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Mineralogy and chronology of the young  
mare volcanism in the Procellarum- 
KREEP-Terrane

Yuqi Qian    1,8, Zhenbing She2,8, Qi He1,8, Long Xiao    1  , Zaicong Wang1  , 
James W. Head3, Lingzhi Sun4, Yiran Wang5, Bo Wu    5, Xiang Wu1, Biji Luo1, 
Kenan Cao2, Yiheng Li1, Mingtan Dong2, Wenlei Song6, Fabin Pan1, 
Joseph Michalski    7, Binlong Ye    7, Jiawei Zhao1, Siyuan Zhao1, Jun Huang    1, 
Jiannan Zhao    1, Jiang Wang1, Keqing Zong1 & Zhaochu Hu1

Young lunar mare basalts are recent volcanic products distributed mainly 
in the Procellarum-KREEP-Terrane. However, these young basalts were 
never investigated in situ until 2013 by Chang’e-3, and then sampled by 
Chang’e-5 in 2020. Using the returned Chang’e-5 samples as ground truth, 
and examining Moon Mineralogy Mapper data globally, we found the young 
basalts containing less abundant olivine (<10%) than previously suggested. 
The Chang’e-3 and Chang’e-5 basalts belong to a type of underrepresented 
basalt. We reassessed the model ages of the young basalts using the new 
chronology function calibrated by the Chang’e-5 samples and found the 
young basalts have a trend of increasing TiO2 abundance with time. The 
young basalts with an age of around 2.0 Ga (billion years ago) are widespread 
in the Procellarum-KREEP-Terrane, including the Chang’e-5 unit. This 
indicates mare volcanism was still active at that time and an additional heat 
source or mechanism may be needed compared to older basalts. Young 
mare samples from Chang’e-5 and other potential sites are needed to 
constrain the late lunar thermal and volcanic history.

The young mare basalts are the products of recent lunar volcan-
ism, with low to intermediate titanium (>4%) and high iron abun-
dance (>20%)1. They are mainly distributed in the centre of the 
Procellarum-KREEP-Terrane2 (PKT, Fig. 1a), where volcanic activity 
may be extended by elevated heat-producing elements and volcanism 
was active until 1.2 Ga (billion years ago)3.

To understand the nature and evolution of young lunar volcanic 
rocks, determining their mineralogy and chronology is crucial. The 
young basalts were first proposed to be rich in iron-bearing glass or 
olivine on the basis of telescopic observation of their strong and broad 
1 μm spectral feature4. Subsequent orbital data1,5–7 confirmed the broad 
1 μm and the weak 2 μm spectral absorptions of these western-nearside 
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mission of China11, collected 1,731 g of lunar samples from northern 
Oceanus Procellarum at 51.92 °W, 43.06 °N (Fig. 1a). CE-5 landed on 
an Eratosthenian-aged mare unit, named Em4 (ref. 12)(the fourth 
Eratosthenian-aged mare unit in the region; Extended Data Fig. 1c,d), 
with a Pb–Pb isochron age of 2.0 Ga13,14. Both the CE-3 and CE-5 sites are 
located in the young mare basalts, providing an opportunity to study 
the young lunar volcanism.

The CE-3 Yutu rover carried a visible and near-infrared imaging 
spectrometer (VNIS) (450–2,400 nm) and an active particle-induced 
X-ray spectrometer (APXS)15; the CE-5 lander carried a lunar mineral-
ogical spectrometer (LMS) (480–3,200 nm)11. The CE-3 VNIS and APXS 
and CE-5 LMS in situ data (Fig. 1b,c) together with the CE-5 samples 
can be used as solid ground truth for calibrating the orbital measure-
ments of the young basalts. The laboratory Raman spectroscopy, 

young basalts. This asymmetric 1 μm feature was interpreted to be 
due to olivine enrichment1,5–7, which is roughly 50 ± 10% by volume as 
determined by Clementine multispectral data8. In addition, the olivine 
abundance of these young units varies stratigraphically, with younger 
flows tending to have higher abundances5,6. The mare basalts around 
Lichtenberg crater (Fig. 1a) have the strongest olivine signatures6, 
decreasing progressively to the older southern units.

These young basalts have not been visited by previous missions9. 
Thus, our understanding relied solely on remote sensing techniques1,4–7, 
which lack ground truth verification. Recently, young basalts were 
first investigated in situ by Chang’e-3 (CE-3) in 2013, and then sam-
pled by Chang’e-5 (CE-5) in 2020. CE-3, with the Yutu rover, landed 
at 19.51 °W, 44.12 °N in northwestern Mare Imbrium (Fig. 1a) on an 
Eratosthenian-aged mare unit10. CE-5, the first lunar sample-return 
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Fig. 1 | In situ investigation locations of the CE-3 and CE-5 missions.  
a, Locations of the CE-3 and CE-5 landing sites (yellow triangles). The white lines 
indicate the boundary of the young mare basalts (U1 to U30). The basemap 
is a LROC WAC image (NASA/GSFC/ASU). b, Locations of each CE-5 LMS 
measurement (D08, D09, D10, D11, D12, D14, D15, D16, D17). The coordinates are 

relative to the centre of LMS. The basemap is LMS all views scan mode data at 
900 nm. c, Locations of each CE-3 VNIS and APXS measurement (D05, D06, D07, 
D08; blue crosses). The red path represents the rover moving path and the yellow 
crosses represent the stopping sites. The basemap is a landing camera image. The 
red names in each panel identify the main features of the area. Scale bar, 10 m.
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energy dispersive spectrometer (EDS) analysis and electron probe 
measurements were thus used to analyse the mineral abundance and 
composition of the CE-5 samples.

To constrain the mineralogy and chronology of the young mare 
basalts on the Moon, the lookup table technique16 was further used 
to unmix the spectra obtained by the Moon Mineralogical Mapper 
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summarized in Supplementary Table 1. d, Pyroxene type of the CE-5 regolith 
based on electron probe analysis. e, Olivine type of the CE-5 regolith based on 
electron probe analysis.
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(M3) (430–3,000 nm)17 on the basis of the ground truth from CE-3 and 
CE-5. In addition, the lunar chronology function has been calibrated 
by the CE-5 basalt age (2.0 Ga)13,14 in the less constrained range of the 
function between 1.0 and 3.0 Ga18,19. The new chronology function is a 
significant step in updating the ages of the young basalts because all 
of their ages are within 1.0–3.0 Ga3. The geological boundaries of the 
young basalts were delineated on the basis of Lunar Reconnaissance 
Orbiter Camera (LROC) Wide Angle Camera (WAC) albedo and Clem-
entine ultraviolet-visible light (UV-vis) false colour maps (Fig. 1 and 
Extended Data Fig. 1a,b) and labelled from U1 to U30. Using the new 
chronology function, the crater size-frequency distribution (CSFD) 
measurements were used to obtain the model ages of all 30 mapped 
young mare units. Together, the mineralogy and chronology of the 
young basalts provides important implications for the petrology and 
evolution of the young lunar volcanism.

Results
CE-5 sample mineralogy
The mineralogy of 4,830 particles with size smaller than 45 μm from 
the CE-5 scooped sample CE5C0400 was first determined by Raman 
spectral analysis on the basis of the characteristic peaks of typical 
lunar minerals (Supplementary Data 2). Then, the modal abundance 
of key minerals was estimated on the basis of their spherical equiva-
lent volume: pyroxene (42.8%), plagioclase (33.2%), olivine (13.1%), 

Fe-Ti oxide (5.2%, mainly ilmenite), glass (3.4%) and minor phases (for 
example, quartz and apatite; roughly 2.3%) (Fig. 2a). For larger particles 
(50–300 μm, 612 grains), the TESCAN Integrated Mineral Analyzer 
(TIMA) EDS analysis was used to determine their mineralogy. Additional 
phases were distinguished by this method, including augite, pigeonite, 
glass, plagioclase, olivine, quartz, K-glass, K-feldspar and so on, but 
no orthopyroxene was found. Mineral abundances by area are shown 
in Fig. 2b: pyroxene (34.7%), glass (25.7%), plagioclase (21.9%), olivine 
(9.9%), ilmenite (4.9%) and minor phases (2.9%).

In addition, the mineralogy of the CE-5 samples from other studies 
were summarized together (Supplementary Table 1)13,20,21. Combining 
the results from all studies yields an olivine abundance of 8.5 ± 2.6% 
(Fig. 2c), far smaller than previously reported of the young basalts5,8. 
Combining the datasets from multiple techniques and variable frac-
tions for samples helps address the issue of heterogeneity and repre-
sentative sampling when working with small masses.

The mineral composition of pyroxene (164 grains) and olivine (47 
grains) for CE5C0400 was determined by an electron microprobe ana-
lyser (EMPA). Augite is the dominant pyroxene type (76.8%), followed 
by pigeonite (23.2%), and no orthopyroxene was found (Fig. 2c). The 
average composition of pyroxene is Wo30.5En25.2Fs44.3. Our pyroxene 
composition matches well with the results of other aliquots of CE-5 
samples (grey and black diamonds, Fig. 2d)13,20. The Fo value of olivine 
is between 0 and 60 (mean Fo, 31.9; Fig. 2e). Most of the olivines (74.5%) 
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are iron-rich with Fo smaller than 50, in contrast to the previously 
reported numbers (Fo > 50) by remote sensing5,20,22.

CE-3 VNIS and CE-5 LMS mineralogy
CE-5 LMS acquired 11 spectra around the lander in all-band detection 
mode (Fig. 1b), and eight of them were used. All seven measurements 
of the regolith show a deep and broad 1 μm and a weak 2 μm absorp-
tion (Fig. 3b), consistent with spectral features5–7 of the young basalts 
observed by M3. The band I centre wavelength is slightly shorter than 
1 μm for CE5-D08, CE5-D10 and CE5-D17, and slightly longer than 
1 μm for CE5-D09, CE5-D14, CE5-D15 and CE5-D16. The broad 1 μm 
band was previously interpreted to be due to abundant olivine1,4–8. 
However, the laboratory results of the CE-5 samples show that the 
olivine abundance is lower than 10% at the CE-5 site (Fig. 2c). There-
fore, the broad 1 μm feature is more likely to be due to the special 
composition of pyroxene (Fig. 2d). Clinopyroxene has two spectral 
types, that is, type A and type B23. Type B clinopyroxene has both a 
narrow symmetrical band I and a broad band II caused by Fe2+ in the 
M2 site; type A clinopyroxene only has a complex band I near 1 μm 
caused by Fe2+ in the M1 site23. Type A clinopyroxene tends to have 
higher calcium content24 (Fig. 3c). Of the pyroxene investigated by 
EMPA, 56.7% has Wo >30, which belongs to an intermediate type 
closer to type A and could explain the observed relatively broad 1 μm 
and weak 2 μm absorptions. In addition, the ideal site allocation of 
cations at T, M1 and M2 were calculated on the basis of EMPA data25; 
according to which, 49.2% of Fe2+ is sited at the M1 site, supporting 
an intermediate spectral nature.

The LMS spectral measurement on Shigandang Rock (CE5-D11) has 
a deep and broad 1 μm absorption and a weak 2 μm absorption (Fig. 3b), 
similar to the regolith measurements but with deeper absorptions. The 
Shigandang Rock is likely to represent the bedrock and the surrounding 
regolith is the products of its comminution.

The CE-3 VNIS acquired four spectra during the Yutu rover traverse 
(Fig. 1c). All of them have a broad 1 μm absorption and a weak 2 μm 
absorption, similar to CE-5, including CE-3-D06 and CE-3-D08 that were 
proposed to contain mainly olivine26. However, on the basis of APXS 
data using mixture modelling of the chemical composition27, the CE-3 
site has an olivine abundance of only 13.8 ± 5.7% with augite, pigeonite 
and ilmenite abundance of 35.0, 16.5 and 8.2 wt%, respectively.

M3 mineralogy
The olivine abundance in the two locations of the young basalts, the 
CE-3 (13.8 ± 5.7%) and CE-5 (8.5 ± 2.6%) sites, deviates significantly from 
previous studies (50 ± 10%)1,4–8, which calls into question the miner-
alogy of other locations. Some previous studies focus only on the 
band I absorption, which makes spectral descriptions incomplete5,6. 
Furthermore, the young mare basalts may be more evolved than all 
previous mare samples, on the basis of the analysis of CE-3 (Mg# of 38) 
and CE-5 (Mg# of 34) samples with abnormally low Mg# 13,21,27. These 
factors suggest that previous interpretations of the mineralogy of 
young basalts based on remote sensing alone may be inaccurate. To 
address these issues and extend our research laterally, we used the 
lookup table technique following the routine of Sun et al.16, which can 
be applied to variable Mg# . values. For Em4 and the other young mare 
units, the bulk mineralogy of 200 and 1,741 small fresh craters was cal-
culated from thermally corrected M3 spectra28 and then interpolated 
using the Kriging method to produce mineral distribution maps (Fig. 4 
and Extended Data Fig. 2). The band I and II centre positions were also 
computed because they are sensitive to the key minerals of interest 
(Fig. 4a,d and Extended Data Fig. 2a,d).

The Em4 unit on which CE-5 landed (U2; Extended Data Fig. 1a,b) 
has average band I and II centre positions at 996 and 2,066 nm based 
on M3 data, respectively. Both the M3 band I and II centre positions are 
close to the in situ LMS measurements (Fig. 3b), indicating the CE-5 
in situ spectra could be representative of the entire unit.

The CE-5 site has M3 mineral abundances of high-Ca pyroxene 
(28 ± 1.0%), low-Ca pyroxene (10 ± 1.1%), olivine (10 ± 0.8%) and plagio-
clase (53 ± 2.7%). This reinterpreted olivine abundance agrees well with 
olivine abundances of the samples (8.5 ± 2.6%). The consistent results 
indicate that the lookup table technique is reliable and strengthens 
the interpretation that olivine is not as abundant as previously inter-
preted1,4–7. There are some internal mineralogical variations inside 
Em4. The southeast corner of Em4 has shorter band I and band II centre 
wavelengths, lower olivine and plagioclase abundances, but higher 
low-Ca pyroxene abundance (Fig. 4a–c and Extended Data Fig. 2a–c). 
We interpret the difference in mineralogy in the southeast corner of 
Em4 to be due to an independent younger eruption29. Rima Sharp, 
whose source is to the north in Sinus Roris, erupted first at 2.0 Ga13,14 
and its lava covered the current Em4 area. Rima Mairan erupted later 
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at 1.4 Ga29. Lavas from Rima Mairan are deposited in the southeast of 
Em4 with slightly lower olivine abundance.

Overall, the entire area of young basalts has average band I and 
II centre positions at 1,001 and 2,035 nm (Fig. 4d and Extended Data 
Fig. 2d), respectively. The average mineral abundances are high-Ca 
pyroxene (25 ± 1.0%), low-Ca pyroxene (19 ± 1.1%), olivine (6 ± 0.8%) 
and plagioclase (50 ± 2.7%). The mineralogy of Em4, where CE-5 landed, 
and the other young basalts are shown in Extended Data Fig. 3. For both 
Em4 and the other young basalts, the olivine abundance is mostly less 
than around 10%, and high-Ca pyroxene is more abundant than low-Ca 
pyroxene. The young mare basalts cover a broader compositional area 
than Em4 (Extended Data Fig. 3), suggesting the presence of some 
diversity of basalts.

Age of the young mare basalts
The model age of all 30 young mare units was obtained through CSFD 
measurements with craters counted using an automatic method 
followed by careful manual checking30. The new lunar chronology 

function calibrated by the CE-5 basalts18 was used to derive the age 
of each unit. A map of the model age of the young mare basalts was 
then produced (Fig. 5).

For the young mare unit on which CE-5 landed (Em4 or U2), the 
model age is 1.95+0.14−0.13 Ga, consistent with the isotopic ages of the sam-
ples (1,963 ± 57 Ma, 13; 2,030 ± 4 Ma, 14). The unit on which CE-3 (U28) 
landed has an age of 1.40+0.15

−0.14 Ga, younger than CE-5, both representing 
the deposits of the young Eratosthenian-aged mare volcanism.

Most of the young basalts have model ages older than 1.8 Ga (64.8% 
by area), including U1, U2, U4, U5, U6, U7, U8, U9, U10, U12, U15, U16, 
U20, U21, U22, U25, U27, U29 and U30 (Supplementary Table 2). U3 is 
the youngest mare unit (1.47+0.18−0.16 Ga) in northern Oceanus Procellarum, 
between the Aristarchus Plateau and Lichtenberg crater (Fig. 5). The 
mare basalts (U24, 1.36+0.18−0.16 Ga; U26, 1.46+0.072−0.068 Ga; U28, 1.40+0.15

−0.14 Ga) in 
northwestern Mare Imbrium are the youngest in the basin. The young-
est unit among all young basalts in the PKT is located to the northeast 
of Kepler crater, with an age of 1.19+0.18−0.16 Ga (U17). U10, on the south of 
Aristarchus Plateau (P60 in3), was previously thought to be the 
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Fig. 6 | Age and composition of mare basalts in the PKT. a, Model ages of mare 
basalts in PKT. The age of young basalts was determined in this study. The age of 
other basalts was determined by Hiesinger et al.3. b,c, The relation between TiO2 
(a) and olivine (b) abundances and the age of young mare basalts (blue points, 
CE-3 and CE-5 basalts are highlighted by red colour), if excluded U8, U9, U12, U16, 

U29 and U30 (grey points). The centre of each point in the y direction represents 
the mean value of composition in terms of area, and error bars represent the s.d.; 
the centre of each point in the x direction represents the age and uncertainties 
from CSFD measurements. d, Relative eruption flux of the mare volcanism in PKT.

http://www.nature.com/natureastronomy


Nature Astronomy

Article https://doi.org/10.1038/s41550-022-01862-1

youngest mare unit on the Moon. However, our results show that U10 
has an age of 1.89+0.34−0.29 Ga, older than a previous estimation (1.2+0.32−0.35 Ga3) 
and more consistent with the average age (2.03+0.36−0.32  Ga) proposed 
recently by Stadermann et al.31.

Discussion
Underrepresented evolved young volcanism
The composition of Apollo32,33, CE-3 (ref. 27) and CE-5 (refs.13, 20, 21) 
basalts were summarized together (Extended Data Fig. 4). The CE-3 
site has a CSFD model age of roughly 1.4 Ga. APXS data27 shows that 
the CE-3 basalt is a low-TiO2 (5.0%), low-Al2O3 (9.7%), low-K2O (0.11%) 
mare basalt, with a low Mg# of 38. Olivine (13.8 ± 5.7%) and pyroxene 
(51.9 ± 2.1%) are two major mafic minerals within the CE-3 basalts. The 
CE-5 site has an isotopic age of 2.0 Ga13,14. According to the returned 
samples, the CE-5 basalt is a low to intermediate-TiO2 (5.0%), low-Al2O3 
(10.8%), low-K2O (0.19%) basalt21, with a low Mg# of 34. Olivine (8.5%) 
and pyroxene (40.1%) are two major mafic minerals (Fig. 2c).

The CE-3 and CE-5 sites are both located within the PKT, with simi-
lar age and composition. The pyroxene compositions from the CE-3 
(ref. 27) and CE-5 (Fig. 2d) are also similar to each other. In addition, 
Apollo 12032,366-18 shares similarities with the CE-3 and CE-5 basalts. 
It is a type of low-TiO2 (4.2%), high-Al2O3 (11.7%) and high-K2O (0.25%) 
basalt, with a low Mg# of 40 (ref. 33). Apollo 12032,366-18 is thought to 
be delivered to the Apollo 12 site from northwestern Oceanus Procel-
larum, probably from a young mare region33. Plotting major element 
contents together clearly shows that the CE-3, CE-5 and 12032,366-18 
basalts are comparable to each other, and probably represent a type 
of basalt underrepresented in the Apollo catalogue. This underrepre-
sented young basalt is enriched in Fe and depleted in Mg, with low Mg#, 
suggesting that they are the products of highly evolved volcanism21.

Young mare basalts in the PKT
The reinterpretation of young basalt mineralogy based on the CE-3 and 
CE-5 ground truth and the update of their ages using the new chronol-
ogy function18 have provided new insights into the nature of young 
mare volcanism in the PKT.

We found that the olivine abundance of the young basalts (<10%) is 
significantly less than previously suggested5,6 (Fig. 4c), supported by the 
recent lunar mineral maps based on Kaguya Multiband Imager data34. 
The broad 1 μm and weak 2 μm spectral features of the young basalts are 
likely to be due to the high-Ca clinopyroxene close to type A instead of 
abundant olivine, when abundant Fe2+ is sited at the M1 crystallographic 
site. The high abundance of olivine had been misinterpreted before 
for basaltic meteorites due to the presence of type A clinopyroxene35.

The young basalts in Oceanus Procellarum and Mare Imbrium are 
slightly distinctive (Fig. 4 and Extended Data Fig. 2). The band I and II 
centre wavelengths of the young basalts in Oceanus Procellarum are 
longer than Mare Imbrium, and Oceanus Procellarum has a higher oli-
vine but lower high-Ca pyroxene and low-Ca pyroxene abundances than 
Mare Imbrium (Fig. 4 and Extended Data Fig. 2), probably suggesting 
different eruption processes.

A map of model ages of all mare basalts in the PKT (Fig. 6a) was 
produced by combining the ages of the young basalts from this study 
and other basalts from Hiesinger et al.3. Most of the young basalts are 
located in the area surrounding the Aristarchus Plateau. The relative 
eruption flux was estimated according to the area of the basalts and 
their ages (Fig. 6d). In the PKT, the eruption flux decreased signifi-
cantly after 3.5 Ga, reaching the lowest point around 2.5 Ga, before 
the second peak at around 2.0 Ga. Mare basalts with ages of around 
2.0 Ga are widespread in the centre of the PKT (greenish polygon,  
Fig. 5) with an area of more than 330,000 km2, including U2 where CE-5 
landed. It indicates mare volcanism is still active at 2.0 Ga in the PKT and 
an additional heat source or mechanism may be needed at that time. 
The returned CE-5 basalts are providing crucial information to reveal 
potential heat source or mechanism.

When considering the composition and ages of the young basalts 
together (Fig. 6b,c), the younger basalts tend to have higher abundance 
of TiO2, if U8, U9, U12, U16, U29 and U30 are excluded (grey points, 
Fig. 6b,c). The all these six units are older than 2.2 Ga and occur at 
the margins of the young basalts. We interpret this to mean that two 
different sources existed in the PKT: one is the source for lavas of the 
young basalts, with increasing TiO2 abundance with time, and includes 
the CE-5 basalts; the second basalt source region is not on this trend. A 
similar distinction was observed by Kato et al.36.

Young basalts, widespread in the PKT, are very high priority explo-
ration and sampling targets because of their scientific significance for 
understanding late lunar thermal evolution9. However, CE-5 has 
returned 1,731 g of young basalts, more samples are required to better 
understand their generation, ascent and eruption of the entire popula-
tion of young basalts. Two distinct young mare regions were identified 
within the PKT, that is, the basalts between Lichtenberg crater and the 
Aristarchus Plateau (U3) and those to the northeast of Kepler crater 
(U17). U3 has the highest TiO2 (11 ± 1%) and olivine abundances 
(13 ± 0.8%, Fig. 4f). U17 has the youngest age (1.19+0.18−0.16 Ga) among mare 
basalts on the Moon. Both units should be listed as high priority 
sample-return targets for future explorations.

Methods
Mineralogy of the CE-5 sample CE5C0400
The CE-5 sample CE5C0400 (YJFM00403), weighing 200 mg, was 
used to determine the mineral abundance and composition at the 
CE-5 landing site. More information on this sample is described in the 
Lunar Sample Information Database (https://moon.bao.ac.cn/moon-
SampleMode/index.html).

The lunar soil particles were analysed at the State Key Labora-
tory of Biogeology and Environmental Geology, China University of 
Geosciences, Wuhan, using the WITec α300R confocal Raman system 
equipped with the ParticleScout automated analysis tool. Small ali-
quots of the sample were dispersed on a carefully cleaned glass slide 
with ultrapure water and dried on a hot plate at 60 °C. Large area image 
stitching and focus stacking were performed with ×20 (numerical 
aperture (NA) of 0.50) or ×50 (NA 0.80) dark field objectives. Particles 
were automatically recognized from the images obtained on the basis 
of their brightness, which allows the reconstruction of particle distri-
bution maps. For Raman analysis, particles with grain sizes between 
1 and 45 µm and solidity greater than 0.85 were selected to exclude 
aggregates of multiple grains. Automatic focusing was applied dur-
ing the Raman analysis of each particle to obtain a spectrum with the 
highest signal to noise ratio (SNR). A 532 nm laser was used with output 
laser power maintained between 3 and 5 mW. The integration time was 
set between 2 and 5 s with five to eight accumulations to obtain spectra 
with a fair SNR. Among the 12,404 analysed particles, 4,830 grains were 
identified using a customized spectral database of CE-5 minerals and 
then manually validated (Supplementary Data 2). The documented 
mineral phases include pyroxene, plagioclase, olivine, Fe oxides and 
minor or trace phases (for example, phosphate and quartz) (Fig. 2a). 
Modal abundances of these phases were calculated on the basis of the 
sum of the spherical equivalent volume (VSE = π × (dCE

3/6), where dCE 
refers to the circular equivalent diameter of the particles.

In addition, 612 larger grains were randomly picked, and their 
particle sizes were between 50 and 300 μm. The TIMA (3XGHM) system 
at the State Key Laboratory of Continental Dynamics, Northwest Uni-
versity, China, has obtained quantitative mineral abundances of these 
larger grains. The TIMA system comprises a TESCAN MIRA3 Schottky 
field emission scanning electron microscopy and nine detectors, 
including four high flux EDS detectors (EDAX Element 30) arranged 
at 90° intervals around the chamber. In this study, the dot mapping 
analysis mode has been used with X-ray counts set to 20,000, pixel 
spacing of back scattered electron (BSE) set to 1 μm and dot spacing 
of EDS set to 3 μm. The measurements have been conducted in a high 
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vacuum environment, with an acceleration voltage of 25 kV, electric-
ity of 9 nA and a working distance of 15 mm. The electricity and BSE 
signals were calibrated by platinum Faraday cup and EDS signals by 
Mn standard. TIMA can automatically compare the measured BSE and 
EDS data of each different phase with the database and then distinguish 
their mineral phases (main phases, augite, glass, plagioclase, olivine 
and ilmenite; minor phases, quartz, K-glass, K-feldspar, apatite and so 
on) and compute mineral abundances. In total, the mineralogy of 612 
grains has been determined (Fig. 2b), including 24% crystal fragment, 
40% lithic fragment and 36% agglutinates.

The main element compositions of pyroxene and olivine were 
measured using a JEOL JXA-8230 EMPA at the State Key Laboratory 
of Geological Processes and Mineral Resources, China University of 
Geosciences, Wuhan, equipped with five wavelength-dispersive spec-
trometers. The samples were first coated with a thin conductive carbon 
film before analysis. Mineral analyses were conducted by using 15 kV 
accelerating voltage, 20 nA focused beam (1 μm diameter). The follow-
ing standards were used with the ZAF (stopping power, back-scattering 
factor and X-ray production power, absorption and fluorescence) 
matrix correction: jadeite (Na), olivine (Si), diopside (Ca, Mg), sanidine 
(K), rutile (Ti), almandine garnet (Fe, Al), rhodonite (Mn), durango (F) 
and chromium oxide (Cr). The peak counting time was 10 s for Na, Mg, 
Al, Si, K, Ca, Fe, Cr and 20 s for Mn, Ti. The analysis uncertainty is better 
than 1% when the content of major elements is greater than 5%, and bet-
ter than 5% when the content of major elements is 1–5%. The detection 
limit of Na, Si, Mg, Al, K, Mn, P, Ca, Ti, Fe and Cr are 103, 170, 106, 148, 
75, 146, 118, 87, 233, 163 and 170 ppm, respectively.

In total, the compositions of 164 pyroxene grains and 47 olivine 
grains were measured from mineral and lithic fragments (Fig. 2de). Wo 
(100 × molar Ca/(Mg + Fe + Ca)), En (100 × molar Mg/(Mg + Fe + Ca)) 
and Fs (100 × molar Fe/(Mg + Fe + Ca)) numbers of pyroxene and Fo 
(100 × molar Mg/(Mg + Fe)) numbers of olivine were then determined on 
the basis of the EMPA results. The ideal site allocation of cations at T, M1 
and M2 were calculated following the steps of Morimoto et al.25: (1) sum T 
to 2.00 using Si4+ then Al3+; (2) sum M1 to 1.00 using any excess Al3+, then 
add Ti4+, Cr3+, Ni2+, Mg2+, Fe2+ and Mn2+ until the sum is 1.00 and (3) sum 
M2 to 1.00 using any excess Mg2+, Fe2+ and Mn2+, then add Ca2+, Na+ and K+. 
If the sum of M2 is far from 1.00, then the EMPA data may be inaccurate.

Representativeness of the CE-5 samples to the Em4 unit
The CE-5 samples are interpreted to be representative of the regional 
geological unit (Em4) on which it landed, on the basis of comparing 
the compositional data obtained from orbit37,38 and from laboratorial 
analysis of the samples (TiO2, 5.0% wt%; FeO, 22.5 wt%; Th, 4.72 ppm)21. 
Measured rare earth element contents of the CE-5 samples show that 
most of the pyroxene falls along the 1:2 line on a Ti/Al diagram and both 
pyroxene and plagioclase have similar rare earth element patterns, 
indicating a single basaltic lava flow at the CE-5 site20. In addition, 
according to the investigation of impact craters adjacent to the CE-5 
site, CE-5 landed on the ejecta blanket of Xu Guangqi crater39, a crater 
that excavated down only into Em4, but not deep enough to excavate 
underlaying older basalts. Therefore, the returned CE-5 samples are 
very likely to represent the Em4 unit.

Chang’e-3 VNIS
The VNIS is one of the main scientific payloads on the Yutu rover, and 
is based on two acousto-optic tunable filters15. It consisted of a VIS/NIR 
imaging spectrometer (450–950 nm), a short-wave infrared (SWIR) 
spectrometer (900–2,400 nm) and a calibration module. The VIS/NIR 
channel has a spectral resolution of 2–7 nm, with a SNR of >31 dB and the 
SWIR channel has a spectral resolution of 3–12 nm, with a SNR of >32 dB.

In this study, the reflectance of four in situ VNIS measurements 
were used, after dark-current subtraction, correction for the effect 
of temperature, radiometric calibration, geometric calibration26, 
Sun–Moon distance correction and converting to reflectance40.  

The spectra obtained were then smoothed by a Savitzky–Golay filter  
(Supplementary Fig. 1), and their continuum was removed using the 
convex hull method (Fig. 3a).

The Chang’e-3 VNIS data are available through China’s Lunar 
and Planetary Data Release System (https://moon.bao.ac.cn/web/
enmanager/home).

Chang’e-5 LMS
The LMS is an acousto-optic tunable filter spectrometer onboard 
CE-5 (ref. 11). LMS has four measurement channels: visible (VIS, 480–
950 nm), NIR (900–1,450 nm), SWIR (1,400–2,300 nm) and mid-wave 
infrared (2,200–3,200 nm). In all-band detection mode, LMS can obtain 
spectral images using the VIS channel and spectra using the three infra-
red channels. The VIS channel has a spectral resolution of 2.4–9.4 nm 
with a SNR of >34 dB, and the infrared channels have a spectral resolu-
tion of 7.6–24.9 nm with a SNR of >39 dB.

In this study, eight of the 11 in situ LMS measurements (Fig. 1b and 
Supplementary Fig. 2) in the detection mode were used. For the obtained 
11 spectra, CE5-D04, CE5-D08, CE5-D09, CE5-D10, CE5-D12, CE5-D14, 
CE5-D15, CE5-D16 and CE5-D17 are from the lunar regolith; CE5-D06 and 
CE5-D11 are from Shigandang Rock (Fig. 1b). CE5-D04 and CE5-D12 were 
not used because of the splicing issues of VIS and NIR channels. CE5-D06 
was not used because this spectrum may be contaminated by the light 
reflected from the robotic arm, according to the experiment team.

We started with level 2B irradiance data, which have been 
dark-current, flat-field, temperature, radiometric and geometric cali-
brated11. The irradiance spectra have been converted to reflectance 
divided by the solar irradiance:

I
F (λi)

= πIs(λi)
∫J (λ) S (λ)dλ

where J(λ) is the solar irradiance at 1 a.u. (astronomical unit), S(λ) is 
the spectral response of the VNIS sensor. Is(λi) is the radiance at wave-
length λi.

The spectra obtained were then smoothed by a Savitzky–Golay 
filter (Supplementary Fig. 1), and their continuum was removed using 
the convex hull method (Fig. 3b).

The Chang’e-5 LMS data are available through China’s Lunar 
and Planetary Data Release System (https://moon.bao.ac.cn/web/
enmanager/home).

Chandrayaan-1 M3

The M3 is a push-broom imaging spectrometer onboard Chandrayaan-1 
(ref.17) that operated from the VIS into the NIR (0.43–3.0 μm). The 
thermally correctedoptical period 2C (OP2C) data28 have been used 
to extract the spectra of small fresh craters. This dataset has a resolu-
tion of 280 m per pixel28 and a full coverage of the young mare basalts 
within the PKT.

The spectra of 200 small fresh craters within Em4 and 1,741 small 
fresh craters within young mare region have been extracted from the M3 
data. The extracted M3 spectra were then smoothed using a Savitzky–
Golay filter, and their continuum was removed using the convex hull 
method before further analysis, the same method as used for the VNIS 
and LMS data. In addition, the band I and band II centre positions of each 
M3 spectra were determined by searching the local minima between 
800 and 1,300 nm, and 1,700 and 2,300 nm, respectively.

Lookup table
A lookup table technique was used to obtain the absolute mineral 
abundance of the small fresh craters within the young mare region. 
The technique is based on the synthesized spectra calculated using 
the Hapke radiative transfer model41. We follow the routine of Sun 
et al.16 which considers the variable Mg# (100 × molar Mg/(Mg + Fe)) 
of lunar surface materials. The model uncertainties are described in 
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detail by Sun et al.16. According to the sensitivity test16, the lookup table 
technique has an accuracy of 0.8% for olivine, 1.1% for low-Ca pyroxene, 
1.0% for high-Ca pyroxene and 2.7% for plagioclase. In our modelling, 
low-Ca pyroxene includes pigeonite, which belongs to clinopyroxene.

The lookup table technique set up is briefly summarized here. 
We consider four major minerals in our lookup table, with high-Ca 
pyroxene varying from 0 to 50%, low-Ca pyroxene varying from 0 to 
30% and olivine varying 0–30% at intervals of 2%, and plagioclase vary-
ing from 10 to 60% at intervals of 3%. SMFe was set between 0 and 0.05 
at intervals of 0.01, and Mg# was set between 15 and 60 at intervals of 
five to match the evolved nature of young lunar volcanism. In total, a 
spectral library of 74,970 modelled spectra was constructed.

To search the best fit spectra from the lookup table to the investi-
gated M3 spectra, the criterion used by Sun et al.16 was used here 
(CR = 0.8 × r.m.s. + 0.2 × (1 − |R|) , where the best fit spectra have the 
smallest criterion value (CR). The FeO content of the M3 spectra was 
calculated by the method of Kumar et al.42, with an optimized origin at 
(0.08, 1.18). In searching, the difference in FeO between the M3 spectra 
and the synthesized spectra was limited within 2 wt.%.

Using this method, the absolute mineral abundance of 200 small 
fresh craters within Em4 and 1,741 small fresh craters within the young 
mare region were determined. The Kriging method was used to inter-
polate the absolute mineral abundance of 200 spectra for Em4 and 
1,741 spectra for the young mare region (Fig. 4 and Extended Data  
Fig. 2), to understand the spatial distribution of key minerals in the 
young mare region.

We have chosen four examples of M3 spectra and their best fit 
synthesized spectra (Supplementary Fig. 3) for comparison and test 
the method. Em4-16 and Em4-46 represent the spectra extracted from 
Em4 with no olivine and most abundant olivine. U3-4 and U22-10 rep-
resent the spectra of the U3 and U22 units with no and most abundant 
olivine. Although the 1 μm feature is broad, it does not require the 
presence of significant olivine. The concentration of high-Ca clino-
pyroxene close to type A can also account for the broad 1 and weak 
2 μm features43. Em4-19 and Em4-46 (Supplementary Fig. 3) only have 
olivine abundances of 0 ± 0.8 and 10 ± 0.8%, respectively. However, 
both have a broad 1 μm and a weak 2 μm absorption. U3-4, between 
the Aristarchus Plateau and Lichtenberg crater (Fig. 1) with highest 
olivine abundance documented by Staid et al.5 and Zhang et al.6, has a 
distinct broad 1 μm feature (Supplementary Fig. 3c); however, it only 
contains 16 ± 0.8% olivine, far smaller than previous estimates5,6,8. 
Furthermore, U22-10, between Euler and Lambert craters (Fig. 1), has 
a 1 μm feature that is not narrow and a 2 μm feature that is deeper than 
the olivine-rich rocks (Supplementary Fig. 3d), suggesting almost no 
olivine in this unit.

CSFD measurements
The model ages of the 30 mapped young mare units were obtained 
through CSFD measurements. The geological boundaries were deline-
ated on the basis of the LROC WAC albedo and Clementine UV-vis false 
colour maps on the basis of previous works3,6,44.

Impact craters were counted using an automatic method30 based 
on Kaguya Terrain Camera data (10 m per pixel). In total, 415,099 cra-
ters larger than 280 m were identified in the young mare basalt region. 
Crater counting areas were selected for each mare unit (pink polygon, 
Extended Data Fig. 1a,b) on the basis of LROC WAC albedo and Clemen-
tine TiO2 abundance maps to avoid areas contaminated by extensive 
secondary craters or deformed by wrinkle ridges. For each crater count-
ing area, careful manual checking of the automatic counting results was 
conducted to remove those misidentified craters or secondary craters. 
After that, the final recognized craters of each unit were exported to 
Craterstats45 to derive the model ages, using the production function 
of Neukum46 and the chronology function of Yue et al.18. The new lunar 
chronology function calibrated through the age (2.0 Ga) of the CE-5 
basalts13,14,18 for the less constrained range of the function between 

1.0 and 3.0 Ga9 is significant to update the ages of the young basalts 
because all of their ages are within this range3.

Data availability
CE-3 VIS-NIR Spectrometer data and CE-5 LMS data are available from 
China’s Lunar and Planetary Data Release System (https://moon.bao.
ac.cn/ce5web/moonGisMap.search) and also the Supplementary 
Tables 1 and 2 of this paper. CE-5 sample CE5C0400 (YJFM00403) was 
obtained by application from CNSA, according to the Notice of CNSA 
on the Distribution of Procedures for Requesting Lunar Samples (http://
www.cnsa.gov.cn/english/n6465645/n6465648/c6811126/content.
html). The NASA Reflectance Experiment Lab (RELAB) data are from 
the PDS Geoscience Node Spectral Library (https://pds-geosciences.
wustl.edu/spectrallibrary/default.htm). Thermally corrected M3 data 
are from S. Li. Experiments were conducted in the State Key Laboratory 
of Geological Processes and Mineral Resources and the State Key Labo-
ratory of Biogeology and Environmental Geology, China University of 
Geosciences, Wuhan, and State Key Laboratory of Continental Dynam-
ics, Department of Geology, Northwest University.
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Extended Data Fig. 1 | Boundary of the young mare basalts. (a) Geological 
units of the young mare basalts (white lines). The pink polygon indicates the 
crater counting areas. The basemap is a LROC WAC image (NASA/GSFC/ASU). 
(b) Clementine UVVIS false color map of the young mare basalts. (c) LROC WAC 

image of northern Oceanus Procellarum (NASA/GSFC/ASU). (d) Kaguya MI color 
composite of northern Oceanus Procellarum. The yellow triangle represents the 
CE-5 landing site. The white lines denote the geological boundaries.

http://www.nature.com/natureastronomy


Nature Astronomy

Article https://doi.org/10.1038/s41550-022-01862-1

Extended Data Fig. 2 | Mineralogy of Em4 and the young mare basalts. (a-c) Band II center position, low-Ca pyroxene abundance, and plagioclase abundance of 
Em4. (d-f) Band II center position, low-Ca pyroxene abundance, and plagioclase abundance of the young mare basalts. CE-5 landed on the Em4 unit. The basemap is a 
LROC WAC image (NASA/GSFC/ASU).
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Extended Data Fig. 3 | Mineralogy of Em4 and young mare basalts. (a, b) Mineralogy of the Em4 unit. (c, d) Mineralogy of the young mare basalts. The olivine 
abundance is mostly smaller than 10% and high-Ca pyroxene is richer than low-Ca pyroxene.
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Extended Data Fig. 4 | Compositions of the Apollo and Chang’e mare basalts. CE-3, CE-5, and A-12 12032, 366-18 represent a type of underrepresented young mare 
basalt in the Apollo collections. A-11 represent Apollo 11 and so on. This figure is modified from Che et al.13.
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