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A B S T R A C T   

Extraterrestrial materials collected by sample return exploration missions have advanced our understanding of 
planetary formation and evolution in a profound manner. This is achieved through sophisticated laboratory 
sample analyses with very high precision and accuracy that are difficult to obtained by orbital or surface 
landing/roving explorations. Moreover, the well-known geographical location and geological context of returned 
samples enable the sample measurements to be fully interpreted and mapped into the entire planetary context (in 
contrast to meteorites where the geological context is missing). Planetary scientists have been endeavoring to 
collect and returned samples from extraterrestrial bodies, despite the significant costs involved. 

In December 2020, China’s Chang’e-5 mission successfully landed in and returned lunar samples from the 
northeastern Oceanus Procellarum in the western lunar nearside maria. The mare basalt at the landing site has 
been dated to be ~1–2 Ga through crater population studies, much younger than any basalts in the present lunar 
sample collections and among the youngest maria on the global Moon (e.g., Hiesinger et al., 2011). The Chang’e- 
5 sample will provide an unprecedented opportunity to characterize the late-stage lunar volcanism. 

To fully explore the scientific potential of the Chang’e-5 returned samples and assist the on-going sample 
analyses and interpretations, we present an in-depth investigation of the geology of the specific Chang’e-5 
landing site and the nearby vicinity using high-resolution remote sensing data sets. We characterize the detailed 
geological context, topography, morphology, morphometry, chemical and mineralogical composition of the local 
landing area. These geological characterizations lead us to identify a sequence of four geological events, 
including mare volcanism, tectonism, impact cratering and ejecta deposition, that have potentially affected and 
been recorded in the returned samples. Compositional and geochronological measurements of the Chang’e-5 
samples would reconstruct a detailed regional geological evolution model of the landing area. Furthermore, most 
of the inferred ages of these geological events lie in the age gap of the Apollo/Luna samples. Precise determi
nation of these ages through radiogenic isotope analyses would be invaluable in narrowing down the un
certainties of the lunar cratering chronology function and improve our understanding of the geological history of 
the entire Moon.   

1. The Chang’e-5 mission: returning samples from the western 
nearside young maria 

Sample return missions are among the most advanced scientific 
exploration modes of extraterrestrial worlds. The key advantage of 
sample return missions is to enable sophisticated laboratory analyses of 
the returned planetary materials by the state-of-the-art instruments on 
the Earth. These high-precision and highly accurate measurements are 

essential for assessing the scientific gaps remained from earlier-phase 
remote sensing and landed explorations. Most importantly, returned 
samples are also “the gifts that keeps on giving” as they can be carefully 
preserved for decades and analyzed in the future to explore scientific 
questions that have not been formulated using instruments and tech
nologies that do not exist currently (Anand et al., 2020). 

Meteorites are another type of extraterrestrial samples that can be 
precisely analyzed in laboratory facilities and have been invaluable in 
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advancing our understanding of the planetary formation and evolution. 
For instance, the oldest and youngest mare basalts identified to date are 
both from lunar meteorites (e.g., Terada et al., 2007; Borg et al., 2004; 
Snape et al., 2018). Nevertheless, without precise information on the 
geographical provenance and geological context, many meteorite mea
surements cannot be fully interpreted and mapped into the entire 
planetary context. Returned samples have this unique benefit for their 
well-known geographic and geological context, and have yielded sig
nificant insights into our solar system in a profound manner. In addition, 
returned samples can be sealed under the primitive environments of 
their parent bodies and are free of contamination by the terrestrial 
environment. This can clarify many disputes concerning the analysis 
results, which are very helpful for the full and reliable scientific in
terpretations. Furthermore, these returned samples also provide criti
cally important “ground truth” for verifying and calibrating remote- 
sensed measurements. These claims have been amply demonstrated by 
the lunar samples returned by the United States Apollo and Soviet Luna 
missions, which have basically transformed our understanding of the 
solar system (e.g., LSPET, 1970; Vinogradov, 1971; Bence et al., 1972; 
Lawrence and Neal, 2019; Zeigler et al., 2019). Planetary scientists have 
been endeavoring to collect samples from extraterrestrial bodies, despite 
the significant costs involved and the availability of many meteorites 
delivered from outer space to the Earth. 

The Moon remains as the only planetary body other than the Earth 
for which samples have been collected from well-known places on 
regional geological units by the very successful Apollo and Luna mis
sions. These precious samples have fundamentally revolutionized our 
knowledges on the origin and evolution of the Moon, and continue doing 
so. Notwithstanding all this, the surface geological units represented by 
the Apollo/Luna landing sites comprise far less than half the lunar sur
face. All the Apollo and Luna samples were collected from regions near 
to the nearside lunar equator. The entire lunar farside and polar regions 
remain unsampled. Subsequent remote sensing data from orbital 
spacecraft revealed that the Apollo/Luna landing sites were all located 
in a compositionally anomalous province of the Moon and heavily 
affected by a small number of large impact basins (Imbrium and 
Serenitatis). Moreover, the existing returned lunar samples do not 
represent the wide range of compositional and chronological charac
teristics of lunar surface. For instance, no geological events either > ~ 
3.9 or ~ 1–3 Ga old that tied to surface geologic units has been identified 
in the Apollo/Luna sample collections (Stöffler and Ryder, 2001). New 
samples returned from the Moon are urgently needed to address key 
scientific questions remaining from earlier sampling and remote sensing 
explorations (Head, 2020). China’s Chang’e-5 is just such a long-waited 
sample return mission. 

On 1 December 2020 (UTC), the China National Space Administra
tion (CNSA) Chang’e-5 spacecraft successfully landed in and collected 
lunar samples from the northeastern region of the Oceanus Procellarum 
on the western lunar nearside maria, and returned the samples to the 
Earth on 16 December 2020. This is the first lunar sample return mission 
since the Soviet Luna 24 returned sample from Mare Crisium in the 
eastern lunar nearside in 1976, 44 years ago. The Chang’e-5 samples are 
also the largest extraterrestrial samples (1.7 kg) returned to the Earth 
since the United States Apollo 17 in 1972. The scientific objectives of the 
Chang’e-5 mission include determining the cessation time of lunar 
volcanism, assessing the composition of lunar late-state volcanism, and 
providing an insight into lunar thermal and interior evolution (Li et al., 
2019). 

The coordinate of the Chang’e-5 landing site is computed to be 
43.0576◦N, 308.0839◦E by the Lunar Reconnaissance Orbiter Camera 
(LROC) team from the direct LROC imaging of Chang’e-5 lander on 
lunar surface (LROC, http://lroc.sese.asu.edu/posts/1172). The landing 
site is located in a broad, flat mare basalt unit, which has been dated 
through crater population study to be ~1–2 Ga old (Hiesinger et al., 
2003; Morota et al., 2011; Qian et al., 2018; 2021a, 2021b; Wu et al., 
2018; Jia et al., 2020), much younger than all basalts in the present 

lunar sample collections (including lunar meteorites) and indeed among 
the youngest mare basalts on the global Moon. New samples returned by 
the Chang’e-5 mission will have tremendous potential for an in-depth 
insight into the origin and evolution of the Moon. The detailed land
ing site selection procedure can be found in Liu et al. (2020). 

In order to fully explore the advantages of lunar sample return 
missions, it is critically important to have a comprehensive knowledge 
of landing site geology. Extensive geological studies of the Moon over 
the past decades have shown that any small part of the lunar surface, 
even the topographically very flat mare plains, could be complicated in 
regional geology. Furthermore, materials deposited on lunar surface are 
exposed to the continuous meteoritic impact flux, thus subject to impact 
cratering modifications on-site and contaminations by foreign materials 
ejected from distant large impacts. Mixing of distant ejecta materials in 
the returned Chang’e-5 samples would, on the one hand, complicate the 
samples analyses and scientific interpretations, while on the other hand, 
enhance the characteristic diversity of the returned samples and provide 
serendipitous (and sometimes critically important) scientific opportu
nities. For instance, it was generally accepted that the Apollo 12 mission 
has collected ray materials from the Copernicus crater approximately 
400 km north of the landing site and the Apollo 17 mission has collected 
landslide materials triggered by ejecta from the Tycho crater over 2200 
km southwest of the landing site (Stöffler and Ryder, 2001). These 
foreign materials in the Apollo 12 and 17 samples have been invaluable 
in establishing the lunar stratigraphy system and cratering chronology 
function, seminal scientific achievements for lunar and planetary sci
ence. Detailed geological context analyses of sample return mission 
landing sites will provide critically important and instructive framework 
for interpreting the sample analysis results in a wider picture of the 
global lunar geology. 

In this contribution, we build on prior large-scale geological studies 
of the Chang’e-5 landing area in northern Oceanus Procellarum (Zhao 
et al., 2017; Qian et al., 2018, 2020; 2021a, 2021b; Wu et al., 2018; Yue 
et al., 2019; Jia et al., 2020; Meng et al., 2020; Xie et al., 2020), and 
present an in-depth investigation of the geology of the Chang’e-5 
landing site and the local vicinity (a 20 × 20 km area surrounding the 
landing site). We characterize (1) the specific geographical location and 
geological context, (2) detailed and comprehensive topography, 
morphology and morphometry, and (3) chemical and mineralogical 
composition of the landing area and surroundings. These observational 
analyses lead us to identify a sequence of geological events and their 
ages that are potentially recorded in the returned Chang’e-5 samples. 
We analyze the landing site and vicinity using very-high-resolution 
remote-sensing data sets (pixel dimensions as small as ~1 m) which 
reveal many details that were otherwise missed in previous large-scale 
landing site descriptions (Zhao et al., 2017; Qian et al., 2018, 2020; 
Qian et al., 2021a, 2021b; Wu et al., 2018; Yue et al., 2019; Jia et al., 
2020; Meng et al., 2020; Xie et al., 2020). Our results will provide very 
timely and instructive references for the on-going Chang’e-5 sample 
analyses and scientific interpretations. 

2. Data and methodology 

We first characterize the geographical location and geological setting 
of the Chang’e-5 landing site, including the context of the northern 
Oceanus Procellarum, the mare units at the landing site and the local 
vicinity, using the latest moderate-resolution orbital images from the 
Lunar Reconnaissance Orbiter (LRO) Wide-Angle Camera (LROC WAC, 
100 m/pixel, Robinson et al., 2010) and Kaguya/SELENE Terrain 
Camera (TC, 10 m pixel size, Haruyama et al., 2008), and altimetric data 
sets from LRO Lunar Orbiter Laser Altimeter (LOLA, 128 pixel/degree 
spatial sampling and ~ 10 cm vertical altimetric accuracy, Smith et al., 
2010) and LOLA + TC merged topography (SLDEM2015, 512 pixels/ 
degree spatial sampling and ~ 3–4 m ranging precision, Barker et al., 
2016). We then analyze the detailed topography, slope, morphology, 
and morphometry of the Chang’e-5 landing site and the nearby vicinity 
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using topography data sets from raw LRO LOLA laser altimetric mea
surements and Kaguya TC photogrammetry digital terrain model (DTM, 
10 m pixel size and ~ 3–4 m altimetric accuracy; Haruyama et al., 
2012), and high-resolution images from LROC Narrow-Angle Camera 
images (LROC NAC, 1.11–1.63 m/pixel, Robinson et al., 2010) and the 
Landing Camera aboard the Chang’e-5 lander (LCAM, centimeter-scale). 
Each individual LROC NAC image is produced from raw EDR (experi
ment data record) data through routine process sequences using the 
USGS Integrated Software for Imagers and Spectrometers (ISIS3; 
Anderson et al., 2004). We also characterize the FeO and TiO2 contents 
across the landing area from Kaguya Multiband Imager (MI) reflectance 
maps using algorithms of Lemelin et al. (2015) and Otake et al. (2012), 
respectively. The errors for the MI-derived FeO and TiO2 content are 

0.43 wt% (weight percentage) and ~ 1 wt% relative to compositions of 
the returned Apollo/Luna samples. Finally, we investigate the mineral
ogical composition of the mare surface surrounding the Chang’e-5 
landing site using Chandrayaan-1 Moon Mineralogy Mapper (M3) im
aging spectrometer data collected during the optical period (OP) 2C 
(280 m/pixel, Boardman et al., 2011). Three tie points at fixed wave
lengths (700, 1579, and 2500 nm) were used to define a two-part linear 
continuum and remove the continuum of the M3 reflectance spectra. 
Integrated band depths (IBD) of absorption features at 1 and 2 μm 
(IBD1000 and IBD2000) are calculated from the M3 scenes to capture the 
mafic mineral diversity of the landing area surface. We also determinate 
spectral parameters including absorption band centers at 1 and 2 μm by 
4th order polynomial fitting and the IBD2000/IBD1000 ratio (IBDR) for 

Fig. 1. (a) Major physiographic features within the 
regional context of Chang’e-5 landing site in the 
northern Oceanus Procellarum. The Chang’e-5 site is 
indicated by the white cross, the boundaries of P58 
(Hiesinger et al., 2003) and Em4 (Qian et al., 2018) 
mare units are delineated by bold and dashed white 
polygons, respectively. The bold black polygons 
indicate the boundaries of mare deposits in Oceauns 
Procellarum and the thinner black polygons for maria 
elsewhere. The background image is a portion of the 
LROC WAC nearside low-sun mosaic (100 m/pixel). 
(b) LOLA DEM topography (128 pixel/degree) over
laid on LROC WAC mosaic. The projection is Lambert 
conformal conic projection, centered at 40◦N, 60◦W, 
and north is toward the top.   
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M3 spectra collected from fresh sub-kilometer craters to characterize the 
composition and relative abundance of mafic minerals (Ling et al., 2019 
and reference therein for the M3 data process). 

3. Geologic context of Chang’e-5 sampling site 

The Chang’e-5 lander/ascender combination successfully landed in 
and collected lunar materials with a drill and scoop sampling equipment 
from a flat mare surface in the northeastern Oceanus Procellarum of the 
western nearside of the Moon (Fig. 1). Oceanus Procellarum is the 
largest mare on the Moon and the only mare being called as “Oceanus” 
(Latin for “ocean”), presciently showing its uniqueness in lunar studies. 
The western nearside of the Moon, mainly composed of Oceanus Pro
cellarum and western Mare Imbrium, was historically known as the site 
of the last major phase of lunar volcanism (e.g., Boyce, 1976; Schultz 
et al., 1976). Crater morphology and population dating analyses from 
orbital images revealed that many of these mare deposits were even 
younger than the Apollo 12 low-Ti basalts (Boyce, 1976; Schultz and 
Spudis, 1983; Hiesinger et al., 2003, 2011a), the youngest returned mare 
basalts and radioisotopically-dated as young as 3.1 Ga (Snyder et al., 
1997; Snape et al., 2018). The youngest surface mare basalt units, all 
found within Oceanus Procellarum from imaging data, were suggested 
to be erupted ~0.9–1.5 Ga ago (Schultz and Spudis, 1983; Hiesinger 
et al., 2011a; Morota et al., 2011), which significantly prolonged the 
lifetime of lunar mare volcanism previously established by return sam
ple isotopic dating analyses (e.g., Papike et al., 1976). The late-stage 
mare basalts emplaced in lunar western nearside are also distinct for 
its unique spectroscopic and thus compositional characteristics. Earlier 
telescopic spectra measurements identified very high ultraviolet/visible 
spectral ratios for these basalts, suggesting a very high titanium abun
dance (e.g., Charette et al., 1974; Pieters, 1978). Subsequent acquisition 
of high-resolution orbital multispectral data of lunar surface enabled the 
establishment of empirical relationships between remote-sensed spec
tral data and returned sample composition. The resultant titanium 
content map of the global Moon supported the interpretation of 
titanium-rich nature for these late-stage basalts (e.g., Lucey et al., 1998; 
Sato et al., 2017). The latest lunar mare titanium abundance mapping 
effort using repeated LROC WAC spectral observations reported a 
maximum TiO2 content of 11.7 wt% for Oceanus Procellarum basalts, 
indeed among the most titanium-rich basalts on the Moon (Sato et al., 
2017). Spectroscopic studies further revealed that the western nearside 
basalts exhibit a relatively strong 1 μm absorption band, while a very 
weak to nearly absent 2 μm absorption band, suggesting a unique 
olivine-rich composition (e.g., Pieters, 1978; Staid et al., 2011; Vara
tharajan et al., 2014). 

The Chang’e-5 sampling site is just located in one of the youngest 
mare units on the Moon. Hiesinger et al. (2003) defined a spectrally 
homogeneous mare unit for the basaltic deposits surrounding the 
Chang’e-5 site using Clementine multispectral images and denoted it the 
“P58” mare unit (Fig. 1; P for Oceanus Procellarum and the numbering 
58 indicates the 58th oldest age among the 60 mare units in Oceanus 
Procellarum, implying the third youngest one). Hiesinger et al. (2003) 
dated this P58 mare unit as 1.33 (+0.19/− 0.25) Ga from crater popu
lation analysis on Lunar Orbiter IV images (60–150 m/pixel). Morota 
et al., (2011) conducted an updated crater counting dating analysis of 
the P58 mare unit using Kaguya TC images obtained at a spatial reso
lution of 10 m/pixel and under low-Sun illuminations, and derived a 
model age of 1.91 (±0.11) Ga (this work also proposed an alternative 
age of 2.20 ± 0.13 Ga using a different lunar crater production and 
chronology function; Table S1). The thickness of the basalt unit at the 
Chang’e-5 sampling site is estimated to be <40 m from crater excavation 

method (Qian et al., 2021a). 
After the target landing area of Chang’e-5 in northern Oceanus 

Procellarum (41–45◦N, 49–69◦W) was declared, five studies performed 
independent crater counting and age dating analyses for the mare de
posits at the Chang’e-5 landing area, and reported different dating re
sults (Table S1): 1.21 (±0.03) Ga (Qian et al., 2018), 1.49 (±0.17) Ga 
(Wu et al., 2018), 2.07 (+0.026/− 0.027) Ga (Jia et al., 2020), 1.53 
(±0.027) Ga (Qian et al., 2021a), and 1.60 (±0.16) Ga (Qian et al., 
2021b). (Note that these five studies all worked on the Eratosthenian- 
aged mare unit Em4 surrounding the Chang’e-5 site defined by Qian 
et al. (2018) using Kaguya MI spectral and compositional maps (Fig. 1), 
which broadly overlaps with the P58 mare unit, though their crater 
counting areas are different from each other.) The range of ages derived 
from the same lunar surface area from different studies (1.2–2.2 Ga) is 
likely attributed to the variations in the employed imaging data (reso
lution and illumination condition), crater count working area (location 
and size), diameter range and numbers of craters for age calculation, 
crater counting method (manual or automatic), lunar crater production 
and chronology functions (Table S1), and measurement variations be
tween different investigators (Robbins et al., 2014), but also reveals the 
many challenges and uncertainties in inferring absolute ages from crater 
population studies. Nonetheless, these ages are all much younger than 
any lunar basalts in the present lunar sample collections and lie in the 
age gap of calibration points of the lunar chronology function (~0.8–3.1 
Ga, Stöffler and Ryder, 2001). Accurate isotopic dating results of the 
basalts collected by Chang’e-5 will provide critically important data for 
calibrating the lunar impact flux and chronology function, which is also 
the basis for the chronology of all the terrestrial planets. 

Regionally, the P58 mare basalt unit at the Chang’e-5 site is located 
at the northeastern margin of the Oceanus Procellarum, adjacent to the 
highly cratered ejecta deposits west of the 249-km-diameter Iridum 
crater (e.g., Qiao et al., 2014). The Chang’e-5 sampling site is ~80 km 
from the edge of the Iridum ejecta blanket (Figs. 1 and 2). At the 
southwestern border of the P58 mare unit, Mons Rümker, a huge vol
canic dome-flow complex, comprises a lava plateau with an area of 
~4000 km2 (Fig. 1; Zhao et al., 2017). The Rümker plateau is ~80 km in 
diameter and stands up to ~1300 m from the surrounding mare plain. 
Over 20 volcanic domes, ranging ~2–14 km in diameter, have been 
identified on the Mons Rümker (Zhao et al., 2017). Mons Rümker is also 
one of three major volcanic complexes long recognized in the central 
Oceanus Procellarum (e.g., Whitford-Stark and Head, 1977). The 
Chang’e-5 sampling site lies ~105 km northeast of the Mons Rümker 
(Fig. 1). Numerous wrinkle ridge features occur in the P58 and the 
adjacent mare units (Figs. 1 and 2). Most of these ridges in the 200 km 
vicinity of the Chang’e-5 landing site have preferred north-south, 
northwest-southeast, and northeast-southwest orientations, while 
dozens of ridges, especially in the eastern mare, are east-west-oriented 
(Fig. 2). Mare wrinkle ridges are generally interpreted as tectonically 
contractional structures, while the specific formation mechanism and 
the cause of stress are not well understood and appear to be complex 
(Watters and Johnson, 2010). A north-south-oriented wrinkle ridge, 
measured ~20 km in length, lies just ~2 km west of the Chang’e-5 
landing site (Fig. 2). 

Several islands of pre-mare highland materials occur within and in 
the vicinity of the P58 mare unit (Fig. 2). These raised terrains are 
termed as highland “kipukas” or “steptoes”, interpreted as remnants of 
highland materials that have been surrounded by subsequent lava flows 
(e.g., Head, 1976a). A prominent group of such highland kipukas occurs 
in the northern border of the P58 mare unit. The major component of 
this kipuka group, located between craters Louville D and P, is 65 × 35 
km in dimension and stands ~800 m from the surrounding mare surface. 
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Another conspicuous kipuka feature, informally named Louville ω in a 
Lunar Chart (LAC) Series map (LAC-23 Rümker; ACIC, 1967), lies 10 km 
south of the Chang’e-5 landing site. This kipuka is 10 × 7 km in size at its 
base and rises ~520 m from the surrounding mare surface. Cameras 
aboard the Chang’e-5 lander have also imaged this distinct hilly feature 
in the horizon (Fig. S1). Another group of non-mare features is a line of 
four steep-sided domes described as Mairan domes, occurring near to the 
shores of the northeastern Oceanus Procellarum and arranged in a 
northweast-southeast direction (Fig. 2). These topographically and 
spectroscopically distinctive domical features have been attributed to 
localized eruption of unusually silica-rich and viscous magma on the 
Moon (e.g., Head and McCord, 1978; Glotch et al., 2011). 

The 50 × 30 km mare surface surrounding the Chang’e-5 landing site 
is relatively homogeneous in surface morphology and textures, mainly 
characterized by small impact craters superposed on basaltic lava plain 
(Fig. 3). Other than the Louville ω highland kipuka at the south of 
landing site, two major geological features are present: a segment of the 
sinuous rille Rima Sharp in the east and a wrinkle ridge ~2 km west of 
the landing site. 

Rima Sharp is designated as the longest sinuous rille among over 200 
sinuous rilles catalogued on the Moon, with a length of 566 km (Hurwitz 
et al., 2013). Rima Sharp is observed to have an average width of 840 m, 
an average depth of 76 m (1σ = 82 m), a sinuosity of 1.15, and a north- 
south flow direction (Hurwitz et al., 2013). The rille segment of Rima 
Sharp in the vicinity of Chang’e-5 landing site is relatively uniform in 
rille width (0.9–1.0 km) and depth (30–40 m) (Fig. 3). The Chang’e-5 
landing site is ~17 km from the edge of Rima Sharp. Sinuous rilles are 
generally interpreted to represent very high-effusion rate (>104–105 

m3/s) and long-duration volcanic eruptions on the Moon (Head and 
Wilson, 2017). Being very near from the largest sinuous rilles on the 
Moon, the lava flows which formed the Rima Sharp may source the mare 
deposits at the Chang’e-5 sampling site. 

The 20-km-long ridge west of Chang’e-5 landing site appears to be 
generally linear or slightly arc-shaped in outline (Fig. 3). This ridge is 
~1–2 km wide, and the southmost segment is somewhat wider. The 

Chang’e-5 landing site is 2.2 km from the east foot of this ridge. The 
middle ~4.5 km-long segment of this ridge is relatively subdued in 
topographical relief: the middle ridge segment is generally ~10–15 m 
higher than the surrounding mare, while the ridge segments in the south 
and north rise up to ~25 m. Previous geological studies have mapped 
out the south ridge segment, while have not identified the subtle middle 
segment directly west of the landing site (e.g., Qian et al., 2021b). An 
elevation offset with a relief of ~5–10 m is observed from the two sides 
of this mare ridge (Fig. 3). Similar elevation offsets have also been 
observed across many mare ridges (e.g., Golombek et al., 1991), and are 
attributed to deeply rooted thrust faults or artifacts of regional slope 
(Golombek et al., 1991; Sharpton, 1992). In the case of the small ridge 
west of Chang’e-5 site, the latter interpretation is more likely, as this 
ridge is superposed on a long-wavelength west-east sloping topography 
of regional surface, which is probably induced by the many large and 
early-formed ridges in the west (Fig. 2). No clear geomorphological 
evidence of mare flow ponding, flooding, or buckling against the ridge 
features is observed, even in very low-Sun LROC WAC images (<10◦). It 
is possible that this wrinkle ridge postdated the emplacement of the 
nearby mare flows, potentially due to mare loading-induced regional 
stress. 

4. Geological characteristics of the Chang’e-5 landing area 

We then turn to the very local 20 × 20 km area surrounding the 
Chang’e-5 landing site. We investigate its detailed topography, 
morphology, and quantitative chemical and mineralogical composition 
using the latest high-resolution orbital observations. 

4.1. Topography and slope of the Chang’e-5 landing area 

We first refer to the raw LOLA laser range and inferred surface 
topography measurement spots (also known as “shots”) to analyze the 
topography variations of the landing area, as LOLA original altimetric 
measurements (without spatial interpolations) provide an 

Fig. 2. (a) Regional 200 × 200 km vicinity of the Chang’e-5 landing site: (a) Kaguya TC morning image mosaic (10 m/pixel) and (b) SLDEM2015 (512 pixels/degree) 
topography overlain on Kaguya TC image. In panel a, the orange cross denotes the landing site of Chang’e-5, the yellow square marks the studied 20 × 20 km landing 
area (section 4). The blue and green curves indicate sinuous rilles and wrinkle ridges, respectively. A line of four steep Mairan domes are marked by pink polygons. 
Note that Louville ω, Mairan Northwest/Middle/South domes are not IAU (International Astronomical Union) official names. All maps for the local areas surrounding 
the Chang’e-5 landing site are projected into Lambert conformal conic projection, centered at 43.1◦N, 51.8◦W, and north is toward the top, unless otherwise 
specified. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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unprecedented ranging precision of ~10 cm, the most precise one 
among several altimetric data sets of the lunar surface (Smith et al., 
2010). During the Primary and Science Missions of LRO during 2009 and 
2011, LOLA has collected over 40,000 spot measurements across the 20 
× 20 km landing area (Fig. S2a). The surface elevation of the local 
landing area ranges from about − 2630 m to about − 2410 m relative to a 
mean lunar radius of 1737.4 km, with a topographical relief of ~220 m 
(Fig. S2b), while the majority of the LOLA shots within the 20 × 20 
landing area (98.6%) have inferred surface elevations between − 2590 m 
and − 2480 m (Fig. S2b). A general west-east sloping trend is observed 

across the landing area (Fig. S2a), with an elevation offset of ~60 m. 
This elevation offset has been seen in the lower-resolution SLDEM2015 
topography (Fig. 3b) and is attributed to the regional long-wavelength 
topographical trend introduced by the large ridges features in the west 
maria (Fig. 2b). The northwestern and southwestern corners are char
acterized by relatively higher elevations, which are mare ridges and the 
Louville ω highland kipuka rising from the maria. The nearest LOLA 
altimetric measurement spot to the Chang’e-5 landing site, at a distance 
of ~280 m, has an elevation of − 2542.1 m (Fig. S2a). 

Due to the polar orbit configuration of the LRO spacecraft, spatial 

Fig. 3. The local 50 × 30 km area surrounding the Chang’e-5 landing site (marked by the white crosses): (a) Kaguya TC morning image mosaic, (b) SLDEM2015 
topography overlain on Kaguya TC image, and (c) a west-east topographical profile across the landing site derived from SLDEM2015 topography (with its location 
shown as the white dashed line in panel b). 
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sampling gaps as wide as a few kilometers still persist in equatorial and 
middle-latitude regions for LOLA shot measurement. Fortunately, high- 
resolution photogrammetry topography obtained by orbital stereo 
cameras provides much denser surface coverage. We here refer to the 
Kaguya TC stereogrammetry seamless DTM to characterize the topog
raphy and slope of the 20 × 20 km landing area, which provide a uni
form spatial sampling of 10 m/pixel of the entire studied area and an 
excellent altimetric precision of ~3 m (Haruyama et al., 2012). The 
photogrammetry altimetric mapping results of Kaguya TC DTM across 
the Chang’e-5 landing area (Figs. 4a, b) generally mimic that of the 
LOLA original point elevation measurements (Fig. S2a), while provide 
better representations of topography for many small geological features. 
From the color-coded map of the Kaguya TC DTM topography, the 
regional west-east sloping trend and apparent topographical relief of the 
small ridges west of the landing site, the huge ridges in the northwestern 

and southwestern corners and the Louville ω kipuka are clearly 
observed. The Kaguya TC photogrammetry altimetric measurements 
derive a − 2552 m surface elevation for the Chang’e-5 landing site. Local 
surface at the landing site is a relatively flat mare plain, while super
posed by many small, sub-kilometer impact craters. 

Slope-imaging map, calculated from the Kaguya TC DTM topography 
in a moving 3 × 3-pixel kernel with a baseline of 30 m, demonstrates 
that the local mare plain near the landing site is very flat at the deca
meter scale, with ~88% of surface having topographic slope less than 5◦

(Figs. 4c, d). Topographic slope at the Chang’e-5 landing site is 
measured less than 2◦, an excellent topographic condition for controlled 
soft landing and surface sampling operations. Local steeper slopes pri
marily occur at the flank of the Louville ω kipuka and at the inner walls 
of many relatively larger (> ~ 100–200 m) and fresh impact craters 
(Fig. 4c). The mare ridges, including the small one in the west nearby of 

Fig. 4. Kaguya TC topography and slope maps of the Chang’e-5 landing area: (a) TC seamless DTM topography (10 m pixel size) overlain on TC morning mosaic 
image, (b) 10 m contours derived from TC DTM overlain on panel a, (c) map of TC DTM-derived slope (30 m baseline) overlain TC morning mosaic, and (d) cu
mulative percentage distribution of topographical slopes with 0.5◦ interval. The white crosses denote the Chang’e-5 landing site. 
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the landing site and the large ones at the northwestern and southwestern 
corners, while distinctly present on low-sun imaging and altimetric 
maps (Fig. 3), are not perceptible on the slope image. We ascribe this 
observation disparity to the contrast between the slope map baseline 
(30 m) and the dimension of these ridge features (kilometer-scale): the 
topographical relief of these ridges mainly manifest at kilometer scale, 
while many parts of these ridges (e.g., the broad gentle arch) can be 
relatively flat at decameter scale (comparable with typical mare plain 
surface). 

4.2. Impact craters and secondaries of the landing area 

We next survey the geomorphology of the 20 × 20 km landing area 
using low-sun (10–20◦ solar elevation angle) LROC NAC images. Other 
than the mare ridges and Louville ω investigated above, the landing area 
is less complicated in surface morphology. The primary landscape across 
the landing area is relatively flat lava plain, superposed by many sub- 
kilometer impact craters (Fig. S3). Pristine lava flow features, like 
flow lobes and lava flow fronts seen at many terrestrial volcanic fields, 
are not observed across the landing area, indicating that the mare de
posits at the Chang’e-5 landing site are primarily cooling-limited lava 
flows commonly ~10 m thick, whose initially-formed topographical 
relief and marginal features have been progressively smoothed out by 
impact-induced topographical erosion process (Soderblom, 1970), a 
common eruption and evolution sequence for mare effusive eruptions on 
the Moon (Head and Wilson, 2017). 

The prevalent morphological features across the landing area are 
abundant circular craters with a wide range of sizes, likely primary 
impact craters. All the impact craters in the landing area are less than 1 
km in diameter. The largest crater occurs at 5.7 km northwest of the 
landing site (Figs. S3 and 5a), with a diameter ~ 780 m and a rim-to- 
floor depth of ~105 m (measured from Kaguya TC DTM topography). 
A depth/diameter ratio of ~0.13, relatively steep and blocky interior 

walls, while more degraded crater rims designated it a relatively fresh B- 
class crater (Basilevsky, 1976). Extremely fresh craters are also identi
fied at many locations in the landing area, like the one mapped in 
Fig. 5b, with a measured diameter of 310 m. Extensive fields of boulders 
up to over 10 m in size occur within and on the exterior ejecta of this 
crater, proposing it as a A-class crater (Basilevsky, 1976) and the most 
immature materials in the landing area. This fresh crater is comparable 
in size with, but blockier than the 340-m diameter, 25-Ma old Cone 
crater near the Apollo 14 landing site (Stöffler and Ryder, 2001), sug
gesting that the former crater is younger than 25 Ma. In addition to these 
typical bowl-shaped craters, many craters have developed peculiar 
interior structures, including concentric (Fig. 5c) and central-mounded 
patterns (Fig. 5d). These special interior structures are interpreted as 
impacts into layered targets (typically an unconsolidated regolith layer 
overlain on a more cohesive basaltic substrate; Quaide and Oberbeck, 
1968). Diameter measurements of these craters and their interior 
structures estimate the regolith thickness as ~5 m, generally consistent 
with prior investigations (Yue et al., 2019; Qian et al., 2021a). 

The nearby vicinity (1 × 1 km) of the Chang’e-5 landing site (Fig. 6a) 
is dotted with abundant impact craters. This is visually testified by the 
sequences of images taken by the Chang’e-5 LCAM during the soft- 
landing procedure (e.g., Fig. 6c; a video compilation can be found at 
http://moon.bao.ac.cn/mul/media/detail?id=554). These craters are 
characterized by a wide range of degradation status, from very fresh 
ones with blocky interior wall and exterior ejecta, to highly degraded 
ones nearly impossible to recognize. A ~ 400-m-diameter crater lies 
~200 m northwest of the landing site (informally designated as “NW- 
400 crater”, Fig. 6a). This crater has comparable morphological crisp
ness and crater wall blockiness with the aforesaid 780-m B-class crater 
(Fig. 5a). The Chang’e-5 landing site very likely lies on the continuous 
ejecta blanket of this crater; this observation has very important impli
cations for Chang’e-5 sample analyses (Section 5). The landing site is 
surrounded by three prominent sub-decameter craters at distances of 

Fig. 5. Primary and secondary impact cratering landforms in the Chang’e-5 landing area: (a) regionally largest (~780 m in diameter) crater ~6 km northwest of the 
landing site, LROC NAC frame M102500332R, 1.62 m/pixel, 78.8◦ incidence angle (i), (b) one of the regional freshest and blockiest craters, ~310 m in diameter, 
~5.5 km west of the landing site, with abundant boulder fields within this crater and on the ejecta, NAC frame M102500332R, (c) a concentric crater at the northern 
margin of the studied landing area, ~140 m in diameter, NAC frame M1200452194L, 1.29 m/pixel, i = 77.1◦, (d) a central-mounded crater near to the northern 
margin of the studied landing area, ~115 m in diameter, NAC frame M1200452194L, (e) a cluster of abundant small craters ~9 km northeast of the landing site, NAC 
frame M1185180055R, 1.40 m/pixel, i = 76.9◦, (f) a chain of small craters (white arrows) aligned in a northeast-southwest direction, ~4 km south of the landing site, 
NAC frame M1200452194L, (g) a set of linear parallel furrowed textures (pointed out by the white arrows) arranged in a northwest-southeast direction in the western 
edge of the landing area, NAC frame M102500332L, 1.63 m/pixel, i = 78.6◦, and (h) secondary crater clusters ~1 km north of the landing site, NAC frame 
M1173414625R. The locations of these NAC images are shown as white boxes in Fig. S3. 
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~10 m: a ~ 10-m crater in the north, a ~ 8-m one in the west and a ~ 7- 
m one in the east (pointed out by elongated triangles in Figs. 6b, c). 
Ultra-high-resolution centimeter-scale LCAM images taken at a very low 
altitude revealed many tiny craters and boulders that are otherwise 
unresolved in orbital LROC NAC images (Fig. 6c). 

In addition to typical circular simple craters, another set of promi
nent landforms in the landing area is surface features and textures 
related to secondary impact cratering by ejecta from larger primary 
craters. Secondary cratering features near the landing site are charac
terized by a variety of morphologies and spatial distribution patterns 
(Figs. 5e-f). Some occur as concentrations of numerous small craters 
with an unusually high areal density (Fig. 5e). Chains of abundant small 
craters are also common appearances of secondaries on flat maria 
(Fig. 5f); their characteristic spatial distribution patterns provide an 
insight to track their primary source crater locations. A set of linear 
parallel furrowed textures is observed at the northwest and northeast 
marginal portions of the studied landing area (Fig. 5g). These linear 
features are generally 1–2 km long, up to ~30 m wide and dominantly 
develop in the northwest-southeast direction. They exhibit distinctive 
surface textures, while are very subtle in topographical relief and almost 
unresolved in Kaguya TC topography (Fig. 4). Similar furrowed linea
ments were also seen near the Chang’e-4 landing area (Qiao et al., 2019) 
and associated with some lunar impact basins (e.g., Head, 1976b), 

which were interpreted as erosional landforms sculpted by crater ejecta. 
A prominent cluster of secondary craters occurs ~1 km north of the 

Chang’e-5 landing site, spanning an area of ~3 × 2 km (Fig. 5h). This 
secondary crater cluster is well-preserved, with distinct crater rims. In
dividual craters are characterized with elliptical or “herringbone” 
shapes, with lengths up to ~300 m. Abundant secondary cratering fea
tures suggest that a considerable amount of material from distant craters 
has been deposited at the Chang’e-5 site and has been potentially 
sampled and returned to the Earth. These ejecta materials may provide 
crucially important chances for the on-going Chang’e-5 sample analyses, 
like the putative samples ejected from Copernicus and Tycho craters in 
the Apollo 12 and 17 sample collections, the isotopic ages of which 
contributed two vital calibration points to the lunar chronology function 
(Stöffler and Ryder, 2001). We will address this issue further in the 
discussion section (Section 5). 

4.3. Chemical composition of the landing area 

Elemental concentration mapping results from Kaguya MI multi- 
spectral images (20 m/pixel) reveal that the local surface surrounding 
the Chang’e-5 landing site is relatively homogeneous in surface iron and 
titanium abundances (Fig. 7), which resonates with the observed rela
tively monotonous surface morphology across the landing area (section 

Fig. 6. The very nearby vicinity of the Chang’e-5 
landing site (marked by white arrow in panel a and 
white crosses in panels b and c). (a) A 1 × 1 km area 
surrounding the landing site, LROC NAC frame 
M1173414625R, 1.41 m/pixel, i = 75.4◦. The loca
tion of this NAC image is shown in Fig. S3, and the 
extents of panels b and c are marked with the white 
square and polygon, respectively. (b) The nearby 120 
× 120 m area surrounding the landing site, NAC 
frame M1173414625R. The three sub-decameter 
craters around the landing site are pointed out by 
the elongated triangles (also in panel c). (c) Ultra- 
high-resolution image of the landing area taken by 
the LCAM aboard the Chang’e-5 lander, LCAM frame 
349 (credit: Data Release and Information Service 
System of China’s Lunar Exploration Program).   
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4.2). The majority (92–96%) of the landing area has an inferred surface 
FeO content between 16 and 19 wt% and TiO2 content between 4 and 7 
wt% (Figs. 7 and S4). The 20 × 20 km landing area has an average FeO 
content of 17.3 wt% and TiO2 content of 5.6 wt%. The spatial distri
bution of iron and titanium abundance maps overlap each other, sug
gesting ilmenite (FeTiO3) as the major carrier of titanium. A ~ 6 wt% 
average TiO2 content would infer an ilmenite mineral abundance of 
~11 wt%, showing that mare basalts at the Chang’e-5 sampling site are 
more titanium-rich than most (~90%) of the mare surface on the global 
Moon (Giguere et al., 2000). Spatial deconvolution processing of the 
Lunar Prospector gamma ray spectrometer (GRS) datasets constrains the 
surface thorium (Th) abundance (with a footprint size of ~45 km, 
Fig. S5; Lawrence et al., 2002) at the Chang’e-5 landing area to 6.3 ppm 
(parts per million), a typical enrichment of thorium element for the 
unique Procellarum KREEP Terrane (PKT). 

Integrating high-resolution geochemical mapping results and 
morphological interpretations from optical surface images (section 4.2) 
identifies many compositional anomalies and variations across the 
landing area (Fig. 7). (1) Most of the extreme compositional values (FeO 
< ~15 or > ~19 wt%, TiO2 < ~4 or > ~8 wt%) occur at crater interior 
walls, and sharp changes in composition are observed between the 
northern and southern portions of crater walls (Fig. 7), revealing that 
compositional mapping results at these topographically complex areas 
are unreliable, largely due to improper calibration of the MI reflectance 
data. Additional element content maps from Clementine UVVIS (Lucey 
et al., 2000) and Chandrayaan-1 M3 (Bhatt et al., 2019) may help reduce 
the composition estimation errors. (2) Another major compositional 
anomaly is the Louville ω kipuka at the southern edge of the 20 × 20 km 
landing area (Fig. 7). Its apparently lower iron (FeO <15 wt%) and ti
tanium (TiO2 < 4 wt%) contents compared with the adjacent mare ba
salts confirm its non-mare nature, not a volcanic mare kipuka that was 
formed by partial flooding of pre-existing mare deposits (Head, 1976a). 
(3) Obvious compositional variations are not observed to be associated 
with ejecta deposits surrounding the impact craters across the landing 
area (Fig. 7), even for the largest crater (up to ~780 m in diameter, 
section 4.2 and Fig. 5a), indicating that these craters are not large 
enough to penetrate the surficial basaltic deposit layer, and excavate 
underlying pre-emplaced mare materials (inferred as older Imbrian- 
aged low-titanium basalts). This reveals that the P58 mare unit at the 

landing site is thicker than the maximum excavation depths of these 
superposed craters (0.084 × crater rim-to-rim diameter = 65 m; Melosh, 
1989). Our thickness estimation (>65 m) is consistent with recent 
investigation results by Qian et al. (2021a; ~77 m thickness low limit for 
their subunit 14). (4) In addition, examination of the MI compositional 
maps, especially the iron content map, identifies several areas with 
lower iron and titanium contents (~16–17 wt% FeO, delineated with the 
white dotted polygons in Fig. 7a). Their spatial distribution patterns and 
the observation of abundant superposed small crater clusters and chains 
(section 4.2 and Fig. 5) indicate that these areas have been contaminated 
by low-iron materials. We also select two areas largely free of contam
ination of foreign ejecta to represent the local pristine mare basalts 
(black dotted polygons in Fig. 7a) and determine their average compo
sition of 17.6 wt% FeO and 5.8 wt% TiO2. The Chang’e-5 landing site 
seems to be located in a local field of abundant northwest-southeast- 
trending lineaments with lower iron contents (Figs. 7a and S6), sug
gesting that surface materials at the Chang’s-5 sampling site may 
contain considerable amount of distant ejecta components. This would 
potentially contribute to the diversity of Chang’e-5 returned samples, 
while also complicate sample analyses and interpretations (Section 5). 

4.4. Mineral composition of the landing area 

We investigate the mineralogical composition of the mare units 
surrounding the Chang’e-5 landing site using M3 orbital hyperspectral 
imaging data. M3 color composite image mosaic (IBD1000 in the red 
channel, IBD2000 in the green and reflectance at 1.58 μm in the blue; 
Fig. 8a) shows that the multiple mare units surrounding the landing site 
(P58, P10, and P3) are generally reddish or yellowish-green in color, in 
contrast to the bluish non-mare units. A yellowish-green color in the M3 

color composite map reveals spectral absorptions at both 1 and 2 μm, 
suggesting mineral pyroxene as the dominant mafic component. To 
verify this interpretation, we pick dozens of fresh sub-kilometer craters 
superposed on these mare units to represent the unweathered pristine 
basaltic materials of their host mare units (points in Fig. 8a). We collect 
M3 reflectance spectra from these small craters (Fig. 8b) and remove the 
continuum (Fig. 8c), all of which show diagnostic 1 μm and 2 μm ab
sorption features of pyroxene. The continuum-removed spectra are also 
polynomially fitted to determinate the absorption band center 

Fig. 7. (a) FeO and (b) TiO2 content maps of the 20 × 20 km area surrounding the Chang’e-5 landing site (marked by the white crosses, overlain on Kaguya TC 
morning image mosaic), derived from Kaguya MI reflectance images using algorithms of Lemelin et al. (2015) and Otake et al. (2012), respectively. The white and 
black dotted polygons in panel a delineate the areas heavily contaminated by and largely free of foreign ejecta materials with reduced iron contents, respectively. 
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Fig. 8. M3 spectroscopic investigations of 
mare units surrounding the Chang’e-5 land
ing site: (a) color composite image mosaic 
(red is IBD1000, green is IBD2000 and blue 
is reflectance at 1.58 μm), the Chang’e-5 
landing site is marked by the white cross and 
small fresh craters for spectral analyses are 
marked by magenta points; (b) raw and (c) 
continuum-removed spectra of small mare 
craters, all spectra are offset by 0.02 incre
mentally for clarification; (d) plot of 1 and 2 
μm absorption center wavelengths of small 
mare craters, in the context of pyroxene data 
from Horgan et al. (2014); (e) plot of IBDR 
against 1 μm band center (Gaffey et al., 
2002). In panel a, the boundary of the P58 
mare unit surrounding the landing site is 
indicated by the bold black polygon and the 
other mare units are delineated by the 
dashed black polygons. (For interpretation of 
the references to color in this figure legend, 
the reader is referred to the web version of 
this article.)   
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wavelength. Band centers at 1 μm are plotted against 2 μm band centers, 
in the background of a suite of pyroxene with range of compositions 
(Horgan et al., 2014), to investigate the composition of pyroxene 
(relative Ca, Mg, and Fe abundances) in these mare units (Fig. 8d). The 
absorption centers of these small craters are generally in the trendline of 
pyroxene and close to clinopyroxene. This shows that the pyroxenes in 
these mare basalts are relatively calcium-rich, consistent with mineral 
abundance mapping results of Qian et al. (2021a) from Kaguya MI global 
mineral abundance data sets (Lemelin et al., 2015 and remapped in 
Figs. S7–10). Small craters in the P58 mare unit at the landing site have 
longer 1 μm and 2 μm band center wavelengths, suggesting that mare 
basalts near the landing sites contains more clinopyroxene components 
than the western mare units or the pyroxenes in the P58 unit are more 
Fe-rich than those in western maria (Fig. S9). 

In addition, the M3 color composite map also shows that the P58 
mare unit at the landing site is relatively redder in hue than the older 
mare units in the west (P13, P10, and P9). This observation reveals that 
mare deposits at the landing site have relatively stronger absorption at 1 
μm (compared to 2 μm band) than those of the western mare units, 
suggesting the enrichment of clinopyroxene and olivine for the P58 mare 
basalts. To further confirm the nature of the redder P58 unit, we 
calculate the ratios between the IBD at 1 μm and 2 μm (IBDR), and plot 
them against the 1 μm absorption band centers (Fig. 8e). Data points 
from P58 mare units are located in the spectral fields defined by olivine- 
clinopyroxene mixing fields (Gaffey et al., 2002), and closer to olivine- 
rich mineral assemblages (“Ol” and “Ol > CPX” areas in Fig. 8e) than 
those of the western mare units (P13, P10, and P9, closer to OPX-rich 
fields). We suggest that the P58 mare unit at the landing site appears 
to be more clinopyroxene- and olivine-rich than other adjacent mare 
units, consistent with M3 spectroscopic investigation of the late-stage 
volcanic basalts in the western lunar nearside (Staid et al., 2011), 
which showed that the P58 mare unit was among the most olivine-rich 
basalts on the Moon. 

We address that the olivine abundance mapping results for the maria 
surrounding the Chang’e-5 landing site from radiative transfer modeling 
of Kaguya MI data (Lemelin et al., 2015 and referred by Qian et al., 
2021a) is probably of significant uncertainty on the basis of at least the 
following two observations (Fig. S7). (1) The olivine abundance of the 
P58 mare unit seems to be lower than that of the western mare units 
(P10), which is inconsistent with M3 color composite maps (Staid et al., 
2011 and Fig. 8a). This is probably attributed to the high ilmenite 
abundance in the P58 mare basalts (estimated as ~11 wt%), which is an 
opaque mineral and causes significant surface darkening, but not 
considered in the modeling of Kaguya MI mineral maps. In addition, the 
MI maps also suffer from apparent stripe noises (Fig. S7–10), which 
make the mineral mapping results surrounding the Chang’e-5 landing 
area probably unreliable. (2) Many locations with abundant secondary 
crater clusters and chains (pointed out by the elongated triangles in 
Fig. S7) are characterized by anomalously elevated olivine abundance. 
This is probably unreliable, as many of these secondary fields are 
contaminated by iron-depleted highland materials, which is testified by 
iron content mapping results (our Fig. 7 and Fig. 9 of Qian et al., 2018). 
Average mineral abundant values calculated from a comparatively 
larger region may give more meaningful results as many map pixels can 
be artifacts. Whereas, these observed olivine variations between 
different mare units are close to the alleged 1σ = 8 wt% uncertainty of 
the MI mineral abundance data sets (Lemelin et al., 2015). This implies 
the significant uncertainty for quantitative compositional analysis re
sults from remote sensing measurements. Laboratory high-accuracy 

compositional measurements of returned Chang’e-5 sample will clarify 
these uncertainties and help calibrate and ground-truth remote sensing 
data sets. 

5. Discussion and implications for Chang’e-5 sample analyses 
and interpretations 

5.1. Geochemical and chronological characteristics of mare basalts at the 
Chang’e-5 sampling site 

Analyses of returned lunar basalt samples quickly identified their 
strikingly large variation of titanium contents, ranging from less than 1 
wt% to ~14 wt% of TiO2 (Taylor et al., 1969; Papike et al., 1976). This 
titanium content range is too large to be generated through fractional 
crystallization, and is thus attributed to chemical composition differ
ences of the magma sources (Papike et al., 1976). Lunar mare basalts are 
consequently categorized per their titanium contents for further petro
logical analyses. In addition, synthesis of sample data also suggested a 
bimodal titanium distribution of mare basalt, with a distinct composi
tional gap (~5–9 wt% TiO2) between high-titanium (>9 wt%) and low- 
titanium (<5 wt%) basalt suites (Papike et al., 1976; Neal and Taylor, 
1992; Fig. 9a), though a few intermediate-titanium basalts have also 
been recognized in the Apollo sample collections, for instances, clasts 
extracted from Apollo 14 breccia 14063 (Neal and Taylor, 1992). 
Whereas, remotely-sensed spectral data suggested a continuous distri
bution of titanium abundances for lunar global mare basalts, and the 
intermediate-titanium basalts were largely not sampled by the Apollo/ 
Luna missions (Pieters, 1978; Lucey et al., 1998). 

A FeO-TiO2 content plot clearly discriminates mare basalts at the 
Chang’e-5 sampling site from all typical classes of lunar basalts collected 
by Apollo and Luna missions (Fig. 9a). Mare basalts at the Chang’e-5 site 
have comparable iron content with some of Apollo 11 low-potassium 
and feldspathic (Apollo 12 and 14 and Luna 16) basalts, while they 
have intermediate titanium content and occupy the ~5–9 wt% TiO2 
compositional gap in the Apollo/Luna mare basalt sample collections. 
The samples returned by the Chang’e-5 mission likely represent a new 
type of lunar mare basalt. Laboratory high-accuracy chemical analyses 
of these samples will potentially provide new “ground truth” for cali
brating compositional mapping of global lunar surface from remote 
sensing spectral data sets. These new samples also provide an extraor
dinary opportunity to investigate the thermal history of the Moon and 
the nature of lunar interior that were probably not fully represented by 
the Apollo and Luna samples. 

We also compare the titanium contents and ages of mare basalts at 
the Chang’e-5 sampling site with those of nearly 500 mare units else
where on the Moon (Fig. 9b), as mare basalts were previously proposed 
to exhibit a correlation between titanium abundance and age (e.g., 
Papike et al., 1976; Head, 1976a; Morota et al., 2011). It shows that the 
P58 mare unit at the Chang’e-5 site has comparable titanium content 
with other young mare units in Oceanus Procellarum. In addition, the 
P58 mare unit also lies on the composition-age trend of Oceanus Pro
cellarum basalts with younger basalts tending to be relatively titanium- 
rich (Fig. 9b), as suggested in prior work (Morota et al., 2011; Sato et al., 
2017). This characteristic correlation between titanium content and age 
may reflect compositional evolution of magma source of lunar late-stage 
volcanism or vertical compositional heterogeneity of the lunar upper 
mantle. Analyses of Chang’e-5 samples will provide key evidence for 
constraining the nature of geological and thermal evolution of the last 
~1–2 Ga of lunar history. 
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5.2. Geological events potentially recorded in Chang’e-5 samples: ages 
and sources of material 

On the basis of our detailed geological characterization of context 
area of the Chang’e-5 sampling site at various scales, we identify the 
following geological events that are potentially recorded in the returned 
samples, in a chronological sequence: 

5.2.1. The Eratosthenian-aged mare volcanism that emplaced the P58 mare 
unit 

Rima Sharp, the longest sinuous rille discovered on the Moon, which 
lies ~17 km east of the sampling site, is the likely source of the mare 
materials collected by the Chang’e-5 mission. Petrological analyses of 
Chang’e-5 mare basalt samples will provide key information for 
assessing the eruption environments of lunar sinuous rille-formation 
volcanism, including magma source depth, magma properties (espe
cially volatile contents) and effusion flux. The P58 mare unit has been 
dated to be 1.33 Ga old through crater population analyses (Hiesinger 
et al., 2003), though the dating result has been updated subsequently as 

~1.2–2.2 Ga (Table S1). Despite the large variations of dating results for 
the same mare unit, the mare basalt samples collected by Chang’e-5 are 
plausibly among the youngest mare units identified from remote sensing 
data on the Moon and much younger than any lunar basalts collected by 
Apollo and Luna missions or in meteorites. Detailed laboratory analyses 
of the Chang’e-5 basalt samples (chemical, mineralogical, petrologic, 
isotopic, and geochronologic measurements) will provide crucial in
sights into the late-stage lunar volcanism. 

5.2.2. Post-mare tectonism that formed the western small wrinkle ridge 
The local mare surface surrounding the Chang’e-5 sampling site was 

subject to post-mare tectonic deformation processes, which resulted in 
surface uplift and formation of the 20 km long, north-south-oriented 
wrinkle ridge 2 km west of the Chang’e-5 sampling site. This tectonic 
activity would have likely modified the micro-structure of specific 
minerals (e.g., apatite) in the mare basalts. Low-temperature thermo
chronometric analyses of apatite fission tracks in the Chang’e-5 basalt 
samples would potentially quantify the formation age and deformation 
rate of this small mare ridge (Herman et al., 2013; Fox et al., 2014). 

Fig. 9. (a) Comparison of FeO and TiO2 
abundance of mare basalts at the Chang’e-5 
sampling site (the area delineated by black 
dashed polygons in Fig. 7a; the error bars 
represent 1σ errors) with all typical types of 
lunar mare basalt samples collected by 
Apollo and Luna missions (Papike et al., 
1976), mare basalts in Chang’e-4 landing 
area in Von Kármán crater (Qiao et al., 2019) 
and Chang’e-3 surface in-situ geochemical 
measurements (Ling et al., 2015). The mare 
area contaminated by low-iron materials 
(white dashed polygons in Fig. 7a) is also 
plotted here. (b) TiO2 abundance (calculated 
from Kaguya MI data using the Otake et al. 
(2012) algorithm) as a function of crater 
counting model ages for 482 mare units 
(compiled from previous mare dating work: 
Cho et al., 2012; Haruyama et al., 2009; 
Hiesinger et al., 2006, 2011a, 2011b; Ling 
et al., 2019; Morota et al., 2009, 2011; 
Pasckert et al., 2015, 2018; Tyrie, 1988; 
Whitten et al., 2011). Mare units at 
Chang’e-3/4/5 (I22/Von Kármán/P58) are 
highlighted by larger markers and the error 
bars are 1σ errors.   
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5.2.3. The impact that formed the northwestern 400 m crater (NW-400 
crater) 

After the mare basalt deposition, impact cratering became the 
dominant geological process that modified the landscape of lunar sur
face across the Chang’e-5 landing site, and formed numerous impact 
craters with a wide range of dimensions (section 4.2). One particular 
crater is the regionally large crater very near to the Chang’e-5 sampling 
site (Fig. 6a). We employ high-resolution LROC NAC images (1.41 m/ 
pixel) to measure the crater diameter as 394 m and the distance from 
Chang’e-5 landing site to crater center as only 422 m. On the basis of the 
empirical model on the spatial extent of ejecta blanket of lunar craters 
(Melosh, 1989), continuous ejecta is estimated to extend 468 m from the 
NW-400 crater center. The Chang’e-5 landing site is therefore located on 
the marginal portion of the ejecta deposits of the NW-400 crater, an 
important geological context information that have been missed in 
previous landing area geological investigations. 

Measurements from high-resolution TC DTM topography (10 m/ 
pixel) derived a ~ 42 m rim-to-bottom depth for this crater. The 
calculated depth/diameter ratio of ~0.11, along with the observed 
relative freshness (e.g., relatively degraded, while still observable rim 
crest and blocks at crater walls) designate it as a morphologic class-B 
crater and allow one to estimate its age as ~400 Ma (~338–450 Ma; 
Basilevsky, 1976). However, we suggest that this age estimation is 

probably of considerable uncertainty (as had been noted by Basilevsky 
(1976)) and seems to be in conflict with the observed superposition of 
rays from the Copernicus crater (~800 Ma old, Stöffler and Ryder, 2001) 
on its ejecta blanket (see descriptions below). Crater population analysis 
on the continuous ejecta blanket also fails to get a reliable age for the 
NW-400 crater due to many challenges, including the very small crater 
count working area and the difficulty in eliminating craters formed 
before the NW-400 crater. 

From the radial ejecta thickness equation (McGetchin et al., 1973; 
Pike, 1974), ejecta from the NW-400 crater is predicted to be 0.3–0.4 m 
thick at the Chang’e-5 landing site. Thus, the returned Chang’e-5 sam
ples may contain a portion of ejecta materials from this NW-400 small 
crater. While this small crater is not large enough to excavate and eject 
underlying older mare basalts, it would have exposed long buried sub
surface materials (maximum excavation depth ~ 30 m) to the surface 
and cosmic ray irradiation. Cosmic ray exposure age analyses of the 
Chang’e-5 samples would potentially constrain the age of this 400-m- 
diameter crater. In addition, high-velocity impact may cause appre
ciable degassing of local mare basalts, radiometric-dating analyses of 
returned samples would potentially identify these degassing events and 
obtain a reliable age for the NW-400 crater (Stöffler and Ryder, 2001). 

Fig. 10. Ray features crossing the Chang’e-5 landing 
site and their inferred source craters. (a) A set of 
northwest-southeast-trending rays at the landing site, 
LROC NAC frame M1200452194L. (b) Another set of 
northeast-southwest-trending rays, NAC frame 
M1132169436L, 1.1 m/pixel, i = 45.6◦. (c) Great 
circles extended from the trends of the ray features in 
panels a and b, LROC WAC low-sun mosaic. In (a) and 
(b), the Chang’e-5 landing site is marked by the white 
crosses, and the ray patterns are pointed out by 
elongated triangles. In (c), potential large craters 
along the trend line are identified by their names in 
white. The three craters along the trend line, while 
stratigraphically older than the Chang’e-5 landing site 
mare unit, are labelled with their names in black.   
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5.2.4. Copernican-aged large impacts that delivered ray materials to the 
Chang’e-5 sampling site 

Secondary cratering features with a range of morphologies have been 
identified across the Chang’e-5 landing area (section 4.2). Such features 
are also directly observed to cover the Chang’e-5 sampling site. A 
prominent set of linear parallel shallow furrowed textures, ranged in a 
northwest-southeast direction, appears to cross the Chang’e-5 site 
(Fig. 10a). Though these lineaments are not deep enough to be 
measurable in topography data, their albedo variations and morpho
logical characteristics are apparently seen in meter-scale LROC NAC 
images. Their distinctive spatial distribution patterns can be used to 
assess their source regions. Due to their subtle topographical and 
morphological signatures, it is difficult to determinate which is the 
uprange direction. So, we map out the direction of these lineaments and 
extend it in both southeast and northwest directions on a WAC map in a 
Lambert conformal conic projection centered at the Chang’e-5 landing 
site (Fig. 10c). We find that Copernicus crater and four other smaller 
craters (Gruithuisen, Delisle, Diophantus, and Euler) are both near to the 
trends of these lineaments and possibly younger (Eratosthenian or 
Copernican) than the P58 mare unit (~1–2 Ga). These craters are all 
located in the southeast direction of the landing site. Among them, 
Copernicus is the largest (96 km in diameter compared with 15–26 km of 
other craters) and youngest (Copernican-aged compared with 
Eratosthenian-aged; Wilhelms and McCauley, 1971; Fortezzo et al., 
2020). Ejecta thickness calculation also shows that the predicted ejecta 
from the Copernicus crater is more than one order of magnitude thicker 
than those from the other four smaller craters (~3 cm compared with 
~0.1–0.3 cm; Pike, 1974). Therefore, we suggest that the Copernicus 
crater is very likely the source of southeast-trending ray materials at the 
Chang’e-5 sampling site. 

In addition, we also identify another set of northeast-trending ray 
feature crossing the Chang’e-5 landing site (Fig. 10b). Along the trend of 
these ray patterns, we find the Copernican-aged (Wilhelms and 
McCauley, 1971) 40 km-diameter crater Harpalus, located 340 km 
northeast of the landing site, to be the most likely source of these 
northwest-trending rays. Three other large craters in the southwest di
rection (Seleucus, Krafft, and Cardanus) are also near to the trend line 
(Fig. 10b), although they are all Imbrian-aged (Wilhelms and McCauley, 
1971) and much older than the mare flows at the landing site. Ejecta 
from Harpalus is estimated to be ~9 cm at the Chang’e-5 landing site 
(Pike, 1974). Some of previous landing area analyses have calculated the 
thickness of hypothetical ejecta materials from Copernicus and Harpalus 
craters using empirical scaling laws, but have not reported direct 
geological evidences for such foreign components (Xie et al., 2020; Qian 
et al., 2021b). 

Ray materials from Copernicus crater are generally believed to have 
been sampled by the Apollo 12 mission. From these samples, Copernicus 
is now widely accepted to be ~800 Ma old (Stöffler and Ryder, 2001 and 
references therein). The Harpalus crater has been previously mapped as 
Copernican-aged, though recent crater population study on its contin
uous ejecta blanket has derived a much older age of 2.4 Ga (Xie et al., 
2020; this work also found that their crater counting ages are generally 
older than stratigraphic ages for most of their studied craters (n = 15)). 
These two sets of ray features are also observed to superpose on the rim 
ejecta of the NW-400 crater (Figs. 10a, b), illustrating clearly that the 
NW-400 crater is older than Copernicus, and the age estimation from 
crater morphology classification (~400 Ma; Basilevsky, 1976) is prob
ably unreliable. 

Returning potential ray samples from the Copernicus crater for the 
second time 51 years after the Apollo 12 mission is scientifically very 
interesting. The generally well known ~800 Ma age of Copernicus crater 
can be used to assist in interpreting the chronological analysis results of 
Chang’e-5 samples. Moreover, identification, age dating and detailed 
characterization of possible ray materials in the Chang’e-5 new samples 
would also strengthen our understanding on the ages and nature of the 
Harpalus and Copernicus craters, a critically important parameter for 

stratigraphy system of the Moon. 
In summary, we have identified multiple geological events (volca

nism, tectonism, and impact cratering) that are potentially recorded in 
the returned Chang’e-5 samples. These events are characterized with 
clear stratigraphic sequences and have taken place within approxi
mately the last 1 Ga of lunar history. More importantly, most of these 
ages lie in the age gap (~0.8–3.1 Ga) of the current Apollo and Lunar 
samples, the basis for lunar cratering chronology function commonly 
used for crater population dating analyses in unsampled lunar surface 
(Stöffler and Ryder, 2001). Precise ages of these geological events from 
Chang’e-5 sample analyses would provide critically important infor
mation to narrow down the uncertainties of the lunar cratering chro
nology function and improve our understanding of the geological 
history of the entire Moon. 

6. Conclusions 

On the basis of in-depth geological investigation of the Chang’e-5 
landing site presented above, we reach the following conclusions:  

(1) Chang’e-5 landed in and returned lunar samples from the 
northeastern Oceanus Procellarum of the western lunar nearside, 
site of the last major phase of lunar mare volcanism. The mare 
unit at the Chang’e-5 landing site is dated as ~1–2 Ga from crater 
counting studies, much younger than all basalts in the present 
lunar sample collection and among the youngest basalts on the 
global Moon. The basalt samples returned by Chang’e-5 will 
provide an unprecedented opportunity to characterize the late- 
stage lunar volcanism.  

(2) Regionally, the Chang’e-5 landing site is <20 km west of Rima 
Sharp, the longest (over 500 km) sinuous rille catalogued on the 
Moon. High effusion-rate and long-lived mare eruptions that 
formed the Rima Sharp may also source the mare basalts 
collected by the Chang’e-5. A 20-km-long and ~ 20-m-high mare 
ridge occurs just 2 km west of the landing site. Laboratorial an
alyses of the Chang’e-5 samples would potentially shed light on 
the formation mechanism of sinuous rilles and mare ridges.  

(3) Locally, the Chang’e-5 landing site is located on a mare plain 
characterized by a west-east sloping trend, with an elevation 
offset of ~60 m across a distance of 20 km. The local 20 × 20 km 
area surrounding the landing site is topographically very flat at 
the decameter scale, with nearly 90% of surface having slopes less 
than 5◦, an excellent topographic condition for controlled soft 
landing and surface sampling operations.  

(4) Surface geomorphology across the landing area is relatively 
monotonous and the primary landforms are abundant sub- 
kilometer circular impact craters. These craters are character
ized with a range of degradation states and interior structures. In 
particular, the Chang’e-5 landing site is very near to and lies on 
the continuous ejecta blanket of a ~ 400-m-diameter crater. 
Chang’e-5 returned samples may contain a portion of ejecta 
materials from this crater. Isotopically-dating analyses of 
Chang’e-5 samples would potentially identify this impact event 
and constrain its formation age.  

(5) Secondary impact cratering features, occurring as chains or 
clusters of small craters and linear parallel furrowed textures, are 
also commonly seen across the landing area. In particular, two 
sets of secondary cratering features, one arranged in a northwest- 
southeast-direction and the other in a northeast-southwest- 
direction, are identified to cross the Chang’e-5 landing site. The 
sources of these secondary craters are traced back to Copernicus 
and Harpalus craters, respectively. The Chang’e-5 mission may 
have collected materials ejected from these two Copernian-aged 
craters. This would complicate the samples analyses and scien
tific interpretations, while also enhance the diversity of the 
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Chang’e-5 samples. Age dating analyses of the two craters would 
help revise the stratigraphy system of the Moon.  

(6) The mare basalts at the Chang’e-5 landing area have an average 
composition of 18 wt% FeO and 6 wt% TiO2, and appear to 
occupy the titanium content gap of Apollo/Luna samples. The 
landing site mare unit is characterized by a calcium-rich pyrox
ene-dominated mineralogy and appears to be more olivine-rich 
than the western older mare units. The basalt samples returned 
by the Chang’e-5 likely represent a new type of lunar mare ba
salts, whose compositional measurements will potentially pro
vide new “ground truths” for calibrating remote sensing data and 
improve our understanding of lunar thermal history and lunar 
interior. Secondary crater fields are characterized by lower iron 
abundances, indicating the landing area has been contaminated 
by iron-depleted materials.  

(7) A sequence of four geological events, including mare volcanism, 
tectonism, impact cratering, and impact ejecta deposition, are 
identified to have potentially affected and been recorded in the 
returned Chang’e-5 samples. Isotopic-dating analyses would 
obtain accurate ages for these geological events, and reconstruct 
a detailed regional geological evolution model of the landing 
area. Furthermore, most of the inferred ages of these geological 
events lie in the age “gap” of the current Apollo and Luna sample 
collections. Precise determination of these ages would be 
invaluable in narrowing down the uncertainties of the lunar 
cratering chronology function and improve our understanding of 
the geological history of the entire Moon. 

Data availability 

All original LRO data and Lunar Prospector thorium map can be 
found in the NASA Planetary Data System Geosciences Node (https 
://pds-geosciences.wustl.edu/), the original Chandrayaan-1 Moon 
Mineralogy Mapper data are available at the NASA Planetary Data 
System Cartography and Imaging Sciences Node (https://pds-imaging.jp 
l.nasa.gov/volumes/m3.html), the original Kaguya/SELENE data are 
archived at SELENE Data Archive (https://darts.isas.jaxa.jp/planet/pda 
p/selene/), and Chang’e-5 landing camera images are available at Data 
Release and Information Service System of China’s Lunar Exploration 
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