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Abstract

The lunar regolith, a poorly sorted layer of impact-generated debris that coats the entirety

of the lunar surface, underlies the boots of astronauts, composes a large portion of the

lunar sample suite, and is the primary material scientists can study remotely. Therefore,

understanding the nature and evolution of regolith is essential to planning future missions.

This dissertation explores differences in rock and regolith evolution on diverse surfaces

across the Moon using multispectral remote sensing data and impact craters. In Chapter

2, I demonstrate that the volcanic maria, which were once thought to be homogeneous,

are diverse and were likely formed by a spectrum of emplacement conditions. Thus, the

regolith on these diverse surfaces evolves variably depending on the properties of the parent

rock. In Chapter 3, I show that the highlands, which cover most of the lunar surface, are

blanketed by a thick regolith that is highly variable. The estimate of a 10-15 meter thick

regolith at the Apollo landing sites has typically been taken to be representative of most of

the highlands. However, my analysis of rocky craters reveals that 95% of the highlands are

covered by regolith thicker than 50 meters. Finally, in Chapter 4, I show that highlands

topography influences regolith maturity. Relatively immature regolith is more likely to

occur atop high-standing topography, while mature regolith is more common on low-lying

terrain. This is a key finding that is relevant to the upcoming Artemis missions, which will

explore high topography at the lunar South Pole. My findings enable us to predict that

Artemis astronauts will encounter regolith that is immature and possibly abnormally thin

due to the catastrophic loss of material from topographic highs.
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Chapter 1

Introduction

Figure 1.1 On the left is the oblique view of the lunar farside photographed by the Apollo
10 Crew (Image No. AS10-32-4823). The highly variable terrain in the highlands reflects
an energetic early Solar System captured in time. On the right is an oblique view of Mare
Imbrium photographed by Al Worden from the Apollo 15 Command Module (Image No.
AS15-M-1555). The maria are relatively flat and placid, owing to the nature of relatively
low energy basaltic volcanism.

The Moon is a natural laboratory where the history of our Solar System accumulates

on its surface. Most of our understanding about the Moon comes from or was confirmed by

the Apollo missions. In the span of three years, six landing sites were visited by astronauts
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where vital lunar samples were collected and measurements of the surface were taken.

Four missions visited the lunar maria: formed by seas of lava that once flooded ancient

impact basins, which hardened into dark, basaltic rock. Two missions visited the lunar

highlands: formed by the hardening of the lunar surface into the bright, anorthositic crust

of the Moon. Both the highlands and mare surface are etched with craters of all scales,

providing a snapshot of the accumulation of the space environment. However, the far

more ancient highlands surface presents a more dramatic topographic profile than the mare

(Figure 1.1), where the oldest and largest impacts shape and form the rugged surface.

Atop these mare and highland surfaces lies a lunar soil, formed by the pulverization of

rock by impacts. Differences in rocks and soil among mare, between mare and highlands,

and between topographically distinct highlands surfaces are examined in this work. In this

dissertation, I show that the relative evolution of each surface varies significantly owing to

unique properties of the target material and soil development.

The lunar soil, known as regolith, is a poorly sorted layer composed of fine particles and

rocks that forms the topmost layer of the lunar crust (Figure 1.2). The regolith begins to

form with the first impact on a fresh rocky surface, and it gradually thickens over billions of

years through the comminution of rock and preexisting regolith. Because regolith thickness

is linked to the age of the surface, the older highlands have a thicker regolith layer compared

to the thinner regolith atop the younger maria (e.g., McKay et al., 1991; Nakamura et al.,

1975). Regolith is a crucial material; it has underlain the boots of Apollo astronauts and

will do the same for Artemis astronauts. As it blankets the lunar surface, regolith is

also the primary material measured by orbital sensors and comprises much of the sample

suite returned by landers and manned missions. In this dissertation, I explore how the

formation of rocks and the development of regolith may vary across multiple lunar surfaces

and varying topography. I focus on two processes that reveal variations in rock formation

environments and regolith development among surfaces: (1) crater-forming impacts that

produce an annulus of rocky ejecta and (2) the relative exposure of regolith grains to the

lunar surface.
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Figure 1.2 The regolith as photographed by Apollo 11 Astronaut Buzz Aldrin for his soil
mechanics task (Image No. AS11-40-5880). Regolith grains range in size from dust to
pebbles and rocks.
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Rocky ejecta craters. Impacts that strike the lunar surface do so with such force that

the lunar surface is physically modified. This is true for impacts microns to kilometers in

scale, which leave a crater in their wake. The diameter of a resultant crater is linked to

the depth to which the impactor has excavated within and beneath the regolith. Large

enough, fresh impacts excavate regolith and rock buried beneath the surface and expose

these products to space in an annulus of ejecta (Figure 1.3). These ejecta blankets evolve

over time: the immaturity signatures of once enigmatic rays (e.g., Hawke et al., 2004;

Ghent et al., 2014; Ghent et al., 2024) fades into the background and rocks are destroyed

into regolith fines as the ejecta is bombarded by subsequent impacts (e.g., Horz et al., 2020).

Craters that have rocks in their ejecta can be easily distinguished in thermal imagery from

those without rocks. Rock abundance (Bandfield et al., 2011; Powell et al., 2023), a derived

dataset from the Lunar Reconnaissance Orbiter (LRO) Diviner Lunar Radiometer (Diviner)

instrument (Paige et al., 2010), estimates the areal fraction of >1 m rocks covering a given

area. The abundance of craters with rocks in their ejecta can be used to infer differences

among surfaces, including rock formation mechanisms (Chapter 2) and regolith development

(Chapter 3).

Regolith maturation. Regolith and rocks exposed to the lunar surface are subject to

modification by space weathering products delivered by meteorites and solar wind. When

regolith is exposed to the lunar surface, it gradually accumulates tiny iron particles (e.g.,

Cassidy & Hapke, 1975; Keller & McKay, 1993, 1997). This process leads to the spectral

darkening and reddening of the regolith grains (e.g., Keller et al., 1998; Noble et al., 2007).

Buried regolith and rock are protected from the space environment and therefore do not

exhibit the glassy, iron-rich coating found on the surfaces of grains exposed on the lunar

surface (Figure 1.4). The degree to which the soil has accumulated space weathering

products is known as soil maturity and has been measured in laboratory settings and

remotely (Optical Maturity; Lucey et al., 2000). The relative immaturity of a surface

can be used to infer processes that might disrupt and unveil previously buried material

(Chapter 4).
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Figure 1.3 A young, Copernican-aged crater with enigmatic ejecta of rocks and regolith
emanating from the crater in stark contrast against the space-weathered background (NAC
Image No. M159059694R.
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Figure 1.4 Apollo 17 impact melt breccia sample 76015. The patina formed on the outline
of this sample indicates it was bombarded by micrometeorites and exposed to the space
environment for some time (Wentworth et al., 1999). Space-weathered surfaces like that of
this sample appear more mature than its protected interior.
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I will use two datasets to investigate differences in rock and regolith between and among

mare and highlands surfaces. Diviner rock abundance (Powell et al., 2023) will be used in

Chapter 2 to investigate the relative rockiness of craters across mare surfaces as a means to

infer the formation mechanisms of the underlying mare basalts. In Chapter 3, I use Diviner

rock abundance to compare the frequency of rocky craters in the mare and highlands to

identify regolith thickness disparities. In Chapter 4, I utilize Optical Maturity (Lemelin et

al., 2015) across varying topographic settings within the highlands to explore the effect of

slope and topography on regolith movement and development.

1.1 Relevance to Exploration

The Apollo Program sent astronauts to explore the low-latitude lunar environment. Samples

collected by astronauts in the maria show a range of eruption conditions (e.g., Head &

Wilson, 2020). In Chapter 2, we link the rockiness of craters to eruption conditions inferred

by Apollo samples. In the highlands, Apollo 14 and 16 were targeted near unique geologic

features: young, fresh craters. In Chapter 3 we discuss the uniqueness of Apollo compared

against more typical highlands terrain. The highlands will be visited by the Artemis suite

of missions. The candidate Artemis landing sites are the first-ever manned missions to visit

the lunar south pole. The missions will visit highlands terrain; however, we expect this

terrain to be wholly different from those visited by Apollo as the landing sites are situated

atop topographic highs to improve lighting conditions. In Chapter 4, we explore ways in

which the maturity of the regolith at the Artemis landing sites might be affected by high

topography.
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Chapter 2

The Rock Abundance of Crater Populations as a

Probe of Mare Protolith Properties

Note: This chapter was published in 2023 in the Journal of Geophysical Research:

Planets Vol. 128, Iss. 7, as “The Rock Abundance of Crater Populations as a Probe of

Mare Protolith Properties.” with co-authors P.G. Lucey, E. S. Costello, and S. M. Ireland.

Abstract

The volcanic parent rock (“protolith”) composing the lunar maria is likely to have developed

diverse mechanical properties upon emplacement. The abundance of rocks ejected by

impacts may be sensitive to protolith properties. We investigate the relationship between

the possible diversity of mare protoliths and the abundance of rocks excavated and emplaced

by impacts employing cumulative size-frequency distributions (SFDs) of rocky craters in

the maria. The SFDs of 15 mare units were calculated through varying degrees of Lunar

Reconnaissance Orbiter Diviner-derived rock abundance within crater ejecta blankets. By

inspecting the frequency of high rock abundance craters, we find that the age of a surface

does not control an impactor’s ability to excavate rocks. Through analysis of SFDs, we

find that differences in SFD behavior may act as probes for the mechanical strength of the

protolith and the thickness of buried lava flows. Generally, regions with SFDs that have

shallower slopes with increasing rockiness may be associated with thick, competent flow

types, and regions with SFDs that have unchanging slopes with increasing rockiness may
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be associated with stacked, thin flows that are possibly more friable. The greater frequency

of high rock abundance craters and the converging behavior of SFDs at two units within

Mare Humorum and Oceanus Procellarum suggest that the surfaces are underlain by thick,

competent lava flows. Finally, SFD slope analysis suggests that secondary impact craters

are relatively ineffective at excavating rocks and the SFDs of rocky craters may reflect

primary cratering populations.

2.1 Introduction

Extensive volcanism occurred on the lunar surface between 4 and 1.2 Ga (Head, 1976;

Hiesinger et al., 2011; Neal & Taylor, 1992; Schultz & Spudis, 1983; Ziethe et al., 2009).

These large-scale basaltic eruptions filled topographic lows created by ancient impact basins

and formed seas of basalt known as the maria. Head and Wilson (2020) argue that

there should have been diversity among the original surfaces across the maria. The term

“protolith” is used by Head and Wilson (2020) to describe the parent rock of the regolith and

to capture variations in the mechanical properties of the original surface. Head and Wilson

(2020) proposed eight regolith protolith types based on discoveries of volcanic products

rich in H2O and other volatiles (Hauri et al., 2011; Saal et al., 2008) and the development

of an improved magma generation, ascent, and eruption model (Wilson & Head, 2017a,

2018). Depending on the eruption phase, these protoliths could have ranged from massive,

competent basalts with very low porosity to highly vesicular foam flows (Head & Wilson,

2020).

A challenge to characterizing the diversity of regolith protolith types on the Moon is the

regolith which shields them and obscures their properties. What were once fresh volcanic

surfaces have been exposed to one or more billions of years of impacts; bombardment by

meteorites pulverizes the mare lava flows and forms a layer of poorly sorted regolith (e.g.,

McKay et al., 1991). With continued exposure to impacts, this layer thickens, further

shielding from view the original basaltic material from which the regolith developed. Thus,
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intact protolith is preserved beneath the 4{5 m thick mare regolith (McKay et al., 1991)

and impact craters that excavate below the regolith layer can serve as a probe of the

subsurface (Figure 2.1). Rocks ranging from 0.1 to 100 m in size (Bruno & Ruban, 2017)

can be excavated and emplaced on the surface during impact, and the volume of excavated

material scales with impact energy and the partitioning of that energy (Melosh, 1989). The

properties of ejected rocks, having once been a part of the protolith, can address questions

surrounding the composition and physical structure of the subsurface (Campbell et al.,

2009; Elder et al., 2019; Fa et al., 2015; Ghent et al., 2016; Wei et al., 2020; Wu et al.,

2018); therefore, their properties may re
ect variations in protolith properties (see Figure

2.1 for an illustrative description). Similarly, because impacts scale variably in di�erent

materials (e.g., Dundas et al., 2010; Holsapple, 1993), variations in crater size and rock

presence should be indicative of variations in protolith properties.

Figure 2.1 An illustrative representation of an impact into an (a) interbedded, vesicular
protolith, such as Apollo 15 sample 15016 (Photo #: S71-45477, NASA/JSC), and a
(b) massive, competent protolith, such as Apollo 17 sample 70215 (Photo #: S73-15708,
NASA/JSC). Note that the protolith is obscured by a layer of regolith which develops as the
original 
ow surfaces are exposed to impacts. We expect each surface to respond di�erently
to exposure to impacts as discussed throughout the paper. For example, in the thinly
interbedded, vesicular protolith case, the blocks ejected scale with both the thickness of the
protolith layer and the impact, and in the massive, competent protolith case, the blocks
scale only with the impact as the protolith's thickness does not limit the size of ejected
blocks. This �gure is not to scale.
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