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A sample of the Moon’s far side retrieved
by Chang’e-6 contains 2.83-billion-year-old basalt

Zexian Cui't, Qing Yang't, Yan-Qiang Zhang', Chengyuan Wang, Haiyang Xian?, Zhiming Chen'?,
Zhiyong Xiao*, Yugi Qian>®, James W. Head II, Clive R. Neal®, Long Xiao®, Fanglu Luo®, Jingyou Chen’,
Pengli He', Yonghua Cao?, Qin Zhou'®, Fangfang Huang?, Linli Chen', Bo Wei?, Jintuan Wang,

Ya-Nan Yang!, Shan Li?3, Yiping Yang?, Xiaoju Lin?, Jianxi Zhu?, Le Zhang®, Yi-Gang Xu'*

Remote sensing observations have shown that the far side of the Moon (lunar farside) has different
geology and rock composition to those of the nearside, including the abundances of potassium, rare
earth elements, and phosphorus (collectively known as KREEP). The Chang’e-6 (CE-6) spacecraft
collected samples from the South Pole-Aitken (SPA) basin on the farside and brought them to Earth. We
used lead-lead and rubidium-strontium isotope systems to date low-titanium basalt in a CE-6 sample,
finding a consistent age of 2830 (+5) million years. We interpret this as the date of volcanism in SPA
and incorporate it into lunar crater chronology. Strontium, neodymium, and lead isotopes indicate

that the volcanic magma was from a lunar mantle source depleted in incompatible elements and containing

almost no KREEP component.

he Moon has a global dichotomy, with its

near and far sides having different geo-

morphology, topography, chemical com-

position, crustal thickness, and evidence

of volcanism (7-3). Volcanic eruptions
flooded parts of the surface with lava, produc-
ing rocks known as mare basalts, which are
more common on the nearside (4), where they
cover ~30% of the surface compared with 2% of
the farside (5). Analysis of samples retrieved by
the Apollo and Luna missions has indicated that
most mare volcanism on both sides ceased
before ~3.0 billion years (Ga) ago (6). Sam-
ples returned by the Chang’e-5 (CE-5) mission
demonstrate that mare volcanism continued
to at least 2.0 Ga ago in the Procellarum KREEP
Terrane (PKT) region of the near side (7, 8),
and other forms of volcanism potentially con-
tinued to ~120 million years (Ma) ago (9, 10).
Because of a lack of samples, it is unclear when
mare volcanism ceased on the farside. The SPA
basin, located on the lunar farside, is the largest
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and oldest known lunar impact basin. Its for-
mation is thought to have had a global effect on
the Moon (11, 12). Samples from the SPA basin
could potentially provide information on the
Moon’s global dichotomy (73).

The CE-6 mission collected a total of 1935.3 g
of lunar soil from the lunar farside and brought
it to Earth for laboratory analysis. The CE-6
landing site (at lunar coordinates 41.625°S,
153.978°W) (Fig. 1) was in the southern part
of the Apollo impact basin, located north-
east of the SPA basin (14). The Apollo basin
has a diameter of 492 km, making it the largest
impact structure within the SPA basin, and
formed earlier than 3.9 Ga ago (15-17). Re-
mote sensing observations show that at least
two episodes of mare basalt eruptions occurred
in the region (Fig. 1A) (14, 18-20). The earlier
episode occurred during the Imbrian geologic
period (3.3 to 3.4 Ga ago) and erupted low-
titanium (Ti) basalts, likely covering the entire
southern Apollo basin, which has low topog-
raphy (19). It was followed by younger (2.4 to
3.1 Ga old) eruptions of intermediate-Ti mare
basalt from the west of the previous eruption
(19). The CE-6 samples were collected from
the intermediate-Ti mare unit, close to its east-
ern boundary, ~5 km from the low-Ti basalt
flows (Fig. 1A). We therefore expected the
CE-6 samples to be dominated by the younger
mare eruption.

We analyzed basalt clasts (rock fragments
formed on the Moon’s surface by space weath-
ering) (Fig. 2, A and B, and fig. S1) from a CE-6
sample using radiometric dating to determine
the age of the farside mare basalts. We also
conducted a geochemical analysis to charac-
terize the magma source of the eruptions.

Sample description

Thirty-five basalt clasts with sizes from 0.2 to
5 mm were identified from a 2-g aliquot of CE-6
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lunar soil (scooped sample CE6C0100YJFMO003)
and analyzed with a scanning electron micro-
scope (SEM) (21). Using electron probe micro-
analysis (EPMA), we identified grains of pyroxene
in these basaltic clasts (21), which follow two
compositional trends (fig. S2A). The pyroxene
compositions are expressed as the molar ratios
Ti# = 100 x Ti/(Ti + Cr) and Fe# =100 x Fe/(Fe +
Meg). Thirty-three of the 35 basaltic clasts follow
a monotonic trend, beginning from a low-Ti
composition (which we interpret as the parent
magma) and extending to higher Ti# and Fe#.
The other two clasts have much lower Ti con-
tent, so we inferred that they formed from a
very low-Ti (VLT) parental magma. Pyroxene
in all 35 clasts has iron/manganese (Fe/Mn)
ratios similar to previous measurements of
nearside mare basalts (fig. S2B). The mineral
assemblages in both groups are similar; we
identified minerals including plagioclase, py-
roxene, ilmenite, and troilite. The low-Ti basalt
contains more ilmenite (~5%) than did the VLT
basalt (<1%) (Fig. 2, A and B). This provides
petrographic support for our interpretation
that there are two types of mare basalts in the
sample. The predominance of low-Ti basalts in
our clasts most likely represents the local ba-
salts (19) that formed during the Eratosthenian
period (3.2 to 0.8 Ga ago) (22, 23).

Fractures are common in these basaltic clasts,
whereas shock veins and melt pockets are ab-
sent. Some datable minerals are present, mostly
in the mesostasis (the last minerals to crystal-
lize in lunar basalts) area of the low-Ti group,
including apatite (size, 10 to 50 um), baddeleyite
(size, 3 to 20 um), and tranquillityite (size, 4 to
15 um) (Fig. 2, C and D; fig. S1; and data S2).
No phosphates or zirconium (Zr)-bearing min-
erals were found in the two VLT basaltic clasts.
‘We therefore performed isotopic dating on the
low-Ti basaltic clasts only.

Radioisotope dating

The 33 low-Ti basaltic clasts were used for lead
(Pb) isotope measurements (data S3). Zr-bearing
minerals (number of analyses, n = 44, apatite
(n = 78), potassium (K)-rich phases (K-feldspar
and K-glass; n = 54), and troilite (n = 11) were
analyzed in a secondary ion mass spectrometer
by using a primary beam of oxygen ions (O")
with ~3-, ~5-, ~15-, and ~15-um spot sizes, re-
spectively (fig. S3). From the 187 individual
measurements, 60 were discarded for having
elevated 2°*Pb/2°°Pb ratios, which indicates
terrestrial contamination (27). The remaining
127 measurements were used to construct a Pb-Pb
isochron (line of constant age) (Fig. 3A). Fitting a
linear model to the data indicated a mean age of
2830 + 5 Ma [mean squared weighted deviation
(MSWD) = 0.53, 95% confidence level].

In 17 of the low-Ti basaltic clasts, we iden-
tified clean grains of plagioclase—those that are
free of mineral inclusions, mesostasis pockets,
or mesostasis domains—making them suitable
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for analysis of rubidium-strontium (Rb-Sr) iso-
topes (fig. S4). A total of 32 clean plagioclase
grains and 27 plagioclase grains with various
amounts of late-stage mesostasis (data S4) were

Fig. 1. Geological settings
of the CE-6 landing site.
(A) Location of the CE-6
landing site (red dot) in the
south of Apollo basin. The
background image is an
orthographic albedo map
from Chang'e-2 (36).

(B) Zoom out of the entire
farside hemisphere. The
yellow dot indicates the
CE-6 landing site, and the
white dashed circle outlines
the SPA basin. (C) TiO,
abundance map [color bar
in weight percent (wt %)] of
the same region as in (A),
derived from Kaguya Multi-
band Image data (37). In (A)
and (C), the younger basalts
are labeled intermediate-Ti,
and the older basalts are
labeled low-Ti. The white lines
indicate the boundary of
mare units.

Lunar latitude

Fig. 2. Two types of
basaltic clasts in CE-6
lunar soil. Backscattered
electron (BSE) images
of two clasts, with mineral
phases labeled. The
brightness and contrast
vary between images.
(A) Low-Ti basalt clast
with moderate content
of iimenite. (B) Very
low-Ti basalt clast with
much less ilmenite.

(C and D) Zoomed regions
of two other low-Ti
basalt clasts. Fine
apatite, baddeleyite, and
potassium-rich phases
are labeled. (A) to (D)
are labeled with the resin
mount number [S3551 in
(A)] and the particle
number [00L in (A)].
Mineral abbreviations are
PI, plagioclase; Cpx,
clinopyroxene; Im,
iimenite; Ap, apatite; Tro,
troilite; Bdy, baddeleyite;
Kfs, K-feldspar; and

Si, silica.
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measured by using multiple-collector inductively
coupled plasma mass spectrometry (MC-IPMS)
(2I). The Rb-Sr measurements of grains with
mesostasis domains and clean plagioclase fol-

156°W 154°W 152°W 150°W

FARSIDE 40°S

% /SPAY

4 Al 41°s
|CE-6 B Gt ors

REPF LR

Low-Ti Basel.lct<':’;lr
V)

i 40°s

S
Intermediate-Ti Basalt
43°S
40°S
41°S

42°S

43°S
158°W 156°W 154°W 152°W 150°W
Lunar longitude
TiO, (wt%) [ o |
0123 456738

lowed a single isochron, with the clean plagio-
clase close to the initial ratio (Fig. 3B). The Rb-Sr
isochron had a fitted model age of 2839 + 95 Ma
(MSWD = 2.3, 95% confidence level) and initial
87Sr/%58r ratio of 0.69927 + 0.00004 (25). This
Rb-Sr age is consistent with (but less precise than)
that derived from the Pb-Pb measurements.

The consistent ages and pyroxene composi-
tion (fig. S2B) indicate that the measured low-Ti
basaltic clasts probably have a common origin.
We adopt the higher precision Pb-Pb age of
2830 + 5 Ma and interpret it as the crystalliza-
tion age of the low-Ti basalt unit. This is older
than the 2.0-Ga-old basalt sampled by CE-5 (7, 8)
but demonstrates that volcanism occurred more
recently than 3.0 Ga ago on both the near- and
farsides of the Moon.

Origin of the parent magma

‘We considered the intermediate-Ti and low-Ti
basalt units, identified with remote sensing, as
likely corresponding to the low-Ti and VLT
basalts in our sample, respectively, on the basis
of their pyroxene compositional trends (fig. S2).
Those trends indicate that extensive evolution of
the parent magmas increased the titanium di-
oxide (TiO,) contents of the erupted lava to the
low-Ti and intermediate-Ti categories (19). The
Ti abundances we measured in the pyroxene
grains are lower (data S1 and fig. S2A) than we
expected from the remote sensing data (Fig. 1C).

very low-Ti

S3576-004

S3577-015
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Fig. 3. Radioisotope 1.2

dating of the CE-6 low-Ti
basaltic clasts. Plotting
symbols indicate measure-
ments from different
mineral phases. Error bars
are 2c. (A) Pb-Pb istopes in
33 low-Ti basaltic clasts.
Measurements discarded
because of terrestrial Pb
contamination are omitted
here but are shown in

fig. S3A. (B) Rb-Sr isotopes
for 17 low-Ti basaltic clasts.
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We regard this discrepancy as being likely
due to the very different sampling scales. The
remote sensing TiO, measurement is an av-
erage value of a large area (20 m pixel ) (Fig.
1B), whereas the scooped soil sample collected
by CE-6 was from an area of less than 1 m>
Although we conclude that the low-Ti basaltic
clasts are representative of the mare basalts
local to the sampling site (21), we are unable to
determine the provenance of the VLT clasts.
They could be derived from the older mare
unit to the east of the CE-6 landing site (Fig.
1A), or be fragments of underlying mare units
that were excavated to the surface by impacts,
or were transported to the sample site from
more distant locations (19).

It has been suggested that lunar magma-
tism was sustained by radiogenic heating from
KREEP components in the mantle sources of
the magmas (24). However, studies of CE-5
basalt (25) and some ~3.0-Ga-old lunar mete-
orites (26) have found that these younger basalts
do not contain a KREEP component. Because the
CE-6 low-Ti basalt records similarly young ba-
saltic volcanic activity on the farside, we inves-
tigated whether the mantle source contained
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a KREEP component by examining the initial
strontium-neodymium (Sr-Nd) isotopic com-
positions and initial >**U/>**Pb ratio (u value).
We selected the five analyses of troilites in the
CE-6 basaltic clasts that have the highest mea-
sured 2°’Pb/?°Pb ratios (data S2), 1.090 + 0.007
(20), which we assume represents the initial
207ph,2%6p} composition. The initial >**Pb/**°Pb
ratio is more difficult to determine because of
the low current abundance of 2°*Pb. We there-
fore constrained the initial 2**Pb/?°°Pb ratio
using the estimated initial >°’Pb/2°°Pb and the
best-fitting Pb-Pb isochron (Fig. 3A), which yields
an initial >**Pb/>*°Pb of 0.00563 + 0.00013 (2).
We then used a two-stage Iunar Pb isotopic evo-
lution model (27) to estimate the p value of the
CE-6 low-Ti basalt mantle source. The model
assumes that the Moon formed at 4500 Ma
ago and evolved as a single body, with initial Pb
isotopes equal to the isotopic standard Canyon
Diablo Troilite (28) and had a pu value of 460.
Beginning at 4376 Ma ago in the model, the
Moon differentiated to produce different man-
tle sources (27). Our application of this model
indicates a p value of 355 + 8 for the CE-6 low-
Ti basalt mantle source (Fig. 4A). This is much
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lower than the u values of KREEP-rich basalts
[>2000 (27)] and the PKT basalt from CE-5
[~680 (7, 8)].

The 32 clean plagioclase measurements
yielded an average initial 8’Sr/®°Sr ratio of
0.69922 + 0.00013 (26), which is consistent with
the initial ratio determined from the fitted Rb-Sr
isochron (0.69927 + 0.00004, 2¢) and lower than
those of CE-5 basalts and most Apollo mare
basalts (fig. S5A). We measured samarium-
neodymium (Sm-Nd) isotopic compositions
of domains containing late-stage mesostasis
with high proportions of apatite in the CE-6
low-Ti basalt (fig. S4 and data S5). We found
that the 7Sm/***Nd ratios vary from 0.2049
to 0.2384 and *3Nd/**Nd ratios vary from
0.51370 + 0.00007 (26) to 0.51424: + 0.00013 (20).
The averaged initial €xq (defined in eq. SI) is
17.2 + 2.4 (20, n = 8), which is higher than that
of other lunar samples (fig. S5B).

We calculated the expected evolution of the
depleted mantle and urKREEP (primordial
KREEP from the lunar magma ocean) using
an initial #’Sr/%°Sr of 0.69903 and a chondrite-
like initial *®Nd/**Nd. For the depleted mantle,
87Rb/%5Sr and 'Sm/***Nd were set to 0.005 and
0.286, respectively. For urKREEP, they were set
to 0.206 and 0.158, respectively, fitted to the
plotted lunar samples in Fig. 4B, which shows
that the initial Sr-Nd isotopes of the CE-6 low-Ti
basalt are compatible with our calculated Sr-Nd
isotopic evolution trajectory for depleted lu-
nar mantle with *Rb/**Sr = 0.005 and *’Sm/
4Nd = 0.286. The initial Sr-Nd-Pb isotopes of
the CE-6 low-Ti basalt indicate a mantle source
depleted in incompatible elements (elements
that tend to remain in melts during partial
melting or crystallization), containing no mea-
surable KREEP component. The farside CE-6
low-Ti basalts, and nearside CE-5 basalts, indi-
cate that heat-producing KREEP components
were probably not responsible for the gener-
ation of their parent magmas.

It has been suggested that the asymmetry
of lunar nearside and farside volcanic activity
is due to differences in the thickness of the
Moon’s crust (4, 29). The farside has a thicker
crust (mean ~50 km compared with ~30 km
on the nearside) (30), which could explain the
lower level of volcanism. However, the SPA
basin on the farside has a crust that is thinner
(20 to 30 km) (30) than the mean but that still
does not contain abundant mare basalts. The
giant impact basins on the nearside, such as
Imbrium, Serenitatis and Tranquillitatis, are
all flooded by mare basalts, whereas the SPA
basin, the largest lunar impact basin, contains
few volcanic deposits (I18).

The Sr-Nd-Pb isotopic signature of the CE-6
low-Ti basalt indicates that it was sourced from
a non-KREEP mantle source, whereas KREEP
is widespread on the nearside. The very de-
pleted mantle source could be related to the
impact that formed the SPA basin, which had
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Fig. 4. Initial Sr-Nd-Pb
isotopes of lunar basalts.
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an excavation depth of 100 km (31). The SPA
impact might have redistributed any subcrustal
KREEP material to the nearside of the Moon
(11, 12) and induced partial melting of the mantle
beneath the SPA basin, leaving a depleted man-
tle below SPA with low uranium (U)/Pb and
Rb/Sr ratios and a high Sm/Nd ratio (fig. S6).
Over time, Sr, Nd, and Pb isotopic ratios evolved
owing to radioactive decay until they matched
the isotopic compositions that we measured for
the CE-6 low-Ti basalts. Depleted mantle mate-
rial would have a higher melting-point tem-
perature than that of mantle material that did
contain a KREEP component (32). KREEP con-
tains elements that generate heat through radio-
activity [including K, thorium (Th), and U], so
the absence of KREEP in the CE-6 mantle source
would correspond to a low heat flow in the SPA
basin. We suggest that a combination of these
factors could explain the rarity of mare volca-
nism in the SPA basin.

Implications for lunar crater chronology

Isotopic dating provides absolute ages for lo-
cations on the Moon from which samples have
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been retrieved. The ages of other locations are
indirectly estimated from the number and size
of impact craters, calibrated to the locations
with measured absolute ages. Models of this
lunar crater chronology have shown that the
impact rate on the Moon has varied over time
(33). The lunar impact flux was high at early
times and then rapidly declined to a nearly con-
stant rate, but timing of that transition is poorly
constrained. The canonical chronology model
predicts that the transition occurred ~3.0 Ga ago
(83). However, the only absolute age available
between ~3.0 to 0.8 Ga ago was the CE-5 ba-
salts (7, 8). Our isotopic dating of the CE-6
mare basalt provides an additional calibration
point at ~2.8 Ga ago.

Adding the CE-6 data point to a crater chro-
nology model requires a determination of N(1),
the spatial density of impact craters with di-
ameter D > 1 km, at the landing site. Before
the launch of CE-6, predictions for the age of
the landing site ranged from 2.42 to 3.33 Ga
(5, 14, 19, 34) because of differences in the
determinations of N(1). We adopted N(1) =
(2.01 £ 0.90) x 10~ km 2 from a study (35) of
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craters with diameters ~200 m to 2 km in mul-
tiple areas of the mare beneath the CE-6 landing
site. We discuss this choice of N(1) in the sup-
plementary text.

Using the measured date and N(1) value for
the CE-6 landing site, we recalibrated the lunar
crater chronology model using least square fit-
ting (Fig. 5A). We found

N(Q1) = (1.94 x 10’1‘1“)(67.19& S+

(7.652 x 10 )¢ ¢))

where ¢ is time in billion years. This chronology
model implies a constant impact flux after
2.83 Ga ago, which is slightly earlier than the
canonical model (Fig. 5B).
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