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Abstract China's Chang'e‐6 (CE‐6) mission has returned the first‐ever lunar farside samples from a mare
plain on the southern Apollo basin floor. The crater statistics of the CE‐6 mare unit and the provenance of the
samples are crucial in interpreting the CE‐6 sample analysis results and re‐calibrating the crater chronology
function. Here, we conduct a thorough survey of the formation sequence and main source craters of ejecta
materials at the sampling area. Our results show that the sampling mare unit has a model age of ∼2.8 Ga and the
CE‐6 scooped and drilled samples mainly come from the proximal ejecta of nearby small craters and the local
regolith. The total abundance of foreign (non‐mare) materials, primarily from Chaffee S and Vavilov craters, is
∼9.3%. The Chaffee S ejecta may contain lunar upper mantle materials previously excavated by the South Pole‐
Aitken impact, which will shed light on the materials of the Moon's interior.

Plain Language Summary In June 2024, China's Chang'e‐6 probe successfully returned the first‐
ever lunar farside samples of 1,935.3 g, from the Apollo basin within the South Pole Aitken (SPA) basin, the
largest, deepest, and oldest impact basin on the Moon. The age and sources of the samples are vital in
understanding the geological history of the landing region and the whole Moon. In this study, we obtain the
model ages of the Chang'e‐6 mare unit by impact crater statistics and conduct a thorough survey of the foreign
ejecta materials from nearby and distal crater ejecta. We find that the Chang'e‐6 scooped and drilled samples are
mainly from the proximal ejecta of nearby small craters and the local regolith, both having a dominant
composition of intermediate‐Ti mare basalts. The surface age of the Chang'e‐6 mare unit is ∼2.8 billion years
from crater density measurements, which can facilitate the refinement of lunar chronology function. Foreign
(non‐mare) materials likely account for a minor fraction (∼9.3%) of the returned samples, primarily from
Chaffee S and Vavilov craters. The Eratosthenian‐aged Chaffee S crater may have delivered lunar upper mantle
materials previously excavated by the SPA impact, which could potentially be recognized in the Chang'e‐6
samples.

1. Introduction
Extraterrestrial samples record precious information about the formation and evolution of the planetary bodies
and the solar system (e.g., Spohn et al., 2014). So far, the Moon is the only terrestrial large body which has been
sampled by crewed or robotic space missions. However, due to many technical challenges, all the returned lunar
samples were collected from the nearside of the Moon by the United States' Apollo, Soviet's Luna, and China's
Chang'e missions, and the lunar farside remains unsampled until 2024.

In June 2024, China's Chang'e‐6 (CE‐6) probe successfully landed on the southern floor of the Apollo basin
(Figure 1a) and returned the first‐ever lunar farside samples of 1,935.3 g (Li et al., 2024) by scooping (a few
centimeters deep) and drilling (up to 2 meters deep; Zhou et al., 2022). Apollo basin is a large peak‐ring impact
basin (∼510 km diameter) located at the inner edge of the South Pole‐Aitken (SPA) basin (over 2,000 km
diameter), the largest and oldest impact structure preserved on the Moon (Garrick‐Bethell & Miljković, 2018;
Garrick‐Bethell & Zuber, 2009). The landing site of CE‐6 mission (153.9856°W, 41.6383°S; Liu et al., 2024,
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Figure 1a) is located on a mare basalt unit of a high‐Fe (17–20 wt.%) and intermediate‐Ti (3–6 wt.%) composition
(Figure 1b; e.g., Jia et al., 2024; Qian, Head, Michalski, Wang, et al., 2024), within the Mg‐pyroxene annulus
dominated by abundant Mg‐rich pyroxenes (Moriarty & Pieters, 2018). This mare unit was provisionally named
Region F before the CE‐6 landing (Zeng et al., 2023) and is termed as “Chang'e‐6 mare unit” in this study.

Analyses of the Chang'e‐6 samples collected from such a unique location provide an extraordinary opportunity to
assess a number of fundamental questions concerning the origin and evolution of the Moon. First, the Chang'e‐6
landed directly on a mare plain on the southern Apollo basin floor. Detailed laboratory high‐accuracy analyses of
the Chang'e‐6 basaltic samples will provide crucial insights into the volcanism on the lunar farside, especially
why volcanic mare deposits are much less areally abundant on the farside than those on the nearside? Are the
nearside and farside basalts obviously different in the composition or depth of the source magma? Second,
previous crater population analyses of the basaltic deposits surrounding the Chang'e‐6 landing site reported
surface model ages around 2.4–3.0 Ga (e.g., Qian, Head, Michalski, Wang, et al., 2024; Yue et al., 2024; Zeng
et al., 2023), which lies in the age gap of the existing returned lunar samples. Precise age determination of the
Chang'e‐6 mare basalts by radio‐isotopic analysis and crater statistics will be critically important for re‐calibrating
the lunar cratering chronology function (CF), the cornerstone for dating planetary surfaces in the inner solar
system. Finally, the SPA basin‐forming impact should have excavated and exposed deep lunar materials from the
lower crust and even the upper mantle (e.g., Citron et al., 2024; Melosh et al., 2017; Potter et al., 2018). Those
SPA‐related materials could have been excavated and re‐distributed through Apollo and subsequent impacts (e.g.,
Melosh et al., 2017; Moriarty et al., 2021; Orgel et al., 2024), potentially reaching the Chang'e‐6 landing site and
contributing foreign (non‐mare) materials to the returned samples. In summary, accurate analyses of the age,
composition, and provenance of the Chang'e‐6 samples will potentially provide key evidence for constraining the
geological history and interior nature of the Moon.

In this work, to assist the Chang'e‐6 sample analyses, we carefully measure the crater density on surface units
surrounding the CE‐6 landing site, examine all possible main sources of foreign materials by ejecta ballistic
sedimentation models, and quantitatively evaluate their contributions to the local stratigraphy and composition.
Based on those investigations, we also discuss the scientific potential of the Chang'e‐6 samples in revealing the
lunar interior and recalibration of the lunar chronology function.

2. Method: Age Determination and Ejecta Thickness Estimation
We estimate the absolute model ages (AMAs) of the CE‐6 mare unit and potential key ejecta source craters, from
crater density and rock abundance, and distinguish whether an ejecta source crater forms after or before the
Chang'e‐6 mare unit through their relative ages or cross‐cutting relationships (see Text S1–S3 and Table S1 in
Supporting Information S1 for details of image data and age determination). We evaluate the ejecta thickness at
the Chang'e‐6 landing site from all lunar craters ≥10 km in diameter from the Robbins (2019) crater catalog, the
median‐sized craters (D ≥ 1 km) surrounding the Apollo basin region identified by Ivanov et al. (2018), and the
small craters (D > 10 m) identified in the vicinity of the landing site. The ages of key small craters are estimated
from their degradation states (see Text S2 and Figure S1 in Supporting Information S1 for details).

For most craters/basins studied in this work, the ejecta thickness model of Pike (1974), which is widely accepted
and most consistent with the Yutu‐2 Lunar Penetrating Radar (LPR) investigations (see Xu et al. (2021) for the
comparison of several ejecta thickness models), is applied to estimate the primary ejecta thickness (δ) from a
given source crater/basin to the CE‐6 landing site:

δ = 0.033Rt(r/Rt)
− 3.0 (1)

where r is the spherical distance from the crater/basin center to the landing site and Rt is the transient rim‐to‐rim
radius of the crater/basin. According to Melosh (1989) and Xie, Liu, and Xu (2020), we consider Rt = 0.84 R for
simple craters and Rt = 0.84R0.15SC R0.85 for complex craters, where R is the final rim‐to‐rim radius measured from
images, RSC = 9.5 km is the transition radius from simple to complex craters (Pike, 1980). For large basins with
dedicated investigations of impact cratering process and ejecta thickness distributions, the transient rim diameters
of Orientale, Schrödinger, and Imbrium are referred to the studies of Xie and Zhu (2016), Xu and Xie (2020), and
Miljković et al. (2013), and the primary ejecta thickness of Orientale and Schrödinger basin are computed from
individual measurements of Xie and Zhu (2016) and Xu and Xie (2020), respectively. In addition, the distance and
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deposition corrections are employed with the consideration of the curvature of the Moon (see Xu et al. (2021) for
details). These corrections are vital for distal craters at a distance >1,500 km. In this work, we assume that the
ejecta are symmetrically distributed surrounding the parent crater/basin, so the estimated ejecta thickness is
mainly of statistical significance, as the actual ejecta distribution is probably rather inhomogeneous.

The depths of local materials mixed with foreign ejecta materials are estimated by Oberbeck et al. (1975) and the
modified relationship of Petro and Pieters (2004, 2006, 2008), from a ratio (μ′) of the thickness of the local
materials to the primary ejecta:

μ′ = {
μ, μ≪ 5

μ/2 + 2.5, μ> 5
(2)

where μ = 0.0183r0.87 and r is in the unit of km. The ejecta deposits are defined as the mixture of primary ejecta
and local materials.

3. Results and Analyses
3.1. Crater Measurements and Ages of the Mare Basalts at the Chang'e‐6 Landing Site

A characteristic kink is observed at ∼1.0–1.2 km diameter in the cumulative size‐frequency distribution (CSFD)
plot of the measured impact craters superposed on the Chang'e‐6 mare unit (Figure S2 in Supporting Informa-
tion S1), indicating the occurrence of volcanic resurfacing, and the last phase of lava flows did not completely
bury all the pre‐existing craters. In addition, we also find several pre‐existing craters, which were partially buried
(Figure S3 in Supporting Information S1) or abnormally shallow (Figure S4; see Text S2 and S3 in Supporting
Information S1 for details), on the Chang'e‐6 mare unit, consistent with the interpretation of at least two‐phased
volcanic eruptions of Qian, Head, Michalski, Wang, et al. (2024). Spectral investigation of penetrating craters
showed the underlying basalts have considerably lower TiO2 abundance than the upper basalt layer (Qian, Head,

Figure 1. Geologic context surrounding the Chang'e‐6 (CE‐6) landing site. (a) Location of the Apollo basin and the CE‐6 landing site. Lunar Orbiter Laser Altimeter
(LOLA) topography and orthographic projection centered at the CE‐6 landing site. Four concentric zones across the South Pole‐Aitken (South Pole Aitken (SPA)) basin
with different pyroxene compositions, including the SPACA (the central compositional anomaly of SPA), Mg‐pyroxene annulus, heterogeneous annulus, and SPA
exterior, are outlined according to Moriarty & Pieters (2018). (b) Kaguya Multiband Imager TiO2 abundance map (∼60 m/pixel; Yang et al., 2023) surrounding the CE‐
6 mare unit (delineated by the black curves). (c) Key local craters (labeled as U1–U6) surrounding the CE‐6 landing site (marked by the red cross). U is short for
“unnamed” crater. Lunar Reconnaissance Orbiter Narrow Angle Camera (LROC NAC) images (M1305784636 R, 1.88 m/pixel resolution, 78.94° incidence angle). All
maps of the local Chang'e‐6 landing area are projected into Mercator projection, unless otherwise specified.
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Michalski, Wang, et al., 2024). From the CSFD plot deflection occurrence diameter, the uppermost thickness at
the thinnest region of the upper basalt layer can be estimated as ∼50–60 m (Haruyama et al., 2009; Pike, 1977), in
line with estimations from crater excavation technique (Qian, Head, Michalski, Wang, et al., 2024).

By carefully excluding those pre‐existing craters (see Text S3 in Supporting Information S1 for details), an N(1)
value of 2.16 (±0.09) × 10− 3 km− 2 are obtained by using Kaguya Terrain Camera Morning images (10 m/pixel;
Haruyama et al., 2008) and fitting craters D ≥ 300 m, which projects to a formation age of 2.80+0.10− 0.11 Ga for the
upper basalt layer (Figure 2b and Table S2 in Supporting Information S1). The crater statistics within a 5 km
diameter circle across the landing site using Lunar Reconnaissance Orbiter Narrow Angle Camera (LROC NAC)
images (∼1 m/pixel; Robinson et al., 2010) also yield a very close age of 2.79+0.34− 0.51 Ga (Figure S5 and Table S2 in
Supporting Information S1). Since the relatively smaller crater population working area and an equilibrium onset
diameter around ∼150 m (Figure S5b in Supporting Information S1), we can only fit the relatively larger
(D ≥ 160 m), but fewer craters in the LROC NAC crater population investigation, which inevitably results in a
much higher uncertainty in the age determination. Still, the close age from LROC NAC image counts validates
our crater measurements and age determination for the CE‐6 upper basalts layer. We also compare our results with
previous studies (Figure 2c, Text S4, and Table S3 in Supporting Information S1) and find they are generally
consistent with each other.

Then, we turn to the larger diameter (>1.2 km) segment of the CSFD curve and fit a N(1) value of 6.63
(±2.19) × 10− 3 km− 2 and AMA of 3.60+0.07− 0.12 Ga (Figure 2b and Table S2 in Supporting Information S1). Given
that the upper basalt layer varies in thickness (Qian, Head, Michalski, Wang, et al., 2024), we suggest that a part of
the pre‐existing craters larger than 1.2 km probably have been totally buried, and therefore, the estimated∼3.6 Ga
can be interpreted as the lower limit of the formation age of the underlying basalt layer.

In summary, our crater statistics results show that the overlaying intermediate‐Ti basalts of the CE‐6 landing site
erupted at∼2.8 Ga of Eratosthenian period, and the underlying low‐Ti basalts emplaced at no earlier than∼3.6 Ga
of Late Imbrian period. We term these two basalt layers as “CE‐6 Eratosthenian mare unit” and “CE‐6 Imbrian
mare unit” hereafter.

3.2. Ages of Key Source Craters Related to the Stratigraphy at the Chang'e‐6 Landing Site

Based on the ejecta thickness computation, several potential source craters are identified (Table 1). Among them,
the modeled ages of four key ones are determined through crater counts: White’ (805+50− 50 Ma), Vavilov (1.86

+0.12
− 0.12

Ga), Chaffee S (2.79+0.23− 0.28 Ga), and White (3.48+0.04− 0.06 Ga), with their CSFD plots and fitted N(1) values shown in
Figure S6 and Table S2 in Supporting Information S1, respectively. Ages of the other seven key source craters
with reported N(1) values or rock abundance ages from literature are re‐derived based on the chronology function
of Yue et al. (2022): Crookes (488 Ma), Das (719 Ma), Pythagoras (2.34+0.17− 0.17 Ga), Antoniadi (3.47

+0.02
− 0.02 Ga),

Hausen (3.66+0.02− 0.03 Ga), Dryden (3.68
+0.03
− 0.03 Ga), and Maksutov (3.71+0.03− 0.03 Ga) (See Text S1 and Table S4 in

Supporting Information S1 for details). In addition, the ages of nine top local ejecta source craters in the vicinity of
the CE‐6 landing site, ranging from∼0.4Ma to∼140Ma, are estimated by their degradation states (See Text S2 in
Supporting Information S1 for details). The locations of those craters are shown in Figure S7, S8 in Supporting
Information S1, and Figure 1c.

3.3. Ejecta Thickness of Major Post‐ and Pre‐Mare Craters at the Chang'e‐6 Landing Site

Three Copernican craters delivered primary ejecta thicker than 0.35 cm to the CE‐6 landing site: Crookes
(0.37 cm), Das (0.49 cm), and White’ (0.41 cm), and three Eratosthenian‐aged craters delivered primary ejecta
thicker than 0.35 cm: Vavilov (1.72 cm), Pythagoras (0.64 cm), and Chaffee S (15.61 cm) (from the youngest to
the oldest; Table 1 and Figure S7 in Supporting Information S1). The former five craters are significantly younger
than CE‐6 Eratosthenian mare unit (2.80+0.10− 0.11 Ga) based on their modeled ages, and although Chaffee S crater
(2.79+0.23− 0.28 Ga) has a very close modeled age, the extensive rays observed on the CE‐6 Eratosthenian mare unit
(Figure 2a; Orgel et al., 2024) undoubtedly show that Chaffee S crater is younger. Therefore, all the six craters
emplaced ejecta overlaying on the CE‐6 Eratosthenian mare unit. Among them, the Eratosthenian‐aged Chaffee S
crater delivered the most foreign materials and is the only decimeter‐level ejecta contributor to the CE‐6 Era-
tosthenian mare unit. No Eratosthenian craters identified by Ivanov et al. (2018), except for Chaffee S, can
contribute nonnegligible ejecta on the CE‐6 Eratosthenian mare unit (See Text S5 and Table S5 in Supporting
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Information S1 for details). We also investigate nine top local source craters (U1‐U9 in Table 1 and Figure S8 in
Supporting Information S1) around the CE‐6 landing site and find that a 46 m‐sized crater U3 (∼8 Ma)
contributed the most local ejecta (∼20 cm thick) to the landing site. The total thickness of those local ejecta
deposits is ∼0.3 m.

Figure 2. Crater population measurements for the Chang'e‐6 (CE‐6) mare unit. (a) Spatial distribution of craters ≥200 m in diameter (post‐ and pre‐existing craters
shown by green and yellow circles, respectively) within the CE‐6 mare unit (outlined by the green curve; Zeng et al., 2023), with the CE‐6 landing site marked by the red
star. Kaguya Terrain Camera Morning mosaic. The spatial distribution of Chaffee S rays (white dashed lines) is from Orgel et al. (2024). (b) The cumulative size‐
frequency distribution (CSFD) plot of the post‐existing craters (D ≥ 200 m) and all craters (D ≥ 1 km) within the CE‐6 mare unit. The gray line shows the lunar
equilibrium function (EF) from Hartmann (1984), and the production function (PF) of Neukum et al. (2001) and the chronology function (CF) of Yue et al. (2022) are
employed. (c)N(1) values and their corresponding modeled ages of the CE‐6 Eratosthenian mare unit, derived from lunar chronology functions of Neukum et al. (2001),
Hartmann et al. (2007), Marchi et al. (2009), Le Feuvre and Wieczorek (2011), Robbins (2014), and Yue et al. (2022), as shown by the various colored solid curves,
respectively. Figure updated from Qiao et al. (2021). The N(1) values reported in this study (red) and previous works (other colors) are plotted as horizontal dotted lines,
respectively. For the data of calibration points, including Apollo (A), Luna (L), Chang'e (CE), and lunar samples from other known locations, radio‐isotopic ages are
from Stöffler and Ryder (2001) and Li et al. (2021), and N(1) values are from Neukum (1983), Hiesinger et al. (2012), Robbins (2014), and Qiao et al. (2021). Radio‐
isotopic ages range of returned and meteoritic lunar basalts (from Tartèse et al. (2019), Li et al. (2021), and Che et al. (2021)) and absolute model ages (AMAs) by crater
statistic of lunar mare units (Qiao et al., 2020) are shown at the bottom. Lunar chronostratigraphic system is shown at the top according to Stöffler and Ryder (2001).
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Table 1
Ages, Formation Sequence, and Ejecta Thickness of Main Contributing Basins/Crater to the CE‐6 Landing Site

Source crater/
basin

Final
diameter
(km)a

Longitude
(°)a

Latitude
(°)a

Spherical
distance
(km)

Periods
(Losiak

et al., 2009)b
Absolute model ages

(AMAs)c

Primary
ejecta
(m)

Local
materials
(m)

Ejecta
deposits
(m)

local ejecta U1d 0.011 − 153.986 − 41.638 0.014 – 0.4 Ma Copernican 0.005 0.0000 0.005

U2 0.014 − 153.985 − 41.638 0.011 – 1.9 Ma 0.020 0.0000 0.020

U3 0.046 − 153.985 − 41.637 0.024 – 8.4 Ma 0.201 0.0001 0.201

U4 0.035 − 153.985 − 41.639 0.032 – 10 Ma 0.023 0.0000 0.023

U5 0.065 − 153.982 − 41.635 0.114 – 21 Ma 0.006 0.0000 0.006

U6 0.061 − 153.987 − 41.637 0.050 – 33 Ma 0.034 0.0000 0.034

U7 0.132 − 153.982 − 41.630 0.252 – 99 Ma 0.004 0.0000 0.004

U8 0.198 − 153.995 − 41.624 0.462 – 137 Ma 0.004 0.0000 0.004

U9 0.165 − 153.982 − 41.644 0.193 – 143 Ma 0.021 0.0001 0.021

foreign ejecta Crookes 49.2 − 165.10 − 10.39 992.8 Cc 488 Mae Copernican 0.004 0.023 0.027

Das 35.8 − 137.06 − 26.50 623.2 Cc 719 Mae 0.005 0.024 0.029

White'f 11.5 − 160.21 − 44.59 164.2 – 805+50− 50 Ma 0.004 0.006 0.010

Vavilov 96.4 − 138.77 − 0.89 1,303.8 Cc 1.86+0.12− 0.12
Ga

Eratosthenian 0.017 0.123 0.141

Pythagoras 127.6 − 63.02 63.58 3,848.5 Ec 2.34+0.17− 0.17
Gag

0.006 0.092 0.099

Chaffee Sh 19.6 − 157.49 − 39.77 98.4 – 2.79+0.23− 0.28
Ga

0.156 0.155 0.311

CE‐6 Eratosthenian mare unit 2.80+0.10− 0.11
Ga

– – –

Antoniadi 137.9 − 172.99 − 69.40 893.7 Ic2 3.47+0.02− 0.02
Gai

Late Imbrian 0.17 0.98 1.14

White 41.1 − 159.00 − 44.82 146.8 Ic2 3.48+0.04− 0.06
Ga

0.58 0.81 1.39

CE‐6 Imbrian mare unit >3.60+0.07− 0.12
Ga

– – –

Hausen 165.0 − 88.57 − 65.20 1,298.3 Ec 3.66+0.02− 0.03
Gaj

0.11 0.77 0.88

Dryden 54.5 − 156.17 − 33.21 260.9 Ic2 3.68+0.03− 0.03
Gak

0.27 0.63 0.90

Maksutov 84.5 − 168.64 − 40.79 335.0 Ic2 3.71+0.03− 0.03
Gak

0.57 1.63 2.20

Orientale (the
youngest)

941.0 − 95.24 − 19.83 1,632.3 Ic1 – Early
Imbrian

28.95 237.69 266.64

Schrödinger 321.5 133.06 − 74.77 1,385.3 Ic1 – 1.16 8.66 9.82

Imbrium (the
oldest)

1,198.4 − 17.14 34.26 4,413.5 Ic1 – 9.36 150.35 159.71

Crisium 1,114.5 59.46 16.40 4,299.6 Nc – Nectarian
(unknown
order)

10.55 166.33 176.89

Oppenheimer 202.3 − 166.02 − 35.35 343.0 Nc – 10.16 29.86 40.02

Serenitatis 866.2 22.86 27.02 5,008.1 Nc – 10.03 177.00 187.03

Chaffee 51.9 − 154.60 − 39.08 79.0 Nc – 8.23 6.74 14.97

Chawla'l 92.7 − 147.12 − 42.64 157.3 – – 7.46 11.13 18.60

Hertzsprung 558.8 − 129.38 1.96 1,485.2 Nc – 4.55 35.28 39.83

Korolev 429.7 − 157.47 − 4.38 1,133.6 Nc – 3.92 26.09 30.01

Geophysical Research Letters 10.1029/2024GL111311

XU ET AL. 6 of 13



Five Late Imbrian‐aged craters transported primary ejecta thicker than 10 cm to the CE‐6 landing site: Antoniadi,
White, Hausen, Dryden, and Maksutov (from the youngest to the oldest; Table 1 and Figure S7 in Supporting
Information S1). Among them, Antoniadi (16.6 cm) and White (57.8 cm) may form between the two eruptions of
the CE‐6 Eratosthenian and Imbrian mare units, based on the crater dating results. Although White crater is
identified as an Eratosthenian‐aged crater in the geologic map of Fortezzo et al. (2020), no ejecta or secondary
craters on the CE‐6 Eratosthenian mare unit can be traced back to this crater, suggesting that White crater is at
least older than the CE‐6 Eratosthenian mare unit, which agrees well with our dating result (3.48+0.04− 0.06 Ga). Those
two source craters delivered a total primary ejecta of 0.74 m and may form ejecta deposits of 1.56 m thick between
the two mare units at the CE‐6 landing site. The other three craters, Hausen (10.7 cm), Dryden (27.1 cm), and
Maksutov (56.8 cm), are possibly pre‐dated the eruption of the CE‐6 Imbrian mare unit, and thus emplaced ejecta
under this unit. In total, those three craters delivered primary ejecta of 0.95 m and created ejecta deposits of 2.58 m
thick.

Three Early Imbrian basins delivered primary ejecta thicker than 1 m: Orientale (29.0 m), Schrödinger (1.2 m),
and Imbrium (9.4 m) (from the youngest to the oldest; Table 1 and Figure S7 in Supporting Information S1).
Below those ejecta, nine Nectarian craters/basins delivered primary ejecta thicker than 2 m, with the most
dominant four are Crisium (10.6 m), Oppenheimer (10.2 m), Serenitatis (10.0 m), and Chaffee (8.2 m). However,
since the relative age of those Nectarian craters/basins are uncertain, the detailed emplacement sequence and the
ejecta deposits thickness cannot be determined. In summary, all the Early Imbrian and Nectarian craters/basins
listed in Table 1 delivered primary ejecta of 39.5 and 62.8 m and created ejecta deposits of 266.6 m and>∼200 m,
respectively, below the CE‐6 Imbrian mare unit.

4. Discussion
4.1. The Geological History, Emplacement Sequence of Principal Ejecta, and a Possible Geological
Stratigraphy at the Chang'e‐6 Landing Site

Both our crater statistic results and previous studies (e.g., Qian, Head, Michalski, Wang, et al., 2024; Zeng
et al., 2023) show that the CE‐6 sampling region has experienced a complex geological history after the formation
of the SPA basin. The proposed formation sequence is shown in Table 1 and Figure 3.

As the deepest probe to the lunar interior, SPA impact possibly excavated the upper mantle materials and
delivered ejecta, as well as impact melts and breccias over tens of kilometers in thickness (e.g., Citron et al., 2024;
Melosh et al., 2017; Potter et al., 2018), to the region beneath the CE‐6 landing site. Subsequently, those deep‐
originated materials can be re‐excavated and transported to the landing site by the Apollo basin, which formed on
the proximal ejecta blankets of the SPA basin (Moriarty et al., 2021; Orgel et al., 2024). After that, several
Nectarian basins/craters delivered ejecta above. Those Nectarian ejecta deposits are estimated to be thicker than

Table 1
Continued

Source crater/
basin

Final
diameter
(km)a

Longitude
(°)a

Latitude
(°)a

Spherical
distance
(km)

Periods
(Losiak

et al., 2009)b
Absolute model ages

(AMAs)c

Primary
ejecta
(m)

Local
materials
(m)

Ejecta
deposits
(m)

Humorum 796.4 − 39.40 − 25.96 2,709.5 Nc – 3.88 44.14 48.02

Nectaris (the
oldest)

872.0 34.76 − 15.83 3,698.4 Nc – 3.99 56.40 60.39

aThe final diameters, longitudes, and latitudes of craters (D ≥ 10 km) are according to the crater database of Robbins (2019). bCc, Ec, Ic2, Ic1, and Nc are short for
Copernican, Eratosthenian, Late Imbrian, Early Imbrian, and Nectarian craters, respectively. cAll AMAs are derived from the CF of Yue et al. (2022). N(1) values see
Table S2 and S3 in Supporting Information S1. Locations of those craters are shown in Figure S7, S8 in Supporting Information S1, and Figure 1c.We emphasize that the
relative formation order of those ejecta source craters and the mare basalts, rather than the derived absolute ages (or the N(1) values), is more important for determining
the stratigraphy. The model ages of the mare units are in bold. dU is short for “unnamed” crater, and the thickness of local ejecta are derived from those source craters'
initial diameters before degradation (Figure S1 in Supporting Information S1). eAge converted from rock abundance of Mazrouei et al. (2019). fIdentified as Era-
tosthenian crater (Ec) in Ivanov et al. (2018). gAge converted from crater counts of Hou et al. (2022). hIdentified as Copernican crater (Cc) in Ivanov et al. (2018) and
Orgel et al. (2024). iAge converted from crater counts of Krasilnikov et al. (2023). jAge converted from crater counts of Xie, Xiao, et al. (2020). kAge converted from
crater counts of Ivanov et al. (2018). lGeological age refers to Fortezzo et al. (2020).
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∼200 m, mainly from Crisium, Oppenheimer, Serenitatis, and Chaffee. Overlaying on the Nectarian ejecta layer,
light plains deposits of ∼250 m in thickness, mainly composed of Early Imbrian‐aged Orientale and Imbrium
ejecta, are expected to deposit here. The voluminous ejecta from Orientale basin are indicated by multiple large
secondary craters (Guo et al., 2018) and the light plains deposits observed near the CE‐6 mare unit (Meyer
et al., 2020).

Figure 3. Proposed geological stratigraphy beneath the Chang'e‐6 landing region. (a) Topography surrounding the CE‐6 landing region, with the landing site marked by
the red star. SELENE/Kaguya TC + Lunar Reconnaissance Orbiter (LRO) Lunar Orbiter Laser Altimeter (LOLA) merged Digital Elevation Model (SLDEM2015; 512
pixels/degree; Barker et al., 2016) overlaying on its shaded relief. (b) Geological stratigraphy at the Chang'e‐6 landing region, with the shallow stratigraphy within the
regolith layer shown in panel (c). The surface topographic profile in panel (b) is extracted from SLDEM along BB’ shown in panel (a). The decreasing thicknesses of the
CE‐6 Imbrian mare basalt layer from the west to the east in panel (b) are referred to Qian, Head, Michalski, Wang, et al. (2024). Thicknesses of those layers are not to
scale. Note that these stratigraphic illustrations are mainly used to represent the formation sequence and overlapping relationships of these ejecta layers. Some layers
may have undergone significant mixing, resulting in the destruction of the original interfaces.
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Shortly following this, a thin mixing layer (∼3 m) of Late Imbrian ejecta piled up at ∼3.7 Ga, mainly from
Maksutov and Dryden craters. Then, a volcanic eruption occurred at ∼3.6 Ga, emplacing the low‐Ti basalts (i.e.,
the CE‐6 Imbrian mare unit). This mare unit was subsequently buried by another thin mixing layer (∼2 m) of Late
Imbrian ejecta, mainly from White and Antoniadi craters. Alternatively, since ∼3.6 Ga is a lower limit age of the
CE‐6 Imbrian mare unit, this volcanic eruption possibly occurred earlier and was covered by those two thin layers
of Late Imbrian ejecta.

At ∼2.8 Ga, another volcanic eruption occurred and emplaced the intermediate‐Ti basalts (i.e., the CE‐6 Era-
tosthenian mare unit) on the pre‐existing stratigraphy, with thicknesses decreasing from ∼150 m in the east to
∼60 m in the west (Qian, Head, Michalski, Wang, et al., 2024). After that, the ejecta from Eratosthenian and
Copernican‐aged craters deposited, creating an ejecta deposits layer of ∼34 cm thick above. In parallel, impact
bombardments continuously pulverized and mixed the topmost layers at the CE‐6 landing site, producing a loose,
fine‐grained regolith layer (Melosh, 1989). Since the thickness of regolith statistically increases with the surface
age (Melosh, 1989; Xie et al., 2021), we estimate the median regolith thickness at the CE‐6 landing site to be
larger than that at the CE‐5 landing site (∼2.0 Ga; Li et al., 2021; Che et al., 2021), which is ∼4–6 m (Qian
et al., 2021). In addition, Orgel et al. (2024) reported an average regolith thickness of 4.6 m for a mare region close
to the CE‐6 landing site, agreeing well with this estimation. In summary, we consider that the median thickness of
the regolith layer at the CE‐6 landing site is at least ∼4–5 m. As this regolith layer is considerably thicker than the
combined Eratosthenian and Copernican ejecta deposits, all these ejecta, along with a part of the underlying
intermediate‐Ti basalts, were mixed into the regolith layer. Finally, small young craters near the landing site
generated a local ejecta of ∼32 cm thick and overturned the regolith at the landing site.

4.2. The Provenance of the Foreign Materials in the Chang'e‐6 Samples

Based on the ejecta thickness estimations and the relative ages of source craters, the top four foreign source craters
delivering nonnegligible primary ejecta are: Chaffee S (15.6 cm), Vavilov (1.7 cm), Pythagoras (0.6 cm), and Das
(0.5 cm). Those craters produced a total of 18.4 cm‐thick primary ejecta on the CE‐6 landing site. Using the
analytic impact gardening model of Costello et al. (2020) and extending the timescale to 2.79 Ga, the overturn
depth (with 99% probability of at least one overturn) at the CE‐6 landing site is 2.08 m, resulting in a compo-
sitional percentage of foreign materials from Chaffee S of 7.5%. By applying a similar methodology, the
abundances of foreign materials from craters Vavilov, Pythagoras, and Das are estimated to be 1.0%, 0.34%, and
0.46%, respectively.

The laboratory analyses of the CE‐5 samples revealed that the percentage of foreign materials is at least less than
half of what was predicted by ejecta ballistic sedimentation models (Yang et al., 2022; Zong et al., 2022), possibly
indicating that the ejecta burial of the nearby local craters may largely dilute the abundance of foreign materials.
However, since there is no such large local crater like Xu Guanqi, a 410 m‐sized crater near the CE‐5 landing site
(Jia et al., 2022), in the vicinity of the CE‐6 landing site, this dilution effect may be less significant for the CE‐6
samples. Therefore, we predict that the CE‐6 samples are primarily composed of the upper intermediate‐Ti ba-
salts, with minor foreign materials (∼9.3% in total) delivered from craters outside the mare unit. The largest
proportion of foreignmaterials come from theEratosthenian‐agedChaffee S crater (D=19.6 km; Figure 3a),which
is located∼45 km (<2 radii) away from the rim of Chaffee crater (D= 51.9 km), a Nectarian crater situated exactly
at the peak ring of the Apollo basin. Since the peak ring materials represent the deepest materials exposed in the
impact basin (Cintala & Grieve, 1998), and the Apollo basin lies at the proximal ejecta blankets of the SPA basin,
both the SPA ejecta and the even deeper crust materials were possibly exposed to the Apollo's peak ring (Moriarty
et al., 2021; Orgel et al., 2024). Therefore, Chaffee crater possibly excavated and transported both the lunar upper
mantle materials, which were carried by SPA ejecta, and relatively primitive lunar crust materials, which were
excavated by Apollo impact, to the surrounding regions. As shown in Table S6 in Supporting Information S1,
before the formation of Chaffee S crater,∼200 m‐thick of Nectarian ejecta deposits, including∼20 m in thickness
from Chaffee crater, have emplaced on the southern Apollo basin floor. The Chaffee S impact, with an excavation
depth of∼1.23 km by adopting an excavation depth of 1/10 of a transient crater diameter (Melosh, 1989), probably
excavated and delivered those lunar deep materials to the CE‐6 landing site, which is also supported by recent
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spectral studies of the Apollo basin (e.g., Guo et al., 2024; Qian, Head, Michalski, Gong, et al., 2024; Sun &
Lucey, 2024).

According to the formation sequences of the proximal ejecta (Table 1 and Figure 3c), the topmost layers are theU1‐
U3 ejectawith a total thickness of∼0.23m, and the total local ejecta layer is∼0.32m thick. Therefore, almost all the
scooped samples from a few centimeters deep ought to originate from the local ejecta of those nearby small craters,
and the drilled samples from up to 2 m deep are mainly comprised of both local ejecta and regolith. Based on their
excavation depths, most ejecta of the nine small craters originate in depth less than ∼4–5 m, and hence the local
ejecta ought to share similar composition (mainly composed of the overlaying intermediate‐Ti basalts) to the
regolith.

In addition, since the CE‐6 Eratosthenian mare unit was penetrated by some post‐formed craters (Qian, Head,
Michalski, Wang, et al., 2024), those craters could excavate the underlying Imbrian mare unit and possibly the
Late Imbrian ejecta (mainly from White crater) layer and bring these underlying materials to the surface.
Therefore, intermediate‐Ca,Fe pyroxene, a typical composition of central SPA compositional anomaly (SPACA),
identified at the wall and central peak of White crater (Moriarty & Pieters, 2018), might also be sampled by the
CE‐6 mission. However, since those penetrating craters contributed very few primary ejecta with a total thickness
of only 0.21 cm (Table S7 in Supporting Information S1), the percentage of underlying low‐Ti basalts plus
possible Whie ejecta is likely to be very minor (<∼0.1%).

4.3. Implications for the Re‐Calibration of Lunar Crater Chronology Function

Based on our crater counts, the Eratosthenian mare unit, which was sampled by the Chang'e‐6 mission, was dated
to be ∼2.8 Ga using the conventional cratering chronology function. However, the same crater density value
would project onto model ages ranging from ∼1.6 to ∼3.0 Ga under alternative chronology functions (Figure 2c).
One major reason for these uncertainties is the very limited number of calibration points of all the existing
chronology functions. The radio‐isotopic age of the returned Chang'e‐6 basaltic samples likely lies in the age gap
of those existing chronology functions. Combining our superposed crater population measurements and the radio‐
isotopic age of the Chang'e‐6 samples will provide one new and critical calibration point for the lunar chronology
function.

In addition, the Chang'e‐6 samples may also contain ejecta materials from the Chaffee S crater, which probably
have excavated the SPA and Apollo basin materials (although their abundance is likely very low). If those basin
materials are identified in the Chang'e‐6 samples, their radio‐isotopic ages would be vital for anchoring >∼3.9 Ga
segment of the lunar chronology function and the early impact flux in lunar history.

5. Conclusion
In this study, we conduct a thorough survey of the crater statistics and the main ejecta materials from near and
distal craters related to the Chang'e‐6 mare unit. We find that at least two phases of mare basalts have emplaced on
the Chang'e‐6 landing region, with model ages of ∼2.8 Gyr for the upper intermediate‐Ti mare basalts and
>3.6 Gyr for the underlying low‐Ti mare basalts. Those modeled ages are derived from the crater density
measurements and will be further calibrated by the isotopic dating of the CE‐6 samples. The CE‐6 scooped
samples mainly from the proximal ejecta of nearby small craters, and the drilled samples mostly come from the
local ejecta and regolith, both types of samples having a major composition of the local Eratosthenian
intermediate‐Ti mare basalts. The total amounts of foreign (non‐mare) materials make up a minor component
(∼9.3%), mainly from Chaffee S (∼7.5%) and Vavilov (∼1.0%) craters. The Eratosthenian‐aged Chaffee S crater
may deliver lunar upper mantle materials excavated by the SPA and subsequent craters, which are expected to be
collected by the CE‐6 mission. These results can facilitate the analysis of the CE‐6 lunar samples and the
refinement of lunar chronology function.

Data Availability Statement
LROC images are archived in M. Robinson (2009), Kaguya/SELENE data can be downloaded from SELENE
Data Archive (https://darts.isas.jaxa.jp/app/pdap/selene/index.html.en), SLDEM2015 topography data are
available in Neumann (2009), and the Kaguya TiO2 maps are available in Zhang (2023). The crater measurement
data of this study are available in a public repository, see Xu (2024).
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