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Orbital data indicate that 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 collected samples of these young lunar basalts and returned them to Earth for laboratory analysis.
We measure an age of 1963 + 57 Ma for these lavas and determine their chemical and mineralogical
compositions. This age constrains the lunar impact chronology of the inner Solar System and the thermal
evolution of the Moon. There is no evidence for high concentrations of heat-producing elements in the deep
mantle of the Moon that generated these lavas, so alternate explanations are required for the longevity of

lunar magmatism.

The Oceanus Procellarum region of the Moon is 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-5 spacecraft
landed in this region at 43.06°N, 51.92°W, about 170 km ENE
of Mons RiimkKer, a location selected as it was expected to
host 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), in-
termediate to high Ti abundances (5-8% TiO,), and high con-
centrations of the minerals clinopyroxene and olivine (about
31 and 13%, respectively) (I-3). The mission goal was to re-
turn samples of young lunar basalts, identified by the spatial
density of impact craters (I, 4).

The number of impact craters on a surface reflects its rel-
ative age, with older surfaces having more craters. The Moon
is the only planetary body where impact crater ages have
been calibrated with radiometric dating, so the lunar chro-
nology is used to infer the ages of other planetary surfaces
throughout the Solar System. For example, the climatic evo-
lution of Mars is related directly to the lunar cratering chro-
nology. However, the lunar chronology is highly uncertain for
ages younger than ~3 Ga (5).

Young volcanism on a small body such as the Moon is
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challenging to explain in its thermal evolution. Although the
young basaltic eruptions on the Moon occurred in regions of
elevated heat-producing elements such as K, Th, and U, it is
unclear whether this association is responsible for melting
the source magma deep within the Moon (6, 7).

We present mineralogical, chemical and U-Th-Pb isotopic
characteristics of two basalt fragments collected by the
Chang’e-5 mission. Our goal was to constrain the age of the
Em4,/P58 basaltic unit at the landing site, which has a wide
range of predicted ages based on impact craters, varying from
1.2 to 3.2 Ga (1, 3, 8-14). We also measured the compositions
of these basalts to assess their magmatic source and petro-
genesis, and to provide calibration for estimates of lunar sur-
face compositions based on remote observations (15).

We analyzed two fragments from the Chang’e-5 samples,
which we refer to as CE5-B1 and CE5-B2 (16). Both are equi-
dimensional, 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, and sup-
plementary text). Both contain multiple interstitial pockets of
K-rich glass, barian K-feldspar, troilite, Ca-phosphates (apa-
tite and merrillite), and the Zr-rich minerals baddeleyite and
zirconolite. Metallic iron is absent. Both fragments have ig-
neous textures that differ slightly in grain size and crystal
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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 and 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 (Fig. 1D). In contrast,
CE5-B1 has no obvious shock-melt pockets or veins and dis-
plays fewer fractures ~1 to 10 microns in width. Raman anal-
ysis of major, and some accessory, minerals in both fragments
(supplementary text) indicates that shock-induced
maskelynite is present only in the shock melt zone of frag-
ment CE5-B2. All other minerals (including plagioclase) out-
side of this zone have not been modified by shocks and
preserve their primary magmatic crystallinity (supplemen-
tary text).

The pyroxenes and olivines in the two fragments vary
widely in their Mg/Fe ratio and include highly Fe-rich com-
positions for lunar basalts (data S1). The mineral chemistries
of these two fragments differ slightly and appear to corre-
spond to their textures (data S1). For example, the olivine in
CE5-B2 is more Fe-rich whereas CE5-B1 has a wider range of
TiO,, Al,Os, and Cr,O; 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 min-
erals raise the possibility of a mantle component enriched in
heat-producing elements, but these basalts appear to be com-
positionally 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 TiO, contents (~6-8 wt.%)
Al O3, (<11 wt.%), and K concentrations (<2000 ppm) are con-
sistent with high-Ti, low-Al, low-K mare basalts in standard
classifications (17) (Fig. 2 and table S1). The mineralogy and
bulk compositions of these samples are consistent with re-
mote sensing observations of this region, implying that they
are representative samples of the Em4 unit, despite the dif-
ferences 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, es-
pecially for the coarser-grained fragment CE5-B2.

The Pb isotope ratios of the two fragments were analyzed
in 50 selected locations (spots of about 7 ym in diameter)
within phosphate grains, barian K-feldspar grains, K-rich
glass pockets, and areas containing Zr-rich minerals (Fig. 3
and data S4). Determining U-Th-Pb ages of lunar basalts re-
quires knowledge of their initial Pb composition. We adopt
an isochron approach, in which the data are presented in
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207ph/296Ph vs. 204Pb/2°6Pb coordinates. This method allows
both the age and the initial Pb isotopic composition to be ob-
tained and has previously been demonstrated through the
Pb-Pb study of multiple Apollo basalts (16, 18). The ubiqui-
tous presence of terrestrial contamination in all lunar sam-
ples 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 un-
certainties, gives an age of 1963 + 57 Ma (Fig. 3A). Our esti-
mate of the initial lunar Pb isotopic composition (?**Pb/?°Pb
= 0.00226 = 0.00006, 2°Pb/?Pb = 0.815 + 0.009 and
208ph/206Ph = 0.926 + 0.013) is provided by the intercept of the
isochron and a linear model fitted to four K-feldspar analyses
(Fig. 3A).

Although these basalt fragments 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 ef-
fects are apparent in one part of CE5-B2, but no isotopic anal-
yses were conducted in this part of the fragment (fig. S6). Any
secondary processes that mobilized Pb would also cause ex-
cess scatter in the isochron (i.e., specific minerals offset from
the isochron by more than expected from the analytical un-
certainties). 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
207Ph/206PD in less resistant phases; instead, we find the oppo-
site trend in the 27Pb/2°Pb vs. 2°“Pb/2°°Pb relationships (Fig.
3). The best fitting isochron constrained using only Zr-rich
minerals indicates an age of 2011 + 50 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 (1, 2).
Our isochron age is, therefore, representative of the emplace-
ment age of Em4/P58 unit and has implications for lunar cra-
tering chronology. Current model ages of the Em4 unit based
on crater density measurements range widely from 1.21 Ga
(10) to 3.3 Ga (I), with the results of 1.91 Ga [(3), their model
A] and 2.07 Ga (13) being closest to our measured Pb-Pb crys-
tallization age of 1.96 to 2.01 Ga. If this age is representative
of the Em4 unit, it implies that nearly 2000 km? of basaltic
magma (I) erupted near the landing site almost 1 billion years
later than the emplacement of any previously measured lunar
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basalts in the Apollo, Luna, and lunar meteorite sample col-
lections (18).

Chemical compositions of the two fragments are distinct
from those of lunar basalts from 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 land-
ing site (5-9 ppm). Alternatively, the high Th concentrations
inferred from the remote sensing data may reflect either im-
pact ejecta from the surrounding Oceanus Procellarum re-
gion, or a primary magmatic component in the source of the
Em4 basalts that links their petrogenesis to their spatial as-
sociation with the high-Th region of the Oceanus Procella-
rum. 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 compo-
sition, 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 evolu-
tion model (I6), the source of the melt that formed the
Chang’e-5 basalt fragments could have attained a Pb compo-
sition similar to that measured in the two fragments if the
287J/2%4Ph ratio of this source (referred to as the p-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 (high potassium, rare earth elements, and phos-
phorous) 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 in all heat-pro-
ducing 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
(<2%) KREEP component either in their mantle sources or
introduced by assimilation during magma ascent. This esti-
mate 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
(18). If this enrichment trend extended to the Em4 basalts it
would predict p-values > 1000, which are not observed. In-
stead, 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 crater
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size-frequency distribution (CSFD) chronology curve, which
was previously unconstrained between ~1 and 3 Ga (Fig. 4)
(5, 21). This age for Em4 falls below many existing crater
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 chro-
nology models (22, 23). N(1), the number density of 1 km cra-
ters, on the Em4 unit (1.24x1072 to 1.74x1072 km™2) 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 glasses sampled by Apollo
12 (25).

Orbital data indicates the youngest basalts on the Moon
are expected within the Oceanus Procellarum, a region of the
NW near-side characterized by thin crust and high concen-
trations 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-produc-
ing elements (26) but the geophysical and geochemical basis
for this correlation remains unclear. One possibility is that
elevated radioactivity within the lunar 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, com-
pared to the basalts that occur outside of the region enriched
in these 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 pas-
sage through the crust. Alternative explanations are required
for the longevity of lunar magmatism, such as tidal heating
or a distinct source mineralogy supporting lower melting
temperature of the mantle. This implies 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 be-
neath and around the young basalt units (7).
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Fig. 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-Bl and CE-5-B2. Qualitative
concentration and distribution of different elements in both samples are represented by different
colors: blue=silica, green=Mg, red=Fe, white=Al, yellow=Ca, pink=Ti, cyan=K.
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Mg#
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Fig. 2. Bulk chemical composition of basalt fragments. Mg# [defined as Mg/(Mg+Fe)], Al.O3 and
K20 vs. TiO, measurements for the two analyzed Chang’e-5 fragments (red squares with 1 sigma
error bars). These are compared to different basalts from Apollo landing sites as indicated in the
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10 red- Neukum et al., 2001 (23)
blue solid- Marchi et al., 2009 (27)
A blue dashd- Hartman et al, 2007 (22)
10 green- Robbins, 2014 (5)
pink- Draper et al., 2021 (21 and references therein)
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Fig. 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 (this study) and the range of N(1) estimates for the site (1, 3, 12, 13).
Data used to constrain the curves are from (5, 21-23, 27).
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