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ABSTRACT

Lunar exploration is deemed crucial for uncovering the origins of the Earth-Moon system and is the first
step for advancing humanity’s exploration of deep space. Over the past decade, the Chinese Lunar
Exploration Program (CLEP), also known as the Chang’e (CE) Project, has achieved remarkable milestones.
It has successfully developed and demonstrated the engineering capability required to reach and return
from the lunar surface. Notably, the CE Project has made historic firsts with the landing and on-site explo-
ration of the far side of the Moon, along with the collection of the youngest volcanic samples from the
Procellarum KREEP Terrane. These achievements have significantly enhanced our understanding of lunar
evolution. Building on this success, China has proposed an ambitious crewed lunar exploration strategy,
aiming to return to the Moon for scientific exploration and utilization. This plan encompasses two pri-
mary phases: the first crewed lunar landing and exploration, followed by a thousand-kilometer scale sci-
entific expedition to construct a geological cross-section across the lunar surface. Recognizing the
limitations of current lunar exploration efforts and China’s engineering and technical capabilities, this
paper explores the benefits of crewed lunar exploration while leveraging synergies with robotic explo-
ration. The study refines fundamental lunar scientific questions that could lead to significant break-
throughs, considering the respective engineering and technological requirements. This research lays a
crucial foundation for defining the objectives of future lunar exploration, emphasizing the importance
of crewed missions and offering insights into potential advancements in lunar science.
© 2024 Science China Press. Published by Elsevier B.V. and Science China Press. All rights are reserved,
including those for text and data mining, Al training, and similar technologies.

1. Introduction

characteristic makes it an invaluable resource for comprehending
the evolution of Earth’s habitable environment. The Moon serves

The Moon plays a pivotal role in our understanding of the for-
mation and early evolution of our planet. The Moon appears to
have largely ceased its endogenic activities to become what might
be considered a “dead” planet at an early stage. However, this very
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as a pristine archive, preserving a detailed history of the Earth-
Moon system, including crucial processes like asteroid impacts
and exposure to solar radiation. Serving as a unique vantage point,
the Moon offers an unparalleled platform for long-term monitoring
of Earth’s macroscopic phenomena and enables continuous, com-
prehensive observation of the universe. Additionally, it serves as
a crucial outpost and launching point for human exploration into

2095-9273/© 2024 Science China Press. Published by Elsevier B.V. and Science China Press. All rights are reserved, including those for text and data mining, Al training, and

similar technologies.


https://doi.org/10.1016/j.scib.2024.04.051
mailto:lixh@gig.ac.cn
https://doi.org/10.1016/j.scib.2024.04.051
http://www.sciencedirect.com/science/journal/20959273
http://www.elsevier.com/locate/scib

Y. Lin et al.

deep space. The Moon has emerged as a focal point and frontier for
deep space exploration, ushering in a new era where both scientific
investigation and space utilization are of equal significance.

The success of a series of increasingly complex Chang’e (CE)
missions [1], characterized by the “orbiting, landing, and return-
ing” of lunar probes, has positioned China alongside the United
States and the Soviet Union as the third nation capable of returning
samples from the lunar surface. Among the five missions executed,
CE-4 landed on the far side of the Moon and conducted a thorough
survey within the largest lunar basin, known as the South Pole-
Aitken (SPA) Basin. CE-5, on the other hand, collected samples from
an area on the Moon containing the youngest lunar basalts. The
analysis of these samples has greatly enhanced our understanding
of the Moon’s magmatic history [2]. Currently, China is advancing
into Phase IV of the CE project, which involves launching CE-6, 7,
and 8 probes. The objectives of these missions include retrieving
samples from the far side of the Moon [3] and directly detecting
water ice in the permanent shadow regions at the Southern Pole
[4]. Concurrently, China is planning for crewed lunar exploration
before 2030 and considering the establishment of International
Lunar Research Station (ILRS). Crewed lunar exploration offers sig-
nificant advantages in sample collection and instrument deploy-
ment compared to robotic lunar exploration. The six Apollo
crewed missions, for instance, collected a total of 382 kg of samples
and covered exploration distances of approximately 30 km on the
Moon’s surface. The National Aeronautics and Space Administra-
tion (NASA) of the United States has announced the Artemis
crewed lunar exploration, element of the Moon to Mars Architec-
ture. This initiative aims to undertake human landings on the
Moon’s South Pole region around 2027, with the strategic objective
of returning 20-80 kg of samples from both the polar region and
the SPA Basin.

The designated landing site for China’s first crewed lunar explo-
ration mission will be positioned between the north and south lat-
itudes of 20 degrees on the lunar near side. The region is located
within the Procellarum KREEP (an acronym for the incompatible
K, Rare-Earth Elements, and P) Terrane (PKT). Notably, it shares
striking similarities with the landing sites of the six crewed Apollo
missions. However, within the constraints of engineering capabili-
ties, the challenge lies in uncovering new findings and expanding
the current understanding of lunar science. In addition, it is antic-
ipated that China’s forthcoming crewed lunar exploration will be
capable of achieving ultra-long distance traverses for thousands
of kilometers on the surface of the Moon. Leveraging this engineer-
ing and technological breakthrough to spearhead innovative scien-
tific research and achieve unprecedented advancements in lunar
science presents both a challenge and an opportunity for China’s
crewed lunar exploration. This study examines the current state,
developing trend, and prevailing obstacles of lunar exploration
and research. It identifies key scientific questions regarding the
Moon that can effectively capitalize on the advantages of crewed
missions while concurrently addressing their engineering prereq-
uisites. Additionally, the study puts forth inventive ideas and rec-
ommendations for future crewed lunar exploration and research
initiatives.

2. Current state of lunar exploration and research
2.1. Lunar exploration history

The Moon is the earliest and most extensively explored destina-
tion in space exploration. Over 130 lunar probes have been launched
to date, marking a rich history of lunar exploration. This exploration
journey can be broadly divided into three distinct phases: the
robotic Luna and crewed Apollo landing missions, the era of high-
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resolution orbiting surveys, and the contemporary resurgence of
lunar exploration with a focus on returning to the Moon.

Phase 1: This Phase primarily encompassed the robotic Luna mis-
sions by the Soviet Union (1959-1976) and the crewed Apollo mis-
sions by the United States (1961-1972). The Luna missions
successfully executed three robotic sample returns (Luna 16, 20,
and 24), resulting in the retrieval of approximately 0.321 kg of lunar
soil. These samples were drilled from the Fecunditatis Basin (L16),
the Crisium Basin (L24), and the Eastern Limb highlands (L20).
Meanwhile, the Apollo project achieved the historic milestone of
landing humans on the Moon [5], and returning a total lunar sample
weight of 382 kg (including 3.05 m of continuous drilling cores from
lunar soil, various types of basalts, impact breccias, abyssal rocks,
and highland anorthosite). Concurrently, the Apollo missions pro-
vided comprehensive data on fundamental physical parameters
and the internal structure of the Moon by deploying a diverse array
of physical sensors and scientific instruments [6]. The successful
execution of the Apollo project, along with subsequent research on
the Apollo lunar samples, laid the groundwork for understanding
the formation and evolution of the Moon [7-11]. This significant
achievement highlighted the substantial scientific output and soci-
etal impact derived from crewed lunar exploration.

Phase 2: High-resolution orbiting probes (1994-2020). NASA
led the way with a series of high-resolution lunar orbiters, such
as Clementine (1994), Lunar Prospector (1998), Lunar Reconnais-
sance Orbiter (2009), Gravity Recovery and Interior Laboratory
(GRAIL) (2011), and Lunar Atmosphere and Dust Environment
Exploration (LADEE) (2013). These missions have provided valu-
able data on the Moon’s global high-resolution topography, mor-
phology, regolith composition, space environment, gravity field,
and magnetic field. Besides the United States, China, European
Space Agency (ESA), Japan, and India have launched their lunar
exploration missions. Japan’s Kaguya mission (2007) acquired laser
altitude and elemental distribution data for the entire lunar sur-
face. The Moon Mineralogy Mapper (M3), part of India’s
Chandrayaan-1 mission (2008), conducted surface exploration
using visible to near-infrared spectroscopy. China launched the
Chang’e project in 2004. With the successful completion of the
three phases of lunar missions—orbiting, landing, and returning—
China has mastered crucial technologies for exploring most of
the lunar surface and returning samples to Earth. For example,
the CE-4 mission achieved a significant milestone by landing on
the far side of the Moon, while CE-5 retrieved lunar samples after
a 44-year hiatus in sample return missions. This phase highlights
the growing interest in lunar exploration, with extensive research
underway to prepare for future lunar expeditions.

Phase 3: Return to the Moon. Following the completion of orbit-
ing, landing, and sample returning missions, China has embarked
on Phase IV of the Chang’e project. China is actively engaged in dis-
cussions regarding the ILRS initiative and crewed lunar exploration
missions. Meanwhile, NASA, in collaboration with ESA, Japan, India,
and others, is planning crewed Artemis project on basis of the
lunar orbit Gateway project, aimed at returning humans to the
Moon’s surface. This contemporary phase of lunar exploration tar-
gets previously unexplored geological units, such as the far side of
the Moon and the polar regions. In the meantime, the ILRS will be
established to facilitate long-term, sustainable, and continuous
lunar exploration efforts. The paradigm of lunar exploration will
also be transitioned to an era that scientific research and the prac-
tical utilization of the Moon are of equal importance.

2.2. Hypotheses and discrepancies on the formation and the evolution
of the Moon

Geological features of the Moon: The lunar surface is character-
ized by numerous craters and basins of varying sizes. As their
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diameters increase, the morphology of these features transitions
from bowl-shaped to central peaks and eventually to multi-ring
basins. Craters larger than 200 km in diameter are typically classi-
fied as impact basins. To date, 76 impact basins have been identi-
fied [12], with the SPA Basin being particularly noteworthy due to
its 2400 km diameter and approximate depth of 12 km. The lunar
surface is covered by a fine-grained (<1 mm) regolith layer, ranging
from several to tens of meters in depth. The lunar regolith consists
of rock and mineral fragments, impact glasses, and other materials.
The thickness of the lunar regolith corresponds to the age of the
lunar surface on which it has accumulated. Analysis of Apollo rego-
lith drilling cores (2-3 m long) indicates that the composition and
grain size of the regolith remain relatively consistent across the
depths, except for the uppermost layer (<1 m), where a more pro-
nounced depth-dependent trend is observed [13]. Beneath the
regolith lies an irregularly thick debris layer, formed through
in situ impact fracturing and brecciation or via deposition from
material ejected by impact craters.

Lunar rocks include mare basalts, highland anorthosites, and
plutonic rocks. Mare basalts are categorized into three groups
based on their TiO, content: high Ti (>6 weight percent (wt%)
TiO,), low Ti (1 wt%-6 wt% TiO,), and very-low Ti (<1 wt% TiO,).
Similarly, they can be divided into high Al (>11 wt% Al,03) and
low Al (<11 wt% Al,053) groups according to Al,O3 content, as well
as high K (>1000 parts per million (ppm) K,0) and low K
(<1000 ppm K,0) groups based on K,O content. Remote sensing
observations have identified lava flows, shield volcanoes or silicic
domes, dark pyroclastic deposits, and irregular mare patches that
are sporadically distributed. Highland anorthosites may consist of
pure plagioclase (An > 96). In the Apollo samples, only a minor
presence of plutonic rocks was observed, including magnesian
suite (Mg-suite), alkaline suite, and the relatively rare spinel-rich
lithology [14]. To date, no felsic rocks or granites of hand-sample
size have been found, and only a few rock fragments rich in KREEP
have been observed in impact-melt breccias and lunar regolith
[15,16].

Based on the distribution of Th and considering the contents of
FeO and TiO,, the Moon can be divided into three geochemical pro-
vinces: the PKT on the near side, the Feldspathic Highlands Terrane
(FHT) on the far side, and the SPA Basin [17]. The PKT is notable for
its significant enrichment of Th element, with levels reaching up to
12 ppm. KREEP-enrichment is primarily concentrated around the
Mare Imbrium rim and within the Procellarum Basin. Conversely,
the SPA Basin exhibits relatively low Th content (less than
5 ppm), despite its considerable depth of excavation. Notably,
there are significant differences in material distribution between
the near and far sides of the Moon, showcasing its dichotomy.
Additionally, the lunar crust on the near side, where most mare
basalts are found [18], is thinner compared to the far side [19].
Although the frequency of impact basins is similar on both sides,
those on the near side tend to have larger diameters [20].

Three hypotheses have been proposed to explain the formation
and early evolution of the Moon: the Giant Impact [21,22], the
Lunar Magma Ocean (LMO) [23], and Late Heavy Bombardment
[24]. The Giant Impact hypothesis is supported by significant iso-
topic similarities between the Moon and Earth, particularly in
major and refractory elements like Oxygen (O), Chromium (Cr),
Titanium (Ti), and Iron (Fe) [25-30]. These similarities suggest
thorough mixing of materials from the proto-Earth with the
impacting body Theia [31], the inheritance of lunar material pri-
marily from Earth [32-34], the accretion of both the impactor
and Earth in close proximity [35], or multiple asteroid collisions
[36]. Regardless of the specific models employed, it is widely
accepted that the Moon re-accreted from high-temperature
impacts involving melts and gases, such as water vapor and other
volatiles. This process led to significant deficits of water and vola-
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tiles in the Moon compared to Earth and resulted in associated iso-
tope mass-dependent fractionation in some moderately volatile
elements [36-38]|. Analyses of plagioclase suggest that the LMO
may contain water, and its hydrogen isotope composition could
resemble that of the primitive Earth [39,40]. Additionally, gases
produced by post-magmatic processes may have formed a tran-
sient atmosphere on the lunar surface [41-43]. Hence, there is
ongoing debate regarding whether the primitive Moon was “dry”
or “wet”. [44].

After the giant impact, it is very likely that the nascent Moon
was completely submerged in magma, forming what is known as
a LMO. The differentiation of this magma ocean resulted in the for-
mation of a mafic silicate mantle and a plagioclase crust. The resid-
ual melt trapped between these layers was enriched in KREEP and
other large ion incompatible elements, eventually solidifying into
primitive urKREEP rock [45]. During the later stages of the LMO,
iron-rich cumulates likely accumulated in the upper mantle layer.
With their density surpassing that of the lower Mg-rich mantle
layer, this led to gravitational instability and the overturn of the
lunar mantle [46]. Debates surrounding the magma ocean hypoth-
esis include discussions on the depth of the magma ocean, the
influence of water and volatile content on the crystallization pro-
cess, lateral mantle heterogeneity caused by overturn, potential
decoupling of titanite and KREEP, and the timing of lunar mantle
differentiation. Zircon, a late-stage product of magmatic evolution,
serves as a key indicator of the Moon’s complete solidification. The
Pb/Pb age of the oldest lunar zircon, found in Apollo 17 impact
melt breccia 72,215 and dated by SIMS, is 4.42 billion years (Ga)
[47]. However, highlands ferroan anorthosites and Mg-suite rocks
have '*’Sm-'**Nd mineral isochron ages of 4.33-4.37 Ga [48]. Sim-
ilarly, basaltic fragments in lunar meteorites also exhibit a crystal-
lization age of 4.33-4.37 Ga [49]. These crystallization ages are
consistent with the '*5Sm-"42Nd model age for highlands anortho-
sites, Mg-suite rocks, and the mare basalt source regions [50].

Isotope dating of Apollo samples and lunar meteorites indicates
a peak in the age of impact melt rocks at 3.9-4.0 Ga, with recent
studies indicating impact events around 4.2 Ga [51-53]. The Ar-
Ar dating of glass beads shows a peak at 3.9 Ga [54,55]. Addition-
ally, the ages of most impact basins are concentrated around the
same time frame. The Late Heavy Bombardment hypothesis sug-
gests that while the overall asteroid impact flux to the Earth-
Moon system declines exponentially over time, there is an anoma-
lous peak around 3.9 Ga. Orbital dynamic simulations of planetary
bodies, including Jupiter and Saturn, propose that their orbital
migration contributed to this phenomenon. However, the hypoth-
esis remains unverified due to the lack of ancient samples for aster-
oid impact flux calibration prior to 4.0 Ga.

Mare basalt flooding and volcanic activities: Lunar impact
basins and large impact craters are typically filled with basalt, giv-
ing them a distinct low reflectance and dark color. Researchers
have tracked the evolution of basalt eruption intensity over time
by analyzing crater size-frequency distribution measurements
alongside the area and thickness of basaltic units. This analysis
revealed a significant eruption phase around 4.0 Ga, followed by
a gradual decline to 3.0 Ga [56]. A recent study has shed light on
the significance of lunar syn-tectonic mare emplacement along
reactivated inherited faults, providing valuable insights into
basin-scale and structure-involved volcanism [57]. The basaltic
formations found in the PKT region are primarily among the
youngest [58]. Analysis of CE-5 samples provided a precise crystal-
lization age of 2.03 Ga [59], which extended the known age range
of lunar basalt samples by approximately 800 million years
[59,60]. This discovery offers new perspectives on the Moon’s vol-
canic history and thermal evolution. In addition, orbital observa-
tions have identified numerous small shield volcanoes [61],
silicic domes [62], and dark pyroclastic deposits [63]. Analysis of
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volcanic glass beads from Apollo 15 and 17 samples has revealed
higher concentrations of water and volatile substances toward
the center [44]. Spectral data analysis also suggests that pyroclastic
deposits contain significant amounts of water, with concentrations
reaching up to about 300 ppm [64].

Asteroid impact and solar wind radiation: Asteroid impacts,
especially those forming large impact basins, are closely tied to
the flooding of basaltic material across the lunar surface. This phe-
nomenon significantly affects the Moon’s internal structure and
volcanic activity, creating wide depressions that allow for the accu-
mulation of basaltic lava. Concurrently, these impacts excavated
and scattered lunar material from beneath the surface, leading to
extensive redistribution of mass and mixing of surface layers
[65]. These phenomena are crucial not only for the formation of
lunar soil but also for interpreting data from remote sensing and
identifying sources of lunar samples. Furthermore, the density of
craters correlates with the frequency of asteroid impacts and other
temporal factors. By calibrating the isotopic ages of Apollo samples,
researchers established a function that relates crater size and fre-
quency to age [66]. However, the age range of Apollo basalt sam-
ples only covers 3-4 Ga, leaving gaps in the calibration curve for
older and younger samples. The precise dating of isotopes in sam-
ples from the CE-5 mission provided a key “reference point” for the
period between 1 to 3 Ga [67].

Particle radiation, especially from the solar wind, is a crucial
factor affecting the lunar surface. The interaction of solar wind
radiation, along with impacts from meteorites, leads to space
weathering, altering the composition and physical properties of
lunar regolith. This phenomenon results in the formation of nano-
phase metallic iron (npFe®), amorphous layers, helium-infused
bubbles, and similar structures on the surface of mineral grains,
typically up to 100 nm in size [2,68,69]. Additionally, thin layers
(less than 10-20 nm) of vapor phase precipitation often develop
on particle surfaces [70]. The lunar surface experiences solar wind
irradiation at an average speed of approximately 400-500 km/s.
This radiation implants solar matter into lunar regolith particles
to depths of approximately 30 nm. By analyzing isotope composi-
tions of key elements implanted in lunar regolith grains, such as H,
0, C and N, their isotope compositions of the Sun can be deter-
mined [71-73]. In theory, intact lunar regolith drilling core sam-
ples can be used as a record of solar radiation history, dating
back to nearly the formation of the Moon. These samples retain
material emitted from the Sun during different periods.

2.3. The main challenges in lunar exploration strategies

A comprehensive understanding of the Moon relies heavily on
orbital remote sensing with high spatial resolution, in situ explo-
ration, and sample collection. However, past lunar exploration
endeavors have encountered notable limitations stemming from
engineering and technological constraints, leading to five key defi-
ciencies: (1) Temporal Limitations: Previous explorations have
mainly focused on samples from the “middle age” era, overlooking
representation from both “ancient” and “young” periods; (2) Spa-
tial Restrictions: Exploration efforts have primarily targeted the
“central part” of the near side of the Moon, disregarding regions
such as the “far side” or the “north and south poles”; (3) Depth
Limitations: There has been a notable lack of exploration into the
“interior”, including deep lunar regolith (<3.05 m) and mantle
(with only brief seismic data obtained from Apollo missions); (4)
Sample Collection Challenges: The collection of samples has largely
involved “displaced” materials, resulting in a scarcity of in situ
samples from pristine rock outcrops; (5) Dispersed Exploration:
Explored areas are “scattered”, lacking integrated and continuous
coverage of traverses and regions, especially at depth through lava
flows or across different geological units. To address these deficien-
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cies, future lunar exploration missions must pursue significant
technological advancements and innovative strategies. The objec-
tive is to enhance lunar exploration capabilities to unprecedented
levels, facilitating a more comprehensive understanding of the
Moon'’s history and composition.

3. Key scientific issues and engineering technology prerequisites

This section is dedicated to exploring the existing controversies
and research gaps within the current framework of lunar science,
considering the five challenges mentioned earlier. It delves into
the major scientific issues expected to be tackled through the first
crewed mission and the subsequent scientific expedition aimed at
constructing a geological cross-section across the lunar surface.
Furthermore, it outlines the essential engineering technology
requirements necessary to achieve these objectives.

3.1. Constraints on the origin and evolution of the Moon from water
and volatiles

The prevailing hypothesis regarding the Moon’s formation
revolves around a cataclysmic event known as the “Giant Impact
Hypothesis”. This theory suggests that the Moon originated from
a high-energy collision between Earth and a celestial body. Several
factors, including the size, composition, velocity, and angle of
impact, as well as the subsequent mixing between the impacting
body and proto-Earth, and the post-impact accretion are crucial
elements of this hypothesis and directly influence the geochemical
characteristics of the Moon. Refractory elements and their isotope
compositions are particularly significant in assessing the degree of
mixing between the impactor and proto-Earth, as well as the geo-
chemical nature of the impactor, and contribution of the impactor
to the Moon [27-29,74,75]. During the Giant Impact event, vola-
tiles such as water would have been susceptible to loss due to their
high volatility under the extreme temperatures generated. Conse-
quently, lunar rocks exhibit significantly lower volatile abundances
compared to Earth. Early investigations of water content in Apollo
lunar samples indicated an extremely low presence of water (i.e.,
in parts per billion level), often referred to as a “bone dry” Moon
[76]. These observations align with the traditional Giant Impact
model, suggesting that the Moon formed from gas and melt accre-
tion at high temperatures resulting from the impact. However,
analyses of water and other volatiles (S, Cl, F, P) in volcanic glass
beads from Apollo 15 and 17 lunar samples have unveiled unex-
pected results. These studies suggest that the primitive magma
of these pyroclastic glass beads could contain substantial water
content, up to 745 ppm [44], which is 3-4 orders of magnitude
higher than previously thought. This significant disparity has
sparked a debate surrounding the “dry” versus “wet” Moon
hypotheses, which holds pivotal implications for understanding
the origin and formation of the Moon. The post-impact Synestia
model [31] proposes an alternative scenario where the gas and
melt expelled during the giant impact could have created a high-
pressure environment conducive to the accretion of water and
other volatiles in the hot disk from which the Moon emerged.

The CE-5 mission successfully collected the youngest (2.03 Ga)
mare basalt sample to date [59]. Petrogenesis studies, along with
lead (Pb), strontium (Sr), and neodymium (Nd) isotopes, have
unveiled that this sample underwent a process involving low
degree of partial melting of mantle rocks followed by a high degree
of fractional crystallization [77]. Investigations into the water con-
tent and hydrogen isotopes in melt inclusions and apatites from
the CE-5 mare basalts have shown that the water content was
measured at 7 + 3 ppm for the bulk basalt, 283 + 22 ppm for the
parent magma, and 1-5 ppm for the mantle source. These mea-
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surements align with the lower limit of the estimates for the water
content of the lunar mantle previously reported (3-200 ppm) [78].
Previous studies have shown that: (1) Mantle derived rocks, mare
basalts and pyroclastic clasts, provide valuable constraints on the
geochemical nature of the lunar mantle, serving as “probes” for
mantle composition. However, these samples have undergone
multiple stages of degassing during ascent, intrusion, eruption,
and outflow processes [79]. This degassing is crucial for refining
our understanding of original water and volatile abundance in
the lunar mantle. (2) The reported variability in water content
within the mantle source area spans over two orders of magnitude,
indicating substantial uncertainties. Further verification through
comprehensive geological, petrogenesis, and modeling studies is
necessary to elucidate the spatiotemporal evolution of water and
volatiles in the Moon, including considerations of heterogeneous
or homogeneous distribution and long-term degassing patterns
of the mantle source.

Specific types of samples are required to address the above sci-
entific questions: (1) Basalts from varying depths acquired during
in situ examination of a stratigraphic profile from the interior wall
of a small, recently formed mare impact crater. These samples
would enable investigations into lava degassing processes at differ-
ent depths throughout the cooling history of the flow. (2) Basalts
collected from diverse locations along the flow direction of a single
lava during extensive geological cross-section surveys. Such sam-
ples would provide insights into degassing mechanisms during
the emplacement of lava flows. (3) Volcanic rocks sourced from dif-
ferent time periods within the same lunar basin. These samples
could shed light on the temporal evolution of water and volatile
components within the mantle source region. For instance, Rima
Bode displays distinct phases of at least two mare lava flows
(3.3-3.7 Ga) and two pyroclastic deposits (>3.7 Ga) [80]. (4) Com-
paring mare basalts and pyroclastic deposits, both originating from
the lunar mantle but at varying depths and with different geo-
chemical properties, offers an opportunity to examine the spatial
distribution of water and volatile components within the mantle
source region.

3.2. Lower crust materials and their constraint on lunar magma ocean
crystallization

The LMO model suggests that as the LMO solidified approxi-
mately 70% of its mass, plagioclase started to precipitate and rise
to form a feldspathic crust on the lunar surface. As the differentia-
tion of the LMO progressed, the remaining residual melts
(after > 99% solidification) between the lunar crust and mantle
resulted in the formation of urKREEP. Therefore, the composition
profile originating deep within the lunar crust not only represents
a fundamental aspect of the Moon but also serves as essential evi-
dence for validating Moon formation theories, such as the LMO
hypothesis.

KREEP is considered to represent the final phase of solidification
in the LMO. However, it has yet to be discovered in its pristine
igneous rock form. Only a few breccias found in Apollo 12 samples
[16,81] and the lunar meteorite Sayh al Uhaymir (SaU) 169 [15,82]
exhibit KREEP-like characteristics, with formation ages estimated
at approximately 3.92 Ga [15,16]. KREEP basically is identified
through its geochemical signature, which varies in concentration
within lunar mare basalts and impact melt breccias. Therefore,
the identification and collection of pristine KREEP rocks are essen-
tial for understanding the Moon’s differentiation process and fur-
ther assessing the LMO crystallization model. The global
distribution of Th concentration on the lunar surface, as measured
by the Lunar Prospector, is utilized to track the presence of KREEP
components. By combining this data with the high magnesium
number (the atomic ratio of Mg and Mg+Fe), the Th enrichment
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resulting from magmatic differentiation can be distinguished,
allowing for the identification of potential landing sites where
KREEP may have been present.

The Mg-suite, which encompasses olivine-rich and Mg-spinel-
rich lithologies, is believed to originate from the lower lunar crust.
These rocks are predominantly found at the base of impact basins,
within central peaks and ring-shaped mountains of large impact
craters, and in ejecta from impact basins and large craters. The
Mg-suite rocks are thought to have formed as a result of upwelling
magnesium-rich partial melts originating from the deep mantle, as
well as KREEP melt percolating through and altering the primordial
anorthositic crust during the late-stage mantle overturn process in
the LMO crystallization [83,84]. According to this model, the for-
mation of the Mg-suite should have occurred after the formation
of highland anorthosites. However, isotopic dating results and
the initial engq range of Mg-suite rocks overlap significantly with
those of highland anorthosites [85]. Since only a small fraction
(<5%) of plutonic rocks have been identified in Apollo lunar sam-
ples, the identification and collection of a wider range of plutonic
rocks will be a crucial objective for future scientific endeavors uti-
lizing crewed lunar missions.

To address the aforementioned scientific questions, it is neces-
sary to harness the benefits of crewed lunar exploration in sam-
pling various plutonic rock types: (1) Prioritizing sampling efforts
in regions exhibiting high Th concentration and high Mg number,
such as Lalande, Aristarchus, and Mayer, where pristine KREEP
rocks may be present; (2) Employing in situ sieving techniques to
select a substantial quantity of rock fragments (e.g., 2 kg of grains
with a 2 mm grain size, which contains approximately 160,000
pieces of rock fragments), thereby facilitating the collection of
more Mg-suite samples; (3) Gathering rocks along a long-
distance geological cross section, focusing on locations at or near
the central peaks or ring mountains of large impact craters; (4) Col-
lecting ejecta from impact basins and large impact craters.

3.3. Spatiotemporal evolution of volcanism and mantle reservoirs

Volcanic activity is the most important and direct manifestation
of the Moon’s internal dynamics, showcasing extensive basaltic
extrusions, pyroclastic explosions, and a limited number of silicic
volcanic cones and domes [61]. The evolutionary trajectory of lunar
volcanism serves as a tangible indicator of the Moon’s thermal his-
tory, with volcanic deposits serving as remnants of partial melting
processes within the mantle source. In line with the LMO and over-
turn hypothesis, a stratified structure with varying mineral compo-
sitions across different depths, superimposed by lateral
heterogeneity with later dense upper materials sunk beneath early
lighter ones [86], would be theoretically yielded. Hence, scrutiniz-
ing the composition of volcanic rocks provides critical evidence for
validating the LMO hypothesis and understanding the mantle
source’s material composition.

The analysis of crater size-frequency distribution, along with
isotopic dating of returned samples, coupled with the spatial distri-
bution of different basalt types, enables the reconstruction of the
evolution of basalt eruption frequency and material compositions
throughout lunar history [87]. However, it should be noted that
basalts might have experienced varying degrees of differentiation
prior to eruption. For instance, CE-5 basalt exhibits a moderate Ti
content (5.7 wt%), yet its source area resembles that of low-Ti
basalts [77]. Conventionally, high-Ti basalts are believed to origi-
nate from a high-Ti mantle source formed by the settling and over-
turning of Fe-Ti-rich cumulates during the late stages of the LMO
[88]. The spatial distribution of high-Ti basalt does not correspond
to the distribution of Th content, suggesting that the overturn of
the LMO resulted in the separation of KREEP components from
Fe-Ti-rich cumulates. However, the limited occurrences of basalt
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restrict our understanding of their formation mechanisms and dif-
ferentiation processes. Moreover, there is a lack of effective meth-
ods to determine the formation depth of different basalt types,
leaving the spatiotemporal evolution of mantle source material lar-
gely unexplored. Hence, the systematic collection and return of
various types and ages of basalts with known locations are imper-
ative for future lunar explorations.

High-resolution orbiting exploration has discovered a variety of
unique special volcanic morphologies, including dark pyroclastic
deposits, volcanic domes, and irregular lunar mare patches
[48,89,90]. These distinctive volcanic formations likely arise from
localized magmatic differentiation, typically confined to small
areas. It is essential to investigate whether these materials accu-
rately reflect the composition (including water and other volatile
components) of the mantle source region. Furthermore, under-
standing the formation mechanism behind their configuration
and its correlation with basaltic lava flow eruptions in the same
vicinity is crucial. Exploring the potential for lunar magmatic dif-
ferentiation leading to the development of granite is also of inter-
est [90]. Additionally, the formation mechanisms of specific
silicate-rich volcanic domes and their implications warrant further
investigation [90]. Detailed analysis of factors contributing to the
formation of large volcanic rises (e.g., Rimker, Aristarchus, Marius,
etc., with diameters ranging from 66 to 560 km) is necessary. Fur-
thermore, given the prolonged duration of eruptions (3.8-1.1 Ga)
[91], further exploration is warranted.

To address the aforementioned questions, it is imperative to
unravel the spatiotemporal evolution of lunar volcanism, the gen-
esis and differentiation of parent magma, the spatial distribution
characteristics, and the evolutionary trajectory of the mantle
source region’s composition, as well as the thermal history of the
Moon. To achieve this, priority should be given to identifying and
collecting samples from various volcanic units (Fig. 1): (1) Lunar
mare basalts and volcanic pyroclastic deposits from different time
periods within the same region, such as Rima Bode; (2) Volcanic
rock specimens encompassing lunar mare basalts, irregular mare
patches, and high-silica volcanoes across different epochs, through
extensive geological surveys; (3) Employing in situ grain size sort-
ing of lunar regolith to ensure maximum acquisition of volcanic
rocks representing all lunar surface geological units, while adher-
ing to engineering constraints regarding total sample return
weight.

3.4. The initiation and cessation of the lunar magnetic field dynamo

The Moon currently lacks a magnetic field similar to Earth’s
dipole magnetic field. Analysis of paleointensity from Apollo sam-
ples suggests the possible presence of a dipole magnetic field
between 4.0 to 3.6 Ga [93] and an advecting liquid metallic core.
However, all lunar rocks collected thus far are either local boulders
or transported blocks, providing no in situ orientation information.
Consequently, determining the direction of the early Moon'’s dipole
magnetic field poses a significant challenge. Equally crucial is
investigating whether the Moon’s magnetic field experienced
reversals and, if so, what the reversal frequency was. Were these
reversals linked to the magnetic field’s strength or the onset and
cessation time of the lunar dynamo? If a dynamo did operate dur-
ing the Moon’s early history, evidence of the lunar magnetic field
may have been preserved in the cooling process of lunar mare
basalts.

To address the aforementioned questions, it is imperative to
conduct in situ examinations of magnetic fields on rock outcrop
profiles and directly collect host rock samples. Given the Moon'’s
extensive history of asteroid impacts, its surface is covered by a
regolith layer ranging from several meters to tens of meters thick.
This layer is typically underlain by an impact debris layer or a dis-
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rupted angular breccia layer. The exposed blocks on the lunar sur-
face primarily consist of displaced boulders. Two types of host rock
sections on the lunar surface hold potential for investigation: (1)
the walls of natural lava pits exposed by meteorite impact, and
(2) the walls of newly formed small impact craters. Through a com-
bination of human expertise and collaboration with automated
systems, conducting in situ examinations and directly sampling
these host rock sections can provide valuable insights into a range
of critical scientific questions concerning the lunar dynamo.

3.5. The internal structure of the Moon constrained by multiple
physical properties

The internal structure of the Moon plays a crucial role in under-
standing its formation and subsequent evolution. The current
understanding is largely based on the LMO hypothesis, supported
by experimental petrology and other scientific insights. However,
knowledge in this area is limited due to constraints in field explo-
ration. During the Apollo missions, lunar seismometers were
deployed, forming a near equilateral triangular network in the
PKT. Notable discoveries include: an average crust thickness of
about 30 km at the landing site [94]; the detection of shallow
(50-200 km) and deep (800-1100 km) seismic sources, the identi-
fication of a velocity discontinuity at 500 km depth, and the poten-
tial presence of a molten outer core [95]. Nevertheless, numerous
questions remain unanswered regarding the geological implica-
tions of the 500 km velocity discontinuity, the existence and char-
acteristics of discontinuity surfaces, the mechanisms underlying
deep seismic waves, the geophysical structure of the mantle, the
dimensions of the Moon’s core, and the presence of a solid inner
core. Although Apollo missions deployed various instruments such
as heat flow probes, magnetometers, gravimeters, and laser
retroreflectors, further exploration and data collection are neces-
sary to supplement and enhance understanding of the Moon’s
internal structure.

Crewed lunar exploration can offer several advantages, particu-
larly in the deployment and operation of geophysical instruments
on the lunar surface. Astronauts can establish a cohesive detection
network, integrating various geophysical payloads such as gravita-
tional, magnetic, electro-seismic, and thermal instruments. This
approach will significantly enhance understanding of the Moon'’s
internal structure and condition. Magnetic field data will con-
tribute to refining comprehension of the Moon’s core size. Deploy-
ing temperature sensors within the deep drilling core (>3 m)
enables accurate measurement of heat flow from the Moon'’s inte-
rior, effectively mitigating the impact of solar heating. This method
allows for the precise determination of heat flow and temperature
profiles, which is crucial for elucidating the Moon’s physical prop-
erties and the velocity of lunar seismic waves. Moreover, deploying
new laser ranging reflectors facilitates precise measurements of
the Earth-Moon distance, offering additional insights into the
Moon'’s internal structure. During extensive geological surveys of
the lunar surface, establishing a comprehensive geophysical
instrument network covering a broader area becomes feasible.
Additionally, integrating lunar seismometers that will be deployed
in the south pole during the CE project phase IV and in high-
latitude regions during the ILRS missions enables the establish-
ment of a global seismometer network. These advancements hold
promise for groundbreaking discoveries in probing the Moon’s
internal structure.

3.6. Formation of large impact basins and its modification of the Moon
The lunar surface is predominantly characterized by impact

basins and craters of various sizes, providing valuable insights into
the Moon’s impact history and the broader inner Solar System.
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Fig. 1. Context of the Rima Bode. (a) SLDEM (LRO LOLA Digital Elevation Model Coregistered with Selene Data) elevation [92], (b) major geological units [79], alongside
suggested surveying and sampling points. The red star indicates the recommended landing site, strategically positioned near basalt and dark pyroclastic deposits. A polygon
outlines a promising area for deep drilling, positioned along the Copernicus Crater’s ray. Dark pyroclastic samples can be collected at sampling point 1, while ejecta from
varying depths can be collected at sampling point 2. Iap: Imbrian Montes Appenin; Ip: Imbrian plain; Ic: Imbrian crater; Im: Imbrian dark mare; Idp: Imbrian dark pyroclastic
deposits; If: Imbrian Fra Mauro Formation; Ir: Imbrian rugged and dark pyroclastic deposits.

These features serve as important markers for lunar geological
units and offer a chronological reference for lunar stratigraphy.
Impact events significantly alter lunar morphology and material
composition, with materials ejected from large impact basins scat-
tered across the lunar surface, thus serving as crucial indicators for
lunar strata [65]. Precise determination of isotopic ages can estab-
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lish “golden spike” reference points for lunar stratigraphy. Intense
impact events have the potential to excavate and eject deep-seated
materials, such as Th-rich bands around the rim of the Imbrium
Basin, believed to be KREEP components excavated by the basin-
forming event [96]. These processes may expose materials from
the lower crust and upper mantle in locations like the Moscoviense
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Basin, Crisium Basin, Apollo Basin, and SPA Basin [19]. Simulations
indicate that transient craters formed by big impacts can induce
extensive mixing and melting of deep-seated lunar materials,
affecting depths up to approximately 400 km [97]. In addition,
the strong shock waves from impacts may influence antipodal
regions and potentially trigger volcanic activity. Notably, lunar
basalts are predominantly found filling impact basins and large
craters.

The scales of impact basins are immense, with examples like
the Imbrium Basin spanning a diameter of 1100 km. Currently,
the understanding of the geological structure of impact basins
relies primarily on orbital remote sensing observations, which offer
insights into morphology, material composition distribution, grav-
ity fields, and other relevant data. However, to date, no compre-
hensive cross-section surveys or systematic sample collections
have been conducted for impact basins. This absence hinders the
establishment of a measured three-dimensional structure and
composition model, as well as in situ verification of orbital remote
sensing findings. For example, GRAIL data identified mascons and
their distribution [98], but the mechanisms behind their formation
and evolution remain unclear. Following the release of impact
pressure, central peaks of craters may form due to the rebounding
of deep materials, although numerical simulations suggest they
could also result from residual impactors [99]. Furthermore, if
the Th-rich bands around the rim of the Imbrium Basin originated
from excavated deep KREEP material, what is the geological signif-
icance of the different Th distribution in the Oceanus Procellarum?
Is there any association between the formation of the PKT and the
SPA Basin?

All sampling return missions have targeted late-filling basaltic
lava surfaces, except for the Apollo 16 mission, which landed on
anorthosite highlands. However, none of these missions collected
impact melts that crystallized during the formation of the
impact basin, which is crucial for obtaining comprehensive infor-
mation about their occurrence [100]. Additionally, uncertainties
surround the radiometric ages of these basins. Furthermore,
there is a notable absence of ancient samples for calibrating
asteroid impact flux prior to 4 Ga, a critical aspect for evaluating
the Late Heavy Bombardment hypothesis. CE-5 mission provided
a precise isotopic age that serves as a unique calibration point
for lunar crater dating curves spanning between 1 to 3 Ga. Nev-
ertheless, there remain significant challenges in constraining
more recent (<1 Ga) asteroid impact fluxes, primarily relying
on Ar-Ar isotopic dating of impact ejecta from craters such as
Copernicus and Tycho.

To address these scientific questions, it is essential to conduct a
comprehensive investigation of representative impact basins. This
necessitates the collection of impact melts from large impact
basins in accordance with key engineering criteria, which include
the following (1) Utilizing a long-distance geological cross-
section survey to conduct a thorough geophysical network investi-
gation with extensive spatial mobility. This approach is expected to
provide both shallow and deep structural data from large impact
basins. Simultaneously, systematic sample collection should be
performed along the survey traverse, targeting central peaks, ring
mountains, basin margins, and crater ejecta at various distances.
(2) Selection of representative impact basins for exploration, prior-
itizing those with mascons (e.g., Imbrium Basin) or without (e.g.,
Nubium Basin), as well as the PKT, particularly focusing on the
Th-rich and gravity anomaly belts at the rim. (3) Collection of
impact melts formed during the formation of significant impact
basins, alongside definitive impact ejecta from craters such as
Copernicus and Tycho. Accurate determination of the isotopic age
of impact events is crucial for establishing “gold spikes” for lunar
strata.
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3.7. Interaction between solar wind and lunar surface and the
formation of swirls

The lunar regolith serves as a historical record of interactions
between the lunar surface and its environment, including microm-
eteorite impacts and solar wind radiation, along with various par-
ticles such as high-energy solar particles and cosmic rays. These
processes substantially alter the compositional and physical prop-
erties of lunar surface materials, thereby impacting the accurate
interpretation of remote sensing data. Solar wind particles
implanted into the lunar regolith preserve the composition of solar
particles at different times. Furthermore, space weathering, influ-
enced by the Moon’s electromagnetic field, topography, geomor-
phology, and regolith composition, further affects the lunar
surface. The radiation environment on the lunar surface directly
impacts astronaut survival and activities, as well as the long-
term sustainability of lunar bases. However, due to the limited
depth of the lunar regolith core drilled during the Apollo missions
(with the longest core being 3.05 m), only information about space
weathering over a specific period was recorded. This limitation
persists despite the fact that the thickness of the lunar regolith is
approximately 12 m, as determined by penetrating radar onboard
CE-4 [101].

In addition to the solar wind, the lunar surface may also be
exposed to “Earth Wind”. As the Moon orbits Earth, it passes
through the Earth’s magnetotail approximately 25% of the time.
Particles from Earth’s ionosphere and upper atmosphere collec-
tively form a particle flow within the magnetosphere, interacting
with the solar wind and bombarding the lunar surface, thus gener-
ating this phenomenon [102,103]. Theoretical models propose that
the ion composition of the Earth Wind (comprising H*, 0", NO*, N*,
0%, etc.) differs significantly in energy distribution from that of the
solar wind. Moreover, this ion composition is subject to variations
in Earth’s geomagnetic field. Spectral data from the M> probe of
Chandrayaan-1 identified hematite at high latitudes on the near
side of the Moon, believed to be an oxidation product resulting
from oxygen ions from the Earth Wind [104]. However, confirming
the presence and characterizing the effects of the Earth Wind on
the lunar surface remains a formidable scientific challenge. If
indeed the Earth Wind exists, questions arise regarding its interac-
tion with lunar regolith and the subsequent alterations to regolith
material. Furthermore, how did the Moon’s proximity to Earth
throughout geological history influence the Earth Wind’s radia-
tion? Can we discern the composition of the Earth’s Wind from a
lunar regolith profile and leverage this information to glean
insights into the early Earth’s atmosphere and variations in Earth’s
paleomagnetic field?

Optical imagery reveals intricate, bright structures on certain
areas on the lunar surface [105,106], referred to as “lunar swirls”.
These large white swirls exhibit complex reflectance variations
across scales, spanning from a few kilometers to hundreds of kilo-
meters, superimposed on the same lava flows. Despite their con-
spicuousness, the origins of these phenomena remain enigmatic.
Meanwhile, orbital remote sensing has detected magnetic anoma-
lies in similar regions, although fine structural details remain elu-
sive. Given the magnetic field’s shielding effect on charged particle
radiation, one hypothesis posits that these prominent bright swirls
may arise from the deflection and shielding provided by the mag-
netic anomalies against the solar wind [107]. Another hypothesis
suggests that these swirls could stem from grain or compositional
fractionation caused by the migration of lunar dust [108]. All of
these mechanisms are intricately linked to the interaction between
radiation and the lunar surface. The presence of these large bright
features presents a prime opportunity to investigate this interac-
tion further. In situ exploration spanning these expansive white
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swirls, coupled with the collection of detailed electromagnetic field
structures along survey paths and the comprehensive analysis of
radiation particles (including solar wind, solar high-energy parti-
cles, potential Earth Wind, and cosmic rays), micrometeorite
fluxes, and the physical characteristics of lunar regolith, holds
the key to unraveling the mystery surrounding the origins of large
bright swirls and magnetic anomalies on the lunar surface. This
will also shed light on the mechanism of solar wind-lunar surface
interaction and determine the presence of Earth Wind.

A landing exploration is paramount to unraveling the intricate
interaction between radiation particles and the lunar surface,
shedding light on scientific mysteries such as large bright swirls,
magnetic anomalies, and Earth Wind. This comprehensive explo-
ration should focus on three key aspects: (1) electric and magnetic
field structures, (2) the radiation environment, and (3) the material
composition, the crystal structure of minerals, and the physical
properties of the lunar surface. The radiation environment on the
lunar surface encompasses the composition, flux, and velocity of
injected particles, as well as the composition and flux of secondary
particles ejected from the lunar surface. Notably, there are signifi-
cant disparities in particle composition, flux, velocity, and other
factors between the Earth Wind and the solar wind. The designated
landing site candidates include: (1) The Reiner Gamma swirl, a
conspicuous large bright spot on the lunar surface, which harbors
a notable magnetic anomaly and lies within the potential radiation
range of Earth Wind. Investigating the concurrent bright and dark
stripes on this swirl can unveil the intricate mechanisms governing
the interaction between radiation particles and the lunar surface,
addressing the aforementioned scientific enigmas. This exploration
should prioritize the examination of three-dimensional magnetic
field structures with high spatial resolution; the components,
fluxes, and energy distributions of various particles such as solar
wind, high-energy solar particles, and Earth Wind; grain size and
flux of lunar dust, along with their altitude-related variations; neu-
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trons, secondary particles, and gamma rays emitted from the lunar
surface; chemical and mineralogical compositions of lunar materi-
als; degrees of space weathering; water content, among other fac-
tors. (2) Long-distance lunar geological cross-section survey and
long-term monitoring through a network of stations. The primary
objective is to investigate the space radiation environment and
electromagnetic field of the lunar surface, aiming to discern spa-
tiotemporal variations in radiation particles interacting with the
lunar surface. Simultaneously, monitoring stations for the space
radiation environment will be established along the extensive
lunar geological cross-section. These stations, when integrated
with robotic missions, contribute to establishing a comprehensive
lunar space environment monitoring network. This network is
instrumental in constructing a model of the space radiation envi-
ronment on the Moon, thereby unveiling the interaction mecha-
nism between radiation particles and celestial bodies’ surfaces.
The insights gained from this research provide crucial support for
the construction and operation of the ILRS.

4. Technological innovation serves as a crucial catalyst for
scientific breakthroughs

To address the aforementioned pivotal scientific challenges and
establish a novel lunar science system, it is crucial to innovate key
technologies and make significant advancements in lunar explo-
ration. This paper outlines several critical technologies relevant
to China’s two-stage mission plan and scientific objectives for
crewed lunar exploration.

4.1. China’s first crewed lunar exploration

To optimize the scientific outcomes within the constraints of a
crewed lunar mission, two key factors must be considered: The

12°16'0"N 12°18'0"N
1

12°14'0"N

12°12'0"N

12°10'0"N

12°8'0"N

Fig. 2. The pristine rock outcrop exploration scheme for host rock sections that are rare on the lunar surface. (a) Scheme for lava tube skylight (NAC ID: M144395745LE); (b)
scheme for impact crater (NAC ID: M1274279516LE) [ 109]. Astronauts could perform in situ measurements along the profiles of the skylight or crater wall using tether-driven

instruments.

2144



Y. Lin et al. Science Bulletin 69 (2024) 2136-2148

60° W

Model ages (Ga) 1 a0
F————km
2.5 3.0 e Traverse profile

low Th high

_HNEN B

— Wrinkle ridges
e Traverse profile

60°'W 50° W 40°W 30°W 20°WwW 10°W
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selection of landing sites and the advancement of exploration
capabilities. Optimal landing sites should be chosen in unique geo-
logical settings, distinct from those explored in previous missions
like Apollo, Luna, and CE-5. These sites should encompass diverse
geological units, including areas with multi-stage volcanic activi-
ties, volcanic debris, olivine-rich rocks from the lunar deep interior,
and rocks containing KREEP components (Fig. 1). Promising loca-
tions meeting these criteria include Rima Bode, Lalande, Reiner
Gamma, and Aristarchus, among others.

To optimize the advantages of crewed exploration and enhance
human-machine integration, significant advancements in key
technologies are essential to facilitate the collection of specific
types and occurrences of lunar samples. These advancements
include (1) Deep drilling technology for lunar regolith cores. Lunar
regolith thickness increases with surface age. At the CE-4 landing
site, with an age of 3.6 Ga, the lunar regolith thickness is approxi-
mately 12 m, as detected by penetrating radar onboard [101].
However, the Apollo mission’s drilling core was limited to a max-
imum length of 3.05 m. Thus, advancements in drilling and mining
technologies are imperative. One approach involves deploying a
robotic rover to drill and collect deep core samples, which can be
retrieved during subsequent crewed missions. This technology
should enable the collection of continuous cores spanning the
entire thickness of the lunar regolith. Additionally, deploying a
heat flow sensor in the drilling hole can mitigate temperature fluc-
tuations on the lunar surface, facilitating reliable and accurate
internal heat flow measurements. (2) In situ sorting and sampling
technology of lunar regolith. Each mission can only land at one
location, necessitating the collection of diverse geological samples
beyond the immediate vicinity. This not only enhances the scien-
tific value of returned samples but also provides crucial technical
support for future in situ utilization of lunar resources. Sorting
lunar regolith by size and magnetic properties is relatively
straightforward. By sieving mm-sized rock fragments, significant
quantities of varied samples can be obtained within the weight
constraints of the returned samples. Magnetic separation of lunar
soil samples can enrich metal particles (primarily asteroid frag-
ments) and titanite. Analysis of asteroid fragments provides
insights into the distribution of impactor types on the Moon over
time, while titanite represents a potential in situ resource. (3)
Investigation and sampling of the pristine rock outcrops. Auto-
mated probes operated by astronauts can detect critical features
in situ, such as measuring the three-dimensional magnetic field
components. Samples should be collected from the walls of small,
fresh impact craters and the walls of lava pit (Fig. 2).

4.2. Lunar expedition

Traditional lunar landing and sampling missions have typically
concentrated on exploring the vicinity of the landing site (e.g.,
Apollo 15-16 were all within a 7 km radius of the Lunar Module).
However, these missions have inherent limitations in their ability
to investigate complex geological units within a three-
dimensional space and to study evolutionary processes such as
magmatic activity over time. The development of high-
performance lunar mobile laboratory allows ultra-long-distance
crossings and autonomous exploration over thousands of kilome-
ters. This mobile laboratory boasts the capability to survey several
geological cross-sections of the lunar surface and traverse vast dis-
tances. For example, a candidate traverse could span from Mare
Imbrium to Aristarchus Plateau, traversing at least eight basalt
units (Fig. 3). Moreover, the laboratory can provide essential living
conditions for astronauts during multiple crewed missions. This
development will mark a significant shift in lunar exploration
paradigms and will contribute substantially to the establishment
of a comprehensive spatiotemporal evolution model for the Moon.
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In addition to its robust obstacle-crossing and autonomous
piloting capabilities, the lunar mobile laboratory should also pos-
sess autonomous investigation functions. These encompass active
seismology, high-resolution and deep-sounding radar, composi-
tional analysis of materials, and surface environmental observa-
tion, among others. The laboratory should be equipped for
autonomous sampling, sorting, sample preparation, and laboratory
analyses. Astronauts will also have the capacity to deploy long
baseline geophysical stations. Collaborating with stations estab-
lished by robotic missions, these stations will form extensive net-
works covering the expansive lunar surface. This infrastructure
will facilitate long-term, continuous monitoring of the lunar inter-
nal structure and the spatial environment of the lunar surface.

5. Conclusions

The fundamental understanding of the Moon’s formation and
evolution was primarily established through extensive study of
Apollo samples, shedding light on the profound influence of the
Moon’s formation process on Earth’s early history. Moreover, it
revealed insights into the preservation of the history of asteroid
impacts and solar radiation on the lunar surface. Since the 1990s,
high-resolution orbital remote sensing has provided valuable data
on various lunar aspects, including morphology, material composi-
tion, and the space environment. These datasets serve as a founda-
tion for contemporary lunar missions, underscoring the significant
contrast between the near and far sides of the Moon. Comparative
analyses of the global Moon’s geological structure and the geo-
chemical characteristics of locally returned samples have raised
numerous new scientific questions. There is an urgent need for
exploration and sampling in specific key regions. Despite previous
missions retrieving lunar samples from only 10 widely separated
near side locations, they provided a foundational understanding
but insufficient information about major evolutionary events over
time and space during the Moon'’s evolution. Additionally, the anal-
ysis of these limited samples does not provide a clear evolutionary
path of these significant events. Furthermore, while lunar rocks
were collected with a definite sampling strategy during Apollo,
they represent only a small sampling in the landing areas, with
uncertain insights into their original locations, which could have
been delivered from other remote, unidentified sources. This paper
systematically assesses the findings from analyses of lunar samples
and remote sensing data, with a particular emphasis on analyzing
seven significant scientific challenges associated with the con-
straints of previous sampling return missions. The study proposes
specific engineering and technical requirements, along with inno-
vative research ideas. China’s crewed lunar exploration poses sub-
stantial scientific research challenges that necessitate coordination
with robotic lunar exploration tasks to maximize human advan-
tages. This requires technological innovation in key areas to facili-
tate a transformative shift in lunar exploration paradigms,
providing essential engineering and technical support to achieve
significant original results in crewed lunar exploration.
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