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Lunar regolith is a thin layer of weakly cohesive detrital materials covering the lunar surface. Studies
on returned lunar samples have revealed that the lunar regolith mainly consists of fragments of rocks,
minerals, breccia, glasses, and agglutinates with a median grain size of ~40 to 800 um. The lunar regolith
was produced from the space weathering of lunar rocks, including the following processes: meteoritic
bombardment, solar wind implantation, solar and galactic cosmic ray irradiation, and gardening. During
space weathering, the maturity of the lunar regolith increases as the median particle size decreases, and
specific minerals and structures (such as nano Feo) are produced. The chemical and isotopic compositions
of the lunar regolith also change via interactions with solar wind and cosmic rays. Volatiles resulting from
solar wind, asteroid impacts, and volcanic degassing can be preserved in the lunar regolith and redistributed
to the lunar polar regions during micrometeorite bombardment. Cosmic radiation can produce nuclides
through spallation and neutron capture reactions, thereby changing the isotopic compositions of the lunar
regolith, which could reflect the gardening history of the lunar regolith. Thus, the lunar regolith carries
massive information about the space weathering history, impacting processes, and the interior of the
Moon. In this review, we discuss the progress that has been made toward understanding the composition,
the lateral and vertical structure, and the formation processes of the lunar regolith, in particular, the
progress that has been made after the Chang’'E mission series.
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rocks, making it a valuable subject for scientific research.
Moreover, lunar regolith is also considered a critical target for
engineering exploration and lunar resource exploitation [1].

Introduction

The lunar surface is covered by a layer of unconsolidated debris,

including crystalline rock fragments, mineral fragments, brec-
cias, agglutinates, and glasses. These complex mixtures are
known as the lunar regolith. The thickness of the lunar regolith
is 4 to 5 m in mare regions and approximately 10 to 15 m in
the older highland regions. Analyses of lunar samples collected
on the 6 Apollo missions indicated that particles larger than
1 cm in diameter accounted for approximately 70% of the total
mass of the samples [1]. The remaining fine fraction (<1 mm)
of lunar regolith is lunar soil. The formation and evolution of
the lunar regolith consist of a long process of temperature fluc-
tuation, micrometeorite bombardment, and solar wind particle
injection. Therefore, lunar regolith is rich in information about
interactions between the lunar surface environment and lunar
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In this review, we discuss the progress that has been made
toward the understanding of the structure and composition of the
lunar regolith, its formation mechanism, and the elemental and
isotopic changes recorded during its formation. We will specifically
focus on the new insights gained from the Chang’E missions.

The Composition and Structure
of Lunar Regolith

Size distribution and particle population
Our current understanding of the lunar regolith has mainly been
obtained from analyses of lunar samples and lunar meteorites.
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Especially since Apollo returned lunar samples, the composi-
tion and particle size distribution of lunar soil have been exten-
sively studied. The median grain size of the analyzed lunar
samples mostly ranges from approximately 40 to 800 pm and
averages between 60 and 80 pm [1-3]. For example, the median
grain size of the Apollo 11 samples was 62 pm [4]. The latest
Chang’E-5 (CE-5) lunar soil sample has a median grain size
of 50 to 60 pm [5,6].

The particle size distribution of lunar regolith changes dynam-
ically. Meteoritic bombardment plays a dominant role in regolith
evolution [7]. With meteoritic bombardment, the lunar regolith
is excavated, shattered, pulverized, melted, and mixed; these pro-
cesses are accompanied by vertical overturning and burial, as
well as horizontal material transport. The particle size of the lunar
regolith decreases or increases respectively as the regolith is shat-
tered or melted and welded. The grain size distribution of the
local lunar regolith materials will reach a steady state when the
agglutination process balances the comminution process [8].
Particle size analysis has revealed that the particle size distribu-
tion has bimodal characteristics for approximately half of the
immature Apollo lunar soils, whereas the particle size distribu-
tion has unimodal characteristics for the mature and sub-mature
Apollo lunar soils [5,8]. Other contributing mechanisms have
also been suggested, such as electrostatic migration [9,10]. Owing
to the local electric field, dust particles, particularly those smaller
than 10 pm, are released by the lunar surface [11,12] and are then
horizontally transported and deposited in allochthonous areas.
Because it is limited by the lunar electric field, electrostatic migra-
tion only locally affects the particle size distribution of the lunar
regolith within several centimeters. Vertically, the median grain
size increases with depth overall, but it may decrease locally
owing to discontinuities in the digging depth during multiple
meteoritic bombardment processes.

In general, mature soils are fine-grained. However, in most
lunar samples, the grain size distribution is unrelated to the
exposure age [2]. The physical properties of lunar regolith, such
as grain size, density, packing, and compressibility, are reason-
ably uniform. However, the exposure age influences the chemi-
cal composition of the lunar regolith: for example, its agglutinate
content. Overall, the lunar regolith is composed of pristine rock
fragments, mineral fragments, breccia fragments, glasses of
various kinds, and unique lunar constructional particles called
agglutinates. The heterogeneous distribution of lunar regolith
leads to large variations in the composition among different
sampling sites. In addition, the lunar regolith is an “open” system
[7] because substantial quantities of foreign material, such as
meteorites, micrometeorites, and solar wind particles, undergo
considerable mixing in the lunar regolith. With an increased
degree of comminution and melting, highly mature soil may
significantly obscure the parent rock compositions. Compared
with coarse and bulk lunar regolith, the fine part is rich in alu-
minum, sodium, and incompatible elements, and it is deficient
in iron, magnesium, and titanium [13-15].

Micrometer- to millimeter-scale polymineralic rock frag-
ments, mineral fragments, and breccia fragments retain the
most information about the source rock. The lunar surface is
mostly composed of mare basalt and anorthites; therefore, the
rock fragments in the lunar regolith are mainly mare basalt frag-
ments and highland feldspathic fragments. The finer lunar rego-
lith particles have a more uniform composition and a higher
glass content than the coarser ones [8]. The glass in lunar rego-
lith can be divided into 2 types according to its origin: volcanic
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glass and agglutinitic glass. The average diameter of volcanic
glass beads in lunar soil is generally <0.1 mm. Agglutinitic glass
is typically rich in bubbles and nanometer metallic iron (nano
Fe’). The volcanic glasses are spheroidal, ellipsoidal, dumbbell-
shaped, and teardrop-shaped and are generally similar in com-
position to the bulk regolith samples. However, agglutinitic glass
is inhomogeneous and contains crystals of feldspar and ilmenite,
abundant metal spheres, and possibly other minor constituents
from exotic materials [16]. Depending on the type and abun-
dance of the microscopic inclusions it contains, a variety of glass
colors have been observed, including amber, deep red-brown,
pale green, yellow, and colorless. Unique to surface soils of extra-
terrestrial bodies without atmosphere, such as the Moon and
Mercury, agglutinates are the major constituent of the lunar
regolith. In some mature regoliths, agglutinates may account for
<60% of the soil by volume. Agglutinates are typically mid-sized
and irregular in shape with mineral grains, lithic fragments, and
glasses intermixed in varying proportions. Vesicles and fine
metallic droplets are present in most glasses and agglutinates.

Vertical structure

Most of the returned lunar regolith is the Moon’s boundary
layer, which interacts with space and records space weathering
and geological processes. The vertical structure and the global
distribution of the lunar regolith provide critical information
about lunar geological evolution and resources for future lunar
exploration. Studying the thickness of lunar regolith, including
in situ investigation and examination of returned samples, will
help us understand the geological history of the Moon. The fine
texture of regolith is also an excellent material for engineering
construction and for in situ resource utilization by future lunar
missions.

The shallow crustal structure of the Moon has been directly
measured based on seismic experiments conducted during the
Apollo missions. Active seismic experiments at the Apollo 14,
16, and 17 landing sites [17-19] and passive seismic experiments
at the Apollo 11, 12, 14, 15, and 16 landing sites [20] were per-
formed to measure the regolith thickness (see Table 1). Notably,
Apollo 14 and Apollo 16 landed in non-mare areas where the
regolith thickness values estimated from seismic refraction pro-
filing were 8.5 and 12.2 m, respectively [21]. These values are
apparently greater than those obtained from other Apollo mis-
sions that landed in mare areas. Coherent radar was also
deployed from lunar orbit during the Apollo 17 mission to map
subsurface structure to a depth of 1.6 km with a vertical resolu-
tion of ~400 m [22]. However, the coarse resolution was unable
to estimate the regolith thickness globally.

Chang’E-3 (CE-3) was China’s first lunar landing mission
that touched the northern Mare Imbrium of the lunar nearside
[23]. The lunar penetrating radar (LPR) onboard the Yutu rover
is designed to investigate subsurface structures. The LPR con-
sists of 2 channels: Channel 1 has a central frequency of 60 MHz
that can penetrate to a maximum depth of 400 m with a resolu-
tion of 1 m [23]; Channel 2 has a central frequency of 500 MHz
that can penetrate to a depth of >30 m with a resolution of
30 cm [24]. More than 9 subsurface layers have been identified,
which suggests the presence of a complex geological process at
the landing area [23]. The thickness of the regolith along the
rover’s transverse path revealed by LPR is approximately 4 to
6 m [25]. The Yutu-2 rover onboard the Chang’E-4 (CE-4) was
the first to land in the Von Karman crater on the far side of the
Moon. Many researchers have used the LPR’s observations to
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Table 1. Regolith thickness at different locations on the Moon

Location Thickness of regolith (m) Technique References

Apollo 11 44 Passive seismic experiment [20]
Apollo 12 3.7 Passive seismic experiment [20]
Apollo 14 8.5 Active seismic experiment [250]
Apollo 15 44 Passive seismic experiment [20]
Apollo 16 12.2 Active seismic experiment [250]
Apollo 17 40 Active seismic experiment [250]
CE-3 4.0-6.0 Lunar penetrating radar [25]
CE-4 5.3-15.0 Lunar penetrating radar [28]

CE-5 >3.0 Lunar regolith penetrating radar [5]
Mare in average 5 (nearside) Earth-based Arecibo radar observation [41]
5 (nearside) Earth-based Arecibo radar observation [38]

4.5 (60°S-60°N) Passive microwave observation [37]

12.6 (rock-free regolith) Diviner rock abundance measurements [44]

6.3-6.9 (4 major maria of lunar nearside)  Simultaneous observations of LRS and LALT [39]

Highland in average 12 (far side) Earth-based Arecibo radar observation [41]
>10 (far side) Earth-based Arecibo radar observation [38]

7.5 (60°S-60°N) Passive microwave observation [37]

18.5 (rock-free regolith) Diviner rock abundance measurements [44]

understand the local subsurface structures (e.g., Chen et al. [26],
Dong et al. [27], Feng et al. [28], and Li et al. [29]). Using the
first 31 lunar days of LPR data, Chen et al. [26] suggested that
the thickness of the regolith is in the range of 5.7 to 15.7 m with
an average thickness of 11.8 m. This finding is in good accord
with the work of Feng et al. [28], who estimated that the regolith
thickness varies from ~5.3 to ~15.0 m based on the 500-MHz
LPR data obtained along the rover path during the first 27 lunar
days. However, Dong et al. [27] proposed that the thickness is
constrained to ~12 m from LPR measurements obtained during
the first 5 lunar days; this is greater than the impact crater
morphology-derived value of ~2.5 to 7.5 m based on Lunar
Reconnaissance Orbiter Camera (LROC) Narrow Angle Camera
(NAC) images [30].

CE-5 is China’s first lunar sample return mission, which
successfully landed in the northeastern Oceanus Procellarum
on 2020 December 1. To help guide the drilling process and to
detect subsurface structures, the Lunar Regolith Penetrating
Radar (LRPR) onboard the CE-5 has the ability to penetrate
the subsurface to >2 m at a greater vertical resolution of 5 cm
[5,31]. The regolith thickness was reported to be >2.5 m and to
be dominated by fine particles with an abundance of rock frag-
ments [31]. Combined with analyses of the real-time measure-
ment of the bit pressure of the drill pipe, Li et al. [5] observed
homogeneous lunar soil from the surface to a depth of 0.3 m.
Beneath that layer, there is a 0.1-m-thick rock layer. At greater
depths, between 0.7 and 1 m, the radar image indicates a hard
texture, which is coincident with alternately increasing and
decreasing bit pressure. Limited by the LRPR time window, the
range of sounding images suggests that the regolith thickness
at the CE-5 landing site is greater than 3 m and that it contains
abundant rocks [5].
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Crater morphology and statistics for crater size-frequency
distribution are indirect but are the prevailing methods used
to determine regolith thickness from orbital images [30,32-36].
For example, using high-quality LROC images and the mor-
phology method [32], the thickness of the regolith was found
to correlate well with the crater density (>20 km in diameter).
An improved morphological method proposed by Di et al. [33]
has been used to determine regolith thickness by measuring
the distance between the ground surface and the floor of small,
fresh craters. However, this method is highly dependent on the
Sun incidence and topographic resolution.

The thickness of regolith on a global scale has also been inves-
tigated extensively using ground-based and orbital radar obser-
vations [37-41]. Using Earth-based 70-cm Aricebo radar data,
Shkuratov and Bondarenko [41] and Fa and Wieczorek [38]
retrieved lunar regolith thicknesses ranging from 2 to 17 m.
However, this approach should be used cautiously when applied
to regions with very high surface roughness. The Lunar Radar
Sounder (LRS) onboard Japan’s Kaguya spacecraft is designed
to reveal the subsurface structure to a depth of ~5 km with a
vertical resolution of 75 m owing to its low frequency of 5 MHz
[40]. Combining the laser altimeter (LALT) onboard Kaguya
with LRS, Kobayashi et al. [39] mapped the regolith depth at 4
major maria of the lunar nearside with a mean value of 6.3 to
6.9 m. However, the satellite-borne radar sounders have coarse
resolution when measuring regolith thickness because of the
inherent bandwidths and environmental clutter [27].

The Microwave Radiometer (MRM) onboard the Chang’E-1
is the world’s first payload to detect near-surface microwave
emission on the Moon. Based on the globally measured micro-
wave brightness temperature dataset, Fa and Jin [37], Zhou
et al. [42], and Gong and Jin [43] used different techniques to
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invert the global distribution of regolith thickness. The statistical
results within the mid-low (60°S to 60°N) range revealed that
the average thickness of regolith in maria is 4.5 m, whereas that
in the highlands is 7.6 m [37]. Recently, a new technique using
young and fresh craters corresponding to cold spots of infrared
(IR) observations has been developed to determine the thickness
of the lunar regolith [44] because larger craters can penetrate
deeper into the regolith to excavate more rocks than smaller
ones. That is, the rock abundance near cold spot craters can be
used to determine the depth of excavation and rock-free regolith
thickness. Based on the cold spot dataset within 50°N/S [45],
Venkatraman and Paige [44] measured the lunar regolith thick-
ness using Diviner (Lunar Radiometer Experiment onboard
Lunar Reconnaissance Orbiter) rock abundance around cold-
spot craters as the lower limit of depth. They estimated that the
average rock-free regolith thickness is 12.6 m in the lunar mare
and 18.5 m in the highlands—much thicker than the thickness
determined by MRM inversion [37].

The Formation Mechanism of Lunar Regolith

Impact and gardening

Cratering is the chief factor that is responsible for the formation
of lunar regolith. Impact craters are the predominant geomor-
phic features on the lunar surface, and their formation process
can be divided into the following stages: contacting and com-
pression, excavation, and modification [46]. When a meteorite
makes contact with the surface of a planetary body, the contact
and compression phase begins. After a super-speed meteorite
impacts the surface of a planetary body, in a very short period
of time, the contact area between the meteorite and the plan-
etary body undergoes intense deformation and propagates
outward in the form of a shock wave. The shock wave moves
rapidly outward in the target and backward to the tail of the
projectile, and a rarefaction wave is reflected back when the
shock wave arrives at the tail of the projectile. The rarefaction
wave propagates much faster in the compressed material and
relieves the high pressure caused by the shock wave. When the
head of the rarefaction wave catches the shock wave, the first
stage of the impact process terminates. In this first phase, the
occurrence area is relatively small, comparable in scale to the
meteorite. However, the extremely high pressure in this area
causes material to be crushed, liquefied, and even vaporized,
and then to be ejected to surrounding regions. The lunar rego-
lith’s molten material primarily originates from this zone. The
second stage begins immediately after the contact and compres-
sion stage ends, and a largely hemispherical shock wave propa-
gates into the target, weakening as it expands and engulfs more
material. This shock wave and the following rarefaction set
target material in motion, and an ejecta curtain forms to exca-
vate a cavity during this stage. At the end of this phase, a bowl-
shaped transient crater is formed. In the third stage, because
of gravitational instability, some material on the rim and walls
of the transient crater slides to the crater bottom, and a breccia
lens is produced in the crater’s center [46-49].

The formation and evolution of the lunar regolith are closely
related to the impact. The agglutinate material and molten glass
in lunar regolith are primarily a result of the ultrahigh pressure
during the contact and compression stage. In the subsequent
excavation process, deep material can be excavated and spat-
tered to the surface, and some original surficial material can
be buried in the final modification process. In previous studies,
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the above-mentioned overturning and mixing processes of
surficial material caused by impact is defined as impact garden-
ing [7,50]. Notably, meteorite impact information has been
mostly recorded in lunar surface materials [51-53] because
there is no atmosphere on the Moon, and little tectonic activity
occurred in the last 3.0 Ga [54]. Therefore, understanding the
impact cratering process and the closely related gardening pro-
cess is necessary in researching lunar impact history, lunar
surface rock fragmentation, the lunar regolith formation pro-
cess, and the surficial structure of the Moon [55-57].

Since the first high-resolution image of the Moon was sent by
Ranger 7 in 1964 (https://www.jpl.nasa.gov/missions/ranger-7),
the lunar regolith formation process and the related gardening
process have been widely studied. A primary method for quan-
titatively studying the aforementioned processes involves estab-
lishing models for the formation and evolution of lunar regolith.
In 1973, Oberbeck et al. [58] developed a Monte Carlo model to
describe impact events and to analyze the relationship between
the growth of lunar regolith and impact events. This approach
has been widely utilized and continuously refined, for example,
by Quaide and Oberbeck [59] and Horz [60]. Gault etal. [7]
introduced an innovative model for the mixing of the weathering
layer, also known as the surficial regolith layer, wherein the
impact flux is assumed to follow a Poisson probability distribu-
tion. Building upon this foundation, Gault et al. [7] examined
the likelihood of an impact event affecting a point at a specific
depth and calculated the rate of overturning of lunar regolith at
various depths and time intervals. Subsequently, Arnold [50],
Fischer and Pieters [61], and Li and Mustard [62] delved deeper
into this model, examining the intricate influence of the impact
gardening phenomenon on the spatial arrangement of lunar
regolith. Recent advancements in computing technology and the
ongoing progress in understanding crater formation and degra-
dation have led to significant enhancements in the lunar regolith
evolution model. Richardson [63] introduced the Cratered
Terrain Evolution Model (CTEM), offering a comprehensive
investigation into the formation and vanishing of impact craters
and their ejecta. Building upon the CTEM, Huang et al. [64]
incorporated a regolith transport model to examine the impact
transport and mixing dynamics at the lunar mare/highland inter-
face. Costello et al. [57] updated the classical model proposed by
Gault et al. [7] by utilizing the novel research results of impact
flux and crater scaling law. Regarding impact melts distribution,
Liu etal. [65] analyzed the effects of the long-term gardening
process for 3 impact basins (Serenitatis, Crisium, and Imbrium).
These investigations have significantly advanced our understand-
ing of the impact gardening mechanism and of the evolutionary
patterns of lunar regolith. Nonetheless, owing to the limited
availability of necessary datasets, early studies were primarily
focused on the spatial arrangement modeling of lunar regolith
and lacked confirmation from in situ high-resolution strati-
graphic data.

On 2019 January 3, China’s CE4 probe successfully achieved
a soft landing in the Von Karman crater inside the South Pole-
Aitken Basin on the far side of the Moon [53,66], and the
onboard LPR has provided information about the lunar regolith
structure underneath. Recent studies revealed that the material
up to the depth of dozens of meters underneath the CE4 land-
ing area is mostly the ejecta from the Finsen crater, and the
geological age of the Finsen crater is approximately 3.5 Ga [67].
With the “CraterTools” add-in in ArcGIS [68], we delineated
2,049 craters with diameters between 5.0 and 317.6 m in the
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1-km” area around the CE4 landing point in the LROC NAC
image at a spatial resolution of 0.89 m/pixel. In addition, to
evaluate the influence of the impact events outside the research
area, studies identified a total of 6,093 impact craters within
50 km X 30 km around the landing site based on mosaic images
[69]. These impact events could be used in subsequent calcula-
tions of lunar regolith thickness, excavation depth, overturning
times, and grain size.

To quantitatively evaluate the influence of the formation pro-
cesses of these craters on the formation and evolution of lunar
regolith in this region, we used the empirical equations to cal-
culate the ejecta thickness inside and outside the craters [70-72],
to calculate the depth of the transitional crater as a rotating
paraboloid [46], and to calculate the fragment size [46,73] for a
single impact event. Next, we simulated these impact events
within the study area using the Monte Carlo method, ensuring
compliance with the chronology function and the production
function [74,75]. Notably, the lunar regolith is also affected by
the continuous effects of material rupture caused by large tem-
perature differences on the lunar surface, lunar earthquakes, and
micrometeorite bombardments. These effects are collectively
considered as the degradation of terrain, which also contributes
to the evolution of lunar regolith and can be described by the
diffusion equation [63,76]. This model has been included in our
studies, and the terrain diffusion rate has been set at 5.5 m*/Myr
(million years) [77]. The lunar regolith thickness and distribu-
tion have been calculated at every 0.01 Ga. We report that (a)
the formation of the lunar regolith is mainly determined by
large-scale impact events, whereas small-scale impact events
have a significant effect on the mixing and overturning of shal-
low lunar regolith; (b) the grain size of the regolith material does
not strictly increase with the depth, and some smaller grains can
be found at the greater depths; and (c) in the initial 0.5 Ga, the
impact flux was very high, and the spatial distribution of lunar
regolith thickness was determined rapidly at that time. The
simulated lunar regolith structure is largely consistent with the
observations by the LPR onboard CE4, although our results
revealed much more details on the lunar regolith in this area
[78]; e.g., Fig. 1 shows the results on regolith thickness and grain
size at different ages.

Space weathering

The surface of airless planetary bodies, such as the Moon, is
continuously and permanently modified, either physically,
chemically, or spectrally, by micrometeorite impacts, solar wind
particles, and galactic cosmic rays [79]. The term “space weath-
ering” is used to encompass all of the gradual alteration pro-
cesses caused by interactions between the surface regolith and
the harsh space environment [79]. The ubiquitous space weath-
ering processes on the lunar surface strongly affect the optical
properties of the surface regolith: for example, causing the vis-
ible and near-infrared (NIR) reflectance to become appreciably
dark, exhibiting a reddened continuum, and even nearly com-
pletely suppressing diagnostic absorption features [79]. In addi-
tion to the Moon, similar spectral alteration phenomena due
to space weathering have also been reported for Mercury [80],
Phobos [81], and various asteroids [82-85].

Optical alterations on the Moon are mainly caused by the
gradual creation and accumulation of submicroscopic metallic
iron (SMFe), including both nanophase (<33 nm in size) and
microphase (>33 nm in size) metallic iron, also known as npFe’
and ppFe’. Studies of lunar samples revealed that nanophase
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particles deposit on the glassy rims of regolith particles and
agglutinates, whereas microphase particles occur only within
agglutinates [86-90]. These SMFe particles are usually formed
by the in situ reduction and/or evaporative re-deposition of
iron in silicates such as olivine or pyroxene in the lunar regolith
during the bombardment of high-energy particles (e.g., hydro-
gen in solar wind) or micrometeorites [91]. However, after
measuring the valence states of iron and observing the co-
presence of SMFe and Fe’* in an amorphous mixture of olivine
on a fine-grained CE-5 sample, Li et al. [92] reported that a
disproportionation reaction of Fe** during micro-impacts can
also generate SMFe particles. This finding provides a novel per-
spective on weathering mechanisms in regions or bodies that
do not experience a strong solar wind component, such as per-
manently shadowed areas or outer solar system bodies. Smaller
SMFe particles (<10 nm in diameter) greatly redden spectra
in the visible (VIS) wavelengths while leaving the NIR region
largely unaffected. Larger particles (>40 nm in diameter)
darken spectra across the VIS/NIR range with little change in
the overall shape of the continuum, while intermediate particles
affect spectra in distinct patterns that vary with total iron abun-
dance [88,89,93]. In addition to SMFe particles, amorphous
layers, vesicles, and radiation tracks are also products of space
weathering [79,94].

The lunar regolith has already been remotely observed by
orbiters, measured in situ by rovers, and sampled by crewed/
uncrewed spacecraft. Therefore, the physical properties, chemical
composition, and spectral features of the regolith are well-studied
and have been thoroughly characterized in the laboratory, par-
ticularly samples from the Apollo, Luna, and CE-5 missions.
Observations of the structure and composition of Apollo-
returned lunar regolith grains that were obtained using aber-
ration-corrected scanning transmission electron microscopy
(STEM) show a number of unexpected phases present in the
grains, such as oxidized iron-rich nanoparticles [95]. Utt et al.
[96] used spatially resolved near-field spectroscopy in the mid-
infrared (MIR) to study the spectral effects of space weathering
over a depth of 500 nm in Apollo-returned lunar regolith grains;
their findings support a connection between microstructural/
chemical changes and MIR effects in weathered lunar regolith.
Yang et al. [97] performed a detailed microscale spectral survey
of CE-5-returned lunar regolith grains and reported that the NIR
bands are more susceptible than the MIR bands to space weather-
ing effects. Observations of a single basaltic clast from another
CE-5 sample obtained using scanning electron microscopy and
transmission electron microscopy (TEM) analysis revealed
phase-dependent effects on space weathering [94]: All mineral
phases have a vapor deposit layer, whereas the microscopic tex-
tures of the solar wind irradiation-damaged zone are host-
mineral-dependent; SMFe particles are spherical in the amorphized
zone of pyroxenes, elongated in ilmenite, and irregular on the
jagged surface of iron sulfide, but are not found in Fe-poor mer-
rillite; vesicles were observed in the damaged zone of both ilmen-
ite and merrillite but had different shapes [94].

Understanding space weathering processes is vital for deci-
phering remotely sensed data from previous, ongoing, or future
missions to any airless planetary bodies. Simulations of micro-
meteorite bombardment and solar wind irradiation in the labo-
ratory are valid means for studying weathering processes. For
example, Sasaki et al. [98] simulated micrometeorite impacts
by performing laser irradiation on pellet samples of olivine,
pyroxene, and anorthite. Measurements of reflectance showed
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Fig. 1. Evolution of lunar regolith in the CE4 landing area. (A), (B), and (C) show the spatial distribution of lunar regolith thickness at 3.0, 2.0, and 1.0 Ga, respectively; (D), (E),
and (F) are profiles of lunar regolith thickness at the corresponding time along the horizontal line of y = 200 m; (G), (H), and (1) are profiles of lunar regolith grain size at the
corresponding time along the horizontal line of y = 200 m. The units are all in meters. Note that the vertical scales are zoomed to 0 to 25 m scale in (D) to (1).

significant reddening, and the reduction of spectra was much
larger in the visible region than in the NIR region. TEM observa-
tions revealed that npFe” are widely spread in rim regions of
irradiated olivine grains; however, no trace of structural change
was observed in irradiated olivine crystal samples, suggesting
that the presence of regolith-like surface is essential for effective
space weathering on asteroids. Matsuoka et al. [99] simulated
micrometeorite bombardments on the surfaces of C-type aster-
oids using low-energy pulsed-laser irradiation experiments on
chondrite samples, which resulted in spectral flattening and
water absorption band suppression. Weber et al. [100] studied
space weathering effects caused by micrometeorite bombard-
ments using pulsed intense IR laser-irradiated samples and
observed reductions in albedo and in the reflectance of char-
acteristic Reststrahlen bands and an increase of the transpar-
ency feature. Marchi et al. [101] conducted ion irradiation
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experiments on multiple samples that produced reddening and
darkening of reflectance spectra. Analysis of the spectral features
of asteroids and meteorites with similar mineralogy but different
distributions of spectral slopes suggests that these differences are
caused by solar wind irradiation-triggered space weathering
[101]. Loeftler et al. [102] studied the effects of ion irradiation
on olivine both spectrally and chemically. The observed changes
in reflectance, in particular the reddening slope, are correlated
with the amount of metallic iron formed by ion impact. Moreover,
the slower metallization rate of the powder when compared to
that of the sectioned rock was proposed to be a consequence of
redeposition of sputtered material [102]. Fulvio et al. [103] per-
formed irradiation experiments with various ions and energies
on different eucrites and observed the spectral alterations, spe-
cifically the progressive reddening and darkening of the irradi-
ated samples. The findings from these simulations indicate that
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space weathering processes strongly affect the optical properties
of the lunar regolith and must be seriously considered when
analyzing remotely sensed data.

Space weathering processes result in the accumulation of
SMFe in the lunar regolith over time until a steady-state equi-
librium is reached as long as immature material is not excavated
by an impact [56]. Consequently, SMFe abundance is a critical
indicator for evaluating the degree of maturity of the regolith.
An accuracy-and-spatial-resolution-improved space weather-
ing map of the lunar surface [104] shows that the SMFe abun-
dance is qualitatively similar to the optical maturity since fresh
craters and their rays are the most apparent feature. Wang et al.
[105] determined the SMFe abundance (0.368 wt.%) in regolith
minimally disturbed by the CE-3 rocket exhaust and inferred
a ferromagnetic resonance intensity normalized to total iron
(Is/FeO) maturity index of ~53, indicating that the regolith is
sub-mature. Spectroscopic measurements and optical modeling
indicated that the SMFe abundance varies with distance from
the landing site and depth from the uppermost surface; in other
words, the natural uppermost surficial regolith is more weath-
ered than the regolith underneath revealed by the rocket
exhaust [105]. Gou et al. [106] determined the SMFe content
(0.32 & 0.06 wt.%) in the regolith at the CE-4 landing site and
obtained a maturity index of 82 + 15, suggesting that the Finsen
Crater ejecta-sourced regolith is mature. Wu et al. [107] esti-
mated the concentration of SMFe (0.14 wt.%) in the regolith at
the CE-5 landing site and qualitatively assessed the regolith to
be sub-mature. Unlike the phenomenon observed at the CE-3
landing site, the surficial regolith and the underlying centime-
ter-depth layer exhibit similar maturity, indicating that the
upper few centimeters of lunar regolith have been substantially
churned, and the disturbance from the rocket exhaust did not
affect regolith maturity [107].

Inventory of Volatiles in Lunar Regolith

Water and other volatile elements significantly affect the melt-
ing temperatures of silicates and the fractional crystallization
of magma. Therefore, the water content of the moon may play
a key role in both the evolution of the lunar magma ocean
(LMO) and in later volcanic activities of the lunar mantle.
Moreover, water is a crucial resource for further exploration
of the Moon. Early perspectives suggested that a substantial
amount of water and other volatile components escaped during
the Moon-forming giant impact [108], resulting in a relatively
dry Moon [1]. This hypothesis was supported by the absence
of water-bearing minerals and the generally low abundance of
volatiles in lunar samples [1]. However, thanks to the develop-
ment of remote sensing techniques, several studies have con-
firmed the presence of water on the lunar surface by analyzing
IR spectroscopy data from the Chandrayaan-1, Deep Impact,
and Cassini missions [109-112]. Subsequent lunar-impacting
experiments performed by the Chandrayaan-1 and LCROSS
missions confirmed that the permanently shadowed regions of
lunar craters contain water ice and other volatile components
[113-116]. The amount of water ice in the lunar regolith from
permanently shadowed regions could be at least 0.5 to 4.0 wt.%
[117]. Furthermore, the presence of water was discovered not
only in polar regions but also in highland areas at lower lati-
tudes [111]. Water in the lunar soil is present in the form of
structurally bound —OH, molecular H,O adsorbed onto lunar
soil grains, or H preserved in nominally anhydrous minerals
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[110-112,118]. Generally, owing to the weaker solar radiation
intensity, the temperature in the high-latitude region is lower
than that in the low-latitude region, allowing more H from the
solar wind implantation preserved in the lunar soil. The distri-
bution of H,O on the lunar surface, observed from the IR spec-
troscopy, clearly showed enrichment in the higher-latitude
regions (Fig. 2; [119-121]). However, from the in situ observa-
tion with the Lunar Mineralogical Spectrometer onboard the
CE-5 lander [122,123] and the study of the CE-5 returned rego-
lith samples [124], 28.5 to 170 parts per million (ppm) of the
water was witnessed and was interpreted as the contribution
from the solar wind implantation or indigenous water pre-
served in apatites.

The source of the water on the lunar surface remains con-
troversial. There are 3 main potential sources for the water in
the lunar soil, including degassing from the lunar interior [125],
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Fig. 2. Water distribution on the lunar surface. (A) Global map of effective single-
particle absorption thickness (ESPAT) values (at ~2.86 pm) and estimated water
contents (assuming that the irregularly shaped particles have a diameter of 60
to 80 pm) calculated from the M* mission data overlain on a Lunar Orbiter Laser
Altimeter (LOLA) shaded-relief map. Apollo landing sites are labeled with yellow
dots [119]. (B) Abundance enhancements of lunar polar hydrogen for the north and
south poles measured from improved datasets from the Lunar Prospector Neutron
Spectrometer using a statistics-based likelihood analysis [120]. (C) Distribution
of water-ice-bearing pixels (green and cyan dots) overlain on the Diviner annual
maximum temperature for the north and south poles. Ice detection results are
further filtered by maximum temperature (<110 K), LOLA albedo (>0.35), and Lyman
Alpha Mapping Project (LAMP) off and on band ratio (>1.2, only applicable in the
south). Each dot represents an M? pixel, ~280 m x 280 m [121].
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implantation of protons by solar wind [126-128], and accretion
of water from asteroids or comets [129].

Regarding water in the interior of the Moon, some volatiles
escaped from the Moon owing to the high temperature during
the Moon-forming giant impact and the subsequent LMO, as
well as to the relatively low gravity of the Moon [130-134]. In
contrast, the frequent impacts of asteroids and comets during
the late heavy bombardment could have brought water and other
volatiles to the Moon [135-138], meaning that the content of
water and volatiles in the interior of the Moon is uncertain.
Estimations of the water content in the lunar interior have
mainly been based on measurements of the water content in
lunar igneous rocks and volcanic glass and on the isotopic com-
positions of volatile elements [139,140]. Studies of the contents
and diffusion patterns of water and other volatiles in lunar vol-
canic glass beads revealed that the lunar interior was relatively
enriched in volatiles [141-143]. However, this enrichment is
frequently underestimated owing to volcanic activity and volatile
degassing [130-132,144]. A series of measurements of water
content in lunar soil glass beads [130], apatite in lunar mare
basalts [139-141], melt inclusions [142,145], and feldspar in
highland anorthosites [143] indicated the possible presence of
a considerable amount of water within the lunar interior. The
water contents of very low-Ti volcanic glass, melt inclusions, and
crustal feldspar range from 260 to 745 ppm, 615 to 1,410 ppm,
and ~2.7 ppm, respectively [145]. Based on this evidence, the
estimated water content of the LMO appears to be consistent at
approximately 100 ppm [144]. However, estimates of the water
content of LMO based on apatite in lunar mare basalts vary
widely [137]. Owing to the same stoichiometry of —OH, Cl, and
F in apatite, the F content in the magma affected the apparent
partition coefficient of water between the apatite and the magma,
allowing for the enrichment of 1,000 ppm water in low-F apatite
[141]. Additionally, during the final stages of magma differentia-
tion, silicate-liquid immiscibility causes magma to split into
Si-K-rich (felsic) and Fe-rich (Fe-basaltic) conjugate liquids,
resulting in significant variations in the water content of apatite
in different mesostasis pockets [146]. Despite these complexities,
basing estimation on the water content and H isotopic composi-
tions of lunar apatite can still provide a conservative estimate of
the water content of the LMO, which is approximately 6 to
390 ppm [133]. Some remote sensing studies also support the
presence of significant amounts of water and other volatiles in
the lunar interior [122,123,147,148]. For instance, IR spectral
observations of regions with thin ejecta (such as the central
peaks of young impact craters, e.g., Bullialdus Crater) have
shown that 0.2% to 0.6% hydroxyl groups (—OH) are necessary
to account for the observed —OH peaks [147].

Like water, nonmetallic volatiles such as E Cl, and S are
gradually enriched in residual melts during magmatic evolution
[142,145]. For example, lunar melt inclusions containing large
amounts of water (615 to 1,410 ppm) also contain large amounts
of F (50 to 78 ppm), S (612 to 877 ppm), and CI (1.5 to 3 ppm)
[145]. Degassing of these volatiles during magmatic differentia-
tion can result in significant isotopic fractionations, which can
enable estimation of the volatile content in the lunar interior.
For instance, the significant chlorine isotopic fractionation
observed in lunar rocks was thought to result from Cl degassing
under high CI/H ratio conditions where Cl could evaporate in
the form of metal chlorides [134], thus indicating a lower water
content during Cl degassing from the magma. However, others
have proposed that this large chlorine isotopic variation could
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also be attributed to any of the following: (a) the mixing of lunar
mantle sources with degassed urKREEP components (late-stage
LMO residual melts thought to have been enriched in incom-
patible elements such as K, REEs, and P) [134,135,138], (b)
isotopic fractionation induced by metamorphic processes after
solidification [148], or (c) localized degassing of HCI from
magma [149] rather than evaporation of CI from a dry LMO.
Metallic volatile elements (such as K, Rb, Sn, Ga, and Zn) also
underwent significant degassing during the LMO stage and/or
later volcanic activity, where the light isotopes of the volatiles
preferentially escaped, resulting in the heavy isotopic composi-
tions of lunar samples [150-157]. However, these metallic vola-
tiles often have light isotopic compositions in lunar regolith,
indicating that some escaped volatiles have recondensed in the
lunar regolith, particularly in glasses and agglutinates ([150,154].
In addition, analyses of metallic elements and isotopic composi-
tions on the surfaces of lunar orange glass beads have indicated
the recondensation of volatiles [158]. These volatiles can also
deposit in permanently shadowed regions located in the polar
regions of the Moon. This phenomenon was demonstrated by
the LCROSS impact experiment on the permanently shadowed
crater Cabeus, which exhibited not only significant releases of
water and H, but also substantial releases of other volatiles, such
as CO, Hg, and Na [114,159]. The water and volatiles from the
lunar interior can account for the lower estimates of surface
water content based on remote sensing observations. For exam-
ple, the water content in low-latitude regions or local water-poor
areas (such as the landing site of CE-5) can be explained by the
distribution of water-enriched apatite or other nominally anhy-
drous minerals [119,123]. However, the water from the interior
of the Moon is insufficient to account for up to a few percent of
the water mass observed in the permanently shadowed regions;
therefore, other potential water sources must be considered
[111,113].

Alternatively, impacts from meteoroids/micrometeoroids and
solar wind implantation could contribute a substantial amount
of H to the surface lunar soil [126-128,160]. The delivery of water
and other volatiles by asteroids or comets was proposed to
reconcile the conflict between degassing during the Moon-
forming giant impact and the volatile-enriched lunar interior
[135-138,161,162]. The H isotopic compositions of the Moon
determined from comprehensive H isotopic analyses of lunar
rocks (including lunar mare basalts and highland anorthosites)
suggest that the Moon and the Earth have a similar water source
[135]. Asteroids, represented by carbonaceous chondrites rather
than comets, are likely sources of water for the Earth-Moon sys-
tem [135,163]. The time of volatile addition might have been
after the Moon-forming giant impact but before the formation
of the lunar crust [133,140]. The isotopic compositions of other
volatiles also support this hypothesis [153,157].

The solar wind implants a significant flux of protons (hydro-
gen) to the lunar surface and is recognized as a major water
source for the lunar regolith. The H isotopic signatures of the
solar wind are significantly lighter than those of the Moon,
asteroids, and comets [124,126,164], making them effective
indicators for identifying the solar-wind-origin hydrogen in
lunar soil. Studies of the water content and the H isotopic com-
positions of impact-melt glasses [126] and of impact glass beads
[164] from lunar regolith using secondary ion mass spectrom-
etry revealed that a substantial amount of H was implanted into
the glasses by the solar wind and was preserved in the lunar
regolith. The amount of H from solar wind could contribute as
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much as 2.7 x 10" kg of water to the global lunar surface [164].
In addition to glass beads, the surfaces of nominally anhydrous
minerals, such as olivine and feldspar, can also retain significant
amounts of H from solar wind in lunar regolith [124]. The
hydrogen implanted by solar wind could serve as the dominant
source of water preserved in the soil at lunar surface, subsur-
face, and permanently shadowed regions [109,110].

Notably, the hydrogen implanted by the solar wind into lunar
glasses and minerals is predominantly present in the form of
—OH rather than as water ice [165]. However, observations from
LCROSS, from Chandrayaan-1’s impact experiments, and from
the 6-pm IR absorption band on the lunar surface confirm the
presence of significant amounts of water ice on the lunar surface
and in the subsurface [114,116,117,165,166], necessitating a
mechanism to account for the transformation of the —OH to
water ice. Furthermore, the polar distribution of water ice
requires a water redistribution process on the lunar surface
[109,110,125]. Water ice can be generated from —OH through
photodissociation and dissociative adsorption, leading to rehy-
droxylation on the sunlit side or during the bombardment of
micrometeorites [160,167]. Also, since the diurnal and latitudi-
nal temperature variation is large (up to 400 K), the sublimation
and condensation of volatiles on the lunar surface is significant
[119,168]. Thus, the cycle of sublimation and recondensation
could affect the speciation and distribution of volatiles [169].
Meanwhile, water generated from solar wind implantation and
micrometeorite bombardment could be overprinted by the
redistribution and absorption processes, as has been recorded
in the returned samples [164,170]. The different surface tem-
peratures could also be used to identify the water speciation and
help to distinguish the source of water [123]. The heterogeneous
distribution of water among different latitudes, topographies,
and lithologies could be attributed to this rehydroxylation-
redistribution process [121,134,171].

Cosmogenic Nuclides in Lunar Regolith

The cosmogenic nuclides present in extraterrestrial samples
can provide insights into the radiation environment, shielding
conditions, and space weathering history of these samples.
Thus, these nuclides have various applications, such as aiding
in determination of the temporal duration of meteorites’ expo-
sure to cosmic rays after leaving their parent bodies and helping
to characterize the local cosmic ray flux and spectra in the solar
system. Recently, metallic isotopic analyses have been widely
applied in exploring the genesis and evolution of the solar sys-
tem [172-179]. Nonetheless, it is crucial to acknowledge that
the isotopic composition of extraterrestrial samples may be
subject to alteration by cosmic ray irradiation. Consequently,
to effectively use the nucleosynthesis anomalies, stable isotopic
fractionation, and radioactive isotope chronology of extrater-
restrial samples to deduce solar system processes, it is impera-
tive to quantitatively assess the influence of cosmic ray effects
and to correct for these effects [172,180-182]. Lunar regolith,
owing to its extended exposure to cosmic ray irradiation during
protracted lunar surface residence, has amassed a considerable
reservoir of cosmogenic nuclides, rendering it a particularly
useful subject for investigating cosmogenic nuclides [183].
Cosmogenic nuclides within lunar regolith are generated
through the interaction of target elements with cosmic rays. The
cosmic rays that influence the production of cosmogenic nuclides
primarily consist of galactic cosmic rays (GCRs) and solar cosmic
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rays (SCRs). GCRs are composed of high-energy, low-flux par-
ticles/rays and exhibit a primary GCR energy spectrum spanning
the range of 1 to 10" MeV in interplanetary space [184]. Various
compositional components of GCRs manifest similar energy
spectra, with protons possessing the highest flux (<87%), fol-
lowed by helium ions (~12%); both significantly surpass the flux
of heavier ions by several orders of magnitude [185,186]. SCRs
are the supersonic, plasma-charged particle streams expelled
from the high solar atmosphere, encompassing constituents such
as protons, helium ions, and electrons [187]. In contrast to GCRs,
SCRs possess an average energy near 1 MeV, exhibiting a nar-
rower spectrum albeit with elevated flux. Additionally, SCRs
encompass high-energy particle streams arising from shock
acceleration propelled by SCR or coronal mass ejections [188].
Interactions between GCR particles and target nuclides within
irradiated lunar regolith engender secondary particles primarily
consisting of protons and neutrons. These secondary particles
further interact with elements in the lunar regolith, generating
additional particles until their energy is dissipated. This sequence
of events yielding secondary particles is referred to as intra- and
internuclear cascades [189]. Given that the energy of SCRs is
lower than that of GCRs, SCR particles can only penetrate the
uppermost few centimeters of lunar regolith and are incapable
of generating sufficient secondary particles for the spallation or
neutron capture processes. In the case of lunar regolith, SCR
effects are particularly significant within the top 1 to 2 cm of the
surface [183]. The flux of primary and secondary particles within
the lunar samples buried in irradiated lunar regolith is contingent
upon factors such as sample radius, shape, shielding depth, and
chemical composition. Among these factors, sample radius and
shielding depth are collectively referred to as shielding conditions
or shielding parameters [189,190]. Owing to the relatively minor
influence of SCRs on cosmogenic nuclides, which contribute to
the production of only a few cosmogenic nuclides and are pri-
marily confined to the uppermost few centimeters of the surface
[191], greater attention has been given to the cosmogenic
nuclides produced by GCR irradiation. Interactions between
target nuclides and GCR particles primarily take the form of
spallation reactions and thermal/epithermal neutron capture
reactions. Spallation reactions involve high-energy particles
(protons, neutrons, and o particles) directly interacting with
target nuclides in extraterrestrial samples, inducing their frag-
mentation and yielding nuclei with mass numbers lower than
those of the target nuclei, accompanied by the emission of other
particles. Common target elements within lunar regolith include
O, Mg, Al Si, Fe, and Ni. [192]. Representative products of spall-
ation reactions include cosmogenic noble gas isotopes such as
’He, *'Ne, and **Ar. Thermal and epithermal neutron capture
reactions entail the capture of thermal neutrons (with energy
~0.025 eV) and epithermal neutrons (with energy in the range
of 1 to 10 keV) by target nuclides, leading to the formation of
new nuclei with one additional neutron. If these new nuclei are
unstable, they may undergo p~ decay to form new elements.
Consequently, thermal and epithermal neutron capture reactions
frequently lead to transitions between neighboring isotopes of
an element or between adjacent elements. The probability of this
reaction is often characterized by the neutron capture cross-
section. Elements with large neutron capture cross-sections
include lithophile elements such as Gd, Sm, and Hf, along with
more recently investigated siderophile elements such as Os,
Pt, and W. These elements are often employed to indicate ther-
mal neutron density within extraterrestrial samples [193-196].
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Notably, both thermal and epithermal neutron capture reactions
involve secondary neutrons generated by reactions between pri-
mary GCR particles and rocks, where the flux of these particles
within irradiated objects exhibits an increasing trend and is fol-
lowed by a decline with increasing shielding depth. Typically, the
maximum flux occurs at a shielding depth of approximately
200 g/cm” [197-199], which is generally a greater depth than
that of the peak spallation reaction.

Investigation of cosmogenic nuclides provides crucial con-
straints for understanding both the exposure history of lunar
regolith samples in space and the evolutionary history of cosmic
rays. Determination of the cosmic ray exposure (CRE) ages of
extraterrestrial samples universally relies on the assumption of a
single-stage radiation model and is calculated using the concen-
tration of target cosmogenic nuclides and their respective pro-
duction rates. The computation of cosmogenic nuclide production
rates typically employs physical models, which are primarily
derived from numerical simulations based on reaction cross-
sections and particle flux spectra [189,200-202]. In the context
of lunar samples, simulations often employ a 21 exposure geom-
etry to assess the production rate of the cosmogenic nuclides
[200,202,203]. Once the production rate information for a sample
is acquired, the CRE age is determined by measuring the abun-
dance of cosmogenic radionuclides and stable nuclides. However,
it should be noted that the majority of lunar regolith samples
typically have complex exposure histories [204]. The process of
“gardening” has led grains within the lunar regolith to undergo
repeated burial, excavation, and overall transportation in both
vertical and lateral directions [1,3,205,206]. This process often
leads to a lack of precise shielding information when determining
the CRE age of lunar regolith samples and results in the establish-
ment of only the lower limit of their ages [207].

The most commonly employed approach for obtaining the
CRE age of lunar samples involves the determination of the stable
cosmogenic noble gas nuclides (*He, *'Ne, **Ar, *’Kr, and *°Xe
[204]). Because the cosmogenic noble gas nuclides are produced
by the spallation of the major elements in the lunar soil, they can
provide additional information on the gardening history of the
lunar surface beyond fossil tracks and other isotopic indicators
controlled by neutron capture, such as Sm and Gd (e.g., Apollo
15 and 16 deep drill cores [194,205,208-210]). A typical example
involves the successful application of this method on ejecta to
constrain the formation ages of the Cone and North Ray craters
through CRE ages [207,211]. Although the widespread presence
of solar wind Ne in lunar samples poses a challenge in utilizing
the *'Ne/**Ne ratio to determine the shielding depth of samples,
the diversity within noble gas isotopic systems nevertheless
enables researchers to constrain the shielding depth of lunar
samples using the '**Xe/"*'Xe ratio or the *'Kr-Kr method
[183,204,212]. Notably, Nottingham et al. [213] recently pro-
posed a 2-stage exposure model relying on Ne isotopic composi-
tions specifically for lunar basaltic samples and used this model
to reconstruct the early exposure history of the lunar regolith.
Although this method possesses certain usage limitations, it sig-
nificantly reduces the sample mass (submilligram) required for
determining shielding depth. Aside from the implications on
constraining the gardening history of lunar soil, the cosmogenic
noble gas nuclides can also provide information on the volatile
contributions from solar wind [208,214-218].

Moreover, for cosmogenic nuclides with exposure ages sig-
nificantly exceeding their half-lives, their radiogenic isotopic
activities (the product of isotopic concentration and decay
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constant) would reach saturation when the radiogenic isotopic
activities are approximately equal to their production rates
[219]. Thus, the activities of these nuclides in static regolith are
entirely dependent on the neutron flux capable of generating
these nuclides within the lunar regolith layer [219-221]. The
typical neutron energy required to provoke spallation reactions
(such as the production reaction of >>Mn and Al [221]) is
higher than that required for neutron capture reactions (such
as the production reaction of *1Ca and “’Co [199,222]). Thus,
by comparing the activities of nuclides generated by neutron
capture and nuclides generated by spallation at different depths
of the lunar regolith drill core, it is possible to effectively esti-
mate variations in neutron flux within lunar regolith. Such
estimation is in accord with neutron flux measured directly
from the lunar regolith in the Apollo 17 lunar neutron probe
experiment [223,224] (Fig. 3A). Studies of disturbances and
mixing scenarios of lunar core samples using these cosmogenic
nuclides reveal that in lunar regolith drill cores, such as the
Apollo 15, 16, and 17 deep drill cores and drive tubes, the con-
centrations of short-lived nuclides (such as "*C, *Na, *°Al, and
**Mn) are dramatically enhanced in the uppermost layer (Fig.
3C to E). This increase indicates a significant elevation in neu-
tron flux at the surface due to the contributions of SCRs, result-
inginasubstantial enhancement in the saturation concentrations
of short half-life nuclides [220,225-227].

Concentrations of cosmogenic nuclides can thus be used to
indicate the accretion and mixing history of the lunar soil. In the
steady-state CRE scenario, the activities of cosmogenic short-
lived nuclides in the uppermost several centimeters are 2 to
3 times that of the deeper regions contributed from the SCR
exposure, such as in the case of Apollo 16 double drive tube

% A @ Woolumetal., 1975 ¢ Fruchteretal., 1977 © Binnie et al., 2019
‘; @ Nishiizumietal,, 1984 A Fruchteretal., 1976 B Rancitelli et al., 1975
& 10 © Fruchteretal, 1979
E ¢
L 3 AR
=] %
2 6 Neutron density measured from ¢ ¢‘ B
g 4 Lunar neutron probe experiment @ Y
K3 \ ¢ s s 200 @
c
§ $ . 160 £
5 P 120 8
% A16 double drive tube o <
C  60009/60010 ¢ o %o0se 80 ¢
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2 ° o ?%o0
E 100
a <]
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¢ ©07es001/68002 %000 pd
* +$ + =)
4 o " 60 <
$+ ® om +* 40 g_
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160 B ." g<
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-\E 120 .
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S o4 P . ; : Soqan,
0.1 1 10 100

Depth (g/cm?)

Fig. 3. Profile of neutron density and %Al activities with depth for various drill cores
and drive tubes. (A) The neutron density measured from the Lunar Neutron Probe
Experiment. (B to E) The profile of Al activities in Apollo drill cores. The 2%Al activities
are enhanced in the uppermost layer of the Apollo 16 double drive tubes [depth <10 g/
cm? (B) and (C)] but maintain a relatively low value in the Apollo 15 deep drill core (D).
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60009/60010 (Fig. 3B; [219]). If the surface layers are disturbed,
the concentration of cosmogenic nuclides would become homog-
enized in the disturbed layers, such as in the first 3.3 g/cm” of
the Apollo 16 double drive tube 68001/68002 [228] (Fig. 3C). In
the Apollo 15 dee3p drill core, the concentrations of cosmogenic
**Na, *°Al, and >’Mn are very low in the uppermost several
centimeters, indicating a missing of surface regolith [229].
Nevertheless, the activity profiles of cosmogenic nuclides in the
deeper regions of the Apollo deep drill core exhibit a monotonic
decrease, indicating a steady-state exposure [230-232]. The
absence of a significant excess of the short-lived nuclides in the
uppermost regions of drill cores was also witnessed in Apollo 15
and 17 double drive tubes and the Luna 24 drill core, indicating
that the upper lunar regolith in these drill cores underwent con-
tinuous or transient mixing with irradiated regolith, in contrast
with the steady state in the deep layers evidenced from the mono-
tonic decreases in concentrations of cosmogenic nuclides with
depth [55,230,232-235]. In contrast, elevated but unsaturated
*6Al and *Mn signatures were observed in the uppermost 20 g/
cm’ of the Apollo 16 and 17 deep drill cores (Fig. 3E), indicating
a complex refilling of irradiated materials to the surface
[208,219,236]. When combined with decay track and thermo-
luminescence studies, these lunar regolith overturning histories
can be further interpreted as rapid coverage of the static irradi-
ated regolith layer with pre-irradiated ejecta in the sampling
regions [205,237]. Furthermore, the different half-lives of these
cosmogenic nuclides enable the estimation of temporal varia-
tions in cosmic ray flux or local solar modulation parameters by
comparing the production rates of these cosmogenic nuclides.
For example, the average cosmic ray flux in the last 2 Myr was
consistently higher than that in the last 10 Myr [191,226,238].
Because lunar regolith is exposed to cosmic ray irradiation on
the lunar surface for long periods of time, it is suitable for study-
ing the flux of secondary thermal and epithermal neutrons. Early
research focused on the nuclide '*’Gd (with a reaction cross-
section of 25,300 barns; the barn is the unit of reaction cross-
section, and 1 barn = 107* cm’ a higher cross-section value
implies a greater probability of reaction [239]). The ¥7Gd/*°Gd
and "**Gd/"*’Gd ratios exhibit a strong negative correlation with
a slope of -1, in excellent accord with that exsgected from the
thermal neutron capture reaction 157Gd(n,y)1 Gd. Combined
with neutron radiation simulation experiments, "’ Gd/'*Gd and
'Gd/"Gd ratios have been used to calculate the neutron fluence
in extraterrestrial samples [193,240]. Hidaka et al. [241] investi-
gated the Sm (the thermal neutron capture reaction cross-section
for "¥’Sm is 40,140 barns) and the Gd isotopic composition of
lunar regolith; their experiments revealed that these samples were
all affected by thermal neutron capture effects, reflecting a neu-
tron fluence on the order of 10" to 10'® n/cm®. Furthermore,
because the thermal neutron energy required to achieve the peak
production rate for 9$m and 'Gd is different (msm, 0.0973 eV
%7Gd, 0.0314 eV), the ratios of 4986m/1*%Sm and *’Gd/***Gd
(expressed as €, /€4, Where € is the relative deviation of the iso-
topic ratio in the sample from that in the standard in parts per
10,000) can be used to infer the energy spectrum of thermal neu-
trons [197,241,242]. Estimations based on measurements of Sm
and Gd isotopes from APollo drill cores and those obtained
through methods such as '°B (n,a)’Li decay tracks yield consis-
tent neutron energy spectra [210,224,241,243,244] but are higher
than the neutron energy spectra inferred from model estimation
[197,245]. The €, /€4 ratio has also been used to trace the energy
spectra of secondary neutrons in samples from different regions
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on the Moon [241,243]. A later study on cosmogenic Cd nuclides
(***Cd, which has a higher resonance absorption energy than
"Sm and "’Gd) in lunar drill core samples yielded a ec/€q,
value higher than the estimation from neutron capture model
under the lunar neutron flux, revealing a “harder” energy spec-
trum on the lunar surface [246]. Recent investigations on cos-
mogenic nuclides were extended to those of other rare earth
elements: Dy, Er, and Yb, which are more sensitive to epithermal
neutrons than Sm and Gd. Based on comparisons between con-
centration variations in cosmogenic nuclides of these 3 elements
and those of Sm and Gd in the Apollo 15 deep drill core, the
epithermal neutron flux is estimated to be approximately 10 times
that of the thermal neutron flux [239]. Moreover, similar to cos-
mogenic noble gas nuclides and short-lived nuclides, cosmogenic
nuclides of rare earth elements such as Sm and Gd can be used
to identify overturning and mixing between different lunar rego-
lith layers [209,210,244,247], constrain surface CRE ages of crater
ejecta [243,248], and estimate local cosmic ray flux [244].
Compared with cosmogenic noble gas and short-lived nuclides,
rare earth element nuclides are dominated by neutron capture
effects, which are more sensitive to lower neutron energy levels
and can reveal information from deeper-buried lunar soil, thereby
providing a unique perspective for investigating the disturbance
and evolutionary history of lunar regolith.

Like cosmogenic nuclides of Sm and Gd, cosmic ray radia-
tion can significantly influence the isotopic composition of
other elements within lunar regoliths such as Hf, W, Nd, and
Cr [172,180-182]. The isotopic compositions of these elements
play a crucial role in the study of the formation and evolution-
ary history of the Moon. For instance, the short-lived radioac-
tive isotope systems 'Hf-'"¥W, **Sm-'*Nd, and **Mn->Cr
are used to determine the timing of lunar core-mantle-crust
differentiation [172-176]. Additionally, isotopic anomalies of
W and Cr in lunar samples are used to investigate the origin of
the Moon and the accretion history of exogenous materials
[177-179]. However, these isotopic compositions are susceptible
to modification by cosmogenic effects. To accurately retrieve the
original isotopic information from lunar samples before expo-
sure to cosmic ray radiation, it is necessary to quantitatively
assess cosmic ray effects. For example, in the "**Hf-"**W short-
lived radioactive dating system, cosmic ray radiation would cause
'7Ta to capture a neutron followed by f~ decay to produce "W
("'Ta (n,y) "Ta (B~y) "W). Given the high content of Ta in
lunar samples (Ta/W =5 [195]), the 82W produced from neu-
tron capture of '*'Ta dominates the total "**W resulting from
CRE, which, in turn, affects the accuracy of Hf-W dating results.
Isotopes with large neutron capture reaction cross-sections and
similar neutron capture energies to that of '*'Ta, such as '**Hf
and "”’Gd, have commonly been used as neutron flux indicators
to correctneutron capture effects on W isotopes [172,195,196,249].
This correction strategy has also been used when calibrating
other isotopic compositions of lunar samples, such as £'**Sm for
£'**Nd and £'**Nd [181], and "*Hf for £'°Hf [180].

Summary and Future Prospects for
Sample Returns

Lunar regolith results from space weathering and continuous
gardening of lunar rocks. It not only provides clues about the
interior of the Moon but also carries rich information about its
space weather history, including meteoritic bombardment, solar
wind implantation, and cosmic ray irradiation. Lunar regolith is
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avery important volatile reservoir through interaction with solar
wind, asteroid addition, and volcanic degassing. Cosmic ray
radiation produces nuclides through spallation and neutron cap-
ture reactions, changing the isotopic compositions of the lunar
regolith, which can be used to retrieve the gardening history of
the lunar regolith. A great deal of progress has been made toward
understanding the composition, structure, and formation pro-
cesses of lunar regolith through the accomplishments of the
Chang’E mission series. Future Chang’E missions promise to
shed light on the space weathering processes on the far side of
the Moon (Chang’E-6), and on volatile speciation, content, and
redistribution in the lunar polar region (Chang’E-7).
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