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To distinguish secondary craters from primary craters is very important in lunar studies that involve such tasks
as dating the lunar surface and investigating the meteoritic ﬂux. However, this is usually diﬃcult since distant
secondary craters generally have an appearance similar to primary ones. Bart and Melosh (2007a, 2007b)
proposed a method to distinguish the two types of craters based on the relationship between the crater diameter
(D) and the size of the largest boulder (B) around the crater: B=KD2/3, where K is the ﬁtting coeﬃcient. They
concluded that secondary craters have a 60% larger ﬁtting coeﬃcient (K) than primary craters. However, because of the poor quality of the available data and an insuﬃcient number of crater samples, their results need
further substantiation, as they have suggested. This research aims to examine their results with recently obtained
very high resolution data and many more sampled craters. Our results indicate that the criterion proposed by
Bart and Melosh (2007a, 2007b) is actually not applicable, i.e., the ﬁtted coeﬃcient (K), in cases of primary and
secondary craters, cannot be conﬁdently distinguished.

1. Introduction
Lunar surface dating is a fundamental and important task in lunar
geologic study, and one of the most popular methods is to analyze the
density of craters in the surveyed area (e.g., Shoemaker et al., 1962; van
der Bogert et al., 2010; Hiesinger et al., 2012; Orgel et al., 2018).
During this process, only primary craters should be counted, in consideration of their random distribution in space (Michael et al., 2012,
2016). Secondary craters should be excluded in lunar surface dating
because huge numbers of them form nearly simultaneously such that
two surfaces of equal age may diﬀer by several orders of magnitude
(McEwen and Bierhaus, 2006). In addition, secondary craters are closely related to the ejection process, which is one of the dominant processes responsible for the transport of lunar boulders (Bart and Melosh,
2010), the formation and evolution of the lunar regolith (Wilcox et al.,
2005), and even the formation of lunar meteorites (Head et al., 2002).
Finally, the identiﬁcation of secondary craters is also important in inversing the meteoritic ﬂux (Melosh, 1989, Page 187), which is of great
importance in the study of the impact environment.
In general, lunar secondary craters are distributed as chains around
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their primary crater and are characterized by their irregular shape,
shallow depth, and herringbone ejecta pattern (e.g., Shoemaker et al.,
1962; Oberbeck and Morrison, 1973). However, for distant secondary
craters, they are more circular in outline and are more widely dispersed, resembling similarly sized primary craters in the background
(Wilhelms et al., 1978; McEwen and Bierhaus, 2006; Kumar et al.,
2011) because the impact velocities that create them greatly increase
with distance (Ahrens and O'Keefe, 1978; Melosh, 1989). As a result,
isolated distant secondary craters can be misinterpreted as primary
craters. Thus, distinguishing them from primary ones in related applications merits attention. Bart and Melosh (2007a) proposed a method
using the size distribution of boulders around impact craters to distinguish distant secondary craters from the same-sized primary craters.
They established an empirical equation between the sizes of boulders
and impact craters, and they pointed out that the ﬁtted coeﬃcient for
the secondary crater is 60% larger than that of the primary crater (Bart
and Melosh, 2007a). This method sheds light on the solution to this
perplexing problem. However, only 18 crater samples, including six
secondary craters, were considered in their study. In addition, the data
they employed were photographic ﬁlms from Lunar Orbiter III, V, and
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Fig. 1. Locations for selected crater samples. Distant secondary craters are indicated by stars with diﬀerent colors showing diﬀerent sources, and the names of the
corresponding primary craters are also displayed. Primary craters are indicated in blue with diﬀerent shapes showing diﬀerent sources. The “primary craters in lunar
maria” and “primary craters in lunar highlands” are primary craters involved in Bart and Melosh (2007a). The “self-selected primary crater” is the primary crater that
is selected in this study and not used by Bart and Melosh (2007a). The basemap is a LROC WAC global mosaic product (Speyerer et al., 2011; Wagner et al., 2015).
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

same location to ﬁnd the one that has the least illumination inﬂuence
and gives the largest boulder size measurement. As a result, more than
200 images were used, with resolutions ranging from 0.4 m/pixel to
2.3 m/pixel. The illumination condition and the resolution of the involved images are listed in Table S2 of the supplementary ﬁle.
The Wide Angle Camera (WAC) is another payload in the LRO
spacecraft, which 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 (Robinson et al., 2010). LROC WAC covers a swath
~104 km wide from the nominal 50-km orbit (Robinson et al., 2010),
which allowed the instrument team to create a global mosaic with high
quality. In this research, a WAC global mosaic created in June 2013
(https://astrogeology.usgs.gov/search/map/Moon/LRO/LROC_WAC/
Lunar_LRO_LROC-WAC_Mosaic_global_100m_June2013) was used as
the basemap (Speyerer et al., 2011; Sato et al., 2014; Wagner et al.,
2015).

Apollo 17, which have poor quality in related measurements and
boulder identiﬁcation. Thus, as they admitted in their study, their
conclusion requires further veriﬁcation with high resolution and high
quality images as well as more crater samples. Recently, there have
been many more very high resolution lunar images obtained, which
provides the opportunity to verify their conclusions, and this is precisely the objective of this research.
In this study, we used images from the Lunar Reconnaissance
Orbiter Camera (LROC) Narrow-Angle Camera (NAC), the highest resolution images to date. The up to sub-meter resolution makes it possible to identify several-meter-scale boulders, which is a positive relief
with the presence of an elongated shadow and appears detached from
the ground where it stands (Pajola et al., 2018), facilitating the reanalysis of the relationship between the largest boulder size and the
corresponding crater diameter. We selected 41 sample craters, including 16 craters from Bart and Melosh (2007a, 2007b), to provide a
reliable analysis on this subject. The results demonstrate that the largest
boulder size is positively correlated with crater diameter. There is no
signiﬁcant diﬀerence between the coeﬃcients of the two types of craters, so the methods of Bart and Melosh (2007a) are unable to distinguish distant secondary craters from primary craters.

2.2. Sampled craters and measurements
There are 18 craters involved in Bart and Melosh (2007a, 2007b),
including six distant secondary craters associated with the Burg crater
ray, six primary craters in the highlands and six primary craters in the
lunar maria. Sixteen of these craters were included in this study, except
two primary craters in the highlands (V-167-H2(b) and V-167-H3 in
Bart and Melosh (2007a, 2007b)), which fail to be found in the NAC
images. We also selected seven other distant secondary craters associated with the Burg ray according to the identiﬁcation principle used
by Bart and Melosh (2007a), i.e., they have apparent similar ages (e.g.
similar visual degradation condition (Fassett et al., 2012; Fassett and
Thomson, 2014)), and they are in proximity to one another in addition
to residing in the ray of Burg crater. Three distant secondary craters
associated with Copernicus crater ray identiﬁed by Kumar et al. (2011)
and another two craters in this area identiﬁed as distant secondary
craters in this study were also included, according to the above principles. In addition, another seven distant secondary craters associated
with Tycho crater ray, which were identiﬁed by Basilevsky et al.
(2018), were also added for analysis in this research. As for the primary
craters, craters of Censorinus and Pierazzo (McEwen, 2018), and another four unnamed small craters that have fresh appearance were included in this study. As a result, 25 distant secondary craters and 16

2. Data and method
2.1. LROC images
The LRO mission was launched in June 18, 2009, and NAC is a pair
camera that provides high resolution images (Robinson et al., 2010).
The data products from LROC NAC can be downloaded from the Planetary Data System website and were subsequently processed with the
software of Integrated System for Imagers and Spectrometers (Anderson
et al., 2014). In this research, the data products of the Experimental
Data Record level were used, which were processed by attaching the
SPICE kernels (NAIF, 2014) with “spiceinit”, performing radiometric
corrections with “lronaccal”, removing the echo eﬀects with “lronacecho”, and applying a map projection with “cam2map” in sequence.
The inﬂuence of each processing step on the NAC image can be found in
the supplementary document. In the end, a data product that can be
used to identify and measure craters and boulders is produced. To remove the inﬂuence of shadows, up to several images were used from the
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Table 1
The largest boulder size, mean size of the largest ﬁve boulders, the crater diameter and the center location of 41 crater samples used in this study. The crater ID begins with an ‘S’ for the distant secondary craters and a ‘P’
for the primary craters. S1–S6 and P1–P10 are the same as those in Bart and Melosh (2007a, 2007b), and the photograph numbers in the last column display the crater correspondence between the two studies.
Identiﬁcations by Kumar et al. (2011) and Basilevsky et al. (2018) are also annotated, and the others are selected in this study. The measurement results from Bart and Melosh (2007a, 2007b) are also listed in italics for
comparison. The measurement diﬀerence of crater diameter and boulder size between Bart and Melosh (2007a, 2007b)’ and our results is also calculated and shown in the table. It is calculated with the equation:
Diﬀerence = (m1 − m2)/m2, where “m1” represents the measurement from Bart and Melosh (2007a, 2007b) and “m2” is the measurement from our research.
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Lunar boulders were ﬁrst revealed from Ranger photographs in
1965 (Kuiper, 1965), which were individual and intact rock fragments
resting on the lunar surface. In images, boulders can be identiﬁed as
bright pixels on the sunward side of dark pixels (Bart and Melosh,
2007a; Bart and Melosh, 2010) but further careful examination with
high resolution is extremely necessary. For example, Küppers et al.
(2011) indicated that some features that are either localized accumulations of smaller material (mounds) or rocky outcrops might be mistakenly considered to be boulders. This misrecognition probably depends heavily on the image resolution (e.g., Fig. 6). Thus, a careful
examination was carried out in this study to ensure that boulders were
correctly identiﬁed.
In this study, we adopt the conception that a “boulder” is a positive
relief detectable with the presence of an elongated shadow (if the phase
angle is greater than 0°) and appears detached from the ground where it
stands (Pajola et al., 2018). In addition, a boulder has the diameter of
larger than 0.25 m (Neuendorf and Jackson, 2005). Generally, the
continuous ejecta, which are composed of massive boulders, cover
about 1–2 crater radii around the crater rim, and large boulders tend to
be located near the crater rim (Melosh, 1989; Li et al., 2017). Because
our study analyzed the relationships between the largest boulders and
the crater diameters, the searching area was set to be the concentric
annulus between the crater rim and a circle one-crater-radii outward.
The top ﬁve largest boulders of the craters selected in this study are all
within the one-crater-radii distance from the crater rim. On the other
hand, to avoid being contaminated by the ejecta from other craters
nearby, the area that intersects with other craters and their corresponding search area were excluded (Fig. 2). The excluding area shown
in Fig. 2 is the largest of all craters and many craters do not have interrupting craters with boulders in the one-crater-radii range.
In previous boulder measurement, boulders have been considered to
be rectangular (Krishna and Kumar, 2016; Li et al., 2017), circular (Di
et al., 2016), elliptical (Di et al., 2012; Watkins et al., 2018), ellipsoid
(Mazrouei and Ghent, 2017), or directly measured as a line perpendicular to the sun direction (Bart and Melosh, 2007a; Bart and Melosh,
2010). In this research, to make comparison with Bart and Melosh
(2007a, 2007b), the length (longest dimension) of a boulder, or the
diameter of the boulder in the image, was again determined with the
help of “CraterTools”. However, in most cases the method of two-point
ﬁtting, which measures the length of the boulder independent of projection, was used to determine the boulder size (Fig. 3a). In a few cases,
when it was diﬃcult to judge the longest length directly, three-point
ﬁtting was used to get the minimum circumcircle of the boulder, and
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Table 1 (continued)

primary craters were sampled for analysis, which are far more than
those sampled by Bart and Melosh (2007a, 2007b). Fig. 1 shows the
locations of the selected craters, and their detailed information can be
referred to in Table 1.
To delineate and measure the diameter of craters, Bart and Melosh
(2007a) used a computer program called “ImageJ” (http://rsb.info.nih.
gov/ij) and the crater diameters are decided by ﬁtting several 20–30
sided polygons to the rim of the crater. Then the center of those polygons is found with ImageJ and the diameter is gotten by taking the
average of the results. This average polygon technique cannot eliminate
possible systematic error based on the selection of rim location, although random measurement errors are reduced.
In this study, an ArcGIS tool named “CraterTools” was used in which
measurements could be taken independent of map projection (Kneissl
et al., 2011). All the craters were determined by three points on the
crater rim, and the diameters were automatically measured. This tool
can give reliable measurements to the crater diameter in most cases and
has been widely used in planetary science community (e.g., Head III
et al., 2010; Baker et al., 2011; Fassett et al., 2012; Michael et al.,
2012).
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the diameter of the ﬁtted circle was considered to be the length
(Fig. 3c). This process can obtain the longest diameter of one boulder.
In addition, to minimize the uncertainties from shadows, multiple
overlapping NAC images from diﬀerent illumination conditions were
employed, and the largest length from all images was taken as the ﬁnal
boulder size (Fig. 3a compared with Fig. 3b; Fig. 3c compared with
Fig. 3d).
3. Results
3.1. Measurements of boulders and craters
Table 1 lists the measurement results of lunar boulders and their
corresponding craters, in which the ID of the distant secondary craters
begins with an ‘S’, while the primary craters begin with a ‘P’. The size of
the largest boulders and the mean of top ﬁve largest boulders are both
measured. For the distant secondary craters, the size of the largest
boulder is 48.7 m, corresponding to a crater diameter of 1355.5 m,
which is also the largest crater sampled. Table 1 also includes the locations of the selected craters, giving the distance to the primary craters.
3.2. Relationship between boulders and craters
Fig. 2. Schematic diagram of eﬀective boulder search area. The concentric
annulus between two yellow circles (initial search area), excluding the intersected parts with other buﬀered craters B, C, and D (red circles) is deﬁned as the
eﬀective boulder search area for crater A. LROC NAC image: m183288763l and
m1175168759l. The ﬁnal eﬀective search area is 2.25 km2 which takes 61.17%
of the initial search area. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

The relationship between the crater diameter (D) and the largest
boulder size (B) is ﬁtted with empirical Eq. (1) (Moore, 1971). In this
calculation, we adopted the strategy of using the mean size of the ﬁve
largest boulders as used by Bart and Melosh (2007a), and the largest
boulder size was also used for comparison.

B = KD 2/3

(1)

where B and D are in meters, and K is the ﬁtting coeﬃcient (Moore,
Fig. 3. Schematic diagram of the measurements of
the length (longest dimension) of lunar boulders
with the help of CraterTools. The locations of the
points used to ﬁt the boulders are shown as the
crosses. (a) The boulder is ﬁtted by one circle with
the method of two points located at the two ends of
the longest side of the boulder, which makes the
diameter of the circle exactly the length of the
boulder, and the measured boulder size is 41.7 m.
LROC NAC image: m1150335558l. (b) The same
boulder as (a) but from an image with diﬀerent illumination angles, and the measured boulder size is
39.1 m. LROC NAC image: m181995589l. (c) Three
points are used to ﬁt the boulder as one circle because it is diﬃcult to judge the longest dimension
directly, and the diameter of the circle is considered
as the length of the boulder. The measured boulder
size is 37.8 m. LROC NAC image: m159732131re. (d)
The same boulder as (c) but from an image with
diﬀerent illumination angles, and the measured
boulder size is 36.8 m. LROC NAC image:
m159738917re.
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Fig. 4. A log-log plot of the crater diameter versus the mean size of the largest
ﬁve boulders around the crater. The primary craters are shown in red and
secondary craters are displayed in green, while the shapes indicate the groups
from Table 1. The red line is the ﬁtted result with Eq. (1) for the primary crater
with K = 0.2632, and the green line is the result for the secondary crater with
K = 0.2723 in this study. The two very large craters indicated by the black
arrows are not used for ﬁtting because the ﬁtting precision can be heavily damaged (R2 = 0.6516), and when they are excluded, the ﬁtting precision (R2)
can reach 0.9178. The two black lines are the ﬁtted results for the primary
crater (K = 0.29) and secondary crater (K = 0.46) with Bart and Melosh
(2007a) for comparison. The crater sample pointed by the red arrow is the only
exception (P4 in Table 1) that lies above the ﬁtted line with K = 0.46. P4 is
within the large crater Copernicus and the formation of the Copernicus crater
may have changed the characteristic of the region and make it easier to produce
large boulders. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 5. A log-log plot of the crater diameter versus the largest boulder size
around the crater. The primary craters are shown in red, and the secondary
craters are displayed in green, while the shapes indicate the groups from
Table 1. The red line is the ﬁtted result with Eq. (1) for the primary crater with
K = 0.3141, and the green line is the result of the secondary crater with
K = 0.3242 in this study. The two very large craters indicated by the black
arrows are also not used for ﬁtting because the ﬁtting precision can be heavily
damaged (R2 = 0.5902), and when they are excluded, the ﬁtting precision (R2)
can reach 0.9406. The two black lines are the ﬁtted results of the primary crater
(K = 0.29) and secondary crater (K = 0.46) in Bart and Melosh (2007a) for
comparison. The crater sample pointed by the red arrow is the only exception
(P4 in Table 1) that lies above the ﬁtted line with K = 0.46. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

diameter of 17,646.2 m and 40,309.8 m, respectively. The largest crater
is a complex crater, while the morphology of the second largest is in the
transition from simple to complex as evidenced by the ﬂat ﬂoor. The
reason for the diﬀerent trends probably includes: (1) There is a limit for
the size of the largest boulders in the lunar surface, regardless of crater
diameter; (2) Compared to the simple crater, the diameter of complex
crater has been greatly increased in the late stage of crater formation by
the gravitational instability (Chapman and McKinnon, 1986; Melosh,
1989).
Except the comparison of the ﬁtted K-values between the primary
and secondary craters, a statistic analysis of the signiﬁcance of the Kvalue diﬀerence has also been run. The K-values of each sample have
been calculated by Eq. (1). All the primary and secondary craters are
involved including the two largest ones (P2 and P9). The t-test method
is adopted and the null hypothesis for testing is that there is no signiﬁcant diﬀerence between the K-values of the primary and secondary
craters. The signiﬁcance level is set to be α = 0.05. The testing results
are listed in Table S4, which indicate that P(T ≤ t) is ~0.83 when using
the largest boulder, and P(T ≤ t) is ~0.73 when using the mean size of
the top ﬁve largest boulders, both of which are larger than 0.05.
Besides, the calculated “t Stat” values are smaller than the given critical
values. Therefore, the null hypothesis should been accepted that there
is no signiﬁcant diﬀerence between the K-values of primary and secondary craters no matter the largest boulder size or the mean size of the
top ﬁve largest boulders is used.

1971).
Fig. 4 shows the ﬁtted results from Table 1 between the crater
diameter and the mean size of the top ﬁve largest boulders. All the
primary craters are shown in red, while the secondary craters are in
green. It is clear that the sizes of the boulders do increase with the
diameters of the craters. However, the coeﬃcients between the secondary and primary craters are very close, i.e., the ﬁtted coeﬃcient for
primary craters is K = 0.2632, and for the secondary craters
K = 0.2723. Fig. 4 also incorporates the ﬁtted lines with Eq. (1) and the
coeﬃcient K = 0.46 for secondary craters, and coeﬃcient K = 0.29 for
primary craters, from Bart and Melosh (2007a); all the craters, except
one primary crater in the lunar highlands (P4 in Table 1, K = 0.5704),
have coeﬃcients smaller than 0.46. In addition, the craters from different groups, i.e., primary craters in lunar highlands, lunar mare (Bart
and Melosh, 2007a, 2007b) and selected in this study as well as secondary craters from Burg ray, Copernicus ray and Tycho ray, are indicated by the diﬀerent shapes in Fig. 4. Fig. 4 shows that the samples
from diﬀerent backgrounds, which means that craters from diﬀerent
target terrains and primary or secondary craters, are mixed in distribution.
The relationship between the crater diameter and the largest
boulder size is also analyzed and displayed in Fig. 5. The features and
patterns shown in Fig. 5 are very similar to those in Fig. 4, except that
the ﬁtted coeﬃcients increase 0.0509 for primary (K = 0.3141) and
0.0519 for secondary craters (K = 0.3242). Therefore, no matter the
largest boulder size or the mean size of the largest ﬁve boulders is involved, it seems diﬃcult to distinguish the secondary craters from the
primary craters according to the ﬁtted relationships.
Another trend shown in Fig. 4 and Fig. 5 is that the size of the
largest boulder increases more slowly when the crater diameter is large
enough (e.g., larger than about 17 km in this study), as shown by the
two primary craters in the lunar maria and highlands, which have

4. Discussion
4.1. Uncertainties in measurements
Crater sizes are determined through three points in the crater rim,
and the standard deviation in identifying the rim points can be considered to be a half-pixel, or σx = σy = σ = ± 0.20 m – ± 1.15 m in this
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Fig. 6. Boulder identiﬁcation in a Lunar Orbiter
image ((a) and (b), V-199-M) and a LROC NAC image
((c) and (d), m104826902r). Figure (b) and (d) are
the zoomed-in views of the features in the red rectangles of (a) and (c), respectively. In the Lunar
Orbiter image, two features (arrows) tend to be
identiﬁed as boulders; however, they are actually a
heap of small stones, as seen in the NAC image. (For
interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

ﬁtting results, the error bars have been added to Fig. 4 and Fig. 5. The
horizontal and vertical error bars represent crater and boulder measurement uncertainties respectively. For crater measurement, the largest uncertainty ( ± 1.33 m) is plotted as the horizontal error bars of
Fig. 4 and Fig. 5. For single boulder measurement, the largest uncertainty is ± 1.63 m, which is plotted as the vertical error bar in Fig. 5.
Since the same boulder measurement method is used and all the
boulders are measured by the same person, when assuming that all
boulders are digitalized under the lowest image resolution, which is
2.3 m/pixel in this study and caused the largest measurement uncertainties, the resulted boulder sizes should have similar measurement
accuracy. For the mean size of the top ﬁve largest boulders, the uncertainty can be obtained by the error propagation low (Eq. (3)), and as
a result δB_mean = ± 0.10 m ~ ± 0.79 m. Thus, the error bar in Fig. 4
for the boulder measurement is ± 0.79 m. It can be observed that the
crater measurement uncertainties have little inﬂuence on the crater
size, while the boulder measurement uncertainties have relatively
larger eﬀect on the small-sized boulders. When the boulder size is larger
than ~10 m or the mean size of the ﬁve largest boulders is taken, the
measurement uncertainties can be also insigniﬁcant. Therefore, the
existence of measurement uncertainties does not change the result that
the secondary and primary craters are diﬃcult to be distinguished by
the relationship between crater diameter and boulder size.

work. The crater rim is ﬁtted with three points with this uncertainty,
and the uncertainties of the crater diameter can be deduced according
to conventional error propagation (Ghilani, 2010).
Given three points A, B, and C (they are also used to signify the
corresponding angles for triangular ABC), the uncertainty in the diameter of the ﬁt circle is:

σd =

sin2 2A + sin2 2B + sin2 2C
σ
2 sin A sin B sin C

(2)

The detailed derivation is trivial, and the results indicate that the
uncertainty is only related to the distribution of the selected three
points. In this research, the three points delineating the crater rim are
generally evenly distributed, as required in CraterTools (Kneissl et al.,
2011), which means that the angles of A, B, and C can be considered to
be 60°. As a result, σd = 1.16 σ = ± 0.23 m – ± 1.33 m.
For the size of the boulders, most of them are measured with two
points; that is, the uncertainty is about δB = 1.41 σ = ± 0.28 m
– ± 1.63 m, according to the error propagation law. Considering that
the diameters of a few boulders are also derived from circle ﬁtting with
three points, the uncertainties of the size of boulders in this research
varies from 1.16 σ to 1.41 σ ( ± 0.23 m – ± 1.63 m).
It can be seen that the absolute error, and thus the derived relative
error, is closely related to the image resolution. The absolute error is
similar to all the measurements, while the relative error varies especially for boulders. Assuming all measurements are obtained from the
lowest resolution images (2.3 m/pixel in this study) and the upper limit
of the absolute error (1.63 m) is adopted, the relative error for large
boulders, e.g., Crater P9 which has the largest boulder size of 155.2 m,
is about 1%. For boulders from small craters, e.g., Crater S17, the largest boulder is 5.8 m, which results in a relative error of 28%.
To illustrate the inﬂuence of measurement uncertainties on the

2
2
1
1
1
δB2_ mean = ⎛ δB1 ⎞ + ⋯+⎛ δB5 ⎞ = δB2
5
⎝5 ⎠
⎝5 ⎠

(3)

The uncertainty of the coeﬃcient K can be obtained by the uncertainties of boulder and crater size measurement according to the
error propagation law. The result is demonstrated in Eq. (4) and it can
be seen that the uncertainty of K depends on the crater and boulder
size, as well as the image resolution. For the smallest crater in this
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crater size ratios of all the 16 commonly used craters are calculated and
the absolute and relative diﬀerences between the two studies are shown
in Table S1. The relative percentage diﬀerences vary from −56.53% to
+59.46%. These large percentage diﬀerences are more likely to be
caused by measurement diﬀerences.
The comparison with the results from Krishna and Kumar (2016)
can further prove that the measurement in this research is reliable. The
Censorinus crater (P11 in Table 1) and the surrounded boulders are
involved in both studies. Krishna and Kumar (2016) gave the size of the
crater as 3.8 km and the largest length as 78 m (Fig. 7b of their paper).
In this study, the crater diameter is 3.98 km and the largest boulder size
is 81.4 m, which can be seen in Fig. 9. In Krishna and Kumar (2016), the
length of the boulder is measured as the length of the long side of the
rectangle ﬁtted to the boundaries, which is similar to the diameter in
our research and the measured results are indeed similar between two
studies. The residual discrepancy (4.2%) is more likely to be caused by
the boulder measurement method diﬀerence. The detailed ﬁgure about
the measurement of the largest boulder of Censorinus crater can be seen
in Fig. 9. Both studies used the circle to ﬁt the crater boundary.
Therefore, the discrepancy of the crater diameter (2.5%) is more likely
to be resulted from the deﬁnition of crater rim because the boundary of
Censorinus crater is not so regular and circular. The ﬁtted boundary
with the three selected rim points in our study is displayed in Fig. 9.

research, it has the diameter of 137.6 m and its largest boulder has the
size of 5.8 m. As a result, its ﬁtted coeﬃcient K has the uncertainty
of ± 0.01 – ± 0.06 within the image resolution range of 0.4 m/
pixel – 2.3 m/pixel. For the largest crater with the diameter of
40,309.8 m and largest boulder size of 155.2 m, its ﬁtted uncertainty
is ± 4.0 × 10−4 ~ ± 2.3 × 10−3.

K 2
2K 2 2
2.0
0.59 2 2
⎞ δd = ⎛
⎞K σ
δK2 = ⎛ ⎞ δB2 + ⎛
+
D2 ⎠
⎝ B2
⎝B⎠
⎝ 3D ⎠

(4)

4.2. Comparison with previous study
The largest boulder size, mean diameter of the top ﬁve largest
boulders, crater diameter, and corresponding diﬀerence between the
measurements from this study and those from Bart and Melosh (2007a,
2007b) are listed in Table 1. For the mean size of the top ﬁve largest
boulders, the diﬀerence varies from −64.85% to 165.71%, in which the
negative sign refers to our measured size being smaller than that by Bart
and Melosh (2007a, 2007b). The mean diﬀerence of the absolute difference is about 37.32%. A similar diﬀerence (40.54%) also exists for
the size of the largest boulders.
The large discrepancies in boulder size between our measured results and those by Bart and Melosh (2007a, 2007b) may be caused by
the diﬀerences in boulder recognition, and in this process, the image
resolution and illumination conditions have important eﬀects. Fig. 6 is
an example that was probably misinterpreted as one boulder in the lowresolution image. In the Lunar Orbiter image V-198-M (Fig. 6a and b),
the area encircled by the rectangles looks like a boulder because of the
bright pixels on the sunward side of dark pixels (this is also the principle Bart and Melosh (2007a, 2007b) used to identify a boulder);
however, in the high-resolution image of LROC NAC (Fig. 6c and d), it is
composed of a heap of small stones. The result is a large deviation in the
measurement of boulder size. Since Bart and Melosh (2007a, 2007b)
did not give the speciﬁc location of each boulder involved, the boulders
shown in Fig. 6 are just selected by this study to illustrate that the low
resolution image can introduce possible interpretation problem.
On the other hand, boulders may be measured to be smaller when
the illumination condition is not correctly selected. Fig. 7 shows such an
example, in which a boulder was measured to be smaller in size from a
Lunar Orbiter image compared with that from a LROC NAC image,
since part of the boulder is buried in the shadow. In addition, the deformation of the photographic ﬁlms from Lunar Orbiter III, V, and
Apollo 17 and the scale problem may be another two factors in the
measurement uncertainties, which are especially prominent in the
measurement of large dimensions, such as the measurement of crater
diameter, indicated below.
For the crater diameter, the diﬀerence varies from −35.6% to
85.43%, with a mean absolute diﬀerence of 18.24%. Crater P2, with a
diﬀerence of −35.6%, was measured to be 27.40 km in diameter by
Bart and Melosh (2007a, 2007b), and this crater was also used by Bart
and Melosh (2010) with a measured diameter of 27.422 km. According
to Fig. 1F in Bart and Melosh (2010), it can be conﬁrmed that it is the
crater Dionysius (Fig. 8). However, the diameter of the crater is
17.25 km, measured by International Astronomical Union (https://
planetarynames.wr.usgs.gov/Feature/1542), which is very close to
our measurement result of 17.299 km but diﬀers signiﬁcantly from Bart
and Melosh (2007a, 2010). This may be due to the deformation of the
photographic ﬁlms or the scale problem, which can produce diﬀerent
measurements of the crater diameters. Therefore, measurements in this
study are much more reliable than previous results.
Except the diﬀerence caused by measurement, it seems that the
scale problem also exists in Bart and Melosh (2007a, 2007b). Since the
Lunar Orbiter III, V, or Apollo 17 images do not have a meaningful m/
pixel resolution as that of LROC NAC, the extent of the smallest feature
in the image was adopted to represent the resolution in Bart and Melosh
(2007a, 2007b), which may cause the scale problem. The boulder-

4.3. Relationship analysis between boulders and craters
The two ﬁtted lines for secondary craters and primary craters in Bart
and Melosh (2007a) are also plotted in Figs. 4 and 5 as black lines.
There is a large diﬀerence in the ﬁtted relationships of this study and
those in Bart and Melosh (2007a). The ﬁtted line for secondary craters
with coeﬃcient K = 0.46 is obviously too large compared with the
crater samples in this study, and only one crater from the highlands
(Crater P4, K = 0.5704) lies above this line. This crater is located in the
Copernicus crater and this region contains many rich-in-boulder features. The other crater (P3) with large ﬁtting coeﬃcient (K = 0.3878)
also lies in the vicinity. It may be that the previous impacting event to
produce the Copernicus crater changed the characteristic of the region
and made it easier to produce large boulders. The large diﬀerence between our results and those of Bart and Melosh (2007a) are not only
caused by the inconsistency in the measurements, but also because the
diﬀerent number of crater samples involved in two studies. In addition,
our results of K = 0.2632 (mean size of top ﬁve largest boulders) and
K = 0.3141 (largest boulder) for primary craters, and K = 0.2723
(mean size of top ﬁve largest boulders) and K = 0.3242 (largest
boulder) for secondary craters are in the range of K = 0.11 – 0.32 given
by Moore (1971).
The top two largest sampled craters, as indicated in Fig. 4 and Fig. 5,
are not used for the above ﬁtting, as described in Section 3.2. When the
two sampled craters are incorporated, the ﬁtted coeﬃcients (K) for
primary craters are 0.1619 for the mean size of the top ﬁve largest
boulders and 0.1875 for the largest boulders. However, the ﬁtting
precision decreases signiﬁcantly, as we have explained, probably due to
the upper limit of the largest boulder size in the lunar surface and they
are complex craters instead of simple craters. Because the diameter of
the complex crater has greatly increased in the modiﬁcation stage
mainly caused by the gravity (Melosh, 1989, Chapter 8), it is reasonable
to exclude them in ﬁtting as we have done in section 3.2.
Generally, our results indicate that the ﬁtted coeﬃcients for primary
and secondary craters have a very small diﬀerence (~5%), and many
secondary craters have largest boulders that are of similar size to the
primary craters, given that their diameters are also similar. The results
demonstrate that the principle to distinguish distant secondary craters
from primary craters proposed by Bart and Melosh (2007a) may be
impractical, which is discouraging.
Bart and Melosh (2007a) had explained that boulder size is largely a
function of the stress gradient in the target rock. Higher shock pressure
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Fig. 7. Boulders from the Lunar Orbiter image ((a)
and (b), V-152-H2) are measured to be smaller than
those from the LROC NAC image ((c) and (d),
m1175545925l) due to the inﬂuence of unsatisfactory illumination. In the Lunar Orbiter image,
the low incidence angle caused a relief shadow in
which part of boulder was buried. Figure (b) and (d)
are the zoomed-in views of the features in the red
rectangles of (a) and (c), respectively. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of
this article.)

This problem deserves further study in future through other methods,
e.g., laboratory tests and numerical simulations.

caused by higher impact velocity tends to generate larger stress gradients and then produce smaller boulders for a given crater size (Bart
and Melosh, 2007a). However, it is probably the stress gradient after
attenuation over a long distance, instead of around the impact center,
that is responsible for the formation of the largest boulders. After the
shock wave was suﬃciently attenuated, the stress gradient should be
very diﬀerent to that around the impact center. This can be proven by
the fact that most of the large boulders are distributed around crater
rims, where the shock wave has been substantially attenuated such that
the ejection velocity declines to almost zero (Melosh, 1989). If it is the
case, the target properties may be much more important than the initial
stress gradient. So the relationships between the diameter of largest
boulder and the crater are similar for primary and secondary craters.

5. Conclusion
In this study, the relationship between the crater diameter and the
largest boulder size, which has been proposed as a method to distinguish secondary craters from primary craters by Bart and Melosh
(2007a), is reanalyzed using 41 sampled craters with high-resolution
LROC NAC images. The results indicate that the crater diameter and the
largest boulder size do have an exponential relationship: B=KD2/3.
However, the coeﬃcient K in this relationship has a very small diﬀerence (~5%) between primary and secondary craters, which makes it an
Fig. 8. Crater Dionysius from Lunar Orbiter image V82-M (left) and LROC WAC mosaic (right). The crater
was measured to be 27.40 km in diameter by Bart
and Melosh (2007a, 2007b), and this crater was also
used by Bart and Melosh (2010) with a measured
diameter of 27.422 km. However, the diameter of the
crater is 17.25 km, as measured by the International
Astronomical Union (https://planetarynames.wr.
usgs.gov/Feature/1542), which is very close to our
measurement result of 17.299 km.
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Fig. 9. Censorinus crater and its largest boulder with the ﬁtted boundaries (LROC NAC image: m139694087l, m139694087r and m159732131l). The three points
used to deﬁne the boundary are shown as crosses.

unreliable discriminator for primary and secondary craters, contrary to
that proposed by Bart and Melosh (2007a). Further eﬀort, e.g., research
about the boulder size distribution around a crater, is necessary to
create a reliable criterion for this important problem.
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