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A B S T R A C T

Lunar regolith develops through continuous gardening resulting from various space weathering processes. The 
Chang’e-6 (CE-6) mission landed on the lunar farside within the geologically complex South Pole-Aitken basin 
that was modified by impact events. Soil collected from this site preserves a detailed record of lunar geological 
evolution. The fine-grained regoliths reflect extensive mechanical fragmentation and mixing, and they closely 
match the landing area’s average mineralogy. This study provides a statistical evaluation of the mineralogy, bulk 
geochemistry, and provenance of the CE-6 fine-grained soils (70,437 particles) using automated quantitative 
mineralogy and mineral chemistry analysis. The examined particles, mostly ≤30 μm in size, comprise approxi
mately 93.5 vol% of mare basalts (plagioclase: 27.5 %; glass: 32.3 %; pyroxene: 28.2 %; olivine: 0.7 %; ilmenite: 
1.9 %; Si-rich phase: 1.2 %) and approximately 6.5 vol% of exotic non-mare components. Exotic components 
consist mainly of anorthite (An ≥ 95) and pyroxene (En < 50) from ferroan anorthosite (FAN) (0.9 %; 0.3 %), 
low-Ca pyroxene (Wo ≤ 5, 1.2 %, norite), Mg-rich pyroxene (En ≥ 50, 1.3 %), equivalent plagioclase from Mg- 
suite clast (~2.5 %) and magnesian olivine from the troctolite and mantle materials (Fa ≤ 20, 0.3 %). Compared 
to Chang’e-5 basalts, the CE-6 samples show higher glass abundance and elevated Al2O3, CaO, and Mg#, but 
lower FeO levels. These differences suggest a longer history of impact gardening with more exotic non-mare 
components at the CE-6 sampling site. This study provides the first direct and statistically robust mineralog
ical evidence constraining the provenance of CE-6 soils, supporting and refining previous interpretations of lunar 
regolith evolution.

1. Introduction

Lunar soil is a long-term space weathering product of lunar rocks, 
which are constantly broken, mixed, melted, re-broken, and re- 
cemented. It is primarily composed of rock fragments, mineral grains, 
breccias, impact glass, and agglutinates (Heiken et al., 1991; Lucey, 
2006). The composition of lunar soil provides important information 
about the formation and evolution of the lunar surface, particularly in 
terms of its mineralogical and chemical signatures that can be traced to 
their provenance. Specifically, the presence of exotic materials in lunar 
soils provides critical evidence for reconstructing the lunar impact and 
geological history.

Current estimates of exotic mineralogical composition in lunar soils 
are largely based on impact ejecta and regolith overturning modeling 
(Sharpton, 2014; Su et al., 2024; Xu et al., 2021) and bulk chemical 
compositions (Zong et al., 2022), which have been widely applied to the 
Chang’e-5 (Jia et al., 2022; Qian et al., 2021) and Chang’e-6 sampling 
site (Xu et al., 2024; Zhang et al., 2025) investigations. This approach 
often lacks limited petrological and mineralogical validation from 
returned samples, which introduces potential uncertainties in estimating 
the proportion of exotic materials in lunar soils. For example, in the 
regolith sourced from within the CE-5 basalt unit (Em4/P58 unit, Hie
singer et al., 2011), numerical modeling calculations and remote- 
sensing observations indicate that approximately >10–20 % of the 

* Corresponding authors.
E-mail addresses: xueshanna@stumail.nwu.edu.cn (S. Xue), wlsong@nwu.edu.cn (W. Song), guozhuang@nwu.edu.cn (Z. Guo), yuqiqian@hku.hk (Y. Qian), hkj@ 

nwu.edu.cn (K. Huang), zhangchao@nwu.edu.cn (C. Zhang), liuqian@nwu.edu.cn (Q. Liu), wangxj@nwu.edu.cn (X. Wang), 202421988@stumail.nwu.edu.cn
(L. Qiao), 201921080@stumail.nwu.edu.cn (Q. Chen), dhzhang@nwu.edu.cn (D. Zhang), chenlh@nwu.edu.cn (L. Chen), hlyuan@nwu.edu.cn (H. Yuan), 
gczhao@icloud.com (G. Zhao). 

Contents lists available at ScienceDirect

LITHOS

journal homepage: www.elsevier.com/locate/lithos

https://doi.org/10.1016/j.lithos.2025.108265
Received 3 July 2025; Received in revised form 18 September 2025; Accepted 18 September 2025  

LITHOS 516–517 (2025) 108265 

Available online 23 September 2025 
0024-4937/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:xueshanna@stumail.nwu.edu.cn
mailto:wlsong@nwu.edu.cn
mailto:guozhuang@nwu.edu.cn
mailto:yuqiqian@hku.hk
mailto:hkj@nwu.edu.cn
mailto:hkj@nwu.edu.cn
mailto:zhangchao@nwu.edu.cn
mailto:liuqian@nwu.edu.cn
mailto:wangxj@nwu.edu.cn
mailto:201921080@stumail.nwu.edu.cn
mailto:201921080@stumail.nwu.edu.cn
mailto:dhzhang@nwu.edu.cn
mailto:chenlh@nwu.edu.cn
mailto:hlyuan@nwu.edu.cn
mailto:gczhao@icloud.com
www.sciencedirect.com/science/journal/00244937
https://www.elsevier.com/locate/lithos
https://doi.org/10.1016/j.lithos.2025.108265
https://doi.org/10.1016/j.lithos.2025.108265


materials originate from outside this unit (Jia et al., 2022; Qian et al., 
2021; Xie et al., 2020). However, laboratory analyses of CE-5 samples 
revealed significantly lower proportions of exotic materials (< 5 %) 
(Chen et al., 2023; Zeng et al., 2022; Zong et al., 2022). This discrepancy 
highlights the importance of conducting direct and comprehensive 
mineralogical and statistical analyses to constrain the evolutionary 
history and accurately estimate the proportion of exotic materials in 
lunar soil.

Previous studies have demonstrated that lunar soil fractions smaller 
than <45 μm most closely resemble bulk soil composition (Cao et al., 
2022; Fischer, 1995; Pieters et al., 1993). Therefore, detailed, compre
hensive, and systematic mineralogical and geochemical work on fine- 
grained lunar soils is important for understanding the provenance of 
lunar soils and interactions between the lunar surface and the space 
environment. However, investigating and reconstructing the mineralogy 
and evolution of the underlying bedrock using fine-grained lunar soil is 
exceedingly challenging, because the soil samples are characterized by 
not only micron-scale small sizes, but also diverse mineral assemblages, 
textures, and compositions from particle to particle. Traditional 
analytical methods (e.g., SEM-EDS, EPMA, LA-ICP-MS) are highly time- 
consuming and unsuitable for high-throughput statistical analysis of 
hundreds of thousands of particles in lunar soils. The automated 
mineralogy systems, which have been widely used in optimizing process 
mineralogy for ore slags and powders (e.g., Beinlich et al., 2020; Breiter 
et al., 2018; Xu et al., 2018, 2017), have been recently successfully 
applied in providing rapid, quantitative, and reliable mineralogical and 
compositional data for CE-5 lunar soils (Chen et al., 2024).

The CE-6 mission successfully returned 1935.3 g of samples for the 
first time from the farside of the Moon, in the deepest and oldest basin 
(SPA) on the Moon (Li et al., 2024). Recent research suggests that vol
canic activity on the lunar farside began before 2.8 Ga (Cui et al., 2024; 
Zhang et al., 2024b). The CE-6 landing site had a complex impact his
tory, with the collected lunar soils coming from a mix of materials 
(Melosh et al., 2017; Potter et al., 2018; Yue et al., 2024). Impact 
gardening process models suggest that the CE-6 lunar soil sampled from 
the top ~1 m deep layer mainly comprises intermediate-Ti basalts and a 
minor fraction of exotic materials (~9.3 %) derived from the sur
rounding impact crater (e.g., Chaffee S, Vavilov, Crookes, and Das) (Su 
et al., 2024; Xu et al., 2024). These models further suggest that the CE-6 
lunar soil contains 6.1 % SPA basin materials and 0.6 % highland feld
spathic materials, likely representing components from the mantle and 
crust, respectively (Zhang et al., 2025). However, direct mineralogical 
and geochemical evidence from returned CE-6 samples to support these 
models is limited.

To accurately constrain the provenance of the CE-6 landing site using 
lunar soil samples, the automated quantitative mineralogy (TESCAN 
integrated mineral analyzer, TIMA) in combination with EPMA and LA- 
ICPMS were used to analyze and quantitatively characterize the 
morphology, mineralogy, and bulk chemical composition of CE-6 fine- 
grained lunar soil. The results provide direct, statistically significant 
mineralogical evidence regarding the abundance and composition of 
mare basalts and exotic non-mare components in the CE-6 sample. These 
findings offer an ideal reference framework for understanding the 
provenance of the CE-6 landing site and contribute to broader in
terpretations of lunar geological evolution.

2. Sample and methods

This study used the scooped CE-6 lunar soil samples 
(CE6C0500YJFM), which were provided by the China National Space 
Administration. The soil particles were first dispersed and attached to 
the tape at the bottom of the mold, ensuring the formation of a single 
layer. Resin gel was injected, immersing all the particles. The resin cured 
quickly, and all the particles remained in contact with the surface of the 
resin. The mounts were polished and coated with carbon before analysis.

2.1. Automated quantitative mineralogy

The automated mineralogy investigation was conducted using a 
TESCAN Integrated Mineral Analyzer (TIMA) system at the State Key 
Laboratory of Continental Evolution and Early Life, Department of Ge
ology, Northwest University, China. The system comprises a TESCAN 
MIRA-3 scanning electron microscopy (SEM) equipped with four EDAX 
Element 30 Energy Dispersive X-Ray Spectrum (EDS) detectors, 
combining advanced computer graphics and statistical techniques, and 
assisted by continuously updated professional mineral processing soft
ware. The system is designed to automatically identify and quantify 
minerals based on the combination of backscattered electron (BSE) 
signal intensity and characteristic X-rays generated during the electron 
beam-sample interaction, with high resolution ranging from microns to 
sub-microns.

The TIMA high-resolution mapping X-ray scanning acquisition mode 
with a BSE pixel and EDS spacing of 2 μm was used to obtain high- 
quality elemental compositional data for individual mineral grains, 
which serves as the basis for precise mineral classification. This mode 
features data processing capabilities that enable access to EDS compo
sition and spectra, enabling systematic characterization of chemical 
variability within entire specific mineral populations, allowing for 
further subdivision of the category. The BSE image and EDS signal are 
obtained simultaneously across a predefined grid, point by point, for the 
set pixel area. Each EDS measurement point collects 20,000 X-ray counts 
to obtain high-quality compositional data, with full coverage of the 
analyzed area to identify all mineral phases comprehensively. Using a 
built-in automation program, the beam and BSE signal strengths are 
calibrated on the Faraday cup and platinum standards (Hrstka et al., 
2018). The measurements were conducted at a beam current of 9 nA, an 
acceleration voltage of 25 kV, and a working distance of 15 mm. For 
more methodological details, refer to Chen et al., 2024.

A total of 100,419 lunar soil particles were analyzed within 40 h, of 
which 29,982 particles were < 2 μm. Due to the relatively large electron 
beam interaction volume (typically 2–3 μm), which can produce the 
mixed spectral signals from adjacent phases in fine-grained minerals 
(Graham and Keulen, 2019), particles below 2 μm size threshold were 
excluded from quantitative mineralogical analysis to ensure spectral 
reliability. Therefore, 70,437 lunar soil particles larger than 2 μm were 
selected for quantitative studies. For each identified phase, the average 
chemical composition was determined by summarizing multiple mea
surement points using the TIMA “Spectrum tool”. These computed 
chemical compositions and their corresponding EDS spectra served as 
reference components to define each mineral phase. The identification 
and classification were further validated by EPMA analysis, which 
confirmed consistency with the TIMA EDS elemental spectral lines and 
compositions. Based on well-documented differences in mineral chem
istries among various lunar rock types (e.g., Heiken et al., 1991), clas
sification rules for mare basaltic and exotic non-mare components were 
established within the TIMA system (Table S1, see Supplementary Text 
S1 for details). These rules are based on the peak intensities of each 
elemental line acquired from the tested spectrum. The ranges for the 
selected rules of a certain mineral are based on its spectral signature 
with an adjustable confidence value. The TIMA software (version 
2.11.0) filtered and matched all analyzed minerals against a mineral 
library previously established for CE-5 samples (Chen et al., 2024), 
classifying and quantifying particles whose compositions fell within the 
defined ranges. The TIMA software enabled the systematic determina
tion of mineralogical classification, modal abundance, chemical 
composition, and particle size for the CE-6 lunar soil particles, ulti
mately yielding the provenance proportions of the fine-grained fraction.

2.2. Major component analysis

Major element compositions of plagioclase, pyroxene, olivine, and 
ilmenite in CE-6 lunar soils (Table S2) were analyzed using a JEOL JXA- 
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IPH200F field-emission electron probe microanalyzer at the State Key 
Laboratory of Continental Evolution and Early Life, Northwest Univer
sity, China. Point analyses were performed on all the mineral grains 
using an accelerating voltage of 15 kV. To optimize analytical precision 
and minimize volatilization, beam conditions were tailored for each 
mineral: Plagioclase was analyzed using a 2-μm-diameter electron beam 
with a 10-nA current. Olivine and pyroxene were analyzed using a 1 μm 
diameter electron beam with 15 nA. Ilmenite was analyzed using an 
electron beam with a diameter of 1 μm and a current of 20 nA. The 
background counting time was set to 1/2 of the peak counting time, 
measured on both high- and low-energy background positions. The 
following well-characterized reference materials were used for 
elemental concentration calibration: Plagioclase: Orthoclase (K), Rutile 
(Ti), Albite (Si, Na), Olivine (Mg), Diopside (Ca), Almandine (Fe), 
Rhodonite (Mn), Albite (Na), Pyrope (Al); Pyroxene and Olivine: Diop
side (Ca), Rutile (Ti), Olivine (Si, Mg), NiO (Ni), Cr3O2 (Cr), Almandine 
(Fe), Rhodonite (Mn), Pyrope (Al); Ilmenite: Rutile (Ti), Orthoclase (K), 
Diopside (Ca), Olivine (Si, Mg), Hf (Hf), Almandine (Fe), Rhodonite 
(Mn), Co (Co), Cr3O2 (Cr), V (V), NiO (Ni), Albite (Na), Pyrope (Al), Ta 
(Ta). For wavelength dispersive X-ray spectroscopy (WDS), the 
following diffraction crystals were used: TAPL (Na, Mg, Al, Si), PET (K, 
Ca), LIFH (Fe, Mn, Co, Ti), and LIFL (Cr, V, Ta). All acquired data were 
reduced and corrected using the ZAF procedure.

2.3. Trace element measurement

Trace element compositions analysis of major minerals (Table S3) 
were determined using a Thermo Scientific iCap TQ inductively coupled 
plasma mass spectrometry (Q-ICPMS) coupled with an ASI Resolution 
LR 193 nm ArF excimer laser ablation (LA) system. The LA system uti
lized helium (He) carrier gas at a flow rate of 350 mL/min, and the 0.95 
L/min flow nebulizer argon (Ar) gas, supplied by the iCap TQ, was 
introduced into the funnel to mix with He carrier prior to entering the 
ICP torch. Standards and samples were analyzed using a laser diameter 
of 9 μm, repetition rate of 8 Hz, and energy output density of 3 J/cm2. 
Each analysis cycle consisted of 3-plus surface cleanings, 7 s washout, 
15 s background, 20 s of sample ablation, and 5 s washout. USGS 
reference glasses (BCR-2G, BIR-1G, and BHVO-2G) and NIST glasses 
(SRM610 and SRM612) were analyzed as external standards. The con
tents of Si (for silicate minerals) and Fe (for ilmenite) obtained by EPMA 
were used as internal standards and corrected by Iolite 4 software (Paton 
et al., 2011).

2.4. Major element calibration for TIMA

The bulk chemical composition of the soils (Table S4) was calculated 
based on the modal abundance of constituent minerals and their average 
elemental compositions. The mineral compositions in the mineral clas
sification library for calculation can be directly obtained from the TIMA- 
collected EDS spectrum or manually input based on the relevant high- 
precision external analysis (e.g., EPMA). These external analyses are 
particularly important for minerals containing elements near or below 
the detection limit of the EDS system (Hrstka et al., 2018). As the TIMA 
software calculates bulk composition based on elemental weight per
centages (wt%), all oxide-based EPMA data were converted to their 
elemental equivalents prior to input. The conversion was performed 
using the formula: 

X = Y*
Ar*Z
Mr

(1) 

where X is elemental weight percentage (wt%); Y is oxide weight per
centage (wt%); Z is cation number; Ar is the relative atomic mass; Mr. is 
the relative molecular mass; e.g., the elemental Si weight percentage 
from SiO₂ is calculated as: Si = SiO2*(28.09/(28.09 + 15.99*2)). These 
calculated values were manually assigned to the mineral composition of 

the TIMA library, and the software integrated these values and measured 
mineral modal abundances to calculate the corresponding bulk chemical 
composition of the soil samples.

3. Results

3.1. Mineralogy of CE-6 fine-grained lunar soils

The particle size of the sample (70,437 particles) ranges from 2 to 80 
μm, with ~97.9 % ≤30 μm (n = 68,951) and ~ 0.11 % >50 μm (n = 80) 
(Fig. 1a). Quantitative mineralogical analysis (Table S5) shows that the 
minerals of CE-6 fine-grained lunar soil consists of plagioclase (31.0 vol 
%), glass (32.3 vol%), augite (20.4 vol%), pigeonite (9.4 vol%), ortho
pyroxene (1.2 vol%) and ilmenite (1.9 vol%), with small amount of 
olivine (fayalite, 0.4 vol%; forsterite, 0.6 vol%), Si-rich phases (1.2 vol 
%), troilite (0.1 vol%) and minor unidentified minerals (1.6 vol%) 
(Fig. 1b-j, Table S5), which is consistent with the reported results ob
tained by X-ray diffraction analyzer (XRD) (Sample: CE6C0000YJFM, 
plagioclase: 32.6 %, amorphous glass: 29.4 %, augite: 19.7 %, pigeonite: 
10 %, orthopyroxene: 3.6 %, olivine: 0.5 %. Li et al., 2024). The py
roxene compositions (Table S2) are variable, mostly composed of augite 
(Wo24.4En45.6Fs30 on average, n = 4) and pigeonite (Wo19.1En27.8Fs53 on 
average, n = 3, EPMA), except for a trace amount of orthopyroxene 
(Wo2.9En71.2Fs25.9 on average, n = 5, EPMA, noritic material). All py
roxenes (Table S3) analyzed by LA-ICPMS have a broad range of REE 
abundance (2.02 × CI < REE < 535 × CI; CI: abundances of CI chondrite; 
Anders and Grevesse, 1989), which is generally lower than the CE-5 
basalt (Tian et al., 2021, 2023). All three pyroxenes display LREE 
depletion (0.05× − 136× CI) and deep negative Eu anomaly charac
teristics (Table S3), aligning with the reported CE-6 pyroxenes (Shen 
et al., 2025; Yin et al., 2025). The plagioclase is largely anorthite (~85 
%), with an average composition of An96.1Ab3.7Or0.2 (n = 7, EPMA, 
Table S2). In contrast to pyroxene, plagioclase is rich in LREE (~19.23 ×
CI) relative to HREE (most of which are below the detection limits) with 
a significant negative Eu anomaly (Table S3). Moreover, the analyzed 
plagioclase exhibits high abundances of Sr (129–630 ppm) and Ba 
(11.8–82.1 ppm), with the contents of La and Sr increasing gradually as 
the An content decreases (Table S3). The clasts in the fine-grained lunar 
soils are generally composed of a pyroxene-plagioclase-ilmenite 
assemblage (Fig. 1d-j), suggesting that the CE-6 shoveled sample 
mainly comprises mare basaltic fragments. The olivine (Table S2) con
sists mainly of forsterite (Fo91–95; Fo = molar Mg/(Mg + Fe)*100) (n =
5, EPMA) and fayalite (Fo22–29) (n = 9, EPMA).

Glass is excluded from provenance assessment for the following 
reasons. The glasses can be classified as agglutinate (Fig. S1a-b) and 
homogeneous spherical glass (Fig. S1c-d). Previous studies have shown 
that the local melting of basaltic fragments most likely formed aggluti
nate glasses, which are dominated by plagioclase with high Al₂O₃ and 
low MgO contents (Fig. S1e-f) (Ding et al., 2025; Long et al., 2022; Yang 
et al., 2022). The majority of the glass analyzed from agglutinates is not 
representative of exotic sources. Although homogeneous spherical glass 
(e.g., glass beads) exhibits compositional similarities to exotic compo
nents, recent studies show that small impact beads (<100 μm) with 
significant compositional deviations may not necessarily be exotic or 
have an extremely low proportion (Wang et al., 2025b). Therefore, we 
exclude the glass from the provenance analysis. The provenance results 
shows that the CE-6 fine-grained lunar soil is composed of at least ~93.5 
vol% of mare basalts and ~ 6.5 vol% of exotic non-mare components 
(Fig. 1k, Fig. S2, Table 1), in which exotic components include plagio
clase (ferroan anorthosite, FAN: 0.9 vol%; Mg-suite clast: 2.5 vol%), 
pyroxene (FAN: 0.3 vol%; norite: 1.2 vol%; other Mg-suite rocks: 1.3 vol 
%) and magnesian olivine (dunite and troctolite: 0.3 vol%) (Refer to 
Supplementary Text S1 for detailed classification of exotic non-mare 
components). Among them, the plagioclase in the Mg-suite exhibits a 
wide range of An values, which overlaps with the range of mare basalt 
(Heiken et al., 1991). Its abundance value is estimated using a 1:1 ratio 
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of plagioclase to pyroxene in the Mg-suite (Sheng et al., 2025; Su et al., 
2025). As the particle size decreases from 80 μm to 2 μm, the abundance 
of mare basalts increases, which is characterized by that plagioclase and 
glass increases (22.8–23.8 vol%; 19.6–56.6 vol%, respectively), the 
clinopyroxene were significantly reduced (Aug: 35.5–9.3 vol%; Pgt: 
11.8–2.5 vol%) (Fig. 2, Table S6). However, the abundance of exotic 
non-mare components decreases with the decrease of particle size 
(Fig. 2, Table S6), which is demonstrated by the consistent reduction in 
the clinopyroxene population from FAN and Mg-suite clast (2.1–0.5 vol 
%), orthopyroxene from norite (2.2–1.6 vol%) and the slow decline of 

olivine from dunite and troctolite, and the slight increase of plagioclase 
from FAN (1.2–0.1 vol%).

3.2. Bulk chemical composition of CE-6 fine-grained lunar soils

The bulk chemical composition of the soils was calculated using the 
average elemental content (calibrated by EPMA) of the minerals and the 
mass fraction of the corresponding minerals in the soil particles. The 
major element composition after calibration is: SiO2 (45.24 wt%), Al2O3 
(17.60 wt%), FeO (14.15 wt%), MgO (6.63 wt%), CaO (12.72 wt%), 

Fig. 1. Particle size and mineralogic characteristics of the CE-6 fine-grained lunar soils. (a) Histogram of particle size distribution; (b-j) The BSE images of some 
represent mineral particles (b-c, plagioclase; d, augite; e, pigeonite; f, fayalite; g, forsterite; h, ilmenite; i, Si-rich phase; j, glass); (k) Mineral modal abundance (vol%) 
analyzed by TIMA and the provenance of mare basaltic and exotic non-mare components. Abbreviation: Pl, Plagioclase; Aug, augite; Pgt, pigeonite; Fa, fayalite; Fo, 
forsterite; Ilm, Ilmenite; FAN, ferroan anorthosite.
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TiO2 (2.17 wt%), Na2O (0.24 wt%), K2O (0.02 wt%), and Mg# (45.52, 
molar Mg/(Mg + Fe)*100). Compared to the reported compositions of 
CE-6 soil and basalt samples analyzed by X-ray fluorescence spectrom
etry (XRF) (Table S4, Li et al., 2024; Yin et al., 2025), the CE-6 fine- 
grained samples exhibit higher Al2O3 and CaO concentration and lower 

FeO levels, which aligns with the mineral modal abundance, indicating 
variable mineral fragmentation within fine-grained lunar soils varies, 
with a higher proportion of plagioclase and glass and a lower proportion 
of pyroxene and ilmenite. The higher Mg/Fe values represent the mixing 
of exotic non-mare components (e.g., Mg-rich pyroxene from the Mg- 

Table 1 
The mare basaltic and exotic non-mare components abundances of CE-6 fine-grained lunar soils.

Minerals vol% wt% Minerals vol% wt%

Mare basalts

Glass 32.3 31.3

Exotic non-mare components

Opx-Norite 1.2 1.2
Plagioclase 27.5 26.6 Cpx-Mg-suite 1.3 1.3

Augite 20.2 20.2 Cpx-FAN 0.3 0.3
Pigeonite 8.0 8.1 Pl-FAN 0.9 0.8
Ilmenite 1.9 3.4 Pl-Mg-suitea 2.5 2.6

Si-rich phase 1.2 1.1 Ol-Dunite and Troctolite 0.3 0.4
Fayalite 0.4 0.5

Forsterite 0.3 0.4
Others 1.7 1.8
Total 93.5 93.4 Total 6.5 6.6

FAN, ferroan anorthosite; Opx-Norite, Orthopyroxene-Norite; Cpx-Mg-suite, Clinopyroxene-Mg-suite.
a Based on the ratio 1:1 plagioclase to pyroxene in the norite and other Mg-suite (e.g., troctolite), the abundance of Pl-Mg-suite is the total of Cpx-Mg-suite and Opx- 

Norite.

Fig. 2. Size-dependent mineral abundance of mare basaltic and exotic non-mare components (vol%) from the CE-6 fine-grained soils.
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suite). In addition, the variation of bulk chemical composition varied 
significantly with the size of the fine-grained soils (Fig. S3, Table S4). 
With the decrease of particle size, the contents of Al2O3, CaO, and Mg# 

gradually increase, while the contents of FeO and TiO2 decrease.

4. Discussion

4.1. Abundance and composition of exotic non-mare components in the 
CE-6 fine-grained lunar soil

Previous studies have demonstrated that the <45 μm size fractions 
constitute over 75 % of the surface area of the lunar soil and most closely 
reflect the bulk lunar soil properties in terms of chemical composition 
and spectral signature (Cao et al., 2022; Fischer, 1995; Lucey, 2006; 

Fig. 3. (a) The EDS spectrum, compositions, and corresponding elemental signal peak intensities used for pyroxene classification in the TIMA system for the CE-6 
fine-grained lunar soils. (b) Compositional plot of pyroxenes from lunar highland (ferroan anorthosites and Mg-suite clast) and mare basalt, shown in the “pyroxene 
quadrilateral.” The CE-5 pyroxene fields were sourced from Che et al., 2021; He et al., 2022; Hu et al., 2021; Jiang et al., 2022. The pyroxene data for Apollo basalts 
are from Papike et al., 1976; Shervais et al., 1990; Vetter et al., 1988. (c) Chondrite-normalized (Anders and Grevesse, 1989) REE patterns of augite, pigeonite and 
Opx in CE-6 samples. CE-5 pyroxene REE profiles were established based on the data from Tian et al., 2021.
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Pieters et al., 1993). These fractions have experienced long-term surface 
modifications, providing important constraints on the provenance and 
evolution of lunar soils. The exotic materials from distant and litho
logically distinct terrains in lunar samples are crucial to elucidate the 
magmatic, impact, and weathering characteristics of lunar soil at the 
landing site (Melosh et al., 2017).

The findings indicate that the fine-grained lunar soil of CE-6 contains 
at least ~6.5 % exotic non-mare components (Fig. 1k, Fig. S2, Table 1), 
including pyroxene, plagioclase, and olivine from non-mare units. These 
three minerals are the most abundant in the lunar crust and mantle 
rocks, and their compositions vary significantly between rock types. 
Compared to the compositional variation field of CE-5 pyroxene (Tian 
et al., 2021, 2023), it revealed that there are three main types of py
roxenes in the exotic non-mare components (Fig. 3a, b, Table 1), namely 
Mg-rich clinopyroxene, low-Ca pyroxene (pigeonite and orthopyrox
ene). Among them, orthopyroxene (Opx, 1.2 %) with higher Mg# 

generally appears in the norite, Mg-rich clinopyroxene (1.3 %) is more 
likely from Mg-suite clasts (e.g., troctolite), and low-Ca pigeonite (0.3 
%) is the second most abundant mineral in the FAN (Heiken et al., 1991; 
Li et al., 2024). The pyroxene REE pattern of CE-6 and CE-5 also in
dicates the presence of pyroxenes from distal terrain in the CE-6 landing 
site (Fig. 3c, Table S3). The above three pyroxenes from the non-mare 
have a similar composition to the CE-6 pyroxene analyzed by Shen 
et al. (2025) and Yin et al. (2025). The An (Ca/(Ca + Na + K)*100, 
molar percent) of plagioclase varies across different rock types (FAN: 
≥95; all types of mare basalt: 72–95 and Mg-suite rocks: 75–98), sug
gesting that plagioclase fragments in lunar soil can be used to trace the 
sourced rock types (Cui et al., 2024; Heiken et al., 1991; Papike et al., 
1982, 1997; Simon et al., 1982; Wang et al., 2025a; Zhang et al., 2024a). 
It should be noted that the Chang’e-6 mission collected samples from the 

regions near the boundary of intermediate-Ti basalt and low-Ti basalt 
units (interpreted by remote sensing spectral data and corresponding to 
the ‘low-Ti’ and ‘very low-Ti’ in the geochemical data of the CE-6 
sample, respectively), and a clast of high-Al basalt from the nearby 
lunar cryptomaria region has also been identified (Cui et al., 2024; Qian 
et al., 2024a, 2024b; Zeng et al., 2023; Zhang et al., 2024b). However, 
very low-Ti or high-Al basalts exhibit mineral compositions that may 
overlap with those of the Mg-suite (e.g., pyroxene and plagioclase). The 
broader An value range of 72–90 used in this study includes plagioclase 
in all types of basalts. The An of plagioclase in exotic non-mare com
ponents (0.9 %, Fig. 4a-b) is >95, similar to that of plagioclase from 
FAN. Additionally, the trace elements (Table S3) of plagioclase also 
reflect its source (Tian et al., 2023). The early crystallized plagioclase 
has a higher An content and lower concentrations of incompatible ele
ments (e.g., REE, Sr) (Fig. 4c-d). Olivine is a minor mineral in exotic non- 
mare components (Fig. 5). Most of the olivine components of mare ba
salts from the Apollo samples are in the range of Fa  20 (Fig. 5b). The 
olivine in the exotic non-mare components (0.3 %) has higher Mg# 

(>80), representing the composition of dunite and troctolite (Dymek 
et al., 1975; Marvin and Walker, 1985; Roedder and Weiblen, 1972; 
Shervais et al., 1985). The study’s quantitative statistics on exotic non- 
mare components in the CE-6 soils will be useful for future research (e. 
g., in situ isotope analysis, high-precision chronology).

4.2. Implications for the provenance of the CE-6 landing site

The CE-6 landing site lies within the Apollo basin, positioned be
tween two compositional zones of SPA, namely the Mg-pyroxene 
annulus and the SPA central compositional anomaly, one of the deep
est and most geologically significant structures in the SPA basin (Zhang 

Fig. 4. (a) The EDS spectrum, compositions and corresponding elemental signal peak intensities used for plagioclase classification in the TIMA system for the CE-6 
fine-grained lunar soils. (b) Histogram of anorthite component of plagioclase in the CE-6 samples and comparison with those reported from FAN (Roberts et al., 2019; 
Xu et al., 2020; Zhang et al., 2024a) and mare basalt (He et al., 2022; Li et al., 2023; Tian et al., 2023; Wang et al., 2025a). (c-d) trace elements (c, La; d, Sr) vs. 
anorthite component of plagioclase in the CE-5 and CE-6, the data in CE-5 mare basalt is from Tian et al., 2021, 2023.
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et al., 2025). The SPA basin-forming impact, considered the most pro
found excavation event into the lunar interior, likely displaced upper 
mantle materials along with extensive impact melt and breccia deposits 
with a thickness of over tens of kilometers, to the region beneath the CE- 
6 landing site. These deep-seated materials were subsequently re- 
excavated by the Apollo basin impact and transported to the CE-6 
sampling area, representing a potential source of exotic materials for 
the CE-6 returned samples (Citron et al., 2024; Melosh et al., 2017; 
Moriarty and Pieters, 2018; Potter et al., 2018; Yue et al., 2024).

The quantitative analysis revealed that the provenance of CE-6 lunar 
soil contains a small amount of exotic non-mare components (~6.5 %) 
(Fig. 1k, Table S2). This finding is consistent with the latest lunar 
regolith evolution modeling result (Zhang et al., 2025) and suggests the 
overestimation of some models on exotic materials (Xu et al., 2024). The 
particle size distribution characteristics indicate that the content of 
exotic non-mare components has fallen. In contrast, the content of mare 
basalts rises as the particle size decreases (Fig. 2). The change in soil 
bulk chemical composition corresponds to the variation in mineral 
abundance. The reduction of exotic non-mare components reveals the 
impact gardening processes and exposure time. The impact gardening 
process is critical in shaping the Moon’s surface because it involves 
repeated overturning, churning, blending, and mixing the top layers of 

regolith (Melosh, 1991). Su et al. (2024) proposed that the distal ejecta 
accumulated at the CE-6 landing site, which underwent the impact 
gardening process at approximately 2.8 Ga. This process will continu
ously overturn the deep materials onto the lunar surface, mixing and 
diluting the exotic material that was previously on the surface (Su et al., 
2024). Additionally, the impact craters form after the CE-6 basalts (i.e., 
overlaying on the basalt layer), indicating that the exotic materials have 
a relatively shorter exposure time and a significantly lower fragmenta
tion than mare basalt. The reasons mentioned above may explain the 
decrease in abundance of exotic non-mare components with decreasing 
particle size.

Previous simulation results demonstrate that the minerals in the 
distal ejecta deposited at the landing site are complex, and each candi
date crater has a unique composition (Su et al., 2024; Xu et al., 2024). 
The first five craters identified around the landing site that could provide 
the various exotic distal ejecta materials are: Chaffee S (2.79+0.23

− 0.28 Ga, 
15.6 cm), Vavilov (1.86+0.12

− 0.12 Ga, 1.7 cm), Crookes (488 Ma, 0.37 cm), 
Das (719 Ma, 0.5 cm) and Pythagoras 

(
2.34+0.17

− 0.17 Ga, 0.6 cm) (Su et al., 
2024; Xu et al., 2024). The modeled ages of these craters are signifi
cantly younger or closer to the CE-6 Eratosthenian mare unit (2.80+0.11

− 0.10 
Ga). Among them, the Eratosthenian-aged Chaffee S crater, with an 

Fig. 5. (a) The EDS spectrum, compositions and corresponding elemental signal peak intensities used for olivine classification in the TIMA system for the CE-6 fine- 
grained lunar soils. (b) Plots of Fe/(Fe + Mg)*100 variations in olivine from the CE-6 soils. The pink field belongs to the lunar dunite and troctolite, and the blue field 
is the Mare basalt, which were established based on the data from Dymek et al., 1975; Marvin and Walker, 1985; Roedder and Weiblen, 1972; Shervais et al., 1985. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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estimated excavation depth of ~1.23 km, based on the 1:10 ratio of 
excavation depth to transient crater diameter (Melosh, 1991), could 
transport the largest quantity of exotic materials and is the only 
decimeter-scale ejecta contributor to CE-6 (Xu et al., 2024). The SPA 
basin ejecta may have transported the lunar upper mantle material, 
while the Apollo impact has excavated and redistributed primitive lunar 
crust material to the surrounding regions (the CE-6 landing site) (Guo 
et al., 2024; Sun and Lucey, 2024). Recent studies have found Mg-rich 
orthopyroxenite with high Mg# (≥85) in the Chaffee S crater, which 
may represent exposed mantle materials (Sun and Lucey, 2024) or Mg- 
suite intrusions (Qian et al., 2024a, 2024b). Since the Mg-suite and 
mantle material could co-exist (Sun and Lucey, 2023), and the original 
mantle composition may have been diluted during the impact event 
(Yamamoto et al., 2022), we assume that low-Ca pyroxene in the exotic 
non-mare components (Opx, 1.2 %) in this study has higher Mg# (78.1 
on average) and negative Eu anomalies (Fig. 3c) that were inherited 
from their deep source regions in the lunar mantle and excavated by the 
Chaffee S crater (Qian et al., 2024a, 2024b; Zhang et al., 2025).

Similarly, olivine was identified within the exotic non-mare com
ponents (0.3 %, Table 1), with a high average Mg# of 92.6, consistent 
with potential mantle dunite composition (Sheng et al., 2025), implying 
that it originated from olivine-pyroxene mixtures from the Das crater 
(Karthi, 2019). Plagioclase and pyroxene from FAN (1.2 %, Table 1) are 
transported to the CE-6 landing site by the Vavilov, Crookes, Das, and 
Pythagoras craters, which are located in the highlands (Su et al., 2024; 
Zhang et al., 2025). The different impact craters transport exotic ma
terials of varying composition, increasing the diversity of CE-6 samples. 
Furthermore, the elevated glass content and higher Al2O3, CaO, and 
Mg#, but lower FeO contents in the bulk composition of CE-6 samples 
indicate that the CE-6 landing site has undergone a greater impact 
gardening history than CE-5. The CE-5 sampled young basaltic soils, 
dominated by locally fragmented and re-cemented materials with little 
meteorite influence. In contrast, the CE-6 samples have a much longer 
surface exposure time and have undergone extensive modification, 
including effects such as impacts, breakage, compaction, and melting, 
resulting in significantly higher maturity than the CE-5 soils. It has been 
well established that with a decrease in particle size and an increase in 
maturity, the composition of lunar soils becomes more feldspathic 
(Lucey, 2006). The observed shift is attributed not to changes in indi
vidual mineral chemistry, but to an increased abundance of plagioclase 
and glass in smaller grain sizes, as observed by mineral abundance data 
(Fig. 2). In the <45 μm fraction, these phases are enriched in Al₂O₃, CaO, 
and MgO, but depleted in FeO and TiO₂. In contrast, minor minerals such 
as pyroxene and olivine show the opposite trends (Table S2). This 
mineralogical redistribution explains the bulk-composition differences 
observed between CE-5 and CE-6 soils. Identifying exotic non-mare 
components, especially those from mantle materials, is crucial for un
derstanding the Moon’s impact history and early evolution.

5. Conclusion

Statistical mineralogy and elemental geochemistry analyses were 
performed on fine-grained lunar soil returned by CE-6, using automated 
quantitative mineralogy (TIMA) in conjunction with EPMA and LA- 
ICPMS. Compared to the CE-5 and CE-6 samples, the fine-grained soils 
in this study have higher Al2O3, CaO, and Mg# and lower FeO contents. 
Mineralogical results show that the soils consist of ~93.5 vol% mare 
basalts and at least ~6.5 vol% exotic non-mare components, and the 
latter include plagioclase and pigeonite from FAN (0.9 vol%; 0.3 vol%), 
orthopyroxene from norite (1.2 vol%), pyroxene (1.3 vol%), plagioclase 
(2.5 vol%) from Mg-suite clast and magnesian olivine from dunite and 
troctolite fragments (0.3 vol%). Notably, the low-Ca pyroxene and 
olivine with higher Mg# values are consistent with ejecta originating 
from the Chaffee S crater with the mantle composition (e.g., Mg-rich 
orthopyroxenite, dunite). Additionally, Vavilov, Crookes, Das, and 
Pythagoras craters in highland regions also provide ejecta materials (e. 

g., plagioclase and pigeonite from FAN, Cpx from Mg-suite). Analyzing 
the provenance of the CE-6 landing site through in situ statistical min
eral composition is significantly helpful for complementing and veri
fying the ejecta deposition and regolith growth models.
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