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PUBLIC SUMMARY

m The model age of Chang’e-6 landing area is ~2.50 Ga.
m The ejecta from Chaffee S crater at Chang'e-6 landing site is numerically analyzed.

m Chang'e-6 samples may contain impact melt from the Apollo crater and the South Pole-Aitken basin.
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Research on returned samples can provide ground truth for the study of
the geological evolution history of the Moon. However, previous missions
all collected samples from the near side of the Moon, which is significantly
different from the far side of the Moon in terms of the thickness of the lu-
nar crust, magma activity, and composition. Therefore, the samples from
the far side of the Moon are of great significance for a comprehensive un-
derstanding of the history of the Moon. China's Chang’e-6 (CE-6) probe has
successfully landed on the lunar far side and will return samples in the
coming days. With the precise location of the CE-6 landing site, a detailed
analysis of the geological background is conducted in this research. The
landing site of CE-6 is within the Apollo crater, which is inside the largest
impact basin on the Moon, i.e., the South Pole-Aitken (SPA) basin. Accord-
ing to the numerical simulation of the formation process of the SPA basin,
CE-6 landed at the edge of the SPA impact melting zone, which is presum-
ably composed of impact melt of the lunar mantle. The Apollo crater sub-
sequently excavated deep material again, which constitutes the basement
of the CE-6 landing area. Later, erupted basalt covered these basement
rocks, and they also constitute the main source of the CE-6 samples.
Based on the dating method of crater size-frequency distribution, we
find that the basalt is ~2.50 Ga. The CE-6 samples also possibly contain
basement rocks as excavated and ejected by craters, and they can provide
crucial information for our understanding of lunar geological history along
with the basalt samples.

INTRODUCTION

Lunar samples are the cormnerstone of lunar scientific research in that they can
provide ground truth information on the origination and evolution of the Moon.' ™’
However, the previous samples returned by the six Apollo, three Luna, and
Chang'e-5 (CE-5) spacecraft are all from the lunar near side. Because of the
Moon's asymmetry between the near side and far side,® '? the samples from
the far side are extremely important to analyze some fundamental questions
such as the composition and structure of the lunar interior, impact history, etc.
The CE-6 probe, the backup of the CE-5 mission, was launched on May 3,
2024, and successfully landed in the Apollo crater in the South Pole-Aitken
(SPA) basin on the lunar far side on June 2, 2024. The precise location of the
CE-6 landing site is 153.9856°W, 41.6383°S.'® Subsequently, the lander-as-
cender combination is scheduled to collect ~2.0 kg of samples using a drill
and a mechanical arm, and the ascender will return the samples to Earth. This
is the first time humanity will be collecting lunar samples from the far side of
the Moon, and a small amount of soil can effectively address many outstanding
scientific problems as exemplified by the CE-5 mission.'* For example, the radio-
metric measurements of CE-5 samples indicate that the Moon still had volcanic
activity at ~2.0 Ga,'®'® which was unexpectedly from a non-potassium, rare-
earth elements and phosphorus (non-KREEP) mantle source'” and not driven
by abundant water in its mantle source.® The radiometric age of the CE-5 sam-
ples was also used to update the lunar chronology model,'® which is important to
study the impact history of the inner solar system.

One reason that CE-5 samples could spawn so many papers within a short
period is that detailed analyses were conducted on the geological background,'®
impact history of the landing area,”® and provenance of the sample®' prior to

analyzing the samples in the laboratory. These studies provided basic informa-
tion in interpreting the returned samples. It is expected that the CE-6 samples
will also undergo a significant amount of research work once it is returned. There-
fore, a detailed analysis on the sampling area was conducted in this research,
which should provide important information for the interpretation of CE-6 sam-
ples in the near future.

RESULTS
Geological background of CE-6 landing area

The landing site of CE-6 is in the south of the Apollo crater inside the SPA basin
(Figure 1). The SPA basin is the largest (2,400 x 2,050 km in diameter),?? deepest
(~13km in depth), and oldest (~4.25 Ga)** impact basin on the Moon,”* and it is
generally considered as having exposed the lunar mantle materials.”® " Using
Moon Mineralogy Mapper data, Moriarty and Pieters®® found that the central
SPA compositional anomaly (SPACA) zone was characterized by elevated Ca,
Fe-rich pyroxene abundance, which are most probably indicative of impact
melt from the lunar mantle material. It is important to note that the SPACA is
largely consistent with the continuous molten mantle material in the numerical
simulations of the formation of the SPA basin.”” The landing site of CE-6 is in
the Mg-pyroxene annulus, which is dominated by abundant Mg-rich pyroxenes,
but it is very close to its edge (Figure 1). This implies that the composition of
the material source area beneath the CE-6 landing site may be very complex,
dominated by early lunar mantle material but also including a small amount of
early lunar crust. Additionally, differentiation may have occurred due to impact
melting.>®

The Apollo crater is the largest crater (~492 km in diameter)*°" within the
SPA basin, and it provides an opportunity to assess the SPA substructure. Based
on the size-frequency distribution of the superposed craters, the age of the Apollo
crater has been estimated to be ~3.91-4.14 Ga.** % In some studies, the Apollo
crater is regarded as a peak-ring basin, and its inner peak ring has a diameter of
~247 km.>1%5%° However, the sole inner ring is almost symmetric in topography
(Figure 2A), indicating that the Apollo crater should be classified as a peak-ring
crater according to Melosh.®” There is a significant positive Bouguer gravity
anomaly in the center of the Apollo crater (Figure 2B), which corresponds to
the very thin lunar crust in this area (Figure 2C). With numerical simulations,
Potter et al.*® suggest that the Apollo crater straddles the SPA transient crater
and modification zone. The CE-6 landing site is located on the southern edge
of the Apollo crater, where the Mg-rich pyroxenes were interpreted to represent
a remnant part of the SPA transient cavity.*®

There are plenty of craters inside the Apollo crater, with various formation ages
(Figure 3A), e.g., Copernican-aged Chaffee S crater, Late Imbrian-aged Dryden
crater.*® The oxide abundances® and Mg# of these craters and other typical
geological units around the Apollo crater are shown in Figure 3. The Mg#
(50.5% + 6.6%) and oxide abundances (e.qg., FeO: 16.7% + 2.9%) of the mare
basalt unit are rather different from the rest of the geological units (Figures 3B
and S1), indicating a complex geological context in the Apollo crater. Due to
continuous bombardment on the lunar surface, materials from other geological
units are likely to have been ejected to the CE-6 landing area.

Basalt unit of CE-6 landing area
The landing site of CE-6 is located on the basalt within the Apollo crater. Fig-
ure S2 shows the distributions of clinopyroxene, orthopyroxene, olivine, feldspar,
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Figure 1. Location of the CE-6 landing site The green polygon represents SPACA zone characterized with elevated Ca, Fe-rich pyroxene abundance, which is largely coincident with
the continuous molten material during the formation of SPA (dashed yellow line). The blue line represents the outer boundary of the Mg-rich pyroxenes area. An orthographic

projection is used in this map, with the center at the SPA basin.

and FeO based on the results by Lemelin et al.* and TiO, by Sato et al.*' Based
on the spectral and compositional homogeneity,*” the geological unit of the CE-6
landing area is delineated and further refined in a high-resolution Lunar Recon-
naissance Orbiter Camera (LROC) narrow-angle camera (NAC) mosaic (Fig-
ure 4A). Areas that have abnormal mineral compositions or clustered secondary
craters have been eliminated from this geologic unit. The abundances (mean =
variance) of clinopyroxene (29.4% + 9.1%), orthopyroxene (26.0% + 6.7%), olivine
(8.9% + 4.2%), plagioclase (35.8% + 5.1%), FeO (17.9% + 1.0%), and TiO, (6.1% =
1.4%) in the geologic unit have been measured. According to the classification
criteria by Giguere et al,* the CE-6 landing area is an intermediate-titanium
basalt.

Figure 4A also shows the craters >100 m (~33 pixels) in diameter map-
ped in this research. There are 3,346 craters in total, and the maximum
diameter is about 1.7 km (Crater Data: https://zenodo.org/doi/10.5281/
zenodo.11425687). To examine whether the established geological bound-
ary has a significant effect on the statistical results of impact craters, we
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gradually reduced the boundary inward by 2.5, 5.0, and 7.5 km in sequence
(Figure S3) and then compared the size-frequency distributions of the
impact craters. Figure S4A shows the results indicating that the size-fre-
quency distribution of craters smaller than ~700 m in diameter is almost
unaffected by the geological boundaries. Meanwhile, the analysis of the
completeness diameter of the mapped craters is 270 m (Figure 4B) based
on the method by Robbins et al.** Figure 4C shows the surface dating re-
sults according to the size-frequency distribution of the mapped craters, in
which the crater production function by Neukum et al.*° and the chronol-
ogy function by Yue et al.’® are used. Based on the size-frequency distribu-
tions of the craters between 270 and 700 m in diameter, the absolute
model age is 2.50"%%8 Ga and the N(1) value is 1.92 km~2 according to
the method of Poisson timing analysis,*® which is independent of the crater
binning width. In addition, the clustering analysis with the method of mean
2nd-closest neighbor distance®’ shows that craters larger than 250 m in
diameter are randomly distributed (Figure 4C), i.e., the dating result is not

-160° -150°

Figure 2. The Apollo crater and CE-6 landing site (A) The CE-6 landing site is located in the southern Apollo crater. (B) Bouger gravity anomaly map (unit: mgal). (C) Lunar crust
thickness (unit: km). Orthographic projections are used in (A)—(C), with the centers at the Apollo crater.
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Figure 3. Typical geological units and geochemistry analysis around the Apollo crater (A) Typical geological units around Apollo crater. (B) Oxide abundances and Mg# of these
geological units. An orthographic projection is used in (A), with the center at the Apollo crater.

affected by secondary craters. We also conducted dating analysis on the
impact craters in different counting areas in Figure S3, and the maximum
deviation among these results is ~8% (Figure S4). The deviation should be
attributed to the randomness of the distribution of impact craters, and the
dating result from the entire counting area should be with a smaller uncer-
tainty. The dating result is younger than that by Qian et al.,*® which is most
probably because a much larger counting area is included therein.

Exotic material of the CE-6 samples

Atotal of 253 Copernican impact craters have been discovered on the surface
of the Moon (Figure 5), and their ejecta may be included in the returned CE-6 sam-
ples. Based on the empirical formula for the thickness of crater ejecta,”® we eval-
uated the ejecta thickness of these young craters in the CE-6 landing site. The
result indicates that the total ejecta thickness from these craters is ~21.5 cm,
while the ejecta from the Chaffee S crater (~20 km in diameter) is ~16.2 cm.
This analysis indicates that there is a high probability that the CE-6 samples
include ejecta from Chaffee S crater, as recently suggested by Jia et al.*° Since
the Chaffee S crater is located in an area rich in noritic materials®' that are prob-
ably from the impact melt of the Apollo crater, the CE-6 samples may contain
impact melt produced during the formation of the Apollo crater. If this is the
case, then the CE-6 samples will provide crucial evidence for determining the
age of the Apollo crater.

To analyze the initial depth of the ejecta from the Chaffee S crater, we carried
out a numerical simulation of its formation (Figure S5; Table S1). Figure 6
shows the ejected distance for the original material during the formation of
the Chaffee S crater, in which the diameter and velocity of the projectile are
setas 1.6 kmand 11 km/s, respectively. Because this is a numerical simulation
of a vertical impact, the material beneath the impact point will not be exca-
vated. The results show that the ejected distance of the original target exhibits
an approximately concentric ring-shaped distribution. The initial locations of the
material that could be ejected to the CE-6 landing site nearby are indicated by
the black dashed line. The result shows that the ejected material may be from
different depths, with the maximum depth of the source material being
about 1.5 km.

The Vavilov crater (Figure 5) ranks second in terms of the thickness of ejecta
(~1.7 cm) at the CE-6 landing site. This crater is located on the lunar highlands,
implying that the CE-6 samples may contain a very small amount of lunar high-
land material. The remaining Copernican craters have very little ejecta at the

CE-6 landing site. In addition, some Eratosthenian craters may also have
ejected material to the CE-6 landing site. Although the ejecta may be covered
by later Copernican craters' ejecta, or even by basalt if they are older than the
CE-6 basalt, the later impact excavation processes in the region may have
excavated the older ejecta to the surface, which were then coincidentally
collected by the CE-6 mission. We analyzed the ejecta thickness of the Eratos-
thenian craters within the Apollo crater, as shown in Figure S6. The results indi-
cate that the total thickness of the ejecta at the CE-6 landing site from these
impact craters is ~40.6 cm. This further increases the probability that the
CE-6 samples contain impact melt from the Apollo crater. Similarly, we
analyzed the thickness of ejecta from 21 Eratosthenian impact craters within
the SPA basin at the CE-6 landing site (Figure S7). The results show that the
total thickness of the ejecta at the CE-6 landing site is about 57.3 cm, while
the ejecta thickness from the White crater (42.34 km in diameter) is
~49.3 cm. Since the White crater is within the SPACA, the CE-6 samples
may contain impact melt formed during SPA basin formation.

DISCUSSION
Significant issues to be addressed

The scientific research on CE-6 samples is expected to provide key informa-
tion on the following problems: (1) the age of the SPA basin. The CE-6 mission
is expected to collect impact melt formed during the formation of the SPA ba-
sin to accurately obtain its age. (2) The age of the Apollo crater. There is a high
probability that the CE-6 samples contain impact melt from the Apollo crater.
The radiometric ages of the SPA basin and Apollo crater can greatly promote
the study of the early lunar impact flux. (3) The major mineral composition of
the lunar mantle. The formation process of the SPA basin exposes lunar
mantle material, but due to the lack of observation of large-scale olivine,
some studies speculate that the main component of the lunar mantle is low-
calcium pyroxene rather than olivine like the Earth.?® Geochemical analysis
of the samples will help to uncover this mystery. (4) The lunar impact flux func-
tion. With the radiometric ages of the samples and crater size-frequency distri-
bution of the areas represented by the samples, the lunar impact flux function
can be further optimized. This is the only sample from the far side of the Moon,
and it is of great significance for studying the distribution of lunar impact
fluxes. (5) The volcanic eruption inside the SPA basin. Current research shows
that the thickness of the lunar crust inside the SPA basin is small, but there is
no large-scale basalt exposure inside. Geochemical research on CE-6 samples,
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especially a comparison with the chemical composition of basalt on the near
side of the Moon, will help solve this problem. (6) The asymmetry of the
Moon. By combining the above analyses, the long-standing issue of the asym-
metry between the near and far sides of the Moon on crust thickness, volcanic
activity, and internal structure, which has perplexed geologists for decades, is
expected to be resolved.

MATERIALS AND METHODS
LROC WAC global mosaic

The geological background analysis of the CE-6 landing area is based on the global
mosaic generated from the LROC wide-angle camera (WAC). The WAC is a push-frame
camera with resolutions of 75 and 384 m (at an altitude of 50 km) in the visible and ul-
traviolet bands, respectively.°? The LROC WAC image covers a swath ~104 km wide from
the nominal 50 km orbit,”” which allowed the instrument team to create a number of
global mosaics with favorable quality. In this research, the WAC global mosaic created
in June 2013 (Database: https://astrogeology.usgs.gov/search/map/Moon/LRO/LROC_
WAC/Lunar_LRO_LROC-WAC_Mosaic_global_100m_June2013)°*** was used as the base-
map for geological analysis of the CE-6 landing area. The locations of SPACA found by
Moriarty and Pieters,”® the impact melt area in the numerical simulation by Potter
et al,?” and the Apollo craters along with the CE-6 landing site are all registered in the
mosaic.

SLDEM2015 data

In this research, the lunar topographic data of SLDEM2015 are used to check our numer-
ical simulation results. The data are generated by co-registering and combining SELENE
Terrain Camera DEM with LRO laser altimetric data produced by Barker et al,*® and they
are at the spatial resolution of 60 m/pixel. They are widely used in lunar scientific studies
and can be freely downloaded from the Database: https://astrogeology.usgs.gov/search/
map/Moon/LRO/LOLA/Lunar_LRO_LOLAKaguya_Shade_60N60S_512ppd.

150°W 120°W 90°W
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Figure 5. Potential source craters for the exotic ma-
terial in the CE-6 sample The white spots are the
Copernican craters, and the two yellow spots are the
most likely craters responsible for the exotic materials
in CE-6 sample. The sampling sites are also shown in
the figure (A, Apollo; L, Luna). Note that the lunar far
side is in the center. Equirectangular projection is
used in this map.

60°W 30°W

Lunar gravity anomaly and crust thickness data

Lunar gravity data are obtained through the Gravity Recovery and Interior Laboratory
(GRAIL) mission,*® which is a spacecraft-to-spacecraft tracking mission aiming to produce
a detailed map of the lunar gravity field. The Bouguer-corrected GRAIL gravity anomaly data
used in this research are from the Database: https://pds-geosciences.wustl.edu/grail/grail--
Igrs-5-rdr-v1/grail_1001/shadr/. The crustal thickness map of the Moon used in the research
is derived from GRAIL gravity data by Wieczorek et al.°” and it was downloaded from the
Database: https://zenodo.org/records/997347.

Mineral and elements distribution data

Inthis research, the TiO, abundance map of the Moon by Satoet al.*' is used as the base-
map to delineate the geological boundary of the CE-6 landing area. The product was derived
from the ultraviolet and visible reflectance acquired by the LROC WAC and was often used in
dividing the lunar basalt units.”*° The resolution of the product is ~400 m/pixel, and they
are available from the Database: https://pds.Iroc.asu.edu/data/LRO-L-LROC-5-RDR-V1.0/
LROLRC_2001/DATA/SDP/WAC_TIO?2/.

The abundance of FeO and major minerals of clinopyroxene, orthopyroxene, olivine, and
feldspar were from the results by Lemelin et al,“° which were derived from the Kaguya Multi-
band Imager reflectance data. The resolutions of these products are ~60 m/pixel, and they
are available from the Database: http://astrogeology.usgs.gov/pds/annex.

High-resolution imagery product

The high-resolution mosaic from the LROC NAC images is produced in this research as a
basemap to extract and measure craters in the CE-6 landing area. The LROC NAC images
cover most of the lunar surface with a resolution of 0.5—2 m and are currently the highest-
resolution orbiterimages. The LROC NAC images were downloaded from the PDS Geoscien-
ces Node Lunar Orbital Data Explorer website (Database: https://ode.rsl.wustl.edu/moon/
index.aspx), and the detailed process for generating large-area digital orthophoto maps
(DOM) can be found in Di et al.®

Figure 6. Ejected distance of the initial target mate-
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Crater mapping and analysis

To delineate the crater rim and measure the diameter, the high-resolution LROC NAC
mosaic was integrated into the platform of ArcGIS, and the CraterTools toolkit®' was
used to manually map the craters. The CraterTools toolkit can measure the crater diameter
correctly regardless of the map projection®' and it can work well with three points on the
crater rims identified. When manually digitizing a crater, the three points on the crater rim
should be as evenly distributed as possible, which can give the minimum error.%?

The completeness diameter of the mapped crater catalog is analyzed with the program
by Robbins et al.** which is available at the website: https://github.com/CraterAnalysis/
CraterAnalysis. To date the geological age of the CE-6 landing area with the mapped craters,
the program Craterstats®*** is used in the research. In addition, the lunar crater chronology
function by Yue etal.'® and the production function by Neukum et al.*° are used to derive the
model age with the size-frequency distribution of the mapped craters.

To search for the potential source craters of the possible exotic material in CE-6 samples,
young craters throughout the Moon were searched based on the crater catalog by Losiak
et al.®® the geological map of the northern SPA basin by Ivanov et al,** and the global lunar
geological map by Fortezzo et al.°® All the Copernican craters from the three crate datasets
are considered as the potential source of the exotic material of CE-6 samples. Some Eratos-
thenian craters may also eject materials to the CE-6 landing area; however, they should be
buried by the ejecta from subsequent Copernican craters. Despite the possibility that a small
amount of Eratosthenian ejecta might be excavated to the shallow subsurface by later local
bombardment, the likelihood of ejecta from an Eratosthenian impact crater being present in
the CE-6 samples is small. This is because the CE-6 landing site is mainly surrounded by
small impact craters, which have a very low excavation efficiency for lunar surface mate-
rials.°” As a result, there are 253 craters being considered as the potential source of exotic
material in the CE-6 sample.

Crater ejecta thickness analysis

The crater ejecta thickness is often used as a measurement to evaluate the probability of
material presence from source craters.”°%%° However, there are currently several ways to
evaluate the ejecta thickness. Based on the observations of nuclear craters, the terrestrial
Meteor Crater, and lunar craters, McGetchin et al.” showed that the ejecta thickness on
the crater rim is T = 0.14R%7 (unit: m), and it decreases exponentially with a power of
—3as the distance from the center of the crater increases. However, Pike”" argued that there
were only two lunar craters involved in the fitting, and he proposed three alternate models,
although he admitted these models are subject to various uncertainties. Settle et al.”
pointed out that two of the three models proposed by Pike’' were actually quite close to
his equation. Based on the classification of impact craters, Pike’® further optimized the
ejecta thickness models on the crater rim, and it was later inherited by Sharpton.”” However,
according to the interpretation of the rim height from high-resolution lunar orbital images,
Sharpton™ pointed out that only a fraction of the rim height is attributed to the ejecta thick-
ness. In addition, Sharpton®® also admitted that the ejecta thickness decreases exponen-
tially with a power of —3 as the distance from the center of the crater increases. Finally,
the combined empirical equations to calculate the ejecta thickness are as follows:

N\ —30
0.014R'! (ﬁ) 1.1km<R<8.5km
0= (Equation 1)

-3.0
3.95R0%9° (%) 8.5km<R<22.5 km

where r is the distance from the crater center, R is the crater rim radius, and all dimensions
are in meters. This model has been widely used in recent studies.”* "®

Numerical simulation of Chaffee S crater

The formation process of the Chaffee S crater is simulated with the 2D version of the hy-
drocode SALEc,”” which can be freely downloaded from the website: https://github.com/
huachengli/SALEc-public. The most basic governing equations of the SALEc hydrocode
include the conservation equations of the mass, momentum, and energy, along with the
constitutive equations and equations of state for different geologically interesting materials.
The hydrocode SALEc has been benchmarked by laboratory experiments and other hydroc-
odes in impact cratering simulations, and Li et al.”” listed the details on the code.

In the simulations of the Chaffee S crater, the projectile is represented by dunite because
it is a reasonable approximation of a typical ordinary chondrite asteroidal material,”® and the
target is represented by basalt according to the geological context of the Chaffee S crater.
We varied the impact speed between 10 and 18 km/s, and adjusted the projectile diameter
accordingly, to ensure that the simulated impact crater matches the observed results. The
grid size of the model is 40 m, and there are 20 cells per projectile radius. The models along
with the corresponding parameters for dunite and basalt are listed in Table S1. After more

than 60 instances of trial and error, the best-fit model is found with a projectile diameter of
1.6 km and a velocity of 11 km/s. The profile of the crater wall in the numerical simulation
results is very close to that in the remote sensing observations (Figure S5) except that the
crater depth obtained from the numerical simulation (~3.9 km) is slightly deeper than the
remote sensing observations (~3.4 km).
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