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ABSTRACT

Impact craters are ubiquitous throughout the Solar System, formed by one of the
principal processes responsible for surface modification of terrestrial planets and solid
bodies (i.e., asteroids, icy moons). The impact cratering process is well studied,
particularly on the Moon and Mercury, where the results remain uncomplicated by
atmospheric effects, plate tectonics, or interactions with water and ices. Crater
measurements, used to determine relative and absolute ages for geologic units by relating
the cumulative crater frequency per unit area to radiometrically-determined ages from
returned samples, are sensitive to the solar incidence angle of images used for counts.
Earlier work is quantitatively improved by investigating this important effect and
showing that absolute model ages are most accurately determined using images with
incidence angles between 65° and 80°, and equilibrium crater diameter estimates are most
accurate at ~80° incidence angle.

A statistical method is developed using crater size-frequencies to distinguish lunar
mare age units in the absence of spectral differences. Applied to the Moon, the resulting
areal crater densities confidently identify expansive units with >300-500 my age
differences, distinguish non-obvious secondaries, and determine that an area >1x10* km?
provides statistically robust crater measurements. This areal crater density method is also
applied to the spectrally-homogeneous volcanic northern smooth plains (NSP) on
Mercury. Although crater counts and observations of embayed craters indicate that the
NSP experienced at least two resurfacing episodes, no observable age units are observed
using areal crater density measurements, so smooth plains emplacement occurred over a

relatively short timescale (<500 my).



For the first time, the distribution of impact melt on Mercury and the Moon are
compared at high resolution. Mercurian craters with diameters >30 km have a greater
areal extent of interior melt deposits than similarly sized lunar craters, a result consistent
with melt-generation model predictions.

The effects of shaking on compositional sorting within a granular regolith are
experimentally tested, demonstrating the possibility of mechanical segregation of
particles in the lunar regolith. These results provide at least one explanation toward
understanding the inconsistencies between lunar remote sensing datasets and are

important for future spacecraft sample return missions.
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CHAPTER 1
INTRODUCTION

Impact cratering is one of four dominant geologic surface processes that occurs
throughout the Solar System (including volcanism, tectonism, and gradation, Figure 1.1;
Greeley, 1994). Airless terrestrial objects such as the Moon and Mercury (Figure 1.2)
provide excellent test sites to investigate the surface modification and products resulting
from the impact cratering process. Unlike craters on Earth, impact craters on the Moon
and Mercury are not affected by plate tectonics (although tectonic activity may modify
the final crater form, Figure 1.3), interactions with water (either during impact or
subsequent crater modification), or aeolian erosion (which also strongly affects crater
morphologies on Mars). Thus, investigating the morphology and characteristics of lunar
and mercurian impact craters provides unique insight into the impact cratering process.
Learning about the geologic processes and history of one planet enables increased
understanding and comparison to other planets, and comparative planetology focused on
impact cratering provides a means to address key science questions related to terrestrial
planetary evolution. The Moon and Mercury are two of the most accessible planets for
impact cratering investigations, because new high-resolution data allow specific
observations to be made to test existing hypotheses and to make significant progress
toward answering basic questions related to the evolution of the terrestrial planets over
geologic time.

Requested by NASA, scientifically important concepts and questions pertaining to
planetary geoscience are presented in documents prepared by the Space Studies Board of
the National Research Council (NRC). These documents are intended to serve as
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roadmaps for future scientific research and exploration, relying on input from the
planetary science community who are best prepared to discuss and identify outstanding
hypotheses related to the workings of the Solar System and planetary processes through
time. The Scientific Context for Exploration of the Moon (SCEM) (2007; hereafter “NRC,
2007”) lists fundamental concepts related to lunar science in addition to testable science
hypotheses to support the Vision for Space Exploration (NASA, 2004). The work
presented in this dissertation addresses key aspects of the SCEM Science Goals identified
for the following SCEM Science Concepts: (1) The Moon reveals the inner Solar System
bombardment history (Science Concept 1), (2) The Moon is ideal for investigating the
impact process at the planetary scale (Science Concept 6), and (3) The Moon is ideal for
investigations of regolith processes (Science Concept 7) (NRC, 2007). Similarly, the
recent Planetary Decadal Survey (2011; hereafter “NRC, 2011”) provides
recommendations to NASA that address crucial science objectives for the 2013-2022
decade, and a crosscutting theme focuses on the workings of solar systems, specifically
“revealing planetary processes through time” (NRC, 2011, p. 69). An important question
identified is: “What are the major surface features and modification processes on each of
the inner planets?” (NRC, 2011, p. 117). The significance of better understanding the
planetary impact record and impact fluxes is also emphasized as essential science to
pursue in the next decade, because examining the impact history of the terrestrial planets
and icy satellites is dependent on the lunar chronology (NRC, 2011). The research
presented here contributes to questions raised in the Planetary Decadal Survey (2011) by
using measured crater frequencies to better understand the lunar and mercurian impact
records and observations of impact cratering products (i.e., impact melt) to gain insight
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into the impact cratering process. | also investigate the history of volcanic emplacement
using crater size-frequency measurements for specific regions on the Moon and Mercury
to address the question: “What are the distribution and timescale of volcanism on the
inner planets?” (NRC, 2011, p. 117).

In Chapter 2 of this dissertation | examine the effects of different illumination
conditions on crater identification and provide a description of the techniques used to
analyze measured crater frequencies and derive absolute model ages. Previous studies
(Soderblom, 1972; Young, 1975; Wilcox et al., 2005) determined that consistent
identification of craters is affected by incidence angle and fewer craters are visible in
images with smaller incidence angles. Therefore, identification of craters in images taken
at small incidence angles may affect identification of the small crater population (<1 km
in diameter) and subsequent crater size-frequency analyses. Accurate small crater
measurements are crucial to investigations pertaining to determination of recent lunar
cratering rates and determination of absolute model ages (e.g., Neukum et al., 1975;
Schultz et al., 1977; Neukum, 1983; Hiesinger et al., 2012) as well as estimations of
regolith depths (Quaide and Oberbeck, 1968; Shoemaker et al., 1969; Wilcox et al.,
2005). Utilizing Apollo Metric and Lunar Reconnaissance Orbiter Narrow Angle Camera
(LROC NAC) images taken at different incidence angles, | estimate the equilibrium
crater diameter for a region in Mare Imbrium and at the Apollo 11 Landing Site and
derive absolute model ages that are consistent with published ages (Hiesinger et al., 2000;
Hiesinger et al., 2003). Absolute model ages derived from crater counts (>700 m
diameter) on LROC Wide Angle Camera (WAC) mosaics for western Mare Serenitatis
confirm that more craters are identified at larger incidence angles. This chapter furthers
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the SCEM Science Goal 1c, “Establish a precise absolute chronology” (NRC, 2007), by
determining an optimal incidence angle range of ~65°-80° to use when completing crater
counts for relative and absolute age dating. SCEM Science Goal 1d, “Assess the recent
impact flux” (NRC, 2007), is also addressed by confirming that Mare Imbrium, Mare
Tranquillitatis, and Mare Serenitatis are too old (~3.5-3.6 Ga) to use to investigate the
<3 Ga impact flux.

In Chapter 3 and Chapter 4, areal crater density (ACD) analysis is used as a
novel approach to identify resurfacing boundaries in lunar and mercurian volcanic
smooth plains. ACD analysis provides a reliable technique to distinguish relative ages
among geologic units when spectral information is not available or units do not exhibit
spectral contrasts. These chapters address questions posed in the Planetary Decadal
Survey (2011) related to the impact record and timing of volcanic emplacement for the
Moon and Mercury.

In Chapter 3, the ACD methodology is developed and tested in Mare Imbrium
using crater counts on LROC WAC mosaics, where previously reported age units defined
with multispectral data (Hiesinger et al., 2000; Bugiolacchi and Guest, 2008) are
distinguished for age contrasts >300-500 million years and spatial extents >1 x 10* km?.
Non-obvious secondary craters are identified in ACD maps with diameters between
500 m and ~850 m and comprise a significant portion of the crater population, further
supporting the use of craters >1 km in diameter for absolute model age determination in
agreement with e.g., Neukum et al., 1975a; Neukum, 1983; McEwen and Bierhaus, 2006

and in support of Science Goal 1c (NRC, 2007). ACD measurements in Mare Imbrium



enable discussion of SCEM Science Goal 1e, “Study the role of secondary impact craters
on crater counts” (NRC, 2007).

In Chapter 4, | test hypotheses concerning the timing of smooth plains
emplacement for the northern smooth plains (NSP) on Mercury with measured crater
frequencies and ACD measurements. Using newly acquired orbital image data from the
MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER)
spacecraft, | define the local stratigraphy for the northern polar region of Mercury,
complementing previous studies for other regions (e.g., Trask, 1975; Strom, 1977; Spudis
and Guest, 1988; Strom and Neukum, 1988; Strom et al., 2008, 2011, Fassett et al., 2009;
Denevi et al., 2013a), to provide insight into the global stratigraphic record and the
relative ages of key geologic units on Mercury. Crater size-frequency and ACD analyses
reveal evidence for multiple resurfacing of the NSP over a short geologic timescale, and
stratigraphic relations among buried craters demonstrate that at least two periods of
volcanic modification occurred prior to the formation of the post-plains crater population.
From buried crater rim height estimates, the minimum regional NSP volume is between
4.08 x 10° km® and 9.84 x 10° km®. The results presented add to the understanding of the
volcanic history of Mercury by comparing the relative ages of the NSP to the volcanic
smooth plains located elsewhere (Spudis and Guest, 1988; Strom and Neukum, 1988;
Strom et al., 2008; Fassett et al., 2009; Denevi et al., 2013a). Thus, this chapter provides
new information related to the impact record and volcanic history of Mercury (NRC,
2011).

Chapter 5 diverges from observations of natural impact processes to investigate
the mechanical sorting of an analog lunar regolith that results from seismic shaking in a
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controlled laboratory setting. Seismic shaking induced by nearby impacts, ejecta
emplacement, or shallow moonquakes may explain discrepancies between remotely
sensed compositional datasets. IImenite is a titanium-rich mineral abundant in some
returned lunar samples (e.g., Heiken, 1975; Papike et al., 1982), and titanium abundance
estimates derived from Clementine UV-VIS spectral reflectance (CSR) and Lunar
Prospector Gamma Ray Spectrometer (LP GRS) orbital measurements for the nearside
maria do not match everywhere (e.g., Prettyman et al., 2006). Using an experimental
bimodal mixture of different bulk densities to simulate a physical regolith subjected to
vertical and horizontal shaking vibrations, | find that denser ilmenite particles sink into a
less-dense matrix regardless of the size contrast between ilmenite and the matrix
particles. These results imply that mechanical sorting due to seismic shaking is a possible
explanation for some regions on the Moon where titanium abundance estimates differ
between CSR and LP GRS. These findings further support SCEM Science Concept 7
(NRC, 2007), which focuses on better understanding regolith processes and the lunar
environment, in addition to exploring a potential modification process to the lunar surface
(Schultz and Gault, 1975; NRC, 2011).

Using new global datasets obtained by LROC and MESSENGER, Chapter 6
investigates the occurrence and distribution of impact melt within lunar and mercurian
impact craters. For Mercury (11.6 x 10° km? area) and the Moon (8.8 x 10° km? area), |
identified craters >8 km in diameter with ponded impact melt deposits, mapped the extent
of those interior deposits, and calculated melt pond area to use as an approximation for
melt pond volume. Both the Moon and Mercury show the expected increase in melt

deposit area with increasing crater diameter. For craters >30 km in diameter, mercurian
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craters contain larger areal extents of interior ponded impact melt than their lunar
counterparts, which is consistent with models that predict more impact melt in mercurian
craters than similarly-sized lunar craters (e.g., Gault et al., 1975; Grieve and Cintala,
1997; Pierazzo et al., 1997; Cintala and Grieve, 1998a; 1998b). My results improve
understanding of the impact process (NRC, 2011) through comparative planetology, in
addition to indirectly relating to SCEM Science Goal 6¢, “Quantify the effects of
planetary characteristics...on crater formation and morphology” (NRC, 2007).

Chapter 7 summarizes the results of this dissertation and presents possible

opportunities for future work.



Figure 1.1. Lunar examples of the four primary geologic surface processes occurring on
terrestrial planets. (A) Impact cratering; ~270 m diameter crater on the farside (25.88°S,
136.08°E), LROC NAC M159059694R, image width 855 m. (B) Volcanism; a sinuous
rille located on the floor of Ulugh Beigh A crater exhibits oxbow bends (white arrows;
33.85°N, 81.05°E), LROC NAC M102672335L, image width 1.56 km. (C) Tectonism; a
lobate scarp (thrust fault) formed in the wall material of Schrédinger basin (79.30°S,
126.50°E), LROC NAC M159099396R, image width 1.1 km. (D) Gradation; a granular
debris flow on the wall of Stevinus A crater (8 km diameter, 31.75°S, 51.55°E, downbhill
to the right), LROC NAC M154893929R, image is 500 m across. Images courtesy of
NASA/GSFC/Arizona State University and used in LROC Featured Images
(www.Iroc.sese.asu.edu) written by the author (Appendix A).
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Figure 1.2. (A) Nearside LROC WAC 643 nm normalized reflectance map of the Moon
(centered 0°N, 0°E), with natural shading added using the WAC Digital Terrain Model;
lunar radius ~1737 km. Image credit: NASA/GSFC/Arizona State University.

(B) Hemispherical monochrome mosaic (749 nm) of Mercury imaged by MESSENGER
(centered 0°N, 75°E, Rembrandt basin in lower right and Caloris basin at upper right on
the eastern limb); mercurian radius ~2440 km. Image credit: NASA/Johns Hopkins
University Applied Physics Laboratory/Carnegie Institute of Washington.

= 300m |

Figure 1.3. Tectonic modifications to craters. (A) A wrinkle ridge cross-cuts and deforms
an ~330 m diameter impact crater in Mare Imbrium (44.41°N, 357.19°E), LROC NAC
M104540211R, image width is 1.7 km. (B) Blirg crater (41 km diameter, located at
45.07°N, 28.21°E) is a complex crater with terraced walls that formed post-impact as a
result of fracturing and faulting of the target rock, LROC WAC monochrome mosaic.
Image credit: NASA/GSFC/Arizona State University; images used in LROC Featured
Images written by the author (Appendix A).
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CHAPTER 2
EFFECTS OF INCIDENCE ANGLE ON RELATIVE AND ABSOLUTE AGE
DATING
2.1. Introduction

Solar incidence angle (measured from the surface normal, noontime is 0°; Figure
2.1) affects consistent identification and measurement of craters on a planetary surface
(Moore, 1972; Soderblom, 1972; Young, 1975; Wilcox et al., 2005). In smaller incidence
angle images morphologic details are diminished and thus craters are difficult to identify
and measure, particularly for smaller (<1 km diameter) craters and even more so for
degraded craters with shallower slopes (Wilcox et al., 2005). At larger incidence angles,
subtle topography is enhanced and shadowing of the surface can remove small craters
from the observed distribution (Moore, 1972; Soderblom, 1972; Wilcox et al., 2005).
Accurate small crater population statistics are necessary in determination of relative and
absolute model ages (AMAS) of younger units (e.g., Neukum et al., 1975a; Schultz et al.,
1977; Neukum, 1983; Hiesinger et al., 2012) as well as estimations of regolith depths
(Quaide and Oberbeck, 1968; Shoemaker et al., 1969; Wilcox et al., 2005).

Determining the equilibrium crater diameter is also useful for estimating the depth
of the lunar regolith; crater density should relate to regolith thickness. The equilibrium
diameter represents the steady-state between the formation of new craters and the
removal of older craters (Shoemaker et al., 1969; Gault, 1970; Soderblom, 1970), and the
maximum average regolith thickness for an area is equal to the initial depth of the
equilibrium crater diameter minus the rim height (e.g., Shoemaker et al., 1969). Using
higher resolution image data, Wilcox et al. (2005) investigated previous hypotheses that
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the number of craters identified in an image is dependent on the incidence angle and that
more craters would be detected at larger incidence (Soderblom, 1972; Young, 1975).
Using scanned Lunar Orbiter and Apollo Metric images for three different mare regions
(AMAs agreed within uncertainty) imaged at different incidence angles, Wilcox et al.
(2005) showed that fewer craters were visible at smaller incidence angles and proposed
that illumination influences equilibrium diameter estimates of the counted crater
population. Oberbeck (2008) disputed this finding, that an equilibrium crater population
was observed by Wilcox et al. (2005), and suggested that a sharp kink, as opposed to a
gradual rollover, in the cumulative size-frequency distribution (SFD) is necessary to
define the equilibrium crater population.

The Lunar Reconnaissance Orbiter Narrow Angle Camera (LROC NAC) and
Wide Angle Camera (WAC) images, in addition to scanned Apollo Metric images,
provide the necessary data to follow up on these earlier studies and more accurately
examine the effects of incidence angle on crater measurements. Using Apollo Metric
images of the same area taken at different incidence angles, crater SFDs for a region in
Mare Imbrium are measured to identify the equilibrium crater population and estimate
equilibrium crater diameter (if equilibrium is observed). LROC NAC images of the
Apollo 11 Landing Site taken at different incidence angles are also used to measure crater
SFDs, which extend to diameters smaller than those measured in Apollo Metric images.
Furthermore, crater SFDs are measured in Mare Serenitatis using LROC WAC mosaics
to characterize differences in crater distribution resulting from illumination at larger

diameters (>500 m to several km).
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Figure 2.1. Cartoon sketch illustrating the measurement of solar incidence angle as
defined in this work. Incidence angle is measured from the surface normal of the
spheroid, where noontime is 0° incidence.

2.2. Background

Determining relative and absolute model ages for planetary surfaces relies on
observed superposition relationships (to define geologic units) and on measurements of
crater SFDs. Superposition relationships observed around the Copernicus crater region
were used to derive a global stratigraphic time scale for the Moon (Shoemaker, 1962;
Shoemaker and Hackman, 1962), and subsequent mapping using this time scale indicated
that the mare materials were formed during the Imbrian and Eratosthenian systems (e.g.,
Wilhelms, 1987 and references therein). Therefore, SFD analysis is the primary technique

used to distinguish relative ages for different mare units (frequently determined on the
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basis of multispectral differences, e.g., Schaber, 1973; Charette et al., 1974; Johnson et
al., 1977; Pieters, 1978; Hiesinger et al., 2000; 2003; 2010), and the measured crater
frequencies are then translated into absolute age estimates (Section 2.3.3).

Discussions of crater diameter measurements involve terminology that is
sometimes ambiguous because different terms have been adopted to explain similar
aspects of crater SFDs. Hartmann et al. (1981) and Melosh (1989) provide in-depth
discussions of vocabulary often used by planetary scientists, and to limit confusion the
following terms used throughout this chapter are defined:

e Primary impact crater: A crater formed by impact of a meteoroid on
the planetary surface. Also referred to as a “primary crater” or
“primary”.

e Secondary impact crater: A crater formed from the impact of ejected
material resulting from a primary impact. Referred to as “secondary
crater” or “secondaries”. Secondary craters usually are categorized as
“obvious” or *“non-obvious”, and obvious secondaries form in
connected crater chains, herringbone patterns, or overlapping clusters
of craters, and these morphologies may help determine the parent
primary crater (e.g., Shoemaker, 1962; Oberbeck and Morrison, 1973).
Non-obvious secondaries are not easily distinguished from the primary
crater population and frequently form many kilometers from their
parent primary (e.g., Wilhelms, 1976a; Wilhelms et al., 1978; McEwen
and Bierhaus, 2006).

e Production function: The theoretical crater SFD resulting from all
primary impacts over time in the absence of erosion (e.g., volcanic
embayment, ejecta emplacement). Measured (real) crater SFDs will
reflect the effects of erosion on the production population for a
planetary surface. The production function is used to determine

absolute model ages of a surface (Section 2.3.3). In the cumulative SFD
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plot (Section 2.3.2), the production function slope can range between
-1.8 to -4 depending on the diameter range (e.g., Baldwin, 1964; Trask,
1966; Baldwin, 1969; Shoemaker et al., 1969; Soderblom, 1970;
Baldwin, 1971; Neukum et al., 1975a) but is usually between -3.3 and
-4.0 for diameters <1 km (Soderblom, 1970).

Equilibrium or equilibrium distribution: The crater density reflecting
the maximum number of craters possible on the surface such that for
each new crater formed, an older crater is destroyed (e.g., Trask, 1966;
Gault, 1970). Equilibrium conditions reflect between 1% and 10% of
the theoretical saturation conditions (Gault, 1970), and are

mathematically represented by the discrete equation

N(D)=10"!D (Equation 2.1)

where N(D) is the cumulative number of craters greater than or equal to
a given diameter per km? and D is the diameter in km (Trask, 1966). In
the cumulative SFD plot (Section 2.3.2), the equilibrium slope is
usually -2 for diameters <300-500 m (e.g., Trask, 1966; Soderblom,
1970). AMAs cannot be determined from an equilibrium distribution.
Also referred to as “steady-state” or “equilibrium function”.

Saturation: Theoretical maximum number of craters that can be
hexagonally packed, so that the surface area covered by craters is
90.5% of the total area studied (Gault, 1970). Alternative terms such as
“geometric saturation”, *cookie-cutter saturation”, and *“empirical
saturation” (e.g., Woronow, 1977; Hartmann et al., 1981; Hartmann,
1984; Melosh, 1989; Richardson, 2009) reflect adaptations to Gault’s
(1970) original definition and are not used here.

Equilibrium crater diameter (Deg): The diameter at which the
cumulative SFD transitions from production to equilibrium for a
surface (Gault, 1970; Soderblom, 1970; Schultz et al., 1977). For
smaller craters (<1 km diameter), the cumulative SFD deviates from a

slope of about -3.4 (production) to -2 (equilibrium) (Trask, 1966;
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Soderblom, 1970), and for the maria, Deq is ~150-250 m (e.g.,
Shoemaker et al., 1969; Soderblom, 1970; Soderblom and Lebofsky,
1972; Young, 1975; Schultz et al., 1977; Wilcox et al., 2005).
Equilibrium crater diameter estimates can be employed to determine
regolith depth (Shoemaker et al., 1969; Gault, 1970; Soderblom, 1970;
Wilcox et al., 2005).

A key principle of crater SFD analysis is that impact cratering is a random process
and that the accumulation of craters over time for a given surface reflects the age of that
surface (e.g., Neukum et al., 1975a; McGill, 1977; Hartmann et al., 1981; Neukum, 1983;
Neukum and Ivanov, 1994). However, relative and absolute model ages derived from
crater SFDs are sensitive to several factors. The region in question should be comprised
of an area of uniform age, which is assumed to consist of one geologic unit (e.g., Neukum
et al., 1975a; 1975b; McGill, 1977; Hartmann et al., 1981; Neukum, 1983; Neukum and
Ivanov, 1994). Only primary impact craters should be considered for the measurement
region; volcanically embayed or partially flooded craters, in addition to obvious
secondary craters and volcanic craters, should be ignored and removed from the
measurement region and crater statistics when possible (e.g., Neukum et al., 1975a;
Hartmann et al., 1981; Neukum, 1983). However, isolated secondaries occurring at great
distances from their parent primary are difficult (if not impossible) to discern from
primary craters (e.g., McEwen et al., 2005; McEwen and Bierhaus, 2006; Dundas and
McEwen, 2007; also discussed in Chapter 3), but their presence in crater counts is
argued to have a negligible effect on the SFD measurements (Neukum et al., 1975g;
Werner et al., 2009). In an attempt to reduce uncertainty in measuring crater diameters,
particularly between different individuals, a set of crater counting techniques were
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codified by Greeley and Gault (1970), Neukum et al. (1975a), Konig (1977), Hartmann et
al. (1981), Neukum (1983), and Neukum and Ivanov (1994) (Section 2.3.1). Furthermore,
for the study areas in Mare Imbrium, Mare Serenitatis, and Mare Tranquillitatis, potential
uncertainties in measurements of crater size due to target differences (e.g., Schultz et al.,
1977; van der Bogert et al., 2010) are unlikely because only lunar basalts were studied,
and it is reasonable to assume that the study regions have similar physical properties
(e.g., well-developed regolith lacking the competency of bedrock or recent impact melts).
There is continuing debate whether equilibrium conditions are observed on
planetary surfaces, particularly for the old, heavily cratered terrains (e.g., Marcus, 1970;
Woronow, 1977; Hartmann, 1984; Chapman and McKinnon, 1986; Neukum and Ivanov,
1994; Richardson, 2009). For studies of the maria, which focus primarily on craters
<4 km in diameter, there is agreement among workers that the small craters reach
equilibrium near diameters of 100-300 m (e.g., Trask, 1966; Gault, 1970; Marcus, 1970;
Soderblom, 1970; 1972; Young, 1975; Schultz et al., 1977; Hartmann, 1984; Wilcox et
al., 2005; Richardson, 2009). Theoretical and schematic cumulative SFD plots that
frequently illustrate the transition from production to equilibrium as a distinct inflection
point or kink (Figure 11 in Gault, 1970; Figure 10.5 in Melosh, 1989) in the cumulative
SFD slope, where the kink equals the equilibrium crater diameter. Nonetheless, in
practice the transition to equilibrium is not necessarily described by a sharp kink and
instead is sometimes observed as a gradual rolling over of the cumulative SFD as the
production function transitions to the equilibrium (e.g., Trask, 1966; Shoemaker et al.,

1969; Gault, 1970; Young, 1975; Melosh, 1989; Wilcox et al., 2005).
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Wilcox et al. (2005) observed a gradual rollover in cumulative SFDs measured on
Lunar Orbiter and Apollo Metric images (resolutions ranging from 6.4-9 meter pixel
scale), results that were called into question by Oberbeck (2008). Oberbeck (2008)
argued that Wilcox et al. (2005) did not demonstrate the presence of an equilibrium
population and thus that the equilibrium crater diameter estimates were not valid,
referencing Melosh’s (1989) explanation for determining the presence of an equilibrium
distribution and the equilibrium crater diameter. However, Oberbeck’s assertion is based
on a misinterpretation of Melosh’s explanation, which states: “The inflection point
between these two curves is at diameter D¢(1) where the production curve crosses the
equilibrium line” (Melosh, 1989, p.194), and the description that follows refers to
idealized illustrations (Figure 10.5, Melosh, 1989) in which a kink or inflection point is
emphasized. Subsequently, Melosh (1989) refers to a cumulative SFD where measured
crater data are plotted (adapted from Gault, 1970), and while there is a noticeable change
in slope indicating the equilibrium crater diameter, the inflection is less of a kink and
more of a gradual rollover similar to that observed by Wilcox et al. (2005). Therefore,
Oberbeck (2008) may not have grounds to assert that the equilibrium population and
related equilibrium crater diameter estimates identified by Wilcox et al. (2005) are
incorrect.

Oberbeck (2008) attributes the gradual rollover in the cumulative SFDs to factors
other than equilibrium, such as crater loss due to shadowing, effects of image resolution,
missed craters during counting, or “certain types of geologic processes”. Wilcox et al.
(2005) discussed the effects of shadowing on crater identification, emphasizing that the
large incidence angle image would promote hiding of smaller craters in shadow, but that
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such a result would promote flattening of the cumulative SFD slope at the smallest
diameters, first described by Soderblom (1972). Slope flattening at small diameters is
observed in the cumulative SFDs only for those bins below a reasonable resolution
threshold (5-7 pixels); slope fits are not computed for diameters <65 m, which is equal to
the 7 pixel threshold multiplied by the coarsest resolution image (9 meter pixel scale)
(Wilcox et al., 2005). Moreover, the individual performing the counts was trained in the
technique of crater SFD measurements (Denevi, 2010, personal communication), so
while it is possible that craters were missed during counting, it is unlikely that the number
of craters missed comprised a statistically significant portion of the craters counted.
Lastly, geological processes, such as ejecta emplacement and volcanic flooding, can
affect the measured SFD (Neukum et al., 1975a). Resurfacing events may result in kinks
observed in the cumulative SFD (e.g., Neukum and Horn, 1976), but such resurfacing
effects are unlikely for this case because of the youth of the mare in which the study areas
were selected (Hiesinger et al., 2003; Wilcox et al., 2005) as well as the location of the
measurement area away from recent craters with ejecta blankets (Denevi, 2010, personal
communication). Therefore, although Oberbeck (2008) presents valid alternative
explanations to the gradual rollover in the cumulative SFD, crater loss due to these
factors in the Wilcox et al. (2005) work will be minimal.

Finally, Oberbeck (2008) criticizes the method by which Wilcox et al. (2005)
completed slope fits to the cumulative SFDs, declaring that the least squares fit method
used to determine the break from a -3.4 to a -2 slope was invalid. This criticism is rooted
in the argument that he interprets there is no equilibrium distribution present due to the
gradual rollover in the cumulative SFD, in addition to the use of “as few as three data
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points” used to determine the slope fits (Oberbeck, 2008). Since it is well established that
the inflection between production and equilibrium can be poorly defined (e.g., Trask,
1966; Shoemaker et al., 1969; Gault, 1970; Young, 1975; Melosh, 1989; Wilcox et al.,
2005) and the slope fitting procedure employed by Wilcox et al. (2005) is similar to the
simple application of the cumulative SFD equilibrium function, Equation 2.1 (Trask,
1966), Oberbeck’s (2008) argument is not substantiated.

The statement criticizing the use of few data points is valid; the method of binning
data affects the presentation in the cumulative SFD and may influence subsequent
analyses. Standard plotting techniques were suggested in 1978-1979 (Crater Analysis
Techniques Working Group, 1979), when it became clear that the different methods of
data binning and plotting were so varied that comparisons between published data were at
times impossible (Trask, 1966; Gault, 1970; Greeley and Gault, 1970; Young, 1975;
Neukum et al., 1975a; Hartmann et al., 1981 all use different binning methods).
However, Wilcox et al. (2005) used the suggested standardized presentation method
(cumulative SFD, root-2 binning with +one standard deviation uncertainty), which limits
the number of data points available for slope fits. By considering a larger count area to
improve the statistics of the smallest craters (i.e., those with slopes that tend to flatten as
a result of shadowing), further tests of the validity of these fits could be completed.
Consequently, Oberbeck’s (2008) invalidation of Wilcox et al.’s (2005) results is not well
founded.

Here, | continue the investigation of the effects of incidence angle on crater
identification and determination of equilibrium crater diameter (c.f., Young, 1975;
Wilcox et al., 2005) by using Apollo Metric, LROC NAC, and LROC WAC images.
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2.3. Technique
2.3.1. Crater Counts
Initially, crater rims were digitized in each image using an interactive monitor-

cursor program written in IDL (http://www.exelisvis.com/ProductsServices/IDL.aspx)

named “Circle” (P.C. Thomas and M.S. Robinson, unpublished). Circle fits a circle to
three analyst-defined points on a crater rim, recording the crater center in pixel space
(lines, samples) and calculating the crater radius, which are later converted to the
appropriate geo-referenced center latitude, longitude, and crater diameter. Later, crater
measurements for the Apollo 11 Landing Site in LROC NAC images were made using
the CraterTools extension (Kneissl et al., 2011) for the ESRI ArcMap 10 geographical
information system (GIS) program. The CraterTools program computes a best-fit circle to
three analyst-defined points on a crater rim and records the center latitude, longitude, and
diameter to a project database. Obvious secondary craters, identified by their occurrence
in chains, herringbone patterns, or clustered groups, were excluded from the
measurements and the areas containing obvious secondaries were excluded from the final
count area.

Three individuals (A, L-the author, and S) were trained to complete crater counts
and at least two individuals digitized each Apollo Metric image (over 17,500 craters
total). Only one individual (L) digitized craters in the LROC NAC and WAC images
(over 10,500 craters total). To limit false identification of craters and maintain
consistency between individuals, all analysts were trained on the same portion of Apollo
Metric image AS15-M-1010 (not the area used in this investigation), and count statistics
are expected to vary by up to a factor of two between trained individuals (Greeley and
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Gault, 1970; Robbins et al., 2013a; 2013b). A 7 pixel identification threshold was
selected because craters 7 pixels and larger were confidently and consistently identified
in images by all individuals. Only craters >7 pixels in diameter were used to derive crater
statistics (e.g., cumulative SFD slopes, AMAs; Appendix B), but all craters identified are
plotted to emphasize the differences in crater identification between individuals as the
pixel threshold was approached. Individuals were not required to digitize the images in a
particular manner beyond appropriate primary crater identification (e.g., circular
depression versus circular positive-relief feature) and marking of the crater rim; that is, a
systematic digitizing approach whereby the images were digitized along the length or
width of the image was recommended but not required.

From these crater counts, crater frequencies are plotted in cumulative SFD plots
(Crater Analysis Techniques Working Group, 1979; Section 2.3.2). Absolute model ages
were derived using the CraterStats software (Michael and Neukum, 2010) by employing
the Neukum et al. (2001a) chronology function to the data (Section 2.3.3). Crater
equilibrium diameters were estimated by determining the diameter at which the
production function and the equilibrium with a -2 slope intersect (method after Wilcox et
al., 2005). To determine the production function, a least squares fitting routine was
applied to the cumulative SFDs to determine the slope of the steeply sloped portion of the
cumulative SFD (~-3.0 to -4.0; e.g., Trask, 1966; Shoemaker et al., 1969; Soderblom,
1970), usually for diameter bins between 100 m to 1 km. However, cumulative SFDs for
smaller incidence angle images began to roll over at diameters <150 m in the Apollo
Metric images and the LROC NAC images of the Apollo 11 Landing Site rolled over at
diameters <170 m. To determine the equilibrium function, a least squares fitting routine
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with a constant -2 slope (Trask, 1966) was applied to the less steeply sloped portion of
the SFD; in some cases, the best fit was the standard equilibrium function (Trask, 1966;
Gault, 1970).

Simple craters, <15-20 km in diameter, generally are bowl-shaped (e.g., Melosh,
1989), and relationships between crater depth and diameter were derived from Lunar
Orbiter shadow-length measurements and topographic maps created from Apollo Metric
images (e.g., Pike, 1974; 1976; 1977). In this investigation, maximum regolith depth was
estimated using the depth to diameter ratio for simple craters, where maximum crater
depth is 20% of the measured crater diameter (Pike, 1974). This estimate includes
excavation and compression, so an approximation of average crater depth that
incorporates crater shallowing and removal of rim height (above the original surface) was
also made. For an idealized bowl-shaped crater with a depth/diameter ratio of 0.2, the
average crater depth is 14% of the diameter (e.g., Pike, 1974; 1976; Wilcox et al., 2005).
2.3.2. Crater Data Presentation

Two methods are commonly used to present crater data; the cumulative SFD plot
and the relative SFD plot (R-plot) (Crater Analysis Techniques Working Group, 1979).
All of the measured crater data presented here are plotted as cumulative SFDs because
AMASs and measures of production and equilibrium slopes are traditionally determined
from the cumulative distribution (e.g., Trask, 1966; Gault, 1970; Greeley and Gault,
1970; Neukum et al., 1975a; 1975b; Neukum and Kénig, 1976; Neukum and Ivanov,
1994; Hiesinger et al., 2000; Neukum et al., 2001a; Hiesinger et al., 2003; 2011).
Derivation of the R-plot is presented in Chapter 4, where R-plots are used in analyses of
the crater populations of the north polar region of Mercury. Both plots use double
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logarithmic axes with the same scale and consistent units, and uncertainties estimating
+one standard deviation are calculated from the square root of the number of craters for a
given bin (Crater Analysis Techniques Working Group, 1979). Crater counts are
frequently binned, often using root-2 binning (e.g., Crater Analysis Techniques Working
Group, 1979; Hartmann et al., 1981) or “pseudo-log” binning, where 18 bins per diameter
decade are designated (e.g., for 1 km <D < 10 km, the bin steps are 1.0, 1.1, 1.2, 1.3, 1.4,
15,1.7,20,25,3.0,35,4.0,4.5,5.0,6.0, 7.0, 8.0, 9.0, 10.0; e.g., Neukum et al., 1975a;
Konig, 1977; Neukum, 1983; Hiesinger et al., 2000; Neukum et al., 2001a; Hiesinger et
al., 2012). The small steps in pseudo-log binning reflect the observations that for a count
region, there are significantly more small craters than large ones (e.g., Neukum et al.,
1975a; Neukum, 1983; Neukum and Ivanov, 1994). A limitation to the cumulative SFD
plot is that the cumulative number of craters at a given diameter depends on the number
of craters at all larger diameters. Once the data are binned, the crater frequencies are
plotted.

The cumulative SFD plot represents the cumulative distribution of the measured
crater frequencies (Crater Analysis Techniques Working Group, 1979), reflecting the
number of craters larger than or equal to a given diameter per measured area, usually
1 km? or 10° km?. Measured crater frequencies between 4-100 km in diameter for a
variety of locations including different mare regions, Apollo landing sites, ejecta blankets
for young, large craters (e.g., Greeley and Gault, 1970; Neukum et al., 1975a; Konig,
1977; Neukum, 1983) and for diameters <I km (e.g., Shoemaker, 1971) indicate that the
cumulative distribution of craters approximates a power law function dependent on crater
diameter,
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N(D) or N, = cD" (Equation 2.2)
where Neum (0r N(D)) is the cumulative number of craters greater than or equal to a given
diameter per unit area (usually 1 km?), D is the diameter in km, c is a coefficient that
varies depending on surface age, and b, sometimes called the slope index (Crater
Analysis Techniques Working Group, 1979), is the slope of the crater diameter
distribution (e.g., Neukum et al., 1975a; 1975b; Hartmann et al., 1981; Melosh, 1989).
Least square fits to measured crater data indicate that at D <300 m, the crater population
is approximated using b = -2; for 300 m < D < 4 km, the crater population is best fit with
b =-3.4; and for D > 4 km, the crater population is approximated with b = -1.8 (Figure
2.2; e.g., Shoemaker et al., 1970; Shoemaker, 1971; Baldwin, 1971; Neukum et al.,

1975a; Hartmann et al., 1981).

Crater frequency / km? per D increment

107 10° 10' 10°
Diameter (km)

Figure 2.2. Cumulative SFD plot for average lunar mare. Three curves are fitted to the
crater counts on the basis of observed trends over specific diameters and serve as the
basis for the cumulative SFD power law (data from Hartmann et al., 1981, page 1114,
plot 11; calculated uncertainties not plotted).
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2.3.3. The Lunar Chronology Function

Analyses of crater frequencies are the primary means of determining time-
stratigraphic relationships. Interpretation of geology is aided by an understanding of the
relative ages of surface units derived from crater statistics, which can then be converted
into absolute age estimates by application of a chronology function. From measured
crater frequencies of maria and Apollo landing sites (e.g., Greeley and Gault, 1970;
Shoemaker et al., 1970; Shoemaker, 1971; Neukum et al., 1975a; Konig, 1977) it was
determined that one general cumulative SFD describes all crater populations (Neukum et
al., 1975a; 1975b; Neukum and Ivanov, 1994). This complex continuous curve is called
the lunar production function (e.g., Neukum, 1983; Neukum and lvanov, 1994; Neukum
et al., 2001a) and is represented by an 11" order polynomial

log(N(D)) = ag+ Tk a(log(D) )" (Equation 2.3)

where ay is the time that the unit has been exposed to meteorite bombardment (Neukum
et al., 1975b; Neukum, 1983; Neukum and Ivanov, 1994; Neukum et al., 2001a). The
work by Neukum et al. (2001a) provides the coefficients for the lunar production
function, which is valid for crater diameters between 10 m and 100 km, and Neukum and
Ivanov (1994) present a discussion of how the coefficients have changed through
analyses of new crater measurements. The standard lunar production function thus allows
comparisons of crater frequencies for different crater populations over different diameter
ranges, providing a means to determine the relative ages of these geologic units. The
relative age of a geologic unit is determined for a given reference diameter (usually 1 km,
10 km, or 20 km) and the cumulative crater density for a geologic unit is related to the

exposure of the unit to meteorite bombardment. The measure of relative age is often
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referred to as the “crater retention age” (Neukum, 1983), and older geologic units will
have greater cumulative crater densities (greater crater retention ages) than younger ones.

For the Moon, samples of known provenance from the Apollo and Luna landing
sites provide the ability to correlate the radiometric ages measured from returned samples
to measured crater frequencies (e.g., Hartmann et al., 1981; Neukum, 1983; Neukum and
Ivanov, 1994; Neukum et al., 2001a; Stoffler and Ryder, 2001). The empirical
relationship of the correlation between radiometrically dated samples and crater
frequencies at the landing sites allows the derivation of a lunar chronology function that
estimates the crater production rate as a function of absolute age (Figure 2.3; e.g.,
Hartmann et al., 1981; Neukum, 1983). A least squares fit to the crater frequencies and
radiometric ages is mathematically expressed as

N(D > 1 km) = 5.44 x 10™*[exp(6.93 x t) — 1] + 8.38 x 10"t (Equation 2.4)
where N(D >1 km) is the cumulative crater frequency for diameters >1 km per km? and t
is the age, with units of 10° years (Neukum, 1983; Neukum and Ivanov, 1994; Neukum et
al., 2001a). This mathematical fit assumes that the impactor population retained a
constant size distribution, which may not be accurate (e.g., Neukum and lvanov, 1994;
Neukum et al., 2001; Marchi et al., 2009; Le Feuvre and Wieczorek, 2011). Nevertheless,
by using Equation 2.4 and solving for t it is possible to derive absolute ages for any
geologic unit on the lunar surface once the crater SFD is measured.

The lunar chronology represents an estimated distribution and, consequently, any
absolute ages derived for measured crater distributions represent absolute model ages,
and these AMASs assume that the cratering chronology does not include inherent

uncertainty. For example, the range of radiometric ages exhibited by the returned samples
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from each landing site (e.g., Hartmann et al., 1981, Stoffler and Ryder, 2001 and
references therein) complicates the correlation of crater frequencies to radiometric ages.
Neukum and coworkers (e.g., Neukum et al., 1975b; Neukum, 1983; Neukum and
Ivanov, 1994; Neukum et al., 2001a) adopted the practice of correlating the crater SFDs
with radiometric ages by using the mode of the radiometric age dates, arguing that the
most frequently measured radiometric age probably reflects the major event responsible
for “resetting” the radiometric clocks of the samples (discussed at length by Neukum and
Ivanov, 1994). However, the nature of the chronology derivation is dependent on the
current calibration (crater SFDs for the landing sites) and data (radiometric ages); the
accuracy of absolute model ages determined for measured crater frequencies may be
improved with subsequent iterations of the chronology (e.g., Marchi et al., 2009; Le
Feuvre and Wieczorek, 2011; Robbins, 2013). While the lunar chronology (Neukum et
al., 2001a) is well-defined for units >3 Ga (although Stoffler and Ryder (2001)
recommend a new calibration for the ~4 to 3 Ga age range based on reexamination of the
radiometric ages of returned samples), the chronology is less well-constrained for ages
younger than 3 Ga due to the limited number of young units (<1 Ga) that were sampled
and uncertainty in some cases of the provenance of the sample (i.e., Copernicus ejecta,
sampled at the Apollo 12 landing site; e.g., Neukum, 1983; Stoffler and Ryder, 2001).
The <1 Ga time frame is of particular interest because the absolute ages of the four young
craters (Copernicus, Tycho, North Ray, and Cone) used as calibration points in the lunar
chronology are critical in the derivation of AMASs for young unsampled materials across

the whole Moon.

27



10'F .

Apollo and Luna Samples

Apolio Samples E

Cumulative Crater Frequency N(>1 km) (km)

10° L L 1 . |
4 3 2 1 0
Age, Ga
Figure 2.3. Graphical display of the lunar chronology curve for 4.5 Ga to the present. For
ages older than ~3.2 Ga, multiple Apollo and Luna rock and regolith samples constrain
the chronology. For ages younger than 3 Ga, but especially 1 Ga, the assigned ages are
less well-constrained by samples.

2.4. Data

Tabulated cumulative crater SFD measurements for all regions and analysts are
provided in Appendix B.
2.4.1. Mare Imbrium

Four Apollo Metric images of the same 100 km? study area with different
incidence angles allow a detailed characterization of the effect of incidence angle on
cumulative SFDs (Table 2.1). The study region was centered at 27.3°N, 341.8°E in Mare
Imbrium east of Lambert crater (Figure 2.4), and images acquired at 87° (AS15-M-1010),
82° (AS15-M-1152), 71° (AS15-M-1835), and 50° (AS15-M-2461) incidence angles
(Figure 2.5) were chosen for crater measurements. Lambert crater (25.77°N, 339.01E,

~30 km in diameter), located among young flows in southern Mare Imbrium (e.g.,
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Schaber, 1973; Boyce and Dial, 1975; Hiesinger et al., 2000), provides a location to
measure crater frequencies that is not contaminated by secondary craters. Pixel scales of
the scanned Apollo Metric images varied between 6.6 and 7.6 meters, and the images
were resampled to 10 meter pixel scale for the counts. A resolution threshold of 7 pixels,
equivalent to 70 meters, was selected as the minimum crater diameter confidently
measured in the Apollo Metric images.

To test if a gradual rollover in the cumulative SFDs is due to resolution effects or
to the observation of the equilibrium crater population, craters were counted on a higher
resolution LROC NAC image (56° incidence angle) covering a portion of the Apollo
Metric count area (M104633604L, Figure 2.6). The NAC image was resampled to 2
meter pixel scale and an area 4 km? was selected for crater measurements. For the NAC
image, the 7 pixel resolution threshold is equivalent to 14 meters.

Table 2.1. Image Data Used for Crater Size-Frequency Distribution Measurements.

Image Location Pixel Scale (m) Area Incidence
(km?) Angle

Apollo Metric

AS15-M-1010 M. Imbrium 10 1E+02 87°

AS15-M-1152 M. Imbrium 10 1E+02 82°

AS15-M-1835 M. Imbrium 10 1E+02 71°

AS15-M-2461 M. Imbrium 10 1E+02 50°

LROC NAC

M104633604L M. Imbrium 2 2.00E+0 56°

M116161085R Apollo 11 0.7 2.09E+0 82°

M150368601R Apollo 11 0.7 2.17E+0 64°

LROC WAC

Mosaics

Boxes 1-3 M. Serenitatis 100 4.00E+02  66°

Boxes 1-3 M. Serenitatis 100 4.00E+02  46°

Western Region M. Serenitatis 100 3.90E+04  66°

Western Region M. Serenitatis 100 3.90E+04  46°
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Figure 2.4. Context image for the Mare Imbrium count area. The black box contains the
Apollo Metric count area, which is 100 km? and centered at 27.30°N, 341.80°E. The
LROC NAC count area (asterisk, Figure 2.6) is also shown. Scale bar is 30 km; Apollo
Image AS15-M-1010, 87° incidence angle. North is up and illumination is from the right.
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Figure 2.5. Views of the Mare Imbrium study area shown in Figure 2.4 at four different
incidence angles. Width of each frame is 10 km® (A) Apollo Image AS15-M-1010, taken
at 87° incidence angle, (B) Apollo Image AS15-M-1152, taken at 82° incidence angle,
(C) Apollo Image AS15-M-1835, taken at 71° incidence angle, and (D) Apollo Image

AS15-M-2461, taken at 50° incidence angle.
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Figure 2.6. Subsection of LROC NAC M104633604L (centered at 27.32°N, 342.01°E),
resampled to 2 meter pixel scale, for a 4 km? area within the original region studied in
Apollo Metric Images (Figure 2.4). Incidence angle is 56°.
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2.4.2. Apollo 11 Landing Site

The Apollo 11 Landing Site in Mare Tranquillitatis (0.67°N, 23.47°E) has repeat
LROC NAC coverage at different illuminations (Table 2.1) allowing another test of the
validity of the rollover observed by Wilcox et al. (2005). NAC images taken at 82°
incidence angle (M116161085R) and 64° incidence angle (M150368601R) were selected
and resampled to 0.7 meter pixel scale (Figure 2.7). A count area ~2 km? centered on the
Lunar Module descent stage was selected for crater frequency measurements. The 7 pixel

resolution threshold limits crater measurements to diameters >4.9 meters.

Figure 2.7. LROC NAC images of the Apollo 11 Landing Site, centered on the Lunar
Module descent stage (0.67°N, 23.47°E), and resampled to 0.7 meter pixel scale. Fresh
crater in the middle right is West crater (0.67°N, 23.49°E, 190 m diameter). (A) LROC
NAC M116161085R, 82° incidence angle with illumination from the right. Shadowed
regions inside the largest craters were removed from the count area. (B) LROC NAC

M150368601R, 64° incidence angle with illumination from the left.

2.4.3. Mare Serenitatis
Regions in Mare Serenitatis were selected in 100 meter pixel scale LROC WAC
normalized reflectance mosaics (Speyerer et al., 2011) with average incidence angles of

66° and 46° (Figure 2.8, Table 2.1) to characterize differences in crater distribution
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resulting from illumination for larger diameter craters (>500 m to several km). Initially,
three 400 km? areas of “average” mare (i.e., no large craters nearby, no obvious
secondaries, visually similar in appearance) were chosen within western Mare Serenitatis
on which to perform crater counts. Later, an area ~4 x 10" km? was selected that
contained the three smaller count regions. Areas with obvious secondary craters were
excluded from the measurements. The 7 pixel threshold limits crater identification in the

LROC WAC mosaics to 700 meters.

Figure 2.8. LROC WAC monochrome normalized reflectance mosaics of the western
portion of Mare Serenitatis (centered at 27.21°N, 15.49°E), northwest of Bessel crater
(masked by irregular black polygon in lower right corner) at 100 meter pixel scale.
(A) LROC WAC mosaic with an average incidence angle of 66°, and (B) LROC WAC
mosaic with an average incidence angle of 46°. Irregular polygons scattered throughout
the mosaic are masked secondary craters, and their associated areas were removed from
the total count area of ~4.0 x 10* km? White boxes labeled 1-3 are 20 km in width.
Black rectangles in the center of (A) and (B) are gores in the LROC WAC mosaic from
incomplete coverage.
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2.5. Results
2.5.1. Mare Imbrium

A minimum of two individuals counted craters for the selected region in each
Apollo Metric image. At 87° incidence angle (AS15-M-1010, Figure 2.5A) subtle
changes in topography are visible, thus enhancing the shallow slopes and eroded rims of
degraded craters. An example of the count area marked with digitized craters is shown in
Figure 2.9. The cumulative SFDs between A and L are statistically inseparable at large
diameters but deviate at diameters <~200 m (Figure 2.10A). Both SFDs cross the
standard equilibrium line (10% saturation, Gault, 1970), and the equilibrium crater
diameter estimates are ~190 m (analyst A), ~175 m (analyst L). Regolith depth estimates
are 27-38 m (analyst A) and 24-35 (analyst L) (Table 2.2). AMA fits are
3.51 +0.03/-0.04 Ga for analyst A and 3.50 £0.04 Ga for analyst L (Figure 2.11).

The 82° incidence angle cumulative SFD is similar between individuals A and L
(Figure 2.10B). The SFDs are statistically indistinguishable at the larger diameters but
separate around 100 m diameter. Overall, the cumulative crater frequencies are lower
than in the 82° incidence angle image. An apparent equilibrium crater diameter of
~160 m (analyst A) and ~175 m (analyst L) is observed, and regolith depth estimates
have a range of 22-32 m (analyst A) and 25-35 m (analyst L) (Table 2.2). The AMA fit
is 3.48 +0.04/-0.05 Ga for analyst A and 3.53 +0.03/-0.04 Ga for analyst L (Figure 2.12).

The surface detail in the 71° incidence angle image is less than the 87° incidence
and many of the shallowest craters are not readily visible (Figure 2.5C). Three
individuals (A, L, and S) counted on the 71° incidence image. As before, the SFDs
(Figure 2.10C) are statistically indistinguishable at the larger diameters (>~200 m), but
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the counts for analysts A and L follow the standard equilibrium slope while the count by
analyst S begins to gradually roll over around ~150 m diameter, separating from the
trends exhibited by the SFDs measured by analysts A and L around 100-120 m in
diameter. The overall cumulative crater frequencies measured are less for the 71°
incidence angle image than for either the 82° or 87° incidence angle image. Estimates of
apparent equilibrium diameters are ~150 m for analyst A, ~150 m for analyst L, and
~180 m for analyst S. Corresponding regolith depth estimates have ranges 21-29 m for
analyst A, 21-30 m for analyst L, and 25-36 m for analyst S (Table 2.2). AMAs
determined from the SFDs are 3.48 +0.03 Ga for analyst A, 3.52 +0.03/-0.04 Ga for
analyst L, and 3.41 +0.04/-0.05 for analyst S (Figure 2.13). Figure 2.14 shows the
difference in number of craters digitized by analysts A and L for the 87° incidence angle
image (AS15-M-1010) and the 71° incidence angle image (AS15-M-1835), and at
smaller crater diameters, the difference in number of craters digitized for a given
diameter is greater than at larger crater diameters.

Only the larger, freshest craters are visible in the 50° incidence angle image
(Figure 2.5D). Counting and interpreting this image is more difficult because of the
grainy quality of the original film (poor signal to noise ratio, SNR). Individuals L and S
digitized this image, and the overall cumulative crater frequency of measured craters is
lower than the other three incidence angles. The SFDs (Figure 2.10D) are statistically
inseparable above ~150 m diameter, but both exhibit a gradual rollover beginning around
170 m. Neither SFD intersects the standard equilibrium line, but the deviation at ~170 m
diameter is fit by a -2 slope corresponding to an equilibrium crater diameter of 200 m
(analyst L) and 230 m (analyst S). Regolith estimates are 28—-40 m for analyst L and
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32-46 m for analyst S (Table 2.2). AMAs determined for these SFDs are 3.51 £0.04 Ga
and 3.39 +0.06/-0.09 Ga for the measurements by analyst L and analyst S, respectively
(Figure 2.15).

Similar to AS15-M-2461 (50° incidence angle), the freshest and largest craters are
the most visible in the LROC NAC image (56° incidence angle, Figure 2.6), and the
cumulative SFD for the 4 km? count area plots below those of the Apollo Metric images
but has a similar slope (Figure 2.16). The largest diameter bins in the NAC cumulative
SFD overlap the smallest diameter bins for the Apollo Metric cumulative SFDs,
providing a means of comparison between counts at these diameters. The upper
uncertainties in the NAC counts approach the 56° incidence angle Apollo Metric SFD.
The NAC SFD extends to substantially smaller diameters than the Apollo Metrics (down
to ~5 m) due to the higher spatial resolution of the NAC. The largest diameter bins in the
NAC SFD have a slope similar to the smaller diameter bins in the Apollo Metric SFD
even with the large uncertainties, and the NAC SFD follows an equilibrium slope of -2,

which cannot be properly dated with an AMA fit (Figure 2.17).
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Table 2.2. Equilibrium Crater Diameter and Regolith Depth Estimates.

Image Analyst  b? Deq (M)  Regolith Depth (m)
Maximum Average

AS15-M-1010 A -3.8 190 38 27
AS15-M-1010 L -3.5 175 35 24
AS15-M-1152 A -3.5 160 32 22
AS15-M-1152 L -3.5 175 35 25
AS15-M-1835 A -3.1 150 29 21
AS15-M-1835 L -3.3 150 30 21
AS15-M-1835 S -3.7 180 36 25
AS15-M-2461 L -3.1 200 40 28
AS15-M-2461 S -3.9 230 46 32
M104633604L L = - - -
M116161085R L -4.4 230 46 32
M150368601R L -4.7 180 36 25

%Slope index for the least squares fit to the production function of the measured crater
distribution.
Only the equilibrium population was measured (see text for details).

Figure 2.9. Example of a marked crater count in Circle for AS15-M-1010 (87° incidence
angle). Craters digitized with diameters <70 m (equivalent to 7 pixels) were not included
in the tabulated data (Appendix B). Image width is 10 km.
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minimum of two individuals performed crater counts on each Apollo Metric image, noted
by the letters A, L (the author), and S. The standard equilibrium curve (Trask, 1966;
Gault, 1970) is plotted as a gray line.
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Figure 2.11. AMAs determined for AS15-M-1010 taken at 87° incidence angle (Figure
2.5A) for analysts (A) A and (B) L. Identification threshold is grayed below 70 m
diameter.
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Figure 2.16. Cumulative SFDs measured by analyst L for all four subsections of the
Apollo Metric images (AS15-M-1010, 87° incidence angle; AS15-M-1152, 82° incidence
angle; AS15-M-1835, 71° incidence angle; AS15-M-2461, 50° incidence angle; Figure
2.5) with a 100 km? count area and the cumulative SFD for a 4 km? count area within
LROC NAC image M106633604L (56° incidence angle; Figure 2.6) that overlaps part of
the Apollo Metric count area. Identification threshold is grayed below 70 m diameter for
the Apollo Metric SFDs and below 14 m diameter for the NAC SFD.
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Figure 2.17. AMA derived for the NAC count on M106633604L (56° incidence angle;

Figure 2.6), which is in equilibrium (-2 slope; Trask, 1966). Identification threshold
grayed below 14 m diameter.

2.5.2. Apollo 11 Landing Site

For the ~2 km? area centered on the Apollo 11 Lunar Module descent stage
(Figure 2.9), cumulative SFDs (analyst L) for measurements on 82° and 64° incidence
angle images show that while more craters are identified with larger diameters at larger
incidence angles (Figure 2.18, Appendix B Table B11, B12), the SFDs are statistically
inseparable for most diameters and the counts deviate significantly between 5-10 m in
diameter. The two largest bins in the SFDs represent the smallest craters present in the

production population and have steep slopes (-4.4 for 82° incidence angle and -4.7 for
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64° incidence angle). These largest diameters observed in the NAC count area are used to
derive AMAs. At 82° incidence, an AMA of 3.56 +0.13/-1.50 Ga is estimated and at 64°
incidence an AMA of 3.48 +0.12/-0.73 Ga is estimated; both ages are in agreement with
published AMAs (Hiesinger et al., 2000) and Apollo 11 rock samples (e.qg., Stoffler and
Ryder, 2001 and references therein). Equilibrium crater diameter is estimated to be

~230 m at 82° incidence angle and ~180 m at 64° incidence angle, with corresponding
regolith depth estimates of 32-46 m and 25-36 m, respectively (Table 2.2). Both SFDs
deflect below the standard equilibrium line around ~50-90 m diameter, beginning to re-

approach equilibrium as the SFD approaches the resolution threshold (Figure 2.18).
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2.5.3. Mare Serenitatis

Initially, three 400 km? areas in Mare Serenitatis were selected in normalized
reflectance WAC mosaics with average incidence angles of 66° and 46° (Figure 2.8).
Figure 2.19 and 2.20 show digitized craters marked on the WAC mosaics. Cumulative
SFDs for these measurements are statistically indistinguishable but have large
uncertainties (Figure 2.21). Example isochron fits to the 66° and 46° incidence angle
SFDs indicate that the 66° incidence angle SFD is best fit by a 3.5 Ga AMA while the
46° incidence angle SFD could be fit either by a 3.4 Ga or 3.0 Ga AMA (Figure 2.21),
and the difference in AMA for the 46° incidence angle SFD reflects the poor count
statistics arising from a small area. To obtain better crater statistics (larger count area
allowing more counted craters), the measurement area was expanded to ~4 x 10* km?
(Figure 2.8). Similar to the Apollo Metric and NAC SFDs, the WAC SFDs are
statistically indistinguishable for craters >2 km in diameter, and for craters <2 km in
diameter, the 66° incidence angle cumulative SFD measurements are greater than those at
46° incidence angle (Figure 2.22, Appendix B Table B19, B20). AMA determinations
give an age of 3.47 £0.01 Ga for the 66° incidence angle image and an age of
3.41 £0.02 Ga for the 46° incidence angle image; these AMAs are consistent with
previously published estimates (Hiesinger et al., 2000). Figure 2.23 shows the difference
in number of craters digitized at 66° and 46° incidence angle versus crater diameter.
Similar to the Apollo Metric observations, there is a smaller difference in number of
craters digitized for larger diameters. Measurements of crater diameter in the WAC
mosaics indicate that the observed SFD is in production and determination of an

equilibrium crater diameter is not possible.
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: g :
Figure 2.19. LROC WAC close-up in Circle of Box 2 in Mare Serenitatis (Figure 2.8) at
(A) 66° incidence angle and (B) 46° incidence angle. Box width is 20 km, and any craters
less than 7 pixels in diameter (corresponding to 700 m) were removed from SFD
analysis.
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Figure 2.20. 4x zoom in Circle on the LROC WAC mosaics; purple circles are marked
craters. Not all craters marked are larger than the 700 m identification threshold. (A) 66°
incidence angle mosaic, with the center crater measured at 1.8 km in diameter, and

(B) 46° incidence angle mosaic, with the center crater measured at 1.6 km in diameter.
Scale bar is 2 km.
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Figure 2.21. Three 400 km? count regions in western Mare Serenitatis (Figure 2.8) for

(A) 66° incidence angle and the (B) 46° incidence angle LROC WAC mosaics. (A) SFDs
for Box 1-3 at 66° incidence angle. (B) SFDs for Box 1-3 at 46° incidence angle. In both
(A) and (B) the uncertainties are large at larger diameters, reflecting the small numbers of
craters counted. Identification threshold is grayed below 700 m diameter.
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Figure 2.23. Difference in number of craters digitized at 66° and 46° incidence angles on
LROC WAC mosaics for western Mare Serenitatis (Figure 2.8).

2.6. Discussion
2.6.1. Count Variation Between Individuals

This work primarily focuses on testing the hypothesis that incidence angle affects
an analyst’s ability to both detect craters and accurately measure their diameters. In this
investigation, three individuals collected crater measurements of the same region from
images with different incidence angles. Crater counts collected by a single individual are
exposed to measurement errors based on their counting technique, experience, and the
inherent statistical uncertainties, whereas the data collected by multiple individuals is
affected by the errors and uncertainties associated with each separate measurement. The
results from this investigation are consistent with previous investigations that employed
multiple analysts for crater counting (e.g., Gault, 1970; Greeley and Gault, 1970; Robbins

et al., 2013a; 2013b), but unlike some investigations (e.g., Gault, 1970; Greeley and
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Gault, 1970; Young, 1975) the crater frequencies were not averaged for final analysis.
Differences between the results of trained individuals are expected, with an estimated
variation of £20% when >50 craters are counted per size class (Gault, 1970; Greeley and
Gault, 1970). When only 3-5 craters are counted per class, the crater frequency results
generally agree to within a factor of two (Greeley and Gault, 1970). For this
investigation, the three individuals were trained using the largest incidence angle Apollo
Metric image (AS15-M-1010, 87° incidence angle) and the IDL-based Circle program.
Although all individuals had similar amounts of training prior to commencing
measurements, there are differences in the final counts reflecting that individuals perceive
images in different ways and measure craters differently (i.e., click differently). The
analysts were instructed to identify and record only those craters for which they were
certain, so crater measurements may be prone to subjective interpretation. Moreover, all
three analysts had little to no crater counting experience at the beginning of this
investigation, but as the investigation progressed through the different phases, analyst L
(primary author) gained more experience by counting craters on all the images and as a
result, it may be that additional technical expertise affected later crater measurements.
Another possibility influencing the count differences for individuals is the effect of time
spent crater counting, coupled with the time of day crater counting was completed.
Greeley and Gault (1970) limited the amount of time an analyst spent crater counting
based on analyses of analyst fatigue; here, formal measurements to test fatigue were not
employed. Analysts were not instructed to limit their counting time per session, although
suggestions to take frequent breaks were recommended. Consequently, the analysts spent
variable time counting during each session, ranging from one hour to multiple hours
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depending on their availability (all were students) and enthusiasm. Likewise, individuals
made crater measurements during different times of the day depending on their
schedules, and it is possible that alertness and subjectivity varied among analysts
depending on the time of day (e.g., beginning versus conclusion of the work day; before
or after attending class; before or after coffee, mealtime). For example, a combination of
some of these factors may explain why the SFDs for the 87° and 82° incidence angle
images completed by analyst L do not show a decrease in estimated crater equilibrium
diameter (Table 2.3), even though a decrease is observed in the SFDs measured by
analyst A. For analyst L, the cumulative SFDs are statistically indistinguishable (Figure
2.16) but number of craters measured per bin is different (Table 2.3). For differences
between bins that are <10 craters, the difference likely reflects the change in detection
owing to the smaller incidence angle in addition to a 1-2 pixel maximum uncertainty in
measurement. The Circle program operated using a context view of the image and craters
were marked on a 4x zoom window, and it is possible that small errors were made during
crater rim determination, especially as incidence angle decreased and less pristine crater
rims became more difficult to discern. A notable difference is observed for the measured
cumulative SFDs of the 71° incidence angle Apollo Metric image (Figure 2.10C), where
two of the individuals (A and L) measured statistically inseparable crater populations to
provide an equilibrium crater diameter estimate of ~150 m while the third individual (S)
measured an SFD with an equilibrium crater diameter estimated at ~180 m. The cause of
this discrepancy is unclear, but a similar difference is observed between analysts L and S
for the 50° incidence angle image, where the equilibrium diameter estimate again differs

between individuals by 30 m. One explanation is that analysts L and S used different
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strategies during counting: analyst L methodically moved the zoom window from left to
right, moving down almost one zoom window height after completing a counting “row”,
to simulate a grid, whereas analyst S preferred to mark the craters by moving about the
context view window in a less-patterned or less-regular fashion.
2.6.2. Effects of Incidence Angle on Crater Identification and Measurement
2.6.2.1. Small Crater Population

The cumulative SFDs for the four Apollo Metric frames exhibit the effects of
different incidence angles on crater counts (Figure 2.10, 2.16); the overall cumulative
frequency of measured craters decreases with decreasing incidence angle. The largest
craters were repeatedly identified in each image whereas the smaller craters were not
(e.g., Figure 2.10, Appendix B Table B1-B9), indicating that consistent identification of
craters on a mare surface is influenced by solar incidence angle, findings in agreement
with previous studies (Young, 1975; Wilcox et al., 2005). Table 2.3 presents the
difference in number of craters per bin in the four Apollo Metric images counted by
analyst L, and the number of craters identified generally decreases with decreasing
incidence angle. The largest bin (1.2 km) has one crater identified in all images, but at
400 m, five craters are identified in the 87° and 50° incidence angle images and seven
and eight craters are identified in the 82° and 71° incidence angle images, respectively. In
these cases, where difference in number of craters identified does not exceed 10, the
difference is attributed primarily to the difficulty in accurately determining rim locations
(and thus estimating diameter). None of the larger craters in the study area have fresh and
distinct rim crests, and although the contrast between the mare surface and the crater
interior is sharp, determining the break in ground surface slope representative of the
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crater rim is difficult. Thus, measurement uncertainty of a few pixels in marking of the
crater rim results in the crater moving to a larger or smaller diameter bin. Further work
examining measurement differences for the same large craters, which are among the best
preserved, most visible, and most consistently recorded in the images, may aid in
determination of maximum measurement uncertainty for each individual, as well as
statistically correlating the size variation for the same crater marked at different incidence
angles (Figure 3 in Young, 1975).

At the largest diameters (~>200-300 m), the cumulative SFDs at each
illumination are similar (Figure 2.10, 2.16); all have a steep production function slope
ranging from -3.1 to -3.9, and the different observers counted the same, or very similar,
cumulative numbers of craters in each diameter bin (Appendix B Table B1-B9). The
difference in number of craters digitized at 87° incidence angle and 71° incidence angle
versus diameter for Apollo Metric data collected by two individuals (Figure 2.14)
suggests that at larger incidence angles, more craters are identified and recorded with
larger diameters, but the largest craters are consistently identified at different
illuminations. These findings are consistent with Young (1975), who found that more
craters were visible at larger incidence angles. For an older region in Mare Imbrium,
almost all craters identified in the 86° incidence angle image were also identified at 38°
incidence, but at the larger incidence angles the crater diameters were measured to be
larger (Young, 1975).

Results from Apollo Metric crater counts for the 50° incidence angle image are
the least consistent between two observers, perhaps owing to counting techniques (Figure
2.10), while the SFDs for the 71° incidence angle image are most consistent between
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observers. The small crater equilibrium and the production function are observed in all
images, and some of the deviation between production and equilibrium may be attributed
to the effects of incidence angle on crater detection. The similarity and consistency in
observations between individuals and the resulting AMA agreements (~3.5 Ga for
analysts A and L in both images) for the SFDs measured on the 82° and 71° incidence
angle images suggests that, based on the Apollo Metric counts, ~70° to ~80° is an
optimal incidence angle range for investigations pertaining to age determination.

The small crater trends (~<200 m diameter) vary significantly between and among
observers at different illuminations (Figure 2.10, 2.16). The small crater population for all
but one SFD (analyst S) in the 71° incidence angle image and the 50° incidence angle
SFD are fit well with a -2 slope (>3 data points, R>>0.95-0.98) and the variation between
numbers of craters identified in different diameter bins is large (Table 2.3). These
observations reflect the change in visibility of the smallest craters. The smallest craters on
a mare surface form in regolith and are the biggest contributors to regolith mixing and
overturn (e.g., Soderblom, 1970), and because the regolith is mostly unconsolidated (at
least at the scales necessary to form craters hundreds of meters in diameter), small craters
are affected more strongly by impact erosion (e.g., Soderblom, 1970; 1972; Soderblom
and Lebofsky, 1972; Schultz et al., 1977) and the effects of seismic modification due to
larger impacts (Schultz and Gault, 1975). As a result, small craters degrade faster than
large craters (Soderblom, 1970; Soderblom and Lebofsky, 1972) and will be more
difficult to discern in small incidence angle illumination conditions than at larger
incidence angles, when the subtle topography surrounding the craters is pronounced
(Soderblom, 1972; Young, 1975). The crater equilibrium diameter is estimated to be
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175 m (analyst L) for the 87° incidence angle image and 200 m (analyst L) for the 50°
incidence angle image, and the increase in equilibrium crater diameter estimate between
the larger and smaller incidence angles does not follow the trend observed for the other
images. The equilibrium diameter estimates decrease with decreasing incidence angle for
the 87°, 82°, and 71° incidence angle images, findings consistent with observations by
Young (1975) and Wilcox et al. (2005), suggesting that crater measurements made on
larger incidence angle images result in the most accurate estimate of crater diameter.
Therefore, because the quality of the 50° incidence angle image has poor SNR (discussed
in Section 2.4.1), the estimated equilibrium diameter is unreliable.

The results of the LROC NAC count of a subsection of the Apollo Metric count
area (Figure 2.4, 2.6) further suggests the 50° incidence angle Apollo Metric image
counts are unreliable. The NAC subscene cumulative SFD has a -2 equilibrium slope,
indicating that the equilibrium population is being sampled, but the NAC SFD plots
lower than the Apollo Metric counts (Figure 2.16). Because the NAC SFD is measured
from a subsection of the Apollo Metric count area, however, the NAC count should
reflect the distribution of craters measured in the Apollo Metric images in this
investigation (Figure 2.16). Instead, the lower cumulative crater frequencies for the NAC
area are attributed to the small count area (4 km?) that contributes to poor crater statistics:
two craters were identified in the largest NAC bin (200 m), while 52 craters were
identified in the same bin for AS15-M-2461. Similarly, 111 craters were identified for the
70 m bin in AS15-M-2461 while only four craters were identified in the same bin in the
NAC area. Furthermore, the NAC count measured only the equilibrium population and
cannot be used to assess the anomalous equilibrium crater diameter derived from the 50°
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incidence angle Apollo metric image. Therefore, the next steps to resolve this
unanticipated result can follow one of two paths (or both). First, search for and identify
another Apollo Metric image in the 50°-70° incidence angle range (ideally closer to 50°
than 70°, with a more favorable SNR) for the study area, recreate the count area
boundaries, and measure the crater population. This option is ideal because the new crater
SFD may be directly compared to the other Apollo Metric SFDs, but an image in the
desired incidence angle range may not be available. Second, the NAC subscene can be
expanded to a larger area (at least 10-15 km?) and focus on measuring craters >100 m in
diameter (>50 pixels at 2 meter pixel scale) to attempt to identify the production function
and improve the crater statistics.

LROC NAC images (0.5-2 meter pixel scales; Robinson et al., 2010), allow crater
measurements to extend to diameters <10 m, providing an opportunity to examine the
current cratering chronology and provide revisions to the chronology using new counts at
the calibration sites (i.e., Apollo and Luna landing sites; e.g., Hiesinger et al., 2012;
Robbins, 2013). Crater frequencies down to 10 m in diameter allow crater populations of
young features with spatially limited extents, such as impact melt, to be assigned relative
and absolute model ages (10 m is currently the smallest diameter to which the Neukum et
al. (2001a) chronology may be fit). Equilibrium crater diameter estimates from NAC
images with differing incidence angles (Figure 2.18) follow the trend observed by Wilcox
et al. (2005) and those in the Apollo Metric SFDs of this investigation (Figure 2.10). In
the two NAC images of Apollo 11, the equilibrium crater diameter decreases from 230 m
at 82° incidence to 180 m at 64° incidence (Figure 2.18), and more craters are identified
in the larger incidence angle image (4600 versus 4000 craters total). The largest craters
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(with the exception of West crater) at the Apollo 11 Landing Site are heavily degraded,
with shallowly sloping walls and poorly defined rims. The absence of well-defined rims
on these craters leads to greater measurement uncertainty when determining the apparent
crater diameter. At 82° incidence angle, many of the degraded craters appear bowl-
shaped; part of the crater cavity is in shadow and the remainder is illuminated so that a
break in slope between the mare surface and the crater cavity is pronounced (Figure 2.7).
In contrast, at 64° incidence angle (Figure 2.7), very little of the crater cavity is in
shadow or strongly illuminated and the inflection between rim summit and the drop off to
the interior is harder to discern. Typically, the analyst will follow what s/he interprets as a
break in slope when marking the rim, and for smaller incidence angle images, perhaps the
diameter is systematically underestimated by a small amount relative to that measured for
a crater using a larger incidence angle image.
2.6.2.2. Larger Diameter Craters

Measurements of larger crater diameters (=700 m) on the LROC WAC mosaics
also exhibit a greater number of craters identified in the larger incidence angle image, but
only the production function is observed. The cumulative SFDs for the WAC counts at
66° and 46° incidence angles for three 400 km? regions are not statistically separable
(Figure 2.21), and the large uncertainties in the cumulative SFD indicate that 400 km? is
too small an area to derive robust crater count statistics at the WAC 100 meter pixel
scale, an observation furthered by results presented in Chapter 3. Increasing the
measurement area to ~4 x 10* km? improves the count statistics and decreases
uncertainties for all but the largest diameters measured (<10 craters total for diameters

>2 km). For the larger count area, the resulting difference in number of craters digitized
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at 66° and 46° incidence angle versus crater diameter (Figure 2.23) is consistent with the
observations from Apollo Metric and NAC images (e.g., Figure 2.14) that more craters
are consistently identified in larger incidence angle images.

2.6.3. Identifying the Equilibrium Diameter

An important question to consider is whether the equilibrium crater population is
truly reflected in the small crater slope (diameters <300 m, including the gradual rollover)
observed in the Apollo Metric and LROC NAC cumulative SFDs (Figure 2.10, 2.16,
2.18). A sharp kink in the SFD is not observed for either of these cases, but a least
squares fit to the data indicate a break in slope (Appendix B Figure B1-B6). Is
Oberbeck’s (2008) hypothesis valid, and is the gradual rollover observed in the
cumulative SFDs due to factors such as resolution limits of the images or insufficient
count area?

Resolution limits are an unlikely cause for the observed gradual rollover in the
measured SFDs. The effects of resolution on accurately measuring crater diameters are
mitigated by designating a threshold diameter of 7 pixels, which exceeds the diameter
range where pronounced flattening of the slope of the SFD occurs (Figure 2.10, 2.16,
2.18). Thus, the cumulative SFDs and the transition from production to equilibrium
(Figure 2.10, 2.18) do not reflect resolution limits.

Inadequate areal extents of the count areas may lead to imprecise identification of
the equilibrium diameter. However insufficient count area size is also unlikely for the
Apollo Metric SFDs, based on the number of craters counted (>17,700 craters total, with
a maximum of 4200 craters counted in a single image) and by comparison to an LROC
NAC subscene (>600 craters total). The LROC NAC crater measurements in Mare
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Imbrium (Figure 2.6, 2.16, 2.17) extend to craters 14 m in diameter, allowing
observations well below the onset diameter of the small crater equilibrium population
(between ~150 m and 300 m, e.g., Young, 1975; Schultz et al., 1977; Wilcox et al.,
2005). Between 70 m and ~150 m in diameter, the cumulative SFD bins of the 56°
incidence angle NAC and 50° incidence angle Apollo Metric counts overlap (Figure
2.16). This overlap provides a means of comparison at these diameters, where the NAC
SFD slope at these diameters is -2 (small crater equilibrium) and is parallel to the
equilibrium slope observed in the Apollo Metric images taken at 71°, 82°, and 87°
incidence angles (Figure 2.16). For the NAC SFD (56° incidence angle) and
AS15-M-2461 (50° incidence angle Apollo Metric), equilibrium conditions are met
below the 10% geometric saturation limit, which is a common occurrence (Gault, 1970;
Richardson, 2009).

The results presented here do not support Oberbeck’s (2008) hypothesis that a
sharp kink is required in the cumulative SFD to indicate the transition from production to
equilibrium. Therefore, a gradual rollover in the cumulative SFD that reflects a change in
slope from production (~-3.0 to -4.0; e.g., Soderblom, 1970) to equilibrium (-2; Trask,
1966) may be considered to be the SFD inflection point indicative of equilibrium. Thus,
equilibrium crater diameter estimates derived from the intersection of the production and
equilibrium functions determined by a least squares fit to the measured crater frequencies
are valid. For the Mare Imbrium region investigated in Apollo Metric images, the
equilibrium crater diameter decreases from an average (analysts A and L) of 182 m to
167 m to 150 m with decreasing incidence angles of 87° to 82° to 71°, respectively, as a
direct result of the decrease in detectable craters. This trend is consistent with
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observations by Wilcox et al. (2005). The equilibrium crater diameter estimate also
decreases from 230 m to 180 m for the LROC NAC images of the Apollo 11 Landing
Site, where incidence angle decreases from 82° to 64°.
2.6.4. Regolith Depth Estimates

Using the equilibrium diameter is one method by which regolith depths may be
inferred (Wilcox et al., 2005). The inferred regolith depths are directly correlated to the
equilibrium crater diameter by depth to diameter relationships (Pike, 1974), so the ability
to accurately estimate equilibrium crater diameter is necessary for estimating regolith
depth. Using the equilibrium crater diameters estimated from the Apollo Metric images in
Mare Imbrium, the average regolith depth is between 21 m and 26 m (corresponding to
150 m and 182 m equilibrium diameters). From estimates of equilibrium crater diameter
from the NAC images of the Apollo 11 Landing Site, the average regolith depth ranges
from 25 m to 32 m (corresponding to 180 m and 230 m equilibrium diameters). These
estimates suggest that the Mare Tranquillitatis location (Apollo 11) is older than the Mare
Imbrium location, agreeing with AMAs (Figure 2.11-2.13, 2.15, 2.18; Hiesinger et al.,
2000). Equilibrium conditions are not the same for surfaces of different ages (Young,
1975), and older surfaces will have larger equilibrium crater diameters (Trask, 1966). In
this case, crater measurements were made at the same incidence angle (82°, so no
correction factor is necessary to compare relative surface ages, c.f., Young, 1975), and
the larger equilibrium diameter at Apollo 11 (230 m versus 182 m) is indicative of an
older surface age. Moreover, older surfaces should have a thicker regolith (e.g.,
Shoemaker et al., 1969), and the average regolith depth estimate for Apollo 11 is 32 m
compared to 26 m in Mare Imbrium.
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2.6.5. Implications for AMAs

Accurate equilibrium crater diameter estimates provides relative age information
for a surface, but absolute model age dating relies on the production population of the
measured cumulative SFD. Consequently, a sufficient distribution of craters in
production must be measured to determine AMAs. For the mare, a sufficient number of
craters with diameters >250-300 m is needed (ideally >30; e.g., Silverman, 1986; Davis,
2002) based on the equilibrium diameter estimates presented here and previously (e.g.,
Trask, 1966; Shoemaker et al., 1969; Gault, 1970; Greeley and Gault, 1970; Young,
1975; Neukum et al., 1975a; Schultz et al., 1977; Wilcox et al., 2005). Crater
measurements for the production population (<50 craters with diameters >250-300 m) on
Apollo Metric images used in this investigation produce different AMAs that agree
within the statistical uncertainty (~3.5 Ga; Figure 2.11-2.13, 2.15). However, only 2-4
craters >250-300 m in diameter were measured on the NAC images of the Apollo 11
Landing Site, primarily because of the small count area. An AMA of ~3.5-3.6 Ga is fit to
the two diameter bins, and although this AMA agrees with previous age determinations
(Hiesinger et al., 2000), the result could be statistically improved by increasing the count
area. By increasing the NAC count area, more craters with diameters >250 m would be
measured, improving the statistical robustness of the AMA fit. Incorporating crater
counts made on LROC WAC mosaics would further improve count statistics by including
craters >500-700 m in diameter. Ideally areas large enough to include significant
numbers of diameters >1 km are measured because the lunar chronology is tied to the
1 km reference diameter and the larger diameter bins are crucial to determining a
statistically robust AMA. Thus, utilizing counts from NAC and WAC mosaics for age
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determination of mare surfaces estimated to be >3.0 Ga (i.e., most maria with the
exception of some regions in Oceanus Procellarum; Hiesinger et al., 2003) enables
measurement of the equilibrium (to derive regolith depth estimates) and the production
population (to derive AMAS). Of course, for age measurements of very young features
(e.g., impact melt, Copernican-aged craters) and spatially limited areas (e.g., highland
ponds; Robinson et al., 2011), using only NAC images is necessary because the small
crater population (10 m to ~500 m in diameter) is critical to age determination, and
measurements on WAC images will not resolve craters <500 m in diameter.

Table 2.3. Number of Craters Identified for Specific Bins, Individual L."

D (km) AS15-M-1010  AS15-M-1152 AS15-M-1835  AS15-M-2461

0.07 921 751 407 111
0.08 629 503 298 80
0.09 484 339 223 49
0.1 326 2172 171 48
0.11 232 237 140 41
0.12 162 136 109 38
0.13 153 132 103 45
0.14 107 119 84 39
0.15 169 165 104 43
0.17 119 132 88 61
0.2 117 117 122 52
0.25 39 46 38 33
0.3 21 19 9 18
0.35 6 9 18 8
0.4 5 8 7 5
0.45 4 2 3 7
0.5 2 3 2 0
0.6 2 1 2 3
0.7 0 1 0 0
1.2 1 1 1 1

“Not cumulative.
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2.7. Conclusions: Optimal Incidence Angle

Previous studies investigating crater frequencies utilized images with incidence
angles ranging from ~60° to 80° based on available image data (e.g., Shoemaker et al.,
1969; Gault, 1970; Greeley and Gault, 1970; Soderblom, 1970; Baldwin, 1971,
Soderblom, 1972; Soderblom and Lebofsky, 1972; Boyce and Dial, 1975; Young, 1975;
Neukum et al., 1975a; Boyce, 1976; Konig, 1977; Schultz et al., 1977; Baldwin, 1985;
Hiesinger et al., 2000; 2003). However, using the same (or similar) incidence angle
images for all measurements was not always possible (e.g., Neukum et al., 1975a;
Neukum and Konig, 1976; Konig, 1977; Hiesinger et al., 2000). Over a 30° incidence
angle range, Young (1975) found a 25% change in apparent measured diameter for 100 m
craters, suggesting that crater measurements made on multiple images with different
incidence angles could provide significantly different derived ages. The global LROC
WAC observations (Robinson et al., 2010; Speyerer et al., 2011) provide an opportunity
to complete crater measurements at a constant average incidence angle for large areas and
for diameters >700 m (e.g., Chapter 3). Similarly, spatially limited features visible in
LROC NAC images are often located within a single image or image pair, where
incidence angle is nearly constant.

The results presented here, that incidence angle (50°-87°) affects the number of
craters counted and the sizes measured, have significant implications for different aspects
of crater measurement analyses and improve upon previous findings (e.g., Soderblom,
1972; Young, 1975; Schultz et al., 1977; Wilcox et al., 2005). The four Apollo Metric
images (Figure 2.5, 2.11-2.13, 2.15) return AMAs of ~3.5 Ga for the Mare Imbrium
study area, while estimates of the equilibrium crater diameter decrease significantly with
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decreasing incidence angle. The SFDs at the Apollo 11 Landing Site measured on NAC
images (64° and 82° incidence angle) are statistically inseparable, but the derived AMAs
differ as a result of the small number of craters counted in the largest bins. Measured
crater frequencies in Mare Serenitatis using 46° and 66° incidence angle WAC mosaics
return AMASs of ~3.4 and ~3.5 Ga, respectively, and the AMA for the 46° incidence angle
image reflects the underestimation of crater diameters. In this work, the difference in
estimated equilibrium crater diameter exceeds 30 m for images taken at incidence angles
over a range of ~20°. The range in crater equilibrium diameter in turn directly affects
estimates of average regolith depth.

Selecting images with an appropriate incidence angle range is dependent on the
measurement objective (e.g., estimates of AMAs, equilibrium crater diameter, regolith
depth). Crater frequencies measured on images acquired over incidence angles ranging
between ~65° and 80° do have differences (Figure 2.10, 2.14, 2.16, 2.18, 2.22, 2.23).
AMA s derived for the different regions (Mare Imbrium, Mare Tranquillitatis, and Mare
Serenitatis) produce different ages, even though the majority of AMAs agree within the
statistical uncertainties for each study area. Thus, AMAs for a unit or between units will
be most consistent when SFDs are measured on images with the same or similar
incidence angles (i.e., within a few degrees). An optimal incidence angle range for
relative and absolute age dating studies is between ~65° and 80°. Small incidence angle
images (<60°) are not as useful for AMA derivation because the smaller incidence angle
promotes measurements that underestimate crater diameter and the resulting AMAs.
Conversely, equilibrium crater diameter estimates and subsequent inferred regolith depths
are significantly influenced by changes in incidence angle over the ~65°-87° range,
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confirming earlier hypotheses (Soderblom, 1972; Young, 1975; Wilcox et al., 2005).
Measurements made on smaller incidence angle (64° and 71°) images underestimate
crater diameters relative to those made on images at larger incidence angles, leading to
equilibrium crater diameter estimates that are too small. Instead, measurements at larger
incidence angles (82° and 87°) suggest that the emphasis of the break in slope at the
perceived crater rim (due to shadowing) allow a more accurate determination of crater
diameter and thus equilibrium crater diameter, a result consistent with previous work
(Wilcox et al., 2005). Although more craters are detected on the surface at 87° than at 71°
incidence angle in the Apollo Metric images, the enhancement of subtle topography and
pronounced shadows in the 87° incidence angle image hides nearby smaller craters in the
shadows of larger craters (e.g., Moore, 1972; Soderblom, 1972; Wilcox et al., 2005).
Consequently, crater counts on images taken at ~80° incidence angle should provide the
most accurate equilibrium crater diameter and regolith depth estimates by detecting more
craters than measurements made at 71° incidence angle while mitigating the effects of

enhanced shadows observed at 87° incidence angle.
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CHAPTER 3
AREAL CRATER DENSITY ANALYSIS OF VOLCANIC SMOOTH PLAINS: A
NEW APPROACH TO DISTINGUISHING AGE UNITS
3.1. Introduction

Unraveling relative and absolute model ages for defined geologic units on
planetary surfaces relies on observed superposition relationships and measurements of
crater size-frequency distributions (SFD). Of the two methods, SFD analysis is the
primary technique used to distinguish relative ages for mare smooth plains units, which
can then be translated into absolute age estimates. Absolute age chronologies rely on
crater counts calibrated to radiometric ages of returned samples (e.g., Hartmann et al.,
1981; Neukum, 1983), and with the exception of the Moon, samples of known surface
provenance from other bodies do not exist.

The lunar maria were emplaced over an extended period of time (>2 Ga; e.g.,
Hartmann et al., 1981; Stoffler et al., 2006; Hiesinger et al., 2011), and mare units exhibit
marked color differences in multispectral data that are interpreted to correlate with
distinct mineralogical units and ages (e.g., Pieters, 1978; Hiesinger et al., 2000; Staid and
Pieters, 2001; Hiesinger et al., 2011; Staid et al., 2011). Efforts using crater counts to date
color units identified within Mare Imbrium (e.g., Schaber et al., 1975; Hiesinger et al.,
2000; Bugiolacchi and Guest, 2008; Hiesinger et al., 2011), measures of crater
morphology and degradation (e.g., Schaber, 1973; Boyce et al., 1974; Boyce and Dial,
1975; Boyce, 1976), and geologic mapping (Carr, 1965; Moore, 1965; Hackman, 1966;
Schaber, 1969; Page, 1970; M’Gonigle and Schleicher, 1972) provide a relative and
absolute timeline of lunar mare emplacement in this region. From these studies, most
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agree that volcanic filling of the Imbrium basin occurred in three primary phases. The
older basalts are interpreted to be Imbrian in age (e.g., Schaber, 1969) and are exposed
mostly in the east, while the younger basalts are Eratosthenian and late Imbrian in age
(e.g., Page, 1970) and are found in the western portion of the Imbrium basin.
Multispectral classification was used to distinguish geologic units prior to commencing
crater counts and deriving absolute model ages (e.g., Schaber et al., 1975; Pieters, 1978;
Hiesinger et al., 2000; Staid and Pieters, 2001; Bugiolacchi and Guest, 2008; Staid et al.,
2011), but not all planetary bodies exhibit multispectral differences within volcanic units
(age and composition), as is the case on Mercury (e.g., Robinson et al., 2008; Denevi et
al., 2009; 2013a).

Here, areal crater density (ACD) analysis is used as a novel approach to identify
resurfacing boundaries within Mare Imbrium (Figure 3.1), as a test case for mercurian
studies. ACD as a measurement tool was successfully employed to investigate variations
in crater retention age across the lunar surface (Head et al., 2010), and to compare lunar
and mercurian crater populations (Fassett et al., 2011). After developing a refined
methodology, ACD measurements within Mare Imbrium show a regional boundary at the
contact between two spectrally distinct regions. The geologic contact is confidently
observed in ACD maps derived for a study region of ~1 x 10* km?, which should be
considered a minimum area size to use for crater counting in the mare. In addition, |
identify far-flung, non-obvious secondary craters with the ACD measurement technique,
which comprise a significant portion of the crater population with diameters between
500 m and ~850 m and indicate that absolute model dating of the mare should be limited
to craters >1 km in diameter (in agreement with e.g., Neukum et al., 1975a; Neukum,

71



1983; McEwen and Bierhaus, 2006). Geologic units dated as older (3.2-3.6 Ga from
Hiesinger et al., 2000; 3.0-3.3 Ga from Bugiolacchi and Guest, 2008) exhibit higher
ACD (>35652 craters with diameters >500 m per 10° km?) and younger units (2.0-3.0 Ga
from Hiesinger et al., 2000; 2.2 Ga from Bugiolacchi and Guest, 2008) have lower ACD
(<25974 craters with diameters >500 m per 10° km?), and the ACD results are in
agreement with other dating studies of this region (e.g., Schaber, 1973; Boyce and Dial,
1975; Schaber et al., 1975). Furthermore, spectral units with modeled absolute age
differences of several hundred million years (Hiesinger et al., 2000) are not observed in
the ACD map created here, suggesting that while the reported ages are statistically
different, the ages may not be geologically meaningful. Thus, ACD measurements
provide a reliable technique to distinguish relative ages among geologic units when
spectral information is not available or units do not exhibit spectral contrasts, as well as

provide a means to explore the statistical significance of published absolute model ages.
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Figure 3.1. Mare Imbrium study area outlined in black, covering a total area of
2.27 x 10°km?, shown in equal area projection. Sinus Iridum, Helicon crater (H,
40.42°N, 336.89°E, diameter ~24 km) and Le Verrier crater (LV, 40.33°N, 339.39°E,
diameter ~21 km) identified in (A). (A) LROC WAC monochrome normalized
reflectance mosaic with an average incidence angle of 75°, (B) LROC WAC normalized
reflectance mosaic with an average incidence angle of 57°, and (C) Clementine
multispectral ratio mosaic (R=750/415, G=750/950, B=415/750).
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3.2. Methods and Data
3.2.1. Data and Study Region

The Lunar Reconnaissance Orbiter Camera Wide Angle Camera (LROC WAC)
100 meter pixel scale monochrome mosaics (Robinson et al., 2010; Speyerer et al., 2011)
at large (75°) and small (57°) solar incidence angles (measured from the surface normal,
noontime is 0°) in an equal-area map projection were used to identify an area within
Mare Imbrium (~1145 km diameter, centered at 33°N, 345°E). In addition, a ratio
composite mosaic was derived using Clementine UV-VIS multispectral 100 meter pixel
scale images (Nozette et al., 1994; McEwen and Robinson, 1997). From the 415-750—
950 nm Clementine UV-VIS filters, RGB colors were mapped to red = 750/415 nm,
green = 750/950 nm, and blue = 415/750 to enhance color variations representative of
mineralogical variability and normalize differences in albedo (Belton et al., 1992). A
region centered at 39.77°N, 342.99°E and encompassing 2.27 x 10° km? (Figure 3.1) was
selected that contained strong spectral contrasts in the Clementine multispectral data and
also large published model age differences (Hiesinger et al., 2000; Bugiolacchi and
Guest, 2008). The spectral boundary was approximately centered within the count area to
promote comparable sampling areas for density analysis.

Within the study area, there are two spatially expansive spectral units: red and
blue, characterized primarily by differences in spectral reflectance in the visible to near-
infrared (415 nm to 1000 nm). The spectral units correspond with variations in
composition and age of emplacement (e.g., Schaber, 1973; Boyce and Dial, 1975;
Schaber et al., 1975; Pieters, 1978; Hiesinger et al., 2000; Staid and Pieters, 2001;
Bugiolacchi and Guest, 2008; Staid et al., 2011). The blue unit, covering the western
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portion of Mare Imbrium (1.08 x 10° km?), contains ~18-20 wt% FeO and ~8-10 wt%
Ti0,, estimated from Clementine multispectral reflectance (Lucey et al., 2000).
Comparatively, the red unit, covering eastern Mare Imbrium (1.20 x 10° km?), contains
~15-18 wt% FeO and ~1-3 wt% TiO,, derived from Clementine spectral measurements
(Lucey et al., 2000). Previous work by Hiesinger et al. (2000) and more recent work by
Bugiolacchi and Guest (2008) subdivided the two sizeable spectral units into several
smaller units based on subtle spectral variations that were subsequently dated using crater
counts. However, here only a single red unit (average model age 3.5 Ga from Hiesinger et
al., 2000; 3.3 Ga from Bugiolacchi and Guest, 2008) and a single blue unit (average
model age 3.0 Ga from Hiesinger et al., 2000; 2.2 Ga from Bugiolacchi and Guest, 2008)
are considered because the primary focus is to use ACD measurements to test if crater
density contrasts can independently discriminate two units with significant age
differences.
3.2.2. Crater Counting

Interpretation of crater counts assume that cratering is a random process and that
accumulation of craters over time for a given surface reflects the age of that surface (e.g.,
Neukum et al., 1975a; McGill, 1977; Hartmann et al., 1981; Neukum, 1983). For crater
counting results to be valid (e.g., used to derive absolute model ages), only primary
craters should be considered and the region in question should be comprised of an area of
uniform age, assumed to consist of one geologic unit (e.g., Neukum et al., 1975a; 1975b;
McGill, 1977; Hartmann et al., 1981; Neukum, 1983). Since older surfaces have

accumulated more primary craters than younger surfaces, a measure of ACD should
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reflect spatial variations in crater retention across volcanic plains, indicating differential
regions of resurfacing, and thus age units.

I utilized the CraterTools extension (Kneissl et al., 2011) to ESRI ArcMap
Desktop 10 geographic information systems (GIS) software to count all approximately
circular, non-overlapping craters with diameter, D >500 m using the LROC WAC
mosaics. Obvious secondary craters forming crater chains, herringbone patterns, and
overlapping clustered groupings of craters were excluded from the measurements, and the
areas containing obvious secondaries were excluded from the final count area.

From these crater counts, | derived absolute model ages using the CraterStats
software (Michael and Neukum, 2010) by employing the Neukum et al. (2001)
chronology function to the data and displayed the results in the cumulative crater size-
frequency plot (Crater Analysis Techniques Working Group, 1979). Additionally, |
determined the crater retention age, which is the number of craters of a given diameter,
D, normalized to 10° km? and written as N(D). N(D) uncertainties are approximated by
+one standard deviation, calculated as the square root of the number of craters (Crater
Analysis Techniques Working Group, 1979). N(0.5) and N(1) values for the study area
provide a means to assess relative ages of geologic units independent of isochron model
age fits of the data to the lunar chronology function.

3.2.3. Measuring Areal Crater Density
3.2.3.1. Display

The ACD maps may be displayed in numerous ways (e.g., grayscale, color scale,
color classified, discrete values, etc.), and here the ACD is displayed in a three-color
classification scheme. Classification simplifies the presentation of the ACD map to
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emphasize statistically significant density variation (resulting from age differences). The
three classes are determined from Poisson probabilities, the calculation of which provided
statistical support for appropriate neighborhood radius size selection (Section 3.2.3.2).
The Poisson probabilities calculated for the 10" percentile of the observed crater
population within the study region (Section 3.2.3.2) provide statistically meaningful
bounds on which to base the color classification, and 80% of the observed population
should be contained within the calculated range (52—70 craters per average neighborhood,
corresponding to N(0.5) = ~25975-35651).
3.2.3.2. Output Cell Size and Neighborhood Radius

ACD is determined from a point density calculation and the center of each crater
is represented as a point; geologic application of point density for spatial analyses are
discussed in detail by Davis (2002). The point density calculation in ArcMap 10 employs
a moving neighborhood approach, where no weighting factor is assigned to crater center
points on the basis of crater diameter, and the output cell size and the neighborhood
radius are user-defined. Output cell size is the measurement unit used during the density
calculation (“pixel size” of resulting raster), and varying output cell size affects the
density plot appearance. Figure 3.2A-C illustrates the effects of changing output cell size
on the density calculation. With a neighborhood radius of 25 km, an output cell size of
1 km produces a density map with fine details (Figure 3.2A). However, increasing output
cell size to larger sizes, such as 5 km (Figure 3.2B) and 10 km (Figure 3.2C), produces a
visibly pixelated density map without small-scale detailed structure while retaining

regional density trends.
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In contrast, varying neighborhood radius alters the spatial structure observed in
the resulting density map such that smaller neighborhood sizes emphasize statistical
variations and larger neighborhood sizes smooth real variation. Figure 3.2D-F
demonstrate the effects of different neighborhood radii. Using an output cell size of 1 km,
small neighborhood sizes emphasize local (small area) variations, as is the case with a
10 km radius (Figure 3.2D). For a 10 km radius, the number of craters with D >500 m per
average neighborhood, n, is 10. There is a 13% chance that the neighborhood will contain
<6 craters and a 14% chance that the neighborhood will contain >14 craters, indicating
that most of the density variation is statistical in nature and that the neighborhood area is
too small. Selecting a neighborhood radius of 25 km (Figure 3.2E) provides robust
sampling across the study area (>30 craters per average neighborhood; e.g., Silverman,
1986; Davis, 2002) that emphasizes regional density variations (distinct “high” and “low”
density areas) while also displaying smaller local variations in density (Figure 3.3A). For
a 25 km neighborhood radius, n = 61, and the standard deviation (estimated as n>* for n
craters) is 7.8, so the calculated density map is robust at the ~13% level against the crater
count statistics for terrain of “average” age (i.e., representative of average
neighborhoods). There is an 11% chance that a neighborhood will contain <51 craters and
>71 craters. There is only a 2% chance that a neighborhood will contain <45 craters or
>78 craters, demonstrating that most of the variation in crater density is real as opposed
to statistical noise. Large neighborhood sizes smooth both local and regional variation, as
is the case with a 50 km radius (Figure 3.2F), where n = 245. There is an 11% chance that
the neighborhood will contain <225 craters or >265 craters. Therefore, while variation in
the density map will reflect real variations in crater frequency at the regional scale,

78



determining the influence of statistical noise will be difficult. Regional boundaries, if
present, will be greatly smoothed, and local, small area variations that reflect surface
geology (erasure due to ejecta emplacement, formation of non-obvious secondaries) will
be lost, suggesting that a 50 km radius is too large for the crater population and study area

in Mare Imbrium (Figure 3.3B).

N(0.5)
>40744

D<7639

Figure 3.2. Effects of variation on output cell size and neighborhood radius on the

resulting ACD measurements. Scale bar is 50 km. Neighborhood radius of 25 km:

(A) output cell size of 1 km, (B) 5 km and (C) 10 km. Output cell size of 1 km:

(D) 10 km radius, (E) 25 km radius, and (F) 50 km radius. Refer to text for detailed

discussion; rainbow color ramp used to help clarify changes resulting from output cell
and neighborhood radius differences.
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Figure 3.3. ACD maps centered at 39.77°N, 342.99°E in Mare Imbrium. Output cell size
is 1 km and neighborhood radius is 25 km (A) and 50 km (B). Both maps exhibit a
northwest to southeast regional boundary; for the larger neighborhood radius, local crater
density variations are smoothed. Color classification boundaries reflect the 10" percentile
for the measured crater populations. Table 3.4 provides regional ACD values for (A).
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3.2.3.3. Edge Correction

The point density measurement in ArcMap 10 does not natively correct for edge
effects resulting from calculations within neighborhoods near the data collection
boundary. Within ArcMap 10, I investigated two methods to minimize edge effects on
the final ACD. First, and easiest to employ, is a buffered approach whereby the boundary
of the ACD map is buffered to a distance of one neighborhood radius. Thus, for a density
map derived using a neighborhood radius of 25 km, creating a boundary by subtracting
25 km from all edges will guarantee that the resulting ACD magnitudes include only
neighborhoods that are within the region of data collection. While this method effectively
removes all edge effects, it by nature reduces the size of the study area.

To minimize data loss, | employed a second approach to correct for edge effects,
which | call “point correction”. The point correction is a weighted edge correction
method (e.g., Silverman, 1986; Haase, 1995; Goreaud and Pélissier, 1999; Pommerening
and Stoyan, 2006) that determines the proportion of neighborhood area included within
the study region (Figure 3.4; Appendix C details the procedure). When the point
correction is applied to the measured areal point crater density, the corrected ACD map
reflects the proportion of the study area contained within each neighborhood at each
output cell location (Figure 3.4, 3.5). Hereafter, any term referring to density
measurements considers the corrected areal crater point density unless otherwise
specified.

| assessed the effectiveness of the point correction method by comparing the
computed corrected ACD maps for overlapping subareas of increasing size within the
study region (Figure 3.6). Density differences, limited to within 25 km of the boundary
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(one neighborhood radius), reflect the inclusion of data beyond the boundary and do not
represent edge artifacts. To illustrate, a black circle with a 25 km radius was placed near
the boundary of the subarea within the area exhibiting subarea and entire study region
density differences (Figure 3.7; Table 3.1). The uncorrected subarea density (Figure
3.7A) exhibits a large and small region of high magnitude (red, N(0.5) >35652),
surrounded by an area of moderate magnitude (yellow, N(0.5) = 25975-35651), which is
in turn surrounded by low magnitude (blue, N(0.5) <25974). The high and moderate
uncorrected densities have rounded boundaries that do not extend to the edge of the
subarea (Figure 3.7A). However, when the point correction (Figure 3.7B, Figure 3.8) is
applied, the spatial extent of the low density region decreases (Figure 3.7C).

The ACD measurement is derived from crater data contained within the defined
study region, and therefore, expanding the study area may cause a change in the crater
density magnitudes near the original, unexpanded boundary area. When the ACD for the
entire study area within Mare Imbrium is compared to that of the subarea, one marked
change between the measurements is the decrease in size of the low density region in the
southeast corner (Figure 3.6C, 3.7B, 3.7C), and difference maps scaled to one percent
and five percent (Figure 3.9) reveal the effect of additional data on the ACD
measurement. A difference of <0.99 or <0.95 in the one percent and five percent
difference maps, respectively, indicates that the subarea density values exceed the entire
region density values, and the extent of the difference corresponds to the low density area
surrounded by intermediate values in the subarea density map. When new data are
included that extend beyond the subarea boundary, there is a greater measured crater
frequency beyond the boundary and this increase in measured crater frequency influences
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the density calculation because those data are now used for density calculations for
neighborhoods located within 25 km of the subarea boundary. Likewise, differences
>1.01 and >1.05 in the one percent and five percent maps (Figure 3.9) reflect a decrease
in measured crater frequency for the area extending beyond the subarea boundary.

This concept is further emphasized when a 30 km buffer is applied to the subarea
to create a second, smaller region (2.16 x 10* km?, comprising ~50% of the original
subarea, Figure 3.10). Differences are only observed between the smaller region and the
original subarea within 25 km of the boundary (Figure 3.10C, 3.10D), reflecting the
inclusion of data in the density calculation for the original subarea as opposed to errors
related to improper application of the point correction. Furthermore, the smaller region
may be considered to be a minimum area size upon which to apply the ACD
measurement technique (Figure 3.10B) because the density values match between the
original subarea and smaller region in the central portion of the difference map. This area,
which is ~8800 km? in size, exhibits the regional boundary between spectral units
interpreted to represent two distinct crater populations. However, the large proportion of
area contained within 25 km to the boundary in this small region suggests that larger
measurement sizes are preferable when available, a finding further emphasized by the

results from successive increases in study area size (discussed above).
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Table 3.1. Density Differences at Boundary, within Example Neighborhood®,

Dataset Minimum Maximum Average N(0.5) Neighborhood
N(0.5) N(0.5) N(0.5)" Center

Subarea_uncor® 17825 46855 32877 £181 28011

Subarea 32859 49439 39290 + 198 35903

Entire Area 28011 46855 37973+ 195 37179

®Neighborhood centered at 44.949°N, 345.450°E.
PUncertainty estimates were calculated from the square root of the number of average

craters.
Subarea_uncor = uncorrected ACD for subarea.

r 3

Correction Proportion

L A U 0.258

Figure 3.4. Point correction example for a rectangular measurement area, grid spacing is
100 m. The map illustrates that output cells within the central region of measurement do
not require a correction, whereas output cells located proximal to the edge will cause
neighborhoods to contain a proportion of valid data. Scale bar is 100 km.
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Correction

99.9
__ 0
Figure 3.5. Point density for the 100 m spaced point correction applied to the observed

ACD for the entire study region. The point correction is derived by dividing each point
density value by the maximum value (99.9) to calculate the proportion of valid data

within the neighborhood area.
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> 35652
25975-35651
< 25974

30°N

40°N

30°N

40°N

(4.48 x 10" km?) overlaid for reference. (B) Subarea ACD shown in relation to entire
study region. (C) ACDs: subarea (50% transparency) overlaid on entire study region.
Solid colors reflect the same density measurements between the subarea and the entire
study region. Partially transparent areas (e.g., lower right corner of the subarea) reflect
differences in density measurements (Figure 3.9), limited to within 25 km of the subarea
edge.
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25975-35651
< 25974

N(0.5)

> 35652
25975-35651
< 25974

Figure 3.7. (A) Subarea uncorrected ACD. (B) Subarea corrected ACD. (C) ACD map
for the entire study area, centered within the subarea. Black circle (25 km radius) is a
representative neighborhood area used to observe differences between density
measurements (Figure 3.9).
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Weighted
Correction

99.9
DD
Figure 3.8. Point density for the 100 m spaced point correction applied to the observed
ACD for the subarea within Mare Imbrium. The point correction is derived by dividing

each point density value by the maximum value (99.9) to calculate the proportion of valid
data within the neighborhood area.

350°F

Figure 3.9. ACD difference maps created from the subarea and entire study region
measurements (Figure 3.6, 3.7); (A) one percent and (B) five percent difference maps.
Differences are limited to <25 km from the subarea boundary and reflect the addition of
data beyond the subarea boundary for calculation of the entire study region density.
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Difference
| |>1.05

0.95-1.05
<0.95

Figure 3.10. Measured ACD for the smallest subarea (2.16 x 10* km?), and two distinct
density units are observed (A). (B) ACD map where the area within 25 km of the
boundary is shadowed to show the valid measurement area of ~8800 km? (i.e., no
difference in density magnitude). (C) One percent and (D) five percent difference maps,
created from the ACD measurements for the original subarea and a 30 km buffered
smaller area and from which the valid measurement area for the smallest subarea was
derived.
3.2.3.4. Statistical Versus Geologic Variations

To establish where ACD values reflect real geologic differences compared to
variation resulting solely from poor statistics (i.e., small numbers of counted craters),
synthetic ACD maps were generated for the study region using the measured crater
frequencies and by employing the Create Random Points tool in ArcMap 10. This tool
calculates a random distribution for a specified number of points within a feature,

requiring user-input of a polygon boundary and the number of points to be distributed

within the polygon.
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Two different types of synthetic density maps were generated. One version
considered the approximate crater frequency for the entire study area, to explore regional
variations and the extent to which the measured ACD regional variations have geological
meaning. For the study area as a whole, 7100 points, the combined measured cumulative
crater frequency for D >500 m rounded to the nearest hundred, were randomly distributed
(Figure 3.11). The second synthetic ACD map used the approximate cumulative crater
frequency for each spectral unit, to explore the extent of local variation that is expected
statistically within a geologic unit. Random points were generated for the separate
spectrally red and blue geologic, with 4900 and 2200 points distributed within the unit
boundaries (measured cumulative crater frequencies for D >500 m, Figure 3.12). The two
distributions were then merged, and synthetic ACDs were calculated from these

combined data.

90



E 340°E

40°N

40°N

gngy 200
330°E 340°E 350°E

40°N

Figure 3.11. Three different random point distributions used to create synthetic areal
density maps, reflecting the overall crater frequency (7100 points) for the study area.
Each point represents one crater center. Resulting density maps shown in Figure 3.24,
ACD values presented in Table 3.8.
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Figure 3.12. Three different random point distributions used to create the synthetic areal
density map, reflecting the measured crater frequencies of the red (4900 points) and blue
(2200 points) spectral units. Each point represents one crater center. Resulting synthetic
ACD maps are shown in Figure 3.25, and ACD values are presented in Table 3.9.
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3.3. Results
3.3.1. Crater Counts

All circular, non-overlapping craters were counted within the two units defined by
spectral differences in the Mare Imbrium study area (Figure 3.13). From the measured
crater frequencies (Table 3.2, 3.3), N(0.5) = 40711 £+ 584 and N(1) = 3037 £ 159 for the
red unit, and N(0.5) = 20535 £ 436 and N(1) = 1852 £ 131 for the blue unit. The crater
retention ages are statistically distinguishable, and from my crater counts, the absolute
model age for the red unit is ~3.3 Ga (3.3 +0.05/-0.06 Ga) and the blue unit is ~2.2 Ga
(2.2 £0.16 Ga) when the chronology (Neukum et al., 2001a) is fit to D >1 km craters
(Figure 3.14). The model ages are in agreement with previously published average age
ranges for the regional red (3.1-3.5 Ga from Hiesinger et al., 2000; 3.0-3.3 Ga from
Bugiolacchi and Guest, 2008) and blue spectral units (2.6-3.0 Ga from Hiesinger et al.,
2000; 2.2 Ga from Bugiolacchi and Guest, 2008). Thus, the presence of two geologic
units of mare material located within the study region is confirmed on the basis of both
absolute model and relative crater retention ages, and that the spectrally red unit is older

than the spectrally blue unit.
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Table 3.2. Mare Imbrium Cumulative Size-Frequency Distribution Data — Red Unit.”

D (km)* Ncum” Area (km?) Frequency Uncertainty®
0.50 4866 1.20E+05 4.07E-02 6.89E-04
0.71 1378 1.20E+05 1.15E-02 3.62E-04
1.00 363 1.20E+05 3.04E-03 1.87E-04
141 99 1.20E+05 8.28E-04 1.07E-04
2.00 39 1.20E+05 3.26E-04 7.91E-05
2.83 22 1.20E+05 1.84E-04 5.31E-05
4.00 10 1.20E+05 8.37E-05 5.92E-05
5.66 8 1.20E+05 6.69E-05 3.86E-05
8.00 5 1.20E+05 4.18E-05 2.09E-05
11.31 1 1.20E+05 8.37E-06 8.37E-06

*Diameter (km) for lower bin limit.

Cumulative number of craters per diameter bin.

‘Uncertainty estimates are calculated from the square root of the number of craters for a
given bin.

“Crater center points are shown in Figure 3.13; cumulative size-frequency plot shown in
Figure 3.14.

Table 3.3. Mare Imbrium Cumulative Size-Frequency Distribution Data — Blue Unit.”

D (km)® Ncum” Area (km?) Frequency Uncertainty®
0.50 2214 1.08E+05 2.05E-02 5.08E-04
0.71 582 1.08E+05 5.40E-03 2.76E-04
1.00 200 1.08E+05 1.86E-03 1.66E-04
141 75 1.08E+05 6.96E-04 9.38E-05
2.00 20 1.08E+05 1.86E-04 4.96E-05
2.83 6 1.08E+05 5.57E-05 2.78E-05
4.00 2 1.08E+05 1.86E-05 1.31E-05

®Diameter (km) for lower bin limit.

®Cumulative number of craters per diameter bin.

‘Uncertainty estimates are calculated from the square root of the number of craters for a
given bin.

“Crater center points are shown in Figure 3.13; cumulative size-frequency plot shown in
Figure 3.14.
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Figure 3.13. Distribution of craters with D >500 m, measured on the LROC WAC
normalized reflectance mosaics. Each point represents one crater center. Resulting ACD
shown in Figure 3.3A.
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Figure 3.14. Cumulative crater size-frequency distribution and absolute model ages for
the spectrally red and blue units in Mare Imbrium, derived from the measured counts in
this investigation using the Neukum et al. (2001a) chronology function and tied to

D >1 km. Tabulated binned crater data presented in Table 3.2, 3.3.

3.3.2. Areal Crater Density (ACD)

Two statistically separable, expansive regional units are observed in the ACD
map (Figure 3.3A), and the ACD ranges between N(0.5) = 5936 + 77 (12 craters per
neighborhood) to N(0.5) = 80530 + 284 (158 craters per neighborhood) (Table 3.4). The

average regional ACD is N(0.5) = 30844 + 176 (61 craters per neighborhood). Extending
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approximately northwest to southeast is an irregularly shaped boundary between
contiguous regions of high and low density units that is similar to the identified boundary
between the red and blue spectral units.

To the west of the irregular boundary (Figure 3.3A) there is a large contiguous
area of low density occurring within the blue spectral unit, with an average N(0.5) or
N(0.5)avg = 15788 (Figure 3.15, 3.16A, 3.16B; Table 3.5). There are several areas with
local, small area density variation ~50 km in width that have intermediate density
magnitudes, and an area ~80 km in length (north-south direction) contains high density
values at the southwestern study boundary (Figure 3.3A). High density areas within the
low density region are observed adjacent to the irregular boundary (Figure 3.17) and
north of Le Verrier crater (Figure 3.1A, 3.3A) and are not associated with substantial
spectral variations (i.e., comprising a size greater than one neighborhood area).

Higher density magnitudes are observed to the east of the irregular boundary
(Figure 3.3A) in the spectrally red unit. Regionally expansive, the high density unit has
an N(0.5)avg = 50768, (Figure 3.18, 3.19; Table 3.6). More so than the low density unit,
the high density region contains spatially limited local variations in ACD. Several areas
of intermediate to low density are present within the expansive high density area (Figure
3.3A, 3.16C-F, 3.20).

Intermediate ACD values range N(0.5) = 24955-35850, with N(0.5)avq = 30569.
Intermediate values occur along the boundary between and in localized areas within the
high and low density regions and are rarely observed in isolated occurrences (Figure
3.3A, Table 3.7). Figures 3.21 and 3.22 show the locations for three intermediate density
areas that are contained within a representative measurement neighborhood.
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Table 3.4. Areal Crater Densities for Large Areas.

Density Class  Minimum N(0.5) Maximum N(0.5) Average N(0.5)*

High 32844 80530 50768 + 225
Moderate 24955 35850 30569 + 175
Low 5936 26154 15788 + 126

8Uncertainty estimates were calculated from the square root of the number of average
craters.

Table 3.5. Areal Crater Densities: Selected Low Density Neighborhoods.

Location Latitude  Longitude Minimum Maximum Average
(°N) (°E) N(0.5) N(0.5) N(0.5)%

1 36.117 335.837 7130 14811 10321 £+ 102
2 44571 336.557 13750 23428 18700 + 137
3 41.029 350.396 19863 35141 26018 + 161
4 34.220 347.523 18844 38706 25919 + 161
5 40.603 331.608 7130 19863 13709 + 117
6 38.712 341.804 12732 23672 19642 + 140
Range (1-6) - - 7130 38706 19044 + 138

®Uncertainty estimates were calculated from the square root of the number of average
craters.

Table 3.6. Areal Crater Densities: Selected High Density Neighborhoods.

Location Latitude Longitude Minimum Maximum  Average
(°N) (°E) N(0.5) N(0.5) N(0.5)*

1 45.555 342.356 47365 73339 58959 + 243

2 38.184 348.324 41762 74866 56696 + 238

3 32.191 349.144 39216 78703 66401 + 258

4 35.317 341.082 32595 49911 41777 £ 204

Range (1-6) - - 32595 78703 55957 + 237

®Uncertainty estimates were calculated from the square root of the number of average
craters.

Table 3.7. Areal Crater Densities: Selected Moderate Density Neighborhoods.

Location Latitude Longitude Minimum Maximum  Average
(°N) (°E) N(0.5) N(0.5) N(0.5)%

1 44.692 347.096 24955 38706 38658 + 197

2 42.956 355.843 23428 36425 30135+ 174

3 34.811 343.091 30866 30135 31813 +178

Range (1-6) 23428 38706 30938 + 176

8Uncertainty estimates were calculated from the square root of the number of average
craters.
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Figure 3.15. ACD map with six example neighborhoods (radius = 25 km) selected for
the low density region. All but two example low density neighborhood areas are
contained within the large low density region. Center coordinates for neighborhoods and
density magnitudes within the neighborhoods are presented in Table 3.5, and close up
views of three example neighborhoods are shown in Figure 3.16.
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Figure 3.16. ACD map (left; same colorscale as Figure 3.15) and LROC WAC 75°
incidence angle mosaic (right) for example neighborhood 1 within low density region (A,
B). Example neighborhood 3, centered on a low density area within the large high density
region (C, D). Example neighborhood 4, centered on a low density area in the
southeastern portion of the study area (E, F). Scale bar is 25 km. Locations visually
presented in Figure 3.15, center coordinates for each location and density values are
provided in Table 3.5.
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Figure 3.17. An isolated high den5|ty measurement within the Iow density region,

located proximal to the spectral unit boundary (35.769°N, 341.217°E). This region is also
shown in Figure 3.19 and density measurements are listed in Table 3.6. (A) LROC WAC
normalized reflectance 75° incidence angle mosaic, (B) LROC WAC normalized
reflectance 57° incidence angle mosaic, (C) Clementine multispectral ratio (R=750/415,
G=750/950, B=415/750), (D) ACD with a 25 km neighborhood radius, (E) ACD derived
using a 10 km neighborhood radius.
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Figure 3.18. ACD map with four example neighborhoods (radius = 25 km) selected for
the high density region. Center coordinates for neighborhoods and the density magnitudes
within the neighborhoods are presented in Table 3.6. Close up view of example
neighborhood 3 is shown in Figure 3.19. Neighborhood 1 is detailed in Figure 3.27 and
neighborhood 2 is shown in Figure 3.28.

A 350°E B

Figure 3.19. Example neighborhood 3 for the high density region (location in study
region shown in Figure 3.18, center coordinates and density values listed in Table 3.6).
(A) ACD, (B) LROC WAC 75° incidence angle mosaic (C) Clementine multispectral
ratio (R=750/415, G=750/950, B=415/750). Scale bar is 25 km.
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Figure 3.20. Example of Iocal variation W|th|n the hlgh denS|ty region (42.162°N,
351.267°E). This region is also shown in Figure 3.15, 3.16C,D, and density values are
listed in Table 3.5. (A) LROC WAC 75° incidence angle mosaic (B) LROC WAC 57°
incidence angle mosaic (C) Clementine multispectral ratio (R=750/415, G=750/950,
B=415/750), (D) ACD with a 25 km neighborhood radius, (E) ACD derived using a
10 km neighborhood radius.
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Figure 3.21. ACD map with three example neighborhoods with 25 km radii selected for
the intermediate density regions. Each neighborhood area was selected to contain a
maximum of intermediate values. Center coordinates for neighborhoods and the density
magnitudes within the neighborhoods are presented in Table 3.7. Detailed views of the
example neighborhoods are shown in Figure 3.22.
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Figure 3.22. ACD on the left (same colorscale as Figure 3.21), LROC WAC 75°
incidence angle mosaic on the right for intermediate density regions selected in Figure
3.21. (A, B) Example neighborhood 1, (C, D) example neighborhood 2, and (E, F)
example neighborhood 3. Scale bar is 25 km. Center coordinates and density magnitudes
are presented in Table 3.7.
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3.4. Discussion
3.4.1. Areal Crater Density: Statistical Versus Geologic Variations

In the Mare Imbrium study region, the ACD map exhibits a boundary that is
interpreted to represent the geologic contact between two previously mapped regional
color units (Figure 3.1C). Crater density differences correspond with contiguous geologic
units identified by strong spectral contrasts interpreted as variations in wt% FeO and
TiO; (e.g., Charette et al., 1974; T. V. Johnson et al., 1977; Pieters, 1978; J. R. Johnson et
al., 1991; Lucey et al., 2000) within the extruded mare basalts. However, the boundary
observed in the density measurement does not precisely align with that determined from
spectral variation (Figure 3.23). There are two plausible explanations for the boundary
mismatch. The first reflects limits to the measurement technique. The moving
neighborhood technique promotes smoothing of sharp contacts since the resulting output
cell considers all the data contained within one neighborhood. Thus, distinct boundaries
are reflected as intermediate density magnitudes such that potential uncertainty
distinguishing the spectral contact in the ACD map will be present within +25 km of the
spectral boundary (Figure 3.23B). This factor is likely partly responsible for the boundary
mismatch. The second explanation concerns the observed crater frequencies for the study
region and their representation of real age differences. The ACD maps are dependent on
measured crater frequencies and are expected to represent a random point distribution
since impact cratering is assumed to be a random process (e.g., McGill, 1977). Thus,
synthetic ACD maps (Figure 3.24, 3.25) derived from random point distributions (Figure
3.11, 3.12), with the number of points equal to the observed number of craters rounded to
the nearest hundred, will determine if there is a geologic difference responsible for the
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unit boundary mismatch or simply statistical variations affecting the observed crater
population.

Synthetic ACD maps were generated to establish where measured ACD values
reflect real age differences compared to variations resulting poor sample sizes, in addition
to investigate how much local variation might be expected statistically within a geologic
unit. Three models of regional synthetic ACD exhibit widespread intermediate density
values with localized high and low density regions distributed across the measurement
area (Figure 3.24; Table 3.8). This result is expected based on the random distribution of
points composing the synthesized density maps: using the Poisson probabilities for
classification boundaries, 80% of the distribution is of intermediate density, which is also
expected because of the nature of the Poisson distribution. The remaining 20% of the
random distribution is naturally classified within the high or low density categories. Thus,
the synthetic density measurement for the combined crater frequency of this region
(Figure 3.24) confirms that the boundary observed in the measured ACD is real,
reflecting the contact between two geologic units of different interpreted composition and
with different crater frequencies (age).

Three synthetic density maps were created from the cumulative crater frequencies
of the red and blue spectral units to investigate observed statistical variation within the
units (Figure 3.25; Table 3.9). As expected, all three maps show two distinct regions of
high and low density, bounded by an intermediate density area. Within the high and low
density regions, there are smaller regions of intermediate density that represent random
variation (Figure 3.25). Consequently, while some local variation may be expected to
occur within the measured ACD map due to the randomness of the impact cratering
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process, significant differences between the synthetic ACD maps and the measured ACD
map, particularly within the high or low density units, likely represent true age
differences and are not solely explained by statistical variation.

The observed regional ACD differences reflect two distinct periods of volcanic
activity in Mare Imbrium. However, small area variations in regional crater density may
not always have an obvious origin, complicating identification of resurfaced areas in
volcanic smooth plains. With respect to impact cratering in particular, the randomness of
the cratering process, surface modification due to large crater formation and ejecta
emplacement (i.e., erasure of the cratering record surrounding a larger crater), and
formation of circular, non-overlapping clustered craters that may be secondary craters
may act as a primary means promoting variations in ACD at the small (local) scale.
Careful observations of the surface may reveal the cause of small area density variations,
however, an unambiguous origin may not always be apparent.

In the low density region, there are two high density areas that do not appear in
the synthetic ACD map (Figure 3.25) and do not follow the measured ACD trends
surrounding the spectral unit boundary (e.g., Figure 3.23B). The first area, located in the
southern portion of the region, is isolated but located spatially near the spectral unit
boundary and N(0.5)ag = 66401 + 258 (Figure 3.17). Secondary crater chains and three
groupings of non-overlapping craters (500 m to ~1.6 km in diameter) surrounded by
higher albedo material that | interpret to be crater ray material are observed in the LROC
WAC mosaics. When considering the regional context, the groupings of spatially close,
non-overlapping craters within the higher albedo rays are traced southward to Copernicus
crater, located ~770 km to the south, and therefore represent secondary craters and ejecta
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material. These observations are in agreement with geologic maps of Mare Imbrium
(Carr, 1965; Moore, 1965; Hackman, 1966; Schaber, 1969; Page, 1970; M’Gonigle and
Schleicher, 1972), which were made using Lunar Orbiter photographs with limited
variations in solar incidence angles. A second high density area with similar attributes
(i.e., clustered, non-overlapping 500 m to ~1.2 km diameter craters) is located north of Le
Verrier crater, and similarly | interpret this local, small area ACD variation to result from
secondary craters attributed to Copernicus (~1000 km distant) based on the dominant
north-south high albedo ray elongation.

In the high density region, a prominent small area with low density is observed in
the northeastern portion of the study area at 42.16°N, 351.27°E (Figure 3.20).
Observations of the area in the LROC WAC mosaics reveal secondary crater chains and
substantial ray material extending from the southeast to northwest from Avristillus crater
(~340 km away from this location) and possibly from Autolycus crater as well, both of
which are located to the east. Lower albedo areas are interspersed among the higher
albedo rays and reflect the absence of ejecta. Although few secondary crater chains are
identified in the geologic map, extensive crater ray material is mapped at this location
(Schaber, 1969; Page, 1970).

Unfortunately, interpreting local, small area variation in ACD is, at times, more
complicated. For example, the low density representative neighborhood number four
(Figure 3.15) may reflect the superposition of the blue spectral unit onto the red spectral
unit (Figure 3.23A), but the irregular shape and relatively small extent affects the ACD
calculation and interpretation. Very few output cells will contain measurements from
neighborhoods contained completely within the spectrally blue unit and this area is
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affected by the £25 km uncertainty at the spectral contact (Figure 3.23B). Comparison of
the measured and synthetic ACD maps indicates that the presence of this low density area
is not a random statistical variation and instead reflects real differences in measured
crater frequency. Nevertheless, although the shape of the low density area in the observed
ACD is different than in the synthetic maps, observations of the available image data and
geologic maps suggest that secondaries and at least one, maybe two, ejecta rays from
Copernicus contaminate this area. Unraveling the geologic and ACD relationships in this
location therefore emphasizes the necessity of considering all available data, in addition
to the importance of comparison to synthetic ACD maps.

Table 3.8. Synthetic Densities: Overall Region.

Synthetic Test# Minimum N(0.5) Maximum N(0.5)  Average N(0.5)*

Synlce” 13501 48781 30987 + 176
Syn2ce 14193 52414 31004 + 176
Syn3ce 13914 49787 30957 + 176

8Uncertainty estimates were calculated from the square root of the number of average
craters.
Synlce = Synthetic density, example 1, corrected and masked.

Table 3.9. Synthetic Densities: Region with Red and Blue Units Defined.

Synthetic Test# Minimum N(0.5) Maximum N(0.5)  Average N(0.5)

SynRBlce” 10197 60606 30943 + 176
SynRB2ce 9450 60107 30935 + 176
SynRB3ce 7459 56778 30968 + 176

8Uncertainty estimates were calculated from the square root of the number of average
craters.
“SynRB1ce = Synthetic density, Red and Blue units, example 1, corrected and masked.
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Figure 3.23. ACD map with spectral boundary drawn in black (A). (B) £25 km distance
from the boundary shadowed to illustrate potential uncertainty in ACD measurements at

the spectral contact due to smoothing.
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Figure 3.24. Synthetic areal density maps derived from three different random point
distributions of 7100 points (cumulative crater frequency of D >500 m for this region).
Point distributions shown in Figure 3.11 and Table 3.8 lists density values.
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Figure 3.25. Synthetic areal density maps derived for three different random point
distributions created from the crater frequencies of the red (4900 points) and blue (2200
points) spectral units. Point distributions shown in Figure 3.12 and density magnitudes
are provided in Table 3.9.
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3.4.2. Detection of Far-Flung, Non-Obvious Secondary Craters

The ACD measurement reflects the accumulation of impact craters over time and
includes all observed circular, non-overlapping craters with D >500 m. | assume that the
circular, non-overlapping craters are primary craters, a case necessary for valid age
determination. In some cases, the circular, non-overlapping craters are spatially clustered
(grouped) within a higher albedo region than the surrounding terrain, indicating that these
groupings are evidence of secondary craters and crater ray materials. Measurements of
the crater diameters within the groupings interpreted to be secondaries range from 500 m
to ~2 km, and at least four parent craters contribute to the expansive crater rays and
secondary crater chains observed within the study region: Copernicus to the south
(9.62°N, 339.92°E, D ~96 km), Aristillus (33.88°N, 1.21°E, D ~54 km) and Autolycus
(30.68°N, 1.49°E, D ~39 km) to the east, and Aristarchus to the west (23.73°N, 312.51°E,
D ~40 km). Therefore, it is possible that at least some portion of the grouped non-
overlapping craters represent far-flung secondaries, similar to those observed at Tycho
crater (Dundas and McEwen, 2007) and Zunil crater on Mars (McEwen et al., 2005).

What is the effect of including these far-flung secondaries in crater frequency
measurements? Secondary craters that occur in chains, with the herringbone pattern, or in
overlapping clusters are immediately recognized and excluded, along with the surface
area they cover. However, groupings of craters described above are not as easily
identified. Previous lunar image datasets, such as Lunar Orbiter, had limited repeat
coverage of an area at different solar incidence angles, so identifying non-obvious
secondaries (non-overlapping clusters of craters within a higher reflectance unit) was
perhaps difficult. The possibility of secondary contamination is considered for the lunar
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chronology, with an estimated <10% uncertainty for the standard distribution curve
between 0.8-3 km (Neukum et al., 1975a; 2001a). In fact, Neukum et al. (1975a)
estimated a <5% contribution of secondary craters (e.g., those in chains, herringbone
pattern) to the overall crater population observed in Mare Serenitatis using Lunar Orbiter
photographs. Moreover, for the mare, absolute ages are determined using craters with
D >1 km to limit inclusion of potential secondary craters (e.g., Neukum et al., 1975a;
Hartmann et al., 1981; Neukum, 1983; Neukum et al., 2001a; McEwen and Bierhaus,
2006). In Mare Imbrium, the majority of measured grouped craters interpreted to be non-
obvious secondaries are between 500 m to ~850 m in diameter, suggesting that while
non-obvious secondary craters with D >1 km exist on the lunar surface, their presence is
probabilistically low (hypothetically the percentage of unrecognized secondary craters in
crater counts is <5%; e.g., Werner et al., 2009). Thus, absolute model age determinations
will be minimally influenced by inclusion of non-obvious secondaries, especially if the
potential inclusion of non-obvious secondaries is minimized through reference to
published geologic maps, use of images with multiple illumination conditions, and
consideration of counted crater locations with local and regional geology (e.g., proximity
of count region to Copernicus crater and presence or absence of crater rays and prominent
secondary crater chains).

Measures of ACD may aid in identification and determination of far-flung, non-
obvious secondary craters, particularly when small neighborhood sizes (e.g., 10 km for
Mare Imbrium) are used. Small neighborhoods emphasize local, statistical variations, so

systematic local trends in groupings of craters, which are expected for clusters of far-
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flung secondaries, will be visible (Figure 3.26). The resulting ACDs, in conjunction with
image data, may assist in determination of potential origin direction.

Within small neighborhoods, crater clusters are a primary component of the
higher ACD values in some areas. By identifying these higher than average density
regions, and then observing the crater and surface morphology (including associated
regional terrain), potential secondary crater groupings are identified if they are indeed the
source for the higher density magnitudes. For example, an “X” shaped cluster of craters
was identified (Figure 3.27, centered at 45.09°N, 343.00°E) in the LROC WAC basemap.
The “X” has a higher albedo than the surrounding terrain and is located entirely within
the spectrally red unit. In the ACD map with a neighborhood radius of 25 km,

N(0.5)avg = 58959 + 243 for the “X” (Figure 3.18, neighborhood 1; Table 3.5),
contributing to the overall regional high density in the northern portion of the study area.
When a 10 km neighborhood radius is used to create an ACD map (Figure 3.26), the “X”
observed in the LROC WAC mosaic is emphasized (Figure 3.27). A linear high density
region extending in the northeast-southwest direction is revealed, along with the
northwest-southeast linear portion of the “X”. These groupings of craters are mapped as
secondary crater material and ray material in the USGS geologic map (Schaber, 1969),
and one possible source for the northeast-southwest trending portion of the “X” is
Aristoteles crater located ~710 km away, to the northeast of Mare Imbrium (50.24°N,
17.32°E, D ~88 km). Should the “X” (craters and area) be removed from the
measurement, | would expect the higher density region to remain unchanged with the

exception of an “X”-shaped gore in the density map.
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Similarly, at the eastern boundary of the study region (38.77°N, 348.08°E), the
10 km neighborhood radius ACD map (Figure 3.26, 3.28) reveals high density linear
regions (not seen in Figure 3.3A) in a portion of the regional high density unit identified
in the 25 km neighborhood radius ACD map. Comparison of the high density linear areas
(Figure 3.28) to LROC WAC mosaics and the geologic map (Page, 1970) indicate that
the high density areas reflect circular, non-overlapping craters within high albedo rays
from Copernicus, Aristillus, and Autolycus craters. While it is possible that some craters
in these linear high density areas may superpose the crater rays, there are no
distinguishing features indicative of later crater formation (e.g., high albedo ejecta

surrounding a crater).

330°E

30°N plis -
Figure 3.26. ACD map created using a 10 km neighborhood radius and 1 km output cell
from the measured crater population (Figure 3.13).
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Figure 3.27. Portion of the high density area in the northwestern portion of the study area
(45.091°N, 342.998°E), also shown in Figure 3.18 (neighborhood 1; associated density
values are presented in Table 3.6). (A) LROC WAC 75° incidence angle normalized
reflectance mosaic, (B) LROC WAC 57° incidence angle normalized reflectance mosaic,
and (C) Clementine multispectral ratio (R=750/415, G=750/950, B=415/750) mosaics.
This region is observed within the regional high density area in the 25 km neighborhood
radius density map (D). On the basis of linear-like high density areas in the 10 km
neighborhood radius ACD map (E), the “X” shape is interpreted to reflect far flung, non-
obvious secondaries.
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Figure 3.28. (A) LROC WAC 75° incidence angle nmalizd reflectance mosaic,
(B) LROC WAC 57° incidence angle normalized reflectance mosaic, and (C) Clementine
multispectral ratio (R=750/415, G=750/950, B=415/750) mosaic of an area within the
eastern high density region observed in the 25 km radius ACD (D; Figure 3.18,
neighborhood 2). Linear-like high density features are more prominent in the 10 km
neighborhood radius ACD map (E) reflect far flung, non-obvious secondaries.
Corresponding density magnitudes are provided in Table 3.6.
3.4.3. Potential Statistical Limitations

As with all studies concerning crater size-frequencies, the region of interest must
contain a statistically significant number of craters at the desired diameter sizes from
which to derive relative and absolute ages. Integral to obtaining a statistically robust
crater sample population is identifying a region of uniform age unit covering a
substantially large area. On the Moon, and on other planets, different measurement area
sizes should be considered for dating different terrain types (e.g., older highlands versus
younger mare, older versus younger mare, older mare versus 