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ABSTRACT: The Chang’e-3 (CE-3) spacecraft successfully landed on one of the youngest mare sur-
faces on the Moon in December 2013. The Yutu rover carried by CE-3 was equipped with a radar sys-
tem that could reveal subsurface structures in unprecedented details, which would facilitate for under-
standing regional and global evolutionary history of the Moon. Based on regional geology, cratering 
scaling, and morphological study, here we quantify the subsurface structures of the landing site using 
high-resolution orbital and in-situ imagery data. Three layers of lunar regolith, two layers of basalt 
units, and one layer of ejecta deposits are recognized at the subsurface of the landing site, and their 
thicknesses are deduced based on the imagery data. These results could serve as essential references for 
the on-going interpretation of the CE-3 radar data. The ability to validate our theoretical subsurface 
structure using CE-3 in-situ radar observations will improve the methods for quantifying lunar sub-
surface structure using crater morphologies and scaling. 
KEY WORDS: Chang’e-3, subsurface structure, impact cratering, Lunar Penetrating Radar, lunar ex-
ploration. 

 
0  INTRODUCTION  

Subsurface structure of the Moon is a direct record of its 
long and complex geological evolutionary history. Multi-  
episodes of magmatic activities produced vast volume of ba-
salts with various chemical compositions both on the lunar 
surface and within the crust. Long-term space weathering and 
impact gardening produced a global layer of loose regolith. 
While meteoritic impact processes, including both primary and 
secondary impacts, and tectonic activities would additionally 
complicate the subsurface geology of the Moon. Moreover, 
these geological activities were usually intertwined with and 
influenced by each other, which made the subsurface structure 
further complex. Quantifying the subsurface stratigraphic and 
tectonic features of the Moon, including basaltic rocks, lunar 
regolith, and impact breccia deposits, with a depth from a few 
to hundreds of meters can provide key information for solving 
scientific mysteries concerning regional and global origin and 
evolutionary history. 

The most direct and effective technique for determining the 
subsurface structure of the Moon is in-situ investigation. How-
ever, due to the high technical demand and cost for conducting 
lunar surface experiments, few in-situ measurements of the lunar 
subsurface structure had been carried in human’s lunar explora-
tion history. So far the only in-situ experiment was the Surface 
Electrical Properties (SEP) experiment carried out during  
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the Apollo 17 mission in 1972, this equipment was carried to 
explore a portion of the Taurus-Littrow region. The Apollo 17 
SEP experiments indicated that subsurface boulders of dimension 
in the range of 10–300 m were not present within depths of 1–2 
km from the surface (Simmons, 1974). Besides, the analyses and 
interpretations of these in-situ observation data were usually 
restricted by certain models, and sometimes it was difficult to 
find a model which satisfied most of the observed results. 

Several indirect techniques have been proposed to quantify 
the subsurface structures of the Moon. For example, using seis-
mic experiments (Nakamura et al., 1975), morphologies and 
size-frequency distributions of small fresh craters (Fa et al., 2014; 
Quaide and Oberbeck, 1968), and radar data (Ono et al., 2009; 
Shkuratov and Bondarenko, 2001) to estimate regolith thick-
nesses; using crater size-frequency distributions (Hiesinger et al., 
2002), excavation depths of large craters that penetrated (or 
failed to penetrate) through the mare basalts (Thomson et al., 
2009), and gravity data (Talwani et al., 1973) to estimate thick-
nesses of basalt flows; developing empirical scaling laws to es-
timate thicknesses of crater ejecta (McGetchin et al., 1973). All 
these methods are essential complements for quantifying the 
subsurface structure besides in-situ measurements, and they pro-
vide important references for analyzing and interpreting lunar 
surface experiment observations. 

In December 2013, China’s Chang’e-3 (CE-3) spacecraft, 
carrying the Yutu (Jade Rabbit) rover, successfully landed on 
the northern Mare Imbrium at the lunar nearside (Zhao J N et 
al., 2014). The landing area is one of the youngest mare basalt 
units on the Moon (Morota et al., 2011; Bugiolacchi and Guest, 
2008), which has never been explored before. The rover carries 
a set of Lunar Penetrating Radars (LPRs) to detect the subsur-
face information of the Moon (Xiao, 2014). The LPRs consist 
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of two types of antennas with different working channels, ena-
bling resolving the subsurface structure of the landing site at 
different depths and vertical resolutions. The Channel 1 an-
tenna was a monopole mounted on the tail of the rover, oper-
ated at a central frequency of 60 MHz (VHF band), with over 
400 m penetration depth and ~1 m thickness resolution. The 
Channel 2 has two dipole bow-tie receiving antennas mounted 
at the bottom of the rover, operated at a central frequency of 
500 MHz (UHF band), with over 12 m penetration depth and 
~30 cm thickness resolution (Zhao N et al., 2014). The LPRs 
were scheduled to collect radar echoes of the lunar shallow 
subsurface materials along the rover traverse path. Observa-
tions from the CE-3 LPRs will provide an unprecedented op-
portunity to investigate the shallow subsurface structure at the 
landing site. To assist the interpretation of the CE-3 LPRs data, 
here we quantify the subsurface structures at the landing site of 
CE-3 using crater morphologies and scaling on both orbital and 
in-situ imagery data. The mutual validation between the result 
of this work and CE-3 LPRs data will improve methods for 
quantifying lunar subsurface structures using crater morpholo-
gies and scaling. 
 
1  GEOLOGICAL SETTINGS OF THE CE-3 LANDING 
SITE 

The CE-3 spacecraft landed on a flat mare surface (cen-
tered at 44.12°N, 19.51°W, Liu Z Q et al., 2014, Fig. 1) in the 
northern Mare Imbrium. The CE-3 landing site has higher lati-
tude than any previous soft landing sites (Fig. 1). Remote sens-
ing observations proposed a TiO2 content of ~7 wt.% for the 
basalts at the landing site (Zhao J N et al., 2014), which is in-
termediate compared with the high-titanium basalts (Apollo 11 
and 17 basalts) and low-titanium basalts (Apollo 12, 15 and 
feldspathic basalts). The basalts at the landing site are also 

substantially richer in olivine and thorium (Th) element com-
pared with the other lunar basalts (Wu et al., 2014; Lucey, 2004; 
Lawrence et al., 2000). The basalts at the landing site have a 
higher content of titanium than those ~15 km to the north (TiO2 
~1.4 wt.%, Zhao J N et al., 2014), indicating two episodes of 
lava infilling events with different lava compositions. Crater 
counting results suggested an Imbrian model age (>3.0 Ga) for 
the basalts to the north, and an Eratosthenian model age (~2.5 
Ga) for the basalts of the CE-3 site (Qiao et al., 2014; Morota et 
al., 2011; Chen et al., 2010; Bugiolacchi and Guest, 2008; Hi-
esinger et al., 2000), which was much younger than the re-
turned lunar basalt samples (most Apollo basalt samples are 
dated older than 3.0 Ga, Stöffler and Ryder, 2001). So regional 
magmatic activities at the CE-3 site generally evolved from 
Imbrian-aged low-titanium to Eratosthenian-aged medium- 
titanium. Featuring one of the youngest basalts on the Moon 
that has not been sampled by any previous missions (Giguere et 
al., 2000; Papike et al., 1976), the CE-3 landing site is indica-
tive for revealing the nature of late-stage volcanism on the 
Moon. 
 
2  METHODOLOGY 

Two units of mare basalts that have different ages have 
been identified at the CE-3 landing site. Due to the ~0.5 b.y.r 
age difference between the basalts (Morota et al., 2011; Bugio-
lacchi and Guest, 2008), a regolith layer must have been 
formed on the top of the underlying Imbrian basalts. After the 
formation of the Eratosthenian basalts at ~2.5 Ga, meteorite 
impacts and space weathering became the major surface proc-
esses which have formed a regolith layer on the top of the sur-
face Eratosthenian basalts. Some large crater with diameters of 
hundreds of meters surrounding the CE-3 landing site might 
have penetrated (or failed to penetrate) through this regolith

 

 

Figure 1. (a) Landing sites of the Chang’e-3 and previous soft landing exploration missions. The base map is a mosaic of lunar nearside generated from images 

acquired by the Lunar Reconnaissance Orbiter (LRO) wide-angle camera (WAC). Image credit: NASA/GSFC/Arizona State University. (b) Local detailed 

image (LRO WAC mosaic image) of the Chang’e-3 landing site and surrounding areas. The dashed line represents the boundary of medium-titanium basalt unit 

at landing site and northern low-titanium unit. The arrow points to the landing site. The two rectangles mark the areas where crater counting was performed for 

determining regolith thickness (Section 3.1). Panel b is Lambert conformal projected and centered at 44.47°N, 19.49°W, and up is the north. 
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layer reaching the Eratosthenian basalts, and possibly exca-
vated (or failed to excavate) underlying Imbrian low-titanium 
basalt to surface. The excavation depths of these craters can 
provide both upper and lower limits for the thickness of the 
Eratosthenian basalts (Thomson et al., 2009). Small fresh cra-
ters with diameters of tens of meters mainly form within the 
surface regolith layer. The morphologies of these small crater 
may not be identical, e.g., normal, concentric or flat-bottom, 
depending on the ratio of the crater diameter to the regolith 
thickness.We can thus estimate the regolith thickness based on 
observations of small fresh craters’ morphologies and diame-
ters (Fa et al., 2014; Quaide and Oberbeck, 1968; Oberbeck and 
Quaide, 1967). The CE-3 spacecraft landed on the continuous 
ejecta blanket of a large crater (i.e., Chang’e crater; Zhao J N et 
al., 2014), so the ejecta deposits are also essential parts of sub-
surface geological features (McGetchin et al., 1973). Therefore, 
the layered subsurface structures at the CE-3 landing site could 
be schematically revealed from the photogeology interpretation 
and geological background study, with three layers of lunar 
regolith, one layer of crater ejecta materials, and two layers of 
basalts. Here we focus on the thicknesses of each layer. 
 
2.1  Dating Determining Lunar Regolith Thickness 

Referring to the usage of morphology and size of small 
fresh craters can provide the highest accuracy to estimate the 
thickness of surface regolith (Fa et al., 2014; Quaide and 
Oberbeck, 1968), especially after the release of high-  
resolution imaging data obtained by LRO narrow-angle 
camera (NAC). The NAC was onboard NASA LRO space-
craft launched in 2009, and can image the lunar surface at a 
monochrome band with a resloution of 0.5–2 m/pixel. Here 
we use this method and LRO NAC images to determine the 
lunar regolith thicknesses at the CE-3 landing site. 

Small fresh craters with normal, flat-bottomed and concen-
tric geomorphologies are widespread on the lunar surface. Labo-
ratory experiments suggested that craters with different geomor-
phologies could be formed when meteoroids impact a layer of 
unconsolidated materials (e.g., lunar regolith) with underlying 
more cohesive substrates (e.g., bedrock; Oberbeck and Quaide, 
1967). The morphologies of small crater are related to the ratio 
(R) of the rim-to-rim diameter of a crater (D) to the regolith 
thickness (T). When R is less than 3.8–4.2, complete crater 
growth occurred and thus a bowl-shaped normal crater forms. A 
concentric crater would form when R is greater than 8–10 (Fa et 
al., 2014; Quaide and Oberbeck, 1968; Oberbeck and Quaide, 
1967). When R is between the value that forms a concentric and a 
normal crater, the cohesive substrates interfere with crater growth, 
forming a flat-bottomed crater. By counting the size-frequency 
distributions of small fresh craters with variable geomorpholo-
gies within a local geological setting, we can make an estimation 
for the regional regolith thickness. Using LRO NAC images, we 
studied the morphologies and measured the size-frequency dis-
tributions of small fresh craters to determine the lunar regolith 
thickness on the top of the surface Eratosthenian basalts. Also, 
we counted small craters at the northern Imbrian basalts to de-
duce the regolith thickness on the top of the underlying Imbrian 
basalts. 
 

2.2  Estimating Ejecta Deposits Thickness 
Determining the radial thickness of lunar impact crater 

ejecta deposits has been fraught with controversies. In works 
published between 1791 and 1802, the Germany astronomer 
Schröter developed his “rule” by suggesting that the volume of 
the crater rim deposits usually equaled that of the crater bowl 
(e.g., Pike, 1967). While modern studies indicated that Schrö-
ter’s observation could be only verified for explosion-produced 
craters where the original ground surface was clearly marked 
(e.g., Melosh, 1989). Laboratory hypervelocity impact experi-
ments (e.g., Stöffler et al., 1975) and investigations of     
explosion-produced craters (Cooper, 1977; Carlson and Jones, 
1965) indicated that large amount of uplifted substrate materi-
als should be incorporated in crater rim, and ejecta comprised 
60%–80% of the total rim height. Based on the widely cited 
compilation of data from explosion-produced craters, labora-
tory synthetic craters, and natural meteoroid impact craters, 
McGetchin et al. (1973) proposed an empirical calculation for 
predicating radial thickness variation of lunar crater ejecta 

t=0.14·R0.74·(r/R)-3.0                          (1) 

where t is the ejecta thickness, R is the crater radius, and r is 
the distance from the crater center. By reliable measurements of 
the diameter of the Chang’e crater and distance from the CE-3 
site to the crater center, we can thus estimate the ejecta deposits 
thickness at CE-3 landing site. In this work, the crater dimen-
sion was recognized and measured on the SELENE Terrain 
Camera (TC) DTM topography data. The TC DTM topography 
data was derived from TC stereo pair images by the imaging 
team, which has a spatial sampling resolution of ~10 m/pixel, 
the highest-resolution global topography data set for now (Ha-
ruyama et al., 2012). While the distance of the investigated site 
from the crater center was measured on the LRO NAC image. 
 
2.3  Quantifying Mare Basalts Thickness 

Among the various techniques for determining the thick-
ness of individual and/or accumulated lava flow, the utilization 
of crater excavation depths provide the best accuracy (Qiao et 
al., 2014; Thomson et al., 2009). Thomson et al. (2009) used 
this method to estimate the accumulated thickness of basalt 
flows in the Mare Imbrium region, and constrained the accu-
mulated basalt thickness at the CE-3 landing site as ~1 km. 

This technique was also appropriate for individual lava 
flow unit in regions where the basaltic layers at the surface and 
the depths showed distinctly compositional differences (Qiao et 
al., 2014). In such cases, some larger craters spread on the 
surficial basalt deposits might penetrate through the uppermost 
basaltic layer and excavate underlying materials with different 
compositions, thus produced a compositionally inhomogeneous 
crater rim. The excavation depths of these relatively larger 
craters can constrain the upper limit of thickness of uppermost 
basalt unit. While some other smaller craters might fail to pen-
etrate through the surface basalt unit, and thus exhibit a ho-
mogenous crater rim. The excavation depths of these relatively 
smaller craters can provide lower constraints for the thickness 
of individual basalt unit. 

Using SELENE Multiband Imager (MI) data and algo-
rithm proposed by Otake et al. (2014), we calculate titanium 

111
Sticky Note
文后只列出了Otake et al., 2014, 此处原文是2012，改为2014是否正确？



710  Le Qiao, Zhiyong Xiao, Jiannan Zhao and Long Xiao 

content for both the ejecta materials and background terrain of 
craters surrounding the CE-3 site to distinguish whether or not 
a crater had penetrated the surface Eratosthenian basalt unit. 
The SELENE MI can image the lunar surface with a spatial 
resolution of 20 m in five visible bands and 62 m in four 
near-infrared bands from the 100 km orbit altitude. The crater 
excavation depth can be reckoned from crater diameter, be-
cause the excavation depth scales with crater diameter (0.084 
for simple crater; Melosh, 1989). By investigating the size and 
titanium content of craters spread on the Eratosthenian basalt 
deposits surrounding the CE-3 site, we can constrain the thick-
ness of Eratosthenian basalt unit. 
 
3  RESULTS 
3.1  Thicknesses of Lunar Regolith Layers 
3.1.1  Regolith thickness on the top of the Eratosthenian 
and Imbrian basalts 

We chose two 5×5 km square areas (Fig. 1b) at the landing 
site and northern Imbrian basalts to perform the morphology 
recognition and size-frequency distribution measurements of 
small fresh craters. The two working areas were away from 
geologic unit boundaries, tectonic landforms, and large craters 
to eliminate disturbances on the regolith thickness estimation. 
The LRO NAC frame M1129602407L was used to count cra-
ters (1.56 m/pixel), because this NAC frame has relatively large 
incidence angle (58.88°) to support reliable morphologic inter-
pretations of lunar small fresh craters. The solar elevation angle 
of NAC frame M1129602407L (complementary angle of inci-
dence angle) is larger than the repose angle of lunar regolith 
(taken as 31°, Quaide and Oberbeck, 1968), which eliminates 
the errors in recognizing crater with various morphologies 
produced by very low solar elevation angles (Fa et al., 2014). 
This NAC image was map-projected in a Lambert conformal 
projection and centered at the landing site, because this projec-
tion caused little distortion in mid-latitudes areas (Snyder, 
1987). Craters with diameters between 10 and 250 m in the 
NAC image were counted and classified morphologically. Only 
fresh craters were counted and classified based on their geo-
morphological features, e.g., rays, halos, sharp rims (Oberbeck 
and Quaide, 1967). The characteristic shadow pattern of each 
crater on optical imaging data was used to distinguish their 
morphological types. Normal craters usually have conical or 
spherical segment shadow shapes as deduced from their com-
pletely arcuate shadow patterns. The flat-bottomed craters, with 
pronounced flat floors, present single annular shadow patterns, 
and some develop a well-defined central mound. While con-
centric craters, featured by a nested crater structure, exhibit 
double annular or annular arcuate shadow patterns (Oberbeck 
and Quaide, 1967). 

The distribution of all the observed small normal, 
flat-bottomed and concentric craters surrounding the landing 
site in the 55 km square area is shown in Fig. 2a. We also 
plotted the diameter-frequency distribution for these craters 
(Fig. 2b). To reveal the relative proportion of each morpho-
logical type crater occurring at each diameter interval, the ab-
solute crater count data had been re-plotted in Fig. 2c. Over 
90% of fresh craters with diameters less than 21 m were normal 
craters, and fresh craters with diameters between 37 to 53 m 

were dominantly flat-bottomed. Over 90% of fresh crater with 
diameters larger than 57 m were concentric. Since the normal 
craters can constrain the lower limit of the regolith thickness 
(between D/4.2 to D/3.8), and concentric craters constrain the 
upper limit (between D/10 to D/8, Quaide and Oberbeck, 1968), 
the average regolith thickness on the top of the Eratosthenian 
basalt deposits surrounding the CE-3 landing site was estimated 
as 5 to 6 m, which is consistent with the result (5–7 m) of Liu T 
T et al. (2014), and Shkuratov and Bondarenko (~6 m, 2001). 

We also investigated the size-frequency distributions and 
geomorphologies of small fresh craters in the northern Imbrian 
low-titanium basalt deposits (Fig. 3a). The absolute number and 
percentage of each type craters at each diameter interval were 
plotted in Figs. 3b and 3c, respectively. Crater counting results 
revealed that over 90% of small fresh craters with diameter less 
than 25 m were normal crater, and craters with diameter be-
tween 33 and 49 m were dominantly flat-bottomed. Over 90% 
of fresh craters with diameters larger than 61 m were concentric. 
The average regolith thickness at the northern Imbrian basalts 
was thus estimated as 6–7 m. As the regolith layer accumulated 
on the underlying Imbrian basalts formed during the time gap 
between the two major lava flow infilling events (~0.5 Ga, 
Qiao et al., 2014; Bugiolacchi and Guest, 2008; Hiesinger et al., 
2002), the thickness of the regolith on the top of the Imbrian 
basalts can be calculated as the difference between the regolith 
thickness at the surface basalt unit surrounding CE-3 landing 
site and at the northern areas, i.e., about 1 m. 
 
3.1.2  Regolith thickness at the continuous ejecta blanket 
of Chang’e crater 

Very few small fresh craters with flat-bottomed and/or 
concentric morphologies are visible on the continuous ejecta 
blanket of the Chang’e crater. Thus, we could not get reliable 
constraints on the regolith thickness at the continuous ejecta 
blanket using morphologies and sizes of small fresh craters. We 
alternatively refer to excavation depths of small craters (several 
to tens of meters in diameter) using images taken by the CE-3 
landing camera (LCAM) to make an approximate estimation 
for the surfacial regolith thickness at the ejecta blanket. The 
usage of crater excavation depths had been widely adopted for 
determining mare basalt thickness (e.g., Section 3.3; Qiao et al., 
2014; Thomson et al., 2009). 

The CE-3 LCAM was mounted on the CE-3 lander for 
taking images of the landing area during the soft landing proc-
ess, the best resolution is about centimeters per pixel. We here 
chose the CE-3 LCAM frame 3006 (Fig. 4) to investigate the 
regolith thickness on the ejecta blanket. This image was taken 
on December 14, 2013 (UTC) with a spatial resolution of about 
0.1 m/pixel and at a solar elevation of ~24° (Lu et al., 2014). 
Many small craters with diameters of several centimeters to 
tens of meters are visible on the continuous ejecta blanket. 
These craters have different diameters, excavation depths, and 
crater wall morphologies. Some relatively large craters had 
penetrated through the uppermost regolith layer and excavated 
subsurface boulders of the ejecta blanket, and thus developed a 
pronounced rocky inner wall with massive boulders. While 
some small craters failed to penetrate the uppermost regolith 
layer, and had a homogeneous inner wall covered by loose  
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Figure 2. (a) Spatial distribution of all observed small normal, concentric and flat-bottomed craters surrounding the CE-3 landing site, with yellow ones for 

normal craters, red ones for flat-bottomed craters and green ones for concentric craters. The landing site is pointed by the white arrow. The base map is LRO 

NAC frame M1129602407L projected in Lambert conformal projection and centered at the landing site, and up is the north. (b) Absolute counts for observed 

craters. (c) Percentage of normal, concentric and flat-bottomed craters at each diameter interval D. 

 

 

Figure 3. (a) The distribution of counted small crater with various morphological features in the 55 km square area at the northern Imbrium basalt deposits, 

with yellow ones for normal craters, red ones for flat-bottomed craters and green ones for concentric craters. The based map is a segment of LRO NAC frame 

M1129602407L projected in Lambert conformal projection and centered at 45.13°N, 19.51°W, and up is the north. (b) Absolute counts for the observed craters. 

(c) Percentage of normal, concentric and flat-bottomed craters at each diameter interval D. 

 

regolith materials. We investigated all regional larger craters 
surrounding the CE-3 landing site (Fig. 4), measured their 
rim-to-rim diameters and characterized the morphological fea-
tures of the inner crater walls. Seven craters with diameters 
larger than 4 m occurred on the continuous ejecta blanket, and 
the inner wall of the 13-meter-diameter and 17-meter-diameter 
craters exposed massive boulders excavated from the underly-
ing ejecta blanket, while other small craters, with diameter less 
than 11 m, might have not penetrated the surface regolith layer 
exhibiting regolith-mantling inner walls. Therefore, the surface 

regolith thickness at the continuous ejecta blanket was esti-
mated to be ~1 m judging from the morphologies and excava-
tion depths (reckoned from diameter) of these small craters. 
 
3.2  Ejecta Deposit Thickness 

When using the McGetchin’s algorithm (Eq. 1) to deter-
mine the ejecta thickness at the CE-3 landing site, it is crucial 
to make an accurate measurement for the radius of Chang’e 
crater and distance from the landing site to the crater center, 
especially for the degraded Chang’e crater with reduced  
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Figure 4. Image of the CE-3 landing area taken by CE-3 LCAM. All craters 

investigated for determining the regolith thickness are marked by white 

dashed circles, with their diameters labeled. The yellow circles are craters 

believed to have penetrated the surface regolith layer, and the white ones are 

craters failed to penetrate the surface regolith. The white star denotes the 

CE-3 landing site. Image ID is CE3_BMYK_LCAM-3006, and up is the 

north. 

 
sharpness of the rim. To measure the diameter of this crater, we 
extracted 9 radial topography profiles across the crater center 
from the SELENE TC DTM topography data (~10 m/pixel, 
Haruyama et al., 2012) with 20° increments. In each profile, 
points where the elevation reached regional maximum was 
regarded as the rim crest, and the distance between two rim 
crests was defined as the crater diameter (Fig. 5a). Three eleva-
tion profiles were neglected because the distractions of subse-
quent new craters, which effaced the original rim crest features. 
The measured diameters were averaged as the diameter of the 
Chang’e crater, i.e., ~475 m. The distance of CE-3 landing site 
from the rim crest was measured as ~45 m (Fig. 5b) on LRO 

NAC frame M102285549L (pixel size ~1.66 m and incidence 
angle 80.85°). Using the algorithm proposed by McGetchin (Eq. 
1), the ejecta deposit thickness at the CE-3 landing site was 
estimated as ~5 m. 
 
3.3  Thickness of the Eratosthenian Basalt 

The distinctly compositional difference between the surface 
Eratosthenian and underlying Imbrian basalts provided an excel-
lent setting for estimating the Eratosthenian basalt unit thickness 
using crater excavation depths (Section 2.3). We mapped the tita-
nium content surrounding the CE-3 landing site using SELENE 
MI data and algorithm proposed by Otake et al. (2014; Fig. 6). 
The SELENE MI data has been calibrated, geometric registered, 
and mosaicked into 1°×1° block by the imaging team 
(http://l2db.selene.darts.isas.jaxa.jp). The areas outside the two 
vertical seam lines on the titanium map (Fig. 6) caused by mo-
saicking multi images were avoided when calculating the Eratos-
thenian basalt thickness. 

We investigated all craters >400 m in diameter surround-
ing the CE-3 landing site and measured their rim-to-rim diame-
ters (Table 1, Fig. 6). Some craters near to the Eratosthenian 
and Imbrian basalt boundary, where the thickness of Eratosthe-
nian basalt unit was predicted to be much thinner, were ne-
glected during measurements. We also determined whether a 
crater had penetrated the uppermost Eratosthenian medium- 
titanium basalt unit according to the titanium content of ejecta 
materials, and calculated its excavation depth. The thickness of 
the Eratosthenian basalt unit was thus constrained between 45 
and 48 m. Using shadow measurements on imaging data ob-
tained with low-sun angles, Schaber (1973) reported an average 
thickness of 30–35 m (range 10–63 m) for the Eratosthenian 
flows in Mare Imbrium. Hiesinger et al. (2002) suggested a 
thickness of 32–50 m (+11/-5 m) for this basalt flow unit based 
on the shape of crater size-frequency distribution curves. Our 
results are well consistent with previous results, while can pro-
vide the highest accuracy. Compared with ~1 km thickness of 
the underlying and older Imbrian basalt deposits (Thomson et 
al., 2009), the Eratosthenian volcanism at the Mare Imbrium 
region characterized a sharp decrease of volcanic flux. 

 

 

Figure 5. (a) SELENE TC DTM topography data of the CE-3 landing area. A sample of radial elevation profiles (A–A’) shows regional maximum values (denoted by 

black arrows) inferred as the rim crest position. (b) The LRO NAC frame M102285549L of the landing area, the approximate location of the crater rim crest and the 

landing site was marked by the yellow circle and the cross, respectively. All panels are in Lambert conformal projection and centered at the landing site, up is the north. 
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Table 1  The investigated craters surrounding CE-3 landing site for determining Eratosthenian mare (Em) basalt unit thickness. 

The No. 1 crater is the Chang’e crater, whose ejecta blanket CE-3 landed on. The craters numbers correspond to those in Fig. 6. 

No. Lat (°N) Lon (°W) Diameter (m) Excavation depth (m) Basalt thickness (m) Penetration of Em basalt (Y/N)

1 44.12 19.52 470 39 >39 N 

2 44.15 19.50 530 45 >45 N 

3 44.10 19.45 490 41 >41 N 

4 44.20 19.34 740 62 <62 Y 

5 44.25 19.26 640 54 <54 Y 

6 44.26 19.21 700 59 <59 Y 

7 44.00 19.29 780 66 <66 Y 

8 43.92 19.41 490 41 >41 N 

9 43.86 19.38 620 52 <52 Y 

10 43.95 19.54 470 39 >39 N 

11 43.95 19.59 570 48 <48 Y 

12 44.05 19.75 510 43 >43 N 

13 44.19 19.65 530 45 >45 N 

14 44.22 19.64 460 39 >39 N 

 

 

Figure 6. TiO2 content map of mare basalts surrounding the CE-3 landing 

site, calculated from SELENE MI data and Otake et al.’s algorithm (2014). 

The crater measurements were performed within the uniform imaging area 

between the two seam lines to eliminate the distractions of mosaicking 

multi-images that have different imaging conditions. All craters measured 

for determining Eratosthenian basalt unit thickness are marked by dots, with 

their numbers labeled (correspond to those in Table 1). The red dots are 

craters which have penetrated the Eratosthenian basaltic layer, and the black 

ones are craters which failed to penetrate the Eratosthenian basalt. The No. 1 

crater is the Chang’e crater, whose eject blanket CE-3 landed on. The map is 

in Lambert conformal projection centered at 44.5°N, 19.5°W. 

 
4  DISCUSSION AND CONCLUSION 
4.1  Simplifications and Limitations 

Several simplications have been made for the interpreted 
layered subsurface structures at the CE-3 landing site in this work. 
First, regional tectonic activities, which would further complicate 
the subsurface structures, was not considered when quantifying 
regional subsurface structures. At least five sets of wrinkle ridges, 
generally believed to be purely tectonic landforms (e.g., Golom-
bek et al., 1991), were recognized near the CE-3 landing site 
(Zhao J N et al., 2014). And some of these wrinkle ridges directly 
cut across the Chang’e crater. Second, the continuous meteoritic 
impacts would fragment the original bed rock and produce a 
global layer of chaotically mixed impact debris, termed “mega-

regolith” (Hiesinger and Head, 2006), of which most part were 
not considered in this work except the fine-grained surface re-
golith (Section 3.1). Then, given the rather small thickness of 
regolith layer on the top of the Imbrian basalt (estimated as ~1 m 
thick in Section 3.1.1), we should be aware of the possibility of 
assimilation of this regolith layer by the subsequent and overly-
ing Eratosthenian basalts (estimated as 45–48 m thick in Section 
3.3), which may obstruct the detection of this thin regolith layer 
by the CE-3/Yutu LPRs. Besides, while we have tried to mini-
mize the possible effects of the MI spectral imaging data on the 
calculation of TiO2 content for determining the Eratothenian 
basalt thickness, we should be cautious of the ubiquitous errors 
of quantifying surface element content from orbiter spectral data 
caused by a series of factors, e.g., topography and illumination 
conditions.  

Lastly, although two sets of basalt units, corresponding to 
two major lava infilling events, were identified in this work, the 
actual eruptional history was more complex. A major episode of 
lava infilling might have not finished in a single continuous 
period, but in several discrete and near subperiods, thus gener-
ated some sublayers of basalt deposits with similar composi-
tions. These simplifications and limitations of this study also 
caution us the significance and urgency to get new “ground 
truth” of lunar subsurface geology from in-situ experiments. 

 
4.2  Subsurface Structures at the Chang’e-3 Landing Site 

Based on the regional geological settings at the CE-3 land-
ing site (Section 1) and estimated thicknesses of the three regolith 
layers, ejecta deposits, and Eratosthenian mare basalt unit, a 
schematic multi-layered subsurface structure model of the CE-3 
landing site was illustrated (Fig. 7). Compared with previous 
Apollo and Luna landing sites (e.g., Spudis and Pieters, 1991), 
the subsurface structures at CE-3 landing site show unique geo-
logical characteristics in multi-layers of regolith, two sets of mare 
basalts with distinct titanium content difference. Although some 
of previous lunar landing sites, i.e., Apollo 11, 12 and 15 also 
characterize suburface structures of multiple chemically distinct 
groups of mare basalts, those basalts of different groups at one 
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Figure 7. East-to-west schematic geological cross-section through the shallow subsurface of the CE-3 landing site. The CE-3 landing site and Chang’e crater 

are denoted. The surface image is from LRO NAC frame M102285549L. The schematic model is not mapped in geometry scale both in vertical and horizontal, 

for better illustrating the multiple subsurface layers with thicknesses at different magnitudes. 

 
site show similar titanium content. While the two groups of mare 
basalts at the subsurface of CE-3 landing site, i.e., the Eratosthe-
nian and Imbrian basalts, show apparently different titanium 
content, thus can be classified into different basalt types. The 
Imbrian basalts can be grouped into typical low-titanium basalt, 
while the Eratosthenian basalts can be classified as medium- 
titanium basalt (Giguere et al., 2000). The thickness estimation of 
the Eratosthenian basalts, both by optical imaging data and sur-
face in-situ radar measurements, will provide basic constraints 
for volcanic flux estimates of lunar late-stage volcanism. The 
three regolith layers at various depths with different thicknesses 
and production times, provide an ideal target for validating the 
method of using morphologies and sizes of small fresh craters for 
determining lunar regolith thickness. 
 
4.3  Implications for CE-3 LPRs Data Interpretation 

In-situ radar experiments by LPRs onboard CE-3/Yutu 
rover provide an unprecedented opportunity to study the shal-
low subsurface geology at the northern Mare Imbrium. While 
processing and interpretation of GPRs data usually depend on 
certain geophysical models and should consider regional geo-
logical settings. The theoretical, while quantitative layered 
subsurface structures and regional geological setting derived 
from imaging data in this study can provide essential references 
for CE-3 LPRs data processing and application. Additionally, 
the CE-3 LPRs observation results can also be used to validate 
and improve the methods for determining thickness of regolith, 
mare basalt and ejecta deposits employed in this work. 
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