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Fig. 1. Schematic diagram of the liquid cooling process
showing crystallization and glass transition. Various non-
equilibrium processes such as rapid cooling of liquids, va-
por deposition, and ion irradiation can produce glassy ma-

terials with disordered atomic structure.
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Fig. 2. Schematic diagram of the harsh space environment

on the lunar surfacel’l. The lunar surface undergoes a series
of intense non-equilibrium processes, including meteoroid

impacts, solar wind irradiation, and cosmic ray radiation.
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Fig. 3. Diverse glass beads in CE-5 lunar soilsl!: (a)—(p) SEM images of glass beads; (q) schematic diagram of the rotation mechanism

leading to the formation of glass beads with rotational shapes.
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Fig. 4. Unique glass fibers in CE-5 lunar soils!!: (a)-(h) SEM images of different glass fibers; (i) schematic diagram showing the vis-

cosity-temperature relationship of impact-generated melt, the impact with lower speed results in melt with lower temperature and

higher viscosity, making it easier to be thermally drawn into uniform thin glass fibers.
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Fig. 5. Various glass materials formed by micro-meteoroid impacts and adhering to CE-5 soil particles!: (a), (b) SEM images of ag-

glutinate-like glasses on particle surfaces; (c), (d) SEM images of molten splash-like glasses on particle surfaces; (e) SEM image of

isolated droplets of glass on particle surfaces; (f), (g) SEM images of densely distributed droplets of glass on particle surfaces; (h), (i),

(j) SEM images of densely distributed microcraters on particle surfaces, the microcrater interiors and upper rims are composed of

glassy material; (k) size distribution statistics of glass droplets in image (g) and microcraters in image (j).
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Fig. 6. Vapor deposited amorphous rims on CE-5 soil particles(!l: (a) High-angle annular dark-field image (HAADF) of a glass
particle; (b)—(d) enlarged HAADF images of the marked regions; (e) high-resolution transmission electron microscope (TEM) image
of the marked region, it can be observed that the outermost layer of the particle contains a few nanometers thick amorphous layer,
which does not contain nanophase iron particles (npFe"), while the interior of the particle below the amorphous layer contains npFe?
of varying sizes; (g), (h) high-resolution TEM images of other particle surfaces, clearly visible surface amorphous layers can also be
observed; (c), (f) energy-dispersive X-ray spectroscopy (EDS) elemental mapping and line scan results of the corresponding regions,
showing distinct composition differences between the surface amorphous rims and the interior particles, consisting mainly of Si and
O, indicating that they are formed by deposition processes; (i) statistics of the thickness of the vapor deposited rims on CE-5 soil

particles.
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Fig. 7. Solar wind irradiation-induced amorphous rimsl: (a) TEM images of a filament of the inserted plagioclase grain;
(b) HAADF images and EDS maps of the filament; (c) HRTEM images of the edge of the filament marked in (a), there exists a

clear amorphous rim non-uniformly coating on the surface of the grain. Distinct from the vapor deposited amorphous rims, the rim

in (c) does not have chemical differences with the host grain and the interface between the rim and the matrix is sharply serrated

rim (marked by the dashed line), indicating its origin of ion implantation by solar wind irradiation; (d) HRTEM images of the in-

terface between the amorphous rim and the crystalline matrix, fast Fourier transform of the marked rim and matrix regions in (d),

confirming their amorphous (top right) and crystalline (bottom right) nature accordingly.
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Fig. 8. Space weathering effects on the lunar surface. Space weathering processes such as meteoroid impacts lead to the formation of

npFe’ in lunar soils, resulting in reddening and darkening effects: (a) Reflectance spectra before and after pulsed laser irradiation,

used to simulate space weathering processes caused by micro-meteoroid impacts®; (b) normalized reflectance spectra at 550 nm

from the data in image (a), it can be observed that the reflectance decreases after weathering, resulting in darkening; the visible

wavelength range experiences a larger decrease than the near-infrared wavelength range, leading to reddening/®’); (c) small-sized npFe’

in the depositional amorphous layer on the surface of Apollo lunar soil feldspar particles?; (d) small-sized and large-sized nano-

scale iron particles in the agglutinates in Apollo lunar soils?.
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Fig. 9. npFe’ inside impact glass beads CE-5 lunar soils: (a) TEM image of a cross-section of a glass bead cut by focused ion beam;

(b) TEM image of the marked region in (a), the black particles indicated by internal arrows are npFe’; (¢) TEM image of the npFe’,

the inset shows the corresponding fast Fourier transform.
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Fig. 10. Helium trapped by glassy material on ilmenite particles in CE-5 lunar soils'!l: (a) TEM image of a cross-section of a

particle cut by focused ion beam; (b), (c) TEM images of the surface glassy material and helium bubbles; (d) electron energy loss

spectra from different positions in image (a).
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Fig. 11. Abundance of water preserved in impact glass beads of CE-5 lunar soils: (a) SEM image of a cross-section of an impact
glass bead; (b) water content at different positions along profile 1 of the impact glass as shown in (a), revealing higher surface wa-
ter content compared to the interior; (c)—(e) schematic of the retention and release of water in the impact glass, it is estimated that

the total water content preserved in impact glass beads in lunar soils can reach up to 2.7 x 10 kg.
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Fig. 12. U-Pb isotope dating method used to determine the age of impact glass in CE-5 soils to reconstruct the impact history over

2 billion years!'%.
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Fig. 13. Schematic diagram of dating based on structural (20]
relaxation of glasses: (a) Illustration of the energy barrier
diagram for strong glasses!'”; (b) schematic of the change of [21]
energy, structure, density, and modulus of glass over time.
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Zhao Rui'  Shen Lai-Quan!  Chang Chaol
Bai Hai-Yang?  Wang Wei-Hua D21

1) (Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China)
2) (Songshan Lake Materials Laboratory, Dongguan 523808, China)

( Received 31 July 2023; revised manuscript received 22 August 2023 )

Abstract

Lunar glass, a significant component of lunar soil, is produced by non-equilibrium processes on the moon,
such as volcanic eruptions, meteorite impacts, solar wind, and cosmic radiation. Lunar glass of different origins
has ability to record historical information of the formation and evolution of the moon. This article presents a
comprehensive review of the research progress of lunar glasses found within the CE-5 lunar soil. Delving into
their fundamental physical properties and microstructure, we explore the specific mechanisms behind the
formation of lunar glasses. Furthermore, this article focuses on the various roles that lunar glasses play in
studies of lunar evolution, such as acting as a “natural camera” that captures the moon's internal and surface
changes over different epochs, encompassing lunar origin, magma activity, impact events, space weathering, and
the origin of water. The ultra-stable lunar glass with disordered atomic structure can sustainably preserve lunar
resources. It is estimated that lunar glasses have reserved approximately 260000 tons of *He, and 27 billion tons
of water. Moreover, lunar glasses serve as an invaluable lunar chronometer, providing a reliable temporal
framework to data volcanic activity and impact events. This temporal framework, in turn, serves as a vital tool
for investigating the evolution of lunar water, magnetic fields and reconstructing the extensive billion-year

history of lunar impacts.
Keywords: glasses, lunar glasses, China’s Chang’E-5 (CE-5) mission
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