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a b s t r a c t
The depth and diameter relationship is one of the most important characteristics of craters; however,
previous studies have focused mostly on large-diameter craters because of the limitations of image resolution. Recently, very high resolution images have been obtained that make it possible to expand this
ﬁeld of study to craters with diameters of < 1 km. Using images with resolution of up to 0.5 m, acquired
by the Lunar Reconnaissance Orbiter, we investigated the depth and diameter relationship of fresh craters
with subkilometer diameters. We selected craters from lunar maria and highlands, and we made precise
measurements of their diameters and depths. The results show that the d/D ratio of small craters in the
lunar maria and highlands, which varies from ∼0.2 to ∼0.1, is generally shallower than that of larger
craters. We propose that the reason for the difference is because of the low strength of the lunar surface
material. The ﬁtted power law parameters of lunar mare and highland craters were found to be different,
and that might be explained by terrain-related differences.
© 2018 Elsevier Inc. All rights reserved.

1. Introduction
The surfaces of terrestrial planets are covered by myriad large
and small craters. The study of the morphological characteristics
of craters is important for furthering our understanding of both
the impact cratering process and target properties. The morphology of craters on terrestrial planets becomes much more complex with increasing diameter, and the relationship between crater
diameter and depth has always been a focus in related studies. Among the initial data used for investigating crater depth
and diameter are the Ranger Lunar Charts (RLC) published by
the Aeronautical Chart and Information Center, which contain
depth and diameter of craters using data derived from the Ranger
missions. Baldwin (1963) presented a polynomial equation relating logarithmic rim-to-rim diameter (D) and rim-to-bottom depth
(d), and revised the equation to be D = 0.0256d2 + d + 0.6300
using 130 craters from RLC 1-5 data with D = 0.008–42.0 km
(Baldwin, 1965). Using the same data source, Markov (1967) proposed that the logarithmic diameter-vs-depth relationship is nearly
linear and may be represented by equation D = 1.0662d + 0.6200.
Bouška (1968) studied 644 craters from RLC 7-12 (Ranger VIII)
and RLC 14-17 (Ranger IX) photographs, including both primary
and secondary craters. Bouška (1968) ﬁtted the logarithmic diam∗
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eters and depths with both polynomial and linear equations using the least squares method, and the results showed that the
logarithmic diameter–depth relationship was practically linear for
small craters. Pike (1974) proposed that Apollo photogrammetry data could yield more accurate measurements than did the
shadow technique, and after investigating 204 fresh lunar craters
60 m to 275 km across, he found the depth/diameter distribution inﬂected at a crater diameter of 10–15 km, and for craters
smaller than about 15 km across the depth/diameter distribution
could be described by the equation d = 0.196D1.010 . By investigating apparent depth/apparent diameter relation for lunar craters,
Pike (1977) drew similar conclusions and put forward that craters
less than 900 m in apparent diameter (equivalent to a rim-crest
diameter of 1084 m) may be subject to laws different from those
of larger craters. It is necessary to point out that in early studies of the crater depth and diameter relationship, the depth-todiameter (d/D) ratio has long been used as a key parameter in
the description of crater morphology, and the d/D ratio is ∼0.2 for
primary simple craters on terrestrial planets, though different research works have derived values as low as ∼0.15 and as high as
∼0.22 (e.g., Pike, 1974, 1977, 1980; Wood and Anderson, 1978; Cintala and Mouginis-Mark, 1980; Stopar et al., 2017).
Recently, several space missions have acquired large amounts
of high-resolution data, such as the Lunar Reconnaissance Orbiter
(LRO) (Robinson et al., 2010), SELENE (Kato et al., 2010) and Chang’
E 2 orbiter (Zhao et al., 2011) to the Moon, the Mars Orbiter Laser
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Altimeter (MOLA) on Mars Global Surveyor (Albee et al., 1998),
the High Resolution Imaging Science Experiment (HiRISE) on the
Mars Reconnaissance Orbiter (MRO) (Zurek and Smrekar, 2007)
and the High Resolution Stereo Camera (HRSC) on Mars Express
(Jaumann et al., 2007) to Mars. Salamuniccar et al. (2012) improved
crater detection algorithms (CDAs) and identiﬁed many more lunar and martian craters using recent data (i.e., LRO Lunar Orbiter Laser Altimeter (LOLA), SELENE Laser Altimeter (LALT) for the
Moon and MGS Mars Orbiter Laser Altimeter (MOLA) for Mars), resulting in the LU60645GT (up to ∼D ≥ 8 km) and MA132843GT (up
to ∼D ≥ 2 km) catalogues of lunar and martian craters. However,
Mouginis-Mark et al. (2017) reviewed the methods and datasets
used to determine crater depth and diameter of martian craters,
and proved that stereo photogrammetry was an intrinsically more
accurate method for measuring depth and diameter of craters on
Mars when applied to high-resolution image pairs (such as Context Camera and HiRISE). The advent of high-resolution data not
only make it possible to study crater morphology in much more
detail and greater accuracy, but also expand this ﬁeld to smaller
craters (D < 1 km).
There are already some studies on small crater morphology using recent high-resolution data. Mahanti et al. (2012) investigated
the depth-to-diameter ratio of 540 lunar highland small craters
(<150 m diameter) using LRO Narrow Angle Camera (NAC) and
found a median value of ∼0.13, and they proposed that the depth
and diameter data could be better represented by a straight line
rather than a power law relation. Mahanti et al. (2014) sampled
small lunar craters globally from LRO NAC based Digital Elevation
Models (DEMs) and obtained a median d/D of 0.13. Daubar et al.
(2014) produced statistics on craters with diameters of 17–918 m
in two regions of the lunar surface, for which an average d/D ratio
of ∼0.10 was derived. Daubar et al. (2014) also performed a similar
study of martian fresh craters (formed in the last ∼20 years), for
which an average d/D ratio of 0.23 was derived. By examining a
global population of small (25 m ≤ 5 km) and well-preserved simple impact craters using HiRISE stereo-derived elevation models,
Watters et al. (2015) found that scaling laws from prior studies of
large simple craters generally overestimate the depth and volume
at small diameters, and get d = 0.223D1.012 (d and D in kilometers).
Stopar et al. (2017) found that the d/D ratios of small fresh lunar
craters (D < 400 m) range from 0.11 to 0.17.
In this research, we used recently acquired LRO NAC data to
perform a comprehensive study of the depth and diameter relationship of small best preserved craters in both lunar maria and
highland regions, to analyze the depth and diameter relationship
and characterize the terrain dependence of the shapes of best preserved craters. Furthermore, we performed a detailed comparison
with related results from studies of other small lunar craters. This
work could assist the study of the material properties of the lunar
shallow surface because the morphologies of well-preserved simple craters are dominated by the target properties (Melosh, 1989).
In this research, well-preserved craters were selected, and others
excluded or ﬁltered out, in order to minimize the effects of postimpact modiﬁcation processes signiﬁcantly affecting the craters’
depths. While this process is somewhat subjective and the possibility of post-impact modiﬁcation processes affecting these craters
remains, there are no alternatives available.
2. Data
Lunar fresh small craters were selected from high-resolution,
public LRO NAC DEMs. The LRO was launched on June 18, 2009 to
facilitate mapping of the lunar surface at enhanced spatial scales
(Vondrak et al., 2010). The LROC onboard the LRO includes a Wide
Angle Camera (WAC) and two NACs. The former is a push-frame
camera with resolutions of 75 and 384 m (at an altitude of 50 km)

in the visible and ultraviolet bands, respectively, while the latter
are monochrome narrow-angle line scan imagers with full resolution of 0.5 m (at an altitude of 50 km) (Robinson et al., 2010).
The LROC team (NASA/GSFC/Arizona State University) has published more than 380 LRO NAC DEMs, which can be downloaded
from the LROC homepage (http://lroc.sese.asu.edu/). This study selected 14 lunar experimental regions, as shown in Fig. 1, comprising six maria regions (red dots) and eight highland regions (green
dots). All these regions are covered by publically available NAC
DEMs with pixel scale of 2.0 m. The six maria regions comprise
the Apollo 11, 12, 14, 15, and 17 landing sites and another region
located near the Apollo 14 landing site. The eight highland regions
comprise the Apollo 16 landing site and seven other highland regions. The experimental regions are distributed widely over the lunar surface and sample a variety of terrains to ensure the derived
statistics are representative.
Here, NAC mapping products, including DEMs and orthophotos
from the DEMs, were used for identifying fresh small craters and
for measuring their depths and diameters. Table 1 lists the data
used in this study. For each experimental region, the data product
with a letter ‘E’ in the ﬁle name represents a DEM ﬁle, while
the data product with a letter ‘M’ in the ﬁle name represents
an orthophoto of the same area. The orthophotos were used to
select the craters, and the DEM data were used for the actual
measurements. Most of the DEMs and corresponding orthophotos
were co-registered, except for the data around Apollo 12 landing
site. There was an offset between the DEM and orthophoto at
the Apollo 12 landing site; thus, the orthophoto was ﬁrst coregistered to the DEM before selecting the craters. The precision
quoted for each DEM data product listed in Table 1 is 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 11 DEM 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. Selection of fresh craters
Only fresh craters were selected for the measurements of depth
and diameter. In earlier studies, fresh craters were identiﬁed by
crisp rims and other interior morphological features, continuous
ejecta fresh in appearance, and/or rays around the craters (e.g.,
Malin and Dzurisin, 1977; Pike, 1980). These criteria are also appropriate for this study; morphologically fresh craters that have no
obvious degradation were selected for the statistical analysis. To
ensure that craters could be identiﬁed clearly, the diameter of a
crater was required to be at least 10 pixels because many artifacts
occur with craters < 10 pixels across (Robbins et al., 2014). Taking
the pixel size of NAC DEM products into consideration, the minimum reliable diameter of craters was limited to 20 m. Fig. 2 shows
four examples of lunar fresh small craters.
3.2. Measurement of depth and diameter
The deﬁnitions of crater diameter D and crater depth d in this
study are adopted from Barnouin et al. (2012), in which D refers to
the distance through the crater center between crater rims, and d
refers to the distance between the deepest point and the average
rim height (Fig. 3).
For the identiﬁed fresh small craters, the rim-to-rim diameter
D was measured with the help of CraterTools, an ArcMap plug-in
(Kneissl et al., 2011), which can ﬁt a crater with a circle or ellipse
independent of projection. The crater depth d was calculated in
three steps. First, by overlapping the ﬁtted circle/ellipse and corresponding DEM data, the height of each pixel on the circle could be
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Fig. 1. Regions selected for experimental fresh lunar small craters. Mare regions are indicated by red dots and highland regions are indicated by green dots. The base map
is an LROC WAC global mosaic product. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).
Table 1
Data products used in the statistical analysis of lunar fresh small craters.
Region

Center coordinates (N, E)

DEM and orthophotos

Pixel scale (m)

Precision of DEM (m)

Mare 1

(0.65, 23.51)
( − 3.04, − 23.42)

Mare 3

( − 3.66, − 17.48)

Mare 4

(26.08, 3.65)

Mare 5

(20.17, 30.77)

Mare 6

( − 14.66, − 8.94)

Highland 1

( − 43.90, 153.90)

Highland 2

( − 8.99, 15.51)

Highland 3

( − 41.84, 95.94)

Highland 4

(47.07, 166.93)

Highland 5

(5.92, 161.42)

Highland 6

(3.58, − 100.13)

Highland 7

(47.58, − 116.11)

Highland 8

( − 47.95, − 73.23)

2.0
0.5
2.0
0.5
2.0
0.5
2.0
0.5
2.0
0.6
2.0
0.5
2.0
0.7
2.0
0.5
2.0
0.7
2.0
0.6
2.0
0.5
2.0
0.7
2.0
0.5
2.0
0.6

0.77

Mare 2

NAC_DTM_APOLLO11_E010N0230.IMG
NAC_DTM_APOLLO11_M150361817_50CM.IMG
NAC_DTM_APOLLO12_E030S3365.IMG
NAC_DTM_APOLLO12_M120 0 05333_50CM.IMG
NAC_DTM_APOLLO14_E034S3425.IMG
NAC_DTM_APOLLO14_M150633128_50CM.IMG
NAC_DTM_APOLLO15_E261N0036.IMG
NAC_DTM_APOLLO15_M111571816_50CM.IMG
NAC_DTM_APOLLO17_E200N0310.IMG
NAC_DTM_APOLLO17_MOSAIC_60CM.IMG
NAC_DTM_LASELMASIF1_E147S3510.IMG
NAC_DTM_LASELMASIF1_M152932948_50CM.TIF
NAC_DTM_WEIRDCRTR_E440S1538.IMG
NAC_DTM_WEIRDCRTR_M187226851_70CM.TIF
NAC_DTM_APOLLO16_E90S0160.IMG
NAC_DTM_APOLLO16_MOSAIC_50CM.IMG
NAC_DTM_JENNER_E419S0959.IMG
NAC_DTM_JENNER_M1148861003_70CM.TIF
NAC_DTM_IMPACTMELT1_E470N1670.IMG
NAC_DTM_IMPACTMELT1_M110498640_60CM.TIF
NAC_DTM_MNDL SHTML S_E059N1614.IMG
NAC_DTM_MNDL SHTML S_M161245596_50CM.TIF
NAC_DTM_NEARLENTS1_E030N2600.IMG
NAC_DTM_NEARLENTS1_M151169370_70CM.TIF
NAC_DTM_FRSHCRATER10_E480N2440.IMG
NAC_DTM_FRSHCRATER10_M153639872_50CM.TIF
NAC_DTM_ORIENTALE3_E480S2870.IMG
NAC_DTM_ORIENTALE3_M186347549_60CM.TIF

0.80
0.76
1.06
1.06
0.82
1.87
0.90
1.70
1.73
2.00
1.20
1.19
1.92

Fig. 2. Examples of lunar fresh small craters selected from the LRO NAC product NAC_DTM_APOLLO15_M111571816_50CM.IMG (north is up). (a) located at 26.28°N, 3.59°E,
diameter: 21.49 m; (b) located at 25.74°N, 3.52°E, diameter: 30.3 m; (c) located at 26.31°N, 3.67°E, diameter: 32.21 m; and (d) located at 26.16°N, 3.62°E, diameter: 39.09 m.
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Fig. 3. Deﬁnitions of crater diameter D and depth d used in this study.
Table 2
Information of demo craters in Fig. 4.

(c) are very shallow, indicating that the LRO NAC DEM products
may not provide accurate depth of these two craters. If craters like
Fig. 4(b) and (c) are included in statistics, the results would not
be reliable. Therefore, such craters are removed in this research. If
the height difference of a fresh-looking crater could be observed
from the hillshade map, it was considered as a fresh crater (e.g.,
Fig. 4(a)); otherwise, it was excluded from further statistical analysis (e.g., Fig. 4(b) and (c)).
3.3. Uncertainties

Crater

Center coordinates (N, E)

d(m)

D(m)

d/D

a
b
c

(−44.13, 153.80)
(−44.25, 153.90)
(−44.15, 153.82)

5.03
1.97
1.50

38.24
20.06
24.81

0.13
0.10
0.06

obtained, and the average height was derived as the representative
elevation of the crater rim. Second, all the pixels inside the circle
were looped to determine the deepest point. Third, crater depth
d was then calculated as the difference in elevation between the
average and the deepest point within the crater.
For small craters with a diameter ∼20 m, we produced hillshade maps from corresponding DEM products to help determine
whether they could be considered as fresh craters. The hillshade
maps were produced using ArcMap software, setting azimuth angle
to be 315° and altitude angle to be 45°, respectively. Fig. 4 demonstrates how hillshade maps could be used to eliminate the shallowest craters, with Fig. 4(a)–(c) are three craters on NAC images and Fig. 4(d)–(f) are craters on corresponding hillshade maps.
Information about these three craters is shown in Table 2. In
Fig. 4(a)–(c), the three craters all look fresh and are selected for
statistics. However, height variation can only be observed in (d),
not in (e) and (f). According to Table 2 the craters in Fig. 4(b) and

The possible error sources of our method mainly consist of random error of crater diameter measurement and consequent error
of crater depth. Repetitive experiments were conducted to assess
the effect of these possible errors on ﬁnal statistics.
Craters were divided into groups according to crater diameter,
with the crater diameter of the ﬁrst group between 20 and 30 m,
the second group 30–40 m, …, 80–90 m (Considering that craters
larger than 90 m were rare, crater diameter of the last group
were limited to 80–90 m) to ensure the reliability of experiments.
Two craters were randomly selected from each group, therefore 14
craters were selected altogether and the diameter of each crater
were measured three times using CraterTools (Kneissl et al., 2011).
Fig. 5 illustrated one of these craters, with each measurement indicated by different colors. The diameters of three measurements
were 38.47 m (red circle), 38.67 m (black circle) and 38.78 m (blue
circle), respectively, resulting in a mean diameter of 38.64 m and
standard deviation of 0.13 m. The depth of these craters was also
measured three times separately, leading to 5.62 m (red circle),
5.66 m (black circle) and 5.66 m (blue circle), respectively. Therefore, the mean depth of this crater was 5.65 m, with standard deviation of 0.02 m.
The results of repetitive experiments of all 14 craters are shown
in Table 3, including the percentage error of standard deviation of

Fig. 4. Examples of lunar fresh small craters on LRO NAC product (NAC_DTM_WEIRDCRTR_M187226851_70CM.IMG) and corresponding hillshade map, north is up. (a)–(c)
are craters on LRO NAC images, and (d)–(f) are the same craters on corresponding hillshade maps.
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Table 3
Parameters of craters in repetitive experiments. D_STD and d_STD refer to standard deviation of diameter and depth, respectively.
Crater no.

Center coordinates (N, E)

Mean D (m)

D_STD (m)

Percentage error of D_STD (%)

Mean d (m)

d_STD (m)

Percentage error of d_STD (%)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

(25.74, 3.51)
(25.77, 3.55)
(26.16, 3.62)
(26.48, 3.62)
(−9.37, 15.14)
(−9.28, 15.77)
(−9.29, 15.79)
(19.83, 30.71)
(20.17, 30.39)
(−9.05, 15.16)
(−3.09, −17.48)
(−3.67, −17.44)
(0.38, 23.42)
(−44.07, 153.99)

29.94
25.55
38.64
37.68
61.16
45.82
43.66
84.79
54.58
60.96
75.14
54.73
89.78
77.60

0.26
0.18
0.13
0.26
0.51
0.55
0.22
0.19
0.47
0.59
0.60
0.52
0.15
0.38

0.87
0.70
0.34
0.69
0.83
1.20
0.50
0.22
0.86
0.97
0.80
0.95
0.17
0.49

7.94
7.90
5.65
3.44
9.37
8.00
7.52
14.50
10.33
11.38
13.94
8.55
11.56
12.14

0.02
0.07
0.02
0.02
0.01
0.06
0.01
0.08
0.14
0.02
0.07
0.01
0.01
0.04

0.25
0.89
0.35
0.58
0.11
0.75
0.13
0.55
1.36
0.18
0.50
0.12
0.09
0.33

Fig. 6. Relationship of depth and diameter of lunar fresh small craters.

Fig. 5. An example crater (3.62°E, 26.16°N) of repetitive measurement. Three circles
with different colors were all generated by CraterTools (Kneissl et al., 2011), and
each was generated separately by selecting three different points on the crater rim.
(For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article).

diameter and depth. The maximum standard deviation of diameter among these craters is 0.60 m, compared with crater diameter
of 75.14 m, the percentage error of diameter standard deviation of
this crater is only 0.8%. However, the resulting standard deviation
of depth of these craters is only 0.07 m, and the percentage error
of depth standard deviation is 0.50%. The maximum standard deviation of depth among these craters is 0.14 m, and the percentage error of depth standard deviation of this crater is only 1.36%.
The result indicates that the measurement of crater diameter and
depth is reliable with small standard deviation, which gives an idea
of variation between repetitive measurements.
4. Results
Table 4 shows the number of lunar fresh small craters selected in all the experimental regions. Initially, 891 craters were
selected, but this number was reduced to 849 after ﬁltering based
on the hillshade maps. All lunar craters selected for analysis can
be found in Table S1 in the supporting information. The percent of
craters removed from each experimental region ranged from 0.00%
to 11.29%.
The statistics of our research are illustrated in Table 5. Among
the selected 849 lunar fresh small craters, there are 418 located
in maria regions and 431 in highland regions. The diameters of
these craters range from 20.00 to 352.38 m, and their depths range

Fig. 7. Relationship between d/D ratio and diameter of lunar fresh small craters.

from 0.90 to 67.34 m. The mean d/D ratio of these craters is 0.13,
i.e., shallower than 0.20. The d/D ratios of craters in the lunar
mare and highland regions are approximately the same, which is
in agreement with the results of Pike (1974), though this differs
from what other researchers have found (e.g., Wood and Anderson,
1978; Stopar et al., 2017).
Fig. 6 shows the depth versus diameter of the selected craters
in a logarithmic coordinate system, in which blue dots represent
mare craters and red dots represent highland craters. It can be
seen that the data for highland craters and mare craters generally
overlap. Yet power law ﬁtting results indicate a small difference
between highland craters and mare craters. In addition, Fig. 6 also
shows that both highland craters and mare crater depths appear
more scattered at smaller diameters.
Fig. 7 shows the relationship between the d/D ratio and diameter of lunar fresh small craters, and Fig. 8 shows a histogram of the
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Table 4
Number of lunar fresh small craters before and after ﬁltering based on hillshade maps.
Region

Center Coordinates (N, E)

No. of craters before ﬁltering

No. of craters after ﬁltering

Percent of removed craters (%)

Mare 1
Mare 2
Mare 3
Mare 4
Mare 5
Mare 6
Highland
Highland
Highland
Highland
Highland
Highland
Highland
Highland

(0.65, 23.51)
( − 3.04, − 23.42)
( − 3.66, − 17.48)
(26.08, 3.65)
(20.17, 30.77)
( − 14.66, − 8.94)
( − 43.90, 153.90)
( − 8.99, 15.51)
( − 41.84, 95.94)
(47.07, 166.93)
(5.92, 161.42)
(3.58, − 100.13)
(47.58, − 116.11)
( − 47.95, − 73.23)

50
32
62
43
150
91
108
28
25
15
120
29
14
124

47
30
62
41
150
88
99
28
24
15
112
29
14
110

6.00
6.25
0.00
4.65
0.00
3.30
8.33
0.00
4.00
0.00
6.67
0.00
0.00
11.29

1
2
3
4
5
6
7
8

Table 5
Statistics of lunar fresh small craters.
Region

Number of craters

Minimum d (m)

Maximum d (m)

Minimum D (m)

Maximum D (m)

Mean d/D

Median d/D

Standard error (m)

Mare
Highland
Total

418
431
849

0.93
0.90
0.90

67.34
26.10
67.34

20.01
20.00
20.00

352.38
155.37
352.38

0.13
0.13
0.13

0.13
0.13
0.13

0.03
0.04
0.03

nent and amplitude of power law ﬁts show opposite variations: the
power law exponent increases with increasing numbers of craters,
while the amplitude decreases with increasing numbers of craters,
but neither of these two parameters reaches a constant level. According to the trend of power law exponent and amplitude of highland craters, it may be conjectured that with enough samples, the
power law ﬁt of highland craters might get closer to that of mare
craters. We tried to ﬁt a power law using six deepest craters in
each bin of highland craters, however, there are only eight bins left
and we get d = 0.450D0.755 . Despite of that, the possibility remains
to be veriﬁed with more data samples.
Using the ﬁve deepest craters in each bin, we derive

Fig. 8. Histogram of d/D ratio of lunar fresh small craters.

d/D ratio of lunar fresh small craters. It can be seen from Fig. 7 that
the diameter of most craters in our research is < 100 m (only 11
craters > 100 m across). The d/D ratio of craters of the same diameter show large variation; however, the d/D ratio of more than 91%
craters is 0.08–0.20 (Fig. 8).
5. Discussion
5.1. Comparison between mare craters and highland craters
To conﬁdently make comparison between the most pristine mare and highland craters, we use the “deepest craters”
as described in Boyce and Garbeil (2007) and Robbins and
Hynek (2012). Mare and highland craters were separately divided
into diameter bins and a power law was ﬁt to the deepest craters
in each bin. The diameter size of each bin was set to be 20 m ≤
D < 25 m, 25 m ≤ D < 30 m, 30 m ≤ D < 35 m, 35 m ≤ D < 40 m,
40 m ≤ D < 45 m, 45 m ≤ D < 50 m, 50 m ≤ D < 60 m, 60 m
≤ D < 70 m, 70 m ≤ D < 80 m, 80 m ≤ D < 150 m. Craters with
diameter larger than 150 m were too few to be included. A power
law was ﬁt to one, two, three, four and ﬁve deepest craters in each
bin of mare and highland craters. For mare craters, the power law
exponent decreases with increasing numbers of craters, and tends
to be a constant for more than three craters per bin with a mean
1.065 ± 0.039; the amplitude increases with increasing numbers of
craters, and also reaches a constant level for more than four craters
per bin with a mean 0.139 ± 0.015. For highland craters, the expo-

d = (0.471 ± 0.080 )D0.762±0.038

(n = 50 highland craters )

(1)

d = (0.139 ± 0.015 )D

(n = 50 mare craters ).

(2)

1.065±0.039

Judging from the power law ﬁts of mare and highland craters,
it seems that mare and highland craters are subject to different laws and highland craters tend to have more scatter than
mare craters. Wood and Anderson (1978) also reported different
power laws for mare craters (d = 0.170D1.070 ) and highland craters
(d = 0.181D0.969 ) with diameters 0.50–20 km. It is notable that the
power law of mare craters of Wood and Anderson (1978) and our
research agree well, while that of highland craters differ greatly
from each other. Terrain-related differences might account for the
difference. According to Melosh (1989), lunar craters smaller than
“20 0–40 0 m” in diameter are in the strength-dominated regime.
The craters in our research are all within this regime, and their
morphologies may be strongly inﬂuenced by the cohesive strength
of the target material. It is well known that the surﬁcial layer
of the Moon is covered by lunar regolith with thickness varying
from place to place, and the average thickness of lunar regolith
is about 4–5 m for maria and 10–15 m for highlands (e.g., McKay
et al., 1991; Shkuratov and Bondarenko, 2001; Fa and Jin, 2010). As
a result, fresh craters with diameters less than tens of meters were
probably formed in this layer.
The Lunar Penetrating Radar (LPR) onboard the Chang’ E-3 mission identiﬁed more than nine subsurface layers along the rover
path, even within the ﬁrst upper ten meters the lunar regolith
could be divided into at least three layers, suggesting that the
region has experienced complex geological processes (Xiao et al.,
2015; Zhao et al., 2014). The physical properties of materials in
different subsurface layers such as density and porosity can be

S. Sun et al. / Icarus 309 (2018) 61–68

Fig. 9. Comparison of our statistics and those of Daubar et al. (2014).

very different, which may affect the morphology of craters formed
within these layers. Various properties of the lunar regolith might
lead to the scatter in depths for craters with similar diameters
(Figs. 6 and 7), as well as the difference between highland and
mare craters.
5.2. Comparison with other small lunar crater statistics
Daubar et al. (2014) produced d/D ratio statistics for the Apollo
15 landing site and Mare Ingenii using LRO NAC DEM data. The diameters of craters they sampled vary from 17.01 m to 918.56 m, and
their depths vary from 0.70 m to 117.6 m. Fig. 9 shows the comparison of our results and those of Daubar et al. (2014). At small diameters the two results seem consistent, but craters in our results
tend to be deeper than that in Daubar et al. (2014) as diameter
increases. The power law relationship in Daubar et al. (2014) also
reﬂects a shallower slope than our data.
Comparison between the deepest lunar mare craters of
Daubar et al. (2014) and mare craters in our research was also conducted. The lunar craters in Daubar et al. (2014) were divided into
diameter bins as described in 5.1, generating 11 bins altogether, including craters more than 150 m diameter. A power law was ﬁt to
one, two, three, four and ﬁve deepest craters in each bin and we
get

d = (0.140 ± 0.007 )D1.007±0.013

(n = 55).

(3)

Amazingly, the power law amplitudes of mare craters in Eqs.
(2) and (3) almost coincide, and the power law exponent of the
two equations are also consistent within two standard deviations.
Therefore, from the perspective of power law ﬁt (using the deepest craters), results of our research and that of Daubar et al.
(2014) agree well.
The average d/D ratio of craters of Daubar et al. (2014) was
0.096, shallower than 0.2. Both the mean and median d/D ratio
in our research are 0.13 ± 0.03, which is approximate to that of
Daubar et al. (2014) and consistent with that of Mahanti et al.
(2012, 2014) and Stopar et al. (2017). From this perspective, our
results are generally in agreement with recent studies.
5.3. Effects of different methods
The shadow measurement technique has been widely used to
determine crater depths on many solar system bodies (e.g., Arthur,
1974; Pike, 1980; Schenk, 1989) because it is simple and requires
only one image at lower sun angles. The original shadow measurement technique only applies to craters with shadow lengths ∼D/2.
Chappelow and Sharpton (2002) presented a more precise and
general method by assuming simple crater shapes to be paraboloid,
cone or ﬂat-ﬂoored. For each kind of crater he gave an equation for
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determining crater depth in terms of shadow length and solar incidence angle. This method has been demonstrated to give reliable
depths for craters with diameters larger than 10 times the pixel
scale (Herrick, 2013).
Comparison of the measurement techniques from the shadow
and DEM using the same dataset showed that the average of the
absolute value of the differences in d/D could be 15% (Daubar et al.,
2014). In addition, some craters might be irregular and they cannot
be cataloged into paraboloid, cone or ﬂat-ﬂoored shaped, which
can also introduce errors. Therefore, direct measurement from
stereo products is a better method to determine crater morphologic parameters, and shadow measurement technique could be
a supplementary method when stereo products are not available.
Chappelow (2013, 2017) have considerably extended this shadow
method to ﬁt any conic section shaped crater, however, since most
early studies about crater depth and diameter were carried out using the earliest shadow measurement technique, the difference between our results and those derived from this shadow measurement technique may be partly attributed to the effects of different
methods.
6. Conclusions
In this research, we conducted a comprehensive study of the
depth and diameter relationship of subkilometer-diameter craters
on the lunar surface using high-resolution images and related
mapping products. The fresh small craters examined were selected
from lunar maria and highland regions based on features indicating that they are relatively fresh and unmodiﬁed, and ﬁltered
further based on hillshade maps to ensure reliability. The statistics showed the d/D ratios of the sampled craters were about 0.13,
in accordance with similar research and shallower than similarly
well-preserved craters with diameter > 1 km. The shallower ratio is
probably caused by the strength properties of the surface and shallow subsurface, or the different methods used. The ﬁtted power
law parameters of highland and mare craters were found to be
different, which may be explained by terrain-related differences.
In future, the detailed mechanism of the creation of small craters
should be studied using numerical simulations and/or physical
experiments.
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