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ABSTRACT

Lunar materials preserve records of the conditions and processes of the time when the
Moon was first formed in the giant impact event, but also show evidence of more recent activity
that involves the processes of impact cratering and space weathering that are active on the lunar
surface today. Alteration due to space weathering can drastically change the reflectance spectra of
these bodies as viewed with remote sensing through ground-based telescopes and spacecraft
compared to laboratory analysis of the same material that was not space weathered. My work uses
atom probe tomography (APT) to investigate the nanoscale characteristics of lunar materials and
show how such analyses can be used to better understand the large-scale processes on the Moon.
This includes the analysis of space weathered soils brought back by astronauts and the distribution

of Pb in the oldest lunar zircon to date.



CHAPTER 1: INTRODUCTION

1.1 MOTIVATION

The overall goal of this work is to characterize select lunar materials at the nanoscale using
atom probe tomography (APT). Unlike the Earth, where many different geologic processes have
continuously overprinted primary compositions and structures, the Moon has been geologically
active in its first billion years but relatively quiescent for much of its later history. There is,
therefore, an abundance of lunar materials that preserve records of the conditions and processes of
the time when the Moon was geologically more active. However, many, lunar samples show
evidence of more recent activity, one that involves the processes of impact cratering and space
weathering that active on the lunar surface today.

Early in the Solar System’s history, perhaps during the first 60 to 110 Myr (Touboul et al.,
2007; Halliday, 2008; Kleine et al., 2009; Jacobson et al., 2014), the Earth-Moon system formed
through a giant impact between the proto-Earth and Theia, a Mars-sized protoplanet, the result
being a nearly completely molten Moon known as the lunar magma ocean (LMO). The timing of
this event is still debated. Reported ages for the Moon-forming event based on lunar mare basalts
using short-lived isotopic chronometers (such as 146Sm-!42Nd and Hf-W) range from 4.455 to 4.314
Ga (e.g. Nyquist et al., 1995; Lee et al., 1997; Rankenburg et al., 2006; Boyet and Carlson, 2007;
Brandon et al., 2009; Gaffney and Borg, 2014), whereas modeled U-Pb systematics derive a Moon-
forming event age of 4.426 to 4.417 billion years (Connelly and Bizzarro, 2016). Disagreement on
the ages (4.536 — 4.290 billion years) of the oldest preserved lunar material, ferroan anorthosites,
has implications for the timing, duration, and nature of LMO crystallization and the overall
differentiation history of the moon (Alibert et al., 1994; Borg et al., 1999; Nyquist et al., 2006;

Shearer et al., 2006; Meyer et al., 2010, Elkins-Tanton et al., 2011). In chapter 5 I provide new



chronological constraints on the timing of the Moon-forming event and LMO through APT
analysis of an old lunar zircon.

Space weathering, the physical and chemical alteration of materials on airless bodies like
the moon, is an active process on the lunar surface today. Despite the fact that space weathering
only affects the outermost ~100 nm of a grain’s surface, this alteration can drastically change the
overall color and the reflectance spectra of these bodies as viewed with remote sensing through
ground-based telescopes and spacecraft, compared to laboratory analysis of the same material that
was not space weathered (e.g., Chapman, 1996). Spectral studies of the Moon are extremely useful
for generating compositional data that can be used to understand its present global composition
and its history; thus, it is critical to understand how lunar materials change when exposed to space
weathering. Prolonged exposure to space weathering increases the degree of alteration of the
surface of the materials and thus its maturity. A frequent definition of the maturity is the abundance
of nanoscale metallic iron particles (Morris, 1978). This classification uses the expressions
immature to describe the least space-weathered samples and submature for the intermediately
weathered materials.

The effects of space weathering on lunar materials generally manifest at the nanoscale. In
chapters 3 and 4, I use APT to investigate the nanoscale characteristics of lunar materials, where
atoms on a sample nanotip are field-evaporated using a pulsed laser, accelerated through a local
electrode, and measured by a position sensitive detector. In this way, both the compositions and
distributions of the atoms in the sample can be measured in three dimensions. This work also
demonstrates the power of APT analysis when correlated with other techniques, such as
transmission electron microscopy (TEM; chapter 4) and nanoscale secondary ion mass

spectrometry (NanoSIMS; chapter 5). In this work I provide examples on how nanoscale analyses



of lunar samples are instrumental in better understanding the large-scale processes in our Solar

System.

Figure 1-1: Images of the sampling sites or samples from the Lunar Sample Compendium
(Meyer, 2010). 71501 is a sub-sample of 71500, 79221 is a sub-sample of 79220, and the largest
dark region in the cross section of sample 72255 is the Civet Cat norite.

1.2 SAMPLES

The materials that were analyzed in this work were collected by the astronauts of the Apollo
17 lunar mission, which landed in the Serenitatis basin in the Taurus-Littrow region. One of the
main goals for sampling this region was to constrain the timing of lunar volcanism, and therefore

the Moon’s thermal history. The site provided five different geologic units of interest (Apollo 17



Preliminary Examination Team, 1973). In addition to the rock and core samples collected, a total
of 73 soil samples were also brought back (Heiken and McKay, 1974). Unlike terrestrial soils,
these soils have no biomatter, and this term is used when discussing the fine-grained (< 1 cm)
regolith of the Moon’s surface. The lunar regolith is the material from the bedrock that has been

broken-up, altered, and is subject to mixing by impact processes (McKay et al., 1991).

1.2.1 Ilmenite, Apollo 17 sample 71501, aliquot 284

Ilmenite (FeTiOs) is a black, opaque oxide mineral that is a common accessory phase in
igneous and metamorphic rocks (Deer et al., 1992) and can comprise up to about 20% of lunar
soils (McKay and Williams, 1979; Papike et al., 1991). The Apollo 17 sample 71501 (Figure 1-1)
is a particularly well-studied sample for its implanted solar wind (e.g. Benkert et al., 1993).
Ilmenite is particularly retentive to noble gases and is therefore an ideal target for the study of
implanted solar wind. Sample 71501 has been classified as a submature sample (Heiken and
McKay, 1974). The sample is mostly comprised of basalt fragments, basaltic minerals, and
composites derived from them, and has an 8% modal abundance of ilmenite in 90-150 um range

(Meyer, 2010).

1.2.2 Various materials, Apollo 17 sample 79221

Sample 79221 (Figure 1-1) is classified as a mature to very mature soil sample (Meyer
2010). A sprinkle mount (unsorted grains deposited on C-tape for identification) was prepared at
Purdue University by Alexander Kling, who then selected individual grains for further analysis.
These grains include ilmenite, olivine ((Mg,Fe)2Si04), an agglutinate with a clinopyroxene-like

composition (a silicate mineral with Al and a variety of other elements like Mg, Fe, and Ca), and



a plagioclase ((Na,Ca)(Si,Al)3Og) grain that may be an agglutinate. Agglutinates are glass grains
with fused soil components and were formed from impact melting (McKay et al., 1991). These
materials, with their different compositions, exhibit different features, densities, and products of

space weathering.

1.2.3 Zircon, Apollo 17 sample 72255, Civet Cat norite clast

The zircons in this study are sourced from the Apollo 72255 Civet Cat meta-norite (Figure
1-1), which was sourced in the landslide material at the bottom slope of the South Massif. The
Civet Cat clast, which itself was in an impact breccia originally sourced from the Serenitatis impact
event (Morgan et al., 1975; Wolfe et al., 1981), has signatures of being sourced from the deep crust
of the Moon (James, 1983). Norite is a type of orthopyroxene-rich gabbro, and a rock type
commonly found in the materials returned by the Apollo missions. This sample is of particular
interest because of the ancient ages that come from different components (Meyer, 2010 and
references therein), and do not represent the sampling of periods of bombardment like most lunar
samples (Nemchin et al., 2008). These zircons were analyzed by Zhang et al. (2021) for their U-
Pb isotopic composition using NanoSIMS. The zircons in this sample are small (10 to 20 um), and
therefore conventional SIMS does not have the required spatial resolution to obtain ages from
individual age domains in the crystals, provide mixed signals, and thus cannot provide undiluted
ages. The five oldest NanoSIMS zircon ages have a weighted mean Pb-Pb age of 4452+35 Myr
ago, and define a concordant U-Pb average age of 4461£35 Myr ago, which is older than the

previously reported age of this sample of 4417+6 Myr ago by Nemchin et al. (2009).



1.3 SPACE WEATHERING

Space weathering is the alteration of the upper surface of materials on airless bodies (such
as the Moon and asteroids) due to the simultaneous effects of irradiation by galactic and solar
cosmic ray particles and solar wind, electromagnetic radiation from the Sun, and impacts from
micrometeorites. These interactions cause physical and chemical alteration of the surface, impact
vaporization, and ion sputtering and implantation, which leads to gardening and change in optical
properties of the surface materials (Hapke, 2001; Chapman, 2004; Pieters and Noble, 2016).
Products of space weathering include agglutinates, redeposition rims, microphase metallic iron
(>40 nm, mpFe’, also known as Britt-Pieters particles; Lucey and Noble, 2008), nanophase
metallic iron (<40 nm, npFe’; Lucey and Noble, 2008; Hapke et al., 2001), and vesicles filled with
implanted solar wind. The abundance of these space weathering products depends on the
composition of the soil grain (Zhang and Keller, 2011; Burgess and Stroud, 2018) as well as the
distance from the Sun and the length of time it has been exposed to the space weathering
environment (Zhang and Keller, 2011; Pieters and Noble, 2016).

In the space-weather affected area, Fe is reduced, and there is an Fe enrichment in rims due
to the selective removal of lower mass atoms by sputtering processes (Bennett et al., 2013). Due
to these npFe® and mpFe® particles, space weathered materials have reddened and darkened spectra
relative to pristine samples in visible and near-IR (VNIR; Noble et al., 2001; Hendrix and Vilas,
2006; Starukhina and Shkuratov, 2011; Pieters and Noble, 2016; Raut et al., 2018).

Redeposition rims are thin zones on the outer surface of the grain that are compositionally
distinct from the host grain and can have inclusions like npFe® (Pieters and Noble, 2016). Study
of space mission-returned material from the surface of the Moon and asteroid Itokawa shows the

presence of a single amorphous layer or complex rims, sometimes with gas-filled vesicles, on the






