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China’s Chang’E-5 (CE-5) mission has collected 1.731 kg samples from a young mare basalt unit 
(named P58/EM4) in the northeastern Oceanus Procellarum region of the Moon. Accurate tracing of the 
provenance of returned samples is essential for understanding their laboratory measurements, which can 
provide critical information about the Moon and the inner Solar System. In this article, the provenance, 
chemical composition, formation, and evolution processes of the regolith at the CE-5 landing site are 
analyzed by using remote sensing observations and crater ejecta deposition models. A comprehensive 
search based on crater ejecta thickness model shows that 1892 impact craters in P58 likely deposited 
∼0.56 m of primary ejecta at the landing site, whereas 4 impact craters outside P58 deposited 0.05 
m of distal ejecta that further excavated and reworked ∼0.5 m thick local mare basalt. Twelve craters 
within 1 km from the CE-5 landing site are estimated to contribute ∼0.49 m (~88%) of the ejecta 
materials, and their ejecta source regions are investigated using the Maxwell Z model. Among these 12 
craters, Xu Guangqi and a smaller crater near the landing site are the two most volumetrically significant 
contributors (~0.3 m and ∼0.12 m). Craters more than 1 km distant from the landing site deposited 
fewer exotic materials, but some of them could have delivered low-Ti materials to the sampling site. 
Finally, the regolith stratigraphy at the landing site is investigated based on the identified and assumed 
impact sequence by using a Monte Carlo-based ejecta ballistic sedimentation model. The results reveal 
a depth-varying FeO/TiO2 abundance profile at the landing site, suggesting that the sedimentation of 
distant ejecta can reduce FeO/TiO2 abundance of the underlying layer by ∼1 wt.% at ∼0.5 m depth. Our 
results provide key information on sample provenance and regolith stratigraphy of the landing site, which 
is crucial to deciphering the returned CE-5 samples.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

In December 2020, China’s first lunar sample return mission, 
Chang’E-5 (CE-5), collected 1,731 g of samples from a young mare 
basalt unit in the northeastern Oceanus Procellarum. The returned 
samples contain ∼1,480 g scooped samples from the surface and 
∼251 g drilled samples down to a depth of about 0.9 m (e.g., Zhou 
et al., 2022). So far, several laboratory measurements have pro-
vided basic information of the samples, such as physical properties, 
chemical composition, petrographic characteristics, and mineralogy 
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(e.g., Li et al., 2021a; Jiang et al., 2021). Preliminary analysis shows 
that most of the CE-5 samples are fine-grained regolith (e.g., par-
ticle size range of 1.40–9.35 μm for sample CE5C0800YJFM001), 
and that a few of them are small fragments of basaltic clasts, ag-
glutinates, breccias, and glass (Li et al., 2021a). The particle size 
frequency distribution of the CE-5 soils suggests a relatively high 
level of maturity, i.e., mature soil. (Li et al., 2021a). More than 10 
mineral species have been identified in the CE-5 samples, and ma-
jor mineral species include pyroxene, plagioclase, ilmenite, olivine, 
apatite, silica, and troilite. The abundances of both mineral species 
and chemical composition vary greatly among samples. For exam-
ple, the TiO2 abundance of the Chang’E-5 basalt clasts varies from 
∼3% to ∼15% (Li et al., 2021a; Tian et al., 2021). The chemical and 
mineral diversity and maturity level of the CE-5 samples suggest 
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a complex formation and modification process of the collected re-
golith samples.

The CE-5 sampling site (43.058◦N, 51.916◦W; Fig. 1a) was care-
fully chosen in a young mare basalt region at a relatively high 
latitude that is far away from the Apollo and Luna landing sites. 
The returned samples are expected to provide essential informa-
tion about the Moon and the inner Solar System, such as regolith 
properties and petrology, thermal evolution of the Moon, recent 
volcanic history, lunar chronology, recent impact flux in the inner 
Solar System, and regolith formation and evolution processes (e.g., 
Qian et al., 2021a; Jia et al., 2021). For example, initial analyses on 
petrology and mineralogy of CE-5 samples found that some soils 
are low-Ti mare basalt with low rare earth elements (REEs) (Li et 
al., 2021a) whereas a basalt fragment is enriched in titanium and 
REEs (Jiang et al., 2021). A series of studies found that CE-5 mare 
basalt samples are about two billion years old (2030 ± 4 Ma in Li 
et al. 2021b; 1963 ± 57 Ma in Che et al. 2021), lack KREEP com-
ponents (Tian et al., 2021), and are low in water abundance (Hu 
et al., 2021). These results provide a new calibration point for the 
lunar crater-counting chronology (e.g., Yue et al., 2022), and also 
challenge traditional views on thermal evolution of the Moon and 
its volcanic history (e.g., young lunar volcanism may not require 
the presence of KREEP; Tian et al. 2021; Li et al. 2021a).

An in-depth analysis and a better understanding of laboratory 
measurements of the CE-5 samples depend on a comprehensive 
knowledge of the geological setting of the sampling site and the 
provenance of the collected samples. During the past few years, 
extensive studies have been conducted on the geological context 
of the CE-5 landing region, including topography, morphology, sur-
face age, mineralogy, chemical composition, regolith properties, 
and volcanic history (e.g., Qian et al., 2021a; Jia et al., 2021). The 
northern region of Oceanus Procellarum has a prolonged, episodic 
volcanic history, as evident by multiple mare basalt units of dis-
tinctly different ages and chemical compositions (Fig. 1). The ab-
solute model ages (AMAs) of these units are estimated to be from 
3.5 Ga to 1.3 Ga based on crater counting results (Fig. 1a; Hiesinger 
et al. 2011). These units also show distinct chemical compositions 
that are approximately anti-correlated with surface age, i.e., FeO 
and TiO2 abundances of younger surfaces are generally higher than 
older surfaces (Fig. 1). The CE-5 landing site is within a relatively 
flat, young mare basalt unit, named P58 in Hiesinger et al. (2011)
or Em4 in Qian et al. (2018). The AMA of P58/Em4 is estimated 
as 1.3 Ga (Hiesinger et al., 2011), or 1.6 Ga (Qian et al., 2021a). 
Basalt thickness of the P58/Em4 unit is estimated to be ∼20–60 
m based on deflections in crater size-frequency distribution (CSFD) 
curves (Morota et al., 2011), and regolith thickness of the region 
6 km across the landing site is estimated to vary from ∼1.5 m 
to 8 m with a median value of 5 m based on crater morpholog-
ical analysis (Jia et al., 2021). In addition, there are also several 
studies of the provenance of regolith at the landing site. Xie et 
al. (2020b) conducted an exhaustive search across the Moon and 
found that Sharp B, Copernicus, Aristarchus, and Harding craters 
are the most major contributors that deposited distant ejecta to 
the unit P58/Em4. Ballistic sedimentation modeling results sug-
gest that these four craters deposited about 2–10% exotic materials 
(outside of P58) to the CE-5 sampling site (e.g., Xie et al., 2020b; 
Jia et al., 2021). The vast majority of materials at the sampling 
site are expected to be from inside of the P58/Em4 unit. However, 
their source craters are not traced, and their ejection, deposition, 
overturn and mixture processes have not been studied in detail. 
As a consequence, the provenance, composition, and stratigraphy 
of the regolith at the CE-5 sampling site, which are critical for 
understanding the scooped and drilled samples, remain to be com-
prehensively investigated.

It is with the aforementioned motivations that we performed 
an exhaustive search of source craters in P58/Em4 by using re-
2

mote sensing observations and ejecta depositional models, with 
the purpose to quantify the provenance and stratigraphy of the re-
golith at the sampling site. Especially, we are trying to answer two 
basic questions: (1) Where did the collected CE-5 samples come 
from, i.e., location, depth, and the corresponding impact event? (2) 
How were they mixed, overturned, and modified after their depo-
sitions at the sampling site? To do this, we first analyzed geological 
context and chemical composition using optical image and Kaguya 
Multiband Imager (MI) data, and estimated basalt thickness using 
the low-Ti craters and a crater penetration model (Section 2). In 
Section 3, we established a catalog of source craters inside P58 and 
analyzed their ejecta depositions at the CE-5 landing site by using 
a crater ejecta thickness model (Sharpton, 2014) and the Maxwell 
Z model (Maxwell, 1977). Specifically, we investigated the forma-
tion process and evolution of the most important contributor, Xu 
Guangqi crater, over whose continuous ejecta the CE-5 spacecraft 
landed. In Section 4, we analyzed the overturn and modification 
processes of the ejecta after their depositions using a regolith over-
turn model (Melosh, 1989) and a Monte Carlo-based ballistic sedi-
mentation model. Our results suggest that the ejecta of Xu Guangqi 
crater (C1) accounts for roughly half of regolith at the landing site, 
whereas contributions from many other craters are non-negligible. 
Large distant craters inside P58 could deliver low-Ti materials to 
the landing site, increasing sample diversity. Our results also sug-
gest a predicted regolith stratigraphy and weathering state at the 
landing site. These results are helpful in understanding laboratory 
measurements of the return CE-5 samples, and our research frame-
work also provides a paradigm for future sampling site selection 
and sample analysis of other sites.

2. Region geological setting

The CE-5 landing site (43.058◦N, 51.916◦W) is within the basalt 
unit P58/Em4 that is located in the northeast of Oceanus Procel-
larum (Fig. 1a). P58 is relatively flat (95% of its area has a slope 
<5◦; Jia et al., 2021), homogeneous, and featureless, with several 
prominent features such as large craters, Mons Heng (Fig. 1a), and 
the sinuous rille Rima Sharp (Fig. 2a). P58 is one of the youngest 
mare basalt units on the Moon, and its AMA is estimated to be 
1.3 Ga (Hiesinger et al., 2011), 1.6 Ga (Qian et al., 2021a), or 2.07 
Ga (Jia et al., 2021). P58 is surrounded by several mare basalt 
units (i.e., P40, P26, P39, P9, P10, P13 and P55 in Hiesinger et al. 
2011) from south to north in the clockwise direction and high-
land terrain to the east. These mare basalt units, including P58, 
show a broad span of surface ages (1.3–3.5 Ga), various spec-
tral characteristics, and noticeably different chemical compositions 
(Fig. 1). The Imbrian-aged units (P9, P10, P13) are located in the 
west of P58 with ages around ∼3.4 Ga, and they generally have 
higher albedo and optical maturity (OMAT) but relatively lower 
FeO and TiO2 abundances. The Eratosthenian-aged units (P26, P39, 
P40) are located in the south of P58, and they have lower albedo 
and OMAT, and higher FeO and TiO2 abundances (Fig. 1c and d). 
Compared with the surrounding units, the youngest unit P58 has 
a significantly lower albedo and a moderately higher OMAT, ex-
cept for several large young craters (e.g., Mairan G and Rümker H). 
These basalt units also have distinctly different thicknesses (e.g., 
Hiesinger et al., 2002; Morota et al., 2011). All these show that the 
northern Oceanus Procellarum region had a prolonged, episodic 
volcanic history.

Within the basalt unit P58, FeO abundance varies from ∼10.0 
to 20.8 wt.% with a mean value of 16.7 wt.%, and TiO2 abun-
dance varies from 1.4 to 9.0 wt.% with a mean value of 4.6 
wt.%. The mean FeO and TiO2 abundances of the Imbrian-aged 
units are 15.4 wt.% and 1.9 wt.%, respectively, and those of the 
Eratosthenian-aged units are 16.5 wt.% and 4.0 wt.%, respectively. 
For these units, the FeO and TiO2 abundances decrease with in-
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Fig. 1. Geological unit and compositional map of P58 and its adjacent units. (a) Geologic map of P58 and its adjacent units overlain on Kaguya MI 750 nm reflectance map, 
where the ages and boundaries of mare basalt units are from Hiesinger et al. (2011). (b) Optical maturity (OMAT), (c) FeO abundance, and (d) TiO2 abundance of the same 
region. The OMAT, and the FeO and TiO2 abundances are calculated from Kaguya MI data (spatial resolution 14.8 m/pixel) using the algorithms in Lemelin et al. (2015) and 
Otake et al. (2012). The red star represents the CE-5 landing site. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
creasing surface age, which is consistent with the findings in Staid 
et al. (2011). The anticorrelation between chemical composition 
and age might imply that these units originated from different 
source regions in lunar mantle. Most regions in P58 are relatively 
homogeneous with high FeO and TiO2 abundances except for some 
large craters whose interiors and ejecta blankets have low FeO 
and TiO2 abundances. During the formation of these low-Ti craters, 
the projectiles should have penetrated through the surface high-Ti 
basalt layer of P58, excavated the underlying low-Ti basalt layer of 
the Imbrian- and/or Eratosthenian-aged units, and brought them 
to the surface. Qian et al. (2018) found that the Moon Mineral-
ogy Mapper (M3) spectra of the interior regions for craters with 
diameters larger than 900 m are consistent with those of Imbrian-
aged units (P9, P10, and P13), and both have shorter band center 
wavelengths near 1 and 2 μm than the background regions in P58. 
All these suggest that the younger P58/EM4 unit overlies older 
Imbrian-aged units, P9 and P10 specifically. The Eratosthenian-
aged units could be underlying P58, but this cannot be confirmed 
given the small composition difference among these units.

These low-Ti penetrating craters provide a means to estimate 
basalt thickness of P58 based on their excavation depths. The max-
imum excavation depth of a crater is about 1/10 of the transient 
diameter, which is 0.84 times the final rim-to-rim diameter for 
simple craters (Melosh, 1989). Mare basalt thickness around a pen-
etrating crater should be smaller than its maximum excavation 
depth. Otherwise, the underlying low-Ti materials cannot be ex-
cavated to the surface in order to form a low-Ti penetrating crater 
(e.g., Thomson et al., 2009). To estimate the spatial distribution of 
3

basalt thickness in P58, we visually identified all the penetrating 
craters in the TiO2 abundance map (Fig. 1d). To avoid potential 
shading effects of topography (i.e., variation in reflectance due 
to topography induced phase angle alteration), we only selected 
craters whose TiO2 abundance within two radii from crater cen-
ter is apparently lower than the nearby background region. We 
also excluded craters having low TiO2 abundance in their interiors, 
but without low TiO2 abundance in ejecta blanket. The absence 
of low TiO2 in the ejecta blanket of a crater may be because that 
the crater did not penetrate through the basalt layer in P58 basalt, 
or because that a small amount of underlying low TiO2 materials 
are excavated but they are further mixed with surface materials of 
P58, or because that the low TiO2 in the interior is just a result 
of shading effects of topography. The latter situation is possible 
even though the original TiO2 calculation algorithm is claimed to 
be well-calibrated to remove topography and space weathering ef-
fect (Lucey et al., 2000a; Lemelin et al., 2015; Otake et al., 2012), 
since there could be severely shaded regions where no reflected 
signal can be received by the camera.

In total, 209 penetrating craters with diameters ranging from 
∼150 m to 5.5 km were identified in P58 unit. Fig. 2a gives the 
spatial distribution of these penetrating craters (red circles) and 
all the other craters with diameters larger than 0.5 km (blue cir-
cles) for comparison purposes. It is obvious that small penetrating 
craters (i.e., diameters smaller than 1.0 km) mostly appear near 
the boundary of unit P58, whereas larger penetrating craters (i.e., 
diameter larger than 2.0 km) are distributed randomly across the 
center region. The number density of penetrating craters is notice-
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Fig. 2. (a) Distribution of penetrating craters (red) and non-penetrating craters with diameter larger than 0.5 km (blue) in P58. The iso-thickness diagram (green lines) shows 
the upper limit of mare basalt thickness. (b) TiO2 abundance difference between crater ejecta blanket region (R–2.2R) and its background area (3R–5R) versus diameter.
ably low near the sinuous rille Rima Sharp, indicating that Rima 
Sharp is possibly the lava source region of this unit, which is also 
consistent with the morphology identification results in Qian et 
al. (2021b). The lack of penetrating craters in the northeastern of 
P58 may be due to contamination by ejecta from nearby highlands. 
Based on the excavation depths of these craters, an iso-thickness 
diagram of the basalt thickness (green lines in Fig. 2a) is obtained 
by using Kriging interpolation method (Burrough et al., 1986). The 
results show that the upper limit of basalt thickness decreases 
from ∼85 m in the center to ∼45 m near the western boundary 
(Figs. 2a and A.1). There are 100 penetrating craters with distances 
10 km to the boundary of P58, of which 50 and 39 are located 
near the western and southern boundary, respectively. Based on 
the excavation depths of the 10 smallest craters, the basalt thick-
ness near the unit boundary is estimated to be ∼15–30 m. For 
the region 50 km centered at the CE-5 landing site, there are 6 
craters with diameters of 0.6–2.2 km. Their excavation depths sug-
gest that mare basalt thickness is ∼50 m around the landing site. 
The estimated thickness is generally consistent with several previ-
ous studies (i.e., 32–51 m in Hiesinger et al. 2002 and 20–60 m in 
Morota et al. 2011 based on deflections in CSFD curves, and 39–63 
m based on penetrating craters in Qian et al. 2021a), but a more 
detailed thickness distribution pattern is provided here.

Fig. 2b gives the difference in TiO2 abundance (median value) 
between crater ejecta blanket (R–2.2R , R is crater radius) and 
background region (3R–5R) with respect to crater diameter (red 
dots). For penetrating craters with diameters smaller than ∼0.5 
km, the magnitude of the differences in TiO2 abundance for most 
craters are from -2.0 wt.% to -0.5 wt.%, and do not vary with di-
ameter. For penetrating craters larger than 0.5 km, the difference 
in TiO2 abundance decreases (their magnitude increases) gradually 
with diameter. As a reference, the differences in TiO2 abundance 
are randomly distributed around 0 for other craters with diameter 
larger than 0.5 km (blue dots). The diameter-dependent difference 
in TiO2 abundance for penetrating craters can be explained from 
two aspects: formation and later modification. One possible reason 
is that TiO2 abundance of the underlying materials decreases with 
depth, and large craters excavated more materials with lower TiO2
abundance at a deeper depth. Then, the stratigraphic column from 
top to bottom could be P58, Eratosthenian-aged basalt units (P40, 
P39, and P26), and the Imbrian-aged units (P10 and P9) based 
on their orderly increasing age and decreasing TiO2 abundance. 
Another explanation might be that large craters excavated more 
low-Ti materials than small ones, and they are less affected dur-
ing the mixture with original high-Ti materials in P58 caused by 
regolith gardening. One identified penetrating crater shows a pos-
itive difference in the median TiO2 abundance, which is probably 
caused by shading effects of topography based on manual exami-
nation (e.g., severely shaded region in the southeast wall, Fig. A.2).
4

In summary, the CE-5 samples are collected from an Eratos-
thenian-aged mare basalt unit P58 with an AMA of 1.3/1.6 Ga. 
Basalt thickness in P58 shows a large variation, with its upper 
limit from ∼45 m near the boundary to over 85 m in the cen-
ter. With the sampling region 50 km across the landing site, basalt 
thickness is about 50 m. P58 has higher FeO and TiO2 abundances 
compared with its surrounding Imbrian- and Eratosthenian-aged 
units. Multiple lines of evidence shows that low FeO and TiO2
abundances Imbrian-/Eratosthenian-aged units are most probably 
located beneath the surface P58 unit. After the formation of the 
mare basalt in P58, the coherent protolith was shattered, exca-
vated, and comminuted by subsequent impact cratering and space 
weathering events, and as a results, a top regolith layer with a 
thickness of ∼5 m was developed (Jia et al., 2021). During this pro-
cess, the underlying low FeO and TiO2 materials beneath P58 were 
partially excavated, and some of them were delivered to the CE-5 
sampling region. Meanwhile, exotic materials outside P58 could be 
delivered to the sampling region as well through large impacting 
events, though their expected proportion is small (<10% ; Jia et 
al., 2021). These materials were further mixed with local high-Ti 
materials because of regolith gardening, increasing the diversity of 
the regolith at the CE-5 sampling site. Since preliminary laboratory 
measurements have revealed the diversity of the samples (e.g., Li 
et al., 2021a; Jiang et al., 2021), tracing the sample provenance and 
understanding its gardening process are an urgent need in order to 
fully decipher key questions related to the samples.

3. Distribution and composition of major source craters

In our previous study (Jia et al., 2021), the major source craters 
outside of P58 that delivered exotic materials to the CE-5 sampling 
site are identified as Aristarchus, Copernicus, Sharp B and Harding. 
Our ballistic sedimentation modeling results show that these four 
craters could contribute ∼1.3–6.2% of regolith (as exotic materials), 
depending on their absolute ages and local regolith thickness. In 
this section, we investigate the provenance of the rest �93% re-
golith that is originated from inside P58 by using remote sensing 
observations and crater ejecta deposition models.

3.1. Source craters and ejecta thickness

During an impact cratering process, target materials are exca-
vated and ejected ballistically, and then fall back to the surface, 
forming a deposit of debris surrounding the final crater. The vol-
ume of the ejected debris depends on crater diameter, and as a 
result, the thickness of ejecta deposit is a function of crater di-
ameter and distance to crater center. For a final crater, the ejecta 
deposit is thickest at the rim, and becomes thinner with increas-
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ing distance outwards from the rim. Since 1970s, several different 
crater ejecta thickness models (e.g., McGetchin et al., 1973; Pike, 
1974; Sharpton, 2014) have been developed. Though these models 
differ in ejecta thickness at crater rim, they all utilize an inverse 
cube relation approximating the decrease of ejecta thickness with 
respect to radial distance. Sharpton (2014) directly measured the 
rim-forming constituents of 21 morphologically fresh craters with 
diameters of 2.2–45 km using LRO data, and found that ejecta de-
posit at crater rim comprises no more than 20% of the total rim 
height, which is much lower than the previous commonly accepted 
proportion of 50–75%. In this study, we use this latest commonly 
used ejecta thickness model (Sharpton, 2014),

δ(r, R) =
{

0.014(±0.004)R1.01
( r

R

)−3
, for simple craters

3.95(±1.19)R0.399
( r

R

)−3
, for complex craters

(1)

where δ(r) is ejecta thickness, R is the radius of crater rim, r is 
radial distance from crater center, and all units are in meters. Note 
that improper use of crater morphology regime could lead to an 
order of magnitude bias in the predicted ejecta thickness, such as 
in Qian et al. (2021c). In Section 5.1, we will discuss this in detail 
and compare the results from different ejecta thickness models.

As the ejecta thickness depends on crater diameter and distance 
to crater center, when tracing source craters, the minimum diam-
eter of craters to be considered is determined by the distance to 
the CE-5 sampling site using Equation (1). In this way, the com-
pleteness of the source craters and the feasibility of identification 
can be guaranteed simultaneously. For convenience, the unit P58 
is split into 5 regions with radial distances of < 1 km, 1–2 km, 
2–5 km, 5–10 km, and > 10 km to the CE-5 sampling site (Fig. 3). 
All the visible craters within 1 km from the landing site are iden-
tified, and in the other four regions, only craters larger than the 
minimum diameter that can produce 0.1 mm thick ejecta at the 
sampling site are counted. The corresponding minimum diameters 
predicted by the Sharpton (2014) model for the other four regions 
are 102 m, 172 m, 341 m, 573 m, respectively. To avoid miss-
ing any craters with diameters slightly larger than or equal to the 
model calculated values, the minimum diameters in crater count-
ing are actually reduced to 100 m, 150 m, 300 m, and 500 m. With 
this adjustment, all visible craters that are expected to have pro-
duced at least 0.1 mm thick ejecta at the CE-5 sampling site are 
included. As a result, all craters larger than 0.5 km in diameter in-
side P58 unit are counted. Therefore, we are very confident about 
the completeness of the source crater database.

In total, we counted 1892 craters with diameters ranging from 
∼5 m to 7.2 km in P58 (Fig. 3). There are 942, 47, 88, 40 and 775 
craters in the 5 regions with radial distances of < 1 km, 1–2 km, 
2–5 km, 5–10 km, and > 10 km from the CE-5 sampling site, re-
spectively. In terms of diameter, there are 926, 73, 109, 80 and 704 
craters in the diameter range of < 100 m, 100–150 m, 150–300 m, 
300–500 m, and > 0.5 km, respectively. With the location and 
diameter of these craters, the thickness of the ejecta from each 
source crater can be estimated by using Equation (1) (Tables 1 and 
A.1). The result shows that these 1892 source craters deposited 
an expected cumulative thickness of 55.8 cm of ejecta to the CE-5 
sampling site, of which 51.7 cm (∼91%) is ejected from 942 craters 
with distance < 1 km to the landing site (Fig. 3c). In this region, 
12 craters (unofficially named C1–C12) with diameters between 
61 and 409 m are the most important contributors, and they de-
livered 0.48 m (~86% of the total) thick ejecta. The largest and 
the most significant crater is Xu Guangqi (43.062◦N, 51.936◦W; 
diameter 408.5 m), named after an ancient Chinese astronomer. 
The ejecta contribution from Xu Guangqi crater is estimated to be 
about 30 cm thick, more than half of the total ejecta from P58 at 
5

the landing site. The second most important crater is C2 (43.056◦N, 
51.922◦W; diameter 104.6 m), which is estimated to contribute 
12 cm ejecta. Note the distances from the CE-5 landing site to Xu 
Guangqi (C1) and C2 are 441.6 and 96.9 m, respectively. Therefore, 
the CE-5 landing site is actually located at the edge of the contin-
uous ejecta blankets of these two craters, if the continuous ejecta 
extend 2.3 times crater radius (Melosh, 1989).

In Jia et al. (2021), the major source craters outside of P58 
are identified as Aristarchus (23.74◦N, 47.49◦W; 40.1 km), Sharp 
B (47.00◦N, 45.34◦W; 21.0 km), Copernicus (9.64◦N, 20.06◦W; 
94.3 km), and Harding (43.54◦N, 71.68◦W; 23.0 km). Based on the 
ejecta thickness model for complex craters in Equation (1), these 
four craters are esimated to have delivered 5.3 cm exotic materi-
als to the CE-5 sampling site, including 0.8 cm from Aristarchus, 
2.9 cm from Sharp B, 1.3 cm from Copernicus, and 0.3 cm from 
Harding crater.

3.2. Major source crater Xu Guangqi

Xu Guangqi (C1) is a bowl-shaped crater with a rim-to-rim 
diameter of ∼410 m, and it is ∼440 m away from the landing 
site as measured from LRO Narrow Angle Camera (NAC) image 
(ID: M1114519536LE; Fig. 4a). Its rim-to-floor depth is measured 
as ∼55 m in LROC digital terrain model (DTM) data, and there-
fore its depth/diameter ratio is ∼0.14. The inner wall slope of Xu 
Guangqi varies generally from 2.2◦ (1st percentile) to 31.1◦ (99th 
percentile), with a median value of 16◦ . It has a smooth, degraded 
rim with superposed craters, and the most prominent features are 
two small fresh craters near the south rim (Fig. 4a). There are 
many decimeter- to meter-scale surface rocks in the interior, but 
only a few rocks exist exterior to its rim. All these morphologi-
cal prominences suggest that Xu Guangqi is moderately young and 
can be classified as morphologic class AB (Basilevsky, 1976). The 
recognizable lifespan of a crater ∼410 m in diameter is approxi-
mate 2.3 Byr, and the age of an AB class crater is ∼3–20% of its 
lifetime (Basilevsky, 1976). Thus, the age of Xu Guangqi crater is 
about 70–466 Myr.

Here we obtain a more precise age estimate of Xu Guangqi 
by using crater size-frequency distribution (CSFD) method and to-
pography degradation modeling. In the LROC image (Fig. 4a), we 
counted 336 craters with diameters ranging from 3.0 to 148.7 m 
in the ejecta blanket region (one to two radii beyond the rim). The 
bestfit of CSFD in diameter range of 10–100 m suggests an AMA 
of ∼46 Ma based on the chronology function (CF) and production 
function (PF) of Neukum et al. (2001) (Fig. 4b). To estimate the 
degradation age of Xu Guangqi, we first extracted the topographic 
profile of Xu Guangqi in CE-5 landing camera (LCAM) digital ter-
rain model (DTM) with a spatial resolution of 0.5 m/pixel (Fig. 4c 
and d; Bo et al., 2022). We then simulated the degradation pro-
cess of Xu Guangqi by resolving the standard topographic diffusion 
equation with an initial topographic profile model in Fassett and 
Thomson (2014) and a diameter-dependent topography diffusivity 
model in Xie et al. (2017). The results show that the degradation 
age of Xu Guangqi is 66 Ma and its initial diameter was 333.3 m. 
The same exercise is also performed by using LROC NAC DTM with 
a coarser spatial resolution (3.0 m/pixel), and the simulation yields 
a degradation age of ∼90 Ma and an initial diameter of 370.4 m 
(See Fig. B.1). All these estimations using different methods and 
datasets suggest that Xu Guangqi crater is very young with an age 
less than 100 Ma.

The CE-5 landing site is ∼440 m away from Xu Guangqi, which 
is slightly small than 1.15 times its diameter (i.e., 450 m). There-
fore, the CE-5 landing site is located near the edge of the contin-
uous ejecta blanket of Xu Guangqi crater (Melosh, 2011). Surface 
regolith at the CE-5 landing site should contain ejecta materials 
that were modified during the last 100 Myr. Since the P58 basalt 
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Fig. 3. Distribution of source craters (red): (a) All the source craters in P58 unit. (b) Source craters with distance <40 km to the landing site, where Dmin represents minimum 
diameter of a crater that can produce 1 mm thick ejecta at the corresponding distance. (c) Source craters with distance <1 km to the landing site, where the top 12 source 
craters are marked in white, and the red star represents the CE-5 landing site. The background images in (a) and (b) are Kaguya MI 750 nm optical images (resolution 
14.8 m/pixel) and that in (c) is LROC NAC image (ID: M1114519536LE; resolution ~1.5 m).

Table 1
Characteristics of the top 12 craters within 1 km from the CE-5 landing site.

No. Lat. 
(◦)

Lon. 
(◦)

D
(m)

r
(m)

δ

(cm)
FeO 
(wt.%)

TiO2

(wt.%)
re

(m)
dex

(m)

C1 43.062 -51.936 408.5 441.6 30.0 16.6 6.3 116.8+123.0
−112.3 29.2+43.7

−18.7

C2 43.056 -51.922 104.6 96.9 12.0 17.7 6.4 31.1+32.5
−30.1 7.8+11.5

−5.0

C3 43.070 -51.907 225.4 499.1 1.9 17.4 5.9 55.4+60.1
−52.0 13.9+21.3

−8.6

C4 43.073 -51.916 194.3 515.9 1.0 17.4 6.1 46.1+50.3
−43.1 11.5+17.9

−7.2

C5 43.062 -51.911 105.9 237.5 0.9 17.4 5.8 26.0+28.2
−24.4 6.5+10.0

−4.0

C6 43.047 -51.917 114.9 266.6 0.8 17.6 6.0 28.0+30.4
−26.2 7.0+10.8

−4.4

C7 43.047 -51.909 124.8 335.1 0.6 17.6 6.2 29.6+32.3
−27.6 7.4+11.5

−4.6

C8 43.067 -51.911 127.6 380.9 0.4 18.5 7.2 29.7+32.5
−27.6 7.4+11.5

−4.6

C9 43.035 -51.944 225.6 838.9 0.4 17.6 6.0 50.4+55.6
−46.6 12.6+19.7

−7.7

C10 43.060 -51.914 61.0 151.1 0.4 17.4 6.7 14.7+16.0
−13.7 3.7+5.7

−2.3

C11 43.048 -51.927 100.9 308.7 0.3 17.9 6.5 23.3+25.6
−21.7 5.8+9.1

−3.6

C12 43.070 -51.945 168.3 732.7 0.2 17.2 6.2 36.5+40.6
−33.6 9.1+14.4

−5.6

Note: D , diameter; r , distance from CE-5 landing site; δ, ejecta thickness; re, ejected position; dex, maximum excavation depth; The values of re and dex are given with Z = 3, 
Z = 2.6 (subscript), and Z = 3.7 (superscript). See Appendix C for detail.
is much older than Xu Guangqi, at the time of its formation, there 
should have already been a considerable thick (e.g., 5 m) regolith 
layer developed on top of P58 basalt unit, consisting mainly of 
comminuted local basalt and ejected materials from both inside 
and outside of P58. During the formation of Xu Guangqi crater, 
the projectile excavated surface regolith and mare basalt of P58, 
but not the underlying Imbrian-/Eratosthenian-aged mare basalts, 
because Xu Guangqi is not a low-Ti crater. After the formation 
of Xu Guangqi, its ejecta and local materials were comminuted, 
agglutinated, overturned, mixed, and homogenized by subsequent 
impacting and space weathering events, and some of which were 
eventually sampled by CE-5.

3.3. Excavation and ejection processes of major source craters

To investigate the characteristics of the regolith at the CE-5 
sampling site, one needs to know the excavation depth and lo-
cation of the ejecta from the source craters. For instance, where 
and how deep were these materials excavated and ejected before 
landing at the CE-5 sampling site, and do they contain any low 
TiO2 components? To answer these questions, we make use of 
Maxwell’s Z model to trace the excavation and ejection process 
of the ejecta during the formation of these source craters (Ap-
pendix C).

Maxwell (1977) developed an analytical model of excavation 
flow field by assuming that the excavated materials (modeled as 
particles) move along incompressible stationary streamlines. The 
Maxwell Z model utilizes two parameters to describe the excava-
6

tion flow field, i.e., the strength of the flow (α(t), time-dependent), 
and a dimensionless power (Z ) determining the shape of the flow 
field. The ejection angle (φ) of ejecta and Z are interrelated by 
tan φ = Z − 2. As the ejection angle of ejecta is mostly from 30◦ to 
60◦ (e.g., Bart and Melosh, 2010), Z varies from ∼2.577 to ∼3.732. 
Z is equal to 3 for a typical ejection angle of 45◦ . Once a Z value 
is given, the Maxwell Z model can predict the velocities of parti-
cles and their streamlines by using a set of expressions (Equations 
(B.1)–(B.6)). These streamlines show the same ejection angle, but 
different ejection velocities, positions, and falling points. With the 
measured distance between the crater center and the CE-5 landing 
site in an optical image, one can determine the bestfit streamline 
along which materials are emplaced to the CE-5 sampling site (see 
Appendix C for detail).

With the diameter of Xu Guangqi (C1) crater and its distance to 
the CE-5 sampling site, possible excavation streamlines (depending 
on Z value) can be obtained. In Fig. 5a, the three lines show the 
trajectories (excavation streamlines) with Z values of 2.577, 3.0, 
3.732, corresponding to ejection angles of 30◦ , 45◦ , and 60◦ . The 
gray region shows the possible region from which materials can be 
excavated and delivered to the CE-5 sampling site, as ejection an-
gles are mostly between 30◦ and 60◦ . For comparison purpose, the 
profile of final crater extracted from LCAM DTM and the parabolic 
profile for the transient cavity (Melosh, 1989) are also shown. As 
can be seen, the ejection angle and excavation depth of the stream-
line increase with Z value. The region where materials can be 
ejected to the CE-5 landing site is much smaller than both the fi-
nal crater and the transient cavity. The predicted excavation depth 
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Fig. 4. The morphology and age of Xu Guangqi (C1) crater. (a) A LROC NAC image showing the counted craters (red) in the continuous ejecta of Xu Guangqi. (b) Absolute 
model age of Xu Guangqi crater. (c) Topography of Xu Guangqi Crater in LCAM DTM overlain on NAC DTM. (d) Comparison between topography profile extracted from LCAM 
DTM and the simulated profile in topography diffusion model.

Fig. 5. (a) Modeled cratering excavation streamlines of Xu Guangqi crater. (b) The excavation depth and ejection position for the top 12 craters, where the dots represent 
values calculated from Z = 3.0 (φ = 45◦), the top and bottom caps represent values calculated from Z = 2.577 (φ = 30◦) and Z = 3.732 (φ = 60◦), and the left and right 
caps are values calculated from Z = 3.732 (φ = 60◦) (corresponding to the maximum horizontal range).
varies from 18.7 to 43.7 m and the ejection point is from 112.3 to 
123.0 m away from Xu Guangqi, depending on Z value. Although 
the transient cavity is opened to a considerable depth (~130 m), 
the ejecta of Xu Guangqi crater at the CE-5 landing site is predicted 
to be excavated from depth less than the local basalt thickness 
(~50 m). As a result, the chemical composition of ejecta at CE-5 
landing site from Xu Guangqi should coincide with that of the lo-
cal basalt in P58.

In the same manner, the excavation flow field of each source 
crater can be obtained, from which ejecta properties (e.g., chem-
ical composition) can be inferred. Fig. 5b shows the excavation 
depth versus distance from the CE-5 landing site for the major 12 
7

source craters (C1–C12). Ejecta from all the 12 craters were exca-
vated from depths less than the thickness of local mare basalt, but 
they are all deeper than 5 m, the estimated median regolith thick-
ness in a region 6 km across the sampling site (Jia et al., 2021). 
This suggests that during their formations, these craters penetrated 
through the surface regolith layer and excavated mare basalt of 
P58. But these craters most probably did not reach the underlying 
Imbrian-/Eratosthenian-aged low TiO2 mare basalt layer, because 
their excavation depths (assumed to be one tenth of transient 
crater diameter) are less than the measured thickness of P58 mare 
basalt. Since the majority of the ejecta at the CE-5 landing site are 
from these craters, the collected samples should contain mostly 
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local high-Ti basalt materials. As will be discussed below, the col-
lected CE-5 samples could also contain low-Ti materials delivered 
from large distant craters that penetrated through the surface mare 
basalt in P58. By combining the excavation depth and composition 
of ejecta, the provenance and property of the collected CE-5 sam-
ples can be characterized more thoroughly.

3.4. Composition of source craters

Large craters with distance to the CE-5 landing site beyond 
1 km may penetrate the surface P58 unit and excavate and de-
liver the underlying low-Ti materials to the landing site. In order 
to trace the sample provenance of all such craters, it is necessary 
to analyze the FeO and TiO2 abundances of all the ejecta. The 
median FeO and TiO2 abundances in the interior region of each 
source crater are used to represent the chemical composition of 
the ejecta, since ejecta were excavated from crater interior region. 
Here, the median value is adopted to avoid potential fluctuation in 
composition due to shading effects of topography and it is close 
to the mean value for most circumstances. Fig. 6 shows the varia-
tion of FeO and TiO2 abundances as a function of distance to CE-5 
landing site and diameter for all the source craters. As a refer-
ence, the mean FeO and TiO2 abundances (17.2 wt.% and 6.3 wt.%) 
for the circular region within 1 km of the CE-5 landing site are 
also shown in Fig. 6. The FeO and TiO2 abundances of craters 
with distances <1 km to the CE-5 landing site are 16.6–18.5 wt.% 
and 5.8–7.2 wt.%, respectively (Fig. 6a and b). In contrast, the dis-
tal ejecta from local craters, i.e., those with distances >1 km to 
the landing site but within P58, exhibit a wide range of chemi-
cal composition. Their FeO and TiO2 abundances are 6.5–20.1 wt.% 
and 0.4–9.8 wt.%, respectively. Beyond 1 km, there are only nine 
craters with diameters between 0.19 and 5.8 km that are estimated 
to have delivered more than 1 mm thick ejecta to the landing 
site. As can be seen, the FeO and TiO2 abundances of the source 
craters decrease with both the increases in distance to the land-
ing site and crater diameter. This shows clearly that large distant 
craters penetrated the surface high-Ti mare basalt layer of unit 
P58, excavated the underlying low-Ti basalt, and delivered some 
of them to the landing site. At distance larger than ∼10 km, more 
than 100 craters could deliver low-Ti materials to the landing site, 
but only two of them (diameter: 1.6 and 5.8 km) are expected to 
have contributed more than 1 mm thick low-Ti materials. The re-
lation among chemical composition, distance to the landing site, 
and crater diameter might provide a feasible way to identify sam-
ple provenance to some extent. Compared with TiO2 abundance, 
the FeO abundance shows better consistency with respect to both 
the distance and crater diameter, which may be because that the 
algorithm is less sensitive to the topography shading effects (Wei-
der et al., 2010).

To summarize the results of this section:

• There are 1892 impact craters in P58 that deposited an esti-
mated thickness of ∼0.56 m of materials to the landing site. 
Among these, 12 craters within 1 km from the CE-5 sampling 
site contribute ∼0.49 m, about 88% of the total expected ejecta 
contribution.

• The most important contributor is Xu Guangqi crater, ∼410 m 
in diameter and less than 100 Ma. The CE-5 landing site is 
actually located near the edge of its continuous ejecta, where 
the ejecta thickness is expected to be about 30 cm.

• The Maxwell Z modeling results suggest that excavation 
depths of the ejecta from the top 12 craters are from 3.7 
to 29.2 m (for a typical ejection angle of 45◦), which are 
shallower than local mare basalt but are deeper than sur-
face regolith. During their formation, these craters penetrated 
through the surface regolith layer and excavated mare basalt 
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of P58, but did not touch the underlying low-Ti mare basalt. 
Therefore, the collected CE-5 samples mostly contain high-Ti 
materials.

• Large distant craters within P58 penetrated through mare 
basalt of P58, excavated the underlying low-Ti mare basalts, 
and may be delivered some of them to the CE-5 sampling site. 
Though their contributions are minor, they do expand the ex-
pected diversity of CE-5 samples.

4. Later modification

In Section 3, the source craters within P58 unit are traced and 
their ejecta thicknesses at the CE-5 sampling site are estimated. 
These ejecta were delivered to the CE-5 sampling site in the order 
of the ages of their parent craters, which are not known exactly. 
When falling at the CE-5 landing site, these ejecta may excavate 
local materials (mare basalt) or modify previously arrived ejecta, 
and after their landings, they could be modified by later arriving 
ejecta and space weathering events. In this Section, we discuss the 
possible sedimentation sequence of these ejecta and later mod-
ification process after their deposition. Our aim is to produce a 
regolith stratigraphic column, which is helpful in understanding 
the drilled samples.

4.1. Regolith gardening state of the landing site

After the ejecta were deposited to the CE-5 landing region, they 
were shattered, stirred, overturned, and mixed by meteoritic bom-
bardment and other space weathering events, a process named re-
golith gardening (Gault, 1970). The product of gardening process is 
a surface layer of fine grained regolith, whose properties (e.g., par-
ticle size, maturity) depends on overturn time. It is apparent that 
the regolith near the surface is overturned more frequently than 
that at depth because small craters are more abundant than large 
ones. Shoemaker et al. (1970) developed an analytical regolith evo-
lution model that can give an estimate of regolith overturn number 
(or equivalently, overturn time) as a function of depth. For a sur-
face with an age of tsur, let N = cD−b and Neq = ceq D−2 represent 
the cumulative numbers of craters in the production function and 
equilibrium population, respectively, then regolith overturn num-
ber (Novr) is

Novr = 3πbceq

2(b − 2)

(
heq/d

)b−2 (2)

where d is the depth, heq = Deq/4 is the maximum likely thick-
ness, and Deq is the equilibrium diameter that can be determined 
directly as a kink in the crater population (See Shoemaker et al. 
1970 for detail).

We selected two regions across the CE-5 landing site to study 
the overturn of regolith. The first is a small region 100 m across 
the landing site (Fig. D.1), representing the region after the for-
mation of Xu Guangqi crater. The second one is a large region 
with distance <1 km to the CE-5 landing site (Fig. 3c), denot-
ing the region before the formation of Xu Guangqi. In the CE-5 
landing camera image with a spatial resolution of 0.04 m/pixel 
(Fig. D.1), we counted 718 visible craters with diameters ranging 
from 0.29 m to 13.41 m. The best fit of the crater cumulative num-
ber (N , number per km2) shows N = 2.41 × 10−2 D−2.03 for craters 
with D < Deq (D , crater diameter in km), N = 3.84 × 10−10 D−4.81

for craters with D > Deq, and an equilibrium diameter Deq of 
1.58 m (Fig. D.2a). Similarly, the best fit of the counted craters in 
Fig. 3c suggests an equilibrium diameter of 124.4 m, N = 6.25 ×
10−2 D−2.09 for craters with D < Deq, and N = 9.49 × 10−4 D−4.10

for craters with D > Deq (Fig. D.2b).
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Fig. 6. FeO and TiO2 abundances of source craters versus distance from the CE-5 landing site (a and b) and source crater diameter (c and d). Dash lines represent the FeO 
and TiO2 abundances (17.2 wt.% and 6.3 wt.%) at the landing site. The error bar represents the standard error of FeO and TiO2 abundances in crater interior region. Ejecta 
thicknesses less than 0.1 cm are represented by black circles without color infill.
Based on the coefficients in the best fit of crater numbers, the 
overturn numbers of regolith as a function of depth for regions 
before and after the formation Xu Guangqi crater are obtained 
(Fig. 7). As shown in Fig. 7, the overturn number decreases with in-
creasing depth, suggesting that the regolith is overturned more fre-
quently near the surface than at depth, as expected. For the large 
region, the overturn number at the surface (0.00001), 0.001, 0.01, 
0.1 and 1 m are 2.63 ×1013, 1.63 ×109, 1.28 ×107, 1.01 ×105 and 
793, respectively. After the formation of Xu Guangqi, the overturn 
number at the same depths are 1.60 ×1012, 3.85 ×106, 5.95 ×103, 
9 and 0.01. Before the formation of Xu Guangqi, the regolith likely 
experienced more overturn events due to the age of unit P58, i.e., 
1.6 Ga. Because Xu Guangqi is relatively young, the newly formed 
surface regolith after its formation is less overturned and modified. 
On average, regolith at 0.2 m depth is overturned at least once, 
though surface regolith is well overturned (only an order of mag-
nitude lower than that before Xu Guangqi formation). The 0.2 m 
overturn depth is roughly consistent with the ∼60% mixture prob-
ability of regolith at 0.1 m in Huang et al. (2017) and an overturn 
depth of ∼0.4 m in Costello et al. (2020) for a surface exposure 
time of 100 Myr.

Along with regolith gardening by meteoritic impacts, surface 
regolith is also exposed to solar wind and galactic cosmic rays. 
As a consequence, the spectral characteristics of regolith evolve 
with exposure, as can be revealed by OMAT index (Lucey et al., 
2000b). Fig. 7b gives the OMAT distribution over the CE-5 landing 
region derived from Kaguya MI data. Young fresh craters (e.g., Xu 
Guangqi, C12, C3) have higher OMAT values, indicating the pres-
ence of immature regoliths. For Xu Guangqi, OMAT value for the 
interior region (0.22 on average) of the rim is larger than the ex-
terior region (0.18), mainly because slope-dependent mass wasting 
effect exposures the underlying fresh material. The OMAT values 
for the continuous ejecta blanket of Xu Guangqi are slightly larger 
than the background regions (e.g., 0.15 for regions southwest and 
east to the landing site). The two typical OMAT values for the 
ejecta blanket and background region are considered to be corre-
lated with the aforementioned overturn numbers for regions after 
and before the formation of Xu Guangqi crater (Fig. 7a).
9

The CE-5 landing site is at the edge of the continuous ejecta 
blanket of Xu Guangqi crater. Though this crater is very young, 
the sampling region has been overturned for more than billions of 
times at the surface and ∼10 times at 0.1 m depth. As most of the 
samples were collected from the surface, it is necessary to consider 
the mixture process when analyzing the collected samples.

4.2. Composition from ballistic sedimentation

The model by Shoemaker et al. (1970) gives a statistical esti-
mate on the overturn and mixture status. The ejecta at the CE-5 
landing site from the source craters were delivered orderly, de-
pending on the ages of source craters (not known exactly). In this 
Section, we use a Monte Carlo-based ballistic sedimentation model 
to investigate the mixture process of the delivered ejecta, which is 
critical to deciphering the stratigraphy of the drilled samples.

As mentioned in Section 3.3, after being thrown from their 
parent crater, ejecta (modeled as particles) move along a ballis-
tic trajectory, then fall back to the lunar surface, and get mixed 
with local materials. This process is described as ballistic sedimen-
tation (e.g., Melosh, 1989). The ejecta thickness model in Equation 
(1) gives the thickness of the materials ejected from their parent 
crater, which is defined as primary ejecta. After falling back to the 
surface, the primary ejecta can excavate and mix with local mate-
rials, forming a layer of ejecta deposits (Hörz et al., 1991; Xie et 
al., 2020a). Subsequent meteoritic impacts and ejecta can further 
shatter, excavate, and mix with previously emplaced ejecta de-
posits, and as a consequence, abundances of materials from differ-
ent sources in regolith vary with depth. Recently, Xie et al. (2020a)
revised the traditional ballistic sedimentation model in Haskin et 
al. (2003) by considering the shielding effect of ejecta deposits, 
which improves the cratering efficiency and thickness of ejecta de-
posits. In Xie et al. (2020a), all the debris is assumed to be ejected 
from the edge of the transient crater with a fixed ejection angle 
of 45◦ . Here we slightly improve the ballistic sedimentation model 
in Xie et al. (2020a) by using the eject position, velocity and angle 
predicted by the Maxwell Z model as discussed in Section 3.3.

For each source crater, the ballistic sedimentation model (Xie 
et al., 2020a) can predict the thickness of excavated local materi-
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Fig. 7. (a) Overturn number versus depth before and after the formation of Xu Guangqi (C1) crater, where the gray regions show the range caused by a 50% uncertainty in 
equilibrium diameter. (b) OMAT of the CE-5 landing region 2 km across.
als and the abundance of primary ejecta as a function of depth at 
the CE-5 sampling site. At the beginning of our modeling, there is 
only consolidated mare basalt in P58 and no surface regolith. The 
first-arrived primary ejecta excavate local basalt, and the excavated 
local materials mix with the primary ejecta, forming a layer of new 
regolith. The proportion of the excavated local basalt decreases 
with depth (see Xie et al. (2020a) for details), and for simplicity, 
the excavation depth is taken as the depth at which the propor-
tion is equal to 50% (i.e., median thickness). For the next arriver, 
if surface regolith is thicker than local materials to be excavated 
by the primary ejecta, no new regolith is produced and the pri-
mary ejecta only mix with the preexisting regolith. Otherwise, the 
primary ejecta not only mix with the pre-existing surface regolith, 
but also excavate the underlying mare basalt, producing new re-
golith. In the modeling, for any present ejecta, all the previously 
arrived primary ejecta and their excavated materials are regarded 
as surface regolith. Here the FeO and TiO2 abundances are cho-
sen as indices to characterize the mixture effect of local materials 
and the primary ejecta in the ballistic sedimentation process. The 
initial FeO and TiO2 abundances are set as their mean values in 
the region 1 km to the landing site (i.e., 17.2 wt.% and 6.3 wt.%), 
and no depth variation is considered. After the emplacement of 
ejecta from each crater, the compositional profile is updated as the 
weighted average between the previous profile and the chemical 
composition of new ejecta, where the weighting function is the 
abundance of primary ejecta at different depths given by the bal-
listic sedimentation model.

Once the formation order of the source craters is known, 
the profile of FeO/TiO2 abundances can be obtained. Some large 
craters within P58 are well sampled by high-resolution topography 
data, and their ages can be estimated by using crater degrada-
tion method or based on their morphologic prominence (see Sec-
tion 3.2). For example, the age of Liu Hui crater is estimated to be 
∼0.45 Ga, whereas PeiXiu, Mümker H, and Mairan G craters are 
much younger than Xu Guangqi, with ages <10 Ma. However, it is 
impossible to determine the ages of most craters because of either 
dating technique problem for small craters or the lack of sufficient 
topography and optical data. Here we use the Monte Carlo method 
to generate an impact sequence of source craters and then esti-
mate the abundance profiles of FeO and TiO2. In each realization, 
except for the nine craters with estimated ages (Table E.1), each of 
the other craters is assigned with an age uniformly distributed be-
tween 0 and 2.0 Ga (Fig. 8a). Finally, the composition profile of the 
landing site is obtained as the average of the composition profiles 
in all the realizations.

Simulation results show that the overall property of ejecta de-
posits at the landing site becomes stable after ∼100 realizations, 
i.e., the mean across all realizations of the chemical abundance 
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of the ejecta deposits has converged to a stable value (variation 
less than 0.1%.) We conducted 1000 realizations to ensure the con-
vergence. The results show that the primary ejecta (0.56 m thick) 
from the 1892 source craters within P58 unit excavated less than 
0.3 cm local materials (mare basalt). In contrast, the four large 
craters (Aristarchus, Copernicus, Sharp B and Harding) outside of 
P58 delivered 0.05 m primary ejecta to the CE-5 sampling site, and 
these ejecta further excavated 0.46 m thick local materials. There-
fore, the thickness of the regolith at the CE-5 landing site produced 
by these 1896 craters is estimated to be ∼1.1 m.

Fig. 8b and c shows the modeled profiles of FeO and TiO2
abundances at the CE-5 sampling site. Three scenarios are con-
sidered in order to investigate the location of source craters and 
the two most important contributors: 1890 source craters within 
P58 (without Xu Guangqi and C2; the blue curve), 1890/4 source 
craters within/outside P58 (without Xu Guangqi and C2; the red 
curve), and all the 1896 craters (the black curve). The overall 
depth variation behaviors of the FeO and TiO2 abundances are sim-
ilar, because their abundances in the source craters are correlated. 
Since regolith near the surface is more easily affected by ejecta 
from small craters, the variation in chemical abundances within 
the top 1 cm is much larger than that of deeper regolith. If only 
the 1890 source craters in P58 are considered, the FeO and TiO2
abundances show only slight variation with depth except for a 
noticeable drop of less than 0.5 wt.% at depth from 0.5 cm to 2 
cm, which results mainly from ejecta of the low-FeO/TiO2 source 
craters within P58. When the four source craters outside of P58 are 
included, the mean abundance decreases ∼1 wt.% at depth from 
0.5 cm to 5 cm, and then increases with depth until to a constant 
value at 3 m. This is because the low-FeO/TiO2 ejecta from exotic 
source craters struck the CE-5 landing surface with a high velocity 
(because of more kinetic energy), making the low FeO/TiO2 de-
posits delivered to deeper depths, even though the thickness of 
these primary ejecta is only ∼5 cm. Xu Guangqi and C2 craters are 
the two most important contributors of the primary ejecta, and 
what is more, they are very young. C2 crater should be younger 
than Xu Guangqi because it is superposed on the continuous ejecta 
blanket of Xu Guangqi. Because of their size and distances to the 
CE-5 landing site, their primary ejecta excavated almost no local 
materials and just covered on the pre-existing surface. Including 
Xu Guangqi and C2 craters in the simulation just simply shifts the 
composition profiles resulted from the 1894 craters (the red curve) 
0.42 m deeper. Note a spike upwards in FeO abundance occurs at a 
depth of ∼0.4 m, but does not exist in the TiO2 profile. This is be-
cause FeO abundance of Xu Guangqi is ∼1.2 wt.% lower than that 
of C2 crater, but TiO2 abundances of these two craters are almost 
the same. According to the cratering flow field from the Maxwell 
Z model, the characteristics of their ejecta ought to represent the 
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Fig. 8. (a) Impact sequence of source craters that delivered ejecta at the CE-5 landing site. The solid circles represent craters with known ages, where the color represents 
FeO abundance with the same palette as in Fig. 1c, and the dashed circles represent impact events in a random order. (b) The FeO and (c) TiO2 abundance profiles before 
and after the formation of Xu Guangqi crater. The solid line represents the mean value of 1000 realization and the shadow region represents the ±1σ range. The blue lines 
are for the 1890 craters in P58 (without Xu Guangqi and C2), the red lines are for 1890 craters in P58 (without Xu Guangqi and C2) and the four craters outside of P58, and 
the black lines are for all the 1896 craters.
P58 basalt. It should be noticed that Pei Xiu, Rümker H and Mairan 
G craters are very fresh so the surficial regolith at the landing 
site may contain a small amount of materials (< 1 cm thick) from 
these craters. But they do not make any noticeable change to the 
chemical composition profile given their sizes and large distances 
to the landing site.

In summary, the 1896 source craters totally produced ∼1.1 m 
regolith (i.e., ejecta deposits) at the CE-5 landing site. The upper-
most regolith layer should mainly consist of ∼0.42 m thick ejecta 
from C2 and Xu Guangqi (C1) craters, representing the properties 
of local mare basalt in P58 unit. The surface regolith may also con-
tain a small amount of primary ejecta (<1 cm thick) from several 
young distant craters, such as Pei Xiu, Rümker H, and Mairan G. 
Beneath the uppermost layer (>0.42 m), there should be a mixed 
ejecta deposits layer containing primary ejecta from many distant 
source craters, including the four craters outside P58 unit. The FeO 
and TiO2 abundances of these primary ejecta decrease with both 
distance to the landing site and size of the source craters.

Based on the above analysis, the returned CE-5 samples should 
mainly consist of local basalt fragments excavated by nearby 
source craters and ejecta from multiple impact craters. The sam-
ples should also contain low FeO and TiO2 ejecta from distant 
source craters. The average exposure time of the scooped samples 
should be less than 100 Myr. The drilled samples were formed as a 
product of multiple impact and deposition events and hence have 
a more complex exposure history.

5. Discussion and implications for CE-5 sample analysis

5.1. Ejecta thickness calculation

In our study, thickness of the primary ejecta at the CE-5 sam-
pling site from the 1892 craters within P58 is estimated to be 
0.56 m. The estimated thickness depends on crater ejecta thick-
ness distribution model and the measured diameter. In addition, 
topography degradation can enlarge the diameter of a crater, bias-
ing the ejecta thickness estimate to a larger value.

To our knowledge, there are three frequently-used crater ejecta 
thickness distribution models (i.e., McGetchin et al., 1973; Pike, 
1974; Sharpton, 2014). These models differ in ejecta thickness at 
the rim, and utilize the same inverse cube relation describing the 
decay of ejecta thickness with distance away from the crater. The 
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models in McGetchin et al. (1973) and Pike (1974) are applica-
ble to crater diameter range from tens of meters to hundreds of 
kilometers, whereas Sharpton (2014) separated simple craters from 
complex craters with a diameter of 17 km. For the 1892 craters 
in P58 with diameter ranging from 5.6 m to 5.8 km, we found 
that the relative difference for ejecta thickness at the rim between 
these models is from a few percent for craters larger than 1 km to 
several times for very small diameters (10s of meters). Taking Xu 
Guangqi as an example, the relative difference of ejecta thickness 
is ∼11% between Sharpton (2014) and Pike (1974) models and 
∼24% between Sharpton (2014) and McGetchin et al. (1973) mod-
els. If all the 1892 craters within P58 are considered, the model 
by Pike (1974) produces a total ∼0.66 m thick primary ejecta, and 
the model by McGetchin et al. (1973) results in a total thickness of 
∼0.85 m. In principle, if the models in Pike (1974) and McGetchin 
et al. (1973) are used, more smaller craters in P58 should be con-
sidered. However, as a very strict limit of 0.1 mm ejecta thickness 
is used in our crater counting, including more small craters would 
not make any noticeable difference in the total ejecta thickness, 
regardless of the ejecta thickness model being chosen. The differ-
ence of total ejecta thickness between these models is 18% and 
52%. However, using a different model does not change the relative 
contribution from each source crater, because the ejecta thickness 
depends only on diameter and distance to the CE-5 landing site. 
We note that in a similar study by Qian et al. (2021c), the au-
thors identified 195 source craters within P58 and found the total 
thickness of the ejecta is ∼10.7 m. Their ejecta thickness is an or-
der of magnitude larger than our result. This is because Qian et 
al. (2021c) wrongly used the ejecta thickness model of complex 
craters in Sharpton (2014), where the correct one should be for 
simple craters.

Once an ejecta thickness distribution model is selected, the 
ejecta thickness depends mainly on the crater diameter and dis-
tance to crater center. An ejecta thickness model requires the ini-
tial diameter of a crater upon its formation, whereas the measured 
diameter in optical images is the present-day diameter that can 
be enlarged because of topography degradation (e.g., Fassett and 
Thomson, 2014). Therefore, the ejecta thickness is most probably 
overestimated. Taking Xu Guangqi crater as an example, its initial 
diameter is estimated as ∼333 m by using topography degradation 
model (Fig. 4c). If the initial diameter is used, the corresponding 
primary ejecta thickness at the CE-5 landing site is ∼0.15 m, which 
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is only ∼50% of the result estimated with the present-day diame-
ter. It is difficult to apply the topography degradation model to all 
the source craters, either because of no high resolution topography 
data, or the lack of initial topography profile for small craters, or 
due to the uncertainty in topography diffusivity. Therefore, it is im-
possible to quantify the degradation effect on the total estimated 
ejecta deposits. On the other hand, we noticed that the diameters 
measured in optical images are usually smaller than those mea-
sured in topography data as required in topography degradation 
model, which can reduce the degradation effect to some extent.

The uncertainty in diameter measurement is another factor that 
can affect ejecta thickness estimation. Because the spatial reso-
lution of optical image is very high, the uncertainty in diameter 
is the least important factor compared to others. For example, 
the diameter of Xu Guangqi crater was measured multiple times 
in several NAC images acquired under different solar illumination 
conditions. The measured diameters are from ∼400 to 420 m, with 
a relative difference less than 5%. The 5% difference in crater diam-
eter produces a 0.06 m difference in the estimated ejecta thickness. 
If diameters of all the source craters vary by a factor of 5%, the to-
tal thickness of ejecta will change 0.1 m, about 20% of the total 
thickness.

The ejecta thickness model of Equation (1) assumes that the 
ejecta are azimuthally symmetrical, and is applicable to any dis-
tance beyond crater rim. For fresh craters, the ejecta are only 
continuous to ∼2.2 radii from the center, and then break into dis-
continuous rays forming at angles of 30◦ to one another (Howard, 
1974; Melosh, 2011). The possible asymmetric ejecta and crater 
rays, which play a significant role in topographic modification of 
the surface (Minton et al., 2019), can also affect the estimated 
ejecta thickness. For a single crater, the orientation and thickness 
of the rays are two major factors affecting the asymmetric dis-
tribution of ejecta. Based on the ray pattern model in Minton et 
al. (2019), at a given radial distance, the thickness of materials in 
crater ray is about 0–1.5 times the value predicted by Equation (1), 
if ejecta volume is the same. When considering a large population 
of craters, the ejecta thickness calculated from Equation (1) should 
be a good estimation of the average ejecta thickness, as Equation 
(1) actually gives the mean ejecta thickness of a crater in each di-
rection. Likewise, it is reasonable to assume that the cumulative 
effect of asymmetric distribution of ejecta is canceled out when 
considering a large number of craters. Besides, only a small frac-
tion (<10%) of the primary ejecta originates from more than 1 km 
away from the CE-5 landing site. Therefore, it is our opinion that 
crater rays and their asymmetric distribution should not affect our 
results in any significant manner.

Xu Guangqi crater is the most important contributor, and it de-
livered about 50% of ejecta to the CE-5 landing site. Based on our 
analysis here, the overall primary ejecta thickness uncertainty due 
to crater degradation and measurement uncertainty should be less 
than 50%.

5.2. Ejecta thickness vs. regolith thickness

In our previous study, the regolith thickness in the region 6 km 
across the CE-5 landing site varies from ∼1.5 m to over 8 m with 
a median value of ∼5 m (Jia et al., 2021). In the current study, 
the thickness of ejecta deposits at the sampling site is only 1.1 m, 
including the 0.56 m thick primary ejecta from craters within P58. 
For the same region 6 km across the landing site, the thickness of 
ejecta deposits is calculated to be from 0.02 m to 5.3 m with a 
median value of 1.1 m. All these values are much smaller than the 
estimated regolith thickness in Jia et al. (2021).

One possible explanation might be that a portion of craters 
formed on P58 unit has already degraded to a non-detectable state. 
As Xu Guangqi is as young as 100 Ma, there is possibility that a 
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degraded crater once existed around the CE-5 landing site. This 
could dramatically increase regolith thickness because filling crater 
center requires a large volume of materials. A crater can be re-
garded as non-detectable if its depth degrades to 1% of its initial 
depth (e.g., Fassett and Thomson, 2014). Based on crater degrada-
tion modeling, the maximum diameter of a crater that can survive 
for 2 Gyr is ∼90–130 m, depending on diffusivity and initial to-
pographic profile (Fassett and Thomson, 2014; Cai and Fa, 2020). 
Therefore, craters larger than 130 m in initial diameter can be 
recognizable even if they formed immediately after the formation 
of the P58 unit. For a fresh crater 90 m in diameter, the initial 
depth is ∼12 m. Thus, at the time of its disappearance, regolith 
could be ∼12 m thick at maximum. If there was a degraded crater 
close to the CE-5 landing site, the regolith thickness at the landing 
site should be from a few meters to ∼13 m, which is consistent 
with our previous study result (Jia et al., 2021). Alternatively, there 
could be chances that degraded craters far away from the land-
ing site might have delivered ejecta to the landing region. Because 
maximum thickness of ejecta for a 90-m-diameter crater is 0.65 m, 
there must be a considerable number of severely degraded craters 
in order to accumulate a regolith layer with a median thickness of 
5 m. In either case, the CE-5 drilled samples mostly contain ejecta 
from the 1892 source craters in our analysis, because the drilling 
depth is only 0.9 m. However, if the drilling depth is 2 m as de-
signed (e.g., Zhou et al., 2022), then the drilled samples would also 
be expected to contain ejecta from degraded craters not included 
in this present study.

Another possible reason might be that the spatial distribution 
of the regolith thickness near the CE-5 landing site is highly vari-
able. In another study, we are currently modeling the growth and 
evolution of lunar regolith. Our initial results show that variation 
(standard deviation) in regolith thickness could be as large as 9 m 
in a region 1 km across with an age of 2 Ga.

5.3. Implications for sample analysis and future work

Based on our analysis, the Chang’E-5 spacecraft landed on the 
young mare basalt unit P58, which may originate from Rima Sharp, 
and the basalt thickness is estimated to be about 15–50 m. Widely 
distributed low-Ti craters along with four craters outside P58 may 
have delivered materials that are distinguishable from the local 
basalt to the landing site. The shallow regolith (~1.1 m thick) at 
the sampling site consists of two layers. The top ∼0.42 m layer 
should mostly be original local basalt material excavated by Xu 
Guangqi, C2, and several other fresh craters with distances less 
than 1 km to the sampling site. Cratering excavation flow sug-
gests that the chemical compositions of this layer should coincide 
with the original basalt of P58. The top centimeter layer may also 
contain a small amount of ejecta from several young craters (e.g., 
PeiXiu, Rümker H and Mairan G) with low FeO and TiO2 abun-
dances. The bottom layer (>0.42 m in depth) should be a mixture 
of ejecta from many other craters both inside and outside of the 
P58 unit and their excavated local materials. Because of the low 
FeO/TiO2 ejecta from large distant craters, the FeO and TiO2 abun-
dances in this layer are expected to first decrease with depth, and 
then increase to a similar value of local basalt. The thickness of 
this layer is predicted to be about 0.67 m, including ∼0.46 m lo-
cal material mainly excavated by four distant large craters outside 
of P58. The lower layer should have undergone a complex mod-
ification process, and its thickness might be larger because there 
may be contributions from severely degraded craters, which are 
not (and impossible to be) included in the current study.

Among the returned CE-5 samples, the scooped samples should 
mainly contain local basalt excavated by Xu Guangqi, C2, and other 
fresh craters within 1 km to the sampling site. There is also pos-
sibility that ejecta from very young distant craters got collected in 
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the scooped samples, which should be distinguishable from local 
materials based on their chemical composition. The bottom of the 
drilled samples should be a complex mixture of ejecta deposits 
that may contain information about distant source craters. Grain 
size may vary greatly within this range and the blockage of the 
drill device may be an ejecta block.

At the moment, the analyzed samples are mainly basalt frag-
ments from a very small portion of the scooped samples (e.g., 
Che et al., 2021; Hu et al., 2021; Li et al., 2021b; Tian et al., 
2021). In the future, a systematical laboratory measurement should 
be performed on other scooped samples and the drilled sam-
ples. Combined with our results, the provenance of a given frag-
ment/regolith in the samples can be deduced. After acquiring the 
ages and chemical composition of samples from different source 
craters, a more precise age and composition distributions of the 
P58 unit can be obtained. If the source crater of a sample is 
known, its age can be used to calibrate crater age estimation 
techniques, such as those based on crater morphology (Basilevsky, 
1976) and degradation modeling technique (Fassett and Thomson, 
2014).

The CE-5 lander carried a lunar regolith penetrating radar 
(LRPR) that has acquired subsurface observations of the sampling 
site with a resolution as high as 5 cm (Su et al., 2022). Radar 
echoes depend on dielectric permittivity of the regolith, which is 
a function of bulk density and TiO2 abundance (Fa and Wieczorek, 
2012). Therefore, subsurface structure can be reconstructed from 
the LRPR observations, which can be used to compare and validate 
the stratigraphy in our study.

Our study reveals the provenance and evolution of the regolith 
at the CE-5 sampling site, and the two major processes are volcan-
ism and impact cratering. Our results are helpful in understanding 
the macroscopic property of the collected samples. In future, new 
models could be developed to study the weathering and garden-
ing processes of the regolith. This will be useful in analyzing the 
microscopic property of the samples, which can be compared di-
rectly with laboratory analysis, helping in understanding the mod-
ification of regolith particles by solar activity and micrometeorite 
impacts.

6. Conclusions

In this study, we conducted a systematical analysis of the 
provenance, chemical composition, stratigraphy, and the formation 
and evolution process of the regolith at the CE-5 landing region 
by using remote sensing observations and crater ejecta deposition 
models. The CE-5 landing region is within a young mare basalt 
unit named P58/Em4, where the basalt thickness varies from ∼15 
to ∼50 m. There are 1892 impact craters within P58 that are es-
timated to have deposited ∼0.56 m thick primary ejecta to the 
landing site, and the top 12 craters within 1 km from the landing 
site contribute ∼0.49 m. The most important contributor is the 
410 m diameter Xu Guangqi crater, which is less than 100 Ma. The 
CE-5 landing site is actually located near the edge of its continu-
ous ejecta. Four distant craters outside of P58 are inferred to have 
delivered 0.05 m primary ejecta, which further excavated ∼0.46 m 
local materials. In total, these 1896 source craters are modeled to 
have produced a ∼1.1 m thick regolith layer at the CE-5 landing 
site.

These primary ejecta are overturned and mixed with local ma-
terials for billions of times at the surface to one time at ∼0.2 m. 
Using a Monte Carlo-based ballistic sedimentation model, we fur-
ther investigated the gardening process of these primary ejecta. 
Our results show that the top ∼0.42 m layer contains mainly orig-
inal local high-TiO2 basalt materials excavated by Xu Guangqi, and 
a few small fresh craters with distances less than 1 km to the sam-
pling site and a very small amount low-TiO2 materials from several 
13
young craters. The bottom layer (>0.42 m) should be a mixture of 
ejecta from many other craters both inside and outside of the P58 
unit and their excavated local materials. The FeO and TiO2 abun-
dances in this layer firstly decrease and then increase with depth, 
reaching to a similar value of local basalt at 3 m.

Our results are critical to deciphering the laboratory measure-
ments of the returned samples by CE-5, which will be helpful to 
understand the Moon’s thermal evolution, volcanic history, and the 
formation and evolution of young regolith. The research framework 
also provides a paradigm for sample analysis of other landing sites, 
such as the future Chang’E-6 mission.
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