Interpretation of Lunar Topography:
Impact Cratering and Surface Roughness

Thesis by

Margaret A. Rosenburg

In Partial Fulfillment of the Requirements

for the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California

2014

(Defended May 23, 2014)



ii

© 2014
Margaret A. Rosenburg

All Rights Reserved



iii

The impact theory applies a single process to the entire series,correlating size variation with form
variation in a rational way... In fine, it unites and organizes as a rational and coherent whole the
varied strange appearances whose assemblage on our neighbor’s face cannot have been fortuitous.

—G. K. Gilbert, 1893

She died early, but thus saved upon herself the marks of youth. She is not an aged, decrepit world,
since the dead do not age; she is an embalmed mummy, and by her outer appearance we can judge
the appearance of other worlds at the beginning of Creation.

—E. J. Opik, 1916

The origin of the principal morphological features on the lunar surface—the circular or subcircular
craters ranging from centimeters to hundreds of kilometers in diameter—remains a controversial
subject. On the one hand the countless number of craters attests to an intense bombardment of the
moon by interplanetary debris over eons of time. But on the other hand there is ample evidence for
extensive volcanic activity that many workers argue has been active either directly or indirectly as a
magjor crater-forming process. Undoubtedly, both exogenic and endogenic processes have been in
action and the controversy now revolves around the relative significance of the two agents for crater
formation.

—D. E. Gault, 1970
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Abstract

This work seeks to understand past and present surface conditions on the Moon using two differ-
ent but complementary approaches: topographic analysis using high-resolution elevation data from
recent spacecraft missions and forward modeling of the dominant agent of lunar surface modifica-
tion, impact cratering. The first investigation focuses on global surface roughness of the Moon,
using a variety of statistical parameters to explore slopes at different scales and their relation to
competing geological processes. We find that highlands topography behaves as a nearly self-similar
fractal system on scales of order 100 meters, and there is a distinct change in this behavior above
and below approximately 1 km. Chapter 2 focuses this analysis on two localized regions: the lu-
nar south pole, including Shackleton crater, and the large mare-filled basins on the nearside of the
Moon. In particular, we find that differential slope, a statistical measure of roughness related to
the curvature of a topographic profile, is extremely useful in distinguishing between geologic units.
Chapter 3 introduces a numerical model that simulates a cratered terrain by emplacing features of
characteristic shape geometrically, allowing for tracking of both the topography and surviving rim
fragments over time. The power spectral density of cratered terrains is estimated numerically from
model results and benchmarked against a 1-dimensional analytic model. The power spectral slope,
0, is observed to vary predictably with the size-frequency distribution of craters, as well as the crater
shape. The final chapter employs the rim-tracking feature of the cratered terrain model to analyze
the evolving size-frequency distribution of craters under different criteria for identifying “visible”
craters from surviving rim fragments. A geometric bias exists that systematically over counts large
or small craters, depending on the rim fraction required to count a given feature as either visible or

erased.
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Chapter 1

Introduction

1.1 The Lunar Topography

The surface of the Moon has been the subject of telescopic investigations for hundreds of years, ever
since the earliest instruments were first turned to the night sky ( Whitaker, 2003), and long before the
word “science” came into popular use (Lindberg, 1992). Our natural satellite is also the most visited
planetary body by spacecraft, aside from the Earth itself, and the only destination (so far) to have
been reached by human explorers. The Moon thus occupies a special place in the public imagination,
and the shape and properties of its surface in particular have played a significant role in several major
scientific debates of the last few decades, including the origin of the Earth-Moon system, the history
of life and mass extinctions on our own planet, and the evolution of planetary surfaces throughout the
solar system. In 1610, when Galileo first described the pattern of light and shadow he saw through
his telescope as the interaction of sunlight with a rugged, three-dimensional terrain (Galilei, 1989),
he began what has become a long tradition of seeking to decipher the “cuneiform writings” (Fauth,
1909) encoded in the lunar surface—that is, to interpret its physical features.

The topography of a planetary body contains the remnants of the geologic, geomorphologic, and
cosmic processes that have contributed to its formation and subsequent modification. On the Moon,
impact cratering is the dominant agent of surface modification (Melosh, 1989), although evidence
of other processes, including vast volcanic plains and tectonic features like extensional graben and

wrinkle ridges, is also abundant (Wilhelms et al., 1987). Compared to the Earth, with its plate
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tectonics, atmosphere, and hydrologic cycle, the Moon thus presents a somewhat simplified setting
in which to study the most ubiquitous process in the solar system, the collision of bolides with
planetary surfaces and the formation of impact craters. Moreover, the lunar surface contains a
record of times long past, the corresponding terrestrial record of which has been almost completely
erased. The second quote in the dedication of this thesis was written by Ernst J. Opik in his 1916
paper exploring the possibility that the lunar craters were formed by impact, rather than volcanic,
processes. While he concludes that an impact origin is unlikely given the absence of similar features
on Earth, he makes an eloquent observation that, to a great extent, describes our current approach
toward lunar impact crater studies: the lunar surface is telling of conditions in the past, and that
information can be used to interpret cratered terrains throughout the solar system.

This thesis focuses on two parallel approaches to understanding the lunar topography: on the
one hand, we employ high-resolution elevation data from recent spacecraft missions to analyze the
statistical properties of surface roughness, while on the other, we develop a cratered-terrain model
to investigate the expected statistical signatures produced by the process of impact cratering. In
developing and comparing these two approaches, our goal is to determine the extent to which the
topographical markers of competing geomorphological processes can be disentangled for the Moon,
with the hope that improving our understanding of the cratering record on our own satellite will

provide a useful resource for other planetary surfaces.

1.1.1 Interpreting Cratered Terrains

Craters were among the first lunar features to be described by early observers, although the word
“crater” was only applied to them in the late-18th century, first by Johann Schréter, who borrowed
the term from volcanology. This conflation of terms was not accidental, as Schroter, along with
most of his contemporaries, believed the lunar craters to be of volcanic origin, based on analogy
with terrestrial features. Various versions of the impact theory for the origin of lunar craters were
also proposed, but they found little support until the early 20th century, when, fueled by new

wartime experiences with aerial reconnaissance and bomb craters, the explosive nature of the impact
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process began to be explored (fves, 1919; Gifford, 1924; Wegener and Sengér, 1975). In the decades
leading up to the First World War, the debate over lunar craters was fought on two fronts, as
both the reliability of terrestrial analogy as a means of interpreting extraterrestrial features and the
utility of laboratory-scale impact experiments were contested. The explosion hypothesis provided
an explanation for the near-perfect circularity of lunar craters, a common stumbling block for the
impact hypothesis because oblique impact angles were known to be more likely than vertical ones
(Gilbert, 1893) and small-scale experiments commonly resulted in elliptical craters. At the same
time, the identification of terrestrial impact craters, especially Meteor Crater in Arizona, led to
a broader understanding of the Earth’s own impact history (Hoyt, 1987). Further developments
in the 1940s by Dietz (1946), who studied changes in physiographic form with increasing crater
diameter, and by Baldwin (1949), who connected the depth-diameter scaling for impact craters
and chemical explosion craters, established a quantitative relationship between impact energy and
crater morphometry (Doel, 1996). Detailed studies of nuclear test craters and Meteor Crater led
Eugene M. Shoemaker to spearhead the founding of the Astrogeology branch of the United States
Geological Survey (USGS) and to initiate the first geologic maps of the Moon (Shoemaker, 1963,
1977; Shoemaker and Hackman, 1962; Wilhelms, 1993).

The recognition that stratigraphic relationships between geologic units of different ages can be
determined by close examination of the lunar surface forms the basis of our present understanding of
the Moon’s surface history. Five major periods, primarily defined by the formation of major basins
and the emplacement of mare basalts, are distinguished, the boundaries of which are calibrated by
absolute ages from lunar samples: Copernican (~ 1.1 Gya-present), Eratosthenian (~ 3.2—1.1 Gya),
Imbrian (~ 3.85 — 3.2 Gya), Nectarian (~ 3.9 — 3.85 Gya), and Pre-Nectarian (~ 4.5 — 3.9 Gya)
(Wilhelms et al., 1987; Stéffler and Ryder, 2001).

The comparison of crater densities on different surfaces provides a system of relative ages that can
be referenced to the absolute ages from radiometric dating of returned samples and lunar meteorites
(Hartmann, 1970; Neukum et al., 1975; Strom, 1977). Statistical treatments of the size-frequency

distribution of lunar craters were first derived from telescopic observations of the near side of the
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Moon (MacDonald, 1931; Young, 1940; Opik, 1960; Baldwin, 1964), and more detailed studies
became feasible in the mid-1960s with the return of photographs from successful lunar probes in the
Ranger and Surveyor programs (Brinkmann, 1966; Jaffe, 1967). Since that time, the interpretation
of cratered terrains from a statistical standpoint has developed into a fruitful subfield with its
own terminology, conventions, and literature (Melosh, 1989), and it now encompasses the study of
planetary surfaces across the solar system (Passey and Shoemaker, 1982; Zahnle et al., 2003; Pike,
1988; Neukum and Ivanov, 1994). Detailed examinations of cratered surfaces establish a geologic
timescale correlated across planetary bodies (Shoemaker et al., 1961), to determine the populations
of impactors responsible for forming them (Ivanov et al., 2002), and to thus provide constraints on

dynamical models of solar system formation (Bottke Jr et al., 2005).

1.1.2 Surface Roughness

The term “surface roughness” has generally been used since the 19th century to convey the degree
to which an interface—whether it be the outer surface of a rock outcrop (Shaler and Davis, 1881),
a metal tool (Nasmyth and Carpenter, 1874), or bone (Adams, 1874)—departs from a perfectly
smooth surface. The development of aerial photography and radar in the early 20th century marked
the origins of remote sensing as it is practiced today (Campbell, 2002), and led to new ways of
quantifying the surface roughness of natural terrains and relating these measures to surface processes.
In the 1970s, range-Doppler and radar techniques for quantifying surface roughness on planetary
bodies came into their own, and techniques were developed to integrate ground-based and spacecraft
observations (Butrica, 1996; Ostro, 1993). By the time laser altimetry was developed for Apollo 15
to measure topographic profiles from orbit (Kaula et al., 1974), multiple kinds of elevation data were
available for the Moon.

Today, surface roughness is still defined in a variety of ways, depending on the dataset used,
the surface being investigated, and the purpose of the study (Shepard et al., 2001; Kreslavsky et al.,
2013). Nevertheless, the quantification of roughness properties has proven highly useful in discrim-

inating among geologic units and understanding the complex interaction between surface processes
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acting at different scales. On Mars, for example, Kreslavsky and Head (2000) found a systematic
variation in the Hurst exponent (a unit of measure that captures the scale dependence of slopes,
described in Chapter 2) with latitude that has been associated with the presence of subsurface ice.
Aharonson et al. (1998) and Aharonson et al. (2001) found the extreme smoothness of sedimented
basins on Mars, especially Amazonis Planitia, to be most analogous to heavily sedimented fluvial
basins on Earth, such as the ocean floor. Power spectra of topography were used by Nimmo et al.
(2011) to study the lithospheres of icy satellites, and Zuber et al. (2000) considered surface slopes
on asteroid 433 Eros to classify it as a rubble pile. On the Moon, Rosenburg et al. (2011) and
Kreslavsky et al. (2013) found significantly different behavior in roughness properties above and
below approximately kilometer scales, with important implications for competing surface processes
such as the the emplacement of craters, the generation of lunar regolith through impact gardening,

and seismic shaking in the vicinity of large impacts.

1.1.3 Planetary Surface Topography from Laser Altimetry

For planetary applications, laser altimetry relies on the accurate detection and timing of laser pulses
reflected from a planetary surface, as well as accurate tracking of spacecraft position from Earth.
Thus, orbit determination is the main source of error in the resulting measurements, which are based
on the travel time of the emitted and reflected pulses (Neumann, 2001). The vertical precision with
which each measurement within an orbit track can be made provides a separate, generally smaller,
source of error, and the frequency of laser pulses determines the along-track spacing of the elevation
measurements (Smith et al., 2010a).

Table 1.1 contains a summary of performance parameters for selected laser altimeters carried on
planetary missions. The first instruments were designed for Apollo 15, 16, and 17, and they measured
the height of the command and service module at intervals of 30 to 43 km (Kaula et al., 1974). From
February through May of 1994, the Clementine orbiter mapped the topography of the Moon (Smith
et al., 1997; Zuber et al., 1994), while the Shuttle Laser Altimeter 1 and 2 (SLA-01 and SLA-02)

measured the Earth’s topography on STS-72 and STS-85, respectively (Garvin et al., 1998). The
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Mission Name  Lawneh Date PRI I eon | Aceuraey
Apollo 15, 16, 17¢ 1971-1972 0.06 30 km 4m 400 m
Clementine® 1994 0.6 3 km 40 m 90 m
SLA-01¢ 01/1996 10 40 m 0.75 m 2.78 m
SLA-02* 08/1997 10 40 m 0.75 m 6.74 m
NLR* 02/1996 1-2 20 m 0.31 m 10 m
MOLA¢“ 11/1996 10 100 m 0.38 m 1m
MLA? 08/2004 8 15-100 m 1m 20 m
Kaguya® 09/2007 1 50 m 5 m 1m
Chang’e 1¢ 10/2007 1 30 m 50-100 m 1m
LOLA® 06,/2009 28 50 m 10 cm 1m

Table 1.1: Comparison of laser altimeters flown on planetary missions, from *Neumann (2001),
b Zuber et al. (2012b); Smith et al. (2012), ¢ Araki et al. (2009), *Li et al. (2010); Ping et al. (2009),
and ©Smith et al. (2010a); Barker et al. (2014).

NEAR Laser Rangefinder (NLA) was carried on NEAR Shoemaker, a spacecraft that orbited asteroid
433 Eros several times before touching down on the surface (Zuber et al., 2000). The Mars Orbiter
Laser Altimeter (MOLA), launched in November of 1996, provided the first global topographic
dataset from laser altimetry for Mars (Smith et al., 2001). The Mercury Laser Altimeter (MLA) was
launched in 2004 on the MESSENGER (MErcury Surface, Space ENvironment, GEochemistry, and
Ranging) spacecraft and, following two flybys in 2008, entered orbit around Mercury in March of
2011. Both the Japan Aerospace Exploration Agency (JAXA) and the Chinese Lunar Exploration
Program launched lunar missions in 2007, Kaguya and Chang’e 1, respectively, and each mission
carried a laser altimeter (Araki et al., 2009; Li et al., 2010; Ping et al., 2009).

The Lunar Reconnaissance Orbiter (LRO) was launched in June of 2009, carrying the Lunar
Orbiter Laser Altimeter (LOLA), the first multibeam laser altimeter designed to measure planetary
surface topography (Smith et al., 2010a). A diffractive optical element splits a single laser beam
into five output beams, each of which illuminates a 5-m-diameter spot on the surface, and the
backscattered pulses are detected and stored independently by the receiver (Smith et al., 2010Db).
The 28-Hz pulse repetition rate results in a total sampling rate of 140 measurements per second,
and, to date, more than 6.3 billion elevation measurements have been recorded (Barker et al., 2014).

Successive laser shots are separated by approximately 57 m, and the smallest distance between spots
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is 25 m (see Figure 2.1). The 5-spot pattern allows for calculation of surface slopes both between
laser shots (along-track) and within individual spots in two orthogonal directions, for the first time
providing an estimate of the true gradient at one particular scale (Rosenburg et al., 2011). LOLA’s
high firing rate, multispot pattern, and high precision and accuracy have provided an unprecedented
topographic dataset for the Moon that is well suited for investigations of surface roughness and the

statistics of cratered terrains like those presented in the following chapters.

1.2 Chapter Overview

This thesis focuses on two interrelated aspects of the lunar topography: impact cratering and sur-
face roughness. The former is the dominant agent of lunar surface modification, both today and
throughout most of the Moon’s history ( Wilhelms et al., 1987). The process of impact cratering
and the landscapes it creates have been extensively studied in terms of size-frequency distributions
of craters and their implications for relative surface ages (Shoemaker and Hackman, 1962; Neukum
et al., 1975; Hartmann, 1984). Impact cratering at many scales, from large basin-forming events
to micrometeorite bombardment, also produces characteristic surface roughness features, and the
relationship between the two is the subject of the investigations presented here.

The structure of the remaining chapters reflects the two parallel approaches we take to under-
standing lunar surface roughness and its relation to impact cratering: analysis of high-resolution
elevation data from LOLA and forward modeling of cratered terrains. Chapter 2 presents global
surface roughness maps using a variety of roughness parameters, including median absolute slope
at several scales, median bidirectional slope at the LOLA footprint scale, median differential slope,
and Hurst exponent. We explore major regional differences in roughness properties and find that
the scale-dependence of lunar surface roughness reveals a change in character at approximately the
1-kilometer scale in the lunar highlands. The next chapter focuses this analysis on several local
regions to assess the geologic applications of roughness maps at the lunar south pole, Shackleton
crater, and mare surfaces of varying age. Chapter 3 presents a cratered terrain model that we have

developed to track both the three-dimensional topography and surviving rim fragments of individual
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craters through time. The dependence of the power spectral density (PSD) on the size-frequency
distribution of emplaced craters and the spectral content (shape) of individual craters is explored
both analytically and numerically and compared to the PSD along LOLA transects. The final chap-
ter employs the crater rim-tracking capability of the numerical model to investigate the evolution
of the size-frequency distribution of “visible” craters as craters accumulate and overlap each other,
addressing the geometric bias that results from over- or undercounting large craters and suggest-
ing several potential solutions. Figure 1.1 contains a map of the lunar topography from LOLA
that includes major geographical features that are relevant to the work presented in the following

chapters.
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Chapter 2

Global Surface Slopes and
Roughness from the Lunar Orbiter
Laser Altimeter

Originally published in:

Rosenburg, M., O. Aharonson, J. Head, M. Kreslavsky, E. Mazarico, G. Neumann, D. Smith, M. Tor-
rence, and M. Zuber (2011), Global surface slopes and roughness of the moon from the lunar orbiter
laser altimeter, Journal of Geophysical Research: Planets (1991-2012), 116 (E2).

Abstract

The acquisition of new global elevation data from the Lunar Orbiter Laser Altimeter (LOLA), car-
ried on the Lunar Reconnaissance Orbiter (LRO), permits quantification of the surface roughness
properties of the Moon at unprecedented scales and resolution. We map lunar surface roughness us-
ing a range of parameters: median absolute slope—both directional (along-track) and bidirectional
(in two dimensions)—median differential slope, and Hurst exponent, over baselines ranging from
~17 m to ~2.7 km. We find that the lunar highlands and the mare plains show vastly different
roughness properties, with subtler variations within mare and highlands. Most of the surface ex-
hibits fractal-like behavior, with a single or two different Hurst exponents over the given baseline
range; when a transition exists, it typically occurs near the 1-km baseline, indicating a significant
characteristic spatial scale for competing surface processes. The Hurst exponent is high within the
lunar highlands, with a median value of 0.95, and lower in the maria, with a median value of 0.76.

The median differential slope is a powerful tool for discriminating between roughness units and is
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useful in characterizing, among other things, the ejecta surrounding large basins, particularly Ori-
entale, as well as the ray systems surrounding young, Copernican-age craters. In addition, it allows

a quantitative exploration on mare surfaces of the evolution of surface roughness with age.

2.1 Introduction

As signatures of surface evolution processes acting over geologic time, surface slopes and slope
distributions provide important clues to the morphologic history of a planetary surface in terms of
both formation and modification mechanisms. Moreover, the comparison of surface regions based
on quantitative measures of roughness and its scale dependence is a powerful tool for interpreting
the relationships between geologic and topographic units and their origins, and has been successfully
employed for various planetary bodies, including Earth (Morris et al., 2008; Neumann and Forsyth,
1995; Smith and Jordan, 1988), Mars (Aharonson et al., 2001; Orosei et al., 2003; Kreslavsky and
Head, 2000), and Venus (Sharpton and Head, 1985). Attempts to study surface roughness on the
Moon have spanned the decades between the Apollo era and the present (Daniels, 1963; Moore and
Tyler, 1973; Yokota et al., 2008), yet, to date, no comprehensive study of surface slopes and slope
distributions has been possible at high resolution and across many scales.

The Lunar Orbiter Laser Altimeter (LOLA) began collecting data in late June, 2009, after the
successful entry into orbit of the Lunar Reconnaissance Orbiter (LRO) (Smith et al., 2010a; Zuber
et al., 2010). With a ground track configuration consisting of five illuminated spots on the surface
arranged in a cross pattern (Figure 2.1), LOLA allows for determination of slopes at multiple base-
lines, both between pairs of spots within each laser shot and between sequential shots. The high
vertical precision (~10 cm), accuracy (~1 m), and high density (~57-meter along-track spacing)
of LOLA measurements permit an unprecedented opportunity for quantitative morphologic charac-
terization of the lunar surface relevant to current and past surface processes, as well as to future
lunar landing site selection. For comparison, the Mars Orbital Laser Altimiter (MOLA) operated
with a vertical precision of ~1.5 m, a spatial accuracy of ~100 m (including pointing errors), and

an along-track spacing of ~300 m (Smith et al., 2001).



13

? Downtrack
1
1
»
1
1

Figure 2.1: Plan view of two consecutive LOLA shots with spot numbers labeled. The shot-to-shot
distance is ~57 meters, and the smallest point-to-point baseline available is ~25 m. An example of a
triangle used to calculate bidirectional slopes is shaded in blue. Red circles indicate the illuminated
footprint of each laser spot, while green circles represent the field of view of each detector.
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2.2 Topography Data

LRO maintains a nearly circular, 50-km polar orbit that scans all longitudes of the Moon each
month. We use 3,180 tracks from the commissioning and mapping mission phases, acquired from
September 17, 2009, to March 9, 2010, to compute and analyze a variety of parameters describing
surface slopes and roughness. The data have been processed to remove anomalous points (due to
instrumental effects such as noise), and are spaced ~57 meters apart along track and (on average)
~3.8 km across track at the equator and closer at the poles. Additional data have narrowed the

cross-track spacing to ~1.8 km at the equator (Smith et al., 2010b).

2.3 Global Surface Roughness of the Moon

Quantitative measures of surface roughness have been defined in the literature in a number of ways.
Here, we investigate several measures of surface roughness, both in the interest of robustness in
characterizing roughness units, and in order to facilitate comparison with the literature. For one-
dimensional slopes, we examine the root mean square (RMS) slope, the median absolute slope, and
the median differential slope for a variety of horizontal scales, as well as the Hurst exponent, which
describes how slopes scale with baseline (the baseline is the horizontal length-scale over which the
slope is measured). In addition, LOLA’s 5-spot pattern allows for the calculation of two-dimensional
slopes by fitting a plane to a set of three points along the track, resulting in the magnitude and

direction of steepest descent.

2.3.1 RMS and median slopes

The RMS slope is routinely calculated for the statistical analysis of topography because radar re-
flection scatter is often parameterized with this metric. In one dimension, it is defined as the RMS
difference in height Az between each pair of points (also known as the deviation, v) divided by the

distance between them, Ax:
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s (Az) = = — [z (z:) — 2 (zi—)]) 2, (2.1)

where the angle brackets indicate the mean. However, because the RMS slope depends on the square
of the deviation, this parameter is quite sensitive to outliers; this poses a significant problem because
the slope-frequency distribution for natural surfaces is often non-Gaussian with strong tails. The
median absolute slope is a more robust measure of typical slopes, as it is less affected by long tails
in the distribution.

To find the RMS and median slope in the along-track direction, point-to-point slopes were cal-
culated for each track, stored at the midpoint, and averaged according to (1) within 0.5-degree
(~15-km) sliding windows, each spaced 0.25 degrees (~7.5 km) apart. The LOLA lasers have a
firing frequency of 28 Hz, corresponding to a shot density of approximately 540 shots per degree
downtrack, or roughly 270 shots per window at best. However, due to noise and instrument perfor-
mance issues, missing points are not uncommon. Since the RMS slope is sensitive to the number
of points, IV, included in each window, uneven N across the surface can introduce variations in the
RMS slope map that are not due to real roughness features. To minimize this bias, windows were
only considered valid if more than 250 measurements contributed to the average in that location.
The median absolute (unsigned) slope is far less sensitive to the number of points in each bin. Given
LOLA’s ground spot pattern, the smallest baseline available for slope calculations is about 25 m,
the distance on the surface from the center spot to any of the four corners (Figure 2.1).

One-dimensional slopes calculated along profile underestimate the true gradient of the surface
wherever the direction of steepest descent diverges from the along-track direction. At the smallest
scales, this ambiguity can be resolved by computing the slopes in two dimensions from multiple
points within each laser shot. We use vector geometry to compute the plane passing through three
spots, recording the magnitude and azimuth of the slope. One such triangle appears as a shaded
region in Figure 2.1. The effective baseline of the slope is taken to be the square-root of the area
of the triangle. The slope values are then binned as before, and the median reported for 0.5-degree

overlapping windows spaced 0.25-degrees apart.
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Figure 2.3: Median bidirectional slope, as described in Figure 2.2, with a color stretch designed
to emphasize the subtle variations in slope within the lunar maria. Large-scale flow fronts and
tectonic features such as wrinkle ridges appear as long, continuous regions of slopes higher than the
surrounding plains, and are most evident within the Imbrium, Crisium, and Serenetatis basins.

A map of the median bidirectional slope at the ~17-meter scale is shown in Figure 2.2. Note that
while the results are reported in units of degrees, the statistics are computed in gradient units (m/m).
The maria are easily distinguishable from the highlands as smooth regions with median slopes < 3°,
while the steepest median slopes (> 10°) occur within crater walls and the blocky ejecta blankets
surrounding major impact basins and young rayed craters. The multi-ring structure of the Orientale
impact basin is clearly visible in surface slopes at this scale, along with the topographically expressed
secondary crater chains emerging radially from the continuous ejecta deposit.

The floor of South Pole-Aitken basin appears as a region of subdued slope; a sampling of the
basin floor (excluding mare deposits, which would contribute their own roughness signature) has
a median slope of 5.8°, nearly two degrees lower than the median value for the highlands, 7.5°,

although the distributions overlap (see Table 2.1). Within the nearside mare plains, large-scale flow
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fronts and wrinkle ridges are delineated by subtle variations in slope, particularly evident within the
Imbrium, Serenetatis, and Crisium basins (Figure 2.3). Slopes rapidly transition between the two
major highland and mare roughness units at their boundaries, where mare basalts are often tilted
and deformed (Solomon and Head, 1980) and have only partially embayed the surrounding rougher
terrain.

For isotropic topography, a relationship exists between point-to-point and bidirectional slope dis-
tributions: given a one-dimensional slope distribution, the equivalent distribution of two-dimensional
slopes can be found by applying a statistical correction. The probability distribution functions of

the 1D slopes F(p) and 2D slopes F(s) are related by Aharonson and Schorghofer (2006):

F(p) = /:O \/%ds. (2.2)

In practice, this integral equation may be discretized and inverted. Figure 2.4 is a global com-
parison of our measured slopes in one and two dimensions and the adjusted point-to-point slope
histogram. We find moderately good agreement between measured bidirectional slopes and those
predicted from the 1D slope distribution, although the 2D measured slopes are slightly steeper than
predicted from the 1D distribution, typically by 25%. We can place constraints on two factors that
contribute to this discrepancy. Anisotropy in our slope measurements occurs when triangles with
high aspect ratios are used for plane fitting. LRO’s orbital configuration creates a preferred direction
for the long axis of these triangles, and because slopes are generally shallower at longer baselines, the
azimuthal distribution is skewed to favor the perpendicular to the downtrack direction. To minimize
this effect, we included only triangles with low aspect ratios, using spots 1, 3, and 4. While some
anisotropy remains, this consideration improves the agreement by nearly a factor of 2. Part of the
discrepancy is also due to the fact that comparing slopes at similar baselines is rendered difficult
by instrument constraints. The minimum baseline for point-to-point slopes (~25 m) is larger than
the effective baseline of our preferred triangles (~17 m). As a result, bidirectional slopes have a
tendency to be larger than their 1D counterparts, where a component of this difference is due solely

to the mismatch in baselines. A slightly better agreement can be obtained by using a local Hurst
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Figure 2.4: Global slope histograms for the Moon. The red line (dashed) shows the distribution of
measured point-to-point slopes at the 25-meter baseline. This distribution is recalculated to the green
line (solid) using the method of Aharonson and Schorghofer (