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LUNAR GEOLOGY

Isotopic and compositional constraints on the source
of basalt collected from the lunar farside

Xiaochao Che'?*, Tao Long"?*, Alexander Nemchin™>, Shiwen Xie'?, Le Qiao® Zengsheng Li®,

Yiyi Ban, Runlong Fan®2, Chun Yang!, Dunyi Liu%®

Volcanism on the Moon has produced surface basalt deposits, which record lunar interior processes.
The Chang’e-6 mission retrieved samples from the South Pole-Aitken basin (SPA) on the Moon'’s far
side. We analyzed basalt fragments collected by Chang’e-6 and found that their composition resembles
that of low-titanium basalts previously sampled by the Apollo missions. Uranium-lead (U-Pb) dating
indicated a basalt age of 2823.0 + 5.9 million years and a source 233U/2%*Pb ratio (u-value) of 480 + 56.
This high p-value indicates that the source contained materials that formed during the late stages

of lunar magma ocean (LMO) crystallization. The results are consistent with the LMO model, but the
Chang’e-6 basalt deviates from the trend in Apollo mission samples of younger basalts having higher
p-values. We suggest that this indicates post-LMO modification of the mantle by the SPA impact.

he Apollo, Luna, and Chang’e-5 sample-

return missions obtained samples from

multiple locations on the Moon’s near

side, informing our understanding of lunar

evolution and the development of the
lunar magma ocean (LMO) model (7). In this
model, the lunar mantle was initially stratified
by magma ocean crystallization and then sub-
sequently experienced gravitational overturn,
when denser layers that had accumulated on
top of the magma sank to the bottom. The LMO
model explains lunar crust formation and pre-
dicts a reservoir enriched in incompatible ele-
ments (those that concentrate in the melt
rather than in solid minerals). This reservoir is
known as KREEP, owing to its high concen-
trations of potassium (K), rare earth elements
(REE), and phosphorus (P) (I-4). The LMO
model underpins our understanding of the
Moon’s later magmatic history, including vol-
canism that produced basaltic rocks recovered
by sample-return missions.

The limitation of previous sample collection
to the near side of the Moon may have biased
our understanding of lunar history, owing to
incomplete coverage of the range of rock types
present on the Moon. Near and far side dif-
ferences are evident in remote-sensing obser-
vations (5), including investigations of lunar
gravity, topography, and surface composition
(6). It remains uncertain whether the LMO
was global or restricted to the near side of the
Moon (7, 8). Surface exposures of KREEP-rich
material are restricted to the Procellarum
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KREEP terrane on the near side of the Moon
(9), which might reflect limited KREEP dis-
tribution in the underlying mantle. Investiga-
tion of these issues requires samples from the
far side of the Moon.

The Chang’e-6 spacecraft landed within the
South Pole-Aitken (SPA) basin on the far side,
aregion predicted to have a chemical makeup
and geology distinct from all nearside landing
sites (see supplementary text). Half of the rock
fragments present in the samples are basalts.
We investigated 33 of these basaltic fragments
from a Chang’e-6 soil subsample. Previous
studies (10, 11) of similar fragments found that
the basalt source is KREEP-free, suggesting that
the KREEP reservoir may be a localized feature
of the near side of the Moon or possibly that the
LMO was not a global phenomenon. We explored
these issues using U-Pb dating and Pb isotope
systematics of Chang’e-6 basalts.

Textures and composition of the fragments

All the investigated fragments are rich in the
minerals common in basalts, such as plagi-
oclase [a mixture of albite (Ab-NaAlSizOg) and
anorthite (An-CaAl,Si,Og)] and pyroxene [a mix-
ture of wollastonite (Wo-Ca,Si,Og), enstatite
(En-Mg»Si,0), and ferrosilite (Fs-Fe,SizOg)],
with subordinate ilmenite. These minerals de-
fine textures observed in the fragments that
range from porphyritic [larger grains sur-
rounded by smaller ones (Fig. 1A)] to subophitic
(plagioclase partially enclosed by pyroxene),
and poikilitic (smaller plagioclase grains scat-
tered within larger pyroxene grains) (Fig. 1, B
and C). Several fragments are dominated by
mesostasis (interstitial material between the
grains), which represents the last-crystallized
melt (Fig. 1D). Some fragments contain minor
olivine [a mixture of forsterite (Fo-Mg,SiO,)
and fayalite (Fa-Fe,Si0,)], Cr-spinel, K-feldspar,
troilite, K-glass, and silica (data S1 and S2).
Many also contain accessory apatite, badde-
leyite, and zirconolite, ranging in size from a
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few microns to a few tens of microns. Mineral
compositions vary systematically with texture
(Fig. 2, A and B) (see supplementary text), which
indicates crystallization from a single basaltic
melt. They also align with the trends identified
in low-Ti basalts collected by the Apollo mis-
sions (Fig. 2, A and B) (12).

The Chang’e-6 basalts are coarse grained
(data S1). Consequently, bulk compositions
reconstructed from images of fragments about
500 microns in size and electron microprobe
(EMP) data (table S1) might not be represen-
tative of the composition of the parent rocks.
We therefore calculated the average compo-
sitions for fragments representing different
textural types and the overall average for all
fragments, which we compared with each other
and to the existing classification scheme for
mare (lunar plain) basalts (13, 14).

The abundances of major rock-forming ele-
ments in the fragments vary systematically from
porphyritic, through subophitic and poikilitic,
to mesostasis-rich fragments. We found a de-
creasing trend for MgO (8.7, 4.3, and 0.4% in
those three groups, respectively), with a corre-
sponding decline in other oxides except FeO.
This is consistent with crystallization of plagi-
oclase and progressively more Fe-rich pyroxene.
TiO, concentrations are highest in subophitic
to poikilitic fragments (6.6%) compared with
porphyritic (4.8%) and mesostasis-rich (5.5%)
fragments, possibly indicating delayed ilmenite
formation. The overall average composition
(table S1) has 5.5% TiO,, 11.3% Al,Os, and 0.08%
K,0. This classifies the Chang’e-6 basalt as a
low-Ti and low-K basalt, though it is on the bor-
derline between low- and high-Al groups (13).

The concentrations of REE determined in se-
lected pyroxene grains (data S3) change system-
atically with the MgO content (Fig. 2C). The Mg-
rich parts of the pyroxene grains [Mg/(Mg+Fe)
between 0.20 and 0.65] show little, if any, change
in REE concentrations, but pyroxenes with Mg/
(Mg+Fe) <0.2 display a rapid increase in REE
contents (Fig. 2C), consistent with fractional crys-
tallization. We used the near-constant REE con-
centrations in pyroxene with Mg/(Mg+Fe) >0.2
to estimate the REE concentrations in the melt
that coexisted with this pyroxene. The resulting
REE pattern [normalized to carbonaceous chon-
drite meteorites (75)] (Fig. 2D) is convex, with a
moderate Eu anomaly [Eun/(Smy x Gdn)*?,
where subscript N indicates chondrite normal-
ized values] and about 20 times the REE abun-
dance of chondrites. This enrichment in REEs
in the Chang’e-6 basalt melt, and the overall
REE pattern, matches those in low-Ti basalts
collected by the Apollo missions (Fig. 2D) (16).

U-Pb isotopic analysis

To determine the age of the Chang’e-6 frag-
ments, we used an ion microprobe to measure
Pb isotopes for selected apatite grains, Zr-rich
minerals (zirconolite and baddeleyite), and

lof5


mailto:cxc@bjshrimp.cn
mailto:longtao@bjshrimp.cn
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.adt3332&domain=pdf&date_stamp=2025-02-27

RESEARCH | RESEARCH ARTICLE

Porphyritic

§@$@

Pl (plagioclase)

Px (pyroxene)

llm (ilmenite)

Kfs (K-feldspar)

Ap (apatite) Tro (troilite)
Fa (fayalite) Si (silica)

Poikilitic

A | Subophitic 8

Fig. 1. Typical basaltic fragments from the Chang’e-6 sample, illustrating different textures.
Backscattered electron images of (A) porphyritic, (B) subophitic, (C) poikilitic, and (D) mesostasis-rich
fragments. Labels indicate abbreviated mineral names; see legend in (A).

feldspars (table S2). For apatite, we also analyzed
U isotopes to provide an additional check on
the derived ages and detect any events that
may have reset the U-Pb isotope system. Most
(18 out of 23) analyses of 19 apatite grains fol-
low a short trend on a Pb isotope plot (Fig. 3A),
pointing toward terrestrial Pb composition,
which indicates a small level of terrestrial Pb
contamination. Another five analyses follow a
steeper trend, indicating the presence of initial
lunar Pb (Fig. 3A). U-Pb ages of three separate
fragments determined from multiple analyses
of apatite grains (table S2) are indistinguish-
able within their uncertainties (fig. S2, A to C),
so we concluded that all fragments represent
the same basaltic unit, which is also supported
by their mineralogy and bulk composition (see
supplementary text). We therefore combined
the data for different fragments to define a
single (more precise) age of this unit. Figure 3C
shows contamination-corrected data for 18 analy-
ses of the U-Pb isotope system, which indicate
an age of 2843 + 33 million years (Ma).

No suitable U-Pb isotopic standard exists for
zirconolite, so all Zr-rich grains were analyzed
for Pb isotopes only. Figure S2, D to F, shows
207p},/296ph and 2°*Pb/?°°Pb ratios measured
for multiple apatite and Zr-rich grains taken
from three fragments. We again found consis-
tent ages, so we combined all fragments to
determine an average age of 2823.0 + 5.9 Ma
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(Fig. 3B). This is consistent with the U-Pb age
of apatite but is more precise; we therefore
adopted it as our preferred estimate for the
age of the Chang’e-6 basalt.

Sixteen K-feldspar grains were analyzed to
assess the initial Pb composition of the basalt.
Figure 3B shows that these analyses follow a
steep trend on a 2*"Pb/**Pb versus 2**Pb/>**°Pb
isotope ratio plot, along with five apatite analy-
ses. We interpret this as being due to varying
mixtures of Pb formed in situ, from radioactive
decay of U, with initial Pb. We attribute the
scatter in this plot to terrestrial contamination
in some analyses. A group of six analyses with
the highest 2°"Pb/2°°Pb ratios follow a trend
toward terrestrial Pb composition (Fig. 3B),
which we attribute to binary mixing between
initial Pb and terrestrial Pb contamination.
We adopted the two analyses with the lowest
204pL/296pY ratios as an estimate of the ini-
tial Pb composition of the basalt and found
204ph206pp = 0.004:39 + 0.00047, 2°"Ph/>°°Pb =
1.059 + 0.010, and ***Pb/?°Pb = 0.909 = 0.013.

We combined this initial Pb composition
with the measured age to estimate the initial
2387/20*PD ratio (u-value) of the basalt’s mantle
source. This calculation assumes a two-stage
model evolution, in which the LMO forms at
time T, with a u-value of y,, followed by crys-
tallization of the basalt source at time 7} with
s (72). We followed previous methods to esti-
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mate s (I7) and found that the Chang’e-6
basalt source had a p-value of 480 + 56. This
value is higher than those found in previous
studies (10, 11). We ascribe this discrepancy
to our adoption of a different model (77) and
the assumed fixed values of y, and 7, in the
previous work (we allowed both to vary in our
model fitting).

KREEP mixing in lunar basalts

Lunar mare and KREEP basalts are thought
to be indirectly linked to the crystallization of
LMO, which initially formed a stratified mantle
with different layers composed of different
mineral assemblages (1, 3). Subsequent grav-
itational mantle overturn (2) mixed these layers
but did not completely erase their differences,
producing distinct sources for the formation
of compositionally diverse basaltic melts. The
KREEP reservoir (I18) formed from the last
remnants of the highly differentiated LMO
melt, enriched in incompatible elements. High
concentrations of these elements in some mare
basalt samples, and/or isotopic evidence of
such enrichment in their source, have been in-
terpreted as indicating that KREEP-rich mate-
rials were incorporated into the basaltic melts
(19-21). This addition could occur through
mechanisms ranging from mantle mixing (be-
fore melt formation) to the assimilation of
KREEP during the magma’s ascent to the sur-
face or while on the surface (22, 23). Pb iso-
tope systematics of many samples have also
been interpreted as being due to the addition
of KREEP to mare basalt melts (23-25). How-
ever, enrichment of incompatible elements in
some basalts could be also produced by frac-
tionation of basaltic melts or low degrees of
mantle melting during their formation (26, 27).
Therefore, chemically similar compositions of
different lunar basalts may form with or with-
out KREEP involvement.

We applied this reasoning to the Chang’e-6
fragments. The REE abundances in pyroxene
grains vary by an order of magnitude (Fig. 2C),
which could indicate a KREEP contribution.
However, assimilation of KREEP by crystalliz-
ing melt would preferentially increase light
REE abundances in pyroxene and plagioclase
as crystallization progresses (26). The chondrite-
normalized La/YDb ratio in pyroxenes from
Chang’e-6 fragments ranges from 0.02 to 0.24
but does not vary systematically with their Mg
content. Similarly, the slope of the REE pat-
terns that we measured for plagioclase grains
(Fig. 2E) does not change with their anorthite
contents. Both observations indicate that there
was no KREEP assimilation by the basalt melt
during crystallization. Similarly, the flat REE
pattern and low REE abundances that we cal-
culated for the Chang’e-6 basalt melt compo-
sition (Fig. 2D) are not consistent with the
addition of KREEP material to the melt or its
mantle source before onset of crystallization.
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Fig. 2. Mineral chemistry of the Chang’e-6 basaltic fragments. (A) Compositions of pyroxene in

the fragments. High- and low-Ti samples from the Apollo missions are plotted for comparison (12).

(B) Fe/(Fe + Mg) as a function of Ti/(Ti + Cr) measured in pyroxene (12). Abbreviations are the same

as in (A). (C) Sm abundance as a function of Mg/(Fe + Mg) measured in pyroxene. ppm, parts per million.
(D) REE abundance pattern of Chang’e-6 basalt source (CE-6), normalized to chrondritic meteorites (15).
Patterns for Chang'e-5 (CE-5) (27) and Apollo mission basalt sources (16) are shown for comparison. The gray
shading indicates the range spanned by several Apollo 12 samples. Values are provided in data S3. Dashed
sections of lines indicate no data provided in the original publication. (E) REE abundance patterns measured for
plagioclase in the Chang'e-6 fragments. (F) Proportions of F-CI-OH abundances in apatite from the Chang'e-6
basalt. Mare and KREEP basalts as well as Mg and Alkali suites (42) are shown for comparison.

For several lunar meteorites, the proportions
of volatile species (Cl, F, OH) in apatite indi-
cate no KREEP addition to those basalts (26).
We found a similar result for Chang’e-6 basalt:
Volatiles in the apatite grains that we investi-
gated are dominated by F and OH, with little
to no CI (Fig. 2F). This is unlike apatite from
KREEP-rich rocks, which are enriched in Cl
(26). This reasoning leads to the conclusion
that the composition of the Chang’e-6 basalt
fragments indicates no KREEP contribution.

Previous conclusions of no KREEP contribu-
tion to other lunar basalt samples were supported
by Sr and Nd isotopic data (26-29). Similar argu-
ments have been applied in previous studies of
the Chang’e-6 basalt, which independently con-
cluded that there was no KREEP addition to
their melt or source (10, I11).
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Pb isotope evidence of KREEP contribution

Comparing samples from multiple missions
and meteorites, the p-values for the sources
of low-Ti lunar basalts span an order of mag-
nitude (Fig. 4D). If the sources of all these
basalts are linked to different mineral assem-
blages successively accumulated during LMO
crystallization, the observed range of p-values
is hard to explain without KREEP addition to
most of these sources. U and Pb are among the
most incompatible elements, so we expect that
the ratio of these elements (and therefore the
p-value) did not change substantially in the
LMO melt as crystallization progressed. Conse-
quently, mineral assemblages formed at differ-
ent stages of crystallization should have p-values
controlled only by the mineral-melt partition
coefficients. Therefore, differences in p-values
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Fig. 3. U-Pb and Pbh-Pb isotope data measured
for Chang’e-6 basalt. (A) The isotope ratio
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measured for Zr-rich minerals (red crosses) and
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from the age calculation. The dashed line is the
isochron model fitted to the remaining data. MSWD,
mean squared weighted deviation. (C) 2”’Pb/?%Pb
versus 238U/2%Pb diagram, showing apatite U-Pb data.
The curve indicates the expected ’Pb/?%Pb and
238J/29pPY values for the labeled ages (in Ma).

between mineral assemblages formed during
LMO crystallization should not reach the order-
of-magnitude range observed in lunar basalt
sources (Fig. 4D), as the relative partitioning of
U and Pb into major lunar mantle constituents,
such as olivine, orthopyroxene, and clinopyrox-
ene, is similar (30-32). More extensive data
are available for terrestrial rocks, indicating
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Fig. 4. Isotopic and abundance characteristics of Chang’e-6 basalt. Model mixing relationships between lunar
mantle and KREEP (12), each plotted as a function of u-value; labels indicate the KREEP contribution. (A) Initial
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crystallization ages and p-values of the magma sources for low-Ti lunar basalts. Our results for Chang'e-6 are compared with
those for Apollo mission basalts (25), NWA 773 clan meteorites (40), and Yamato-793169 and Asuka-881757 meteorites (17).

that high-u terrestrial reservoirs with values
of 20 to 50 are linked to processes enabled by
plate tectonics (33, 34), which does not occur on
the Moon. We concluded that the processes of
melting and fractional crystallization of com-
mon rock-forming minerals alone cannot pro-
duce p-values that span an order of magnitude.

To explain the range of p-values in lunar
basalts within the LMO model, we considered
an initially high p-value of the LMO melt (or
bulk silicate Moon), which was likely due to
volatile loss during the Moon’s formation (35).
The high p-value of the melt persists during
crystallization as a result of the strongly in-
compatible nature of both U and Pb, until the
final remnants of this melt formed the KREEP
reservoir. Mineral assemblages formed at dif-
ferent stages of crystallization would then have
lower pi-values than the coexisting melt, but this
process alone cannot produce the observed
range of p-values. Instead, achieving this order-
of-magnitude variation requires the mixing of
KREEP materials into the mare basalt magmas
during their assent or into their sources before
melting (17).

This raises a contradiction between (i) the
Pb isotope systematics, which indicate the ad-
dition of KREEP, and (ii) insights from other
isotope systems (e.g., Rb-Sr and Sm-Nd) and
compositional data for many lunar basalts,
which indicate no KREEP content. However,
the U-Pb isotopic system is more sensitive to
small additions of KREEP material than either
the Rb-Sr or Sm-Nd systems because Pb was
depleted on the Moon during its formation
(35). The Pb abundances in various lunar rocks
and reservoirs are therefore determined by
accumulation of radiogenic Pb, formed from
U decay. As a result of this, and the greater
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incompatibility of both U and Pb compared
with Sr and Nd, the contrast between Pb con-
centrations in KREEP-rich and KREEP-free
materials is stronger than that of Sr and Nd
(36). The difference in concentration contrasts
leads to nonlinear mixture models (72) (Fig. 4,
A to C). These models demonstrate that low
proportions of KREEP mixing cause Pb iso-
topes and p-values to vary more strongly than
the Sr isotope compositions (Fig. 4A). An in-
crease in p-value from 100 to 500 is equivalent
to a change in *’Sr/®°Sr of about 0.1%, which is
often difficult to detect. The same conclusion
applies to mixtures of materials from reser-
voirs with differing 3"Rb/®0Sr ratios (Fig. 4B).
For the abundances of REEs, this effect is even
more pronounced; using Sm as an example,
the same change of p-value corresponds to a
change in Sm abundance from about three
times that of chondritic meteorites [assumed
to represent lunar mantle materials (37)] to
about 20 times the chondritic value (Fig. 4C).
That is roughly the level of REE enrichment
we estimated for the Chang’e-6 melt (Fig. 2D).

Comparison with other lunar basalt samples

We found a disparity between the composition
of the Chang’e-6 basalt, which does not indi-
cate KREEP involvement in its formation, and
the Pb isotope data, which indicate addition
of 3 to 4% of KREEP (Fig. 4, A to C). This dis-
parity is also evident in some lunar meteorites,
such as NWA 4734, and the Chang’e-5 basalt,
which have source p-values of about 1200 and
700, respectively (38-40). All these basalts re-
quire addition of KREEP, either by mixing
before the melting of the sources or assimila-
tion after melt formation (but before crystal-
lization) to explain their high p-values.
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Alternatively, other processes after LMO crys-
tallization might have produced sources with
high U/Pb at specific locations on the Moon.
For example, the SPA impact might have melted
the underlying mantle, causing volatile loss
and depletion in Pb. This possibility is sup-
ported by the observed relationships between
the ages and source p-values of lunar low-Ti
basalts (Fig. 4D). All low-Ti basalt samples for
which Pb isotope systems have been studied
display a trend of higher p-values at younger
ages, which the Chang’e-6 basalt does not fol-
low (Fig. 4D). It has been suggested that this
trend could indicate a gradual increase in
mixing of KREEP material into the mantle,
owing to erosion of the KREEP layer located
under the lunar crust by mantle convection
for 1 billion or 2 billion years after LMO crys-
tallization (17).

The discrepancy between the Chang’e-6
sample and other lunar basalts could arise if
different regions of the Moon (such as the Pro-
cellarum KREEP terrane, SPA region, and areas
dominated by plagioclase rich crust) evolved
differently after LMO crystallization. One of
these differences could be variable modifica-
tion of different regions of lunar mantle by
basin-forming impacts, such as the SPA. This is
consistent with a previous proposal that some
moderately volatile elements in Apollo sam-
ples were affected by basin-forming impacts
(41). This would not invalidate the LMO model
but implies a more complex history, involving
initial differentiation and stratification of the
lunar mantle during LMO crystallization fol-
lowed by mantle overturn and further trans-
formation of upper parts of the mantle by
basin-forming events. Such a transformation
could also provide the conditions required to
trigger later phases of basaltic magmatism.
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