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Introduction: Laboratory impact experiments 

showed that morphologies of small fresh craters (nor-
mal, flat-bottomed, and concentric) depend primarily 
on regolith thickness [1], and this relation was previ-
ously used to estimate lunar regolith thickness over 
local regions using Lunar Orbiter (LO) photographs [1, 
2]. With the release of high-resolution optical images 
from recent lunar missions (e.g., Lunar Reconnaissan-
ce Orbiter, Chang’E-2, Kaguya) [3-5], this method was 
revived and applied for regolith thickness estimation 
over larger regions [6, 7]. Nevertheless, previous rules 
for crater morphology identification are mainly based 
on LO photographs, and it is not sure whether these 
rules can be applied directly to recent images that were 
obtained at different imaging conditions (e.g., illumi-
nation angle and spatial resolution). In addition, mor-
phologies of small craters over the lunar surface are 
very complicated because of target property and deg-
radation [8]. For example, a degraded concentric crater 
may exhibit a shadow pattern that looks like that of a 
flat-bottomed one. All these issues might result in seri-
ous problems in the estimated regolith thickness. So far 
as we know, there is no systematical summarization on 
rules about optical images selection and crater mor-
phology identification. 

In this study, rules for regolith thickness estimation 
using crater morphology are summarized by compar-
ing the results from LO photographs and Lunar Re-
connaissance Orbiter Camera (LROC) Narrow Angle 
Cameras (NACs) images. Based on these rules, rego-
lith thickness over Oceanus Procellarum is estimated 
using LROC NAC images. The estimated regolith 
thickness is helpful for landing site selection for Chi-
na’s future lunar sample return missions.  

Rules: When crater morphology method was first 
proposed, regolith thicknesses over 12 sites were esti-
mated using LO photographs, and it was found that 
each site has one of four thickness types with median 
values of 3.3, 4.6, 7.5 and 16 m [2]. These four regolith 
thickness distribution types were consistent with a later 
Monte Carlo simulation of regolith thickness distribu-
tion [9], indicating that crater morphology method and 
the estimated thickness at these sites are reliable. In 
this study, these 12 sites were taken as the calibration 
sites for regolith thickness estimation. 

Crater selection: By replicating regolith thick-
nesses over these regions using both LO photographs 
and LROC NAC images [2], two basic rules were 

found for crater morphology identification. Firstly, 
only small craters with diameters less than ~250 m can 
be used for regolith thickness estimation [1]. Small 
craters display various but distinct morphologies with 
respect to their sizes [1]. With increasing crater diame-
ter, normal, flat-bottomed, and concentric morpholo-
gies appear in sequence. As crater diameter continues 
to increase, a larger crater will turn into normal again, 
and the formation mechanism will be different. Sec-
ondly, to identify the morphology of a small crater 
unambiguously, the selected craters should be fresh. A 
fresh crater suffers less later surface modification since 
its formation, and as a result, its original morphology 
can be well preserved. A crater with sharp feature, 
uplifted rim, and a small number of superposed craters 
can be regarded as fresh. 

Crater morphology identification: Identification of 
crater morphology is the key point of this method. Cra-
ter morphology is identified visually according to its 
shape and shadow pattern. A normal crater has a bowl 
or conical shape with a single arcuate shadow pattern. 
A flat-bottomed crater has a pronounced flattened floor 
as deduced from a single annular shadow pattern. A 
concentric crater, characterized by a smaller central 
crater, can be easily evidenced by a double annular or 
ring-shaped arcuate shadow pattern. In addition, rela-
tive size, rim characteristic, and block distribution of 
small craters can be helpful in distinguishing the type 
of crater morphology. Normal craters with well-
developed rims are usually smaller than a few tens of 
meters [7], and there are no visible blocks on the rims. 
Craters with flat-bottomed geometry have relatively 
larger diameters and prominent rims, and there are few 
or no blocks on the rims. It should be noted that flat 
floors of smaller craters are usually smooth, neverthe-
less, floors of larger craters may be hummocky and 
cracks might occur. The diameter of concentric craters 
ranges from ten to more than two hundred meters, and 
there are obvious blocks on their low rims that appear 
as the ejecta apron. 

Optical image selection: When high-resolution op-
tical images are used, illumination angle and spatial 
resolution of the selected images are two important 
factors that can affect crater morphology identification. 
The higher the spatial resolution of the image, the 
smaller the crater whose morphology can be identified. 
Therefore, if other conditions are the same, an image 
with the highest spatial resolution is preferred. More 
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craters can be identified in an image with a lower illu-
mination angle. Nevertheless, when illumination angle 
is smaller than the repose angle of regolith, shadow 
effect will become a serious problem and might result 
in misrecognition of the crater morphology [1, 7]. On 
the other hand, if illumination angle is too large 
(e.g., >55°), an optical image could become blurry and 
less craters will be identified. Therefore, images with 
illumination angles just slightly larger than regolith 
repose angle are the best choice. In case of illumina-
tion angle smaller than the repose angle of regolith, the 
recognition boundary of crater morphology in regolith 
thickness calculation should be revised [1, 7]. 

It should be noted that regolith thickness estimated 
from concentric craters is usually concordant with that 
from normal craters. Therefore, we suggest that rego-
lith thickness estimated solely from normal craters is 
presented [1]. To summarize, Fig. 1 shows the key 
points for rules in regolith thickness estimation using 
crater morphology. 

Regolith Thickness over Oceanus Procellarum:  
Oceanus Procellarum (20.67°N, 56.68°W, 2592.24 km 
diameter) is the largest basaltic lava located on the 
western edge of the lunar nearside [10]. It is divided 
into 60 spectrally homogeneous units according to the 
Clementine UVVIS data, and surface ages of these 
units were estimated using cumulative size-frequency 
distribution of craters [11]. Based on the rules above, 
regolith thickness of each unit is estimated using 
LROC NAC images. In total, 69 images with spatial 
resolutions from 0.4 to 1.7 m and illumination angles 
from 21.4° to 52.6° were selected. 51870 small fresh 
craters with diameter from 3.4 to 154.2 m are counted, 
of which 32946 are normal and 3204 are concentric. 

Fig. 2 shows the spatial distribution of the estimat-
ed regolith thickness (median value, in italic) and sur-
face age (in roman) for the 60 geologic units. As can 
be seen, median regolith thickness over Oceanus Pro-
cellarum varies from 2.1 to 8.4 m. There are substan-

tial variations in regolith thickness among the 60 geo-
logic units. Several regions (e.g., P57, P60) in Oceanus 
Procellarum are considered as the youngest surfaces 
across the Moon, and these regions have a median reg-
olith thickness as small as 2.2 m. Regolith thickness 
over the northeastern region is larger than that over the 
southwestern region. When comparing regolith thick-
ness with surface age, it is found that the median rego-
lith thicknesses of the geologic units older than 2.7 Ga 
are obviously greater than those of the remaining 
younger units. Nevertheless, the correlation between 
regolith thickness and surface age is not as strong as 
expected [7], indicating that regolith evolution over the 
Procellarum region might be very complex.  

Conclusions:  Rules for regolith thickness estima-
tion using crater morphology are summarized. These 
rules can be used to estimate regolith thickness over 
larger region across the Moon using the newly ac-
quired high-resolution optical images from recent mis-
sions. As an example, regolith thickness over Oceanus 
Procellarum and its correlation with surface age are 
estimated using LROC images. Our results show that 
median regolith over Oceanus Procellarum varies from 
2.1 to 8.4 m, and 45 geologic units (75% of the units) 
have a regolith thickness smaller than 5.5 m. The esti-
mated results can help for site selection for China’s 
future lunar sample return missions. 
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Figure 1. Flow chart showing the rules for regolith thickness 
estimation using crater morphology.  

Figure 2. Estimated regolith thickness (m) based 
on normal craters over Oceanus Procellarum. 
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