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a b s t r a c t
The lunar regolith can provide critical information about the Moon and the space environment. In the
study of lunar regolith, thickness is one of its most important parameters because of the significance
in estimating the relative geologic age and the quantities of solar wind implanted volatiles. In this
research, an improved morphological method for determining the lunar regolith thickness is proposed
by directly measuring the distance from the lunar ground surface to the floor (flat-bottomed and
central-mound craters) or bench (concentric craters) of indicative small fresh craters. The pre-impact
ground surface is first modeled with crater edge points through plane fitting, avoiding crater ejecta.
Then the lunar regolith thickness is calculated as the distance between the modeled ground surface
and the crater floor or bench. The method has been verified at the landing sites of Chang’E-3 rover with
high-resolution stereo images from Chang’E-2 orbiter, and the landing sites of Apollo 11, 12, 14, 15, 16,
and 17 missions with high-resolution Lunar Reconnaissance Orbiter DEM data. All the results are in good
agreement with results from in-situ measurements, demonstrating the reliability of the proposed
method. This method can be applied to estimate lunar regolith thickness where high-precision topographic data is available.
Ó 2015 Elsevier Inc. All rights reserved.

1. Introduction
Lunar regolith, the layer of fragmental and unconsolidated rock
material on the lunar surface, includes many types of debris from
volcanic or impact activities (Shoemaker et al., 1970; McKay
et al., 1991). As lunar regolith is intimately correlated with many
geologic processes and has also captured large quantities about
solar wind particles and cosmic-ray particles over geologic time,
it can provide critical information about lunar geology
(Shoemaker et al., 1968, 1970). In the study of lunar regolith, thickness is one of its most important parameters because of the significance in estimating the relative geologic age (Shkuratov and
Bondarenko, 2001) and the quantities of solar wind implanted
volatiles (Fegley and Swindle, 1993).
Currently, the methods used to estimate lunar regolith thickness can be generally divided into morphological methods
(Oberbeck and Quaide, 1967; Quaide and Oberbeck, 1968;
Shoemaker et al., 1969), seismic methods (Cooper et al., 1974;
Nakamura et al., 1975), and electromagnetic-wave based methods
(Shkuratov and Bondarenko, 2001; Kobayashi et al., 2010; Fa and
Jin, 2010). Among these methods, the morphological methods were
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proposed first and have been verified through experiments in laboratory. The seismic method is based on the fact that velocities of
seismic signals are different between the fragmental surficial layer
and the more competent underlying basalt. It is direct and the
results are relatively reliable (Shkuratov and Bondarenko, 2001),
but it can only be applied in a few landing sites on the lunar surface. Electromagnetic-wave based methods are developed using
the penetration and reflection of electromagnetic waves in lunar
regolith. It is suitable for inverting regolith thickness on a large
scale; however, it depends on many assumptions and large inconsistencies may exist with different parameters, especially on a
small scale (Shkuratov and Bondarenko, 2001; Fa and Jin, 2010).
Gault et al. (1966) first pointed out that the morphological features of the lunar surface indicated a surficial layer of unconsolidated fragmental material. In order to study the relationship
between crater size and crater morphology, Oberbeck and Quaide
(1967) performed laboratory experiments on the formation of
small craters by impacting projectiles into layered targets of fragmental surficial material and cohesive substrate. As a result, four
types of morphologies were formed: normal, flat-bottomed,
central-mound, and concentric. They further studied the morphologies of small craters and found that the conditions of formation of all four crater types defined in terms of the ratio DA/t (where
DA is the apparent crater diameter and t is the thickness of surface
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fragmental layer) were unaffected by impact velocity, angle of
impact, projectile properties, or magnitude of gravity field
(Quaide and Oberbeck, 1968). In particular, they found that when
DA/t < 3.8–4.2, the resulting crater has a normal bowl-shaped
morphology formed only in the surficial fragments; when
3.8–4.2 < DA/t < 8–10, the resulting crater is flat-bottomed or with
central-mound; when DA/t > 8–10, the projectile penetrates the
fragmental layer and concentric craters form (Quaide and
Oberbeck, 1968; Oberbeck and Quaide, 1968). Therefore, the lunar
regolith thickness can be estimated within a limited range from
qualified small fresh craters (flat-bottomed, central-mound, and
concentric). A recent study by Bart et al. (2011) using Lunar Reconnaissance Orbiter Camera (LROC) images showed that the median
regolith thickness ranges from 2.5 m in Mare Humorum to 8.7 m
near the crater Landau in the lunar far side. However, different
results may be obtained in the same region, and sometimes the
discrepancy may be very large. For example, Oberbeck and
Quaide (1968) estimated the median lunar regolith thickness of
Lunar Orbiter V, site 24 to be about 16 m, whereas Bart et al.
(2011) estimated it to be only about 3.4 m. The discrepancy may
be due to the different data used. It may also be due to the uncertainties of the traditional morphological method.
Traditional morphological methods use single images to measure the crater diameters and estimate the depths of qualified
small fresh craters (flat-bottomed, central-mound or concentric)
and use them as the thicknesses of the lunar regolith. Now that
many stereo high-resolution images of lunar surface are also available, the depths of qualified small fresh craters (i.e., the lunar regolith thicknesses) can be directly measured. These directly
measured thicknesses could be of higher accuracy than those
derived from crater diameters.
In this study, we developed a new morphological method to
determine the lunar regolith thickness by directly measuring the
depth (the distance from the lunar ground surface to the floor or
bench) of small fresh craters using high-resolution stereo images
or Digital Elevation Models (DEMs) derived from stereo images.
We verified the method at all Apollo landing sites and the
Chang’E-3 (CE-3) landing site. The in-situ measured lunar regolith
depths at the landing sites were used as references. Compared with
the lunar regolith thicknesses estimated by the traditional morphological methods, the results obtained from the new morphological method show better consistency with in-situ measurements at
most landing sites.
2. Data
Two types of data were used in this study. At CE-3 landing site,
Chang’E-2 (CE-2) stereo images with a resolution of 1.3 m were
used, while at Apollo landing sites, the existing Lunar Reconnaissance Orbiter (LRO) DEM data with a pixel scale of 2.0 m were
used. Although a LRO DEM is also available at CE-3 landing site,
the pixel scale is only 5.0 m. The 1.3 m resolution CE-2 stereo
images should provide better measurement accuracy than the
5.0 m pixel scale LRO DEM. As a result, all of the data used in the
research are of the highest spatial resolutions available up to present. The details of the data are given below.

2.1. CE-2 stereo images of CE-3 landing site
CE-2 orbiter was launched on October 1, 2010 (Zhao et al.,
2011), and one of its goals is to provide high-resolution images
for the CE-3 landing site. The CE-2 Charge-Coupled Device (CCD)
stereo camera adopts a pushbroom imaging mode and acquires
stereo images with 1.3 m resolution around the CE-3 landing site
(Zhao et al., 2011). In addition, the CE-2 stereo images were taken
with a solar elevation angle larger than 30° (Zhao et al., 2011),
which facilitates the identification of different types of small fresh
craters.
CE-3 mission was successfully soft landed at northern Mare
Imbrium on December 14, 2013 (Liu et al., 2015). The Yutu rover
was subsequently released to the lunar surface to carry out surface
exploration on December 15, 2013. The overall distance traveled
by the rover is 111.2 m from image-based localization (Liu et al.,
2015). The rover carried a Lunar Penetrating Radar (LPR) that consisted of two types of antennas. The Channel 1 is a monopole
antennas that can penetrate to a depth 400 m (Xiao et al.,
2015), with dominant frequency of 60 MHz and resolution of 1 m
(Zhao N. et al., 2014). The Channel 2 consists of two receiving
antennas, Channel-2A and Channel-2B. The Channel 2 can penetrate to a depth >30 m, with dominant frequency of 500 MHz and
resolution of 30 cm (Zhao N. et al., 2014). During surface operations, the Yutu rover surveyed the structure and thickness of the
lunar regolith along the rover path (Zhao N. et al., 2014; Xiao
et al., 2015), which can verify the results of our method.
The CE-3 landing site is covered by the 0236 orbit of CE-2 stereo
images, and the experimental area consists of part of 0236 orbit
and the adjacent 2745 orbit, both are densely populated with the
four types of craters as defined in Oberbeck and Quaide (1968).
The CE-2 data can be accessed from homepage of the Science and
Application Center for Moon and Deep Space Exploration
(http://moon.bao.ac.cn/ceweb/datasrv/dmsce1.jsp). Table 1 lists
the CE-2 data used in this study. Each orbit consists of two data
files. The data with a letter ‘F’ in file names represent the
forward-looking images, and the data with a letter ‘B’ in file names
represent the backward-looking image of the same area. The
forward-looking and backward-looking images in one orbit form
stereo pairs for stereoscopic measurement.
2.2. LRO DEM data of Apollo landing sites
The LRO was launched on June 18, 2009 to facilitate mapping of
the lunar surface at new spatial scales (Vondrak et al., 2010). The
LROC onboard LRO includes a Wide Angle Camera (WAC) and
two Narrow Angle Cameras (NACs). The former is a push-frame
camera with a resolution of 100 m visible and 400 m ultraviolet
while the latter are two monochrome narrow-angle linescan imagers with a full resolution of 0.5 m at 50 km orbit (Robinson et al.,
2010).
The Apollo 11, 12, 14, 15, 16, and 17 landing sites are all covered
with LROC NAC observations and the corresponding DEM data and
orthophoto products are also available. These data were produced
by the LROC team (NASA/GSFC/Arizona State University) and can be
downloaded from homepage of LROC (http://lroc.sese.asu.edu/).

Table 1
CE-2 stereo image data used for the CE-3 landing site.
Mission

Coordinates

Orbit number

Data file name

Resolution (m)

CE-3

(19.51°W, 44.12°N)

0236

CE2_BMYK_CCD-F_IMG_0236-01_A.tif
CE2_BMYK_CCD-B_IMG_0236-01_A.tif
CE2_BMYK_CCD-F_IMG_2745-01_A.tif
CE2_BMYK_CCD-B_IMG_2745-01_A.tif

1.3
1.3
1.3
1.3

2745
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Table 2
LRO DEM and orthophoto data used for the Apollo landing sites.
Mission

Landing locations

Data file name

Pixel scale (m)

Precision (m)

Apollo 11

(23.505°E, 0.647°N)

NAC_DTM_APOLLO11_E010N0230.IMG
NAC_DTM_APOLLO11_M150361817_50CM.IMG

2.0
0.5

0.77

Apollo 12

(23.418°E, 3.036°N)

NAC_DTM_APOLLO12_E030S3365.IMG
NAC_DTM_APOLLO12_M120005333_50CM.IMG

2.0
0.5

0.80

Apollo 14

(17.480°E, 3.660°N)

NAC_DTM_APOLLO14_E034S3425.IMG
NAC_DTM_APOLLO14_M150633128_50CM.IMG

2.0
0.5

0.76

Apollo 15

(3.650°E, 26.083°N)

NAC_DTM_APOLLO15_E261N0036.IMG
NAC_DTM_APOLLO15_M111571816_50CM.IMG

2.0
0.5

1.06

Apollo 16

(15.514°E, 8.991°N)

NAC_DTM_APOLLO16_E90S0160.IMG
NAC_DTM_APOLLO16_MOSAIC_50CM.IMG

2.0
0.5

0.90

Apollo 17

(30.767°E, 20.167°N)

NAC_DTM_APOLLO17_E200N0310.IMG
NAC_DTM_APOLLO17_MOSAIC_60CM.IMG

2.0
0.6

1.06

Table 2 lists the data used in this study. At each landing site, the data
with a letter ‘E’ in file names represent the DEM file, and the data
with a letter ‘M’ represents the orthophoto of the same area. The
orthophotos are used to identify indicative craters, and the DEM
data are used to measure elevations. Most DEMs and corresponding
orthophotos at Apollo landing sites have been co-registered except
for Apollo 12. There is an offset between the DEM and orthophoto
at Apollo 12 landing site, therefore the orthophoto needs to be coregistered to the DEM before identification of craters. The precision
values of the DEM data listed in Table 2 come from the reported precision errors from SOCET SET in the readme files associated with the
DEM and orthophoto products (e.g., the precision error of Apollo
DEM and orthophoto can be found at http://lroc.sese.asu.edu/
data/LRO-L-LROC-5-RDR-V1.0/LROLRC_2001/EXTRAS/BROWSE/NAC_
DTM/APOLLO11/NAC_DTM_APOLLO11_ README.TXT).
3. Method
3.1. Principle
In the analysis of Quaide and Oberbeck (1968), apparent crater
depth dh was defined as the elevation difference from crater rim
crest to floor, and the surficial layer thickness t was defined as
the regolith layer thickness. Apparently dh was larger than t due
to ejecta on crater rim. In their definition, the crater floor (flatbottomed and central-mound craters) or bench (concentric craters)
was assumed to be on the substrate layer (Quaide and Oberbeck,
1968). The empirical formula employed by Bart et al. (2011) was
derived based on this assumption. Our method was also developed
based on the same assumption. The lunar regolith thickness could
be determined as the elevation difference from crater floor (flatbottomed and central-mound craters) or bench (concentric craters)
of small fresh craters to the lunar surface near crater rim, avoiding
the influence of ejecta. In this study, the area beyond crater ejecta
is called crater edge. Compared with the traditional morphological
method, our method measures regolith thickness (i.e., the t in
Quaide and Oberbeck, 1968) directly from high-resolution stereo
images or DEMs instead of calculating thickness from crater
diameter.
3.2. Identification of qualified small fresh craters
The three types of small fresh craters, namely flat-bottomed,
central-mound, and concentric, were identified to determine the
lunar regolith thickness. Fig. 1 shows examples of these craters.
The left column shows the images and the right column shows
the corresponding elevation profiles. The flat-bottomed crater has
a pronounced flat floor while the central-mound crater has a
well-defined mound at the center of the floor. Sometimes these

two types of craters are similar in morphology (e.g., Fig. 1(a) and
(b)), and Quaide and Oberbeck (1968) treated them as one class
when studying the variables affecting crater morphologies. A typical concentric crater is characterized by a crater-in-crater structure, and some concentric craters even have more than one inner
crater. It can be seen from the right column of Fig. 1 that the elevation of the ground surface varied from place to place, therefore the
thickness of surficial layer (i.e., the thickness indicated by a crater)
is measured as the distance from the bottom (flat-bottomed and
central-mound craters) or bench (concentric craters) to the fitted
ground plane of crater edge. The dashed lines represent the projection of fitted ground plane.
Only fresh small craters were used, because old craters could be
degraded and cause deviations in thickness calculations (Oberbeck
and Quaide, 1967). Fresh craters are usually characterized by sharp
features, high contrast in tone, or the existence of ejecta rays or
halos (Oberbeck and Quaide, 1967).
It should be noted that some craters with diameter greater than
250 m also possess morphologies similar to these small fresh craters. However, there is no indication that the morphology of these
craters is due to the same mechanism as these craters, and the
morphology may no longer reflect the difference in the strengths
of near-surface rocks (Quaide and Oberbeck, 1968). Thus in this
study only craters with diameter less than 250 m are used.
3.3. Calculation of the lunar regolith thickness
The computation process for one small fresh crater is shown in
Fig. 2. To determine the thickness of the lunar regolith, we first
selected three floor points and five to six uniformly distributed
points from the edge of the crater. Floor points were chosen at
the circumference of crater floor for central-mound craters. For
flat-bottomed craters, floor points could be located at any location
of the floor, but considering the possibility that sometimes centralmound and flat-bottomed craters look similar, floor points should
be chosen at circumference of crater floor. For concentric craters,
floor points should be located on the bench. In order to avoid the
effects of ejecta on crater rim, the edge points should be located
far enough from possible ejecta. In the case of stereo images, the
ejecta can be observed directly. Otherwise, the ejecta can be identified from visible images with help from the DEM.
For the Apollo landing sites, high resolution DEM data and
orthophotos were provided. Floor and edge points were selected
from orthophotos because they provide more texture information
than DEMs. Since the DEM and corresponding orthophotos were
co-registered, the 3D coordinates of selected points can be measured directly from DEMs. For the CE-3 landing site, points were
selected from high resolution stereo images, and the 3D
coordinates of selected points were calculated directly using a pho-
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Fig. 1. Examples of qualified small fresh craters. The left column shows craters taken from orthophotos with a pixel scale of 0.5 m, and the right column shows the
corresponding elevation profiles taken from DEM files with a pixel scale of 2.0 m. (a) A flat-bottomed crater (23.466°E, 2.997°N) with a diameter of 41.1 m; (b) a centralmound crater (15.567°E, 8.884°N) with a diameter of 75.4 m; (c) a concentric crater (23.455°E, 0.697°N) with a diameter of 50.6 m. Illumination direction is indicated by
white arrow. North is up.

togrammetry method (Di et al., 2014). The two methods are essentially identical since the DEM was generated from stereo images,
although the interpolation error in DEM products is avoided in
the photogrammetric method.
The lunar regolith thickness could be directly calculated from
the elevation difference between the edge and the floor of
qualified small fresh craters. However, the lunar surface may
be undulate and/or sloped (as is shown in Fig. 1), inevitably
affecting the measurements. To remove the possible errors from
topography, the pre-impact ground surface was modeled by
fitting a plane to five or six edge points around a small fresh
crater. Similarly, considering the possible variation of crater floor
elevations, The three points on the bottom (flat-bottomed and
central-mound craters) or bench (concentric craters) were used
to calculate distance separately, and the regolith thickness was
determined by the average distance from the three points to
the fitted plane.

Fig. 3 demonstrates selected points for three types of small
fresh craters, using the same craters as in Fig. 1. Take the centralmound crater (Fig. 3(b)) for example, nine points were selected
altogether for this crater, three of which were located on crater
floor and the others were on crater edge to model the lunar ground
surface. The 3D coordinates of selected points were obtained from
DEM. The distances from the three floor points to the fitted plane
were 16.47 m, 16.03 m, and 17.41 m, respectively. The mean distance of 16.64 m was taken as the lunar regolith thickness around
this crater.
3.4. Traditional morphological method
To compare with the traditional morphological method, lunar
regolith thicknesses were also calculated according to the following empirical formula (Bart et al., 2011):

thickness ¼ ðk  DF =DA ÞDA tanðaÞ=2

ð1Þ
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Fig. 2. Process for determining lunar regolith thickness.

Fig. 3. Examples of selected points. The craters are the same as in Fig. 1. (a)–(c) are taken from orthophotos with pixel scale of 0.5 m and (d)–(f) are corresponding craters
taken from hillshade map, which were produced from DEMs with pixel scale of 2.0 m. Floor points are shown with square dots and edge points with circular dots. White
arrows in (a)–(c) indicate illumination directions. North is up.
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where DF is the diameter of crater floor, DA is the diameter of crater
rim, k is an empirical constant (0.86) and a is the angle of repose
(31°). For more details, please refer to Bart et al. (2011). DF was
measured according to the rule that the best way to measure DF
is by making the largest possible measurement, measuring just at
the bottom of the normal crater wall slope (Bart, 2014).
4. Results
4.1. Lunar regolith thickness around CE-3 landing site
Fig. 4 shows the 269 indicative craters selected in this area. As
we have tried to identify all the qualified small fresh craters in
experimental area, this should be a comprehensive number. Most
of the selected craters are uniformly distributed in the region,
and only the northeast area is lacking indicative craters. Craters
on the Moon are distributed randomly, which may be caused by
geologic events or some other reasons. On average in these two
images, one indicative crater can be found per 2.4 km2. Information
about the craters can be found in additional Supporting Table S9.
The minimum and maximum thicknesses of the lunar regolith
around these craters are 0.5 m and 15.5 m, with the corresponding

Fig. 5. Histogram of lunar regolith thickness around CE-3 landing site.

diameters of 27.0 m and 142.6 m, respectively. In this area, the
median thickness of the lunar regolith from all craters is 4.7 m.
To investigate the thickness variations in the area, a histogram of
estimated thickness is displayed in Fig. 5. The horizontal axis is
thickness, and the vertical axis is the percentage of craters indicating that thickness. More than 50% of the craters reflect a thickness
around 4.0 m (2.0–6.0 m), and most of the craters reflect a thickness less than 10.0 m. There are also several abnormal locations
(about 12.1–15.5 m) corresponding to relatively large craters.
The regolith of CE-3 landing site surveyed by LPR is about 4–6 m
deep (Su et al., 2014), which has also been marked in Fig. 5. Within
1.0 km from CE-3 landing point, there are only three small fresh
craters, with thickness of 3.85 m, 5.15 m, and 5.65 m, respectively.
These values are consistent with the LPR results. The median lunar
regolith thickness of 4.7 m derived from all small fresh craters
around the CE-3 landing site is also in good agreement with the
results from the LPR. The wider range of thickness in this study
is reasonable because the study area (Fig. 4) is much larger than
the region that the Yutu rover explored.
4.2. Lunar regolith thickness at the landing sites of Apollo Missions

Fig. 4. Selected small fresh craters (white circular dots) in the area of CE-3 landing
site. The background is the CE-2 images from orbits 0236 (left) and 2745 (right)
with a resolution of 1.3 m. The CE-3 landing point is marked with a black cross.

One hundred and twenty-six indicative craters were selected
around Apollo 11, 12, 14, 15, 16, and 17 landing sites, as is shown
in Fig. 6. Most of the selected craters are uniformly distributed
around Apollo landing sites, generally within 4.0 km from each
landing site. Information about the craters can be found in Tables
S1–S6.
Fig. 7 displays the histogram of the lunar regolith thickness at
each landing site. The horizontal and vertical axes are the same
as Fig. 5. Table 3 lists the number of indicative craters and the median thicknesses of each area, both from our method and from the
traditional morphological method. For comparison, morphological
method is also conducted to craters within 4.0 km from CE-3 landing site, and results are listed in Table 3. Detailed information
about the craters can be found in Table S7. It can be seen that
the results from the two methods are close, with a difference less
than 1.0 m in most cases.
The measured thicknesses were verified by comparing thicknesses obtained from in-situ measurements. The thickness of
Apollo 11, 12 and 15 are from Nakamura et al. (1975), and the
thickness of Apollo 14, 16 and 17 are from Cooper et al. (1974).
The comparison results are listed in Table 4. In the table, the relative error of the median was calculated according to the following
equation:

RE ¼ ðMT  RTÞ=RT

ð2Þ
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Fig. 6. Selected small fresh craters (white circular dots) at Apollo landing sites. The backgrounds are the orthophotos of Apollo landing sites with a pixel scale of 0.5 m. The
Apollo landing locations are marked with black crosses. North is up.
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Fig. 7. Histograms of regolith thickness at Apollo landing sites.

where RE means relative error, MT and RT refer to median thickness
and reference thickness, respectively. In order to make the calculated thicknesses more comparable to in-situ measurements within
smaller areas around the landing points, the median thicknesses
were calculated using the small fresh craters within 1.0 km from
the landing points.
It can be seen from Table 4 that the median regolith thicknesses
of these landing sites from our study are very close to the in-situ
measurement values, especially at Apollo 11 and 12 landing sites,
with relative errors around 5%. At landing sites of Apollo 16 and
17 the relative errors are about 10%. The maximum relative error
occurs at Apollo 14 and 15 landing sites. Because the regolith

thickness of CE-3 landing site ranges from 4.0 m to 6.0 m
(Su et al., 2014), only a range of relative error can be obtained.
However, result from our method is within the range while result
from traditional method is lower than the minimum value of the
range. The variation of the relative error is caused by the different
size of selected craters. If an area is uniformly distributed with
indicative craters of all sizes, the mean thickness is a good approximation of the regolith thickness. Otherwise, the result may be
biased. In general, the results of this study at the landing sites
are close to reference values, verifying the reliability of our
method. The relative errors at all the seven landing sites from
our new method are smaller than that from the traditional mor-
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Table 3
Lunar regolith thicknesses at Apollo landing sites.
Location

Number of
indicative
craters

Median thickness
from this paper
(m)

Median thickness from
the morphological
method (m)

Apollo
Apollo
Apollo
Apollo
Apollo
Apollo
CE-3

35
16
17
17
20
21
25

4.1
4.1
6.6
3.8
10.1
3.9
3.7

3.3
3.4
5.8
3.3
8.1
3.3
3.5

11
12
14
15
16
17

phological method, demonstrating that the proposed method
improve the regolith thickness estimations compared with the traditional morphological method. Meanwhile, it is worth to note that
the median thicknesses calculated from both the proposed method
and the traditional morphological method are always lower than
those derived from in-situ measurements, and those calculated
from the traditional morphological method are even lower than
that from our method.
5. Discussion
5.1. Uncertainties of regolith thickness determination from the
proposed method
The possible error sources of our method consists of height
measurement error from stereo images, random error of selecting
points in the process of ground plane fitting, and uncertainties
from crater morphology.
5.1.1. Height measurement error
The measurement error for one specific crater depth should be
consistent with the vertical error from stereo measurement or
DEM. The precision of DEMs at Apollo landing sites have been
demonstrated in Table 2. The precision of selected points rh from
CE-2 can be obtained by photogrammetric theory (Slama et al.,
1980):

H
B

pﬃﬃﬃ

r h ¼ Sp r m 2

ð3Þ

where Sp is image scale, H is height of sensor above surface, B is
photographic baseline, rm is the precision of measurement of
image, i.e., image matching precision.
In the case of CE-2, the forward and backward looking angles
are +8° and 17.2° respectively (Di et al., 2014), thus we have

H
1
¼
 2:22
B tan 8 þ tan 17:2

ð4Þ

Fig. 8. A central-mound crater (15.567°E, 8.884°N) with the selected edge points
for plane fitting. Floor points are plotted with white square dots and edge points are
plotted with black and white circular dots. Illumination direction is indicated by
white arrow. North is up.

Considering the present image matching precision can at least
reach 1/3 pixel (Debella-Gilo and Kääb, 2011; Foroosh et al.,
2002; Tian and Huhns, 1986), that is, rm < 1=3, therefore
rh < 1:36 m.
5.1.2. Random error of selecting points
To examine the random error of selecting points in the process
of plane fitting, experiments were conducted by selecting different
number of points for an indicative crater. Again, the central-mound
crater in Fig. 1(b) was chosen as an example. In total, there are 17
points were selected around the crater, with 3 points located on
crater floor and 14 points on crater edge in this experiment.
Fig. 8 shows the selected points on the floor and edge of this crater.
Coordinates of selected points were obtained from DEM data, and
results can be found in Table S8. The points on crater edge were
used to model the ground surface, and the bottom points were
used to calculate the distance from crater bottom to the fitted
plane. Two experiments were conducted with these points:
(1) 3 points on crater floor (white square dots) and 6 points uniformly distributed on crater edge (white circular dots).
(2) 3 points on crater floor and 14 points uniformly distributed
on crater edge (both black and white circular dots).
The results of derived lunar regolith are shown in Table 5. The
three points on crater floor are numbered 1, 2, and 3 in the table.
h1 indicates distance from floor points to the plane fitted with 6
points on crater edge, and h2 indicates distance from floor points
to the plane fitted with 14 points on crater edge. Both h1 and h2
refer to lunar regolith thickness. Dh is the absolute value of the dif-

Table 4
Lunar regolith thicknesses at seven landing sites. See text for details.
Location

Thickness from
in-situ
measurement
(m)

Number of
indicative
craters

Distance to
nearest
crater (m)

Distance to
farthest
crater (m)

Median
thickness from
our method (m)

Relative
error of our
method (%)

Median thickness from
traditional morphological
method (m)

Relative error of
traditional
morphological
method (%)

Apollo
Apollo
Apollo
Apollo
Apollo
Apollo
CE-3

4.4
3.7
8.5
4.4
12.2
4.0
4.0–6.0

9
6
8
8
4
10
3

194.6
48.3
286.2
247.0
429.1
390.7
749.8

897.4
847.9
926.7
981.2
899.4
839.1
987.5

4.3
3.5
6.4
3.3
10.9
3.6
5.2

2.3
5.4
24.7
25.0
10.7
10.0
13.3 to 30

3.3
3.3
6.1
2.9
8.3
3.2
3.7

25.0
10.8
28.2
36.3
32.0
20.0
38.3 to 7.5

11
12
14
15
16
17
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Table 5
Results of plane fitting with different edge points. See text for detail.
Point No.

h1 (m)

h2 (m)

Dh (m)

1
2
3

16.47
16.03
17.41

16.27
15.96
17.34

0.20
0.07
0.07

Mean

16.64

16.52

0.12

ference between h1 and h2. The maximum and minimum Dh are
0.20 m and 0.07 m respectively, and the mean difference is
0.12 m. This is considerably small compared with the derived
thickness of lunar regolith. Therefore, it can be concluded that five
to six points are enough for plane fitting.
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5.1.3. Uncertainties from crater morphology
Our method, as well as the traditional morphological method,
was developed under the assumption that the crater floor (flatbottomed and central-mound craters) or bench (concentric craters)
is on the substrate layer (Quaide and Oberbeck, 1968). The sections
of laboratory impact craters of Oberbeck and Quaide (1967) (Fig. 3)
did show that the bench of concentric craters exposes the substrate
layer, but a thin layer of regolith remained in the floor of flatbottomed craters. However, the sections in Fig. 10 of Quaide and
Oberbeck (1968) proved that flat-bottomed craters could also
expose the substrate layer, only central-mound craters reserved
some regolith. Thus it could be speculated that a portion of flatbottomed and central-mound craters might expose the substrate
layer, while some flat-bottomed and central-mound craters might

Fig. 9. Comparison of results from new and traditional morphological methods. The shaded regions indicate the thickness errors.
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reserve some regolith on crater floor. This remains to be an uncertainty that could possibly underestimate lunar regolith thickness.
In all, the height measurement error is the primary error source
affecting the regolith thickness measurement results
5.2. Further comparison of the results from in-situ measurements and
traditional morphological methods
To give a more intuitive comparison of the two morphological
methods, Fig. 9 shows the results of the new method of this paper
(solid line) and results from empirical formula of the traditional
morphological method (dashed line), as well as the reference values obtained by in-situ measurements (dotted horizontal line).
The shaded regions in Fig. 9 indicate the thickness errors, which
are roughly represented by the precision errors of the LRO DEMs
(see Table 2) for the morphological methods. The errors of the reference thicknesses are estimated as 10% of the thicknesses from
the in-situ seismic measurements (Cooper et al., 1974). In each
sub-figure, the horizontal axis is the crater size (DA) of indicative
craters, and the vertical axis is thickness. There is an observable
trend in the figure that the thickness from empirical formula is
similar to the direct measurement from our method, but sometimes big discrepancies exist. Nevertheless, both morphological
methods provide reasonable results of lunar regolith thickness,
compared with in-situ measurement results.
Fig. 9 shows a trend of measured regolith thickness increasing
with crater size, but it is not always the case. It is not difficult to
understand this dependency. In a place where the lunar regolith
thickness is thin, small fresh craters used in our manuscript can
form. If strong impact happens, the projectiles probably break
the substrate layer and large concentric craters form. However,
in a place where the lunar regolith is thick and the impacts that
form small craters cannot reach the substrate layer, neither small
flat-bottomed nor central-mound nor concentric craters can form.
Only strong impacts that can reach the substrate layer can form
craters with flat-bottomed, central-mound or concentric morphologies. In this case, the craters are usually large.
Both our new method and the traditional morphological
method were developed based on the principle of the relationship
between the crater size and crater morphology, established by laboratory experiments (Oberbeck and Quaide, 1967, 1968; Quaide
and Oberbeck, 1968). It is interesting to compare the relationship
between the directly measured crater diameter and depth from
our method with the ‘‘theoretical” relationship derived from laboratory experiments. According to Quaide and Oberbeck (1968), the
ratio of apparent diameter to crater depth (DA/t) is greater than
3.8–4.2 for all indicative craters. The ratio ranges from 3.8–4.2 to
8–10 for flat-bottomed and central-mound craters, and is greater
than 8–10 for concentric craters. Fig. 10 shows the histogram of
DA/t of 126 indicative craters at Apollo landing sites. The ratio
range of Quaide and Oberbeck (1968) has also been demonstrated
by dashed lines. It can be observed that the ratio of most concentric
craters is greater than 6, only one crater falls into 4–6; while the
ratio of most central-mound and flat-bottomed craters fall in
between 4 and 10, with only two craters fall into 2–4. Generally,
the ratio of apparent diameter to crater depth for indicative craters
are consistent with the laboratory experiments (Quaide and
Oberbeck, 1968), except that the boundary values separating concentric craters from flat-bottomed and central-mound craters are
overlapped in the 6–8 range.

determined from our method are shown in Fig. 11. The error bars
show the thickness errors, which are taken from the LRO DEM
errors for the Apollo sites and from the theoretical analysis in
Section 5.1.1 for CE-3 site. The surface age of Apollo 11, 12 15
and 17 come from Basaltic Volcanism Study Project (1981), surface
age of Apollo 14 come from Turner et al. (1972), surface age of
Apollo 16 come from James (1982), while surface age of CE-3 come
from Zhao J. et al. (2014). It can be seen that the regolith thickness
is very large before 3.7 Ga, but almost remain the same after that.
The trend correlates well with that of Shkuratov and Bondarenko
(2001). It has been confirmed that the meteorite flux was much
higher before 3.5 Ga, resulting a higher rate of regolith growth
(Wilhelms, 1987). Therefore, although a correlation still exists
between regolith thickness and surface age, this rule should be
used with caution.
The lunar regolith is the primary source of our information
about the Moon (McKay et al., 1991). All the remote sensing observations reflect physical or chemical properties of lunar regolith.
The collected samples from the Moon are also from the regolith
layer, which help us understand properties of lunar material.
Knowledge of regolith depths is important for the planning of sample retrieval from the Moon or other planets (Wilcox et al., 2005).
In addition, the regolith thickness might be useful for resources
such as meteoritic Fe and siderophile elements, and as a potential
building material. Measurements of regolith thickness will also be
useful when considering these aspects of lunar resources
(Crawford, 2015).

Fig. 10. Histogram of DA/t ratio of indicative craters.

5.3. Geological implication
The lunar regolith thickness can reflect the relative age of the
lunar surface: the older the age, the thicker the regolith (McKay
et al., 1991). Radiometric ages of Apollo landing sites and thickness

Fig. 11. Median regolith thickness vs. surface age at seven landing sites. The error
bars show the thickness errors.
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6. Conclusion
An improved method of estimating lunar regolith thickness is
proposed based on the assumption that small fresh craters of
flat-bottomed, central-mound and concentric morphologies can
reveal the competent layer underlying lunar regolith. The new
morphological method directly measures the thickness from
high-resolution stereo images or DEM data. Ground surface fitting
is conducted with crater edge points to avoid the effect of undulation of lunar ground surface exterior to the crater. The regolith
thickness is calculated as the distance from crater floor (flatbottomed and central-mound craters) or bench (concentric craters)
to the modeled pre-impact ground surface.
Measurements of lunar regolith thickness have been conducted
at CE-3 and six Apollo landing sites. The results are in good agreement with the reference thicknesses derived from in-situ measurements, verifying the effectiveness and reliability of our method.
Meanwhile, the relative errors at 6 Apollo landing sites from our
new method are smaller than that from the traditional morphological method, indicating that the new method can improve regolith
thickness estimation.
This new morphological method can be applied to any areas
covered by high-resolution stereo images or DEM data. As lunar
regolith thickness correlates with geologic age (McKay et al.,
1991), this method can be used to infer relative age of different
areas on the Moon. The method can also contribute to the planning
of sample retrieval from the Moon or other planets (Wilcox et al.,
2005) or estimation of the quantities of solar wind implanted volatiles (Fegley and Swindle, 1993).
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