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Abstract Secondary impact craters, features created by projectiles ejected from a primary impact, contain
important information about the primary cratering event and the nature and distribution of its ejecta. The
Orientale impact basin (D ~ 930 km) is the youngest and the least degraded large impact basin on the Moon
and has the most recognizable secondary impact craters. We identified and mapped 2,728 secondary
craters in the investigated area of ~1.66 × 107 km2, covering an area from the rim of Orientale to six radii.
Secondary crater diameters range from ~2 to 27 km, and the median diameter decreases as distance
increases. Secondary craters are concentrated predominantly in the northwest and southwest. The ejecta
deposit pattern inferred from secondary crater distribution suggests that the Orientale basin was formed by
an oblique impact in which the downrange direction was 240°–265° in azimuth, and the incidence angle was
steeper than 20°. The cumulative size-frequency distribution of mapped secondary craters steepens as
diameter increases and is very well approximated with a Weibull distribution with an exponent 1.32. A widely
used crater scaling relationship predicts that the fragments that produced the secondary craters were
predominantly in ~0.5–2-km diameter range over the investigated area; the diameter of the largest fragment,
however, decreases with increasing distance from Orientale. On the basis of the diameter of the largest
secondary crater of Orientale, and other craters and basins, the largest secondary crater of the South
Pole-Aitken basin is estimated to be ~40 km in diameter. We explore the implications of these findings for the
evolution of the megaregolith and future sample return missions.

1. Introduction

Secondary craters (or secondaries) are the craters formed by impact of ejected fragments from a primary
impact crater (Melosh, 1989). According to their type of occurrence and distance from the parent crater,
secondary craters can be categorized into four groups (Xiao, 2016): (1) self-secondaries that are produced
on the top of continuous ejecta deposits (Shoemaker et al., 1969); (2) near-field secondaries that occur in
chains and clusters (Schultz & Singer, 1980; Xiao et al., 2014); (3) distant secondaries (i.e., far-field secondaries)
that occur over about 5 radii from the rim of the parent crater, and the craters are more dispersed in spatial
than the proximal secondaries (Melosh, 1989; Quantin et al., 2016); and (4) background secondaries: these
refer to the distant secondaries that occur in isolated form and are almost indistinguishable from same-sized
primary craters (Shoemaker, 1965). As shown in Figure 1, the field of emplaced secondaries is divided into (1)
the self-secondaries facies, (2) the continuous secondary facies, where near-field secondaries are produced; and
(3) the discontinuous secondaries facies where distant secondaries are formed (Schultz & Singer, 1980;
Xiao, 2016; Xiao et al., 2014).

Secondary craters occupy a considerable percentage of the small crater population on planets and satellites.
On Europa, secondary craters comprise about 95% of the small craters (diameters less than 1 km; Bierhaus et al.,
2005); on Mars, secondary craters are more numerous than primary craters for diameters as large as 9 km
(Robbins & Hynek, 2014). Wilhelms et al. (1978) pointed out that in their study area secondaries of the
Orientale basin and the Imbrium basin outnumbered primaries in crater sizes smaller than 20 km. Impact crater
size-frequency distributions (CSFDs) are a widely used method in determining the ages of planetary surfaces
(e.g., Arvidson et al., 1979; Hartmann, 1970; Ivanov et al., 2001; McGill, 1977; Michael & Neukum, 2010;
Neukum et al., 1975, 2001). However, the abundance of small secondaries, and the difficulty in distinguishing
background secondaries and self-secondaries from small primaries, often leads to considerable uncertainty in
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model ages obtained by the CSFD method. Avoiding the contamination of secondaries has always been a
critical issue in using a CSFD to constrain the crater model age of a geologic unit (McEwen & Bierhaus, 2006;
Robbins & Hynek, 2011; Strom et al., 2015; Xiao et al., 2014; Xiao & Strom, 2012). Knowledge of the
secondary crater population characteristics of secondary crater populations is helpful in the identification of
secondary craters, and hence, in improving the accuracy of dating results.

The study of secondary craters also provides an approach to understand the nature of their parent impact
crater. The spatial distribution of secondaries is representative of the ejecta distribution, fromwhich the initial
primary impact geometry, such as projectile approach azimuth and angle to the surface can be estimated
(Anderson et al., 2003; Bottke et al., 2000; Davison et al., 2011; Gault & Wedekind, 1978; Herrick & Hessen,
2006; Pierazzo & Melosh, 2000; Schultz et al., 2007; Shuvalov, 2011; Yamamoto, 2002). In addition, the distinc-
tive characteristics of secondary craters make them more readily recognizable than the thin and discontinu-
ous ejecta deposits over broad distal areas. The thickness and volume distribution of the ejecta deposit in the
continuous deposits of the Orientale basin have been estimated (Fassett et al., 2011; Potter et al., 2013; Spudis
et al., 1984; Xie & Zhu, 2016; Zhu et al., 2015). However, it is much more difficult to identify them in the more
distal discontinuous facies. The spatial analysis of secondary craters formed by ejected fragments provides
information about how the ejecta from the parent crater was distributed and the size of those fragments
(Hirase et al., 2004; Hirata & Nakamura, 2006; Vickery, 1986, 1987).

The secondary craters of the Orientale basin have been regarded as one of the facies of the Hevelius
Formation (McCauley, 1977; Moore et al., 1974; Morse et al., 2018; Scott &McCauley, 1977) and were identified
and mapped on a geologic map (1: 5,000,000 scale; Scott & McCauley, 1977) and more recently on an
Orientale ejecta map (Morse et al., 2018). Utilizing telescopic data and Lunar Orbiter images, Wilhelms
et al. (1978) identified 569 Orientale secondary craters in an area of 1.751 × 106 km2. Themaximum secondary
crater diameter is typically estimated to be <5% of the parent primary (Bierhaus et al., 2001; McEwen &
Bierhaus, 2006; Schultz & Singer, 1980; Shoemaker, 1965). The largest Orientale secondary craters were
observed to be more than 20–25 km in diameter (Head et al., 1993; Wilhelms et al., 1978), which is
2.2–2.7% of the Orientale rim diameter or 5.1–6.4% of the 390 km Orientale transient crater diameter as sug-
gested by Johnson et al. (2016). Zhou et al. (2015) systematically studied the circularity of more than 2,100
recognizable secondaries of the Orientale basin. Despite the number of previous studies, comprehensive
investigations of Orientale secondaries in an area of all azimuthal range and greater radial distances has
not yet been undertaken. The more complete mapping and understanding of the distribution of

Figure 1. Schematic illustration of the impact excavation processes showing the motion of particles in the excavation
cavity, and the resulting ejecta deposit and secondary crater field. Figure is based on Xiao et al. (2014). The parameters:
θ = ejection angle, Vej = the ejection velocity, U = secondary impact velocity, δ = the projectile density, gmoon = the lunar
surface gravity, ρ = target density, and Y = target yield strength.
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secondaries as a function of radial distance and azimuth angle, their size-frequency distribution (SFD), and
the ejected fragments size and distribution, can provide additional perspectives to study the formation of
Orientale, and is the major goal of this analysis.

As the youngest large lunar basin (Wilhelms et al., 1987), the Orientale basin has the least degraded and most
well-preserved interior structure, ejecta facies, and secondary crater fields among basins of comparable scale
(Fassett et al., 2011; Head et al., 1993). The Orientale impact basin interior and proximal ejecta deposits cur-
rently serve as a paradigm for the interpretation of other basins, and the nature of distal ejecta and secondary
crater fields can extend this paradigm further. The nature and size of Orientale basin secondaries is an impor-
tant constraint to infer secondary crater distributions and sizes of older basins, such as South Pole-Aitken
(SPA), whose secondaries have been highly degraded and have yet to be recognized directly. In this analysis,
we pursue this goal by mapping the secondary crater field of the Orientale impact basin and assess the popu-
lation for insights into the nature of the primary impact and the application of these results to recognition of
secondary crater fields on older impact basins, their influence on the CSFD used for dating and for the empla-
cement and sampling of ejecta in future sample return missions.

2. Background of Investigation Area

It is widely accepted that the Orientale basin has four morphologic rings, the Cordillera ring about 930 km in
diameter, the Outer Rook ring about 620 km in diameter, the Inner Rook ring about 480 km in diameter, and
Innermost ring about 320 km in diameter (Fassett et al., 2011; Head, 1974; Head et al., 1993; Scott & McCauley,
1977; Spudis et al., 1984; Whitten et al., 2011). The fifth ring about 1,300 km in diameter was postulated by
some early researchers (Hartmann & Kuiper, 1962; Hartmann & Wood, 1971), but it was poorly defined even
if it exists (Moore et al., 1974). There have been controversies about whether the Outer Rook ring (Fassett
et al., 2011; Head, 1974; Spudis et al., 1984) or the Inner Rook ring (Xie & Zhu, 2016) is more representative
of the position of the transient cavity. The latest study based on high-resolution gravity data from Gravity
Recovery and Interior Laboratory (GRAIL) and hydrocode simulation has concluded that the transient crater
was ~390 km in diameter but was not maintained because of the subsequent gravitation collapse (Johnson
et al., 2016). The innermost part of Orientale basin contains later mare regions, which have a wide age range
from ~1.66 to ~3.70 Ga (Whitten et al., 2011). In addition to the mare material, three geologic units associated
with the Orientale basin are defined and included in the Orientale Group in the geologic map of the west side
of the Moon (Scott & McCauley, 1977). The Hevelius Formation, which occurs beyond the Cordillera
Mountains, is the major ejecta deposit of Orientale basin. The Montes Rook Formation lies between the
Inner Rook ring and Cordillera Mountains and is interpreted as deposits that were initially similar to the
radially textured Hevelius but were modified texturally by late or postbasin megaterrace formation (Head,
1974; Head, 1977). The Maunder Formation is confined to within the Outer Rook ring and represents impact
melt emplaced during the terminal modification phase of the Orientale impact event (Head, 1974; Head et al.,
1993; McCauley, 1977; Moore et al., 1974; Scott & McCauley, 1977; Spudis et al., 1984; Vaughan et al., 2013).

The investigation of Orientale secondary craters was conducted in an area beginning at the Cordillera ring
(the innermost point of easily recognizable Orientale ejecta) and extending out to a radial distance of 6 R
(R is Orientale radius) from the Orientale basin rim crest, that is, the Cordillera ring. The study area comprises
about 63% of the entire lunar surface area, broader than a lunar hemisphere. Prior to the formation of the
Orientale basin and emplacement of the ejecta and secondaries, the study area had been bombarded by
numerous impactors, creating craters and large basins (Figure 2). Most of the basins are dated as pre-
Nectarian age (Wilhelms et al., 1987) and may be due to a period of Late Heavy Bombardment (Mottmann,
1977; Tera et al., 1974). Among the three Imbrian-aged basins, Orientale marks the latest large-scale impact
and produced secondary craters that are recognizable at significant distances from the parent crater.
However, the very broad distribution of post-Orientale extrusive volcanism (Head & Wilson, 2017; Wilson &
Head, 2017) on the eastern nearside (20°–120° azimuth east of the center of Orientale) profoundly influenced
the earlier geologic units by partly or fully filling, embaying or burying them. Indeed, mare volcanism in these
regions had begun prior to the formation of Orientale as seen in the distribution of cryptomaria to the south
and southeast of Orientale that were subsequently buried by Orientale ejecta (Mustard & Head, 1996; Whitten
& Head, 2015). In the mare region, secondary craters created simultaneously with the Orientale event are bur-
ied as well, resulting in abrupt decrease in secondary crater density in this direction. One of the goals of the
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study is to assess whether the areas with few-to-no secondaries were caused not only by post event burial
but also by the occurrence of a “forbidden zone” with no secondary crater formed seen in some oblique
impact scenarios (Herrick & Forsberg-Taylor, 2003; Herrick & Hessen, 2006; Schultz et al., 2007).

The pre-Orientale basins identified (Figure 2) are not homogeneously distributed. They occur predominately
in the Orientale-centered azimuthal angle of 80°–260° and are absent in the nearside mare region. It is not
clear whether fewer basins were formed in this area or basins existed but have been degraded or buried
by post-Orientale processes. The analysis of GRAIL gravity data, however, permitted the assessment of sub-
surface gravity anomalies, and the discovery of more crater-like gravity anomalies in Oceanus Procellarum
and other regions (Evans et al., 2016; Neumann et al., 2015). In our study area, a number of Bouguer anomalies
not previously recognized or categorized as impact basins are revealed by Neumann et al. (2015), as shown in
Figure 2. One such anomaly, 162 km in diameter, is located in the southwest part of the Monte Cordillera
(Figure 2). This Bouguer anomaly is associated with a large topographic depression (Figure 2), indicating a
buried ancient basin in this location (Neumann et al., 2015). In the mare area around the Orientale basin
(Figure 2), no signature of a buried impact basins has been identified (Neumann et al., 2015). However, the

Figure 2. Sketch map shows the geologic setting of the area for the Orientale secondary crater investigation. The solid
circles depict the main ring of basins with the age of pre-Nectarian (purple), Nectarian (orange), and Imbrian (green). The
data are from Wilhelms et al. (1987) except South Pole-Aitken basin, whose center and outer ring are taken from
Garrick-Bethell and Zuber (2009). The dashed red circles represent the Bouguer anomaly revealed by Neumann et al. (2015).
Solid line in light blue marks the boundary of mare region provided by Lunar Reconnaissance Orbiter Camera
(http://wms.lroc.asu.edu/lroc/view_rdr/SHAPEFILE_LUNAR_MARE). Dashed gray line shows the area where the detailed
secondary crater investigation is performed and the annular sectors for secondary crater analysis with respect to different
azimuth and distance from the Orientale rim crest. Each annular sector is a half-Orientale radius wide in radial direction
and 20 azimuthal degree wide in an azimuthal direction. The sector in the black solid line, marked with “a,” is the area of
Figure 3 which demonstrates the transition from continuous ejecta deposits to continuous secondaries facies. The map
is in stereographic auxiliary projection centered at the center of Orientale (95°W, 19°S). The figures in this paper use the
same projection when presenting the entire investigation area.
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Orientale secondaries, which are smaller in size than basins, would be flooded or buried by the mare if they
were formed in the mare region.

In relation to the inner, proximal part of the secondary crater distribution, secondary craters start to occur,
mostly in chains, at the edge of continuous ejecta deposit, which is about one radius from the parent crater
rim crest (Fassett et al., 2011; McCauley, 1977). The morphology of a transition area (azimuth 300°–340°, dis-
tance 0.5–1.5 R fromOrientale rim) from continuous ejecta deposits to discontinuous ejecta deposits is shown
as an oblique 3-D view in Figure 3. In the distal part of the continuous ejecta deposits, a few secondaries

appear in chains. The spatial density of secondaries increases beyond the
continuous ejecta deposits, so that they occur as compact crater chains
(Figure 3). In most cases, craters in a chain overlap (share their boundaries
with neighboring craters) in a radial direction. Some of the secondaries are
so close to each other that their rims are partly destroyed by the neighbor
craters (Figures 3 and 4).

The pre-Orientale craters and basins that are located in or at the edge of
the continuous ejecta deposits are filled with ejecta from Orientale. For
example, the wall of the Nectarian age Hertzsprung basin (Figure 2, azi-
muth ~300°; 536 km in diameter) is buried and part of the floor is filled
by Orientale ejecta (Figure 3). Indeed, for larger pre-Orientale craters and
basins, large-scale topographic relief (deep floor and uplifted rim) prob-
ably interfered with the flow of ejecta in the near field (Figure 3).

The nature of the target substrate is important because it helps determine
the nature and composition of the ejecta from the subsequent Orientale
basin, and thus the nature of secondary ejecta fragments (bedrock or
megaregolith). The stratigraphy of the Orientale target area consists of
an upper crustal megaregolith seen at most areas in the highlands of the
Moon, and which is made up of accumulated deposits of ejecta from
nearby and distant craters and basins (Petro & Pieters, 2008). One of the
most important and earliest contributions to the preimpact topography
and stratigraphy of the Orientale region is the ejecta deposit of the
South Pole-Aitken basin, primarily emplaced in the southwest portion
(Orientale centered azimuth 140°–300°), as shown in Figure 5a. Predicted

Figure 3. Oblique 3-D view of the topography and morphology of annular sector a in Figure 2. The elevation value is
obtained from Lunar Orbiter Laser Altimeter (LOLA) altimetry data. The black lines mark the secondary crater chains. The
dashed white line shows the boundary of the continuous ejecta deposits judged from the morphology and images. The
white arrow shows the flow direction of ejecta from Orientale basin filling in Nectarian Hertzsprung basin. White dots
represent the crater center with the crater name labeled in white. The white quadrangle represents the area of Figure 4.
Hertzsprung basin is partly included in the area and its center is out of the image area.

Figure 4. A close view of the secondary craters and crater chains. Red point
depicts the identified secondary crater. A: the overlapped crater rim; B: the
secondary crater whose diameter is unable to be measured. The extent is
shown as a white quadrangle in Figure 3.
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SPA ejecta thicknesses range from 0.25 km in the NE part of the target area, to up to ~1.8 km in the SW part of
the target area (Pike, 1974). Most ejecta contributions from other basins are insignificant due to their great
distance from Orientale, and the fact that ejecta delivered will be in their distal discontinuous ejecta region,
and thus delivered as localized secondary craters, chains, and clusters, as is the case of the distal Orientale
ejecta analyzed here. The most prominent basin contributions are likely to come from the Mendel-Rydberg
Basin to the south, the Grimaldi basin to the east, and the Hertzprung basin to the west (Figure 2).

After the formation of the SPA basin, more ejecta from pre-Orientale basins was deposited in the investiga-
tion area, resulting in a significant thickness of regolith (Petro & Pieters, 2008). In the study area, the SPA
ejecta deposits could be ~250-m thick (Figure 5a), and the thinnest ejecta deposits accumulated by post-
SPA impacts could be ~100–200 m (Petro & Pieters, 2008). To penetrate a 400-m-thick layer, the crater must
be at least 4 km in diameter (Pike, 1972); therefore, some of the large secondaries from Orientale could
expose SPA ejecta deposits and probably the primary crust, even considering additional ejecta from post-
SPA impacts. In comparison to the SPA ejecta, the ejecta from Orientale is much thinner in the area beyond
1.5 radii from Orientale basin (Fassett et al., 2011), as shown in Figure 5. Orientale ejecta deposits are about
2.9-km thick at the Cordillera ring but decay to less than 500 m on average at one radius from the Orientale
rim, the approximate boundary of continuous ejecta deposits (Figure 5b).

3. Data and Method
3.1. Data

The identification of secondary craters is based primarily on the examination of 100 m/pixel LROC (Lunar
Reconnaissance Orbiter Camera) wide-angle camera images (Robinson et al., 2010), combined with 1,024
pixel per degree Lunar Orbiter Laser Altimeter topography data (Smith et al., 2010). In areas where significant
topographic undulations make it difficult to identify and measure secondary craters, the 7 m/pixel terrain
camera (TC) image and the derived topography data from SELENE (Selenological and Engineering
Explorer) mission are applied (Haruyama et al., 2008).

3.2. Secondary Crater Identification

Typical secondary craters and primary craters are distinct in many aspects (Pike & Wilhelms, 1978; Robbins &
Hynek, 2014; Shoemaker, 1962; Wilhelms, 1976; Wilhelms et al., 1978). Considering the large size of the

Figure 5. The thickness of ejecta deposits from the South Pole-Aitken (SPA) basin (a) and the Orientale basin (b). The location of the South Pole is shown on both
images. Dashed gray lines, with azimuth and distance from Cordillera labeled, outline the current Orientale secondary crater investigation area. Thickness decay
model of SPA basin is applied with equation (12) from Pike (1974) by assuming 2400 km diameter given by Garrick-Bethell and Zuber (2009). Note that the thickness
surges around the antipode point. Thickness of ejecta deposits from Orientale is estimated using the model from Fassett et al. (2011).
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Orientale basin, its secondary craters can be recognized on the basis of six criteria: (1) entrained within an
elongate, chain-like crater group radial to the Orientale basin; (2) occurs in a cluster of craters of similar
diameter and in broad spatial association with, and typically distal to, crater chains; (3) individual craters,
clusters or chains are characterized by a “herringbone” ejecta pattern with herringbone v-shape point back
toward Orientale; (4) has an elliptical shape with its long axis radial to the Orientale basin center; (5) shows
interference features such as septa and mounds; and (6) generally displays shallower rim-to-floor depth
than primary impact craters.

The investigation area of analysis is further divided into 12 subannuli, each with a width of half R, to compare
the craters at different radial distance in more detail. The subannuli are additionally divided into 20 azimuthal
degree-wide sectors (Figures 2 and 6). In the next stage of the analysis, a grid is formed to analyze second-
aries in consecutive specific sectors, each with a different radial distance and azimuth; this systematic
approach of searching for secondaries sector by sector helps to avoid the omission of secondaries that might
occur if they were searched for in a more random fashion.

Three factors limit the complete radial and circumferential assessment of the distribution and nature of
Orientale secondary craters. (1) Subsequent to the emplacement of the Orientale ejecta deposits, many large
impact craters (e.g., Butlerov crater in Figure 3) were formed by the general projectile flux and these have
subdued, destroyed, or buried Orientale secondaries in some specific areas. (2) Post-Orientale mare basalt
emplacement has buried a broad area in the east side of the Orientale basin, implying that it is difficult to

Figure 6. Locations of 2,728 Orientale secondary craters identified in this analysis. Red indicates largest diameters, and
green represents lowest diameters. Secondary chains are marked with short black lines radial to Orientale. The purple
area designates post-Orientale mare deposits. Light blue denotes post-Orientale impacts and the area surrounding the
south polar region where illumination geometry results in poor detectability. The base map is a hillshade image from Lunar
Orbiter Laser Altimeter elevation data. In later figures, the mare region and obscured/unmappable areas are mapped using
these same symbols if not specified.
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impossible to recognize secondary craters and ejecta deposits there. (3) Solar illumination conditions severely
inhibit the ability for precise recognition of secondary craters in the polar region in some areas. These three
types of areas are excluded from our analysis (see Figure 6). On the basis of image data resolution and post-
Orientale crater degradation processes, we are unable to confidently identify and characterize secondary cra-
ters with diameters less than ~2 km.

The secondary craters recognized are mapped, and their diameters measured, using Crater Helper Tools from
the USGS (https://astrogeology.usgs.gov/facilities/mrctr/gis-tools). The shapes of secondary craters are often
very elliptical or deformed. In measuring the crater diameter, we adopt the minor axis if the shape is elliptical.
For the craters that are very round, only when they are formed as chains or clusters radial to Orientale are they
identified as secondary craters. Craters thatmay be secondaries of the Orientale basin but have unmeasurable
diameters (too indistinct or degraded) are excluded from the catalog; such craters are small in number and
distributed over almost all of the study area, so their exclusion does not cause significant biases in our analysis.

To guarantee that the secondary crater catalog is as reliable as possible, crater identification and diameter
assessments were checked three times before performing further analysis. The most reliable identification
and mapping is generally closer to the primary crater, and we consider that the secondaries identified within
four (4) radii from the Orientale rim crest are very reliable. In this area, the number of secondary craters iden-
tified is 2,065. On the basis of the difficulty in distinguishing secondary from primary craters located at great
distances from the point of impact, there may exist a small number of craters in the catalog that are actually
primary craters and alternatively, some craters excluded from the catalog may be secondaries. Nevertheless,
the catalog can provide credible first-order results when analyzing the overall population characteristics and
even more reliable results if the analysis is based on craters proximal to (within four radii) the Orientale basin
rim crest.

3.3. Crater Ejecta Scaling Law

We use crater ejecta scaling laws to estimate the properties of the ejected fragments that formed the mea-
sured secondaries. First, the ejection velocity of ejected fragment can be estimated based on the distance
of the secondary crater from primary crater, r (Vickery, 1986). On the Moon, the relation of half-angular dis-
tance of travel (θ), ejection velocity (Vej), and ejection angle (θ) can be expressed as

tanϕ ¼ V2
ej sinθ cosθ

� �
= gRmoon � V2

ej cosθð Þ2
� �

(1)

ϕ ¼ r= 2Rmoonð Þ (2)

where Rmoon and g are the lunar radius and surface gravity, respectively (Vickery, 1986). Hence, the ejection
velocity can be calculated through

Vej ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gRmoon tan r=2Rmoonð Þp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tan r=2Rmoonð Þ cosθð Þ2 þ sinθ cosθ

q (3)

Because the atmospheric drag on the Moon is negligible, we can assume that impact velocity of fragment
equals its ejection velocity (Vej; Hirata & Nakamura, 2006; Vickery, 1986), so assuming a known ejection angle
θ, the impact velocity of secondaries can be computed with equation (3).

Derivation from the scaling relationships of Holsapple (1993) and Holsapple and Housen (2007) provided the
general form of the scaling relationship:

R
a
¼ K1

ga

U2

ρ
δ

� �2ν
μ þ Y

ρU2

� �2þμ
2 ρ

δ

� �ν 2þμð Þ
μ

" #� μ
2þμ

(4)

where a, U, δ, and m are the impactor radius, normal velocity component, density and mass, g is the
gravitational acceleration, ρ and Y are the density and strength of the target material, R is the final crater
radius, K1 is experimentally derived properties of the target material, μ and ν are two scaling exponents. In this
study, the values of the parameters are assigned as k1 = 1.03, μ = 0.41, and υ = 0.4 (e.g., Holsapple, 1993;
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Holsapple & Housen, 2007);ρ = 2,550 km/m3, δ = 3,000 km/m3 (e.g., Huang
& Wieczorek, 2012; Wieczorek et al., 2013); and Y = 1.0 MPa (e.g., van der
Bogert et al., 2017).

If the effect of strength is much smaller than gravity in cratering, that is, if it
takes much more energy to loft the material out of the crater bowl than it
takes to effectively break the material apart, the cratering is gravity domi-
nated. In this scenario, equation (4) can be simplified as

R
a
¼ K1

ga

U2

ρ
δ

� �2ν
μ

� �� μ
2þμ

(5)

The impactor radius a can be expressed as

a ¼ R
K1

� �2þμ
2 g

U2

� �μ
2 ρ
δ

� �ν
(6)

4. Results
4.1. Secondary Craters

On the basis of the criteria previously described, we identified a total of 2,728 secondary craters in the study
area of ~1.66 × 107 km2 (Figure 6). They exhibit a diameter (D) range from 2.14 to 27.09 km (Table 1). Themax-
imum secondary crater diameter mapped (~27 km) is approximately 3% of diameter of the Orientale basin
Cordillera Ring, which is within the range of secondary-primary diameter ratio of craters on the Earth,
Moon, Mars, Mercury, and Europa (McEwen & Bierhaus, 2006; Schultz & Singer, 1980).

It is obvious that the secondaries are not evenly distributed in the study area, but rather are very heteroge-
neously distributed. Specifically, excluding the region beyond 1.5 R from Orientale rim where the east side
was flooded by mare basalts, the northwest quadrant of the Orientale basin exterior has the most concen-
trated secondaries, while the density in the rest of the exterior is significantly lower, especially on the eastern
side (Figure 6). As shown in the diameter color coding of Figure 6, the high crater densities in the highland
terrain are dominated by the concentration of Orientale secondary craters in the 9–16 km diameter range,

which is consistent with estimations of Povilaitis et al. (2017) and van der
Bogert et al. (2017).

The Orientale secondary crater size distribution histogram of craters iden-
tified in this analysis is shown in Figure 7. The mean andmedian diameters
are 8.47 and 7.52 km, respectively (Table 1), and craters with diameter from
~4 to ~12 km have the highest frequency. They have a total number of
2,150 and occupy 78.8% of the total populations. Crater number increases
with increasing diameter until 5.9 km, after which crater number decreases.
The lower number of craters smaller than 6 km is probably due to the fact
they are not completely mapped. According to studies about distinguish-
ing secondary craters from fresher primary craters (Hirata & Nakamura,
2006; Robbins &Hynek, 2011, 2014; Xiao, 2016; Xiao et al., 2014), more small
size secondary craters should be formed in the cratering process of the
Orientale basin. However, smaller craters are more easily degraded by
postevent processes than larger ones. On the other hand, it is difficult to
identify and distinguish smaller secondary and primary craters because
they have similar shapes and are more easily obscured.

4.2. Secondary Chains

On the basis of the alignment pattern of secondary craters, 47 secondary
chains were identified in the mapped Orientale panels as shown in
Figure 6. Generally, secondary chains occur in regions where secondary
craters are relatively higher in density. The azimuth and distance range
of secondary chains from the Orientale rim crest are shown in Figure 8.

Table 1
Statistics of Identified Orientale Secondary Craters

Parameter Value

Count 2,728
Mean (km) 8.47
Standard deviation (km) 4.11
Minimum (km) 2.14
25th percentile (km) 5.48
Median (km) 7.52
75th percentile (km) 10.53
Maximum (km) 27.09

Figure 7. Histogram of the diameter distribution of Orientale secondary
craters. The bin widths are geometric diameter values as suggested by
Arvidson et al. (1979). The geometric scale of bins in this figure is fourth root
of 2, and the leftmost edge represents the smallest diameter, 2.1 km.
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The length of secondary chains ranges from 27 to 410 km, with a median
value of 101 km and averagely 128.7 km. There are two distinctly longer
chains at an azimuth of ~320°; closer to Orientale basin, two shorter chains
can be found in this same direction (Figures 6 and 8).

Crater chains are mostly located in the azimuthal sector of 130°–350°, but
there is a decline in the sector of 230°–280°, where only three chains are
recognized and the density of secondaries in this region is also relatively
lower than the nearby area (Figures 6 and 8). This direction corresponds
to the downrange direction of the Orientale impact event proposed by sev-
eral workers (Liu et al., 2016; Morse et al., 2018; Schultz & Papamarcos,
2010). In the azimuth range sector where the mare region is located, only
one secondary chain, ~70 km long, is identified, locatedwithin 1–1.5 R from
the Orientale rim crest at the azimuth close to 80° (Figure 8).

From the radial perspective, the secondary chains are mainly located in the
annulus that lies 0.5 R to 4 R from the Orientale rim crest but concentrated
in the distance range of 0.5–2 R, where secondary crater density is higher
on average (Figures 6, 8, and 10). One isolated secondary chain (centered
at 173.45°E, 43.62°N) that is likely to be related to the Orientale basin is
identified at about 5.7 R, the farthest from Orientale (Figures 8 and 9).
The diameters of the craters are around 11 km, which is much larger than
the mean secondary diameter at this distance but in the diameter range

(Figure 11). Despite the great distance, its radial direction can be traced back to the Orientale basin, but it
is possible that the chain was formed by an impact basin other than Orientale.

5. Spatial Distribution of Secondary Crater

We calculated the mean diameter and density of identified secondaries located in each annular sector and
these are shown in Figure 10. A few important observations and correlations are indicated (Figure 10): (1)
in general, the closer to the Orientale rim crest, the greater the mean diameter; (2) The variation of secondary
crater density with distance is more complicated than mean diameter; (3) within one R from the Orientale rim

crest, both the mean diameter and the density vary along different
azimuthal angles; and (4) As the distance from the Orientale rim crest
increases, the mean diameter is very similar in different azimuth sectors
located at the same distance (except in the section where the mare basalts
are broadly developed), while the secondary crater densities in those
sectors have notable discrepancies along different azimuths.

5.1. Secondary Crater Distribution as a Function of Distance From the
Orientale Rim Crest

Because of the variability of fragment size, speed, and incidence angle at
different distances from the parent crater, the secondary crater density
and diameter vary with distance (e.g., Hirase et al., 2004; Oberbeck, 1975;
Xiao, 2016). The distribution of the mean diameters suggests that larger
secondaries were formed in the proximal region, while crater density does
not follow a linear relationship with distance as diameter does (Figure 11).
5.1.1. Secondary Crater Number and Density as a Function
of Distance
The number and density of secondaries in annuli at different distances
show the same trend with distance. Both number and density dramatically
increase from 1 R to 1.5 R and then remain relatively stable until 2.5 R at
which point they rapidly decline. This decreasing trend ceases at the
4–4.5 R annulus, beyond which the number and density remain at low
values, with small deviations (Figures 11a and 11b). Secondaries are most
concentrated in the distance range area from 1 to 3.5 R, and the highest

Figure 8. Distribution of secondary chains with respect to the azimuth angle
and distance from the Orientale rim crest. The beginning and end of each
vertical bar are corresponding to their locations on the chain. The azimuth is
measured from the middle point of the chain to Orientale center. The dis-
tance is normalized to the Orientale basin radius, R. The deeper green bars
represent longer chains, while shorter chains are deeper in blue. The hori-
zontal black line on a bar marks its middle point.

Figure 9. LRO (Lunar Reconnaissance Orbiter) Wide Angle Camera image of
the secondary crater chain at ~5.7 R. The white arrows point to the craters in
the chain.
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crater number and highest crater density are both located in the annuli at 1–2.5 R (Figures 11a and 11b).
Secondary chains and clusters are abundant in the high-density region (Figure 8), corresponding to the
“continuous secondaries facies” (Schultz & Singer, 1980; Xiao et al., 2014).

The difficulty in identifying secondary craters in the distal region beyond 4 R may be part of the reason for
their low crater numbers and densities in this region. In distal areas, secondary craters become more similar

Figure 10. The densities andmean diameters of secondary craters in annular sectors. Within the 1 R to 3 R radial range, the sector outlined with the purple line is the
high-density region; outlined with a blue line is the medium-density area; and outlined with white lines are the low-density regions. The high-density and
medium-density regions are approximately bilateral symmetry to the azimuthal angle of about 240°–280°. The area of mare and the obscured/unmappable areas are
subtracted when densities are calculated. This process is applied in all the density calculations in this paper.

Figure 11. Ejecta thickness and secondary crater number (a) and density (b) versus distance from Orientale rim (Fassett et al., 2011); crater diameter statistics (c) in
half R width annuli at different distances. The x axis represents the outer boundaries of annuli. The pink shadow in (a) and (b) shows the error range. The mean
diameter error in (c) is given by the diameter standard deviation.
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to small primary craters in rim-to-floor depth and circularity (Robbins &
Hynek, 2014; Shoemaker, 1962; Wilhelms, 1976). The patterns of chains
and clusters are known to be inconspicuous or to disappear in the discon-
tinuous secondaries facies (Schultz & Singer, 1980; Xiao et al., 2014). On the
other hand, the modeled Orientale ejecta thickness decreases to almost
zero at radial ranges greater than 4 R, as suggested by Fassett et al.
(2011; Figures 11a and 11b), indicating that there should be a decline in
the overall spatial density of projectiles as well.

We compare the density in smaller sectors that have the same azimuthal
range but different distances in Figure 10; the observed variation with
distance are consistent with the density variationwith distance of all the sec-
ondaries in each annulus. However, the inflection points in different azimuth
intervals are at different positions due to the asymmetry of the ejecta distri-
bution. Nevertheless, for most azimuthal intervals, the secondary crater den-
sities in sectors of the six radii annulus are relatively stable (Figure 10).
5.1.2. Secondary Crater Diameter as a Function of Distance
As shown in Figure 11c, with increasing distance from the Orientale rim
crest, all statistical percentiles except the minimum value of secondary
diameters decrease in different annuli, and the minimum diameter is
stable at different distances. The maximum diameter decreases gradually
with increasing distance, while the mean diameter has distinct slopes
before and after an inflection point at 3 R (Figure 11c). The slope of the
mean diameter decrease with increasing distance is remarkably steeper
from the first annulus to the annulus at 2.5–3 R than the slop of further
distant annuli (Figure 11c). As shown in Figure 12, the best fit of the power
law function relating the mean diameter (Dmean, normalized to Orientale
diameter) to distance from the center of Orientale (dR, normalized to
Orientale radius) is

Dmean ¼ 0:02±0:001ð ÞdR�0:62±0:042 (7)

and the power law function relating the maximum diameter (Dmax, normalized to Orientale diameter) to the
same normalized distance is

Dmax ¼ 0:04±0:004ð ÞdR�0:47±0:071 (8)

The power law exponents suggest that the log–log slope of the mean diameter (0.62) is slightly larger than
the log–log slope of the maximum diameter (0.47) over the entire distance range.

We note that with increasing distance from the Orientale basin, the maximum crater diameter declines while
the minimum crater diameter does not change much; hence, the diameter variation of secondaries within
each annuli weakens with increasing distance. This phenomenon can be seen from the range of circle size
in different sectors as shown in Figure 10, as well as in the standard deviation of diameter in Figure 11c. In
the sectors of 0.5–1 R annulus in Figure 10, the discrepancy of mean diameters in different sectors is over
4 times: the greatest mean diameter is 24.9 km, but the smallest mean diameter is only 6 km, and there
are sectors without secondary craters identified. In comparison, the mean diameter discrepancy in the annu-
lus 1–1.5 R is much less; the largest mean diameter is 15.3 km, and the lowest mean diameter is 4.9 km
(Figure 10). The change in mean diameter variation with distance indicates that the size of fragments in
the ejecta become more and more homogeneous, which is discussed further in section 7.

5.2. Secondary Crater Distribution as a Function of Azimuth

The diameters and densities of secondaries are inhomogeneous with respect to azimuth angles. To illustrate
their distribution with regard to azimuth, the average secondary crater diameter and number density are cal-
culated for bins with 5° azimuthal width (Figure 13). The density and average diameter show different rela-
tionships with azimuthal direction, which provide clues to the impact trajectory.

Figure 12. Power law fits of mean and maximum secondary crater diameter
in annulus versus distance from Orientale. The distance is measured from
the outer boundary of annuli to the Orientale basin center and is normalized
to the Orientale radius. The diameters are normalized to the diameter of
Orientale basin, and the error bars represent standard deviation.
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5.2.1. Density Distribution as a Function of Azimuth
The density of secondary craters does not show a continuous change with azimuth angle. As shown in
Figures 10 and 13, the azimuthal density distribution can be divided into five regions: the northwest high-
density region (H) and the adjacent medium-density region (M1), the southwest medium-density region
(M2), the wide low-density area (L1) in the east, and the other narrow low-density area (L2) in the west.
The high-density sectors are in the region with azimuth from 305° to 330° (Figure 13), which occupies
~6.9% of the entire area but has ~36.9% of the crater populations. Although most of the ejecta deposits
on the eastern side are buried under later mare deposits, the sectors that are less than 1.5 R from the
Orientale rim crest are exposed and available to search for secondary craters. There are very few secondary
craters in each of those sectors and none in one sector even though there are no maria or
obscured/unmappable areas (Figure 10). This distribution implies that the low density of secondary craters
to the east of Orientale basin within 1.5 R from the rim was not caused by mare emplacement.

Asymmetrical ejecta distribution caused by low-angle impact has been documented by many studies
(e.g., Anderson et al., 2003; Bottke et al., 2000; Davison et al., 2011; Gault & Wedekind, 1978; Herrick &
Hessen, 2006; Pierazzo & Melosh, 2000; 500 Schultz et al., 2007; Shuvalov, 2011; Yamamoto, 2002). On the
basis of the occurrence of ejecta deposits formed by impacting projectiles approaching the target from dif-
ferent incidence angles, ejecta planforms can be divided into five categories which range from near-vertical
to low-angle incidence impact (Figure 14): these are (a) symmetric, (b) offset, (c) offset and concentrated cross
range, (d) forbidden zone, and (e) butterfly (Herrick & Forsberg-Taylor, 2003; Herrick & Hessen, 2006). The
implied direction of impact is shown in Figure 14. On the Moon, the transition angles of offset (b), forbidden
zone (d) and butterfly (e) are interpreted to be about 45°, 25°, and 10°, respectively, but the transition angle of
offset and concentrated cross range is unknown (Herrick & Forsberg-Taylor, 2003). Here we examine the
asymmetry in the distribution of secondary craters as a proxy for the asymmetry of the ejecta blanket to esti-
mate the impact trajectory direction and angle to the target surface.

Figure 13. The density and average diameter of Orientale secondary craters located in different azimuthal bins. Each bar
represents a 5° azimuthal wide sector within a radial distance of 1–6 R from the rim of Orientale. The color of the bar
represents the density of secondaries, and the length represents the average diameter. H: high-density region, M1 and M2:
medium-density region, and L1 and L2: low-density region. Azimuth range of possible uprange and downrange of
Orientale basin impact direction are shown.
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Comparing the sectors that span a radial distance from 1 R to 3 R in Figure 10, those with high secondary cra-
ter density and with medium density shows a bilateral symmetry distribution centered on an azimuth of
240°–280°. This pattern is between the ejecta planform characteristics of offset and concentrated cross-range
(Figure 14c) and forbidden zone (Figure 14d). In the planform of offset and concentrated cross-range
(Figure 14c), the major axis of the ejecta ellipse is inferred to be the cross-range direction and the offset direc-
tion of the ejecta relative to the crater center is inferred to be the downrange direction (Herrick & Hessen,
2006). If we regard the near-field secondaries as representatives of continuous ejecta deposits (the ejecta
fragment diameter and volume calculated from secondaries is discussed in section 7 and shows similar dis-
tribution pattern with secondaries), the secondary crater high-density region (H, azimuth between 305° and
330°) and medium-density region (M2, azimuth between 200° and 230°) are approximately symmetric to
about 265°azimuth, as shown in Figure 13. Given that the density of regionM1 is apparently higher thanmost
of the rest of the regions except for the high-density region, and the existence of a very low density at an azi-
muth around 240°, the scope of downrange of impact could be down south to 240° because the cross-range
direction is generally higher in density than downrange direction for planforms in Figures 14c and 14d. In
conclusion, the Orientale impact downrange direction is interpreted to be 240° to 265°; therefore, the
uprange direction is interpreted to be 60° to 85° (Figure 13). Our estimate is consistent with previous studies
of different features of the Orientale basin such as from ejecta grooves (Schultz & Papamarcos, 2010), central
uplift ridge (Liu et al., 2016), and the distribution of ejecta facies (Morse et al., 2018), showing that the incom-
ing bolide trajectory is from northeast to southwest.

Estimating the angle of the impact trajectory to the target surface is less straightforward than the impact azi-
muth. Using the secondary crater density planform asymmetries as a direct proxy for ejecta deposit asymme-
try, the planform of the Orientale ejecta is between (Figure 14c) offset and concentrated cross range and
(Figure 14e) forbidden zone. This would imply an incidence angle in the range of 25° to 45° (Herrick &
Forsberg-Taylor, 2003). However, while secondary crater density is related to the concentration of ejecta, sec-
ondary craters extend much further than the continuous ejecta blanket and are therefore formed by faster
ejecta that is ejected from closer to the impact center. Previous studies (e.g., Anderson et al., 2003;
Shuvalov, 2011) have shown that faster ejecta, produced at the early time of crater growth, show much
greater asymmetry than slower ejecta formed later during crater growth. Therefore, a given planform asym-
metry is likely to be observed within secondary crater distributions at a steeper angle of incidence than the
corresponding planform asymmetry in the continuous ejecta. This effect is likely to be particularly pro-
nounced in impacts, such as Orientale, that have a low cratering efficiency (ratio of crater size to impactor
size). This suggests that the lower limit of the estimated range of 25° to 45° may be underestimated.

Figure 14. Five ejecta planforms based on Herrick and Forsberg-Taylor (2003) and Herrick and Hessen (2006). From (a) to
(e), the impact is from near-vertical to low-incidence angle. The arrow indicates the impact direction.
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An additional constraint on the impact angle can be obtained from consideration of the crater rim planform.
Less than 5% of craters 2–90 km in diameter on the lunar mare have an ellipticity (length/width) exceeding
1.2, which suggests an elliptical crater shape threshold angle of about 10° for such craters on the Moon
(Bottke et al., 2000). On the other hand, for the larger basins such as Orientale, which have low cratering effi-
ciency, the elliptical rim may occur at steeper angles of incidence (Collins et al., 2011). The 10° increase in
elliptical crater threshold angle is a measure of the possible increase in the various ejecta planform threshold
angles, which are also derived from lunar craters that are much smaller than Orientale.

To get the ellipticity of Orientale basin, the residuals of Orientale rim crest are selected fromMontes Cordillera
and used to fit an ellipse (Figure S4). Ellipse fitting suggests that the center is (�95.25°E, �19.95°S), that the
semimajor and semiminor axes are 503.74 km and 457.59 km, respectively, and that the rotation is ~44.4°
from north direction. The axes lengths indicate the ellipticity of Cordillera ring is ~1.1. The elongation azimuth
angle of ellipse does not exactly locate in the azimuth range of proposed impact direction. They have a small
difference of about 15° and both of them are in the direction of northeast-southwest. Given that the Montes
Cordillera is heavily collapsed especially at the southwest region where only two points are used to constrain
the ellipse fitting, the elongation for fitted ellipse does not contradict with the proposed impact direction.
Therefore, the ellipticity of Orientale basin is very likely caused by oblique impact. Assuming that the impac-
tor diameter is 64 km and the velocity is 15 km/s (Johnson et al., 2016), with the equations from Collins et al.
(2011, Eqs. 1 and 2), the elliptical crater threshold angle for the Orientale basin is estimated as ~20° from the
surface. The ellipticities indicate that Orientale is slightly elliptical and therefore would have been produced
by an impact trajectory steeper than 20°.
5.2.2. Diameter Distribution as a Function of Azimuth
The secondary crater mean diameter does not show the same relationships with azimuth as does crater den-
sity. Without considering the variation in different annuli, the mean diameters in azimuthal bins from north-
east to southeast are smaller than the rest of the area on average, but the difference is not as large as density
(Figure 13). The mean diameter in section L1 is ~6.9 km, and the mean diameter of the following section is
~8.5 km (Figure 13). For the bins with a high density in the northwest, their mean diameters do not stand
out (~ 9.2 km); instead, the bins with the very large mean diameters (~12.1 km in 25°–30°, ~11.1 km in
75°–80°) are low in density in some bars (Figure 13). Two factors may influence these results. (1) In the east,
the distal area where craters are generally small is covered by mare deposits or the obscured/unmappable
zone; and (2) small craters are more likely to be obscured in some regions because of the heterogeneity of
target properties and postbasin formation processes.

On the other hand, the difference in mean diameters in different azimuthal ranges varies with distance.
Comparing the mean diameters of secondary craters in sectors between 0.5 R and 1.5 R (Figure 10), where
secondary craters are preserved and identified for the full azimuthal range, the mean diameters of the sec-
ondaries in the 40° to 140° azimuthal range are smaller than the other sectors in the same annulus. Those sec-
tors with smaller mean crater diameters are located in the uprange direction of the impact. The smaller size of
secondary craters in this direction indicates that the fragments ejected in the uprange are smaller on average
than in other directions. Farther than a distance of 1.5 R from the Orientale rim crest, the sectors in 40° to 140°
azimuthal range are flooded by mare and no secondary craters are recognized.

6. Size-Frequency Distribution

The cumulative SFD of Orientale secondary craters is shown in Figure 15. The very flat SFD for diameters less
than 6 km might be due to a true lack of small secondaries, the potential incompleteness of the catalog of
secondary craters, or the degradation of small craters so that they became unrecognizable.

Because of the inhomogeneity in the spatial distribution of secondaries, SFDs of Orientale secondaries in sev-
eral specified regions are analyzed separately (Figure 15b). Those regions include (a) the annular area from
Orientale rim to 2.5 R where the secondary chains were formed as continuous secondaries facies (Figure 8),
(b) the annulus area from Orientale rim to 4 R that has the dominant identified secondaries (Figure 10), (c)
the sector with azimuth angle ranges from 305° to 330° where the crater density is high (Figure 13), and (d)
the sector within 4 R and azimuth angle from 305° to 330° where secondaries are the most concentrated.
Results suggest that all four selected subregions have higher frequency than the entire secondary crater
population, and region (d) has the highest frequency over the entire radial range (Figure 15b). For region
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(a) and (b), the frequencies overlap at diameters less than 5 km, but region (a) surpasses region (b) at greater
diameters (Figure 15b).

In CSFD analysis, a best fit power law function is often used (e. g., Hirata & Nakamura, 2006; Wilhelms et al.,
1978; Xiao et al., 2014). The form of the power law function is

N ≥Dð Þ ¼ A1 D=1 kmð Þ�b (9)

where N(≥D) is the cumulative number of secondary craters per square kilometer with diameter greater than
or equal to D, b is the power law slope index, and A1 is a constant factor. We applied the procedure by Clauset
et al. (2009) to obtain simultaneous maximum likelihood estimate of the slope index b and the limiting dia-
meter Dmin, below which the power law approximation is not applicable. We obtained a steep slope, b = 5.1,
and a large limiting diameter, Dmin = 14.3 km, which means that the power law fits only the largest 10% of all
secondaries. Table 2 shows the power law fit results for the separately analyzed regions.

Our results are consistent with previous studies of secondaries of smaller primaries (Hirata & Nakamura, 2006;
Xiao, 2016), which found steep SFD of secondary crates (b > 3). However, that the power law (equation (9))

Figure 15. Cumulative size-frequency distribution of Orientale secondary craters. (a) SFD of all secondaries (orange dots), a
power law fit for craters diameters D > 14.3 km (red line), and Weibull distribution fit (black line). Blue line (“NPF”) shows
model primary size-frequency distribution according to Neukum et al. (2001) for the assumed Orientale age of 3.8 Ga.
(b) SFD of all Orientale secondary craters (the same as in a) and secondaries in different subregions; Weibull distribution fit
(Table 2) for crater diameters >4–5 km from each subregion is shown with black lines. SFD = size-frequency
distribution; NPF = Neukum production function.

Table 2
Power law and Weibull Distribution Fits for Secondary Craters Size-Frequency Distributions in Different Regions

Region

Power law Weibull distribution

Dmin (km) b A1 (km
�2) γ DW (km) Na (10

�4 km�2) DM (km)

All secondaries 14.3 5.1 11 1.32 6.3 2.9 4.7
Annulus within 2.5 R 10.6 3.5 0.3 1.70 9.4 2.7 7.6
Annulus within 4 R 14.3 4.9 13 1.46 7.5 3.3 5.8
Sector with azimuth from 305° to 330° 14.3 5.0 53 1.36 7.1 11.0 5.4
Sector with azimuth from 305° to 330° within 4 R 14.3 4.8 57 1.57 8.8 11.9 7.0
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describes the obtained SFD quite poorly: qualitatively, the SFD in the log-log plot (Figure 15a) is not similar to
a straight line; quantitatively, the formal maximum likelihood procedure (Clauset et al., 2009) yields a power
law fit only for a small part of the population only.

The fact that a power law does not describes secondary SFDs well has been discussed previously. Ivanov
(2006) and Werner et al. (2009) suggested that a Weibull distribution may be a more appropriate description
of the secondary CSFD:

N ≥Dð Þ ¼ Na 1– exp � D=DWð Þγ½ �f g (10)

where γ> 1 is theWeibull exponent, Na is the total crater density, and DW is the characteristic crater diameter:
the distribution mode, mean, and median are proportional to DW, in particular, the median diameter DM is

DM ¼ DW ln 2ð Þ1=γ: (11)

Using data byWilhelms et al. (1978) and assuming γ = 2, Ivanov (2006) obtained DW = 13 km for Orientale sec-
ondaries, which corresponds to a median crater size of 10.8 km. We took advantage of our large data set and
obtained the maximum likelihood estimation of both parameters, γ and DW, simultaneously (e.g., Cohen,
1965) using only craters larger than 6 km, for which, we believe, our survey is more complete. We found that
the Weibull distribution (equation (10)) fits the data well. Parameter estimation results for the whole popula-
tion and its subsets are listed in Table 2, and fitted distributions are shown in Figure 15. Our values of the
Weibull exponent are systematically lower than γ= 2 assumedby Ivanov (2006) andWerner et al. (2009), which
indicates a relatively wider dispersion of crater diameters. The median crater diameters DM derived from our
fits are listed in Table 2; they turned out smaller than those deduced from the Ivanov (2006) fit.

The fitted Weibull distributions accurately reproduce the actual SFD down to D ~ 4 km (Figure 15), which sug-
gests that our survey is complete down to this crater size. The number of craters smaller than 4 km in our data
set is lower than predicted by the best fit Weibull distribution; the total number of “missing” small second-
aries is ~42%. When we consider the subregions with denser and larger craters, the percentage of “missing”
craters is even lower.

In Figure 15a we also compare densities of secondary and primary craters around the Orientale basin. Lacking
the absolute age from samples, the age of Orientale basin is constrained to be between 3.85 and 3.72 Ga, and
estimated to be 3.80 Ga from relative crater density (Wilhelms et al., 1987). Assuming this age and using the
crater production function and chronology function by Neukum et al. (2001), we estimated the SFD of
post-Orientale primary craters. It is shown in Figure 15a as “NPF” curve, “NPF” standing for the Neukum
production function. Comparing the SFD of primary craters of Orientale age with Orientale secondary craters,
we find that secondary craters are much more abundant than primary craters for diameters smaller than
20 km. This is consistent with the conclusions of Wilhelms et al. (1987).

7. Estimation of the Properties of Projectile Fragments that Produced
Secondary Craters

Crater ejecta scaling laws provide a mechanism to estimate the size of impacting fragments from the crater
size and the impactor velocity. For secondaries, fragment velocity can be derived from the distance of the
secondary crater from the parent crater assuming a constant or known ejection angle (e.g., Oberbeck,
1975). The ejecta fragments that formed the identified Orientale secondaries are analyzed in this section
to help understand the primary impact event initial conditions.

7.1. Estimation of Size of Ejecta Fragments

Assuming the ejection angle is 45° for all secondary craters (Hirata & Nakamura, 2006; Vickery, 1986, 1987),
the velocity of fragments can be computed through equation (3). The ejection velocity versus distance is
shown in Figure S1. Because it is impossible to locate the position within the expanding transient cavity from
which a fragment was ejected, the distance is measured from the center of the Orientale basin. On the basis
of the secondary crater distance range found in this study (Figure 6), the highest velocity is 1.8 km/s.

Collins et al. (2011) suggested a S index to quantify the ratio strength effect and gravity effect in cratering.
Based on their method, S index of our data ranges from ~0.01 to ~0.24, indicating the cratering of the
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investigated secondaries belongs to gravity-dominated regime (Text S1
and Figure S2). Therefore, we can calculate the size of the impactors that
formed the detected secondaries with equation (6) with ignoring the
poorly constrained target yield strength. The distribution of fragment
diameters with distance is shown in Figure 16. The largest fragment is
~9.2 km in diameter, and the smallest is ~0.4 km in diameter. The size
of the largest fragments decreases with increasing distance, but most
fragments are 0.5 to ~2 km in diameter at all distance ranges
(Figure 16). Because the largest fragment diameters decrease, but the
small fragment diameters are nearly constant, the size range of ejecta
decreases with increasing radial distance from Orientale. This relation-
ship of fragment size and radial distance is consistent with the findings
of previous studies on smaller craters (Hirase et al., 2004; Hirata &
Nakamura, 2006; Vickery, 1987). Because of the velocity variation of the
fragments, the crater size formed by fragments with the same size but
different velocity can be different in radius to about 1 km (Figure S3).

The size estimated for the largest fragments is ~10 km diameter, which is
extremely large for a single fragment. Two factors may be responsible for
these results. First, many secondary craters, especially larger ones, are likely
to have been produced by the impact of clusters of fragments, rather than

a single, large intact bedrock block (Schultz & Gault, 1984, 1985; Vickery, 1986; Xiao, 2016). In those cases, the
estimated fragment size can be regarded as the equivalent size of the cluster of ejecta, and for some craters this
can be demonstrated by the preserved shape of the crater rim (e.g., Schultz & Gault, 1984, 1985). Second, the
diameter of secondaries may have been enlarged because of slumping of the wall (Herrick & Hessen, 2006).

There are two factors that probably affected the results of the calculated fragment size. One is that the ejec-
tion and incidence angle are both assumed to be 45°, which is a plausible assumption, but not likely to be the
real scenario entirely (Vickery, 1986). If an ejecta fragment exceeds 45° ejection and impact incidence angle,
then the real size is smaller than the diameter calculated for the 45° case. On the other hand, measuring the
distance of the secondary crater position from the primary crater center will lead to overestimates of the frag-
ment velocity and will underestimate the size of fragment (Vickery, 1987).

The Weibull distribution is widely used to describe rock fragmentation, and that theoretically predicted for
failure-controlled disintegration (e.g., Brown & Wohletz, 1995). The overall distribution of the inferred ejecta
fragment size follows a Weibull distribution with Weibull exponent γ = 1.14 and a characteristic fragment dia-
meter of 1.6 km. This distribution is accurate down to a fragment diameter of 0.9 km; therefore, it comprises
88% of the fragment population by number, and only some fragments smaller than 0.9 km are “missing.”

7.2. Spatial Distribution of the Volume of Ejecta Fragments

The spatial distribution of the volume of ejecta fragments can be estimated from the fragment diameters by
assuming that all fragments are spherical. Figure 17 shows the distribution of the gross volume of fragments
in annular sectors and their distribution after being normalized to sector area. For sectors at different radial
distance, but the same azimuthal interval, the volume decreases with increasing distance (Figure 17). For
example, taking the sectors in the azimuthal range 300°–320°, the normalized volume decreases gradually
from 1 R to 6 R. This trend of decreasing volume with increasing distance does not change until 4.5–5 R as
crater density, and the volume difference of sectors 0.5–1 R and 1–1.5 R is less than the discrepancy of crater
density (Figures 10 and 17).

As shown in Figure 17, the volume distribution can be divided into four sections: (1) the large-volume region
in the northwest, (2) the medium-volume region from the southeast to the southwest, (3) the wide
small-volume region from the northeast to the southeast, and (4) the other narrow small-volume region in
the southwest. The bilaterally symmetric pattern of the large-volume region and middle-volume region
provides further supporting evidence for the proposed Orientale impact incidence direction.

The total volume of fragments estimated in this study is ~3.5 × 104 km3. If we adopt the Outer Rook
Mountains as an estimate of the largest extent of the transient cavity (Fassett et al., 2011), Orientale basin

Figure 16. Ejecta fragment diameter distribution at different radial distances
from the center of Orientale. Diameters are computed in gravity-dominated
regime and with assuming that the incidence angle is 45°.
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impact would have excavated ~7.5 × 106 km3 of material in total, and the
ejecta volume from the Outer Rook Mountains to the Cordillera Mountains
would be ~1.9 × 106 km3 (Fassett et al., 2011). The projectile fragments
that created the secondaries identified in this analysis occupy a very
small part (~0.6%) of the total ejecta deposit emplaced beyond the
Cordillera Mountains. If the transient crater diameter is ~390 km as
suggested from GRAIL study, the ejecta that avoided collapsing into the
crater is 4.2 × 106 km3 (Johnson et al., 2016). In this case, the fragments
occupy only 0.8% of the total ejecta.

8. The Largest Secondary Crater Size Versus Primary
Crater Size

Several previous studies of secondary craters have provided data about
the largest secondary craters observed on the Moon, as shown in
Figure 18 (Allen, 1979; Head et al., 1993; Wilhelms et al., 1978; Xiao et al.,
2014). Wilhelms et al. (1978) assessed the largest secondary craters
associated with the Orientale and Imbrium basins by mapping subareas
of their secondary crater fields. They found that among 569 secondaries
measured for the Orientale basin, the largest secondary crater was
∼20 km in diameter; their study area, however, occupied only
1.75 × 106 km2. For the Imbrium basin, among 2,080 secondaries mea-
sured in a larger area (4.17 × 106 km2), they found that the largest
secondary crater was ∼29 km. Allen (1979) investigated the secondaries
of 19 primary craters with diameters ranging from 0.5 km to 260 km, and
the largest diameter of secondaries for a primary crater was given by the
average diameter of five largest secondary craters associated with the par-
ent crater. Results show that themean largest secondary diameter is nearly
linearly proportional to primary diameter in logarithmic coordinates.

Figure 17. The gross volume of fragments in each annular sector (a) and the gross volume normalized to the area of the corresponding sector (b), denoted by red
points. Within 1 R to 3 R radial range, the sector outlined with dashed purple line is the large-volume region; the medium-volume areas are outlined with
dashed blue line; the small-volume regions are outlined with dashed green lines. The blue green shadow shows the coverage of maria; gray shadow shows the
obscured/unmappable areas. The large-volume and medium-volume regions are approximately bilaterally symmetric to the azimuthal angle of ~240°–280°.

Figure 18. The largest secondary crater diameter versus transient cavity
diameter of the parent crater and their power law fits. Power law fits are
made separately for small primary craters and large primary craters. The
transient cavity diameter of the South Pole-Aitken basin ranges from 840 km
to 2,500 km, corresponding to a diameter range of the largest secondary
crater from 30.9 km to 50.2 km.
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Another estimate of the largest diameter of secondary crater for the Orientale basin is 25 km, measured using
Galileo data (Head et al., 1993). To compare fresh complex impact craters on Mercury and the Moon, Xiao
et al. (2014) investigated secondary craters of 17 lunar craters 20–190 km in diameter that formed in a high-
land substrate and 10 craters 20–90 km in diameter that formed in mare regions. The largest diameters of
secondaries versus diameters of primary craters have very close slopes on mare and highland regions,
indicating that terrain type does not affect the range of secondary crater diameters (Xiao et al., 2014).

To obtain a relationship between the diameter of the largest secondary (DLS) and the size of their parent cra-
ters, the transient crater diameters (DPT) of their primaries are estimated. The transient crater diameter for
simple craters (smaller than 15 km) is calculated using equation DPT = 0.84D fromMelosh (1989), and for com-
plex craters (larger than 15 km) it is calculated using equation DPT = DQ

0.15D0.85 (DQ = 15 km) from Croft
(1985). The transient crater diameter for the Orientale basin is assumed to be 390 km (Johnson et al.,
2016). The adopted Imbrium basin transient diameter is 830 km, as suggested by Schultz and Crawford
(2016), in their high speed (25 km/s) scenario.

The ratio of the largest secondary crater diameter (DLS) to the parent transient cavity diameter (DPT) decreases
with increasing primary diameter. In log(DLS)-log(DPT) space, the data for the largest secondary diameter ver-
sus parent transient diameter is clearly separated into two trends with different slopes (Figure 18). The first
group is small primary craters, which have a higher slope (higher power law exponent); the second group
is large primary craters, with a lower slope (lower power law exponent). To describe the relationship of DLS

and DPT in the different diameter ranges, two power law equations are fitted from small craters and large cra-
ters respectively (Figure 18). The equation from the small crater group, which includes craters less than

180 km in diameter (Allen, 1979; Xiao et al., 2014), is DLS ¼ 0:01±0:005ð ÞD1:38±0:094
PT . The crater data used to

fit the power law equation for large primary craters include Tsiolkovskiy (Xiao et al., 2014, DPT = 126.9 km)
and Petavius (Xiao et al., 2014, DPT = 128.7 km), Iridum crater (Allen, 1979, DPT = 169.5 km), Orientale basin
(from this study), and the Imbrium basin (Schultz & Crawford, 2016; Wilhelms et al., 1978). The relationship

of DLS and DPT for large craters is DLS ¼ 1:54±1:404ð ÞD0:45±0:150
PT .

The SPA basin is the oldest and largest confirmed impact basin on the Moon. Its ejecta deposit is the basic
rock-stratigraphic unit associated with the SPA impact event (Guo et al., 2016). The original ejecta deposits,
however, are difficult to recognize because of the great age of the basin and the significant subsequent
degradation of its ejecta deposits and secondary craters. The relationship of secondary craters to ejecta frag-
ments provides evidence for ejecta emplacement, and if they can be recognized, the secondaries of the SPA
basin can be regarded as components of SPA ejecta stratigraphy. Based on the primary/secondary size rela-
tionship function derived above, the largest diameter of SPA secondaries can be estimated from its transient
crater diameter. The SPA transient crater diameter has been estimated by numerous workers, and there is a
wide range of reported values; these include 2,500 km (Hammond et al., 2009), 2100 km (Wieczorek & Phillips,
1999), 1,400 km (Spudis, 1993), 1260 km (Petro & Pieters, 2002), and 840 km diameter (Potter et al., 2012).
Therefore, the corresponding diameter of the largest secondary crater could range from ~30 to 50 km
(50.2 km, 46.4 km, 38.8 km, 37.0 km and 30.9 km respectively, as shown in Figure 18). The study of Garrick-
Bethell and Zuber (2009) shows that the major axis of the SPA outer ring is ~2,400 km, which indicates the
2,500 km transient diameter estimate is likely to be too large, and that the 2,100 km transient diameter
may also be unreasonable. Based on these analyses, we infer that the largest secondary crater of the SPA
basin is not likely to be larger than ~40 km. The relationships derived from the largest secondary crater
diameter and final diameter of the primary crater also suggest ~40 km in diameter for the largest secondary
crater of the SPA basin (Figure S5). Given the fact that the SPA basin is the largest known impact basin on the
Moon, the estimated ~40 km SPA secondary crater diameter would represent the largest secondary craters
produced on the Moon.

9. Conclusions

We identified 2,728 secondary craters associated with the Orientale basin within six radii from the ~920 km
diameter Montes Cordillera Ring. Analysis of their spatial distribution reveals the density and diameter
relationships of the secondary craters with azimuth and distance from the primary Orientale basin.
Orientale secondary craters are concentrated in an annular area with radial distance ranges from 1 R to 3.5
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R, which includes much of the continuous secondary crater facies, where secondary chains were formed. The
highest crater numbers and densities are in annuli from 1 R to 2.5 R. The number and density of secondary
craters in more distal regions is low; this may be due in part to the difficulty of distinguishing secondary
craters from primary craters at great distances from the parent crater. Secondary crater mean diameter
and maximum diameter increase as radial distance increases, while the minimum diameter is nearly constant
with distance, probably due to the difficulty of recognizing the smallest secondary craters. The distribution of
secondaries in the most proximal annuli (within 1.5 R) on the eastern side of Orientale suggests that the low
crater density observed in that sector in general is not caused solely by post-Orientale mare flooding. The
densities of secondaries in different azimuthal sectors indicate that the Orientale impact downrange
direction was between the azimuth of 240° to 265°, and the incidence angle was steeper than 20° with
considering the ellipticity of the Orientale basin. The mean secondary crater diameter does not show a close
relationship with azimuth, but the azimuth range in 40°–140° has a relatively smaller mean diameter.

The cumulative secondary CSFD does not have a constant power law slope in the diameter range of detected
secondaries; its slope steepens as the diameter increases, and the CSFDs for four specific regions have a similar
slope trend. The distributions for craters larger than 4 km are well fitted by aWeibull distributionwith exponents
between 1.3 and 1.7. For smaller craters, the observed distributions are flatter than theWeibull distribution, pos-
sibly due to the difficulty of confidently recognizing of small secondary craters, and their enhanced degradation.

Using a crater ejecta scaling relationship, the size of fragments that formed the secondaries identified in this
study was estimated. The largest (~10-km diameter) is probably the size equivalent of tight clusters of ejecta,
not one individual fragment. The size of the largest fragment decreases with increasing distance, but most
fragments are 0.5~2 km in diameter over the entire distance range. The fragment volume distribution shows
that the volume decreases with increasing distance. The fragment volume distribution with azimuth is con-
sistent with the proposed impact direction and incidence angle derived from the distribution of secondary
craters. The total fragment volume sums to ~3.5 × 104 km3, which is only ~0.6% of the entire volume of ejecta
deposited in the area beyond Cordillera Mountains.

Ejecta from both the SPA basin and the Orientale basin contributed significant material to the megaregolith,
and they are superposed in a broad area. Projectiles that formed the secondary craters, although small in rela-
tion to the entire ejecta volume, played an important role in forming signatures of these impact events.
Abundant Orientale secondary craters are recognized in the interior region of the SPA basin. The appearance
of secondary craters in the SPA basin suggests that sample returnmissions to the SPA basin could sample and
date both the youngest and oldest major lunar basins. If scaling the distance range of the highest secondary
crater density of the Orientale basin to SPA basin, the secondaries of SPA basin are more likely to be detected
in the radial range of 2,200 km to 5,500 km from SPA rim. In this case, the secondary craters of SPA basin are
concentrated in the opposite hemisphere.

Based on the relationship of diameters of the largest secondary crater and the parent crater from this study
and from several other large primary craters, the estimated diameter of the largest secondary crater of the
SPA basin is ~40 km, the largest secondaries that are likely to exist on the Moon. The recognition of chains,
clusters, or individual craters of this size may be an important technique to help utilize the SPA basin event as
a stratigraphic marker.
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