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Key Points:
¢ Candidate lunar landing sites are situated on the KREEP (potassium-rare earth element-phosphorus)-rich circum-Lalande region in
the mare basalts.
e Extravehicular activities, such as collecting KREEP-rich materials, screening clast samples, and drilling regolith cores, are proposed for
the astronauts.
e Samples are vital for exploring primordial KREEP, refining the lunar chronology, and studying volcanism and volatiles.
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Abstract: The lunar magma ocean hypothesis suggests that the primordial KREEP (an acronym of potassium (K), rare earth element (REE),
and phosphorus (P)) was the final product of fractional crystallization. However, the primordial KREEP (a.k.a. urKREEP) has never been
identified in previous lunar samples or meteorites. The Moon is the focus of many countries’ and agencies’ space exploration plans, and
with the advancement of technology, crewed missions have been proposed. We propose two candidate landing sites, located
respectively in the northwest (9.5°W, 0.9°S) and southeast (11.1°W, 6.2°S) of Lalande crater (8.6°W, 4.5°S), for future crewed missions, with
the primary goal of sampling the speculated urKREEP. Both sites are situated on the Th- (a critical marker of KREEP) and silica-rich Lalande
ejecta in the Mare Insularum and Mare Nubium, respectively. Their geolocations at the low latitude on the lunar nearside, the flat surface,
and the low rock abundance suggest the sites are safe for landing and meet the needs of real-time Earth—-Moon communication. The
astronauts could perform many extravehicular activities, such as collecting KREEP-rich samples, screening clast samples, and drilling
regolith cores, to gather a variety of samples, such as Lalande ejecta, basalts, Copernicus ejecta, and regolith. The returned samples are
valuable to explore the speculated urKREEP, to reveal the relationship between heat-producing elements and volcanism, to refine the

lunar cratering chronology function, and to investigate volatiles in the regolith.
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1. Introduction

The lunar magma ocean (LMO) hypothesis is the basis for under-
standing the formation and evolution of the Moon and terrestrial
planets. This hypothesis suggests that the Moon was once globally
molten, then underwent fractional crystallization and formed the
lunar mantle and crust (Smith et al., 1970; Wood et al., 1970).
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During the late stage of LMO evolution (>99% crystallization), the
residual magma became enriched in potassium (K), rare earth
elements (REEs), and phosphorus (P) (collectively referred to as
KREEP), as well as iron (Fe), titanium (Ti), thorium (Th), and other
incompatible elements. This process led to the formation of a
KREEP-rich reservoir (termed primordial KREEP or urKREEP) and
ilmenite-bearing cumulates (Hubbard et al., 1971; Warren and
Wasson, 1979; Moriarty et al., 2021). The radioactive heat-produc-
ing elements (HPEs), such as Th and K, which are enriched within
the urKREEP and emit gamma rays continuously and sponta-
neously, are proposed to sustain prolonged magmatic activity
through radiogenic heating (Haskin et al., 2000; Wieczorek and
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Phillips, 2000; Borg et al., 2004). The enrichment of KREEP compo-
nents in lunar rocks appears to be closely tied to the geochemical
evolution of the urKREEP (Warren and Wasson, 1979). The
HPEs-KREEP coupling relation suggests the potential distribution
of KREEP on the lunar surface could be investigated by mapping
surficial HPEs with gamma-ray spectrometry from spacecraft in
lunar orbit. The Lunar Prospector (LP) gamma-ray spectrometer
(GRS) revealed that the lunar surface has distinct chemical
element variations (Lawrence et al., 1998). The hot spots with the
highest Th and K abundances are primarily concentrated in the
nearside, particularly in the Oceanus Procellarum region, namely,
the Procellarum KREEP Terrane (PKT; Jolliff et al., 2000; Figure 1).

The KREEP component was first discovered in Apollo 12 samples
(Meyer et al., 1971). Because of its unique chemical composition
and formation mechanism, KREEP is considered an important
target for deciphering the geochemical and thermal evolution of
the Moon, as well as for determining the lunar lithologies and
terranes (Warren and Wasson, 1979; Jolliff et al., 2000; Levin et al.,
2025). For example, KREEP-induced melting was proposed to be
responsible for the mare floodings in the PKT (Haskin et al., 2000).
However, many challenges and questions remain regarding
KREEP:

(1) The formation of KREEP involves a variety of complex geological
processes and chemical reactions, leading to a complex interpre-
tation of the abundance of incompatible elements. For instance,
Chang’e-5 samples suggest that the Th anomaly (~4.5 ppm) in the
basalts is due to low-degree partial melting and extensive frac-
tional crystallization, which does not necessarily correlate with
KREEP-rich lithologies (Tian HC et al., 2021). This finding challenges
the presumed HPEs—KREEP coupling hypothesis in lunar evolu-
tion. Additionally, a rather low Th content of ~0.9 ppm in the
Chang’e-6 basalt samples indicates that KREEP components
contributed little to the magma eruption in the sampling region
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(Cui ZX et al., 2024; Li CL et al., 2024; Zhang QWL et al., 2024).

(2) The speculated urKREEP has not been sampled in any missions
or meteorites, preventing an in-depth understanding of the LMO
hypothesis and making sampling of urKREEP materials a priority
to constrain its putative existence. For example, only a few
urKREEP-like lithic clasts or impact melt breccias were reported in
Apollo samples (Warren and Wasson, 1979; Liu DY et al., 2012) and
in the Sayh al Uhaymir (SaU) 169 lunar meteorite (Gnos et al,
2004; Lin Y et al,, 2012).

(3) The lateral and vertical extent of the urKREEP is still under
debate, and several mechanisms have been proposed to explain
the observed asymmetric distribution of the patchy KREEP-related
materials, such as inhomogeneous differentiation (Parmentier et
al., 2002; Wieczorek et al., 2006) and antipodal impact effects
(Schultz and Crawford, 2011; Zhang N et al,, 2022).

(4) The number of returned KREEP-rich samples is relatively small
and they could be from specific regions, preventing researchers
from conducting comprehensive studies on their character and
origin. For example, Meyer et al. (1971) proposed that the KREEP
components in Apollo 15 samples might have originated from the
Imbrian basin and represent an important component of the pre-
mare crust.

The above-mentioned challenges and questions highlight the
urgent need for more KREEP-rich samples, especially those from
unexplored areas, to provide clues to the formation, distribution,
and composition of the hypothesized urKREEP (National Research
Council, 2007). In addition, REEs and P in the KREEP are potential
targets for future in situ resource utilization. Many countries and
agencies have already proposed a series of lunar missions, such as
the United States’ Artemis program (Smith et al., 2020), China’s
lunar exploration project (Wu YH, 2023), Russia’s Luna mission
(Mitrofanov et al., 2021), India’s Chandrayaan program (Palanivel,
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Figure 1. Context of Th abundance in the circum-Lalande region (Lawrence et al., 1998). The dashed white line outlines the approximate extent
of the Procellarum KREEP Terrane (PKT; Jolliff et al., 2000). The Lalande, Gambart A, T. Mayer A, and T. Mayer C craters have the highest Th
contents (~13 ppm) exposed. Copernicus represents an anchor crater in the lunar cratering chronology. The previous Apollo (A), Luna (L), and
Chang’e (CE) sampling missions are shown to provide a clear depiction of the distribution of prior sampling sites. LS1 and LS2 are the candidate

landing sites proposed for future crewed missions (see Section 4.1).
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2024), and the European Space Agency’s Argonaut mission (Cifani
et al, 2024). According to China’s deep space exploration plan
(Wu YH, 2023), the Moon will be the focus in the next 10 years. A
set of upcoming robotic missions are planned for 2026 and
beyond to explore the Moon’s south pole, namely, Chang'e-7,
Chang’e-8, and the International Lunar Research Station (Wu YH,
2023; Wang C et al., 2024). Additionally, China has planned
missions to achieve a crewed lunar landing before 2030 (Wu YH,
2023), and potential landing sites have been proposed based on
scientific values, such as the enigmatic Irregular Mare Patches in
the Ina, the mysterious bright Reiner Gamma swirl, and the
Aristarchus plateau, which has diverse geological features (Niu R
et al,, 2023). Since the Apollo 17 first landed on the lunar surface
in 1972, human beings have not returned to the Moon in the last
53 years. Crewed missions to the Moon and other planets are
dangerous; however, the risks have decreased substantially with
the advancement of technology. Although both robotic and
crewed missions have technological, social, and scientific benefits,
the crewed ones have their own advantages. For example, the
astronauts can make real-time decisions and perform extravehicu-
lar activities (EVAs) to increase mission efficiency. And even
though KREEP components hold important clues for deciphering
lunar geochemical and thermal evolution, none of the previous
lunar missions have explicitly prioritized the collection of KREEP-
rich materials as a primary scientific objective. To address this gap,
in the present study we propose the KREEP-rich regions on the
lunar surface as candidate landing areas for sample return in
future missions.

The global distribution of Th (min: ~0 ppm, max: ~13 ppm)
suggests the KREEP materials are enriched in the southeast of the
PKT (Figure 1). Specifically, the vicinities of the Lalande (8.65°W,
4.46°S, 23.5 km), Gambart A (18.76°W, 0.96°N, 11.6 km), T. Mayer A
(28.3°W, 15.2°N, 16.2 km), and T. Mayer C (26.0°W, 12.2°N, 14.9 km)
craters have Th abundances as high as ~13 ppm. The empirical
relationship between crater diameter and excavation depth
(Melosh, 1989) suggests the Lalande crater is capable of exposing
materials at greater depth (down to ~2.2 km). The Th-rich Lalande
ejecta are thus ideal proxies for exploring the patchy nature and
vertical extent of the urkKREEP. To collect KREEP-rich samples with
certainty, we propose the circum-Lalande region in this study as a
potential landing area for future crewed missions. Using diverse
datasets and products, especially those acquired over the last
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three decades, we describe the geological context of the circum-
Lalande region and scientific problems related to samples from
this region in the following sections. We also propose candidate
landing sites and EVAs for the astronauts with the aim of maximiz-
ing scientific outcomes.

2. Data

Multiple datasets and products from several missions (Table 1)
were used to explore the geological context of the KREEP-rich
circum-Lalande region. The Lunar Reconnaissance Orbiter Camera
(LROC) Wide Angle Camera (WAC) global mosaic (Speyerer et al.,
2011) and Narrow Angle Camera (NAC) images (Robinson et al.,
2010) were used for the morphology investigation. The TiO, abun-
dance map generated from the WAC ultraviolet and visible
images (Sato et al., 2017), the Mg number (Mg#), and mineral
abundance maps produced from the Kaguya Multiband Imager
(MI) data (Lemelin et al., 2016; Zhang L et al., 2023), the elemental
maps (especially Th) derived from the LP GRS data (Lawrence et
al., 1998), and the Christiansen feature (CF) map derived from the
Lunar Reconnaissance Orbiter (LRO) Diviner Radiometer data
(Greenhagen et al., 2010) were used for compositional interpreta-
tion. The blended digital terrain model (DEM), known as
SLDEM2015, generated from the Lunar Orbiter Laser Altimeter
(LOLA) altimetric profiles and the Kaguya Terrain Camera (TC)
stereo images (Barker et al.,, 2016), and the LRO Diviner-derived
rock abundance (RA) map (Powell et al., 2023) were used for
topography examination and safety assessment of the potential
landing sites.

3. Geological Context of the Circum-Lalande Region

3.1 Lalande and Copernicus Craters

Lalande crater (center location: 8.6°W, 4.5°S; diameter: ~23.5 km)
is a Copernican-aged crater that has a sharp rim and an obvious
ray system (Li B et al., 2018; Figure 2). It was formed in the lunar
highlands and lies at the eastern edge of Mare Insularum and the
northern border of Mare Nubium (Figure 2a). Low-relief bulges,
which may be the impact melt products, are found on the floor of
Lalande crater (Li B et al., 2018). The Th abundance and CF maps
(Lawrence et al, 1998; Greenhagen et al, 2010) reveal that
Lalande crater and its ejecta feature high Th (~12.9 ppm; Figure
2b) and silicic materials (CF value: ~7.8 um; Figure 2c).

Table 1. List of datasets and products used for the geological context description.

Purpose Product Resolution Data source Reference
WAC mosaic 100 m/pixel LROC WAC Speyerer et al. (2011)
Morphology investigation
NAC images 0.5-2.0 m/pixel LROC NAC Robinson et al. (2010)
TiO2 map 400 m/pixel LROC WAC Sato et al. (2017)
Mg# map 512 pixel/degree Kaguya Ml Zhang L et al. (2023)
Compositional interpretation Elemental maps 2 pixel/degree LP GRS Lawrence et al. (1998)
Mineral maps 512 pixel/degree Kaguya Ml Lemelin et al. (2016)
CF map 128 pixel/degree LRO Diviner Greenhagen et al. (2010)
SLDEM2015 512 pixel/degree LRO LOLA & Kaguya TC Barker et al. (2016)
Topography examination and safety assessment
RA map 128 pixel/degree LRO Diviner Powell et al. (2023)
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Figure 2. Context of the circum-Lalande region. (a) WAC image (Speyerer et al., 2011). The zoomed image shows Lalande’s striking ray system.
Wrinkle ridges and ring-moat dome structures (RMDSs) are typical landforms in the circum-Lalande region (see Section 3.4). The wrinkle ridges
were identified by Thompson et al. (2017), and the RMDSs were identified from LROC NAC images (Robinson et al., 2010) in this study. LS1 and
LS2 are the candidate landing sites proposed for future crewed missions (see Section 4.1). (b) Th-rich anomaly (Lawrence et al., 1998). (c) Silica-

rich anomaly (Greenhagen et al., 2010).

Copernicus crater (center location: 20.1°W, 9.6°N; diameter:
~96.1 km) is another Copernican-aged crater in this region. Theo-
retically, it would excavate deeper than the Lalande (Melosh,
1989) and would expose KREEP-rich materials if the urKREEP
distributed homogeneously (Warren and Wasson, 1979). However,
the Th abundance map (Lawrence et al., 1998) reveals that the
area surrounding the Copernicus crater is relatively Th-poor
(Figure 1). Because the impact that formed a crater would pulverize
and eject boulders to tens of kilometers away, the ejecta of the
two fresh rayed craters may have deposited successively in the
same area. Therefore, it is very likely that the materials excavated
by the Lalande and Copernicus could be collected at the same
time if a candidate landing site were chosen carefully.

3.2 Mare Insularum

The Mare Insularum (center location: 30.6°W, 7.8°N) is located in
the pre-Nectarian-aged Insularum basin, which has rings of
~600 km and ~1000 km in diameter (Wilhelms and McCauley,
1971; Figure 3a). It covers an area of ~900 km in diameter and is
bordered by the Kepler crater on the west, Sinus Aestuum on the
east, and Montes Carpatus on the north, and it merges into Mare
Cognitum on the south. Large parts of the Mare Insularum are
influenced by the ejecta rays of Copernicus and Lalande craters
(Figure 3).

The Insularum basin was flooded by multiple volcanic activities, as
illustrated by various TiO, abundances in the mare basalts (Sato et
al., 2017; Figure 3b). Hiesinger et al. (2011) conducted crater
size-frequency distribution measurements (a.k.a. crater dating) on
different basalt units in the Mare Insularum, and the results
revealed that the lava flow units have a range of model ages from
Imbrian to Eratosthenian (1.9 to 3.6 Ga). Subsequent studies
found that the flooding may have occurred as early as 3.8 Ga
(Zhao ZX et al., 2023), thus covering an extended time span.

3.3 Mare Nubium

The Mare Nubium (center location: 17.3°W, 20.6°S) is located in
the ~750 km pre-Nectarian-aged Nubium basin (Wilhelms and
McCauley, 1971; Figure 4a). Spectral data revealed composition
differences among the basalts, with the TiO, abundance varying
from 1% to 8% (Sato et al., 2017; Figure 4b). Crater dating showed
that lava floodings within the Nubium basin have model ages
ranging from Imbrian to Eratosthenian (2.8 to 3.7 Ga), with most
being formed in the late Imbrian at 3.4-3.6 Ga (Hiesinger et al.,
2011).

3.4 Typical Landforms

In the circum-Lalande region, multiple landforms are closely
related to crater formation and basalt evolution, including ejecta
rays, wrinkle ridges (WRs), and ring-moat dome structures

Gou S and Lin YT et al.: Candidate landing sites in the lunar KREEP-rich Lalande region
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Figure 3. Context of the Mare Insularum. (@) Model ages of mare units (Hiesinger et al., 2011) overlaid on a WAC mosaic (Speyerer et al., 2011);
(b) TiO, abundance map (Sato et al., 2017). The dashed white line portrays the approximate extent of the 1000-km Insularum basin. LS1 and LS2
are the candidate landing sites proposed for future crewed missions (see Section 4.1).
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Figure 4. Context of the Mare Nubium. (a) Model ages of mare units (Hiesinger et al., 2011) overlaid on a WAC mosaic (Speyerer et al., 2011); (b)
TiO, abundance map (Sato et al., 2017). The dashed white line portrays the approximate extent of the 750 km Nubium basin. LS2 is one of the
candidate landing sites proposed for future crewed missions (see Section 4.1).

(RMDSs). Ejecta rays from Lalande and Copernicus are the most
prominent features in this region (Figure 3). These optically imma-
ture Copernican-aged craters were formed during the most recent
geological period in the lunar timescale. They provide critical
information to help explain the impact flux during the Copernican
epoch (Ravi et al., 2016), and their morphologies are vital for
studying crater degradation and lunar regolith formation.

Wrinkle ridges (WRs) are widely distributed in the Mare Insularum
and Nubium (Figures 2a and 5a). These ridges are the largest and
most morphologically complex contractional landforms that
occur exclusively in mare basalts (Watters, 2022). Because wrinkle
ridges typically occur both radial to and concentric with the mare
basin centers (Watters, 1988), they are thought to result from the
subsidence and flexure of the lunar lithosphere, which was caused
by the loading of mare basalts (i.e., tectonic compression; Watters,

1988, 2022). Wrinkle ridges could thus be considered paleo-stress
indicators of the compressional history and thermal evolution of
the shallow part of the lunar crust.

Ring-moat dome structures (RMDSs) are observed in this region
from high-resolution NAC images (Figures 2a and 5b). These
dome structures are small, circular mounds, typically ~200 m in
diameter and ~3-4 m in height, that are surrounded by narrow
and shallow moats (Zhang F et al, 2021). They are extensively
developed in clusters in the Imbrian-aged mare basalts and have
compositions similar to those of their host basalts (Zhang F et al.,
2021). Currently, the remotely sensed images or products suggest
two controversial origins for the RMDSs: (1) they occurred almost
contemporaneously after the solidification of the host Imbrian-
aged lava flows; (2) they formed as recently as in the Copernican
epoch (Zhang F et al., 2021).

Gou S and Lin YT et al.: Candidate landing sites in the lunar KREEP-rich Lalande region
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4. Candidate Landing Sites and Recommended EVAs

4.1 Candidate Landing Sites

The priority of the crewed missions proposed in this study is to
collect the speculated urKREEP samples to assess the LMO
hypothesis. Because Th is considered a critical marker of KREEP,
potential landing sites should be as close as possible to the Th-
rich Lalande ejecta. To select suitable candidate landing sites for
the crewed missions, the engineering constraints are similar to
those of previous missions in terms of surface slopes (<10%), rock
abundance (RA), illumination conditions, and real-time Earth-
Moon direct communication (e.g., Ivanov et al., 2018). The flat
basalt units in the Mare Insularum and Mare Nubium, which are
partially covered by the Lalande and Copernicus ejecta (Figure
2a), are thus the best choice for a safe landing with respect to the
engineering constraints. Two candidate landing sites, located
respectively northwest and southeast of Lalande crater (Figure
2a), are proposed in this study. The proposed landing site 1 (LS1;

10°0'W 9°40'W 9°20'W 9°0'W

1°0'S 0°40'S

1°20'S

location: 9.5°W, 0.9°S; Th: ~9.8 ppm) and landing site 2 (LS2; loca-
tion: 11.1°W, 6.2°S; Th: ~10.1 ppm) are situated on the Th- and
silica-rich Lalande ejecta in the Mare Insularum and Mare Nubium
(Figures 2 and 6), respectively. In addition, these two sites are not
far from the typical landforms in the circum-Lalande region
(Figure 6), namely, the WRs and RMDSs. If the astronauts have the
ability to traverse 10 km or more with the help of a lunar roving
vehicle, it would be possible for them to collect samples from
these typical landforms for a detailed analysis in the laboratory to
unveil their ages, compositions, and evolution.

Detailed statistics on the topography, RA, and compositions at the
proposed candidate landing sites and surrounding 5 km are
presented in Table 2 and illustrated in Figure S1. The elevations at
LS1 and LS2 are —1092 m and —1397 m, respectively. The slopes at
the two sites are 1° and 1.8°, respectively, and the RAs are 0.3%
and 0.5%, respectively. The mean slopes and RAs within 5 km of
the two proposed landing sites are 2° and <0.5%, respectively. The
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Figure 6. WAC image (Speyerer et al., 2011) of the proposed LS1 and LS2, which are situated on the Th- and silica-rich Lalande ejecta in the Mare
Insularum and Mare Nubium, respectively. The wrinkle ridges (WRs) were identified by Thompson et al. (2017), and the ring-moat dome structures
(RMDSs) were identified from NAC images (Robinson et al., 2010) in this study.
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Table 2. Statistics on the topography, RA, and compositions at the proposed landing sites and surrounding 5 km.2
Area Type Min Max Mean Stdev Q1 Q2 Q3 LS
Elev. (m) -1147 -1067 -1091 7 -1097 -1092 -1087 -1092
Slope (°) 0 183 2 1.6 0.9 1.6 25 1
RA (%) 0 7.8 0.4 0.4 0.2 0.3 0.4 0.3
TiO (wt%) 1 4.8 3 0.8 26 3.1 35 2.1
FeO (wt%) 11.6 18.2 15.2 0.7 14.8 15.3 15.7 14.1
5 ke around LS1 Mg number 45.1 67.1 55.8 33 53.7 55.1 56.6 62.8
CPX (wt%) 0 52 26.1 5.9 214 26.7 28.8 31.8
OPX (wt%) 9.6 44.4 25.1 4.1 221 258 27.8 21.2
OLV (wt%) 0 30.6 4.1 3.2 0 53 55 0
PLG (wt%) 23 60 44.7 3.1 42.8 44.8 459 47
Th (ppm) 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8
CF (um) 8.21 8.33 8.27 0.02 8.24 8.26 8.28 8.24
Elev. (m) -1468 -1380 -1403 10 -1410 -1401 -1396 -1397
Slope (°) 0 18.1 2 1.7 0.9 1.6 23 1.8
RA (%) 0 5.2 0.5 0.4 0.3 0.4 0.5 0.5
TiO2 (wt%) 1 53 34 0.8 29 3.5 39 3.6
FeO (wt%) 11.6 16.9 15.4 0.7 15 15.4 15.7 13.7
5 ke around LS2 Mg number 40.8 64.7 50.9 25 49.5 51.2 52.2 56.6
CPX (wt%) 9.2 455 24.6 4.8 20.6 253 27.3 28.8
OPX (wt%) 0 324 19.1 3.8 15.8 20.2 215 14.4
OLV (wt%) 0 228 9.2 2.8 5.5 10.1 10.6 4.8
PLG (wt%) 27 61 47.2 29 44.8 46.8 48.8 52
Th (ppm) 10.1 10.1 10.1 10.1 10.1 10.1 10.1 10.1
CF (um) 8.05 8.37 8.26 0.03 8.25 8.27 8.29 8.24

2Q1, Q2, and Q3 indicate quartiles. CPX, clinopyroxene; OPX, orthopyroxene; OLV, olivine; PLG, plagioclase. LS, landing site.

flat surface and the low rock abundance suggest that the
proposed sites would be suitable for a safe landing. In addition,
the geolocation at the low latitude on the lunar nearside indicates
they would fully meet the needs of real-time Earth—-Moon commu-
nication.

Although a relatively noticeable difference exists in the TiO, abun-
dance between LS1 and LS2 (2.1 wt% vs. 3.6 wt%), the average
abundances within 5 km of the two sites are essentially consistent
(3 wt% vs. 3.4 wt%), indicating the basalts are low-Ti basalts
(Giguere et al., 2000). On the contrary, the FeO abundances at the
two sites are relatively consistent, either in the surrounding area
(15.2 wt% vs. 15.4 wt%) or at the landing site (14.1 wt% vs.
13.7 wt%).

The average abundance of olivine is the lowest, whereas plagio-
clase is the most abundant in the vicinities of both sites, accounting
for ~50% of the total mass. The average abundance of clinopyrox-
ene is basically equal to that of orthopyroxene within 5 km of LS1
(26.1 wt% vs. 25.1 wt%). However, the abundance of clinopyroxene
is slightly higher than that of orthopyroxene in the surroundings
of LS2 (24.6 wt% vs. 19.1 wt%). The mare basalts are products of
partial melting of the lunar mantle, and the Mg number values at

the two landing sites (62.8 vs. 56.6) suggest the magma have
undergone a moderate evolution. Although the two proposed
sites are not far away (~170 km), they are geographically separated
by the highlands (Figure 2a). The difference in mineral composition
indicates that the mantle sources of the two mare basalts have
different chemical properties and that the basalt samples are
appropriate agents for studying the lunar thermal evolution.

4.2 Proposed EVAs for the Astronauts

4.2.1 Collecting KREEP-rich samples

The KREEP components are thought to have elevated concentra-
tions of K, REEs, P, Th, U, and other trace elements. It may be difficult
to distinguish KREEP-rich materials from mare basalts and other
non-mare ejecta by the naked eye. To address such a situation,
the candidate landing sites proposed in this study are situated on
the Lalande ejecta (Figure 6), which is rich in Th (@ marker for
KREEP). In addition, we recommend that the astronauts be
equipped with a miniaturized intelligent geochemical instrument
(e.g., a portable gamma-ray detector), which would be capable of
the real-time identification of KREEP-rich materials. The imple-
mentation of these measures would maximize the likelihood of
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collecting KREEP-rich samples at the candidate landing sites
during EVAs.

4.2.2 Screening clast samples

Experience gained from analyzing the returned lunar regolith
samples demonstrated that modern instruments are capable of
accurately analyzing substances as small as tens of microns, a
finding that has great scientific implications. For example, three
glass beads in the Chang'e-5 samples suggested volcanoes were
erupting on the Moon while dinosaurs roamed Earth just 120
million years ago (Wang BW et al, 2024). Given that the total
weight of the returned samples is usually limited by engineering
conditions, scientists routinely expect the astronauts to selectively
collect high-value samples to maximize the research output.
When the geological age of the landing area is old, in addition to
local bedrock debiris, the lunar regolith often contains a variety of
exotic materials. Therefore, astronauts are expected to perform
screening to collect millimeter-sized clast samples. A large quantity
of exotic clasts from other geological units on the Moon could
thus be collected by removing oversized or undersized materials.
These exotic materials would be of great significance for studying
the formation and evolution of the Moon. Specific to the landing
area proposed in this paper, collection refers to the acquisition of
KREEP- and silica-rich Lalande ejecta, Copernicus ejecta, underlying
basalts, breccias, and other exotic materials.

4.2.3 Dirilling regolith cores

The formation of a crater would involve ejection of materials and
their deposition in distal places. According to the empirical equa-
tion proposed by Sharpton (2014; see Supplementary Text 1), the
equivalent thickness of ejecta from the 400-Ma Lalande (Xu LY et
al., 2022) and 800-Ma Copernicus (Bogard et al., 1994) craters at
the proposed landing sites are dozens of centimeters thick,
respectively (Figures 7 and S2). Because Copernicus is older than
Lalande, its ejecta should be covered by Th-rich Lalande ejecta
when they deposited at the proposed landing sites (Figure 7a).

(a) Before gardening

Lalande ejecta
~20cm @ LS1
~33cm @ LS2

Copernicus ejecta
~35cm @ LS1
~20cm @ LS2

Basaltic
paleo-regolith

Both Copernicus and Lalande were formed on the lunar high-
lands, their anorthositic ejecta and the underlying mare basalts
have different lithologies. The continual impact and gardening
processes that form the regolith would gradually have mixed
these three distinct materials (Figure 7b). However, the structure
and formation mechanism of lunar regolith are still not well
understood. If the astronauts drilled regolith cores in places blan-
keted by Copernicus ejecta, Lalande ejecta, or both (Figure 7c),
the cores would be critical for understanding the downward and
upward migration phenomena of the materials and deciphering
the lunar bombardment history since the Copernican epoch.

5. Problems Related to Samples from the
Circum-Lalande Region

From implementation of the suggested EVAs, we would expect a
wide variety of samples, such as Th- and silica-rich Lalande ejecta,
Copernicus ejecta, mare basalts, and regolith cores, to be
collected in the vicinity of the two candidate landing sites. Analysis
of these samples in laboratories with modern equipment would
shed light on many critical scientific issues. The following sections
discuss some problems that could be addressed by examination
of the samples returned from the proposed landing sites.

5.1 Exploration of the Speculated urKREEP

Theoretically, KREEP components are believed to be the last prod-
ucts in the final stage of the LMO evolution, and urKREEP may
have crystallized from the primordial residual liquid (e.g., see
Warren and Wasson, 1979; Warren, 1985). The crystallization of
urkREEP indicates the final solidification of the LMO; thus, it
retains key records of the scale, differentiation, and duration of
the LMO. The KREEP-rich materials (i.e., derivatives of urKREEP,
such as KREEP-rich basalts and breccias) have been found in lunar
samples and meteorites (e.g., see Meyer et al,, 1971; Gnos et al.,
2004). Two petrogenetic models have been proposed for the
KREEP materials (Warren and Wasson, 1979): (1) dilution of
urKREEP with crustal or mantle materials during assimilation, or

(c) Core drilling

(b) After gardening

Figure 7. Schematic diagram of drilling regolith cores on the ejecta blanket.
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zone refining (endogenous pristine basalts); (2) impact-induced
brecciation, or homogenization of KREEP-bearing lithologies
(impact breccias or melts). However, urkKREEP that crystallized
directly from the residual magma has not yet been found.

Because of the lack of samples, the existence of urKREEP is
doubted and its formation time cannot be dated directly. Analysis
of isotopic systems in the pristine samples, whose genesis may be
related to the urKREEP (e.g., KREEP-rich basalts and Mg suites), has
provided constraints on the formation time of urKREEP. For exam-
ple, Rb-Sr model ages of breccias imply that crystallization of the
LMO was essentially complete at 4.4-4.5 Ga (Warren and Wasson,
1979); Sm-Nd model ages of four “high-Mg"” highland rocks indi-
cate that a large-scale differentiation event had climaxed at
~4.33 + 0.08 Ga (Carlson and Lugmair, 1981); and the Lu-Hf model
ages of KREEP-rich samples suggest that the formation of KREEP
and crystallization of the LMO occurred around 4.35-4.43 Ga
(Sprung et al., 2013). Returned Th-rich samples would thus be of
great significance for exploring the existence and formation of
urkKREEP, determining the solidification time of the LMO, and clari-
fying the HPEs-KREEP coupling hypothesis.

5.2 Investigation of the Relationship Between HPEs and
Volcanism
Crater dating on different mare basalt units, radiometric dating on
samples returned by the Apollo, Luna, and Chang’e-5/6 missions,
as well as lunar meteorites, reveal that the volcanism on the lunar
surface have lasted ~3 Ga, beginning at ~4.35 Ga and ceasing at
~1.2 Ga (Nyquist and Shih, 1992; Fernandes and Burgess, 2005;
Terada et al., 2007; Hiesinger et al., 2011; Joy and Arai, 2013; Pasck-
ert et al., 2015; Snape et al., 2019; Li QL et al., 2021; Zhang QWL et
al., 2024). The ages of the mare basalts suggest that two surges of
volcanic activity occurred on the Moon: a first peak at 3.2-3.8 Ga
and a second at ~2 Ga (Kato et al., 2017). The Chang’e-5 samples
even indicated volcanic eruptions on the Moon at ~120 Ma (Wang
BW et al., 2024).

The PKT (Jolliff et al., 2000) hosts the majority of mare basalts on
the lunar surface (Nelson et al., 2014). It is also an area enriched in
HPEs, most notably Th, U, and K (Lawrence et al., 1998; Figure 1).
Enrichment of the HPEs has been proposed to be responsible for
the flooding of mare basalts (Ogawa, 2018), such as the 2.9-Ga
KREEP magmatism (Borg et al., 2004). However, the relationship
between HPEs and lunar volcanism is rather complex and unclear.
For example, the Chang'e-5 samples indicated that the mantle
source for the 2-Ga mare volcanism was KREEP free (Tian HC et al.,
2021). The Chang'e-6 samples revealed that two episodes of
basaltic volcanism had occurred in the farside; the 4.2-Ga eruption
had a KREEP-rich mantle source, and the source of the 2.8-Ga
flooding was KREEP poor (Zhang QWL et al., 2024). At present, the
distribution of HPEs in the lunar mantle is still poorly understood.
For example, reasons for the shift of a source depleted in HPEs
observed in the Chang’e-6 samples are unclear. The volcanic activ-
ities in the Mare Insularum and Mare Nubium are long-lasting
(Hiesinger et al., 2011; Zhao ZX et al., 2023), and the compositions
of the basalts are diverse. Therefore, basalt samples returned from
the proposed landing sites would contribute to studying the rela-
tionship between the HPEs and volcanism, as well as to the thermal
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evolution of the lunar mantle.

5.3 Refinement of the Lunar Chronology Function

The lunar chronology function is critical for determining the
model ages of unsampled geological units on the Moon. It links
the radiometric ages of returned samples and the crater
size-frequency distribution of the crater counting unit (e.g., see
Neukum, 1984; Yue ZY et al.,, 2022; Hiesinger et al., 2023; Werner
et al., 2023). The formation age of the Copernicus crater is used as
an important anchor point when defining the lunar chronology
function (e.g., see Neukum, 1984). However, the impact that
formed the Copernicus crater is only indirectly, and accordingly
poorly constrained. In fact, among all the samples returned by the
Apollo missions, only two samples (12032/12033) were considered
to have originated from the Copernicus crater (Hubbard et al,,
1971). The present dilemma is that the radiometric dating results
from different techniques are not consistent (Silver, 1971; Eber-
hardt et al., 1973; Alexander et al., 1977; Bogard et al., 1994; Barra
et al,, 2006). In addition, on the basis of the good agreement
among the high-Th content, crater ages, and Fe-Ti concentrations
of regolith in the Lalande area, Gnos et al. (2004) proposed the
Copernican-aged Lalande crater as the most plausible source
region for the lunar meteorite SaU 169. However, Xu LY et al.
(2022) found that the model age of Lalande crater (~410 Ma) was
inconsistent with any of the radio-isotopic ages (3909 Ma,
~2800 Ma, ~200 Ma, <0.34 Ma) recorded in the SaU 169 (Gnos et
al., 2004). They thus argued that the Lalande is unlikely to be the
source crater.

Ray materials from the 800-Ma Copernicus (Bogard et al., 1994)
and 410-Ma Lalande crater (Xu LY et al, 2022) can be clearly
observed when viewing from the LROC WAC mosaic (Figure 2a).
The proposed landing sites are situated on the ejecta; therefore,
definitive samples from Copernicus and/or Lalande craters could
easily be collected. In addition, we would expect samples of mare
basalts that erupted at different times (e.g., 2.9 Ga at LS1 and 3.3
Ga at LS2) to be collected (Figure 3). Conducting radiometric
dating on all these samples would not only validate existing
claims regarding the ages of Copernicus and Lalande craters, but
could also provide additional anchor points for the refinement of
lunar cratering chronology.

5.4 Investigation of Volatiles in the Regolith

According to the giant impact theory, scientists initially believed
that the Moon was extremely depleted in volatiles. However,
ongoing studies have revealed that the lunar regolith contains
various volatile components (e.g., hydrogen/hydroxyl/water,
chorine, sulfur). The main sources of volatiles in the regolith are
the solar wind, small bodies in the solar system (i.e., comets and
meteorites), and the lunar interior (lvanov, 2014). They are funda-
mental tracers of the Moon'’s origin, evolution, and interaction
with its space environment (Hayne, 2018). Therefore, lunar
volatiles have both scientific and exploration significance (Pieters
et al., 2009; Hurley et al., 2017). For scientific research, the volatiles
hold crucial clues about the sources and history of volatiles in the
inner solar system. For example, the water content in the mantle
source for the Chang’e-5 basalt is estimated to be as low as
1-5 ppm, indicating that the volcanism was not driven by abundant
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water (Hu S et al.,, 2021). For exploration, the hydrogen/hydroxyl/
water represents a critical resource that could be mined for
propellant production and life support (i.e., in situ resource utiliza-
tion; Hurley et al,, 2017). Therefore, investigation of the lunar
volatiles has become a hot area in recent lunar missions. For
example, one of the major objectives of the Chang’e-7 mission is
to investigate the distribution and origin of water ice and volatile
components at the lunar south pole (Wang C et al., 2024).

Our understanding of lunar volatiles has progressed substantially
in the past decades. Because the distribution and abundance of
lunar volatiles are affected both by geological activity and the
space environment, many questions still need to be answered by
comprehensively evaluating lunar samples from different regions.
The collection of intact drilled basaltic regolith cores, together
with the Apollo, Luna, and Chang’e samples, would fuel an in-
depth study of the following issues: (1) inventories and sources of
the internal volatiles since the formation of the Moon; (2) invento-
ries and fluxes of exogenous volatiles over billions of years; (3)
spatial and temporal distribution of exogenous and internal
volatiles; and (4) migration of the volatiles in the lunar regolith.

6. Conclusions

The primordial KREEP (i.e, urKREEP) suggested by the LMO
hypothesis has not been found in previous lunar samples or mete-
orites. Because the risks of crewed missions have decreased
substantially with the advancement of technology, two candidate
landing sites in the circum-Lalande region, which are enriched in
Th (an indicator of KREEP), are proposed for future lunar crewed
missions, with the aim of searching for the speculated urKREEP.
From the perspective of engineering constraints, both sites are
safe in terms of surface slope, rock abundance, illumination condi-
tion, and Earth—-Moon direct communication. Extravehicular activi-
ties, such as collecting KREEP-rich materials, screening clast
samples, and drilling regolith cores, can be envisioned. With the
collection of a wide variety of samples, such as Th-rich Lalande
ejecta, basalts, Copernicus ejecta, and regolith cores, the returned
samples would be valuable for exploring the speculated urKREEP,
revealing the relationship between HPEs and volcanism, refining
the lunar chronology function, and investigating volatiles in the
regolith.
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