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Figure 1 (Color online) Sampling site of Chang’e-5 (CES) and characteristics of its lunar dust. (a) Distribution of lunar soil sampling locations. The
sampling points of the Apollo and the Lunaare distributed in low-latitude regions, while the CES sampling points are located in mid-latitude regions.
(b) Image of the CES5 lander’s scoop sampling. Arrows indicate the sampling traces. Image is from the Lunar and Planetary Data Release System
Website (https://moon.bao.ac.cn). (¢, d) Size and roundness distribution of Nano- and Micro-scale particles in CES lunar dust
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Figure 2 Natural iron in lunar dust. (a—c) HAADF-STEM images and Fe, Si elemental distribution maps of iron whiskers; (d—g) HAADF-STEM
images and Fe, Al, Si, and O elemental distribution maps of vapor-deposited amorphous materials and Nano-scale natural iron; (h—k) HAADF-STEM
images and Fe, Ni, Si, and O elemental distribution maps of teardrop-shaped natural iron with a surface-attached Si-rich amorphous layer
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Figure 3 (Color online) Pyroxene group mineral in lunar dust. (a, b, d) HAADF-STEM images of Nano-scale augite in lunar dust. (c) Pyroxene group
mineral composition map; (¢) SAED pattern of the region in (d); (f) size distribution of Nano-scale natural iron on augite
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Figure 4 (Color online) Olivine in lunar dust. (a, b, d) HAADF-STEM images of Nano-scale olivine group minerals in lunar dust; (¢) SAED pattern of
the region in (b); (e) distribution of Nano-scale natural iron particles on olivine; (f) Fo values of olivine group minerals. Chang’e-5 lunar soil data from

Ref. [3]
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Figure 5 (Color online) Feldspar in lunar dust. (a, b, d) HAADF-STEM images of feldspar minerals in lunar dust; (c) SAED image of region (b);
(e) the mineral composition of plagioclase; (f) size distribution map of Nano-scale natural iron particles on feldspar. An: anorthite; Ab: albite; Or:

orthoclase
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Figure 6 (Color online) Ilmenite in lunar dust. (a, b, d) HAADF-STEM images of Nano-scale ilmenite in lunar dust; (c) SAED pattern of the region in

(b); (e) distribution of Nano-scale natural iron particles on ilmenite
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Figure 7 Apatite and troilite in lunar dust. (a—d) HAADF-STEM images of Nano-scale apatite and elemental distribution maps of P, Si, and Ca;
(e—g) HAADF-STEM image, SAED pattern and EDS result of Nano-scale troilite
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Mineralogical characteristics and genesis significance of nano-
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The Chang’e-5 mission successfully retrieved 1.731 kg of lunar regolith from the Moon’s mid-latitude region (~43°N) through a
combination of scooping and drilling methods, marking a historic achievement in China’s lunar exploration endeavors and contributing
significantly to lunar science. The weathered material that covers the Moon’s surface is known as lunar regolith. The thickness of lunar
regolith in the mare regions is approximately 5.3 m, while in the highlands, the average thickness can reach up to 10.7 m. According to
particle size classification of the lunar samples returned by the Apollo missions: particles (with diameters >1 cm) are classified as lunar
rocks; particles (<1 mm) are called lunar dust (or lunar fines).

Among the Chang’e-5 returned materials, the 95% of the particles range in size from 1.4 um to 9.35 pm (much smaller than 1 mm),
suggesting that the lunar dust constitutes a significant portion of the returned material. This study further classifies lunar dust into three
size categories: microscale particles (1—1000 pm), sub-microscale particles (0.1—1 um), and nanoscale particles (1—100 nm). These fine
particles present considerable analytical challenges for conventional solid Earth geoscience techniques due to their small size and
complex nanoscale features.

To address this, the present study employs advanced nano-mineralogical techniques, including high-resolution transmission electron
microscopy (HRTEM) with energy-dispersive spectroscopy (EDS), to conduct a comprehensive characterization of the fine lunar dust
particles (with particle sizes ranging from 0.1 pm to 3 pm). The analysis reveals that all particles exhibit distinct signatures of space
weathering, most notably the presence of surface coatings composed of amorphous materials and nanoscale native iron (npFe’), which are
indicative of prolonged exposure to the harsh space environment.

The particles were then divided into two groups based on their structural characteristics: space-weathered fragments and mineral
fragments. Mineral fragments, which included phases like natural minerals (like natural iron), pyroxene, plagioclase feldspar, olivine, and
ilmenite, with sporadic occurrences of apatite and troilite, accounted for about 41% of the particles, which still had some of their original
crystalline structure. The varying degrees of compositional alteration seen in these mineral fragments demonstrate the widespread
influence of space weathering processes. In contrast, roughly 59% of the particles showed significant amorphization and were
categorized as space-weathered fragments, which mostly consisted of glassy materials with iron nanoparticles embedded in them.
Nanoscale natural iron particles are widely distributed in lunar dust, primarily in the form of metallic iron formed by vapor deposition. In
addition, iron whiskers resulting from the space-weathering of troilite and teardrop-shaped metallic iron produced by impact.

Owing to the absence of a protective atmosphere and a global magnetic field, the lunar surface has been exposed to prolonged space-
weathering, including micrometeorite impacts, continuous solar wind irradiation, thermal fatigue resulting from extreme diurnal
temperature fluctuations, and bombardment by galactic cosmic rays. These processes cause fragmentation and mixing of surface
materials, along with melting, radiation-induced damage, and vapor-phase deposition, collectively inducing significant alterations in the
physicochemical and spectroscopic properties of lunar surface materials.

The lunar surface has been subjected to extended space-weathering due to the lack of a protective atmosphere and a global magnetic
field. This includes micrometeorite impacts, constant solar wind radiation, thermal fatigue from drastic diurnal temperature fluctuations,
and galactic cosmic ray bombardment. The physicochemical and spectroscopic characteristics of lunar surface materials are significantly
altered by these processes, which also result in melting, radiation-induced damage, vapor-phase deposition, and surface material
fragmentation and mixing. Furthermore, the high number of amorphous phases suggests a significant ability to trap the solar wind-
implanted materials, such as *He, underscoring the potential of lunar regolith as a valuable resource from space.

Chang’e-5, lunar dust, space weathering, nano-mineralogy, particle characteristics
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