ages have been quantified, and
the lunar chronology is used to calibrate the ages of other planetary surfaces throughout the Solar
System. For example, the climatic evolution of Mars is related directly to the lunar cratering

chronology, but the chronology is highly uncertain for ages younger than ~3 Ga (3).

Young volcanism on a small body such as the Moon also poses a challenge for understanding its
thermal evolution. Although the young basaltic eruptions on the Moon clearly occurred in regions
of elevated heat-producing elements such as K, Th, and U, the significance of this association for

melting deep within the Moon is not clear (6, 7).

Here, we present mineralogical, chemical and U-Th-Pb isotopic characteristics of two basalt
fragments collected by the Chang’e-5 mission. Our goal is to constrain the wide range of impact
crater ages predicted for the Em4/P58 basaltic unit at the landing site, which vary from 1.2 to 3.2
Ga (1,3, 8-14). We also present compositions of these basalts to assess their magmatic source and
petrogenesis, and to provide calibration for estimates of lunar surface compositions based on

remote observations (15).

W
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We obtained two fragments, referred to here as CE5-Bl and CE5-B2 (16). Both are
equidimensional, approximately 3-4 mm in size and consist of minerals common in lunar basalts,
such as chemically zoned clinopyroxene, plagioclase, olivine, and ilmenite, with small amounts of
quartz and cristobalite (Fig. 1; Data S1, see also supplementary text). Both contain multiple
interstitial pockets of K-rich glass, barian K-feldspar, troilite, Ca-phosphates (apatite and
merrillite), and the Zr-rich minerals baddeleyite and zirconolite. Metallic iron is absent. Both
fragments have igneous textures that differ slightly in grain size and crystal habits: CE5-B1 is
finer-grained (<1 mm long) with radiating elongated crystals of plagioclase and ilmenite, whereas
CE5-B2 is coarser-grained (<2 mm long) (Fig. 1, see also supplementary text). These textures
indicate crystallization from a molten magma (melt) and that CE5-B1 cooled more rapidly than
CE5-B2. Most mineral phases in CE5-B2 are highly fractured, and shock-melt pockets and veins
(a few tens of microns wide) are present along one edge of the sample (lower right portion of Fig.
1). In contrast, CE5-B1 has no obvious shock-melt pockets or veins and displays fewer fractures
~1-10 microns in width. Raman analysis of major and some accessory minerals in both fragments
(see supplementary text) indicates that shock-induced maskelynite is present only in the shock
melt zone of fragment CE5-B2. All other minerals (including plagioclase) outside of this zone
have not been modified by shock and preserve their primary magmatic crystallinity (see

supplementary text).

The pyroxenes and olivines in the two fragments vary widely in their Mg/Fe ratio and include
some of the most Fe-rich compositions measured in lunar basalts (Data S1). The mineral
chemistries of these two fragments differ slightly and appear to correspond to their textures (Data
S1). For example, the olivine in CE5-B2 is more Fe-rich whereas CE5-B1 has a wider range of
Ti0,, AlLO3, and Cr203 in pyroxene (Data S1). The mineralogy of these fragments is similar to

that of other known lunar basalts. The K-rich glass and the presence of Zr-bearing minerals raise
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the possibility of a mantle component enriched in heat-producing elements, but these basalts
appear to be compositionally fractionated, so the presence of these evolved minerals may instead

reflect a small degree of partial melting and/or extensive fractional crystallization.

The bulk compositions of both fragments calculated from their modal mineralogy indicate elevated
FeO (~22-25 wt.%) and low MgO (~5 wt.%). Their TiO2 contents (~6-8 wt.%) Al>O3, (<11 wt.%),
and K concentrations (<2000 ppm) are consistent with high-Ti, low-Al, low-K mare basalts in
standard classifications (77) (Table S1; Fig. 2). The mineralogy and bulk compositions of these
samples are consistent with remote sensing observations of this region, implying that they are
representative samples of the Em4 unit, despite the differences in grainsize and inferred cooling
history of CE5-B1 and CE5-B2. However, given the small size of these fragments it is possible
that these calculated bulk compositions are not fully representative of the melts from which they

formed, especially for the coarser-grained fragment CES-B2.

The Pb isotope ratios of the two fragments were analyzed in 50 selected locations (spots of about
7 um in diameter) within phosphate grains, barian K-feldspar grains, K-rich glass pockets, and
areas containing Zr-rich minerals (Fig. 3, Data S4). Determining U-Th-Pb ages of lunar basalts
requires knowledge of their initial Pb composition. We adopt an isochron approach in which the
data are presented in 2’Pb/?%Pb vs. 2*4Pb/2%Pb coordinates. This method allows both the age and
the initial Pb isotopic composition to be obtained and has been demonstrated through the Pb-Pb
study of multiple Apollo basalts (16, 18). The ubiquitous presence of terrestrial contamination in
all lunar samples complicates interpretation of the data but is also accounted for in the isochron
approach. The individual isochron ages obtained for fragments CE5-B1 and CE5-B2 are 1893+280
Ma and 1966+59 Ma, respectively. Combining all data for the two fragments, which are consistent

within uncertainties, gives an age of 1963+57 Ma (Fig. 3a). Our estimate of the initial lunar Pb
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isotopic composition (2**Pb/2Pb = 0.00226+0.00006, 2°’Pb/2°Pb = 0.815+0.009 and 2**Pb/**°Pb
= 0.926+0.013) is provided by the intercept of the isochron and the line fitted through four K-

feldspar analyses (Fig. 3a).

Although the basalt fragments investigated here could be susceptible to partial resetting of the U-
Pb system during impacts that transported the fragments to the Chang’e-5 landing site, or through
subsequent Pb contamination from the host soil, we see no compelling evidence of this in the
sample. Shock effects are apparent in one part of the sample CE5-B2, but no isotopic analyses
were conducted in this part of the fragment (Fig. S6). Any secondary processes that mobilized Pb
would also cause excess scatter in the isochron (i.e., specific minerals offset from the isochron by
more than expected from the analytical uncertainties). Glass is most prone to Pb exchange, whereas
Zr-rich minerals are likely to better preserve their original Pb isotope compositions even if shocked
(19). Shock-induced scatter would also be indicated by a large decrease of 2°’Pb/?%Pb in less
resistant phases; instead, we find the opposite trend in the 2°’Pb/2%Pb vs. 24Pb/2%Pb relationships
(Fig.3). The best fit isochron constrained using only Zr-rich minerals indicates an age of 2011450
Ma, consistent with the full dataset (Fig.3b). The spatially limited distribution of shock effects and
intensity in different parts of the fragments, combined with the internal Pb isotope systematics of
the samples, indicate that our measurements closely reflect the primary magmatic compositions of
these samples.

Mineral and chemical characteristics of the two basalt fragments are consistent with those inferred
for the Em4 unit identified at the landing site using remote sensing data (/,2). Our isochron age is,
therefore, representative of the emplacement age of Em4/P58 unit and has implications for lunar
cratering chronology. Current model ages of the Em4 unit based on crater density measurements
range widely from 1.21 Ga (710) to 3.3 Ga (1), with the results of 1.91 Ga [Model A of (3)] and

2.07 Ga (13) being closest to our measured Pb-Pb crystallization age of 1.96-2.01 Ga. If this 1.96-

6
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2.01 Ga age is representative of the Em4 unit, it implies that nearly 2000 km? of basaltic magma
(1) erupted near the landing site almost 1 billion years later than the emplacement of any measured

lunar basalts in the Apollo, Luna, and lunar meteorite sample collections (78).

Chemical compositions of the two fragments analyzed here are distinct from those of lunar basalts
from all other landing sites (Fig. 2). The Chang’e-5 basaltic fragments are more enriched in Fe and
depleted in Mg than other sampled lunar basalts, which implies either an Fe-rich mantle source or
unusual conditions of emplacement that allowed a greater extent of fractional crystallization of the
magmas sampled by Chang’e-5. Extreme fractionation of the basaltic magmas may have
contributed to the high Th concentrations measured remotely at the landing site (5-9 ppm).
Alternatively, the high Th concentrations inferred from the remote sensing data may reflect either
impact ejecta from the surrounding Oceanus Procellarum region or a primary magmatic
component in the source of the Em4 basalts that links their petrogenesis to their spatial association
with the high-Th region of the Oceanus Procellarum. The contribution of K-U-Th in the magmatic
source or as a contaminant introduced during ascent and evolution of the magma can be assessed
by the initial Pb isotopic composition as determined from the Pb-Pb isochrons. Assuming that the
Pb-Pb system remained closed after the formation of these basalts and applying a single-stage Pb
isotopic evolution model (76), the source of the melt that formed the Chang’e-5 basalt fragments
could have attained a Pb composition similar to that measured in the two fragments if the 2*U/2*/Pb
ratio of this source (referred to as the u-value) was 665+3. This model does not consider possible
fractionation of U and Pb during the earlier Lunar Magma Ocean (LMO) phase. For example,
Apollo mare (formed within lunar maria) and KREEP (for high potassium, rare earth elements,
and phosphorous) basalts have been used to constrain a multi-stage model of lunar Pb isotopic
evolution that indicates a major differentiation event at 4.376 Ga (20), possibly reflecting the final

stages of LMO crystallization and formation of the source reservoir for KREEP, which is enriched
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in all heat-producing elements (20). Applying this multiple stage Pb isotope model to the Em4

basalts yields a slightly higher u-value of 677+3.

These p-values for the Em4 basalts imply only a modest (<1-2%) KREEP component either in
their mantle sources or introduced by assimilation during magma ascent. This estimate shows that
the Em4 basalts differ from the trend in source evolution previously suggested for Apollo samples,
which show a progressive enrichment of their source regions in heat-producing elements as the
basalts become younger (/8). If this enrichment trend extended to the Em4 basalts it would predict
u-values > 1000, which are not observed. Instead, the data suggest only a small amount of KREEP,

at most, in these young basalts.

The emplacement age of 1963+57 Ma that we infer for the Em4 unit provides a calibration point
for the lunar cratering (CSFD- crater size frequency distributions) chronology curve, which was
previously unconstrained between ~1 and 3 Ga (Fig. 4) (3, 27). This age for Em4 falls below many
existing cratering chronology curves, indicating that the impact flux may have been lower than
previously estimated at ages between the youngest Apollo-Luna basalts (~3.1 Ga) and that inferred
for the Copernicus crater (~0.8 Ga), consistent with some chronology models (22, 23). The number
density of 1 km craters (N(1); Fig. 4) on the Em4 unit (1.24x10 to 1.74x107* km™) is similar to
the upper limit measured for the Copernicus crater (23, 24; Fig. 4), so Copernicus might be older

than the ~0.8 Ga radiometric age inferred from the ropy glasses sampled by Apollo 12 (25).

The youngest basalts on the Moon lie within the Oceanus Procellarum, a region of the NW near-
side characterized by thin crust and high concentrations of heat-producing elements such as K, Th,
and U (7). There is a strong spatial correlation between the occurrence of young lunar basalts and
the concentrations of heat-producing elements (26) but the geophysical and geochemical basis for

this correlation remains unclear. One possibility is that elevated radioactivity within the lunar
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mantle produced long-lived thermal anomalies that enhance melting and generate young lunar
basalts (7). This hypothesis predicts the young basalts carry elevated levels of heat-producing
elements, compared to the basalts that occur outside of the region enriched in these heat-producing
elements. Our Pb isotope results suggest that the Em4 unit and the source of its magma had U and
Th contents that were similar to those of Apollo and Luna mare basalts, suggesting that the mantle
source regions of the Em4 basalts did not have elevated contents of radioactive elements, and that
rising magmas were not mixed with KREEP during passage through the crust. Thus, alternative
explanations for the longevity of lunar magmatism such as tidal heating or a distinct source
mineralogy, supporting lower melting temperature of the mantle, are required. If so, this would
imply that the elevated Th content of the Em4 regolith recorded in remote sensing data could be
due to contamination by secondary ejecta from the Th-rich region of Oceanus Procellarum, which

occurs beneath and around the young basalt units (7).
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Figure 1. Back-scattered electron (BSE) images and false color energy dispersive
spectroscopy (EDS) element maps of the two fragments from the Chang’e 5 sample. (A) and
(B): BSE images of CE-5-B1 and CE-5-B2, respectively. (C) and (D): EDS images of CE-5-B1
and CE-5-B2 (qualitative concentration and distribution of different elements in both samples are
represented by different colours: blue=silica, green=Mg, red=Fe, white=Al, yellow=Ca, pink=Ti,

cyan=K).

Figure 2. Bulk chemical composition of basalt fragments. Mg# (Mg/(Mg+Fe), Al203 and K20
vs. TiO2 plots for two analyzed Chang’e-5 fragments (red squares with 1 sigma error bars)
compared to different basalts from Apollo landing sites (other symbols, as indicated in the

legend, e.g. A1l stands for Apollo 11, A16 60639 refers to Apollo 16 sample 60639).

Figure 3. Pb-Pb isotope data and isochrons for CE-5-B1 and CE-5-B2. (A) Data for all
measured points in the sample. Red points indicate analyses used to define the isochron, while
grey points are analyses affected by terrestrial contamination. Black dot shows terrestrial Pb
composition representing contamination. Blue dashed lines define mixing triangle (/6), where
steep line at the left is the isochron defining the age of the sample, line at the top is the best fit of
four K-feldspar analyses used to determine initial Pb composition, line at the bottom is mixing line
with terrestrial Pb. MSWD is mean squared weighted deviation. (B) Analyses used to define the
isochron: red data points are Zr minerals, light blue are phosphates, green are K-feldspar, black
are K-glass. The blue lines show isochron constrained from all minerals (as in A) and the best fit

line defined by analyses of Zr-rich minerals. All error crosses are at 2 sigma.
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Figure 4. Lunar cratering chronology models compared to our measurement of the
Chang’e-5 sample. Each model relates the radiometric and exposure ages of lunar samples to
the frequency of 1-km impact craters N(1) on each sampled unit. The Grey shaded areas indicate
the age of Chang’e-5 basalt fragments determined in this study and range of N(1) estimates for

the site from (1, 3, 12, 13)
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Materials and Methods

Samples

The Change’e-5 mission landed on 2020 December 1, at 43.06°N, 51.92°W in the Northern
Oceanus Procellarum region of the Moon, about 170km ENE of Mons Riimker, within
Procellarum-KREEP terrane (PKT). Remote sensing indicates that the main unit of relatively
young basalt flows (designated Em4/P58) (/) exposed around the landing site covers an area of
approximately 37000km? with a mean thickness of 51m and contains basalts with intermediate Ti
and high Th concentrations. The mission collected close to a total of 2 kg of core and scoop
samples and returned them to Earth on December 16.

Sub-sample CESC0000YJYX03501GP containing two basalt fragments CE5-B1 and CE5-B2
mounted in a polished resin disc was prepared by the China National Space Agency (CNSA). We
applied to obtain this mount from CNSA in May 2021 and our request was granted in July. The

sample was subject to a material transfer agreement (26).

Initial sample imaging

The sections were carbon coated and mapped using the Zeiss Merlin Compact Scanning Electron
Microscope (SEM) at the Beijing SHRIMP (Sensitive Hight Resolution Ion MicroProbe) Center,
Institute of Geology, Chinese Academy of Geological Sciences, Beijing, with a beam current of
6.6 nA and an accelerating voltage of 20 kV. The system was coupled to an Oxford X-Max" 150
Energy Dispersive Spectroscopy (EDS) AZtec software to derive <1 pum per pixel back-scatter
electron (BSE) images and spatially-resolved element data (~0.38 um per pixel). Each pixel of
data that is collected retains a complete 0-20 KeV energy spectrum and, therefore, we were able

to extract maps of O, Na, Mg, Al, Si, P, S, K, Ca, Ti, Cr, Mn, Fe and Ni, which provide an overview
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of the compositional diversity and mineral phase location. Element maps were normalized to the
same brightness scale, colorised, and recombined to make qualitative false-color element maps

(Fig.1 C and D) using the ImageJ software package.

Electron probe microanalysis (EPMA)

Mineral and glass chemical compositions were analyzed using the Jeol JXA-8230 electron
microprobe at the Shandong Institute of Geological Sciences, Jinan. Analytical conditions used for
all analyses of different mineral phases and glass (voltage, beam current and spot size) are listed
in Data S1. Peak counting times were 10 to 40 s, and backgrounds were counted for half the
duration of peak counting time. Natural mineral standards were used to calibrate EPMA
measurements and included almandine, apatite, jadeite, kaersutite, pyrite, olivine, plagioclase,
pyrope, rutile, orthoclase and zircon. Accuracy of EPMA analyses was checked by repeated
analyses of selected Astimex standards, with SiO2 within +2.5% of recommended abundances for
all silicates, Al>O3 within +2.1% for plagioclase, orthoclase, jadeite, pyrope, and almandine, TiO>
within +£2.4% for kaersutite, FeO within £2.9% for olivine, orthoclase, pyrope, almandine, and
kaersutite, MgO within =1.8% for olivine, pyrope, almandine, and kaersutite, MnO within £15.9%
for pyrope, almandine, and kaersutite, CaO within +2.8% for plagioclase, pyrope, almandine, and
kaersutite, Na,O within £3.5% for plagioclase and jadeite, KoO within +1.1% for plagioclase,
orthoclase, and kaersutite, and Cr2O3 within +4.9% for pyrope (see Data S2).
All EPMA data are given in Data S1 and location of analytical spots are shown in Figures S1 and
S2, with average chemical compositions for each phase analyzed given in Data S3. The bulk
composition of each basalt fragment was estimated by modal recombination using BSE and EDS

X-ray images to obtain the fragments’ modal compositions, and average EPMA compositions of
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individual phases (Table S1). Modal compositions were determined by importing the images into
the GNU Image Manipulation Program and using a combination of pixel brightness in the BSE
images and X-ray maps of characteristic elements to define the outlines of individual mineral
phases. The pixel counts within these defined areas were then used to calculate final modal
abundances. For bulk rock composition estimates, modal abundances of the different mineral and
glass phases were converted in weight abundance using the following densities: 3.40 g/cm?® for
clinopyroxene, 4.07 g/cm? for olivine, 2.69 g/cm?® for plagioclase, 2.62 g/cm? for silica, 4.72 g/cm?
for ilmenite, 4.61 g/cm? for troilite, 2.56 g/cm® for K-feldspar, 2.70 g/cm? for K-rich glass, and

3.17 g/cm? for Ca-phosphates. The average composition of apatite was used for Ca-phosphates.

Raman analysis

Minerals were analyzed using the Horiba LabRAM HR Evolution Raman spectrometer at the
Beijing SHRIMP Center, Institute of Geology, Chinese Academy of Geological Sciences, Beijing,
with a 532 nm laser excitation system (Nd: YAG).

An Olympus 100%/0.90 objective was used for all analysis, with ~1 um laser spot sizes. The
laser power was ~5 mW on baddeleyite and Ca-phosphate and ~20 mW on silicate minerals. The
spectra were obtained in the range of 150-1500 cm™!, with 1800 grooves/mm and 20 — 40 s

counting times. A silicon metal standard was used to calibrate the peak.

SHRIMP multicollector Pb-Pb isotopic analysis

The polished sections were cleaned in alcohol and distilled water, and gold-coated prior to Pb
isotope analysis. Lead isotope data were collected using a SHRIMP Ile MC ion microprobe at the

Beijing SHRIMP Center, Institute of Geology, Chinese Academy of Geological Sciences, Beijing.
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The mass filtered %0, primary ion beam was reduced through a Kéhler aperture of 70 pm to
analyze some of the larger phosphate grains or 30 um, which produced spot sizes of about 12 pm
and 7 um (primary beam 2.0 and 0.6 nA), respectively. Before each analysis, an area exceeding
the analytical spot size by a few um was pre-sputtered for 180 seconds. This pre-sputtering
removed the gold coating from the area around the analytical spot and limited the effects of
surficial contamination. This procedure was followed by automatic centering of the secondary ion
beam in the 80 um source slit and automatic centering of the magnetic field. The secondary ions
were measured using a static mode with four low-noise channel detection electron multipliers

(CDEM). Baseline measurements were performed after analyzing Pb compositions in each spot.

Analyses of the BCR-2G USGS (United States Geological Survey) basaltic glass reference
material (11 ppm of Pb) were used to generate correction factors to account for mass fractionation
and detector relative gain calibration in the unknown analyses, assuming the values of (29) for Pb
isotope ratios. This correction procedure involved dividing each of the “accepted” isotope ratios
for BCR-2G (determined independently using TIMS (thermal ionization mass spectrometry)
analyses (29) by the corresponding average of each ratio obtained from all standards in the session
in order to obtain a ratio-specific correction factor that incorporates both mass bias (a few parts
per thousand at Pb mass; 30) and detector gains (a few percent). Measured isotope ratios of the
unknowns were then corrected by multiplying by these factors. There was a major instability of
the instrument during the session, which required a retuning and resulted in a change of collectors’
gains. Consequently, two separate sets of BCR-2G analyses were used to correct unknowns before
and after retuning. Within uncertainty limits, no systematic drift was observed in the BCR-2G

measurements within these two sets, with the 1o standard deviations for isotope ratios all being



125

130

135

140

less than 1%. The complete set of BCR-2G analyses is reported in Data S4 and shown in Figure
S3.

The uncertainties stated for each ratio in the individual sample measurements were derived from
the internal run uncertainty propagated together with the standard deviations of the BCR-2G
analyses for the relevant set and the uncertainty given for the published BCR-2G values (29). The
uncertainties stated for the Pb-Pb isochron dates are quoted at the 95% confidence level while
errors of individual analyses in Data S4 are presented at 1 sigma level and plotted at the 2 sigma

level in all figures.

Reduction of the SHRIMP data was done manually in Excel. Final age calculations and plots were

made using the Isoplot Excel add-in (version 4.15; 317).

To assess the accuracy of the Pb isotope analyses and provide additional means to monitor stability
of the instrument during the session, a second USGS reference sample (BHVO-2G) was run
frequently after several analyses of lunar sample. This reference sample has an order of magnitude
lower Pb concentration compared to BCR (32) and approximates some low Pb abundance phases
often present in lunar basalts. The data obtained for BHVO-2G corrected for backgrounds and
gains are presented in Data S4 and shown in Figure S4. The data set combines all analyses made
before and after instrument retuning and the absence of visible change in Pb compositions
throughout the full session (Fig. S4) demonstrates that gain correction using the BCR primary
standard is adequate to obtain true values for isotopic ratios. These true values are within the

uncertainties of independently determined ratios (33).

Pb-Pb data processing
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All SHRIMP analytical spots are shown in Figures S5 and S6. The data were processed using in-
house data reduction spreadsheets and the Excel add-in Isoplot (version 4.15; 31), using previously
established methods (78). The Pb isotopic compositions measured in individual spots are
interpreted as representing a mixture between three main components: (i) initial Pb present in the
basaltic melt when it crystallized, (ii) radiogenic Pb formed by the decay of U after crystallization,
and (iii) terrestrial contamination. These end-member components define a triangular array of
points on a plot of 2°Pb/?%Pb vs. 2%Pb/**Pb (e.g., Fig. 3A). The values with the highest
207pb/2%Pb ratios, at the top of the triangular array, provide an estimate of the lowest possible value
for the initial Pb composition of the sample. The radiogenic Pb component is located where
204pb/2%Ph = 0. Finally, given the very radiogenic Pb isotopic compositions associated with the
Moon relative to those found on Earth, the terrestrial contamination endmember will have the
highest 2%*Pb/2°Pb ratios. Based on this assumption, the bounding edge on the left side of the
triangle, between the initial and radiogenic lunar Pb compositions, forms an isochron, which can
be determined by iteratively filtering the data to yield the steepest statistically significant weighted

regression (i.e., Mean Squared Weighted Deviation, MSWD < 2; probability of fit, P > 0.05).

Pb concentrations (Data S4) were estimated using Pb counts obtained for each spot divided by
mean counts determined in BCR and multiplying by Pb concentration in BCR. U and Th isotopes
were not measured directly; estimates for U and Th concentrations as well as Th/U ratios have
been made assuming concordance of U-Th-Pb systems using the Pb-Pb isochron age of the

fragments.

The basalts source 2**U/2*Pb (u-value) can be assessed using either one or two stage model. The
first model assumes that Pb isotopes evolve in a basalt source from the time of Moon (#y) formation

and primordial Pb composition determined to be close to Pb measured in Canyon Diabolo Troilite



(CDT) (34) to the time of basalt formation (#). In this case initial Pb compositions measured in
basalt samples can be expressed as: [check symbols below — some subscripts may not reproduce

170  in Word files]

206 206
Pb Pb
_ [ — + l’l' * (expﬂ-238*t0 — exp1238*tb)
204Pb 204Pb
initial in basalt CcDT
207—Pb — 207—Pb + * (exp1235*t0 — exp1235*tb)
204pp 204pp 137.88
initial in basalt cDT

Where A»35 and 435 are decay constants of 28U and *>U and 137.88 is natural 28U/>5U
The p-value can be estimated from either or both of these equations.

175  In contrast, the two-stage model assumes that an early (first) stage is associated with initial
crystallization of Lunar Magma Ocean after formation of the Moon, and a second stage associated
with a later internal reorganization of the Moon possibly associated with convective overturn. This
first stage takes place from #) (and CDT composition) to the end of LMO crystallization #.u0,
which is also the time of basalt source formation. The second stage evolves Pb from #740 to 7. For

180  the two-stage model the equations change to:

206Pb 206Pb

204 = 204
Pbinitial in basalt PbCDT

Az3g*t Az3zg*t Aozg*t Aoyzg*t
+ Uimo * (exp 238*lo — pxphaze LMO) + p* (exp 238*t0 — gyprass*lp)

207p, 207p}, Uimo
204 = 204
Pb PbCDT 137.88

initial in basalt

* (explms*fo _ exp/1235*tLMo) + % (explms*fo — explz3s*fb)

U
137.88

Where prmo is p of Lunar Magma Ocean. Both p and pimo can be estimated from two equations.



185

190

195

200

205

Supplementary Text

Detailed Petrography and Mineral Chemistry

CE-5-B1

CE-5-BI1 is a fine-grained subophitic mare basalt (Fig. 1). The section we received CNSA has
some small adhering regolith particles. The fragment is cross-cut by fractures (~1-10 microns in
width) but has no obvious shock melt pockets or veins (Fig. S7a). The area modal mineralogy is
estimated to be 51.2% augite, 34.4% plagioclase, 4.8% olivine, 6.7% ilmenite, 1.0% silica, 0.3%
troilite, 0.6% K-rich glass, 0.5% Ca-phosphates (apatite and merrillite), and trace amounts of K-

feldspar (Table S1).

Pyroxene occurs as small (up to 600 um in length) grains that partially enclose other minerals in
the sample. They are zoned from Mg-Ca rich cores to highly fractionated Fe-rich and Ca-poor
pyroxferroite rims (Eni-43, Fs27-86, Wo013-41) (Fig. S8), and have FeO/MnO ratios (52 to 86) typical
of lunar basalts. Plagioclase occurs as elongate laths, up to ~1 mm in length and 300 pm in width.
Several grains have hollow cores, similar to some Apollo ‘intrafasciculate’ or variolitic mare
basalts. The grains are cross-cut by micron-scale microfractures (Fig. S7a), but are internally
smooth with no crackled appearance, suggesting that the grains could have been partially to totally
transformed to maskelynite. Nevertheless, this observation is not supported by Raman
investigation of several plagioclase grains in the sample (Fig. S9), where half of 14 Raman spectra
obtained in the sample (Fig. S10) show a pronounced peak at around 570 cm’!, suggesting
unmodified crystalline plagioclase. This peak is less pronounced in the rest of the obtained spectra,
showing lower intensity, but no apparent broadening or shift of this band, which could be taken as
an indication of a very mild shock. Even if these observations are interpreted as resulting from the

shock the P would not exceed 20 to 25 GPa (35). Plagioclase is chemically zoned with a range of
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compositions from Angi91, Abg-1s, Oroe-2 (Fig. S11). Some plagioclase rims adjacent to the late-
stage mesostasis assemblages have micro-inclusions of K-feldspar. Olivine grains are irregular in
size and shape, often skeletal, and are sometimes intersected by ilmenite crystals. Olivine grains
are gradually zoned from Foas to Fos (Fig. S8), where the most fayalitic portions are adjacent to
the mesostasis pockets. Olivine FeO/MnO ratios (82 to 100) are typical of lunar basalts. [Imenite
are needle-like, up to ~800 um in length, often have a skeletal appearance with some hollow cores,
and are relatively homogenous, with low MgO concentrations (<0.34 wt%). Mesostasis
assemblages include K-feldspar, which is Ba-bearing (10.3-13.8 wt% BaO). Also present are silica
grains (undetermined polymorph, up to ~60 um in size), Ca-phosphates merrillite and apatite,
troilite, and immiscible textures of Si-Al-K rich glass (which is Ba-bearing with up to 1 wt% BaO,

but is P2Os poor), fayalite, and silica (Fig. S4b).
CE-5-B2

CE-5-B2 is a coarser-grained (relative to CE-5-B1) subophitic mare basalt. The fragment is more
fractured than CE-5-B1, with most mineral phases displaying highly fractured textures. Shock melt
pockets and veins (a few tens of microns wide) are present in one portion of the sample (Fig. S4c,
also see composition reported in Data S1), suggesting high-P and high-T deformation indicative
of localized shock pressures of >60 GPa (36). However, Raman investigation of minerals in the
fragment (Fig.S10) indicates that this shock was localized in one corner of the fragment (Fig. S9).
Maskelynite is only present in this corner of the fragment where shock-produced glass can be seen
(Fig. S9). All other Raman spectra are similar to those observed in CE-5-Bland indicate
predominantly unshocked crystalline plagioclase. One possible exception is spot B2-19 (Fig.10),
which shows broadening and shift of 570cm™! band indicating possible shock up to about 30 GPa

(35). However, this spot is located at the boundary between the unmodified part of the fragment
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and the area where shock melt is identified (Fig.S9). All other minerals in the fragment show no

indication of any modification by shock in their Raman spectra (Fig.S10).

The area modal mineralogy is estimated to be 64.6% augite, 20.0% plagioclase, 1.9% olivine, 9.3%
ilmenite, 2.2% silica, 0.4% troilite, 0.7% K-rich glass, 0.4% Ca-phosphates (apatite and merrillite)

and 0.1% K-feldspar (Table S1).

Pyroxene occurs as grains up to ~ 2 mm in size that partially enclose other minerals in the sample.
These grains are zoned from Mg-rich cores to higher Fe-rich pyroxferroite rims (Ens-42, Fs26.73,
Woi9.42) (Fig. S8), where the rim areas are smaller and more sharply defined from the cores than
those in CE-5-B1. The pyroxene grains have FeO/MnO ratios (51 to 74) typical of lunar basalts.
Plagioclase occurs both as blocky crystals (up to ~750 um in length) with some longer lath-like
grains (up to ~1.2 mm in length). The grains are cross-cut by micron-scale microfractures, and
internally have a crackled appearance, suggesting brittle deformation. Plagioclase is chemically
zoned with An-rich cores, and a total compositional range of Anz4-94, Abs21, Oro2-5 (Fig. S11).
Olivine is less common in CE-5-B2 than in CE-5-B1, occurring only in one portion of the section.
Here the olivines are gradually zoned from Fos3 to Foo.7 (Fig. S8), where the most fayalitic portions
are adjacent to the mesostasis pockets. Olivine FeO/MnO ratios (82 to 100) are typical of lunar
basalts. Ilmenites are a mix of blocky and needle-like grains, up to ~800 um in length, and are
relatively homogenous with low MgO concentrations (<0.93 wt%). Silica grains (undefined
polymorph) are blocky, up to 400 um in length, and significantly coarser grained than in CE-5-
B1. Late-stage melt pockets are less common than in CE-5-B1, but there are some small areas of
mesostasis (Fig. S7d) with Si-Al-K-rich glass (which is Ba-bearing with up to 1.9 wt% BaO, but

is P>Os poor), fayalite, troilite, Ca-phosphates merrillite and apatite, and Zr-rich phases.
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Petrogenetic relationships between the fragments and comparison to Apollo mare basalts.

Both the CE-5-B1 and CE-5-B2 basalts exhibit strong Fe-enrichment mineral chemistry patterns
indicating extreme fractional crystallization (Fig. S8). Pyroxene compositions in the two basalt
fragments are augitic and are more akin to those seen in high-Ti mare basalts, than those in low-
Ti basalts, where the latter tend to be dominated by pigeonite. Trends of Al/Ti (cation ratio) vs Fe#
(Fe/(FetMg)) (Fig. S12b), indicate that pyroxene, plagioclase, and ilmenite were all co-
crystallizing phases, suggesting that like in Apollo high-Ti basalts, ilmenite was an early
crystallizing phase and continued to crystallize all through the crystallization sequence (see also
37-39). Trends of Ti# (Ti/(Ti+Cr)) vs Fe# (Fe/(Fe+Mg)) indicate that both the CE-5-B1 and CE-
5-B2 fragments did not co-crystallize with any Cr-bearing spinel, and again are more
compositionally similar to high-Ti mare basalts than low-Ti basalts (Fig. S12a). The cores of the
CE-5-B1 pyroxene are TiO»- and Cr2O3-poorer (1.1-2.3 TiO, wt%, 0.25-0.44 Cr,03 wt%) than in
CE-5-B2 pyroxene (2.55-3.9 Ti0O2 wt%, 0.39-0.47 Cr203 wt%) (Fig. S12c and d), indicating that
CE-5-B2 may have crystallized from a slightly Ti and Cr-richer parent melt than CE-5-B1.

The cores of pyroxene crystals are more magnesian (Mg# (CE-5-B1) =56, Mg# (CE-5-B2) =59)
than the cores of olivine crystals (CE-5-B1 olivine is Fos44 and CE-5-B2 olivine is Fo43) (Fig. S12),
where Mg# is Mg/(Mg+Fe) and Fo (forsterite) refers to the proportion of pure Mg-olivine. This
could suggest that pyroxene was the earlier crystallizing phase, or that more forsteritic olivine is
not preserved in the sample we have analyzed. The olivine cores are also more ferroan than the
earliest crystallizing olivine in Apollo mare basalts and lunar meteorite crystalline basalts, and in
the basalt fragments found in the Apollo 16 sample 60639 (40) (Fig. S12). Using the relationship

between melt composition and expected precipitating mineral phases, i.e.
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1
Mg#(melt) = ———
l‘Ul‘lI‘L(ed o +1

and assuming a mare basalt relevant Kd (partition coefficient) of 0.33 (39): the most Mg-rich
olivine in CE-5-B1 (Foass) precipitated from an equilibrium parent melt with a Mg# composition
of 21, and most Mg-rich olivine in CE-5-B2 (Foas3) precipitated from an equilibrium parent melt
with a Mg# composition of 20. These modelled compositions are similar to the bulk rock
composition (Mg# (CE-5-B1) = 26.2 and Mg# (CE-5-B2) =27.3: Table S1).

The ferroan nature of ferro-magnesian minerals in the Chang’e-5 fragments is reflected in whole
rock bulk estimates that suggest that the studied Chang’e-5 basalts have higher FeO and lower
MgO abundances than most lunar basalts studied to date (Fig. S13). They also have low Cr203

compared to most mare basalts.
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Fig. S2. Same as figure S1, but for basalt fragment CES-B2
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Fig. S5. Location of SHRIMP spots in the fragment CES5-B1

Colors indicate different phases (Zr- minerals- red; phosphates — blue and K-phases — yellow).
Labels correspond to numbers in the data table (Data S4). White rectangles with labels show
locations of zoomed individual areas showing textural context for each analyzed spot
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Fig. S6. Same as figure S5, but for the fragment CES-B2
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Fig. S7. Enlarged areas in analyzed samples showing common textural features of two
fragments.

BSE images of selected areas showing: (A) fracturing in CE5-B1; (B) mesostasis in CE5-B1; (C)
impact melt zone in CE5-B2; (D) mesostasis in CE5-B2. Labels indicate different minerals (PI-
plagioclase; Px — pyroxene; [Im — ilmenite; Ap — apatite; K-glass — potassium rich glass)
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Pyroxene and Olivine (Fo#-proportion of forsterite in olivine) mineral chemistry in basalt
fragments CE-5-B1 (blue symbols) and CE-5-B2 (red symbols). Data are compared with (A)
Apollo low-Ti mare basalts from the Apollo 12 and 15 landing sites (47); (B) Apollo high-Ti mare
basalts from the Apollo 11 and 17 landing sites (4/). (C) KREEP basalts (4/) and from (40)
(olivine values for KREEP basalts are not available to be compared). (D) Intermediate-Ti basalt
fragments in sample 60639 (42). All Apollo data are shown as grey symbols



Fig. S9. Locations of Raman analysis of minerals from CE-5-B1 and CE-5-B2. Labels
350  correspond to the numbers presented in the tables (Data S5 and Data S6)
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Fig. S11. Plagioclase mineral chemistry in basalt fragments CE-5-B1 (blue symbols) and CE-5-
B2 (red symbols). (a) Full plagioclase ternary showing range of Ca-rich plagioclase and K-
feldspars. Ca-rich plagioclase are compared with (b) Apollo low-Ti mare basalts from the Apollo
12 and 15 landing sites; (c) high-Ti mare basalts from the Apollo 11 and 17 landing sites (41); (d)
KREEP basalts (41, 40)and (e) intermediate-Ti basalt fragments in sample 60639 (42). All Apollo
samples are shown as grey symbols.
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landing sites (47); KREEP basalts (41, 40) and intermediate-Ti basalt fragments in sample 60639
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Table S1. Modal and bulk chemical compositions of basalt fragments from Chang’e 5

sample.

Modal compositions | CE5-B1 CE5-B2
Clinopyroxene

(vol.%) 51.244 64.611

Olivine 4.827 1.882
Plagioclase 34.371 19.998

Silica 1.014 2.243

[Imenite 6.743 9.286

Troilite 0.303 0.368
K-feldspar 0.003 0.099

K-rich glass 0.562 0.720
Ca-phosphates 0.457 0.392

Bulk chemistry CE5-B1 | +#1SD | CE5-B2 | £1SD
Si02 (Wt.%) 41.75| 2.29 41.87 3.70
TiO 6.14 | 1.77 7.76 1.92
AlLO; 10.38 | 3.23 6.26 1.82
FeO 22.60 | 5.09 24.50 5.08
MnO 0.29 | 0.09 0.33 0.08
MgO 449 | 142 5.17 2.05
CaO 11.64| 1.87 11.65 1.52
Na,O 034 ] 0.17 0.26 0.10
K20 0.07 ] 0.12 0.08 0.10
Cn0s 0.14 ] 0.11 0.12 0.07
P>0s 021 ] 0.15 0.17 0.09
Total 98.05 98.17

Mg# 262 10.2 27.3 12.2

Data S1. (separate file)

EMP data for minerals and glass in basalt fragments CE5-B1 and CE5-B2

Data S2. (separate file)

EMP data for standards obtained during analysis of basalt fragments CE5-B1 and CE5-B2

Data S3. (separate file)

Average compositions of minerals in basalt fragments CE5-B1 and CE5-B2




Data S4. (separate file)

Muticollector SHRIMP Pb data obtained for two basalt fragments from Chang’e 5 sample and
reference glasses BCR-2G and BHVO-2G.
400
Data SS5. (separate file)
Raw Raman data collected for minerals in two basalt fragments

Data S6. (separate file)
405  Raman data for minerals in two basalt fragments corrected for background
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