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ABSTRACT Lunar glass is a unique amorphous material
formed on the Moon through processes such as meteorite
impacts and volcanic eruptions. It serves not only as a geolo-
gical archive recording the history of lunar evolution, but also
as a natural reservoir of matter generated under extreme
conditions, including high vacuum, intense radiation, and
large temperature fluctuations. This review systematically
summarizes the current scientific understanding, resource
potential, and materials science significance of lunar glass.
Based on sample data from the Apollo and Chang’e-5 mis-
sions, we outline its classification and formation mechanisms,
and elucidate its evolutionary pathways under different geo-
logical settings. We further summarize its multiscale struc-
tural characteristics and key physical properties, including
thermal stability, mechanical behavior, and irradiation re-
sponse, and evaluate the resource potential of H,O and *He
retained in lunar regolith glass and their roles in in situ re-
source utilization on the Moon. Finally, from a materials
perspective, we discuss defect evolution and nanocrystalliza-
tion of lunar glass over long timescales and under ion irra-
diation, and explore how these natural processes inspire the
design of amorphous alloys and soft magnetic materials,
thereby providing guidance for structure-property control of
amorphous matter under extreme environments.

Keywords: lunar glass, space weathering, physical properties, in
situ resource utilization, material design

INTRODUCTION

Glass stands as one of the most enduring and versatile materials,
defined by its amorphous structure that lacks long-range atomic
order and formed through the rapid cooling of melts that bypass
crystallization. This unique structural feature endows glass with
exceptional adaptability, encompassing a broad spectrum of
compositions, microstructures, and functionalities. The earliest
glassy materials emerged naturally long before deliberate human
fabrication, with amber glass formed by solidifying lipids
secreted by certain plants (Fig. 1a), oxide-based varieties like
volcanic obsidian and meteorite-impact glass serving as nature’s
primordial experiments [1]. Even lightning strikes can forge
natural glass, as intense heat melts silica-rich sand into thread-
like fulgurite. As human civilizations mastered glassmaking
technologies, from ancient Egyptian silica glass to medieval
stained glass, oxide glasses evolved into foundational pillars of

modern society (Fig. 1b, c). They enable pivotal applications
such as architectural windows, optical lenses, microscopes,
telescopes, and fiber optics [2,3]. The twentieth century marked
a paradigm shift in glass science, expanding its horizons far
beyond oxide systems. Polymeric glasses emerged alongside
synthetic polymers, gaining indispensability due to their light-
weight nature, mechanical flexibility, and ease of large-scale
processing [4,5]. Small-molecule glasses (e.g., ritonavir) address
low drug solubility, enhancing it by 2-3 orders of magnitude
while boosting stability [4,6-8]. Chalcogenide glasses enable
long-wave infrared optics, amorphous silicon powers thin-film
electronics, and metallic/MOF glasses serve space gears and CO,
separation [9-14]. These advances vividly underscore the
inherent universality of the amorphous state, which transcends
the bounds of distinct chemical bonding types, including cova-
lent, molecular, metallic, coordinative, and mixed ionic-covalent
bonding, across the diverse glass systems established beyond
traditional oxide frameworks.

Against this backdrop of terrestrial glass evolution, lunar glass
extends the concept of glass formation into an entirely distinct
physical regime. Formed naturally through meteorite impacts,
volcanic eruptions, and prolonged space weathering, lunar glass
develops under extreme conditions, such as high vacuum,
intense solar radiation, microgravity, and geological timescales
spanning millions to billions of years [17-19]. These environ-
ments differ fundamentally from terrestrial glassmaking, pro-
ducing amorphous materials with unique formation pathways:
impact-derived lunar glass forms in milliseconds under extreme
pressure, while volcanic glass cools slowly from lunar magma,
and space-weathered glass accumulates atomic-scale damage
from cosmic rays. Various lunar glasses are displayed in Fig. 1d-
f, including the green glass samples with different sizes collected
by Apollo 15 and black glass sample fragments in the Chang’e-5
(CE-5) lunar soil. Unlike laboratory-prepared glasses, lunar glass
is a hyper-aged natural system that preserves direct records of
lunar impact intensities, volcanic activity, and regolith evolution.
The return of lunar samples by the Apollo missions and China’s
CE-5 mission has enabled unprecedented micro- and nanoscale
investigations. CE-5 samples revealed glass beads with embed-
ded nano-iron particles that record space weathering, while
water trapped in lunar glass provides critical clues about the
Moon’s hydrological history [20-23]. This interdisciplinary
bridge between planetary science and materials science not only
unlocks lunar evolution secrets but also offers a model for
extreme-condition material design, with significant implications
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Figure 1

Representative natural, artificial, and lunar glasses. (a) Natural amber, a fossilized plant resin representing a naturally occurring amorphous

material. (b, ¢) Artificial oxide glasses, including optical lenses and decorative glassware. (d) Diverse lunar glass particles (200 pum size fraction) from Apollo
15 soils. Reprinted with permission from Ref. [15]. Copyright 2019, John Wiley and Sons. (e) Green volcanic glass beads collected during the Apollo 15
mission. (f) Black glass fragments in Chang’e-5 (CE-5) lunar soil, with a scale bar of 0.5 mm. Reprinted with permission from Ref. [16]. Copyright 2021,

National Science Review.

for in situ resource utilization (ISRU). For example, lunar glass
could be melted to produce oxygen or structural ceramics cri-
tical for the construction of lunar bases.

Motivated by these advances, this review presents a compre-
hensive overview of lunar glass from a materials science per-
spective. We first summarize its classification (impact-derived,
volcanic, and space-weathered varieties) and diverse formation
mechanisms, integrating insights from CE-5 and Apollo sample
analyses. We then examine its structural characteristics from
nanoscale inclusions to atomic bonding and key physical
properties, including thermal stability, mechanical behavior, and
long-term aging effects, comparing them with terrestrial coun-
terparts. Finally, we highlight the broader implications of lunar
glass: its role in deciphering planetary evolution, its potential for
ISRU in lunar base construction, and its value as a model system
for understanding amorphous matter under extreme conditions.
By synthesizing these dimensions, this review aims to provide a
cohesive framework for future research at the intersection of
planetary science and advanced materials engineering, bridging
celestial exploration with technological innovation.

OVERVIEW OF LUNAR GLASS

Lunar glass stands as a crucial and ubiquitous component in the
surficial lunar regolith. It is by no means an artificial product,
but rather a direct outcome and faithful record of the Moon’s

extreme natural environment, forged by non-equilibrium pro-
cesses like volcanic eruptions, hypervelocity meteorite impacts,
and prolonged solar wind irradiation [22,24]. Derived from
high-temperature molten materials formed during these intense
events, lunar glass stands in stark contrast to crystalline lithic
clasts [25]. Unlike minerals with long-range ordered atomic
lattices (Fig. 2a—c), lunar glass exhibits distinct amorphous fea-
tures, lacking grain boundaries and composition segregation.
What is more, there appears the pronounced internal homo-
geneity within the lunar glass sample, with its chemical com-
ponents uniformly distributed across the disordered atomic
network, as shown in Fig. 2d-f. This structural uniqueness
endows it with exceptional stability, allowing it to preserve
pristine information about lunar processes over billions of years.

Research into lunar glass traced its origins to the Apollo
missions in the 20th century [27-29]. During these landmark
missions, astronauts brought back lunar samples from equatorial
regions, enabling scientists to systematically identify abundant
impact-melted glass spherules, irregular fragments, and volcanic
glass formed by ancient fire-fountain eruptions. Early studies
employed optical microscopy, X-ray diffraction, and elemental
analysis to characterize these glasses [15,30-33]. The preliminary
researches mainly focused on correlations between their mor-
phological features (e.g., spherical shapes from rapid cooling,
irregular edges from impact fragmentation), chemical compo-
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Figure 2 Microstructural and crystallographic characterization of lunar minerals and impact glass. (a) Rock fragment containing anorthite (CaAl,Si,Os),
pyroxene ((Ca,Fe,Mg),S1,0¢), and ilmenite (FeTiO;). Reprinted with permission from Ref. [25]. Copyright 2024, Springer Nature. (b, ¢) High-resolution
transmission electron microscopy (HRTEM) image and corresponding electron diffraction pattern of crystalline ilmenite. (d) Impact glass fragment containing
relic mineral inclusions. Reprinted with permission from Ref. [26]. Copyright 2024, The American Association for the Advancement of Science. (e, f) HRTEM
image and electron diffraction pattern of lunar soil glass, revealing its amorphous structure.

sitions (e.g., high-titanium vs. ultralow-titanium volcanic glass),
and space weathering effects (e.g., surface nanophase iron for-
mation). These findings laid a solid experimental foundation for
subsequent lunar glass research, confirming that the Moon’s
surface has long been shaped by intense impact and volcanic
activities.

Entering the 21st century, lunar glass research achieved
breakthrough progress, particularly with the successful sample
return from the young basaltic region in the northern Oceanus
Procellarum by the CE-5 mission [16,34,35]. Unlike previous
Apollo samples collected near the equator, CE-5’s sampling site
(51.916°W, 43.058°N) is the highest-latitude lunar soil returned
to date, offering a unique window into a previously unexplored
lunar environment. Studies revealed that CE-5 samples not only
contained classic spherical impact glass beads but also uniquely
shaped natural glass fibers, which had never been reported in
prior lunar samples [36]. This discovery indicated a relatively
mild impact environment at the landing site, with shock pres-
sures ranging from 17 to 25.8 GPa. More significantly, the
detection of substantial water (with a surface-high, interior-low
concentration gradient) derived from solar wind injection within
impact glass beads confirmed lunar glass as a vital “H,O reser-
voir’ on the Moon. Additionally, its disordered structure
demonstrates exceptional storage capacity for strategic resources
like helium-3 (*He), which is trapped in glass layers on ilmenite
particles as nanoscale bubbles, greatly expanding the cognitive
boundaries for ISRU of lunar resources [31,37-39].

Lunar glass serves as a pivotal material linking the Moon’s past
and future [40]. It acts as a “chronicle” that deciphers billions of
years of lunar evolution, preserving information about volcanic
activity, impact dynamics, space weathering, and water origins.

It also functions as a “warehouse” storing critical resources
estimated to hold 270 billion tons of H,O and 260,000 tons
of *He, which are essential for human permanent settlement on
the Moon [15,30-33]. Furthermore, it stands as an “inspiration
source” for designing future advanced materials, as its long-term
aging and space weathering-induced microstructural evolution
provide valuable insights for developing terrestrial ultra-stable
glasses and high-performance soft magnetic materials [41]. In-
depth research on lunar glass thus constitutes the pivotal bridge
connecting lunar science from exploration to utilization, laying
the groundwork for both fundamental planetary research and
practical deep space exploration engineering.

CLASSIFICATION AND FORMATION OF LUNAR
GLASS

Based on distinct formation mechanisms shaped by the Moon’s
extreme non-equilibrium processes, lunar glass is systematically
classified into four primary categories. Volcanic glasses originate
from deep magmatic eruptions, while impact glasses form via
high-velocity meteorite bombardment. Irradiation glasses arise
from prolonged solar wind ion irradiation of regolith grains, and
vapor deposition glasses result from the rapid condensation of
impact-induced silicate vapors. Each type exhibits unique phy-
sicochemical properties that faithfully reflect its specific geolo-
gical history, serving as “geological archives” for decoding lunar
evolution.

Volcanic glass

Volcanic glass is a direct product of lunar internal magmatic
activity, primarily originating from early lunar volcanic erup-
tions (Fig. 3a) [42,43]. During intense “fire fountain” eruptions,
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Figure 3 Formation and modification mechanisms of lunar glasses. (a) Schematic illustration of volcanic eruptions ejecting molten droplets that rapidly
quench to form volcanic glass particles in pyroclastic deposits. Reprinted with permission from Ref. [45]. Copyright 2023, Oxford University Press.
(b, ¢) Optical images of representative volcanic glass beads. Reprinted with permission from Ref. [26]. Copyright 2024, The American Association for the
Advancement of Science. (d, e) Schematic illustration of frequent micrometeorite impacts inducing localized melting and rapid quenching, producing
agglutinate-like, splash-like, droplet-like, ring-like glasses associated with microcraters, as well as glass fibers; (f, g) Impact glass beads with diverse
morphologies in CE-5 lunar soils; (h, i) Unique glass fibers observed in CE-5 lunar soils; (j) Schematic illustration of solar wind irradiation damaging surface
structures of lunar grains; (k) Irradiation-induced non-uniform amorphous rims on lunar grains; (1) Schematic illustration of impact-generated vapor
deposition on lunar grain surface; (m) Uniform vapor-deposited amorphous rims observed on CE-5 soil particles. Reprinted with permission from Ref. [45].
Copyright 2023, Oxford University Press.

low-viscosity basaltic magma is ejected into the Moon’s vacuum  atomic structure in a disordered state, forming spherical or
environment, where the absence of atmospheric heat transfer  ellipsoidal glass beads (Fig. 3b, c) that preserve the chemical
causes molten droplets to rapidly cool and quench during flight.  signature of the lunar interior [26].

This ultrafast cooling with rates exceeding 10* K/s freezes the Unlike impact-derived glasses, volcanic glasses typically
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exhibit highly homogeneous chemical compositions, rarely
containing vesicles or unmelted mineral inclusions, and lack the
Fe-Ni metal particles commonly introduced by meteoritic con-
tamination in impact glasses [44]. Geochemically, they are
basaltic to picritic silicate glasses with SiO, contents ranging
from ~40 wt% to 50 wt%. Based on TiO, concentration, volcanic
glasses are classified into two distinct groups: ultralow-titanium
(TiO, < 0.5 wt%, MgO/ALO; > 1.25 wt%) and high-titanium
(TiO, ~ 6 wt%), both with FeO content around 19 wt%-22 wt%
[27]. The high-titanium type exhibits superior structural stability
due to Fe’'-Ti*" charge transfer effects, which strengthen the
atomic network and inhibit thermal relaxation over geological
timescales.

Microstructurally, volcanic glass features a highly uniform
distribution of chemical components and a dense amorphous
network structure. It is typically free of impact-induced nano-
phase iron particles (npFe’) and exogenous mineral inclusions,
resulting in higher thermal stability compared to defect-rich
impact glasses [39,46]. Notably, in the CE-5 lunar regolith,
volcanic glass is extremely rare and its abundance is far lower
than that of impact glass. This scarcity not only confirms that
the scale of late-stage lunar volcanism had significantly dimin-
ished by 2.0 billion years ago (the age of CE-5 basalts) but also
highlights these rare, young volcanic glasses as critical samples
for investigating the final stages of the Moon’s thermal evolution
[44,47]. Their chemical composition and structural state can
reveal the cooling history of the lunar mantle and the degree of
magmatic differentiation during the late lunar period.

Impact glass

Impact glass represents the most abundant glass type on the
lunar surface, accounting for 11.6%-20.0% of CE-5 regolith and
even higher proportions (25.4%-72.3%) in Apollo samples
[27,48,45]. It is generated by the hypervelocity impacts of

meteorites or micrometeorites (typically traveling at
15-25 km/s) on the lunar regolith, which instantaneously gen-
erate extreme pressures (>100 GPa) and temperatures

(>1500 °C) that melt local rocks and minerals. The molten
material is then ejected, rotated, and rapidly quenched as it
spreads across the lunar surface (Fig. 3d, e) [19,40,47,49-52].
Due to the stochastic nature and complexity of impact processes,
including variations in impactor size, velocity, and target rock
composition, impact glasses exhibit significant diversity in
morphology and composition. They appear as regular spheres
(Fig. 3f), ellipsoids (Fig. 3g), dumbbells, teardrops, and other
rotational shapes, with sizes ranging from nanometers to cen-
timeters.

The chemical composition of impact glass is highly complex
and heterogeneous, primarily inheriting the geochemical sig-
natures of the target rocks. The provenance of these glasses can
be effectively distinguished based on the CaO/Al,O; ratio:
glasses of highland origin (dominated by plagioclase) typically
have a ratio of less than 0.75, whereas those of mare origin (rich
in pyroxene and ilmenite) generally exceed 0.7 [27]. In contrast
to pure volcanic glasses, impact glasses often entrap exogenous
meteoritic materials. Zeigler et al. identified metal particles with
characteristic meteoritic Fe-Ni ratios (Fe:Ni = 94:6) in Apollo 16
samples, confirming the material contribution from the impac-
tor [27]. Microstructurally, npFe’ particles ranging from 5 to
50 nm are distributed within the interior and on the surface,
derived from the disproportionation reaction of Fe*" under high

pressure and temperature during impact [53]. These npFe’
particles significantly alter the optical properties of impact glass,
causing the “darkening and reddening” effects associated with
space weathering.

Notably, researchers have discovered unique ultra-long glass
fibers in the CE-5 lunar regolith samples (Fig. 3h, i), a feature
never reported in previous Apollo or Luna missions. These glass
fibers have diameters as fine as tens of nanometers (one-thou-
sandth the diameter of a human hair) and elongation exceeding
50, far surpassing the elongation of Apollo regolith particles
(typically 1-3) [48,45]. This distinctive morphology corresponds
to a gentle impact environment characterized by shock pressures
of 17-25.8 GPa [54]. Unlike high-velocity impacts that produce
low-viscosity melts forming spherical beads, moderate-velocity
impacts generate high-viscosity melts that undergo continuous
thermoplastic flow. This allows impact forces to pull the melt
into ultra-long fibers analogous to dripping syrup forming thin
threads.

Irradiation amorphous rims

Irradiation amorphous rims are formed when lunar surface
particles undergo prolonged irradiation by high-energy solar
wind ions (H', He*"), resulting in the destruction of surface
crystal structures and the formation of irradiation-induced
amorphous edges (Fig. 3j). It is a direct and ubiquitous product
of space weathering, with its formation mechanism closely
linked to the Moon’s lack of a protective magnetic field and
atmosphere [55]. The formation process involves the long-term
implantation of solar wind ions (energy 0.3-3 keV) into particle
surfaces. These high-energy ions collide with lattice atoms, dis-
placing them from their equilibrium positions and generating
numerous defects, including vacancies, interstitials, and dis-
locations. Over millions of years, this cumulative radiation
damage disrupts the long-range order of the crystal lattice,
transforming the surface layer into an amorphous state.

Microstructurally, irradiation amorphous rims appear to
envelop the surface of the host particle, with a thickness typically
ranging from tens to hundreds of nanometers. This thickness is
primarily determined by the penetration depth of solar wind
ions and the mineralogy of the particle (e.g., plagioclase is more
susceptible to amorphization than ilmenite [56]). In contrast to
the smooth interfaces observed in vapor-deposited amorphous
rims, Transmission Electron Microscopy (TEM) reveals a dis-
tinct jagged interface between the irradiation glass and the
underlying crystalline substrate (Fig. 3k). It is a characteristic
feature indicative of anisotropic radiation damage, as ions pre-
ferentially penetrate along crystal defects and low-density planes.
Chemically, the irradiation amorphous rims largely inherit the
composition of the host mineral, exhibiting no significant ele-
mental enrichment or depletion, which distinguishes it from
compositionally modified vapor deposition amorphous rims.

Li et al. [57] demonstrated that the thickness of irradiation
rims on CE-5 particles exhibits a positive correlation with sur-
face exposure time (within the saturation threshold). Using this
relationship, the calculated average surface exposure age of the
CE-5 lunar regolith is approximately 2 million years [45,55,58].
Furthermore, the isotope ratios of H and He trapped within
these rims are highly consistent with those of the modern solar
wind, confirming that they are the direct products of solar wind
implantation [13,16]. These trapped ions not only validate the
formation mechanism of irradiation glass but also provide
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insights into the long-term evolution of the solar wind.

Vapor deposition amorphous rims

Vapor-deposited amorphous rims are a product of non-equili-
brium processes on the lunar surface triggered by high-energy
impact events. It is essentially formed through the rapid con-
densation (vapor deposition) of high-temperature silicate vapors
onto the surfaces of lunar regolith grains. Unlike impact melt
glasses, which undergo a liquid-to-solid transition, vapor-
deposited amorphous rims bypass the melt phase, transforming
directly from the gaseous state into an amorphous solid film
[36,48,45]. This direct gas-to-amorphous-solid transformation
gives it distinct structural and compositional features.

The formation mechanism originates from high-velocity
impacts by meteorites or micrometeorites, which instanta-
neously vaporize target silicate rocks into Si-O-rich high-tem-
perature vapors at temperatures exceeding 3000 °C (Fig. 31). As
these vapors diffuse onto the surfaces of surrounding cooler
particles (at lunar surface temperatures of ~200 K), the extre-
mely high cooling rate (~10°K/s) kinetically inhibits atomic
ordering, resulting in deposition as a dense amorphous film [56].
Morphologically and microstructurally, this type of glass man-
ifests as continuous and dense nanoscale thin films covering host
grains rather than as independent particles [56]. This deposited
film exhibits a smooth interfacial transition with the substrate
due to the conformal nature of vapor condensation (Fig. 3m). Its
internal structure consists of densely arranged Si-O tetrahedra,
free of pores or inclusions, demonstrating exceptionally high
structural homogeneity.

Chemical analysis indicates that vapor-deposited amorphous
rims are primarily composed of a SiO,-rich amorphous phase,
significantly depleted in refractory elements such as Mg and Al,
and devoid of npFe’. This composition distinguishes it markedly
from impact melt glasses, which are typically rich in iron and
impurities inherited from target rocks. Comparative planetary
studies reveal striking differences between CE-5 and Apollo
samples: the average thickness of vapor-deposited rims in CE-5
is approximately 7 nm (range: 2.8-16.3 nm), significantly thin-
ner than those in Apollo samples (50-60 nm) [45]. This dis-
crepancy reflects a relatively mild impact environment at the
CE-5 landing site, where lower-velocity impacts generate less
silicate vapor and result in thinner deposition layers. For
instance, the deposition layer on Apollo 11 high-titanium glass
surfaces possesses a SiO, content exceeding 90 wt%, far higher
than that of its plagioclase host (SiO, =~ 60 wt%). Such a pro-
nounced compositional discrepancy strongly confirms a vapor-
condensation origin rather than in situ melting.

PHYSICAL PROPERTIES OF LUNAR GLASS

Optical properties

The optical properties of lunar regolith glass stand as a foun-
dational pillar for identifying the composition of lunar materials,
inferring their formation mechanisms, and evaluating the extent
of space weathering [19,59-61]. Unlike crystalline minerals such
as olivine and pyroxene, which exhibit distinct and sharp
absorption peaks rooted in their ordered atomic structures,
lunar glass typically presents broad and shallow absorption
features. This unique spectral trait stems from its amorphous
nature, where the lack of long-range atomic ordering blurs the
electronic transition pathways of metal ions. The spectral

behavior of lunar glass is dually governed by its chemical
composition with Fe and Ti contents playing dominant roles,
and its microstructure, including the distribution of nanoscale
inclusions and structural defects [36]. These combined factors
make lunar glass spectra a rich source of information about the
lunar surface’s evolutionary history.

The visible-near infrared (VNIR) spectra of lunar glass are
primarily regulated by transition metal ions within the glass
network. As demonstrated in studies by Cannon et al. [62] and
Hu et al. [21], lunar glass consistently exhibits broad absorption
bands near 1000 and 2000 nm, which are mainly induced by the
crystal field transitions of Fe** ions in octahedral and tetrahedral
coordination environments, respectively [20]. However, varia-
tions in the chemical composition of the glass result in sig-
nificant spectral changes (Fig. 4a) [62]. Low-iron/highland glass
(“Moon_Crust”) displays the highest albedo and relatively flat
spectral features due to the scarcity of iron, which minimizes Fe-
related absorptions. This type of glass generally presents a light
or blue-green hue, a visual characteristic that aligns with its
spectral neutrality. In contrast, Fe-rich/Ti-rich glasses (such as
“Moon Mare/Orange/Red” variants) exhibit strong ultraviolet-
visible (UV-VIS) absorption as TiO, content increases. Specifi-
cally, high-titanium glass (e.g., Apollo 17 orange glass) generates
a strong absorption edge at shorter wavelengths due to the
Fe*'-Ti*" charge transfer effect [62]. This effect suppresses
reflectance in the blue-visible range while enhancing it in the
near-infrared, leading to spectral “reddening” and an orange-red
appearance (evident in the red and orange lines in Fig. 4a). Low-
titanium, high-magnesium green glass, on the other hand, fea-
tures a characteristic reflectance peak near 550 nm, a result of
reduced Fe’'-Ti*" charge transfer and specific crystal field
transitions of Fe’', giving it a distinct green coloration.

The experimental spectra of these synthetic glasses have been
successfully applied to the interpretation of orbital remote sen-
sing data. By leveraging Moon Mineralogy Mapper (M®) data
combined with spectral unmixing models (Fig. 4b), researchers
effectively isolated the spectral signals of glass from mixed lunar
surface materials [62]. This approach enabled the successful
identification of glass-rich pyroclastic deposits at Alphonsus
crater, where the modeled glass spectral fractions were con-
centrated around volcanic vents and gradually diminished out-
ward. This achievement not only validated the effectiveness of
laboratory spectral models in planetary remote sensing but also
provided critical insights into the distribution of volcanic activity
on the Moon.

Beyond intrinsic chemical composition, nanophase reduced
iron (npFe’) particles formed during space weathering are the
core intrinsic factor regulating the optical properties of lunar
glass [19,38,55,63,64]. According to Hapke’s classic theory [51]
and recent analysis of CE-5 samples by Zhao et al. [48], the size
of npFe’ particles exerts distinct impacts on the spectra. These
particles are concentrated in the 5-50 nm range (Fig. 4c, d), and
their abundance and size directly control the spectral “darken-
ing” and “reddening” effects. When the npFe’ diameter is
<20 nm, the particles strongly scatter and absorb short-wave-
length light while enhancing reflectance within the near-infrared
band (1000-2500 nm), resulting in the “reddening” phenom-
enon. Conversely, particles with diameters >40 nm significantly
reduce reflectance across the entire spectral range with visible
region reflectance dropping from 80% to below 40%, producing
a pronounced “darkening” effect [51,52,65,66]. Pieters et al.
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Figure 4 Spectral characteristics and nanophase iron in lunar glasses. (a) Visible-near-infrared (VNIR) reflectance spectra of compositionally distinct
synthetic lunar glasses; (b) Validation of the glass spectral unmixing model using Moon Mineralogy Mapper (M) scenes over the Alphonsus crater. Reprinted
with permission from Ref. [62]. Copyright 2017, John Wiley and Sons. (c) TEM image showing small- and large-sized nanophase iron (np-Fe’) particles within
agglutinates from Apollo lunar soils; (d) TEM image of an impact glass bead from CE-5 lunar soil, revealing np-Fe® particles embedded in the glass matrix.
Reprinted with permission from Ref. [49]. Copyright 2010, John Wiley and Sons.

further confirmed through fine particle separation experiments
that fine fractions (<45 um) containing concentrated one0
dominate the contributions to spectral reddening and darkening
during space weathering [38]. This mechanism has been fully
verified in Apollo regolith glasses, where the cumulative effect of
space weathering over billions of years led to high npFe’ con-
tents. Notably, the npFe” content in Apollo regolith glass (0.1%-
0.5 wt%) is significantly higher than that in CE-5 samples
(0.03%-0.1 wt%), a difference attributed to the younger geolo-
gical age of the CE-5 sampling region. This discrepancy is the
key reason for the more pronounced spectral reddening
observed in Apollo samples, highlighting the role of npFe’ as a
“chronometer” for space weathering intensity.

Thermal stability

Lunar glass, as a natural amorphous material, endures the lunar
surface’s extreme diurnal temperature swings (a 310 K variation)
and prolonged geological weathering. It boasts thermal stability

that directly dictates three core aspects: its structural intactness
(critical for preserving ancient lunar records), the efficiency of
storing embedded resources, and its feasibility for ISRU in future
lunar missions.

Based on studies of single lunar glass particle from CE-5
regolith  [16,36,67-70], impact-formed glassy particles
(20-100 pm in diameter) mostly take spherical or ellipsoidal
shapes (Fig. 5a), which locks the material into a metastable
amorphous state before crystallization can initiate. These parti-
cles exhibit notably higher intrinsic thermal stability than ter-
restrial glassy materials (Fig. 5b). To mimic their natural
formation conditions, researchers used Flash DSC at a 10 K/s
heating rate (closely matching the rapid cooling rate of impact
melts) to quantify their thermal behavior [71]. Clearly, the
detailed thermodynamic parameters are: the glass transition
temperature (T,) ranges 944-968 K, crystallization temperature
(T,) hits 1251-1260 K, and the supercooled liquid phase width
(Tx — T,) spans 283-316 K. Such elevated T, and broad super-
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Nature.

cooled region mean lunar glass resists both thermal relaxation
(which softens amorphous materials) and crystallization, form-
ing the physical foundation for its persistence across billions of
years of lunar geological history.

As noted, the solar wind dominated by H ions strongly
interacts with lunar regolith, altering lunar glass structures.
Fig. 5¢ shows long-term solar wind irradiation forms a thin
surface irradiation layer, H' ions implant into the glass network,
causing local structural relaxation, but the glass’s high T, pre-
vents this from triggering crystallization, so the overall structure
remains amorphous. HRTEM images reveal 2-3 nm dark clus-
ters (likely nascent Fe-rich nanophases) evenly distributed in
this surface layer. The selected area electron diffraction (SAED)
patterns (insets of Fig. 5c) confirm the persistent amorphous

matrix. As depth increases, these clusters fade: at ~4 um deep,
they nearly disappear, signaling that solar wind’s implantation
effect weakens sharply. In the particle’s central region (~20 um
deep), no clusters exist, confining the irradiation-altered layer to
depths <4 pum. Statistical measurements of nanocrystal sizes
(Fig. 5d, e) after in situ heating show the irradiation layer’s
nanocrystals have an average 10.40 nm grain size, uniformly
dispersed in the amorphous matrix. Temperature dictates their
growth, below ~994 K (the Ty), atomic diffusivity is low, so
crystals grow slowly via individual grain expansion. Above T,
the supercooled liquid’s enhanced diffusivity accelerates growth.
In the particle’s interior (Fig. 5f, g), nanocrystals average
24.55nm (5-40 nm range), a broad distribution reflecting the
random nucleation and growth of Fe nanocrystals during the
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glass’s formation.

Crucially, these structural traits tie tightly to lunar glass’s
thermal stability. The extreme lunar diurnal temperatures never
approach the glass’s high T,, so surface nanocrystals cannot
grow rapidly or trigger bulk crystallization, and the shallow
irradiation layer leaves the glass’s core structure thermally resi-
lient. This balance means the material retains its integrity despite
space weathering. This combination of bulk thermal stability and
surface modifiability carries practical promise. For in situ lunar
missions, the surface nanocrystals could act as catalytic sites for
resource extraction, while the durable glass bulk serves as a
stable carrier material. It also lets researchers use glass’s nano-
crystal growth (regulated by T,) to infer space weathering
durations, aiding lunar surface dating.

Mechanical properties

Beyond thermal stability, the most striking feature of lunar glass
lies in its “hyper-aging”, a unique physical aging process shaped
by billions of years of lunar geological evolution. Unlike
laboratory-simulated aging, this natural process is driven by the
moon’s extreme intrinsic conditions: drastic diurnal temperature
cycles, persistent solar wind irradiation, and ultra-high vacuum,
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making it impossible to fully replicate on Earth [72,73]. This
hyper-aging effect is not accidental but rooted in the material’s
inherent nature: as non-equilibrium amorphous materials,
glasses inherently tend to relax toward lower energy states over
time [74,75]. What amplifies this relaxation in lunar glass is its
dual background: on one hand, it forms via rapid quenching of
impact melts, which locks it into a high-energy metastable state;
on the other hand, the long-term lunar environmental stimuli
continuously drive structural adjustment. To better understand
how hyper-aging modifies mechanical properties, two core
mechanical properties can be investigated. Elastic modulus
reflects a material’s resistance to elastic deformation, determined
solely by its intrinsic atomic structure and interatomic bonding
strength. By contrast, hardness describes the ability to withstand
surface indentation, as it relies not only on the original structure
but also on the dynamic plastic deformation mechanisms acti-
vated during loading.

To quantify the mechanical effects of hyper-aging, Chen et al.
[76] conducted comparative micromechanical analyses of CE-5
lunar glasses: natural hyper-aged samples (H-A) and their che-
mically identical counterparts rejuvenated via laboratory
remelting and quenching (L-R, Liquid-quenched Rejuvenated)
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Figure 6 Mechanical properties of lunar glass particles before and after rejuvenation. (a, b) Comparison of reduced Young’s modulus and hardness between
the as-prepared (H-A) and rejuvenated (L-R and M-R) lunar glass particles measured at multiple locations (I-V); error bars represent standard deviations;
(c) Representative load-displacement (P-h) curves obtained from nanoindentation tests, illustrating the softening behavior after rejuvenation; (d) Residual
indent morphologies of H-A and rejuvenated lunar glass particles (I-V), revealing differences in deformation features after mechanical rejuvenation. Reprinted
with permission from Ref. [76]. Copyright 2023, American Association for the Advancement of Science.
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(Fig. 6a, b). The H-A samples exhibited a remarkable 73.5%
increase in Young’s modulus compared to L-R samples, an
unprecedented enhancement for glassy materials, underscoring
the profound impact of long-term aging. Notably, hardness
variation was far less dramatic, revealing a unique decoupling
between modulus and hardness during hyper-aging, a phe-
nomenon rarely observed in terrestrial glasses. The above results
show the obvious decoupling behaviors between elastic modulus
and hardness in the lunar glassy particles.

To uncover this decoupling mechanism, researchers analyzed
load-displacement (P-h) curves and residual indent morpholo-
gies (Fig. 6¢, d). For four of the five glassy particles (I, 11, III, V),
the P-h curves showed “pop-ins” (marked by arrows), which are
the signatures of shear band (SB) activation and a key plastic
deformation mechanism in glasses. Rejuvenated L-R samples
exhibited more pop-ins than H-A samples for particles II, III,
and V, consistent with residual indents showing more SBs in L-R
samples. Particle I presented an apparent contradiction: H-A
samples had more pop-ins, but L-R samples showed denser SBs.
This is attributed to high-density shear banding in L-R samples
suppressing discrete pop-ins. Particle IV showed no pop-ins or
obvious SBs in either sample, indicating a dominance of densi-
fication (a lower activation stress deformation mechanism) over
shear flow. For particles I-IIT and V, more SBs in L-R samples
meant a larger proportion of shear flow (which increases hard-
ness) compared to H-A samples, explaining the modulus-hard-
ness decoupling.

The remarkable 73.5% increase in Young’s modulus of the H-
A samples compared to L-R samples implied the extraordinary
“ultra-stable” glass state It stems primarily from two hyper-
aging-induced changes: significant volume shrinkage (10.8-
12.5% per previous CE-5 studies) and extensive homogenization
of elemental distribution [76]. Lunar glass’s complex composi-
tion rich in O, Si, Fe, Mg, Al, and minor elements boasts high
mixing entropy. Over eons of aging, this composition drives the
material toward an “ultrastable glass state” with ultra-high
density and minimal internal energy, eliminating atomic-scale
defects and strengthening interatomic bonds. This unique nat-
ural prototype offers a robust design rationale for terrestrial
ultra-stable glasses, targeting ultra-high modulus and superior
irradiation resistance. For future lunar missions, its high mod-
ulus and structural stability make it a potential in situ con-
struction material or protective coating for spacecraft
components, withstanding extreme temperature swings and
solar wind irradiation. More broadly, it inspires a new strategy
for designing advanced amorphous materials: mimicking lunar
hyper-aging via controlled long-term annealing or ion irradia-
tion in laboratories, shortening the time to achieve the “ideal
glass state” without sacrificing performance [56,77].

Geological significance of lunar glass

Lunar glass stands as an unparalleled “natural time capsule” of
the Moon and inner solar system, encapsulating crucial evolu-
tionary information in its morphology, chemical composition,
formation age, and microstructure [45,68]. Unlike crystalline
rocks that may undergo post-formation alteration, glass’s
amorphous structure locks in original signals, making it a reli-
able recorder of ancient lunar and solar system events. Its for-
mation age serves as a core “geological clock” for reconstructing
the Moon’s evolutionary history, deciphering solar system

impact dynamics, and even calibrating the chronology of other
terrestrial planets [54]. Among dating techniques, radioisotope
dating is the most mature and widely applied. Based on the
decay patterns of radionuclides (e.g., K — *’Ar, *U — *°Pb),
it calculates age by measuring the ratio of parent to daughter
nuclides [39,78]. There are two primary methods dominating
lunar glass studies: “’Ar/*’Ar dating and U-Pb dating.

“Ar/*’Ar dating hinges on the decay of “’K to *’Ar, a process
uniquely suited to glass due to its ability to trap and retain argon
during rapid quenching. Unlike crystalline minerals that may
lose argon through thermal or tectonic activity, glass’s dense
atomic network preserves argon over billions of years. Age cal-
culation is achieved via laser heating glass beads to release
trapped argon, and mass spectrometry to measure the **Ar/*Ar
ratio, which correlates positively with formation age. Culler et al.
emphasized that impact glass’s chemical composition and age
provide the most direct evidence for reconstructing the lunar
impact history [58]. By applying this method to 155 glass beads
from Apollo 14 lunar soil, researchers reconstructed regional
and global lunar impact fluxes across different geological eras,
revealing a striking “decline-surge” pattern [79]. Impact rates fell
steadily for the first 2 billion years after the Moon’s formation,
then experienced unexpected surges, challenging the long-held
view of a monotonically decreasing impact flux.

Uranium-lead (U-Pb) dating complements “’Ar/*’Ar by tar-
geting trace U and Pb in glass. During glass formation, intense
melting volatilizes all original Pb, meaning any Pb detected later
is solely the product of U decay (**U — *Pb, **U — *’Pb).
This “zero Pb” starting point makes U-Pb dating exceptionally
precise. Long et al. applied this method to 215 impact glass
spherules (50-200 pm in diameter) from CE-5 lunar regolith
(Fig. 7a), a sample from one of the Moon’s youngest regions
[47]. Their results revealed ages spanning from millions to 2
billion years, with impact frequency showing multiple sharp
peaks rather than a steady decline. Notably, one peak aligns with
the 66-million-year-old Cretaceous-Paleogene boundary when
dinosaurs went extinct. It confirms that lunar impacts and major
Earth biological events may be driven by the same solar system
impactor dynamics (e.g., comet showers or asteroid belt per-
turbations). These data provide critical “age anchors” for refin-
ing lunar crater chronology models, resolving the accuracy
limitations of traditional crater counting [80-83].

Except for the above radioisotope dating, one novel kinetic
dating method fills a longstanding gap: dating glass with extre-
mely low isotope content, which is unsuitable for radiometric
methods. Zhao et al. recently first systematically proposed this
novel technique based on glass ultralow-ageing kinetics [84,85].
Its core principle is that glass’s physical properties (e.g.,
enthalpy, elastic modulus) undergo predictable relaxation over
time, following the KWW (Kohlrausch-Williams-Watts)
relaxation function, as shown in Fig. 7b-d [86,87]. By measuring
these property changes and establishing empirical correlations
with effective relaxation time, temperature, and material brit-
tleness, researchers can infer age without relying on isotopes
(Fig. 7b, ¢). Zhao et al. tested this method on CE-5 lunar glass,
obtaining ages of 86-161 million years, consistent with the U-Pb
range of 2 million-2 billion years (Fig. 7d). Together, these three
dating approaches create a comprehensive toolkit, spanning
from ancient to young glass and from high to low isotope
content. The combination of the current methods enables a
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Reprinted with permission from Ref. [84]. Copyright 2025, Springer Nature.

more precise and complete reconstruction of the Moon’s geo-
logical history and the inner solar system’s impact evolution.

STRATEGIC RESERVE DEPOT OF LUNAR
RESOURCES

On Earth, glass has become an exceptional storage medium
bridging natural and artificial environments due to its intrinsic
structural stability, chemical inertness, and robust isolation

© Science China Press 2026

capabilities [88]. Its storage value extends beyond mere “material
preservation” to “information retention”. Among natural glasses,
amber formed by resin’s rapid solidification, perfectly preserves
ancient specimens from insects and reptiles to plant fragments
for tens or even hundreds of millions of years (Fig. 8a, b) [89].
This not only preserves invaluable physical evidence for
paleontology and paleoclimatology but also functions as a
“natural archive” carrying ancient information.
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Figure 8 Trapping of solar-wind-derived volatiles and water formation associated with lunar glasses. (a, b) Representative images of biological inclusions
preserved in natural amber, illustrating the long-term encapsulation capability of amorphous glassy materials on Earth. (c) A carnation flower like lunar
particle composed of ilmenite (FeTiOs, receptacle portion) and the agglutinates (corolla part). (d) TEM image showing helium bubbles trapped within a glassy
coating on an ilmenite particle from CE-5 lunar soils; inset images highlight the amorphous glass matrix and adjacent crystalline regions; (e) Electron energy-
loss spectroscopy (EELS) spectra acquired at different locations indicated in (d), confirming the presence and spatial variation of implanted helium. Reprinted
with permission from Ref. [57]. Copyright 2022, IOP Publishing. (f) Depth profiles of H concentration in ilmenite and plagioclase grains from lunar soils,
showing preferential H retention in ilmenite; (g) TEM image and schematic illustration of water formation during heating, involving the reduction of FeO by
implanted H to produce metallic Fe” and H,O within ilmenite-bearing lunar glass. Reprinted with permission from Ref. [90]. Copyright 2024, Elsevier.

In artificial applications, glass’s versatility shines. High-purity
quartz glass, with ultra-low gas permeability, stores specialty
gases (noble gases, high-purity hydrogen) and nuclear waste,
eliminating leakage risks [91]. Sealed glass containers shield
cultural relics and biological samples (vaccines, cells) from
oxygen, moisture, and microbial degradation [5,92]. Nanoscale
glass microspheres precisely encapsulate drugs or catalysts for
targeted release [93]. This all stems from glass’s “long-range

disorder, short-range order” amorphous structure devoid of
grain boundary defects and chemically stable, it blocks external
environmental interactions for long-term preservation [94].
Lunar glass inherits these terrestrial advantages and amplifies
them via billions of years of extreme lunar conditions, which
densify its structure and enhance inertness. This makes it a
unique “strategic resource repository” on the Moon. The fol-
lowing parts will show three critical resources: solar wind-

12 © Science China Press 2026
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implanted *He, trapped H and H,O, each holding profound
significance for future lunar exploration and in situ utilization.

Capturing ’He resources

*He is an ultra-safe, efficient, and clean nuclear fusion fuel, with
enormous application potential for solving global energy crises.
Yet its reserves on Earth are merely around 0.5 tons, extremely
scarce [95,96]. In contrast, stellar fusion processes in space
generate vast quantities of *He, which is continuously implanted
into the lunar regolith by the solar wind due to the Moon’s lack
of an atmosphere. Investigating the distribution and abundance
of *He on the Moon has thus become a core objective of the
lunar exploration program [16,97].

Recently, Li et al. selected a particle composed of ilmenite
(FeTiO;) and agglutinates from Chang’e-5 lunar regolith
(Fig. 8c) and studied the content of helium in these particles.
They discovered that ilmenite particles feature a 40-50 nm thick
amorphous glass layer on their surfaces, which is formed by
long-term solar wind irradiation-induced amorphization [57].
Within this glass layer, numerous spherical helium bubbles
(5-25 nm in diameter) were observed, mostly concentrated near
the interface between the glass layer and the underlying crys-
talline matrix (Fig. 8d, e). Virtually no helium bubbles existed in
the crystalline structure, as the ordered lattice has channeling
effects that allow helium to escape. Further calculations revealed
the helium atom number density in bubbles reaches 50-
192 He/nm®, corresponding to internal pressures of 1-39 GPa.
Based on lunar ilmenite reserves and the *He/*He ratio of ~4 x
107%, the total *He stored in such bubbles is estimated to reach
260,000 tons. The amorphous glass layer acts as a unique
“trapping and storage carrier” for solar wind-injected helium.
Helium atoms first implant into the ilmenite lattice via solar
wind, then diffuse outward through lattice channels. The glass
layer’s disordered atomic packing lacks fixed diffusion pathways,
effectively blocking helium migration and restricting its release.
Over time, the trapped helium accumulates to form high-pres-
sure bubbles, with Fe-rich nano-clusters surrounding bubbles
potentially aiding stabilization.

Crucially, previous studies have suggested that *He is dis-
solved in lunar regolith particles, and its extraction is limited by
diffusion rates, requiring high temperatures above 700 °C
[16,97]. This approach not only entails high energy consumption
but also low efficiency, making it unfeasible for in situ mining on
the Moon. In contrast, *He existing in the form of bubbles is
expected to be extracted at room temperature via mechanical
crushing without high-temperature heating. Furthermore,
ilmenite exhibits weak magnetism and can be separated from
other lunar regolith particles through magnetic separation,
which facilitates in situ mining on the Moon [98-102]. This
drastically reduces energy consumption for in situ utilization. If
fully harnessed for nuclear fusion, this *He reserve could satisfy
global energy demands for 2600 years. These findings not only
clarify the enrichment mechanism of lunar *He but also lay a
solid theoretical foundation for future low-cost in situ extrac-
tion, opening a practical pathway to exploit lunar energy
resources for human sustainable development.

Capturing H resources and producing water

Hydrogen is the linchpin of sustainable lunar exploration, as it is
the core feedstock for in situ water production, essential for
human survival, oxygen generation, and energy supply on the

Moon. Yet the lunar surface is extremely scarce in natural water
and hydroxyl (OH), with concentrations only ranging from 10 to
1000 ppm, far from meeting practical demands. While the solar
wind continuously implants H into lunar regolith, this endo-
genous H is highly mobile and prone to escaping through the
ordered lattice channels of crystalline minerals, making effective
capture and utilization a long-standing challenge. This bottle-
neck was broken by the groundbreaking research, which
revealed that lunar ilmenite coupled with its associated glassy
phases acts as a natural “H trap” to unlock large-scale H,O
production [90].

Notably, Chen et al. [90] recently proposed for the first time
that ilmenite (FeTiO;) in CE-5 lunar soil can react with this solar
wind-implanted endogenous H to generate water at scale.
Among CE-5 regolith’s components (44.5 wt.% pyroxene,
30.4 wt.% plagioclase, 15.5 wt.% glasses, 6.0 wt.% ilmenite,
3.6 wt.% olivine [16]), ilmenite stands out with the strongest H-
storage capacity. Its unique sub-nanometer tunnel-like crystal
structure locks in H atoms, while the glassy layer coating its
surface (a product of long-term solar wind bombardment)
blocks further diffusion, creating an ideal H-trapping environ-
ment. EELS analysis (pinpointing H via a 12.5 eV peak) reveals
only ilmenite and plagioclase hold detectable H [90]. Pyroxene
and olivine have negligible levels, likely due to their more open
lattices that let H escape. Ilmenite’s H concentration is roughly
four times that of plagioclase, a difference vividly shown in
Fig. 8f. For ilmenite (red curve), H surges with depth, peaks
around 200 nm (where the glassy layer interfaces with the crystal
core), and stays high even at 500 nm. In contrast, plagioclase
(black curve), by contrast, sees a mild H rise to a shallow peak,
then drops to near zero by 400 nm. The above results obviously
show that proving ilmenite’s superior H retention at greater
depths due to its glass-crystal structure.

Hydrogen stored in ilmenite acts as a potent reducing agent.
When regolith is heated above 1200 K (its melting point,
achievable via in situ solar thermal systems), H reacts with iron
oxides: FeO + 2H — Fe + H,0; Fe,O; + 6H — 2Fe + 3H,0.
High-magnification TEM images (Fig. 8g) capture this in real
time: dark Fe nanocrystals and bright H,O bubbles form side-
by-side, confirming the reaction’s mechanism. Chen et al. con-
firmed that one gram of lunar regolith can yield approximately
51-76 mg of H,0. Based on this calculation, one ton of lunar
regolith could produce about 50-70 kg of H,O. This is equiva-
lent to over 100 bottles of 500 mL bottled water, which is
essentially sufficient to meet the daily drinking water needs of 50
people. Moreover, the produced H,O can also be electrolyzed
into H, and O,, powering base systems and refueling spacecraft.
These findings turn regolith into a viable resource depot, laying
groundwork for long-term lunar habitation.

The natural water content of lunar regolith as a whole is
extremely low (only 0.0001 wt%-0.02 wt%; for example, the
water content of CE-5 samples is a mere 180 ppm) [103,104].
Faced with such trace water content, existing extraction tech-
nologies generally suffer from low extraction efficiency and
excessively high energy and operational costs, which render
them unable to support large-scale mining. Meanwhile, although
molecular water-bearing minerals with a water content of up to
41 wt% have been identified in lunar regolith, their abundance in
lunar regolith is extremely low [103]. Current technologies lack
efficient and targeted enrichment methods for such minerals,
failing to effectively utilize these high-water-content minerals
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and thus further limiting the actual recoverable amount of water
from lunar regolith.

Capturing water resources
Water is the lifeline of lunar exploration: it quenches astronaut
thirst, splits into oxygen for breathing, and synthesizes rocket
fuel, eliminating the need to haul heavy supplies from Earth. Yet
for decades, the Moon was labeled a “dry desert”: no atmosphere
to trap moisture, and extreme diurnal temperatures that seemed
to banish liquid water. This dryness once loomed as the biggest
barrier to long-term lunar habitation until studies of lunar glass
uncovered a hidden “water warehouse”, rewriting our under-
standing of the Moon’s resources.

Saal et al. provided crucial evidence for lunar glass’s water
storage properties and water origins via in situ analysis of Apollo

15 and 17 lunar volcanic glass and olivine melt inclusions [44].
Before this work, the research community widely assumed the
Moon’s interior was bone-dry, but their focus on H, H,0, OH
content and isotopic traits. Fig. 9a, b revealed widespread dis-
solved water in these samples. Olivine melt inclusions, sealed
tight within crystals, escaped degassing during volcanic erup-
tions, preserving pristine magmatic water with H,O concentra-
tions up to 1200 ppm. In contrast, the surrounding matrix glass
exposed to space during eruption lost most moisture to degas-
sing, containing just 3-32 ppm H,O. This proved lunar glass
(especially well-enclosed grains or inclusions) has a robust
capacity to capture and seal water.

Liu et al. expanded this insight by studying Apollo samples:
they found abundant hydroxyl groups in impact-formed
cemented glass, tracing them to solar wind H injection [105].
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H isotopic composition (8D, %o), corrected for cosmic-ray spallation effects, for very-low-Ti glasses, low-Ti glasses, and high-Ti melt inclusions, matrix glasses,
and glass beads; (b) Comparison of spallation-corrected and uncorrected H isotope data for high-Ti glasses and melt inclusions, together with model curves
representing diffusive degassing of H,, H,O, and OH". Reprinted with permission from Ref. [39]. Copyright 2013, American Association for the Advancement
of Science. (c) SEM image of a cross-sectioned impact glass bead, showing the location of the analytical transect (profile 1); (d) Water concentration profile
measured along profile 1 in (c), revealing elevated water contents near the bead surface; model curves illustrate diffusion profiles corresponding to different
residence times. Reprinted with permission from Ref. [105]. Copyright 2023, Springer Nature.
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Pioneering CE-5 impact glass bead studies have now elevated
this understanding. These beads hold significant water, with a
clear concentration gradient (Fig. 9¢c, d) that drops from the
particle edge to the center. This result provides direct evidence
that solar wind H atoms implant at the surface and diffuse
inward, making the beads a critical, previously underappreciated
reservoir for solar wind-derived water. Estimates suggest lunar
glass stores up to 2.7 x 10" kilograms of water, a scale large
enough to sustain long-term lunar base operations.

The estimation of H,O and *He reserves hosted in lunar glass
is subject to multiple critical uncertainties. Spatial heterogeneity
results in substantial variations in volatile concentrations and
occurrence patterns across different lunar geological units.
However, current observational and sample data are limited to a
small number of landing sites, which cannot represent the full
range of lunar geological contexts. Moreover, the influences of
particle size on H,O adsorption and *He implantation processes
remain underexplored, and the particle size distribution of lunar
glass samples has not been sufficiently characterized. Meanwhile,
the restricted sampling coverage of lunar missions introduces
significant sampling biases, which fail to reflect the global dis-
tribution characteristics of lunar glass. Collectively, these inter-
connected factors impose severe constraints on the accuracy and
reliability of reserve estimation.

From terrestrial amber to lunar glass, glass materials’ storage
properties do not just persist, but they strengthen in extreme
celestial environments. Lunar glass is not terrestrial glass’s cos-
mic copy. Forged by impact melt quenching, it evolved under
the Moon’s vacuum, solar radiation, and 310 K diurnal swings,
honing its ability to lock in *He, H and H,O. Naturally formed,
resource-dense, and extraterrestrial-adapted, it is a core target
for ISRU, laying not just lunar base groundwork, but a blueprint
for sustaining deep-space exploration to Mars and beyond.

DEVELOPING NOVEL AMORPHOUS SOFT
MAGNETIC ALLOY INSPIRED FROM LUNAR GLASS
Billions of years of solar wind bombardment infuses substantial
amounts of H into lunar materials, with lunar glass serving as a
key reservoir for this implanted element. This trapped H plays a
pivotal role in fostering the growth of Fe clusters within the glass
matrix. When heated to elevated temperatures, the stored H is
released and engages in chemical reactions with the glass, ulti-
mately yielding Fe nanocrystals, a process shaped by the unique
space environment (Fig. 5c-g). A striking contrast emerges
between the crystallization behaviors of the solar wind-irradiated
surface layer and the unirradiated interior: the irradiated region
sees a significant reduction in crystallization onset temperature,
leading to the formation of denser, more uniformly distributed
nanocrystals embedded in the amorphous base.

These natural observations offer profound inspiration for
engineering nanocrystalline/amorphous alloys, particularly Fe-
based amorphous alloys. Enhancing the soft magnetic properties
of these alloys relies heavily on controlled crystallization that
produces fine and homogeneous Fe nanocrystals. For now, it is
still a core challenge in advancing high-performance soft mag-
netic materials. To replicate the solar wind’s effect, Chen et al.
turned to H' irradiation by selecting FegsB4 (FeB) amorphous
alloy as a model due to its potential as a premium nanocrys-
talline precursor [71]. The pristine FeB sample exhibits a classic
amorphous structure with no detectable short-range ordered
clusters (Fig. 10a), and its crystallization results in relatively large

nanocrystals that compromise soft magnetic performance
(Fig. 10b, e). In stark contrast, H" irradiation creates a thin
(~10 nm) surface layer (Fig. 10c). This surface layer retains an
amorphous structure but features stronger structural fluctua-
tions and distinct contrast clusters, mirroring the irradiated layer
of lunar glass. After crystallization, the nanocrystals in this
modified layer measure just 5-8 nm, far smaller than the
15-20 nm grains in the unirradiated interior (Fig. 10d, f). This
refined microstructure translates to tangible performance gains:
at 10 kHz, the irradiated FeB’s relative permeability reaches
1442, a 10.2% improvement over the unirradiated sample’s 1308
(Fig. 10g).

The findings demonstrate that H' irradiation serves as a
robust tool for tailoring the crystallization behavior of Fe-based
metallic glasses. Beyond enabling the formation of nanocrystals
with a fine, highly uniform distribution, this irradiation strategy
notably reduces the crystallization onset temperature within the
treated surface layer. This key attribute expands the annealing
temperature window for fabricating nanocrystalline soft mag-
netic materials, creating more flexibility in processing and fur-
ther fostering the development of a homogeneous nanocrystal
arrangement [28,37,106,107]. Yet, a critical constraint persists:
the influence of H' irradiation is confined to the material’s
surface, typically penetrating only a few tens of nanometers
deep. As such, a central challenge for future research lies in
extending this irradiation-induced modification to the bulk of
the material, rather than limiting it to superficial layers.
Nevertheless, despite this limitation, the results open up a pro-
mising pathway for enhancing the soft magnetic properties of
Fe-based metallic glasses. By precisely controlling their nano-
crystallization process through this irradiation technique,
researchers gain a viable method to optimize the performance of
these advanced materials for practical applications.

CONCLUSIONS AND OUTLOOK

In conclusion, this review systematically summarizes the mul-
tidisciplinary value of lunar glass, spanning planetary science,
resource engineering, and materials science. It covers lunar
glasses’ diverse formation pathways, unique physical properties,
critical geological significance, substantial resource potential,
and profound implications for advanced material design. By
bridging extraterrestrial natural amorphous materials with ter-
restrial artificial material innovation, this work lays a foundation
for integrating lunar exploration with technological application.

With the advancement of China’s CE lunar exploration pro-
gram and the global push for crewed lunar missions, research on
lunar glass is shifting from basic compositional characterization
to probing extreme physical origins and expanding engineering
applications. Future research will focus on three cutting-edge
directions.

Searching for “ideal glass”. The nature of the glassy state,
particularly the physical mechanism of the glass transition,
remains a major unsolved puzzle in condensed matter physics
[108]. Terrestrial synthetic glasses constrained by human time-
scales and experimental windows, are trapped in high-energy
non-equilibrium states, making it difficult to reach the theore-
tically predicted low-energy “Ideal Glass” state. Lunar glass,
however, offers a solution. CE-5’s young samples and Apollo’s
ancient glass beads have undergone millions to billions of years
of natural ultra-aging, asymptotically approaching the thermo-
dynamic Kauzmann Point. Future research should employ high-
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Ion-irradiation-regulated crystallization behavior and magnetic properties of FeB metallic glass. (a, b) HRTEM images of unirradiated FeB metallic

glass before and after crystallization, respectively, showing the formation of relatively coarse and heterogeneous nanocrystals; (c, d) HRTEM images of ion-
irradiated FeB metallic glass before and after crystallization, revealing refined and more uniformly distributed nanocrystals; (e, f) Schematic illustrations
summarizing the distinct crystallization pathways in unirradiated and irradiated FeB metallic glasses; (g) Frequency dependence of relative permeability for
crystallized FeB metallic glass with and without ion irradiation, demonstrating enhanced magnetic performance after irradiation-induced nano-structural
refinement. Reprinted with permission from Ref. [71]. Copyright 2025, Springer Nature.

precision calorimetry and synchrotron radiation techniques to
analyze residual entropy and atomic packing density in lunar
glass across different geological ages and to test the existence of
the ultrastable “Ideal Glass” phase. This will not only challenge
traditional understandings of glass transitions but also guide the
development of terrestrial amorphous materials with exceptional
kinetic stability. It should be noted that the interpretation of
“ideal glass” and the approach toward the Kauzmann limit
remains hypothesis-driven and speculative. Direct experimental
verification of this theoretical inference remains challenging due

to the inability to replicate the billion-year natural aging of lunar
glass in laboratory settings.

Decoding low-temperature relaxation mechanisms. The
Moon’s extreme diurnal temperature swings (-180 °C to
+130 °C) create a natural laboratory for studying low-tempera-
ture thermal cycling effects. Future research must focus on the
cumulative impacts of low-temperature relaxation over geolo-
gical timescales and the related critical issues. For example, how
atomic clusters in lunar glass dissipate energy through secondary
relaxation driven by hundreds of millions of thermal cycles? Or
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Figure 11

Schematic illustration of on-site H,O production on the Moon. Lunar regolith-derived glass is proposed to be fabricated into optical components,

such as lenses, to concentrate solar radiation and serve as a heating element in in situ resource utilization (ISRU) systems. Concentrated solar energy enables
thermal processing of lunar materials, facilitating the release and generation of water, thereby highlighting the functional importance of lunar glass in
extraterrestrial resource utilization. Reprinted with permission from Ref. [90]. Copyright 2024, Elsevier.

whether this unique relaxation mode endows lunar glass with
exceptional mechanical toughness or radiation resistance? Elu-
cidating this mechanism will not only refine structural relaxa-
tion-based dating models for lunar materials but also provide
critical physical frameworks for understanding atomic motion in
amorphous solids under ultra-long-term and extreme tempera-
ture coupling. The related researches will fill a key gap in ter-
restrial materials science regarding the key behavior under
coupled fields of ultra-long periods and extreme temperature
fluctuations.

Developing ISRU technology. While lunar glass’s capacity to
trap solar wind-derived water and *He is well confirmed,
achieving low-energy, high-efficiency “non-destructive extrac-
tion” remains a critical engineering bottleneck for ISRU. As
visualized in Fig. 11, the ISRU chain unfolds vividly: a single ton
of lunar regolith (excavated via the rover-equipped excavator in
the scene) can be processed to unlock hidden resources. It is
driven by the reaction 2H + FeO — H,O + Fe triggered during
controlled melting of the material. While lunar glass’s ability to
trap solar wind-derived water and *He is already well confirmed,
translating this potential into low-energy, high-efficiency “non-
destructive extraction” remains the critical engineering bottle-
neck holding back practical ISRU. Future research must move
beyond mere resource abundance quantification to delve into
gas and water diffusion kinetics within the glass network. Spe-
cifically, how unique microstructures like helium bubbles, solar
wind-induced irradiation layers and nanoclusters regulate mass
transport within the lunar regolith? Efforts should focus on
developing targeted technologies: thermal release protocols

leveraging glass’s high T, and broad supercooled liquid region,
or microwave-assisted extraction tailored to its amorphous
structure. These innovations will deliver actionable solutions for
on-site acquisition of life-support and energy resources, laying
the groundwork for self-sustaining lunar bases and advancing
deep-space exploration toward true resource independence.
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