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Abstract 

 

In this dissertation, I work to characterize igneous lithologies and understand how impact pro-

cesses produce and alter material on rocky surfaces. I investigate these topics to answer long-

standing questions about volcanism and impact cratering on the Moon. I identify two new basalt 

types from the Moon: a potentially young, Th-enriched mare basalt from the previously unsampled 

region of the Moon, western Oceanus Procellarum; and evidence for an Mg-rich, spinel-bearing 

basalt that may represent extrusive Mg-suite magmatism. For the mare basalt, I conducted petro-

logic experiments that showed the sample is representative of the lava flow it originated from and 

showed that the sample likely underwent a late-stage, enigmatic processes known as silicate liquid 

immiscibility. We provide hypotheses for the provenance of this sample. The Mg-rich samples 

occur as clasts, some of which we determine to be of impact melt origin. However, a subset of the 

clasts have very similar texture and mineral chemistry. We propose that this subset of clasts may 

be volcanic in origin, and call for further investigations of these samples. The samples in both of 

these studies were impact-modified. The former came from a soil sample, likely delivered to the 

Apollo 12 site by a young impact event. The latter involves clasts embedded in an impact melt 

breccia. For the final portion of my dissertation, I characterize a polymict, impact melt-bearing 

rock (known as suevite) from Ries Crater in Germany to constrain the pressures and temperatures 

involved informing such a rock and constrain formation mechanisms. I identify zircon grains that 

have experienced a variety of pressure and temperature conditions, ranging from unshocked and 

unheated, to highly shocked, to heated, to both highly shocked and heated. The diversity of grains 

identified in this single sample provide insights into the formation of the suevite as a lateral flow. 

This terrestrial study is crucial to better understanding the impact cratering process, which 
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produces knowledge that can be extended to more heavily impacted surfaces like the Moonôs. All 

of these studies, of impact altered rocks, of new igneous lithologies, and of impact cratering effects 

on target material, combine to set the stage for upcoming sample return missions from the Moon. 

The proposed Artemis missions, return humans to the Moon, will land near the lunar south pole, a 

heavily cratered and ancient surface. This dissertation lays some of the groundwork on how to best 

characterize the impact modified samples likely to be returned from the Moon. I have structured 

the document to begin with an introduction to lunar science and lunar rocks, followed by a de-

scription of the methods I used to conduct my research. Next, I will discuss the Th-enriched mare 

basalt found at Apollo 12, the Apollo 16 samples that may represent extrusive Mg-suite magma-

tism, and an investigation of pressures and temperatures recorded zircons in a sample from Ries 

Crater, Germany. Finally, I will close with a brief summary of my findings, their implications, and 

potential directions for future research. 
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Chapter 1. Introduction 

 

1.1 The Earth-Moon System and its Exploration 

The Earth, home to all people that have ever existed, travels through space with a celestial com-

panion, the Moon. Together, these planetary bodies have endured geologic processes that have 

altered and modified their surfaces, including impact bombardment and volcanism. These geologic 

processes affect and have affected both the Earth and Moon, but the surfaces of these bodies are 

starkly different. The Earth, abundant with life and geologic activity retains a much younger over-

all surface, where complex geologic processes such as plate tectonics continually modify the sur-

face. The Moon, on the other hand, has an ancient surface that preserves massive impact basins 

and large volcanic plains with ages spanning billions of years. 

 

Until the middle of the 20th century, exploration of the Earth-Moon system had almost exclusively 

focused on the Earth. However, from as early as the 17th century, telescopic observations had 

shown the complexity of the Moonôs surface and astrophysical observations revealed the underly-

ing principles of the Moonôs motion through space (e.g., Galilei, 1610; Newton, 1687). These 

preliminary observations paved the way for modern telescopic observations (Kuiper et al., 1967) 

and, with the advent of spaceflight, human exploration of the surface of the Moon. Six crewed 

missions landed on the lunar surface from 1969 to 1972 and, combined, returned approximately 

382 kg of lunar material (e.g., Taylor et al., 1991). With these returned lunar materials, detailed 

petrographic and geochemical analyses became feasible. Additional lunar samples, returned by the 

Soviet Luna program in the 1970s and the Chinese ChangôE 5 mission in 2020, created even 

greater diversity of material available to study. Robotic spacecraft continued to investigate the 
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Moonôs surface through images, spectrometry, and geophysical observations from lunar orbit. 

Combined, over the past half-century, analyses of lunar rocks (both returned samples and recov-

ered meteorites) and remote sensing observations have revolutionized our understanding of the 

Moon, its formation, and its role in the Earth-Moon system. 

 

1.2 Formation of the Moon 

The Earth and the Moon have a shared origin. The canonical model for the formation of the Moon 

is the Giant Impact model (Hartmann and Davis, 1975; Cameron and Ward, 1976). In its earliest 

adaptations, this event involved a Mars-sized body, named Theia, colliding with proto-Earth ap-

proximately 50 to 150 Myr after the formation of the solar system (e.g, Canup and Asphaug, 2001; 

Halliday, 2003; Touboul et al., 2007; Kruijer and Kleine, 2017; Thiemens et al., 2019; Maurice et 

al., 2020; Borg and Carlson, 2023). The Moon then formed from the debris disk surrounding the 

proto-Earth following the collision. 

 

This model accurately explains many aspects of the Earth-Moon system, but some lines of geo-

chemical and isotopic evidence remain unresolved (Canup, 2013). Specifically, some of the intense 

similarities between the Earth and Moon can be difficult to explain given that the Moon is believed 

to be, in the canonical model, comprised of predominantly Theia material (Canup and Asphaug, 

2001; Shearer et al., 2006). The Moon forming mostly from Theia material is problematic because 

Theia likely had an isotopic signature distinct from the proto-Earth (e.g., Melosh, 2014; Stevenson 

and Halliday, 2014). Additionally, these models contain a multitude of variables that can be and 

are varied to fine-tune the models to observed attributes of the Earth-Moon system. These variables 

include impactor size, angle of the impact, and impactor velocity (e.g., Ĺuk and Stewart, 2012; 
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Reufer et al., 2012; Asphaug, 2014; Wang and Jacobsen, 2016; Lock et al., 2018). Moon-forming 

impact models have Theia masses from 0.05 to 1 Earth mass, impact angles from 0° to 60°, and 

impact velocities ranging from 0 to more than 2.5 times the Earthôs escape velocity of approxi-

mately 11.2 km/s (e.g., Canup and Asphaug, 2001; Ĺuk and Stewart, 2012; Reufer et al., 2012; 

Canup, 2013; Asphaug, 2014; Lock et al., 2018). These newer models, collectively, have shown 

that it is possible to create a Moon from predominantly proto-Earth mantle or that material ex-

change between the bodies post-impact is possible. A self-contained and self-consistent model for 

the giant impact, resulting disk, and formation of the Moon has yet to be found that explains all of 

the possible geochemical and geophysical evidence on hand, but many models show promising 

results for parts of the problem (Barr, 2016 and references therein).  

 

1.3 Early Evolution of the Moon 

As a result of the Moon-forming impact, it is generally accepted that the subsequent accretion of 

the Moon resulted in a magma ocean, known as the Lunar Magma Ocean (LMO; Shearer et al., 

2006). Accretion of the Moon is believed to have been sufficiently rapid such that the heat of the 

impact was not lost in significant amounts (e.g., Pritchard and Stevenson, 2000; Salmon and 

Canup, 2012; Kegerreis et al., 2022). The subsequent evolution and crystallization of the LMO 

formed primary endogenous lithologies we observe on the Moon today, and is described in a va-

riety of models that seek to constrain the sequence of crystallization of the LMO and explain geo-

chemical, geophysical, and geological observations of the Moon today (e.g., Snyder et al., 1992; 

Elardo et al., 2011; Elkins-Tanton et al., 2011; Rapp and Draper, 2018; Lin et al., 2020). In brief, 

the LMO model first crystallizes mafic cumulates (olivine, then olivine and orthopyroxene), be-

ginning Mg-rich and progressively becoming more Fe-rich. These mafic cumulates are denser than 
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the surrounding magma and sink. After most (~80%) of the LMO had solidified, Ca-rich plagio-

clase feldspar (anorthite) and Ca-bearing pyroxene begin to crystallize. Due to its low density, the 

anorthite floats instead of sinks, and forms a flotation crust on the surface of the Moon (Figure 

1.1). 

 

The final portions of the LMO are enriched in incompatible elementsðthe elements that do not 

readily enter the phases that have crystallized thus farðas well as Fe- and Ti-rich minerals (i.e., 

ilmenite, FeTiO3). The incompatible elements are typified by potassium (K), rare earth elements 

(REE), and phosphorus (P) and together form the chemical signature KREEP (Hubbard et al., 

1971; Warren and Wasson, 1979; Warren, 1989). In the LMO, the layer containing KREEPy 

Figure 1.1 Simplified model of LMO crystallization (left) and subsequent overturn (right), poten-

tially causing Mg-suite magmatism. Minerals crystallize in order from 1 to 6. Not to scale. From 

Borg and Carlson (2023). 
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elements is termed urKREEP, or primeval KREEP, whereas KREEP itself is simply a chemical 

signature found in lunar rocks that have assimilated or acquired portions of the urKREEP layer.  

 

The urKREEP layer and Fe- and Ti-rich layer (also known as ilmenite-bearing cumulates), being 

the last crystallizing layers in the LMO, reside above the more Mg-rich mafic cumulates (olivine, 

pyroxene) and below the plagioclase flotation crust. The ilmenite-bearing cumulates, being denser 

than the underlying mafic minerals, create a gravitational instability (e.g., Solomon and Longhi, 

1977; Elkins-Tanton et al., 2011). The instability is rectified with an overturn of the lunar mantle 

(Figure 1.1), where the primitive, first-formed Mg-rich olivine and pyroxene rose and the ilmenite-

bearing cumulate layer (and possibly the urKREEP layer) sank (e.g., Ringwood and Kesson, 1976; 

Elkins Tanton et al., 2002). Overturn hybridized the chemistry of the lunar mantle, helping to give 

rise to the diversity of lunar rock types known today. In addition, this overturn may have sparked 

the early stages of secondary and tertiary lunar magmatism, likely that of the magnesian and alkali 

suites (e.g., Shearer and Papike, 2005; Elardo et al., 2011; Shearer et al., 2015a).  

 

The LMO crystallization and evolution models use a wide variety of observables as constraints. 

These observables include the geochemistry and geochronology of lunar samples, and geophysical 

observations like crustal structure and thickness. Typically via theoretical modeling or experi-

mental petrology, these studies must also make a variety of assumptions, like the composition of 

the bulk silicate Moon, the initial depth of the LMO, and the timing of differentiation and crystal-

lization (e.g., Elardo et al., 2011; Elkins-Tanton et al., 2011; Charlier et al., 2018). Indeed, some 

of these required assumptions are still debated. Estimations of the duration of LMO crystallization 

ranges from 10 to 220 Ma (e.g., Elkins Tanton et al., 2002; Meyer et al., 2010; Barboni et al., 2017; 
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Maurice et al., 2020), the mode of crystallization in models ranges from fractional to equilibrium 

(e.g., Hess and Parmentier, 1995; Meyer et al., 2010), and the initial depth of the LMO is debated, 

ranging from 250 km to the entire Moon (e.g, Warren, 1986; Canup and Asphaug, 2001). 

 

The LMO model of the thermochemical evolution of the Moon is not perfect. While these models 

explain many characteristics of the Moon quite well, the compositional asymmetry of the lunar 

nearside and farside remains unexplained (e.g., Arai et al., 2008; Laneuville et al., 2013). The lunar 

nearside is host to the vast majority of mare basalts and the Procellarum KREEP Terrane (PKT), 

which is characterized by rocks with KREEP enrichments (Jolliff et al., 2000; Lucey et al., 2006), 

while the farside is more Mg-rich and highly feldspathic (e.g., Ohtake et al., 2009; Ohtake et al., 

2012). Understanding such nearside-farside differences, in addition to constraining key traits of 

LMO crystallization like timing and duration, is key to continuing advancement of LMO crystal-

lization models (e.g., Borg and Carlson, 2023). 

 

1.4 Major Lunar Lithologies  

Rocks on the lunar surface can broadly be divided into three groups: highlands lithologies, mare 

volcanics, and impact-modified rocks. Briefly, highlands lithologies are pristine non-mare rocks, 

and are generally categorized as ferroan anorthosite suite (FAS), magnesian suite (Mg-suite), alkali 

suite, or KREEP basalts (Warren, 1993). Mare volcanics are rocks derived from mare volcanism: 

typically divided into mare basalts and pyroclastic glasses. Third, impact events modify these 

preexisting lithologies to form breccias, melt rocks, and the lunar regolith. Examples of these li-

thologies are shown in Figure 1.2.  
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Figure 1.2 Examples of lunar lithologies in hand sample, plane-polarized light (PPL) and cross-

polarized light (XPL). Sample 15415 is a ferroan anorthosite; 78235 is a norite from the Mg-

suite; 15386 is a KREEP basalt; 70135 is a high-Ti basalt; 68815 is an impact melt breccia. All 

scale bars are 500 µm. Hand sample images are credit to NASA, others are VirtualMicroscope. 
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1.4.1 Highlands Lithologies  

The four categories of highland rocks (FAS, Mg-suite, alkali suite, and KREEP basalts) together 

account for more than 99% of the volume of the lunar crust (Head, 1976). These rocks are ancient 

(>3.8 Ga), and therefore have been exposed to significant impact bombardment. Determining the 

degree of pristinity of a given sample is key to understanding the amount of alteration or modifi-

cation the sample has endured (Warren and Wasson, 1977; Warren et al., 1990). Samples with low 

pristinity were significantly altered by impacts and generally carry the geochemical and petrologic 

signatures of such alteration. These signatures include increased siderophile element concentra-

tions, impact textures, phase homogeneity, and reset radiometric age (Warren and Wasson, 1977). 

While some of these traits do not uniquely identify pristine or non-pristine materials, a combination 

of non-pristine attributes may collectively indicate a non-pristine sample. The following sections 

present the petrology and geochemistry of each of the pristine highland rock categories, and their 

respective significance to the overall geochemical evolution of the Moon. 

 

1.4.1.1 Ferroan Anorthosite Suite (FAS) 

The FAS are characterized by their overall high modal proportion (>77 vol.%) of Ca-rich plagio-

clase feldspar (anorthite), with the remaining portion predominantly being the mafic phases py-

roxene and olivine (e.g., Wieczorek et al., 2006). The ages for the FAS range from 4.29 to 4.57 Ga 

(ages predominantly measured using the Sm-Nd isotopic system), and these lithologies are thought 

to be the primary flotation crust of the Moon (Shearer et al., 2006; Borg and Carlson, 2023). Borg 

and Carlson (2023) summarize the attempts to determine ages for the FAS, and conclude that three 

samples, Apollo 16 samples 60025 and 62237, and lunar meteorite Yamato 86032, result in the 
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best isochrons for the FAS and combine in a weighted average to 4.36 Ga (Nyquist et al., 2006; 

Borg et al., 2011; Sio et al., 2020). 

 

The geochemistry and petrology of the FAS is not uniform across the Moon. While the ferroan 

anorthosites (FANs) are most dominant in our sample collections, magnesian anorthosites (MANs) 

and pure anorthosites (PANs) have been found in lunar meteorites and via remote sensing. The 

ferroan variety of lunar anorthosite is enriched in iron in its mafic minerals relative to other high-

land suites, with Mg# (molar 100×Mg/[Mg+Fe]) typically between 35 and 75 (Figure 1.3; e.g., 

Dowty et al., 1974b; James, 1980). The MANs, as their name suggests, typically have higher Mg# 

in pyroxene and olivine, more similar to the magnesian suite (Korotev et al., 2003; Takeda et al., 

2006). The PANs have the highest modal abundances of plagioclase of FAS subgroups, upwards 

of 96 vol.% and have, to date, 

only been identified via remote 

sensing (Ohtake et al., 2009; 

Korotev et al., 2010; 

Yamamoto et al., 2012). One 

additional group of anortho-

sites is the pink spinel anortho-

site (PSA), which has only to 

date been identified in remote 

sensing spectra of the Moon, 

but consists primarily of Mg-

Al-spinel and plagioclase 

Figure 1.3 Plot of Mg# in mafic silicates against anorthite con-

tent of plagioclase, showing fields of FANs, the Mg-suite, and the 

alkali suite. From Shearer et al. (2015a). 
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(Pieters et al., 2011; Lal et al., 2012; Gross et al., 2014; Pieters et al., 2014; Prissel et al., 2016b; 

Sun et al., 2017; Treiman et al., 2019).  

 

1.4.1.2 Magnesian Suite 

The Mg-suite is a diverse group of lithologies that are grouped together due to their overall high 

Mg# in olivine and pyroxene (Figure 1.3). This suite is composed almost exclusively of coarse-

grained plutonic samples. Their modal mineralogy varies significantly more than the FAS, having 

constituents of dunites (>90 vol.% olivine), troctolites (predominantly olivine and plagioclase), 

norites and gabbronorites (predominantly pyroxene and plagioclase; Figure 1.2), and spinel-bear-

ing troctolites (e.g., Shearer et al., 2015a). The ages of the Mg-suite rocks overlap with that of the 

FAS, with recent evaluations finding that Mg-suite magmatism occurred between 4.30 Ga and 

4.36 Ga (Borg et al., 2020; Borg and Carlson, 2023).  

 

These lithologies represent the first stage of lunar crust building through magmatism, and there 

exist a variety of models that seek to constrain the mechanisms of Mg-suite petrogenesis and em-

placement (e.g., Elardo et al., 2011; Shearer et al., 2015a; Elardo et al., 2020; Prissel and Gross, 

2020). These models attempt to reconcile the high Mg# of the Mg-suite, a trait that implies prim-

itive origin from early LMO cumulates, with chemical signatures implying a more evolved origin. 

The Mg-suite contains a relatively high proportion of plagioclase, have a KREEPy signature in 

trace elements, and are low in elements that should be higher in early LMO cumulates (i.e., Cr, Ni, 

Co; Shearer et al., 2015a). One compelling model for the formation of the Mg-suite, described in 

Elardo et al. (2011), suggests that during the overturn of the lunar mantle, these Mg-rich mafic 

cumulates rose to the base of the crust, mixing with and assimilating portions of the plagioclase 
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flotation crust and urKREEP material. Another model, described in Shearer and Papike (2005), 

proposes that the Mg-suite formed from a hybridized mantle source involving Mg-rich mafic cu-

mulates and urKREEP that mixed during the overturn of the lunar mantle. For both models, these 

magmas would then be emplaced and crystallize in the primary flotation crust, forming the plutonic 

samples we see in our sample collection today (McCallum and Schwartz, 2001). At least one Mg-

suite sample, 76535, has been proposed to be a possible crystalline impact melt from a large impact 

basin (White et al., 2020). 

 

1.4.1.3 Alkali Suite 

The alkali suite is composed of lithologies that are enriched in alkali elements (e.g., Na, K) such 

as quartz monzodiorite (QMD), granite, alkali anorthosite, alkali gabbronorite, and felsite (e.g., 

Taylor, 2009). Collectively these lithologies have lower Mg# than the Mg-suite, and less anorthitic 

plagioclase than both the Mg-suite and FAS (Figure 1.3; Wieczorek et al., 2006). The alkali suite 

has not produced many concordant isochrons in the Sm-Nd or Rb-Sr radiometric isotopic systems. 

Uranium-Pb ages for zircons believed to be fragmented parts of the alkali suite, however, give 

ages clustering around 4.34 Ga, with a tail extending to approximately 3.8 Ga (Borg et al., 2015; 

Borg and Carlson, 2023). The 4.34 Ga cluster is consistent with, but extends to much younger ages 

than, the FAS and Mg-suite. For these reasons, Borg and Carlson (2023) conclude that if the ages 

extending to 3.8 Ga are of primary igneous origin, the alkali suite is unrelated to the Mg-suite.  

 

Geochemically, the alkali suite has a KREEP-enriched signature, likely implying an origin related 

to urKREEP and KREEP basalts. A variety of models have been used to explain the petrogenesis 

of the alkali suite. Some models suggest the alkali suite is created from fractionally crystallizing 
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KREEP basalt magmas (e.g., Ryder, 1976; Snyder et al., 1995a). Other models invoke silicate 

liquid immiscibility (SLI) to form lunar granites. When formed via SLI, a basaltic magma would 

undergo fractional crystallization until the magma would form two immiscible liquids, one silica-

rich (forming a granite upon crystallization) and the other enriched in iron (which would form a 

ferrobasalt), but there is limited evidence that SLI occurred on large scales on the Moon (Neal and 

Taylor, 1989b; Gullikson et al., 2016). A different model to form such silica-rich lithologies in-

volves basaltic underplating (e.g., Valencia et al., 2019). The enigmatic petrogenesis of silicic 

magmatism on the Moon is a high priority topic that will hopefully gain more widespread traction 

due to the upcoming mission, Lunar Vulkan Imaging and Spectroscopy Explorer (Lunar-VISE), 

that will investigate the Gruithuisen Domes, a silica-rich volcanic dome that may hold clues to the 

formation of such silicic lithologies (e.g., Jawin et al., 2019). 

 

1.4.1.4 KREEP Basalts 

The KREEP basalts are volcanic rocks enriched in incompatible trace elements that are believed 

to trace back to urKREEP. These rocks are rich in pyroxene and plagioclase, but also contain a 

considerable portion of glassy mesostasis (Figure 1.2; e.g., Taylor et al., 1991; Shearer et al., 2006). 

The pyroxene is predominantly large orthopyroxene cores but surrounded by pigeonite and augite 

rims (Shearer et al., 2006; Taylor et al., 2012; Cronberger and Neal, 2017). Cronberger and Neal 

(2017) suggest the orthopyroxene cores are not phenocrysts, but rather xenocrysts that have been 

overgrown with pigeonite and augite, co-crystallizing with plagioclase. The ages for the KREEP 

basalts are fairly well constrained, with ages from 3.82 to 3.86 Ga for the Apollo 15 samples 

(Papike et al., 1998). This constrained age for the KREEP basalts may indicate a petrogenetic 

relationship with the alkali suite, which may have formed until 3.8 Ga (e.g., Snyder et al., 1995a). 
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Another model, initially proposed by Warren (1988), suggests that the Mg-suite parental melts 

assimilated urKREEP and, through progressive fractional crystallization, formed the KREEP bas-

alts.  

 

1.4.2 Mare Volcanics 

The second main stage of magmatic crust building on the Moon formed the lunar maria. Covering 

approximately 17% of the Moonôs surface, these basaltic deposits are unique to the Moon and 

erupted for a large portion of the Moonôs existence (Head, 1976). These volcanic deposits are 

divided into two broad groups, each with its own subtypes: the mare basalts are the record of 

effusive flood volcanism that erupted for possibly more than 3 Gyr of the Moonôs history, and the 

pyroclastic deposits, composed of glass beads that erupted in explosive fire-fountaining eruptions 

(e.g., Head and Wilson, 1992). 

 

1.4.2.1 Mare Basalts 

Dominating the lunar nearside, mare basalts have flooded ancient impact basins. The mare basalts 

exhibit a wide variety of geochemical and petrologic makeups, but are typically divided into broad 

groups based on their bulk-rock TiO2 content. High-Ti basalts (e.g., Figure 1.2) contain more than 

6 wt.% TiO2, and very-low-Ti (VLT) basalts contain less than 1 wt.% TiO2, with intermediate 

values considered low-Ti (Neal and Taylor, 1992). These divisions can serve as a proxy for the 

modal abundance of ilmenite because Ti primarily partitions into the Fe-Ti oxide ilmenite. In ad-

dition to Ti content, the basalts can be further divided by alumina and potassium content, which 

can serve as proxies for plagioclase modal abundance and KREEP content, respectively (Neal and 

Taylor, 1992). The mare basalts are composed of varying amounts of olivine, pyroxene, 
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plagioclase, and ilmenite, in addition to an abundance of minor phases (some present in late-crys-

tallizing pockets known as mesostases) such as apatite, baddeleyite, tranquillityite, merrillite, po-

tassic feldspar, ulvöspinel, armalcolite, and residual glass. Mare basalts are sourced from the lunar 

mantle, and their diversity in composition suggests heterogeneity in their source regions (Grove 

and Krawczynski, 2009). The mare basalts are sourced from less than 250 km below the lunar 

surface via small degrees (<10%) of partial melting of the mantle (Longhi, 1992; Shearer et al., 

2006; Grove and Krawczynski, 2009; Hallis et al., 2014; Head and Wilson, 2017). 

 

The ages of mare basalts have been a focus of much research over the past half century, both in 

studies of samples and modeling ages based on remote observation of crater density on lava plains 

(e.g., Boyce et al., 1974; Nyquist and Shih, 1992; Hiesinger et al., 2003; Terada et al., 2007; 

Hiesinger et al., 2011; Stadermann et al., 2018; Li et al., 2021). The earliest mare volcanism (cryp-

tomare, or mare basalts that were subsequently buried) in our sample collection may be as old as 

4.35 Ga, recorded in lunar meteorite Kalahari 009 (Terada et al., 2007), while the youngest are 

basalts from the Changôe 5 sample return mission in 2020, measured at 2.0 Ga (Che et al., 2021; 

Li et al., 2021). It is worth noting that the high-Ti basalts tend to have older crystallization ages 

(~3.6ï3.8 Ga) relative to the low-Ti basalts (~3.2 Ga; e.g., Tartèse et al., 2019 and references 

therein). The young age from Changôe 5 samples is rivaled only by remote sensing studies which 

suggest that mare volcanism may have extended to 1 Ga (e.g., Hiesinger et al., 2003, 2011; 

Stadermann et al., 2018) and some studies proposing that certain regions (the irregular mare 

patches) record mare volcanism as recently as 100 Ma (e.g., Braden et al., 2014). The PKT is 

coincident with a large portion of the nearside mare basalt deposits (Jolliff et al., 2000; Lawrence 

et al., 2007). The role that the PKT had in mare basalt magma generation and eruption is under 
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debate, with many papers suggesting that the heat-producing elements within the PKT (i.e., K, U, 

Th) allowed for the extended duration of mare volcanism on the Moon (e.g., Jolliff et al., 2000; 

Ziethe et al., 2009; Hiesinger et al., 2011), but the youngest basalts returned from the Moon are 

not from a KREEP-enriched source (Tian et al., 2021). 

 

1.4.2.2 Pyroclastic Deposits 

Pyroclastic deposits on the lunar surface are the record of fire-fountaining eruptions, which formed 

large deposits of glass beads on the lunar surface. These glass beads, quenched in the cold vacuum 

of space near the lunar surface, create ñdark mantleò deposits more than 200 km2 in size (McCauley 

and Wilhelms, 1971; Head, 1974). The glass beads are small, typically on the order of 100 µm in 

diameter, and bear a wide range of TiO2 contents, from less than 0.25 to more than 16 wt.% TiO2 

(e.g., Heiken et al., 1974; Delano, 1986). Their TiO2 content is correlated with their color, which 

ranges from green (VLT glasses), to yellow, orange, and red with increasing TiO2 content, and 

eventually black (Grove and Krawczynski, 2009). Geochemically, these samples are ultramafic, 

with very high concentrations of MgO and FeO (>35 wt.% combined), implying liquidus temper-

atures more than 1450 °C (e.g., Elkins-Tanton et al., 2003; Grove and Krawczynski, 2009). The 

geochemical diversity of pyroclastic glass beads indicates, like the mare basalts, that the lunar 

mantle is heterogeneous in composition (Elkins-Tanton et al., 2003). These glasses are believed to 

be sourced from depths greater than that of the mare basalts, generally from 200 to 400 km, and 

erupted roughly contemporaneously with the mare basalts (Delano, 1986; Taylor et al., 1991; 

Grove and Krawczynski, 2009). 

 

1.4.3 Impact Products 
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The pristine rocks discussed in the sections above have been exposed to impact bombardment on 

the lunar surface since their formation. Over time, repeated impacts of all sizes have reworked and 

modified the lunar surface to create the lunar regolith, impact melts, and breccias. These impact-

produced rocks are mixtures of various endogenous lithologies and often also other preexisting 

impact-related rocks. Very large impacts have disrupted the Moonôs crust and created what is es-

timated to be several km of ñmegaregolith,ò a layer of heavily fractured and mixed lunar crust 

(e.g., Hartmann, 2003; Taylor, 2009; Richardson and Abramov, 2020). The very top surface of the 

Moon is covered in lunar soil or regolith, created through the continuous rain of micrometeorites 

that progressively erode the lunar surface to a powder. While the material that makes up the lunar 

regolith is predominantly local and represents the regionôs bedrock, small amounts of material can 

be transported hundreds of km by larger impacts in secondary crater rays (e.g., Pieters et al., 1985; 

Wentworth et al., 1994). 

 

Beyond small rock fragments like those found in soils, impact breccias are the next most common 

product of impact cratering (Figure 1.4). These rocks are composed of lithic and mineral fragments 

that are welded together with bona fide impact melt or via heat from the impact events. These 

rocks are incredibly diverse across the Moonôs surface because they contain and mix the material 

present at the impact site in various proportions. Historically, there have been many terms to clas-

sify impact breccias on the Moon and terms were not always used consistently (Stöffler et al., 

1979; Taylor et al., 1991; Osinski et al., 2018). Recent efforts, like that of Stöffler and Grieve 

(2007) and Osinski et al. (2008), have sought to create a series of terms to describe impact-related 

rocks (on all terrestrial bodies) that is internally consistent and sufficiently descriptive such that 
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definitions are not always necessary. For the purposes of this dissertation, we will discuss impact 

breccias and melts in the terms described in Stöffler and Grieve (2007) and Osinski et al. (2008). 

 

Impact melt is the molten rock produced by highly energetic impact events (Melosh, 1989; Osinski 

et al., 2018). Larger impact events produce proportionally larger amounts of impact melt, although 

impact parameters such as target material and porosity, impact angle, and impactor material can 

affect the total volume of impact melt as well (Osinski et al., 2018). Impact melt itself is a blend 

of target material and, to a small degree, impactor material (e.g., Day, 2020; McIntosh et al., 2020). 

Figure 1.4 Schematic of impactites and their location within a complex crater. Illustration from 

the Lunar and Planetary Institute, credit to C. Jilly.  
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The impact melts in our sample collections range from fully crystalline to glass (or devitrified 

glass), and can contain varying amounts of lithic and mineral clasts. Clast-bearing impact melt 

rocks are important because some of their entrained clasts may be rare lithologies that we do not 

otherwise have in our sample collections, thus broadening the diversity of lunar lithologies that 

have been cataloged on Earth. 

 

1.5 Modification of the Lunar Surface 

It is well understood that asteroidal and cometary material have impacted the Moonôs (and the 

Earthôs) surface throughout its history. Early exploration of the Moon and returned samples re-

vealed a preponderance of ages of impact melts clustering around ~3.9 Ga, which was interpreted 

to represent a period of intense bombardment that formed many of the large impact basins on the 

Moon, termed the Late Heavy Bombardment (LHB) or the terminal cataclysm (Figure 1.5; e.g., 

Tera et al., 1974; Wetherill, 1975; Neukum, 1983; Shoemaker and Shoemaker, 1998). Studies 

challenging the LHB paradigm have existed since the 1970s, but gained significant traction in the 

past decade (Hartmann, 2019 and references therein). Some recent models of early lunar bombard-

ment suggests the impactor flux may be more accurately described as declining bombardment, 

with an exponentially decreasing rate of impacts with time, or a sawtooth pattern, with sharp in-

creases in bombardment periodically followed by exponential decline between increases (Figure 

1.5; e.g., Boehnke and Harrison, 2016; Bottke and Norman, 2017; Morbidelli et al., 2018).  

 

Impactors typically strike the lunar surface at velocities of 5 km/s to sometimes more than 40 km/s 

(e.g., Marchi et al., 2009), imparting sufficient energy to melt and vaporize the lunar surface; the 

impactor is generally entirely vaporized (Melosh, 1989). The molten rock resulting from an impact 
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event is termed impact melt and can have extremely high temperatures: zircons in impact melt 

have recorded temperatures greater than 2370 °C on the Earth and Moon (e.g., Timms et al., 2017b; 

White et al., 2020; Tolometti et al., 2022). These energetic events also impart massive amounts of 

pressure into the surface, typically many 10s of GPa. Such pressures have been recorded in many 

terrestrial impactites, and also in lunar meteorites, in the form of reidite (e.g., Cavosie et al., 2016; 

Timms et al., 2017a; Cavosie et al., 2018; Xing et al., 2020; Tolometti et al., 2022). Unraveling 

such pressure and temperature conditions for lunar impact events is crucial to understanding how 

lunar samples may have been affected geochemically or petrologically, particularly given how 

abundant impact-related rocks are on the Moon. 

Figure 1.5 Schematic showing different models of early lunar bombardment. From Hopkins and 

Mojzsis (2015). 
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1.6 Outstanding Questions 

Vast amounts of research has been conducted over the past 60 years to unravel the history of the 

Moon and the Moonôs role in the Earth-Moon system. While countless discoveries have been 

made, consensuses created and undone, and multiple generations of scientists have formed their 

careers studying the Moon during this time, many questions remain regarding lunar magmatism 

and impact bombardment. This dissertation seeks to answer just some of those outstanding ques-

tions. 

 

Understanding the diversity of basalts erupted onto the lunar surface is key to constraining models 

of lunar magmatism and thermal evolution. The Apollo missions returned many basaltic samples, 

but the diversity of those samples is generally limited to the basalts present at or near a given 

landing site. Remote sensing investigations indicate that there exists geochemical variety in lunar 

basalts not represented in the lunar sample collections. Sending future missions to locations of 

unsampled basalts is a priority for future lunar exploration (National Academies of Sciences and 

Medicine, 2022), but detailed investigation of lunar soils and breccias may reveal basalt fragments 

that have not yet been described. What can newly discovered lunar igneous lithologies inform us 

about the thermal and geochemical evolution of the Moon and its magmatism? Chapters 3 and 4 

of this dissertation are dedicated to identifying and characterizing potential basalts from the Apollo 

12 and Apollo 16 missions that have not been described previously. 

 

Specifically, Chapter 3 introduces a basaltic sample that has elevated concentrations of KREEP 

elements, but is distinct from KREEP basalts. I present findings that suggest the basaltic soil 
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fragment was delivered to the Apollo 12 landing site from Oceanus Procellarum, and that it repre-

sents a previously undescribed mare basalt. In Chapter 4, I present lithic clasts preserved in an 

Apollo 16 impact melt rock. These lithic clasts are geochemically very similar to the Mg-suite 

spinel troctolites but exhibit fine-grained textures reminiscent of extrusive igneous samples. I show 

that some of the lithic fragments could be endogenous and may represent Mg-suite volcanism. 

 

The samples described in Chapters 3 and 4 were broken and modified by impact events that, par-

ticularly for those described in Chapter 3, likely delivered the basalt fragment to the landing site 

in which it was found. In Chapter 5 I seek to characterize the pressures and temperatures experi-

enced by mineral fragments embedded within an impactite. The sample in Chapter 5 is a suevite, 

a polymict impact melt-bearing breccia from Ries Crater in southern Germany. 

 

Overall, my work seeks to better constrain two of the most fundamental geologic processes on the 

Earth and Moon: volcanism and impact bombardment. My work adds to the known diversity of 

lunar basalts, and implores a continued interrogation of breccias and soils for identifying previ-

ously undescribed lithologies. Additionally, I contribute to the growing literature of high pressure 

and high temperature conditions recorded in impactites. Such constraints on the pressure and tem-

perature conditions of impact events are crucial to help understand the impact cratering process 

and its effects on target materials, both on the Earth and Moon. 
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Chapter 2. Methods 

 

2.1 Optical Microscopy 

Typically one of the first methods of analysis used by scientists studying rock samples, optical 

microscopy was essential to this study. Most optical light is unpolarized, meaning that the light 

wave vibrates in random orientations perpendicular to the direction the light wave is traveling. To 

study geological samples, scientists use polarized light, which uses a polarizing filter to eliminate 

all but one orientation of light wave vibrations (Figure 2.1). This viewing mode is plane-polarized 

light (PPL) when this polarized light is transmitted through an optically transparent slice of rock 

(typically 30 µm, known as a thin section). Inserting a polarizing filter above the sample, perpen-

dicular to the original filter, creates cross-polarized light (XPL; Figure 2.1). If no mineral is located 

between these two filters, all light is blocked after the second lens. However, when placed between 

the two filters, most minerals rotate the initially polarized light so some degree. This rotation al-

lows for some light to pass through the second filter. Using XPL allows geoscientists to gain fur-

ther information about the minerals in the thin section. Finally, by illuminating the sample only 

from above and observing the returning reflected light (RL), we can discern phases that are opaque 

in PPL (typically metals, and oxides like ilmenite). 

 

Optical microscopy was used in this work to create navigational maps of the samples used, in PPL, 

XPL, and RL. These are the base maps on which further analyses are located and placed into 

context. Optical images were also used qualitatively to gain an understanding of the textures of 

investigated samples. We used primarily a Keyence VHX7000 Digital Microscope housed in the 

Kuiper Materials Imaging and Characterization Facility (KMICF) at the University of Arizona, 
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but Chapter 5 uses the Zeiss Axioimager automated petrographic microscope at NASAôs Johnson 

Space Center, in the Astromaterials Research and Exploration Science (ARES) division.  

 

2.2 Electron Microscopy 

The motivation for electron microscopy is similar to that of optical microscopy: the desire to un-

derstand the sample of interest using non-destructive techniques, but using beams of electrons 

instead of photons. The switch to electrons is beneficial: visible photons have wavelengths be-

tween approximately 400 and 700 nm, which limits the resolving power. Electrons, on the other 

hand, can have much shorter wavelengths, allowing for significantly higher resolution. The elec-

trons are sourced from an electron gun, usually a tungsten filament cathode or field-emission gun, 

Figure 2.1 Principle of optical microscopy. Unpolarized light (at right) becomes polarized when 

transmitted through a polarizing filter (center). A polarizing filter oriented perpendicular to the 

initial filter prevents all light from passing through (left). If an anisotropic mineral is placed be-

tween the two minerals, the initially polarized light is rotated, such that some amount of light is 

capable of transmitting through the second filter. From OpenGeology Mineralogy online textbook. 
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to form a focused beam that can be less than 1 nm in diameter. This electron beam is often rastered 

over the sample surface to create an image. 

 

As a result of the electron beam striking the surface of the sample, many different interactions take 

place, allowing for a variety of measurements to be made on the sample (Figure 2.2). The key 

difference between many of these techniques is the interaction volume, which can range from 0.1 

nm (Auger electrons) to more than 1 µm (electron probe microanalysis). Interaction depth and 

interaction volume shape varies depending on properties such as atomic number of the target ma-

terial, angle of surface relative to incident electron beam, and accelerating voltage (Goldstein et 

al., 2017). Most commonly used in this work were backscattered electrons (BSE) that are produced 

by elastic scattering of incident electrons and reveal elemental and phase information from the 

sample. Other interactions that are utilized include characteristic X-rays, cathodoluminescence, 

and transmitted electrons (only for electron transparent samples). 

 

2.2.1 Electron Probe Microanalysis 

The electron probe microanalyzer (EPMA) uses the characteristic X-rays resulting from electron 

beam interactions to constrain the chemistry of a sample (Heath and Kusserow, 2018). In detail, 

the incident beam of electrons displaces inner shell electrons within the atoms it interacts with. To 

regain stability, an outer shell electron drops to the inner shell. This transition results in loss of 

energy in the form of X-rays, the wavelength of which are characteristic of the atom (element) in 

the target. The characteristic X-rays are analyzed with a wavelength dispersive X-ray spectrometer 

(WDS) to measure the wavelengths of X-rays emitted from the sample and are characteristic of 

the elements they originated from (Figure 2.3). In EPMA, the instrument is equipped with 
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spectrometers consisting of crystals of specific lattice (d) spacings. During analysis the spectrom-

eters move to specific angles such that they can diffract the characteristic X-rays of a given element 

of interest into the detector. The theory relating to the d-spacings to the angle at which the 

Figure 2.2 Effects of an electron beam striking a sample. Of relevance to this study are backscat-

tered electrons, characteristic X-rays, cathodoluminescence, and elastically scattered electrons. 

From Wikipedia. 
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spectrometers must be placed and 

the angle of diffraction to the detec-

tor is Braggôs equation: nl = 2d 

sin(q), where n is the diffraction or-

der, l is the wavelength, d is the in-

teratomic spacing, and theta is the 

angle of diffraction. The number of 

X-rays of a particular wavelength 

(or element) striking the detector 

per second is tabulated and com-

pared with a previously analyzed 

standard with known composition. 

In essence and as an example, if a 

standard is known to consist of 50 

wt.% Fe, and the sample emits half 

as many X-rays per second as the standard, the sample is measured as having 25 wt.% Fe. For such 

analyses, the EPMA uses beam sizes down to ~1 Õm, but can perform ñbroad beamò analyses up 

to 20 µm in diameter. EPMA has advantages over other techniques in that EPMA is quantitative 

and mineral or phase stoichiometry can be derived from it. 

 

In addition to quantitative elemental analyses, elemental X-ray maps are possible. This measure-

ment involves rastering the beam over a sample and measuring the X-ray intensity variations, again 

with the WDS. The resulting intensity image shows the variation of that element across the sample, 

Figure 2.3 Schematic of an EPMA. The electron beam 

strikes the sample surface, causing characteristic X-rays to 

form. These X-rays then enter the WDS system, where they 

are diffracted by specific crystals according to Braggôs 

equation into the detector for analysis. Image from Heath & 

Kusserow (2018).  
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and can be combined with other elemental maps to create a false color composite that highlights 

in varying colors the compositional variations within a sample. 

 

The instruments used for EPMA in this work are the Cameca SX100 at the KMICF, and the JEOL 

733 Superprobe with Advanced MicroBeam Inc. automation and the JEOL JXA-8200, both at 

Washington University in St. Louis. With these instruments, we obtained geochemical data and 

elemental X-ray maps of entire sections and regions of interest. 

 

2.2.2 Scanning Electron Microscopy 

Scanning electron microscopes (SEMs) were used in this work to obtain high-resolution BSE im-

ages of samples and obtain geochemical and microstructural information from regions of interest.  

 

In BSE images, brighter pixels are correlated to regions that backscattered more electrons to an 

annular detector above the sample relative to darker areas. An electron is more likely to be 

backscattered when the atomic number of an element it scatters from is high (Goldstein et al., 

2017). In this way, the mean atomic number of a mineral or region can be inferred to be high or 

low relative to the surrounding material, revealing geochemical variation within a sample. A min-

eral with heavier elements, like Fe or Ti, would appear brighter in BSE images than a mineral 

composed of lighter elements, like Si or Al. 

 

In addition to detecting backscattered electrons, the SEMs we used have capabilities to detect 

characteristic X-rays using energy dispersive X-ray spectrometers (EDS). This is similar to and 
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faster than WDS in EPMA, but is susceptible to peak overlaps and precision can be affected by 

spectral resolution. 

 

Lastly, we obtained cathodoluminescence (CL) images of select samples. This technique involves 

valence electrons promoted to unoccupied conduction band states within an atom after inelastic 

scattering from beam electrons. This elevated state is unstable, and the electron relaxes to the va-

lence state, emitting a photon equivalent to the energy gap between the conduction band and the 

valence band, typically 1ï5 eV, corresponding to infrared, visible, and ultraviolet photons 

(Goldstein et al., 2017). Such emissions are possible due to the band gap within semiconductors 

and insulators and is termed intrinsic luminescence. Additionally, the presence of impurities (e.g., 

transition metals, rare earth elements) and local defects (e.g., dislocations) can cause extrinsic lu-

minescence that also involves an excited electron relaxing to a ground state. The CL images, there-

fore, reveal a variety of traits of a crystal, including crystal growth, zonation, and deformation, 

which provides information on the history of a given crystal. In particular, we used CL imaging in 

Chapter 5 to provide textural information on zircon grains of interest. CL images of zircon are 

particularly useful to reveal trace elements and growth history of the zircon, which is most com-

monly used to inform where mass spectrometry measurements should be made. 

 

The SEMs used in this study are the Hitachi 4800, the Hitachi TM4000Plus II, and the Thermo 

Fisher Scientific Helios G3 Focused Ion Beam (FIB)-SEM in the KMICF. At ARES, we used the 

JEOL 7900F. Finally, we used the Hitachi 3400N SEM, which is equipped with a Gatan Chro-

malCL2 detector, at the University of Arizonaôs Department of Geosciencesô LaserChron center. 

 



 

 49 

2.2.3 Electron Backscatter Diffraction 

A relatively unique application of scanning electron microscopy is electron backscatter diffraction 

(EBSD). This involves using the backscattered electrons to form a diffraction pattern, known as a 

Kikuchi pattern, which is characteristic of a mineralôs crystal structure and that structureôs orien-

tation in three-dimensional space. In order to achieve this, the sample must first be polished using 

colloidal silica to remove surface deformations and scratches that would hinder Kikuchi pattern 

formation. For the purposes of this work, we used a water-free 50 nm colloidal silica suspension 

on a vibratory polisher for several hours. After polishing, a thin, <5 nm carbon coat is applied to 

the sample. Inside the SEM, the sample is tilted 70° from horizontal such that the sampleôs polished 

surface is sloped to face the EBSD detector (Figure 2.4). The detector consists of a phosphor screen 

that fluoresces when electrons arrive from the sample and a detector (camera) to view the pattern 

formed on the phosphor screen. The ob-

served Kikuchi pattern is automatically in-

dexed through transformation into Hough 

space. This process in fully automated and 

typical EBSD systems can index many 

points (pixels) per second. These pixels, 

each with phase and crystallographic orien-

tation information, are collected for a given 

region of interest. Therefore, EBSD allows 

us to characterize phases, their distributions, 

grain size, texture, and local strain. 

 

Figure 2.4 EBSD setup inside an SEM. The sample 

is inclined 70° from horizontal, facing the EBSD de-

tector. Image from Goldstein et al. (2017). 
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The JEOL 7900F at ARES was used to create all of the EBSD maps used in this dissertation. It is 

equipped with an Oxford crystal metal oxide semiconductor (CMOS)-based EBSD detector. It can 

collect at a rate of up to 3000 Hz and down to spatial resolutions of 50 nm. In addition to crystal-

lographic information, this SEM can be coupled with EDS analyses, resulting in coordinated crys-

tallographic and geochemical maps of a sample. 

 

2.2.4 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is unique relative to the electron microscopic techniques 

discussed thus far. Instead of a solid sample like a bulk chip or thin section mounted on a glass 

slide, TEM requires electron transparent sections, which are typically <100 nm in thickness. To 

acquire such a specimen, we use the FIB-SEM in the KMICF. This instrument allows for a Ga+ 

ion beam to progressively erode portions of a sample in such a way to cut free a vertical portion 

(relative to the horizontal sample surface) of the sample. This cross section is then thinned, again 

using the ion beam, to electron transparency. Exact thickness required for TEM varies with com-

position of the substrate and the desired techniques within the TEM to use on the cross section. 

 

Within the TEM, the thinned cross section is exposed to a highly energetic beam of electrons 

(typically >100 keV) and under these conditions the electrons behave like waves and can pass 

through the sample. This allows for a greater diversity of analytical methods, and at higher reso-

lution, relative to surficial analyses like those using EPMA or SEMs. Some electrons are elastically 

scattered by the planes of atoms within the crystals in the cross section. This can be used to form 

a diffraction pattern, which is characteristic of the mineral and crystallographic direction of that 

mineral. In another mode, we use the very high angle, incoherently scattered electrons to form a 
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high-angle annular dark-field (HAADF) image. Such images are sensitive to atomic number vari-

ation in the sample. We used these functions of the TEM to obtain further detailed crystallographic 

information about a sample in Chapter 5. In this work, we used the Hitachi HF5000 scanning TEM 

(S/TEM) in the KMICF. 

 

2.3 Instrumental Neutron Activation Analysis 

Instrumental neutron activation analysis (INAA) is a technique used to determine the abundance 

of many elements simultaneously in a bulk sample. A sample is initially irradiated with neutrons 

at a reactor core, causing the atoms in the sample to gain neutrons in their nucleus. Having addi-

tional neutrons in the nucleus causes the atom to be radioactive and decay with time. These decays 

are measured via gamma ray spectroscopy, which is quantified through comparison with standards 

irradiated at the same time as the sample. This method is utilized in Chapter 3 to determine trace 

element abundances within the sample of interest. 

 

2.4 Experimental Petrology 

In Chapter 3, we use experimental petrology to serve as an analog for a natural sample from the 

Moon. This involved measuring reagents to form a powder of a particular composition. These 

powders were mixed thoroughly, and then pressed into ~60 mg pellets using polyvinyl alcohol 

with a hydraulic press. These pellets were fused to a Re wire, which was hung with Pt wire in the 

hotspot of a Deltech vertical gas-mixing furnace. The samples were held in gas mixture that re-

sulted in low oxygen fugacity, consistent with observations of lunar samples. The temperatures 

and durations of experiments varied, and are described in detail in Chapter 3. To remove the sam-

ple from the furnace, we ran a current through the Pt wire, melting it, and dropping the sample into 
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a beaker of water. After quenching the sample, the sample was broken and mounted in epoxy resin. 

This epoxy mount was polished and prepared for analysis via EPMA.  
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Chapter 3. Analysis and Experimental Investigation of Apollo Sample 

12032,366-18, a Chemically Evolved Basalt from the Moon 

 

The contents of this chapter were published in Stadermann et al. (2022). 

 

Abstract 

Sample 12032,366-18 is a 41.2 mg basaltic rock fragment collected during the Apollo 12 mission 

to the Moon. It is enriched in incompatible trace elements (e.g., 7 ppm Th), but does not have a 

bulk composition that would be considered a KREEP (enriched in potassium, rare earth elements, 

and phosphorous) basalt. The sample is of particular interest because it may be representative of 

some of the mare basalts within Oceanus Procellarum that are inferred to be Th-rich, based on 

remote sensing data. The major mineral assemblage of 12032,366-18 is pyroxene, plagioclase, 

olivine, and ilmenite, and the bulk composition has 4.2 wt.% TiO2, 11.7 wt.% Al2O3, and 

0.25 wt.% K2O. The sample contains regions of late-stage crystallized minerals and glass (collec-

tively termed mesostasis), including K-feldspar, apatite, rare earth (RE) merrillite, ilmenite, 

troilite, silica, and relatively sodic plagioclase adjacent to ferroan pyroxene. The mesostasis also 

occurs in several areas that are highly enriched in silica and intergrown with K-feldspar and very 

fine-grained, high-mean-atomic-number phases. We explore the petrology of this sample, includ-

ing the origin of the Si-K-rich mesostasis to assess whether the mesostasis had formed by silicate 

liquid immiscibility (SLI). We used experiments to determine if the bulk composition of 

12032,366-18 is representative of a bulk liquid composition, how the residual liquid evolves, and 

to investigate the partitioning of elements between phases as the melt evolves. Experiments sup-

port that the mesostasis formed by SLI after crystallization of minerals closely matches the major-
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mineral assemblage of 12032,366-18. Experiments bracket the onset of SLI and merrillite satura-

tion between 1024 and 1002 ÁC. Some high field strength elements, such as Zr and P, partition 

preferentially into the Fe-rich liquid. From the experiments, we infer that the bulk composition of 

12032,366-18 represents the magma from which it crystallized. Based on the Th-rich and KREEP-

bearing chemistry of this sample, along with experimental evidence showing that the sample is 

representative of a bulk liquid composition and not a cumulate, we conclude that basalt fragment 

12032,366-18 was delivered to the Apollo 12 landing site as ejecta from a distant impact and could 

represent an Oceanus Procellarum basalt. Missions to Oceanus Procellarum, such as ChangôE 5, 

have the potential to confirm whether some of those basalts are indeed enriched in Th and other 

incompatible trace elements as indicated by remote sensing. 

 

3.1 Introduction  

Mare basalts account for more than a fifth of the lunar samples returned from the Apollo missions. 

The Apollo 12 samples include three main suites of basalts: olivine basalts, ilmenite basalts, and 

pigeonite basalts (Rhodes et al., 1977; Neal and Taylor, 1992; Hallis et al., 2014). All of the suites 

are considered low-Ti, with TiO2 generally <5 wt.%, and low in K (<1000 ppm) and less than 11 

wt.% Al2O3 (Neal et al., 1994). The Apollo 12 basalt collection also includes a feldspathic basalt, 

12038 (Meyer, 2011). 

 

We investigated an Apollo 12 mare basalt rock fragment found in a regolith sample (12032) that 

is unlike any of these main Apollo 12 basalt types and is likely exotic to the site (Jolliff et al., 

2005). It has a trace-element-rich composition but is not a KREEP basalt, as discussed in the Re-

sults and Discussion sections. It has 19.5 wt.% FeO and 11.7 wt.% Al2O3, making it more like 
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mare basalts than the known KREEP basalts. For these reasons we describe the sample as KREEP-

bearing to indicate it is trace-element-rich but has a bulk composition different than Apollo 15 and 

17 KREEP basalts. The lithology includes felsic (Si+K-rich) regions that may be indicative of a 

process such as silicate liquid immiscibility (SLI), metasomatic enrichment, or assimilation (Neal 

and Taylor, 1989a; Kramer and Neal, 2003). 

 

Studying Apollo basalt 12032,366-18 allows us to understand late-stage KREEP-bearing basalts 

and the impact of SLI on the evolution of lunar magmas (Warren and Wasson, 1979; Veksler et 

al., 2007; Gullikson et al., 2016). The late-stage or residual melt crystallizes in small, interstitial 

pockets or mesostasis. These interstitial regions are where accessory phases such as apatite, rare 

earth (RE)-merrillite, zircon, and tranquillityite typically occur (Yoder, 1979; Tartèse et al., 

2013a). These phases are important for understanding the volatile content of the Moon (apatite; 

e.g., Tartèse et al., 2013b; McCubbin et al., 2015) as well as for geochronology (apatite, RE-

merrillite, baddelyeite, and tranquillityite; e.g., Tartèse et al., 2013a; Snape et al., 2016b). We seek 

to better understand the magmatic history of a compositionally evolved lunar basalt. 

 

The Apollo 12 mission landed on November 24, 1969, in southeastern Oceanus Procellarum, at a 

landing site within a prominent secondary ray from Copernicus, but also within reach of ray ma-

terial from Kepler crater (Figure 3.1; Korotev et al., 2011). Western and northern Oceanus Procel-

larum are known for their geologically young basalt flows, as young as 1.0 Ga according to crater 

size frequency distribution analysis (Hiesinger et al., 2003; Qian et al., 2018; Stadermann et al., 

2018). Remotely-sensed compositional studies of these late-stage basalt flows suggest that they 

are relatively rich in thorium (Lawrence et al., 2000; Jolliff et al., 2001), high in iron (Lawrence et 
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al., 2002), and have abundant ilmenite and olivine (Pieters et al., 1980; Staid and Pieters, 2001; 

Gillis et al., 2003). Basalt fragment 12032,366-18 shares some of these characteristics and thus 

could represent one of the evolved mare basalts of Oceanus Procellarum. 

 

We address the following three questions: (1) Is the bulk composition of the sample 12032,366-

18 representative of the liquid from which it crystallized? (2) How did the residual melt evolve as 

this basalt crystallized and what bearing does the incompatible-element enrichment of the basalt 

have on the residual melt crystallization? (3) If immiscible residual liquids were involved, how do 

minor and trace elements partition between these liquids, a process which may affect late-stage 

Figure 3.1 Location of the Apollo 12 landing site and images of 12032,366-18. (a) Lunar Recon-

naissance Orbiter Camera (LROC) Wide Angle Camera (WAC) Global Morphologic basemap 

mosaic of the region surrounding the Apollo 12 landing site. Apollo 12 location, noted by the white 

dot, is in a secondary ray from Copernicus crater. Both context and local images acquired via the 

Lunar QuickMap: quickmap.lroc.asu.edu. (b) Optical image of sawn halves of 12032,366-18 fol-

lowing instrumental neutron activation analysis (INAA) and cool down. 
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mineral chemistry? Addressing these questions contributes to a better understanding of the pro-

cesses by which low-Ti lunar magmas crystallized, in addition to better understanding the origin 

of this basalt fragment. 

 

3.2 Sample Description 

Apollo 12 regolith soil sample 12032 was collected on the Moon from the north rim of Bench 

Crater. This 310.5 g sample has an average grain size of 108 µm and a maturity index (IS/FeO = 

12) indicating an immature to very-immature soil (McKay et al., 1971). The 12032 soil sample is 

poorly sorted, with fragments up to 4 mm. In the 0.6ï1 mm size fraction, a large portion (25ï50%) 

of the grains consist of ñropy glassò (Marvin et al., 1971). The ropy glass was studied in detail by 

Wentworth et al. (1994) who determined 40Ar-39Ar degassing ages of ~800 ± 15 Ma, and inferred 

that these glasses originated from the Copernicus impact event. 

 

The focus of this study is a particular basaltic rock fragment analyzed as part of a split of 2ï4 mm 

rock fragments numbered 12032,366 (Korotev et al., 2011). The rock fragment was designated 

12032,366-18 and was initially described by Jolliff et al. (2005). Following instrumental neutron 

activation analysis (INAA), 12032,366-18 was sawn in two (Figure 3.1b). A portion of the sample 

was made into a polished mount, and analyzed by Jolliff et al. (2005), and a subsample was ana-

lyzed by Barra et al. (2006) for 40Ar-39Ar age determination. They analyzed two splits (A, 1.884 

mg and B, 0.338 mg). Split A yielded degassing ages of 548 ± 21 Ma, 688 ± 10 Ma, and 2329 ± 

48 Ma, while split B yielded degassing ages of 487 ± 41 Ma and 2736 ± 210 Ma. The ~2.3 Ga age 

was interpreted as a minimum crystallization age, whereas the younger ages, ~500ï700 Ma could 

be a disturbance age that may be distinct from the ~700ï800 Ma event that characterizes many 
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other samples at the Apollo 12 landing site. Our work presents results that include those presented 

in Jolliff et al. (2005) and additional detailed petrologic study of basalt fragment 12032,366-18. 

 

3.3 Methods 

Sample 12032,366-18 was first irradiated for analysis of bulk major- and trace-element concentra-

tions via INAA, as described in the Instrumental Neutron Activation Analysis section. The sample 

was then sawn in two at Washington University in St. Louis using a slow-speed diamond wafer 

saw with de-ionized water as a lubricant. One portion was analyzed at the University of Arizona 

for 40Ar-39Ar age determination (Barra et al., 2006). The other portion was mounted in epoxy and 

polished at Washington University in St. Louis. We analyzed the polished grain mount of 

12032,366-18 using electron probe microanalysis, with techniques and standards described in the 

Electron Probe Microanalysis section. Then, Modal Recombination was used to obtain the bulk 

composition. Using the Experimental Methods described in the following section, we performed 

experiments to mimic the fractional crystallization sequence of a liquid similar to 12032,366-18. 

Experimental samples were analyzed using electron probe microanalysis, as described in the Elec-

tron Probe Microanalysis section. Lastly, the Phase Proportions for Experiments were modeled 

using the bulk composition of the experiment and phase compositions. 

 

3.3.1 Instrumental Neutron Activation Analysis 

The sample was irradiated for 24 hours using the University of Missouri Research Reactor. Using 

INAA, the concentrations of 24 major, minor, and trace elements of sample 12032,366-18 were 

determined. Detailed procedures for INAA and specifically for this sample, the inclusion of flux 
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monitors, were described by Barra et al. (2006), Korotev (1991), and, primarily, Korotev et al. 

(2011). 

 

3.3.2 Electron Probe Microanalysis  

Microscopic textures and chemical composition of minerals within both 12032,366-18 and the 

experimental charges were determined using electron probe microanalysis (EPMA). We report 

compositions determined initially using a JEOL 733 Superprobe with Advanced MicroBeam Inc. 

automation and later, the JEOL JXA-8200 at Washington University in St. Louis, and the Cameca 

SX-100 at the Lunar and Planetary Laboratory at the University of Arizona. We obtained back-

scattered electron (BSE) image, elemental X-ray maps of the full section, and performed spot anal-

yses via EPMA. Standards for each analysis varied depending on the element of interest, the phase 

under investigation, and the electron probe used when the analysis occurred (i.e., standards used 

were tailored to maximize the accuracy of each analysis). Primary standards for EPMA included: 

Gates Wollastonite (Si, Ca), San Carlos Olivine (Si, Mg), Rockport Fayalite (Si, Fe), synthetic 

TiO2 (Ti), Natural Rutile (Ti), Alaska Anorthite (Al), Hakone Anorthite (Al, Ca), Cr2O3 P-585 

(Cr), Smithsonian Chromite (Cr), Elba Hematite (Fe), synthetic Mn Olivine (Mn), Rhodonite 

104791 (Mn), Shankland Forsterite (Mg), Taylor Barite (Ba), National Institute of Standards and 

Technology (NIST) Glass K-458 (Ba), Amelia Albite (Na), Crete Albite (Na), Madagascar Ortho-

clase (K), Penn State Orthoclase OR-1 (K), Durango Apatite (P, F), Synthetic Fluorapatite (P), 

Taylor ZrO2 (Zr), Smithsonian Zircon (Zr), Corning Glass 95IRV (Ce), Yttrium Aluminum Garnet 

(Y), Tugtupite (Cl). All analyses were performed using a probe current of 10ï30 nA, an acceler-

ating voltage of 15 kV, and beam diameters ranging from 1 µm to 20 µm, depending on the target 

mineral or phase. No time-dependent intensity corrections were applied. 
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3.3.3 Modal Recombination 

The modal abundances of phases were determined using BSE images and X-ray maps of the sam-

ple in Adobe Photoshop using the histogram tool, which shows the distribution of pixel brightness 

and can be binned. Intervals of brightness in the images were assigned to mineral phases based on 

petrologic and geochemical mapping of the sample. Binning the pixel brightness to values corre-

sponding to different minerals, and evaluating the number of pixels in that bin, corresponds  

to the areal abundance of that mineral in the section. For example, ilmenite has a high mean atomic 

number and so appears bright in the BSE images. Collecting all the pixels with the brightness 

corresponding to ilmenite, relative to all the pixels in the image, gives the areal ilmenite abundance.  

The BSE images, with different levels of brightness and contrast, allowed us to check for con-

sistency in this method (minerals receiving the same areal abundance between images), while X-

ray maps were used to discriminate different minerals with similar mean atomic numbers.  

 

The mean composition of each phase was then used, in conjunction with the abundance of the 

phases, to compute the composition of the bulk sample 12032,366-18. For example, ilmenite ac-

counts for 6% of the areal abundance in the section, so 0.06 times the composition of ilmenite 

gives the component of the bulk composition that derives from ilmenite. Adding this component 

to the other phasesô components gives a total bulk composition that reflects the imaged section and 

the average compositions of phases in that section. 

 

Several sources for potential uncertainty exist with this method of determining bulk composition. 

First, we calculated the composition of a three-dimensional rock fragment based on a single two-
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dimensional slice. Secondly, using BSE and X-ray images of the section provided us with areal 

percentages of phases, which were converted to weight percent of oxides using the average phase 

composition and density. The use of image analysis relies in part on pixel resolution and in some 

cases the pixel size exceeds the size of some crystals, and those pixels along phase boundaries 

average the phase intensities. These resolution-based issues introduce error into the calculation, 

estimated to be about 5% of the phase abundance (Maloy and Treiman, 2007). Lastly, when min-

erals exhibit compositional zoning, the average value of the mineralôs composition was used to 

represent the entire phase. This introduces error when the average of analyses was not representa-

tive of the volume-based average composition of that phase. However, we found good agreement 

between the modal recombination data and the INAA values for the elements analyzed by both 

methods. Doing experiments using the reconstructed bulk composition as a starting material, and 

successfully reproducing the mineral assemblage and composition of minerals in 12032,366-18 is 

a way to confirm that the bulk composition is representative of the lava flow it originated from and 

to learn about the temperature interval for crystallization. 

 

3.3.4 Experimental Methods 

The bulk composition of the sample 12032,366-18 (see Modal Recombination) was taken as the 

starting composition for our melting and crystallization experiments. To recreate the starting com-

position of the 12032,366-18 (Table 3.1), we created a mixture of powdered oxides and other 

compounds (Tables 3.2, B.1). We used SiO2, TiO2, Al2O3, Cr2O3, Fe metal sponge, FeO, Fe2O3, 

MnO, Mg(OH)2, CaCO3, BaCO3, Na2CO3, K2CO3, P2O5, AlPO4, ZrO2, and ZrSiO4, to create the 
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starting compositions. We combined these powders thoroughly 

using a silicon-nitride ball mill with isopropanol and created ~60 

mg pellets using polyvinyl alcohol as a binding agent, and a hy-

draulic press. The pellets were then placed on a Re wire loop and 

hung on a Pt wire thread at the hot spot of a Deltech vertical gas-

mixing furnace. Samples were held in a mixture of H2 and CO2 

for the duration of the experimental run, within ±0.5 log units of 

the iron-w¿stite (IW) oxygen fugacity (äO2) buffer, as monitored 

by a Ca-doped zirconia oxygen probe (Table 3.3). Our experi-

ments, performed at approximately IW äO2 conditions, were 

within the range of the availability of oxygen in lunar magmatic 

systems (IWï2 to IW+1; Sato et al. 1973; Wadhwa 2008). The 

H2:CO2 ratio for each experiment varied because of the changing 

temperature of the experiments (Tables 3.3, B.2). The tempera-

tures and duration of experiments ranged between 1106 °C to 975 

°C and 22 to 192 hours (Table 3.3). At the end of each run, an electrical current was passed through 

the Pt thread, melting the Pt thread, and dropping the sample into a beaker of deionized water. 

Each experiment was broken using pliers and ~6 visually representative pieces were mounted in 

epoxy resin. Note that any spatial orientation of the sample was lost in this process. After mounting 

the sample in epoxy, each sample was hand-polished using a diamond suspension solution or SiC 

grinding paper. Then each sample was coated with an ~22 nm thick layer of carbon for EPMA. 

 

Oxide wt.%  

SiO2 44.17 

TiO2 4.21 

Al2O3 11.67 

Cr2O3 0.22 

FeO 19.44 

MnO 0.26 

MgO 7.18 

CaO 11.47 

BaO 0.06 

Na2O 0.69 

K2O 0.25 

P2O5 0.28 

ZrO2 0.08 

Gives molar 

Mg/(Mg+Fe) = 0.397 

 

Table 3.1 12032,366-18 bulk 

composition, normalized to 

100%. 
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The bulk composition of the second experiment (J024) was 

based on the average composition of glass in the initial exper-

iment, H028 (Table 3.2). Similarly, the bulk composition of 

the remaining experiments (J157, H168, J146) was based on 

the average glass composition of the J024 experiment. This 

changing starting composition for the experiments allowed us 

to produce measurable amounts of glass in lower temperature 

experiments (Table 3.3). 

 

The bulk composition of the J157, H168, and J146 experi-

ments included calculated concentrations for BaO, P2O5, and 

ZrO2. Barium and zirconium were not added to the bulk com-

positions of the H028 or J024 experiments because their low 

initial concentration in the sample could not be reliably repro-

duced in the starting material. Phosphorous was suspected to 

have been lost in the higher temperature experiments, as evi-

denced by decreasing concentration of P2O5 in the glass de-

spite the lack of phosphorus-bearing phases in those experi-

ments. We used the concentration of K2O in the glass and 

other phases in J024 to estimate the partition coefficient of K 

in olivine, plagioclase, pyroxene, and ilmenite. Combining 

these partition coefficients with the calculated mode of that 

phase in the experiment (see Phase Proportions for 
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Experiments), we calculated a bulk partition coefficient of K in J024. From this bulk partition 

coefficient and an estimate of the systemôs percent crystallized, we calculated the concentration of 

Ba, P, and Zr that should have been in the glass at that stage. This calculation is valid with the 

assumption that Ba, P, and Zr have similar partitioning behavior as K in the early stages of crys-

tallization. 

 

For the three lowest temperature experiments, the bulk composition remained constant, and tem-

perature varied, allowing us to observe the changing mineral chemistry with temperature. The 

temperature was lowered until the experiments produced a glass composition similar to or ap-

proaching the average composition of mesostasis in Apollo sample 12032,366-18 (i.e., ~975 °C in 

J146). 

 

3.3.5 Phase Proportions of Experiments 

Using the mineral and glass compositions obtained via EPMA, we used an isometric log-ratio 

transform least squares regression algorithm to determine the phase proportions of our experi-

ments. We used a program, Log-ratio Inversion of Mixed Endmembers (LIME), developed by 

Krawczynski and Olive (2011), to predict the proportions of each phase (including glass) in each 

experiment. The LIME program was also used to calculate the overall percentage of melt crystal-

lized as we progressed from the first experiment to the last, and to understand the appearances and 

disappearances of minerals in the system. The LIME program benefits from using a log-ratio in-

version which excludes the possibility of negative composition space existing as well as allowing 

for all the variables in the linear regression to be independent and not constrained by a 100%
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mass sum. The LIME program has been used in other publications for similar purposes (Grove et 

al., 2013; Prissel et al., 2018; Gavrilenko et al., 2019). 

 

To understand the evolution of the system as a whole, we estimated the systemôs total crystalliza-

tion percentage after each experiment. For H028, this was simply the sum of the crystalline phase 

proportions from LIME. For J024, the systemôs total crystallization percentage was calculated by 

combining the percent crystalline from H028 and the percentage of crystals in J024. Similar cal-

culations were performed for the remaining experiments. 

 

3.4 Results 

3.4.1 Characterization of 12032,366-18 

The ~4-mm-wide, 41.2 mg basalt fragment investigated in this study, 12032,366-18 (Figure 3.2), 

was initially analyzed for major and trace elements by INAA (Table 3.4) and EPMA (Table 3.5). 

The bulk composition of 12032,366-18 has a high concentration of FeO (19.5 wt.%), well in the 

range for mare basalts (~16ï23 wt.%) and higher than Apollo 15 and Apollo 17 KREEP basalts 

(~9ï15 wt.%; Figure 3.3). Its Al2O3 content (11.7 wt.%) is lower than in KREEP basalts (13ï15 

wt.%) and the TiO2 content (4.2 wt.%) is higher (compared to 1.0ï2.2 wt.%), but both Al and Ti 

are in the range for these elements in known mare basalts (Figure 3.3). Consistent with high modal 

clinopyroxene, the molar Ca/Al, 1.8, is also within the range for mare basalts (1.4ï2.4) and greater 

than in KREEP basalts (0.9ï1.4). Basalt 12032,366-18 has higher incompatible trace elements 

than any of the Apollo or Luna basalts, but on average, only 0.68 times the concentrations in 

KREEP basalts (Wieczorek et al., 2006). 
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This sample is an olivine-bearing, clinopyroxene-rich, relatively aluminous basalt with an inter-

mediate Ti content. It contains a 400 µm olivine grain (Fo16) and smaller (<100 µm) occurrences 

of olivine (Fo15ï38) that are, when in contact with pyroxene, in what appears to be a reaction (i.e., 

resorption) relationship (Figure 3.4d). Olivine grains in contact with plagioclase have sharp bound-

aries (Figure 3.4d). Pigeonite and augite are present, ranging in composition from Mg/(Mg+Fe) = 

0.68 (augite) and 0.58 (pigeonite) to 0.27 in the most ferroan grains (Table 3.5). In cross section, 

plagioclase grains range up to ~150 mm in width and 500 mm in length. Plagioclase grains are 

Figure 3.2 Sample 12032,366-18. (a) Backscattered electron (BSE) image showing the crystalline, 

non-vesicular, medium grained, subophitic, texture dominated by clinopyroxene (50% by weight) 

and plagioclase (33%), with relatively coarse ilmenite grains (7%). Olivine makes up 8%, with 

one large grain (labelled) and small blebs within pyroxene. (b) X-ray composite of the sample, 

with the red representing Al, green representing Mg, blue representing Fe, and yellow represent-

ing K. With this scheme, plagioclase appears red; pyroxene, green; olivine, teal; ilmenite, dark 

blue; and mesostasis, yellow. Two areas of silica-rich mesostasis are noted by arrows. Abbrevia-

tions: plag: plagioclase; ilm: ilmenite; pyx: pyroxene; olv: olivine; meso: mesostasis. 
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strongly zoned, with compositions ranging from 

~An90 to An60. The most sodic plagioclase 

(An54Ab43Or3Cn<0.5) occurs in mesostasis re-

gions. Pyroxene partially encloses plagioclase 

in a subophitic texture (Figure 3.4c). Ilmenite 

grains are up to ~500 mm in length and compo-

sitionally homogenous (Figure 3.2). 

 

The minor phases in sample 12032,366-18 in-

clude chromian ulvöspinel, titanian chromite, 

troilite, barian K-feldspar, silica, rare-earth-

merrillite (RE-merrillite), apatite, zircon, and 

ferro-pyroxene. These phases occur in mesosta-

sis pockets (Figure 3.4a, 3.4b, 3.4e, 3.4f). Apa-

tite in the sample contains 2.66 wt.% F and 0.27 

wt.% Cl corresponding to a missing component 

of 0.25 atoms per formula unit (apfu; Table 3.5). 

We measured Ce and Y in the RE-merrillite and 

apatite. In the merrillite, we extrapolated the 

Ce2O3 and Y2O3 values, to estimate that the other REE oxides make up approximately 5.7 wt.% of 

the oxide total. This was done by fitting the other REEs to Ce and Y values in the analyses to create 

a smooth chondrite-normalized pattern (McCubbin et al., 2011). In addition to the most sodic pla-

gioclase, the felsic mesostasis regions include barian K-feldspar (Cn7ï14), silica, and very fine 

Element 

or oxide 
Concentration Uncertainty 

Na O 0.783 wt.% 0.008 wt.% 

CaO 12.7 wt.% 0.5 wt.% 

FeO 19.69 wt.% 0.2 wt.% 

Sc 52.5 µg/g 0.5 µg/g 

Cr 1356 µg/g 14 µg/g 

Co 30.6 µg/g 0.3 µg/g 

Ni <80 µg/g 40 µg/g 

Rb <12 µg/g 3.4 µg/g 

Sr 270 µg/g 30 µg/g 

Zr 600 µg/g 40 µg/g 

Cs 0.31 µg/g 0.05 µg/g 

Ba 502 µg/g 14 µg/g 

La 41.2 µg/g 0.41 µg/g 

Ce 105.9 µg/g 1.1 µg/g 

Nd 69 µg/g 3.6 µg/g 

Sm 20.3 µg/g 0.2 µg/g 

Eu 2.9 µg/g 0.031 µg/g 

Tb 4.35 µg/g 0.043 µg/g 

Yb 15.23 µg/g 0.15 µg/g 

Lu 2.11 µg/g 0.02 µg/g 

Hf 15.66 µg/g 0.16 µg/g 

Ta 1.84 µg/g 0.066 µg/g 

Th 6.92 µg/g 0.07 µg/g 

U 1.66 µg/g 0.12 µg/g 

 

Table 3.4 Bulk abundances of elements and ox-

ides acquired via instrumental neutron activa-

tion analysis (INAA). 
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Phase 
No. 

Anal. 

Beam 

Diam. 

(µm) 

Mean composition in wt.% 

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO 

olv 30 1ï10 31.89 0.10 0.01 0.03 57.84 0.56 9.61 

   0.88 0.03 0.01 0.02 4.20 0.06 3.35 

aug 39 1ï5 49.26 1.08 1.48 0.35 22.79 0.34 10.40 

   1.28 0.24 0.66 0.21 6.07 0.09 2.71 

pig 11 1 48.42 0.74 0.84 0.18 30.84 0.45 9.81 

   1.31 0.12 0.15 0.07 3.25 0.04 2.55 

fs 6 1ï3 47.62 0.79 0.57 0.07 38.26 0.50 5.98 

   0.92 0.14 0.05 0.04 1.63 0.02 0.81 

plag 121 1ï10 47.94 0.07 32.72 0.01 0.74 0.01 0.08 

   2.48 0.04 1.72 0.02 0.29 0.01 0.07 

ilm 11 3ï5 n.d. 52.49 0.06 0.43 45.02 0.35 0.92 

    0.39 0.02 0.06 0.54 0.04 0.07 

Ba-K-

fld 

8 3ï5 60.20 0.19 20.55 n.a. 0.48 0.02 0.05 

  1.50 0.12 0.69  0.44 0.03 0.07 

K-fld 2 1 64.52 0.10 20.36 n.a. 0.22 n.a. n.d. 

   1.56 0.04 3.31  0.15   

Ti-chr 2 1 0.05 14.45 7.38 27.02 46.03 0.31 1.06 

   0.00 0.09 0.13 0.04 0.11 0.02 0.01 

Cr-usp 7 1ï5 0.05 26.24 2.55 11.37 55.88 0.34 0.97 

   0.04 1.14 0.36 2.38 2.07 0.04 0.29 

merr 4 1ï3 0.65 n.a. 0.13 n.a. 3.59 0.08 1.96 

   0.55  0.10  0.06 0.01 0.11 

apt 3 3 0.62 n.a. n.d. n.a. 0.69 0.05 0.03 

   0.21    0.10 0.02 0.00 

sil 2 1ï3 100.71 0.23 0.52 n.d. 0.39 n.d. n.d. 

   0.02 0.02 0.07  0.21   

felsic 

meso 

25 1ï20 78.31 0.38 11.42 n.d. 0.71 0.03 0.05 

  1.99 0.14 1.32  0.48 0.01 0.08 

mafic 

meso 

2 3 33.49 0.81 0.82 0.13 24.80 0.34 5.89 
  

7.41 0.22 0.36 0.00 5.45 0.09 0.17 

olv: olivine; aug: augite; pig: pigeonite; fs: ferrosilite; plag: plagioclase; ilm: ilmenite; fld: feld-

spar; chr: chromite; usp: ulvöspinel; merr: merrillite; apt: apatite; sil: silica; meso: mesostasis 

n.d.: not detected; n.a.: not analyzed 

 

Table 3.5 Compositions of phases in 12032,366-18, with standard deviations. 
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Table 3.5 continued 

Phase 
Mean composition in wt.% 

CaO BaO Na2O K2O P2O5 ZrO 2 Y2O3 Ce2O3 F Cl Total 

olv 0.30 n.a. 0.01 n.a. 0.08 n.a. n.a. n.a. n.a. n.a. 100.39 

 0.05  0.01  0.06      0.45 

aug 13.69 n.a. 0.07 n.d. n.d. n.d. n.a. n.a. n.a. n.a. 99.45 

 2.55  0.02        1.15 

pig 7.50 n.a. 0.03 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 98.80 

 1.40  0.02        0.95 

fs 5.22 0.04 0.01 0.09 0.12 0.17 n.a. n.a. n.a. n.a. 99.28 

 1.13 0.02 0.01 0.05 0.16 0.20     1.27 

plag 16.02 n.a. 2.20 0.23 n.a. n.a. n.a. n.a. n.a. n.a. 99.88 

 1.74  0.81 0.13       1.01 

ilm 0.07 n.a. n.d. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 99.36 

 0.07          0.82 

Ba-K-

fld 

0.92 5.17 2.04 10.61 0.14 n.a. n.a. n.a. n.a. n.a. 100.24 

0.51 0.92 0.20 1.07 0.16      0.24 

K-fld 1.82 0.31 2.45 10.23 0.02 0.02 n.a. n.a. n.a. n.a. 99.87 

 2.14  0.84 3.74       0.69 

Ti-chr 0.43 n.a. n.d. n.d. n.d. n.d. n.a. n.a. n.a. n.a. 96.77 

 0.01          0.01 

Cr-

usp 

0.37 n.a. n.d. n.d. n.d. n.d. n.a. n.a. n.a. n.a. 97.79 

0.06          1.08 

merr 39.59 n.a. 0.19 n.a. 41.77 n.a. 2.37 3.76 0.61 n.d. 94.65 

 0.55  0.04  0.57  0.35 0.20 0.06  0.85 

apt 55.35 n.a. 0.07 n.a. 40.92 n.a. 0.37 0.63 2.66 0.27 101.66 

 0.22  0.01  0.28  0.05 0.11 0.12 0.02 0.24 

sil 0.10 n.a. 0.09 n.d. n.d. n.d. n.a. n.a. n.a. n.a. 102.08 

 0.03  0.01        0.33 

felsic 

meso 

0.71 n.a. 1.27 6.50 0.09 0.11 n.a. n.a. n.a. n.a. 99.45 

0.64  0.19 1.45 0.05 0.07     0.79 

mafic 

meso 

17.19 0.14 0.15 0.23 15.31 n.a. n.a. n.a. n.a. n.a. 99.23 

5.86  0.03 0.28 7.17           1.07 

olv: olivine; aug: augite; pig: pigeonite; fs: ferrosilite; plag: plagioclase; ilm: ilmenite; fld: 

feldspar; chr: chromite; usp: ulvöspinel; merr: merrillite; apt: apatite; sil: silica; meso: 

mesostasis 

n.d.: not detected; n.a.: not analyzed 
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grains of what were inferred to be the above minor minerals, some <1 µm. Using a 20 µm diameter 

electron beam, we found that the bulk composition of these mesostasis areas reach 76ï79 wt.% 

SiO2, with the remainder predominantly Al2O3 (~11 wt.%), K2O (6ï7 wt.%), and Na2O (1.5 wt.%). 

In addition to felsic mesostasis, there are limited occurrences of mafic mesostasis, of which we 

obtained two analyses (Figure 3.4b, 3.4f). These two analyses vary significantly from each other, 

with compositions of 28 wt.% SiO2, 21 wt.% FeO, 21 wt.% CaO, and 20 wt.% P2O5, and 39 wt.% 

SiO2, 29 wt.% FeO, 13 wt.% CaO, and 10 wt.% P2O5, respectively. These two mafic mesostasis 

analyses are located adjacent to two occurrences of felsic mesostasis. 

Apollo 15

KREEP

basalts

Apollo 17

KREEP

basalts

12032,366-18

All other Apollo

and Luna basalts

Apollo 11 & 17

high-Ti basalts

ChangôE 5

Figure 3.3 Comparative bulk geochemistry for lunar basalts. (a) Bulk thorium abundance versus 

bulk FeO content in Apollo, Luna, and ChangôE 5 mare and KREEP basalts including 12032,366-

18, indicated by a black star. (b) Bulk TiO2 content versus bulk FeO content in Apollo and Luna 

mare and KREEP basalts. Sample 12032,366-18 is insufficiently depleted in FeO to be considered 

a KREEP basalt, and plots well within the mare basalt field in (b). Apollo and Luna data from 

Wieczorek et al. (2006), ChangôE 5 data from Tian et al. (2021). 



 

 72 

 

Figure 3.4 BSE images of sample 12032,366-18. (a) Si+K-rich mesostasis with intergrown Si-

rich and K-rich phases plus high-Z (atomic number) phases including ilmenite, a Zr-rich phase, 

apatite, and ferro-pyroxene, plus several discrete grains of Ba-K-feldspar. (b) Mesostasis re-

gion with Ba-K-feldspar, ferro-pyroxene, apatite, and Na-rich plagioclase. Mafic mesostasis 
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3.4.2 Experimental Results 

The phases found in each experiment, their calculated mode (Figure 3.5), the average compositions 

of those phases presented in Table 3.6, and the systemôs percentage of crystallization after each 

experiment are presented in Table 3.3. Figure 3.5 shows representative BSE images of each ex-

periment.  

 

In H028, we observed olivine, plagioclase, pyroxene, and chromian ulvöspinel, along with 

quenched glass (Table 3.6). Olivine has an intermediate composition (Fa45ï46). Plagioclase is calcic 

and only slightly zoned (An81ï85, Or<1). The pyroxenes are slightly magnesian and augitic 

(En42Wo37Fs21 to En42Wo33Fs25) and contain up to 3 wt.% TiO2. The glass has 44ï45 wt.% SiO2.  

Using LIME, we found that approximately 67.3 wt.% of the sample is glass, indicating that the 

overall percentage crystallized was 32.7 wt.% (Table 3.3). 

 

(Figure 3.4 continued) also occurs in this region. (c) Pyroxene enclosing plagioclase, along 

with olivine and ulvöspinel. (d) Olivine in a reaction (i.e., resorption) relationship with pyrox-

ene, with olivine showing irregular boundaries with pyroxene but sharp boundaries with pla-

gioclase. (e) Small pocket of crystallized residual melt comprising ilmenite, silica, Ba-K-feld-

spar, troilite, plagioclase, and phosphates (RE-merrillite and apatite). (f) Two mesostasis re-

gions similar to (a), one with a region of intergrown silica and K-feldspar. Lower mesostasis 

region contains occurrence of mafic mesostasis. Note the change in scale bar between panels. 

Abbreviations: plag: plagioclase; Ba-K-fs: barian K-feldspar; meso: mesostasis; apt: apatite; 

pyx: pyroxene; Fe-pyx: ferro-pyroxene; ilm: ilmenite; olv: olivine; sp: ulvöspinel; RE-merr: 

RE-merrillite; tro: troilite; sil: silica; K -fs: potassium feldspar. 
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In J024, we started with the glass composition of H028. The phases olivine, plagioclase, pyroxene, 

ilmenite, and quenched glass are identified in J024. Olivine is significantly more Fe-rich than the 

previous experiment at Fa73ï76. Experiment J024 presents zoned pyroxenes and plagioclases. The 

plagioclase ranges in composition from An64 to An76, with Or<2. The pyroxene crystals are also 

zoned, with compositions ranging En32Wo39Fs29 to En32Wo17Fs51 (Figure 3.6). The glass in J024 

0 25 50 75 100

Modal Abundance (%)

H028

J024

J157

H168

J146

E
x
p

e
ri

m
e
n

t

olv plag pyx ilm sil merr Lfe liq Lsi

Figure 3.5 Abundance of phases in experiments. Abbreviations: olv: olivine; plag: plagioclase; 

pyx: pyroxene; ilm: ilmenite; sil: silica; merr: merrillite; Lfe: iron-enriched liquid; liq: liquid; 

Lsi: silica-enriched liquid. 
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Exp. Phase 
No. 

Anal. 

Beam 

Diam. 

(µm) 

Mean composition in wt.% 

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO 

H028 olv 6 1ï2 35.53 0.15 n.d. 0.11 37.74 0.37 

  plag 6 1ï2 48.15 0.18 33.02 n.d. 1.09 n.d. 

  pyx 5 1 47.96 3.16 4.27 0.37 13.37 0.24 

  sp 1 1 n.d. 19.08 6.12 21.79 43.24 0.33 

  liq 15 10 44.58 5.61 10.06 0.10 20.89 0.24 

J024 olv 5 3 31.55 0.42 n.d. n.d. 55.54 0.53 

  plag 8 3 50.53 0.31 28.66 n.d. 2.29 n.d. 

  pyx 14 3 47.97 1.85 1.83 0.21 23.21 0.34 

  ilm 5 3 n.d. 51.57 0.13 0.50 43.64 0.33 

  liq 14 3 49.97 3.48 9.48 n.d. 21.64 0.23 

J157 plag 8 1ï5 54.26 0.07 28.61 n.d. 0.83 n.d. 

  pyx 18 1 48.54 1.40 1.60 0.24 25.80 0.40 

  ilm 7 1 0.11 52.76 0.15 0.44 44.59 0.40 

  sil 8 1ï5 98.30 0.39 0.97 n.d. 0.48 0.01 

  liq 166 1ï5 50.15 3.58 9.48 n.d. 21.22 0.27 

H168 olv 2 1 29.50 0.12 0.03 n.d. 62.47 0.85 

  plag 36 5 51.24 0.09 29.58 n.d. 1.24 n.d. 

  pyx 17 1 46.67 1.69 1.88 0.11 27.34 0.49 

  ilm 3 1 0.23 51.53 0.16 0.08 44.62 0.52 

  sil 3 5 97.52 0.34 0.94 n.d. 0.46 n.d. 

  merr 3 1 0.72 0.09 0.11 n.d. 6.21 0.16 

  Lfe 22 1ï5 46.19 2.61 8.49 n.d. 24.85 0.39 

  Lsi 12 5 67.17 0.91 11.48 n.d. 9.14 0.13 

J146 olv 5 1 29.28 0.37 0.12 n.d. 64.23 0.72 

  plag 24 5 51.88 0.08 28.94 n.d. 1.43 n.d. 

  pyx 21 1 45.96 1.56 2.06 0.10 32.75 0.45 

  ilm 4 1 0.27 50.67 0.11 0.06 45.08 0.39 

  sil 4 1ï5 97.45 0.30 1.04 n.d. 0.49 n.d. 

  merr 9 1 1.49 0.11 0.24 n.d. 7.06 0.14 

  Lfe 7 5 44.35 2.51 7.75 n.d. 26.09 0.32 

  Lsi 12 5 68.59 0.79 11.35 n.d. 7.62 0.08 

olv: olivine; plag: plagioclase feldspar; pyx: pyroxene; sp: spinel; ilm: ilmenite; sil: silica; 

merr: merrillite; liq: liquid; Lfe: iron-enriched liquid; Lsi: silica-enriched liquid 

n.d.: not detected; n.i.: not included in composition 

 

Table 3.6 Composition of phases in experiments.  
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Table 3.6 continued 

 

Exp. Phase 
Mean composition in wt.% 

MgO CaO BaO Na2O K2O P2O5 ZrO 2 Total 

H028 olv 25.63 0.45 n.i. n.d. n.d. n.d. n.i. 99.98 

  plag 0.29 16.79 n.i. 1.75 0.09 n.d. n.i. 101.36 

  pyx 14.09 15.89 n.i. 0.11 n.d. 0.16 n.i. 99.62 

  sp 4.14 0.43 n.i. n.d. n.d. n.d. n.i. 95.13 

  liq 4.74 10.97 n.i. 0.71 0.25 0.49 n.i. 98.64 

J024 olv 10.51 0.67 n.i. n.d. n.d. n.d. n.i. 99.22 

  plag 0.44 14.22 n.i. 2.80 0.25 n.d. n.i. 99.50 

  pyx 9.29 13.96 n.i. 0.07 0.01 0.01 n.i. 98.75 

  ilm 1.68 0.40 n.i. n.d. n.d. n.d. n.i. 98.25 

  liq 1.62 8.82 n.i. 1.03 0.92 0.27 n.i. 97.46 

J157 plag 0.10 12.25 0.08 4.16 0.24 0.04 n.d. 100.64 

  pyx 8.30 13.15 n.d. 0.09 n.d. n.d. n.d. 99.53 

  ilm 1.51 0.17 n.d. n.d. n.d. n.d. 0.10 100.23 

  sil n.d. 0.09 0.04 0.27 0.12 n.d. n.d. 100.68 

  liq 1.50 8.95 0.26 1.30 0.71 1.08 0.29 98.79 

H168 olv 4.46 0.67 n.d. n.d. n.d. 0.40 n.d. 98.50 

  plag 0.10 13.71 0.13 3.00 0.40 0.06 n.d. 99.55 

  pyx 6.58 13.79 n.d. 0.06 n.d. 0.05 0.04 98.72 

  ilm 0.65 0.28 n.d. n.d. n.d. n.d. 0.31 98.38 

  sil n.d. 0.09 n.d. 0.31 0.30 n.d. n.d. 99.96 

  merr 1.32 45.58 n.d. 0.12 0.03 44.05 n.d. 98.38 

  Lfe 0.81 9.22 0.54 0.70 1.27 2.51 0.67 98.25 

  Lsi 0.25 3.67 0.43 1.27 4.40 0.47 0.26 99.57 

J146 olv 1.85 0.89 0.06 0.03 0.10 0.61 n.d. 98.26 

  plag 0.07 13.43 0.16 3.04 0.46 0.08 n.d. 99.57 

  pyx 4.67 11.14 n.d. 0.05 n.d. 0.04 0.04 98.83 

  ilm 0.33 0.23 n.d. n.d. n.d. n.d. 0.73 97.86 

  sil n.d. 0.18 n.d. 0.25 0.24 n.d. n.d. 99.95 

  merr 0.78 45.03 0.03 0.12 0.14 43.96 n.d. 99.10 

  Lfe 0.40 9.97 0.94 0.52 1.09 2.91 1.42 98.27 

  Lsi 0.10 3.29 0.88 1.06 4.82 0.37 0.53 99.49 

olv: olivine; plag: plagioclase feldspar; pyx: pyroxene; sp: spinel; ilm: ilmenite; sil: 

silica; merr: merrillite; liq: liquid; Lfe: iron-enriched liquid; Lsi: silica-enriched liquid 

n.d.: not detected; n.i.: not included in composition 
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Figure 3.6 BSE images of the five experiments: (a) H028, (b) J024, (c) J157, (d) H168, (e) 

J146, (f) J146. Note the change in scale bar between panels. Abbreviations: olv: olivine; plag: 

plagioclase; pyx: pyroxene; glass: non-crystalline residual liquid; ilm: ilmenite; sil: silica; 

Lsi: silica-enriched liquid; Lfe: iron-enriched liquid; merr: merrillite. 
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contains ~5 wt.% more SiO2 than in H028. Other oxides that increased in the glass include FeO, 

Na2O, K2O, while TiO2, Al2O3, Cr2O3, and MgO decreased (Figure 3.7). Using LIME, we found 

that 18.5 wt.% of the sample is glass, indicating that 87.6 wt.% of the overall system (combining 

H028 and J024) had crystallized (Table 3.3). 

 

Figure 3.7 Compositions of plagioclase and pyroxene in sample and experiments. (a) Truncated 

feldspar ternary diagram, showing variation in 12032,366-18 plagioclase composition, and ex-

perimental compositions, color-coded with the final temperature of the experiment.(b) Pyroxene 

quadrilateral, showing variation in 12032,366-18 pyroxene composition, and experimental com-

positions, color-coded with the final temperature of the experiment. Or = orthoclase; Ab = albite; 

An = anorthite; Di = diopside; Hd = hedenbergite; En = enstatite; Fs = ferrosilite. 



 

 79 

The average glass composition of J024 provided the starting composition for the remaining exper-

iments. This starting composition allowed us to assess how the glass composition (i.e., that of the 

residual liquid) evolved in detail across the entire cooling interval.  

 

In J157, we observed plagioclase, pyroxene, ilmenite, silica, and glass (Figure 3.6c). A single pla-

gioclase crystal was observed, approximately 200 µm in length, with a nearly uniform composition 

of An60ï62, with approximately Or1.4. Pyroxene crystals were small and therefore not significantly 

zoned. However, intra-crystal variation led to compositions ranging from En29Fs56Wo15 to 

En23Fs36Wo41. Glass composition was fairly consistent and very similar to the average glass com-

position from J024. This is consistent with the finding that the experiment was 94.8% glass. The 

LIME results led to a cumulative percent crystallized of 88.2% (Table 3.3).  

 

Experiment H168 contained olivine, plagioclase, pyroxene, ilmenite, silica, merrillite, and two 

immiscible liquids, one iron-enriched (Lfe) and one silica-enriched (Lsi). The single observed 

crystal of olivine was very fayalitic, at Fa89, and the plagioclase compositions increased in anor-

thite content relative to the J157 experiment, with compositions ranging from An67ï73, with Or1.5ï

2.7. Pyroxenes were zoned and had compositions ranging from En25Fs35Wo40 to En18Fs68Wo14. 

Merrillite in this experiment had an approximate formula of  

(Mg,Fe,Mn)2.68Ca18.04Na0.09(P,Si)14.08O56. This merrillite composition lacks a REE-component be-

cause they were not included in the experiment, and is very iron-rich (6.2 wt.% FeO) but is within 

range of some lunar merrillite compositions reported in prior work (Neal and Taylor, 1991; Jolliff 

et al., 2006; Joy et al., 2011). The two liquids, Lfe and Lsi, consist of 12.4% and 21.2%, respec-

tively, of the experiment, according to our LIME calculations. The Lfe is enriched in Ti, Fe, Mn, 
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Mg, Ca, P, and Zr relative to Lsi. Ba partitions roughly equally between the liquids (0.54 and 0.42 

wt.% BaO in Lfe and Lsi, respectively). Chromium is not found in detectable amounts in either 

liquid. The cumulative percentage crystallized after this experiment is 95.8% (Table 3.3).  

 

The final experiment, J146, contained fayalitic olivine, plagioclase, pyroxene, ilmenite, silica, 

merrillite, baddeleyite, Lfe, and Lsi. The olivine became significantly more fayalitic at approxi-

mately Fa95, from Fa89 in H168, and formed intergrowths with Lsi in all occurrences (Figure 3.6e). 

Plagioclase compositions ranged from An64 to An73, with orthoclase components continuing to 

increase (Or2.4ï4). Pyroxene compositions was strongly and sharply zoned, with cores having a 

composition of En24Fs54Wo22, becoming more calcic to En22Fs50Wo28, and very Fe-rich rims of 

En8Fs70Wo22 at the outer most part (Figure 3.7). Merrillite in this experiment had an approximate 

formula of (Mg,Fe,Mn)2.62Ca18.03Na0.07(P,Si)14.11O56. As with the previous experiment, this com-

position is strongly enriched in FeO similar to merrillite in some other lunar basalts. Lfe and Lsi 

compositions further diverged with the elements concentrated in Lfe becoming increasingly en-

riched in Lfe, and elements in Lsi concentrating in Lsi (Figure 3.7). Barium was the exception with 

J146 becoming slightly more concentrated in Lsi than Lfe (0.83 wt.% BaO in Lfe and 0.88 wt.% 

BaO in Lsi), which was the opposite of what was observed in H168. The overall percent crystal-

lized after J146 was 97.7%. 

 

3.5 Discussion 

We characterized and determined the bulk composition of basalt fragment 12032,366-18, and ex-

perimentally investigated the crystallization history of a melt with similar basaltic composition. 

Following a brief discussion of the importance of SLI in lunar rocks, we explore how both the 
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experimental basalt and natural lunar basalt crystallized, including how the residual melt evolved 

during crystallization and its effect on the incompatible-element enrichment of the residual liquids 

in these basalts. We will also discuss the bulk chemistry of the 12032,366-18, its uniqueness to the 

Apollo 12 site, and its potential significance as a piece of basaltic material potentially sourced from 

western Oceanus Procellarum. 

 

3.5.1 Silicate Liquid Immiscibility in Lunar Igneous Rocks 

Immiscibility in lunar mare basalt mesostasis represents a late stage process, occuring when the 

system reaches >85ï95% crystallization and when accessory minerals begin to form (Roedder and 

Weiblen, 1977; Pernet-Fisher et al., 2014; Potts et al., 2016). Prior to the 1950s, SLI had been 

discredited as the explanation for the development of layered intrusions on Earth (Harker, 1916; 

Bowen, 1928), and was found only to occur experimentally at high temperatures (>1500 °C) within 

geologically improbable melt compositions (e.g., within the binary SiO2ïFeO system). However, 

Roedder (1951) found an immiscibility field at significantly lower temperatures (~1100 °C) in a 

composition space that was geologically realistic (K2OïFeOïAl2O3ïSiO2). Following Roedderôs 

discovery, there was renewed interest in SLI, both experimentally and in limited terrestrial samples 

(e.g., Philpotts, 1971; Ferguson and Currie, 1972; De, 1974). 

 

After the return of lunar mare basalt samples from the Apollo program, petrographic studies of 

mesostasis regions in these samples revealed evidence of immiscibility between a felsic and ba-

saltic liquid (Roedder and Weiblen, 1970). Since then, SLI has been observed or inferred in a 

multitude of mare basalt mesostasis (e.g., Rutherford et al., 1974; Hess et al., 1975; Roedder and 

Weiblen, 1977; Day et al., 2006; Pernet-Fisher et al., 2014; Potts et al., 2016). 
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The mineral apatite is used as an indicator of volatile content in parent magmas (Boyce et al., 2010; 

McCubbin et al., 2011; Barnes et al., 2014; Tartèse et al., 2014). Apatite crystallizes late in the 

solidification of a magma (e.g., Sha, 2000) and is commonly found in late-stage mesostasis areas, 

some of which show evidence for SLI (e.g., Potts et al., 2016). Therefore, the timing of the onset 

of immiscibility relative to the formation of accessory minerals such as apatite is important and 

necessary to fully understand the geochemical environment and processes by which these minerals 

formed (Longhi, 1992; Hallis et al., 2014; Potts et al., 2016). 

 

3.5.2 12032,366-18 in Context of the Cooling Experiments  

As mineral phases became thermodynamically favored at different temperatures, we observed the 

composition of the residual liquid, or glass, change correspondingly (Figure 3.8a), an effect that 

has been observed in petrologic experiments (e.g., Longhi, 1992; Toplis et al., 1994), demonstrated 

via chemical modeling (e.g., Hallis et al., 2014) and inferred from lunar basalts (e.g., Neal et al., 

1988; Potts et al., 2016). When the residual liquid changes composition, so does the chemistry of 

the crystallizing phases (e.g., Hallis et al., 2014). We observed this change in mineral chemistry in 

both the cooling experiments and the petrology of 12032,366-18, and directly observed the change 

in residual liquid (glass) composition during cooling in the experiments (Table 3.6, Figs. 3.9, 3.10). 

The temperature range over which crystallization occurs, and the systemôs overall percent crystal-

lized at a given temperature (Table 3.3), is most consistent with low-Ti mare basalts (Fagan et al., 

2014). 
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The observed trends in olivine, plagioclase, and pyroxene chemistry in the experiments overlap 

with, and are consistent with, that of 12032,366-18. Olivine appears to be in a resorption reaction 

with pyroxene in 12032,366-18 (Figure 3.4d), which is consistent with the disappearance of inter-

mediate composition olivine (approximately Fo55ï20) in the J157 experiment. Plagioclase in 

12032,366-18 ranges from approximately An90 to An55, but the experiments have a narrower com-

positional range from An87 to An60. A key difference in plagioclase between the sample and ex-

periments is the reversal of the decreasing-An-content trend between the J157 and H168 experi-

ments, whereas 12032,366-18 shows continual decreasing An-component approaching mesostasis 

regions. The cause for the reversal in An-content in the experiments remains unknown. Pyroxene 

compositions trend more calcic with increasing crystallinity of the system. Prior to the onset of 

SLI (experiments H028, J024, and J157) the enstatite content of pyroxene was approximately con-

stant in a given experiment, with zoning occurring between Ca and Fe. Progressive experiments 

see the enstatite component drop from ~42 to ~25. In H168 and J146, pyroxenes begin to show 

strong zoning toward the Fe-endmember, similar to many Fe-rich rims found approaching mare 

basalt mesostasis (e.g., Anand et al., 2006; Liu et al., 2009; Potts et al., 2016) and observed in 

12032,366-18. The zoning in J146 pyroxenes is sharp in some instances. This change in pyroxene 

chemistry also initially appears in the same experiment that shows SLI (H168). 

 

The crystallization sequence is similar in 12032,366-18 and the experiments to many low-Ti mare 

basalts. We do however observe plagioclase in our highest temperature experiment, which is not 

expected to crystalize early in low-Ti basalts (Lucey et al., 2006). The bulk major element com-

position of 12032,366-18 is similar to that of Apollo 12 pigeonite basalt 12064 and Apollo 12 

ilmenite basalt 12051, except that Na2O, K2O, P2O5, and the incompatible trace elements are all a 
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factor of ~3 higher in 12032,366-18 (Wieczorek et al., 2006 and references therein). The presence 

of olivine in both 12032,366-18 and the experiments suggests this sample is not closely related to 

KREEP basalts, which typically do not contain olivine (e.g., Takeda et al., 1978; Fagan et al., 

2014). Additionally, KREEP basalts have pyroxene with higher enstatite content than our sample 

and experiments. 

 

As the experimental residual liquid evolves, it becomes enriched in incompatible elements such as 

Ba, Na, K, P, and Zr, as is expected for a mare basalt composition under lunar-like conditions (e.g., 

Hallis et al., 2014; Potts et al., 2016). With the onset of SLI between the J157 and H168 experi-

ments, which had final temperatures of 1024 °C and 1002 °C respectively, elements partition be-

tween Lfe and Lsi in a predictable manner (Figs. 3.8, 3.9, 3.10). In 12032,366-18, and in typical 

lunar mare basalts, we observe mesostasis regions enriched in Si, Al, Na, K, and Ba. This behavior 

is the same in our experiments, except for barium, for which the concentration of Ba in Lsi and 

Lfe are within error of each other (Figure 3.8). The partitioning behavior of Ba is known to depend 

on the concentration of K and Na in Lsi (Neal and Taylor, 1989b). 

 

In the petrologic experiments, intergrowths of fayalite and Lsi occur along with regions of Lsi 

blebs in Lfe matrix, in our lowest temperature experiment. In 12032,366-18, the mesostasis regions 

do not appear as intergrowths with fayalite, although Si-K-rich glass intergrowths with fayalite is 

seen in some lunar mesostasis (Potts et al., 2016). Mineral assemblages in the low-temperature 

experiments (merrillite, baddeleyite, silica, and fayalite) are similar in composition to those of 

mesostasis regions in 12032,366-18. Troilite was observed in 12032,366-18, but not found in our 

experiments because our experimental compositions did not include sulfur. Similarly, apatite and 
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RE-merrillite were not found in the experiments due to the constrained compositions (lack of 

REEs, F, Cl, OH) of our starting material, but are represented by merrillite. Barian K-feldspar was 

also not observed in our experiments, possibly because the experiments concluded at 975 °C, 

somewhat above the systemôs solidus, which we expect between 900 °C and 950 °C (Figure 3.10). 

 

3.5.3 Is 12032,366-18 unique among the lunar mare basalt collection? 

To facilitate comparison of the bulk composition of 12032,366-18 to Apollo 12, and other lunar 

basalt suites, it is critical to determine if the bulk composition of is representative of a liquid. One 
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Figure 3.8 Variation in glass composition. (a) Abundance of each oxide in the residual liquid 
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way to assess the reliability of the bulk composition of the rock as a liquid composition is to com-

pare the bulk rock Mg# to the forsterite content of the most primitive olivine
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Figure 3.9 Pseudoternary of glass and mesostasis compositions with axes of SiO2 at top; CaO + 

MgO + FeO + TiO2 at left; and Na2O + K2O + Al2O3 at right, showing the composition of the bulk 

mesostases from 12032,366-18, as determined by defocused beam analyses (Table 3.2), and 

glasses from experimental charges, color-coded with the final temperature of the experiment. Line 

aïb is defined by endpoints (10%, 90%, 0%) and (80%, 0%, 20%), and is used in Figure 3.10, 

where all data points are projected onto this line. 
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(Roeder and Emslie, 1970; Snape et al., 2014). Unfortunately, the most primitive olivine in the 

analyzed section of 12032,366-18 has a composition of Fo38, which is insufficiently primitive to 

obtain a bulk rock Mg# comparable to the sampleôs Mg# of 39.7. This test, therefore, is inconclu-

sive in determining if the bulk composition of the sample is representative of a liquid. 
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Figure 3.10 Compositional divergence of immiscible liquids. Final temperature of experimental 

glasses projected onto the compositional line aïb from Figure 3.9. The composition of 12032,366-

18 mesostases, projected onto the line aïb, are not at a defined temperature, and are plotted as 

gradational gray boxes. The gradation is darkest where we expect the experimental liquids to 

intersect with the sampleôs compositions. Abbreviations: Lfe: iron-enriched liquid; Lsi: silica-en-

riched liquid. 
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However, as we describe in 12032,366-18 in Context of the Cooling Experiments, the mineral 

chemistry in the experiments match that of 12032,366-18. Based on the chemistry of observed 

minerals, as well as the sequence of crystallization, in the experiments, we conclude that the cal-

culated bulk composition of 12032,366-18 is representative of a bulk liquid that crystallized as a 

relatively closed system. 

 

Several other studies have investigated Apollo 12 soils in search of chemically distinct basaltic 

soil fragments (Alexander et al., 2014; Snape et al., 2014; Alexander et al., 2016). The potentially 

unique basalts identified in these studies are each dissimilar to 12032,366-18 in mineral chemistry, 

bulk composition, and texture. Therefore, we conclude that 12032,366-18 represents a previously 

undescribed lithology likely foreign to the Apollo 12 site. 

 

Major basalt groups from Luna and other Apollo sites are also dissimilar to 12032,366-18, which 

contains different amounts of TiO2, Al2O3, or K2O. The most similar in bulk composition are 

Apollo 14, 15 and Luna 16 basalts (Neal and Taylor, 1992). Apollo 14 basalts consist of ñhigh Alò 

and ñvery high Kò or VHK groups. The high-Al basalts have similar K abundances, but typically 

lower TiO2 (~2ï3 wt.%). The VHK basalts from Apollo 14 contain, as expected by their name, 

significantly higher K than 12032,366-18 on average. Apollo 15 pigeonite and olivine basalts both 

contain less TiO2 (<3 wt.%) than our sample. Luna 16 basalts contain slightly more Al2O3 than 

12032,366-18 (~13 wt.% vs. 11.7 wt.%) and slightly higher TiO2 (Taylor et al., 1991). 

 

Apollo 12 basalts consistently contain less than 2 ppm bulk Th (Taylor et al., 1991), with one 

exception, olivine mare basalt 12018 (Bouchet et al., 1971), for which 12018,43 contains 3.3 ppm 
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Th, determined by alpha autoradiography with ~250 mg of material. Other studies examining dif-

ferent splits of 12018 observed lower (<2 ppm) bulk Th values (Brunfelt et al., 1971; Goles et al., 

1971; Wänke et al., 1971), all of which used INAA and 0.5ï1.0 g of material. Unfortunately, bulk-

rock Th contents for the samples studied by Alexander et al. (2014), Snape et al. (2014), and 

Alexander et al. (2016) were not reported, and thus comparison is not feasible. Based on the trace 

element rich nature of 12032,366-18 reported here, this basalt fragment remains anomalous among 

Apollo 12 basalt samples. 

 

Other mare basalt groups also consistently have low bulk Th, always falling under 5 ppm, and 

most falling under 3 ppm (Figure 3.3). Exceptions to this include a recently returned ChangôE 5 

basalt fragment (Tian et al., 2021), and Apollo 11 high-K basalts (Wieczorek et al., 2006). Apollo 

15 KREEP basalts have more than 10 ppm Th and Apollo 17 KREEP basalts ~4ï8 ppm Th. How-

ever, as noted in the Characterization of 12032,366-18 section, these two suites contain signifi-

cantly less FeO and TiO2 than our sample 12032,366-18 (Figure 3.3). 

 

The minor and trace element composition and the high Th content of 12032,366-18 are anomalous 

relative to other basalts. Combined, these two findings indicate that 12032,366-18 represents a 

unique basalt not previously identified at the Apollo 12 landing site. Using results from Barra et 

al. (2006), we can further state that the young ñminimum ageò inferred for 12032,366-18 (2.3 Ga) 

is unusual for Apollo 12 basalts, where the youngest unit is ~3.1 Ga (Snape et al., 2018a). We 

propose that 12032,366-18 is foreign to the Apollo 12 landing site, delivered by impact, given its 

chemistry, petrology, and minimum 40Ar-39Ar systematics, including possible disturbance circa 

500ï700 Ma (see below). 
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3.5.4 Geographical Origin of Basalt 12032,366-18 

Thorium-enriched mare basalts have been detected remotely in western Oceanus Procellarum via 

the gamma-ray spectrometer on Lunar Prospector (Lawrence et al., 1998; Lawrence et al., 2003; 

Prettyman et al., 2006; Lawrence et al., 2007). While adjacent to two Th ñhot spotsò at Kepler 

crater (~12 ppm Th) and the Aristarchus crater and plateau (~15 ppm Th), there are also mare 

basalts with Th contents apparently ranging from 5 to 8 ppm in western Oceanus Procellarum 

(Figure 3.11), higher than the Th content for Apollo 12 basalts. There are regions in Oceanus 

Procellarum that broadly have similar FeO and Ti contents as 12032,366-18, as determined by 

remote sensing. However, the spatial resolution varies between these maps and, for the Ti Lunar 

Prospector map, has a resolution of 2° per pixel (Prettyman et al., 2006). 

 

Trace element enriched magmas on the Moon can originate from several different processes, in-

cluding assimilation of various crustal and mantle components, fractional crystallization, or meta-

somatism. These various processes are typically discerned by observing trends in bulk or mineral 

compositional data from basalts of the same group in various element abundance or ratio plots 

(e.g., Neal and Taylor, 1992; Hallis et al., 2014), where these processes produce distinct elemental 

trends. For 12032,366-18, we are unable to perform such analyses. This sample is unique, and thus 

only plots as a single point on any element abundance or ratio plot, which inherently has no trend. 

Should more basalts of this type be recognized in the lunar sample collection, it may be possible 

to then discern a trend, and therefore also a method of trace element enrichment. 
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Figure 3.11 Provenance of sample 12032,366-18. (a) Thorium abundance map of a portion of the 

lunar nearside. Data from Lawrence et al. (2007). (b) Age of mare basalts, where darkest blues 

represent older ages up to 4 Ga and white representing younger ages down to 1.2 Ga. Data from 

Hiesinger et al. (2011). Both images were acquired via the Lunar QuickMap: 

quickmap.lroc.asu.edu.  
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Western Oceanus Procellarum is also known for its geologically young mare basalts, with ages as 

young as 1 Ga, as determined via crater counting (Hiesinger et al., 2003; Qian et al., 2018; 

Stadermann et al., 2018). Many (>10) units in this region have been dated at less than 3 Ga by 

crater counting (Hiesinger et al., 2003). These moderately young (2ï3 Ga) lava flows coincide 

with the regions moderately enriched in Th (5ï8 ppm) and may be the source region for the Th-

enriched 12032,3660-18, which has a young minimum crystallization age. Recently, samples from 

this part of the Moon were returned to Earth via the ChangôE 5 mission. These ChangôE 5 basalts 

were determined to have an approximate age of 2.0 Ga (Che et al., 2021; Li et al., 2021). 

 

Impact events redistribute material on the Moonôs surface, which enabled the Apollo astronauts to 

retrieve a great variety of lithologies from only six landing sites. It is expected, therefore, that a 

portion of the material collected at any given landing site was delivered there via impact redistri-

bution and is thus foreign to that locale. Barra et al. (2006) found that 12032,366-18 exhibited 

multiple degassing ages. The disturbance age of 500ï700 Ma for 12032,366-18 was plausibly 

caused by an impact event that delivered the rock fragment to the Apollo 12 landing site. The 

Apollo 12 site is located on a crater ray of Copernicus, and a significant portion of the Apollo 12 

samples have disturbance ages of ~800 Ma, which is inferred to be the age of the Copernicus 

impact event (Bogard et al., 1994). The 500ï700 Ma age for 12032,366-18 is distinct from this 

Copernican event (Barra et al., 2006), but other large, young craters in the region may be plausible 

origins for this sample. Kepler crater, located 550 km northwest of the Apollo 12 landing site, 

could be a viable candidate source crater and has age estimates of 625ï950 Ma (König et al., 1977) 

and 780 Ma (McEwen et al., 1993). Apollo sample 12032,366-18 is a compositionally distinct, 

potentially young basalt fragment, unlike other Apollo 12 basalts and unlike other characterized 
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Apollo 12 basaltic soil fragments. 12032,366-18 is enriched in thorium (7 ppm Th), as well as 

other incompatible minor and trace elements. The sample gives a young minimum crystallization 

age of 2.3 Ga, with a disturbance age between 500 and 700 Ma (Barra et al., 2006). These attributes 

indicate that 12032,366-18 is foreign to the Apollo 12 landing site and is potentially representative 

of a mare basalt from western Oceanus Procellarum.  

 

3.6 Conclusions 

We characterized the petrography and geochemistry of sample 12032,366-18, and performed pet-

rologic experiments that reproduce the crystallization sequence of this basalt fragment. Using these 

approaches, we have arrived at several conclusions. 

 

1. The bulk composition of 12032,366-18 may represent liquid composition, despite the frag-

mentôs small size. 

2. The mesostasis regions in 12032,366-18 likely formed via SLI, onsetting between 1030 °C 

and 1002 °C. Phosphate saturation also occurred in this temperature range. SLI has been in-

ferred in numerous lunar samples and experimental work has shown that lunar-like composi-

tions experience SLI, but only a few studies have investigated a sampleôs crystallization se-

quence and SLI occurrence using petrologic experiments. 

3. 12032,366-18 is likely foreign to the Apollo 12 landing site judging by its young minimum 

crystallization age and enrichment in incompatible trace elements such as thorium. These at-

tributes, in addition to a degassing age at 500ï700 Ma (Barra et al., 2006), indicate 

12032,366-18 may have arrived at the Apollo 12 site as impact ejecta from elsewhere in the 

region, likely from a large, young crater such as Kepler that is known to have struck a mare 
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basalt target. An updated model age for Kepler via crater counting would help in identifying 

if the Kepler crater could have been the source region for 12032,366-18. 

 

Continued characterization of Apollo and Luna soil fragments may discover more unique mare 

basalt fragments, which would broaden the known diversity of basalts on the Moon. In addition to 

samples from ChangôE 5, future landed and sample return missions to unexplored regions of near-

side mare basalts may support the finding that 12032,366-18 is from a young, Th-enriched flow in 

that area. Expanding the known diversity of basaltic compositions on the Moon would help con-

strain the thermal and magmatic evolution of the Moon.  
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Chapter 4. Evidence for Extrusive Mg-Suite Magmatism on the Moon? 

Fine-Grained Magnesian Clasts in an Apollo 16 Impact Melt Breccia 

 

Abstract 

The magnesian suite (Mg-suite) of rocks record some of the earliest intrusive magmatism on the 

Moon. Studies of these Mg-suite rocks find they are plutonic or hypabyssal, formed typically kil-

ometers under the lunar surface. Several models exist to explain the formation and evolution of 

the Mg-suite, but distinguishing between hypotheses can be difficult given limited sample availa-

bility. The global extent of Mg-suite magmatism remains in debate, and is key to constraining 

models of early secondary crust building. In this study, we present magnesian clasts within Apollo 

impact melt rock 68815. These clasts contain olivine, plagioclase, with minor amounts of Mg-Al-

spinel and pyroxene similar to spinel troctolites, but they lack plutonic textures. We provide evi-

dence that some of the clasts may be of extrusive volcanic origin like terrestrial komatiites while 

others might represent crystalline impact melts. Our findings indicate that Mg-suite magmatism 

was not solely plutonic in nature but may have erupted onto the lunar surface. If valid, this would 

broaden the known diversity of lunar volcanism during the initial stages of secondary crust build-

ing and provide a greater constraint onto models of Mg-suite formation, which only currently con-

sider intrusive magmatism. We anticipate this finding to call for a reevaluation of Mg-suite melt 

generation and ascent models, as well as a renewed motivation to examine impact melt breccias 

for rare and understudied lithologies. Future trace element studies or radiometric dating could be 

used to further interrogate the connections of these clasts to the Mg-suite.  

 

4.1 Introduction 
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The Moon is host to a variety of lithological groups that compose the lunar crust and the lunar 

sample collection. One such group is the magnesian (Mg-) suite, a group of rocks named for their 

relatively magnesian mafic phases, with Mg# (molar Mg/[Mg + Fe] × 100) greater than 78 (e.g., 

James, 1980; Papike et al., 1998; Shearer et al., 2015a). In addition, these samples have plagioclase 

compositions of anorthite (An; molar Ca/[Ca + Na + K] × 100) content greater than 90 (Shearer et 

al., 2015a). The Mg-suite is composed of several lithologies, based on the major petrology of those 

rocks, including troctolites, norites, ultramafics, gabbronorites, and spinel troctolites (Shearer et 

al., 2015a). The Mg-suite is ancient, typically from 4.5ï4.1 Ga, and exclusively plutonic or hypa-

byssal, estimated to have typical depths of 10ï50 km but occasionally as little as to 0.5 km depth 

(e.g., Baker and Herzberg, 1980; Nyquist and Shih, 1992; McCallum and Schwartz, 2001; Shearer 

and Papike, 2005; Elardo et al., 2012; Shearer et al., 2012). There is some evidence that at least 

some Mg-suite samples may be of impact origin (Hess, 1994; Norman et al., 2016; White et al., 

2020). 

 

There are a variety of models for the formation of the Mg-suite, detailed in Shearer et al. (2015a). 

In a model described in Elardo et al. (2011), early Mg-rich lunar magma ocean (LMO) cumulates 

rise as the overlying, later-stage, Ti-rich (ilmenite-bearing) cumulates sink. These rising primitive 

Mg- and Ni-rich LMO cumulates experience decompression melting and rise to the base of the 

crust, assimilating material enriched in incompatible elements (KREEP: K, rare earth elements, P) 

and ferroan anorthosites (FANs). These hot, Mg-rich magmas subsequently are emplaced and crys-

tallize in the lunar crust, forming the Mg-suite lithologies. While these models have gained trac-

tion, the extent of Mg-suite magmatism and the relationships between different lithologies within 

the Mg-suite, however, remains unclear (Shearer et al., 2015a). Most models of Mg-suite 
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formation are inconsistent with at least some part of the geochemical, petrologic, isotopic, and 

remote sensing data available for the Mg-suite samples (Shearer et al., 2015a; Elardo et al., 2020). 

An impact origin is considered unlikely due to the distribution of ages and emplacement depths of 

samples within the Mg-suite. As mentioned above, though, there is at least some evidence that one 

member of the Mg-suite might be of impact origin (White et al., 2020). Trace element ratios (e.g., 

Eu/Al and Sc/Sm) indicate that the FANs and Mg-suite samples could not have been comagmatic 

in origin. Incorporating KREEP through melting or remobilization into FAN cannot account for 

the primitive nature of the Mg-suite rocks. Recent models such as Prissel and Gross (2020) and 

Elardo et al. (2020) work to incorporate a variety of constraints of Mg-suite magmatism, KREEP, 

and LMO overturn models. These models find solutions that answer longstanding questions about 

the global distribution, petrogenesis, and diversity of the Mg-suite (Elardo et al., 2020; Prissel and 

Gross, 2020).  

 

While the known extent of the Mg-suite is entirely plutonic, the parent magmas to the Mg-suite 

were less dense than the mare basalts or picritic glasses (Prissel et al., 2015; Prissel et al., 2016a), 

and yet the high-density mare basalts and picritic glasses erupted to the surface. The eruptibility 

of Mg-suite magmas was tested in Prissel et al. (2016a), where it was found that less than 10% of 

the current lunar surface has a crustal density sufficient to allow for Mg-suite magmas to erupt 

under buoyancy-driven ascent. In their model, Prissel et al. (2016a) concluded that the modern-

day porosity and low crustal density was acquired early in lunar history due to the paucity of ex-

trusive Mg-suite samples. Nevertheless, Prissel et al. (2016a) note that basaltic Mg-suite samples 

are present in the sample collection (e.g., 73215,170; James and Hedenquist, 1978; Jessberger, 

1979) and that remote sensing observations of ancient volcanic activity is often biased to 
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identifying FeO-rich mare-like compositions relative to low-FeO Mg-suite deposits. Further, a re-

cent study found crustal porosity has generally increased with time (Huang et al., 2022), implying 

that ancient Mg-suite eruptions onto the lunar surface may have been even more feasible than 

determined by Prissel et al. (2016a). 

 

Magnesium-aluminate spinel (MgAl2O4) is a trace to minor mineral in the lithology termed ñpink 

spinel troctoliteò (PST), which is dominated by olivine and plagioclase but may have minor 

amounts of pyroxene in addition to Mg-Al-spinel (e.g., Dymek et al., 1975; James, 1980). The 

spinel is often termed ñpinkò due to its pink color in hand specimen or under plane polarized light, 

caused by minor amounts of Cr. This pink color separates these spinels from other lunar spinels 

that are Cr-, Ti-, or Fe-rich, opaque under transmitted light, and more typically found in mare 

basalts. On the Moon, pink spinel is found almost exclusively in the plutonic or hypabyssal Mg-

suite lithology PSTs, although rare basaltic Mg-suite clasts are documented (James and 

Hedenquist, 1978; Jessberger, 1979) and remote sensing observations indicate that a pink spinel 

anorthosite lithology is broadly distributed across the lunar surface (Pieters et al., 2011; Lal et al., 

2012; Pieters et al., 2014; Sun et al., 2017). 

 

In this study, we investigate lithic and mineral clasts within an impact melt rock from Apollo 16. 

The lithic clasts are magnesian and contain spinel, and isolated spinel mineral clasts are also iden-

tified in the impact melt matrix. The lithic clasts are texturally dissimilar to the Mg-suite, and we 

seek to understand if the lithic and mineral clasts are of volcanic or impact origin. Finding defini-

tive evidence of extrusive Mg-suite volcanism would broaden the known diversity of volcanism 
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on the Moon. If these clasts are related to impacts, we seek to understand how impacts could have 

produced lithologies that fit the mold of Mg-suite rocks. 

 

4.2 Sample Description 

Two petrographic thin sections of Apollo sample 68815 were analyzed in this study: 68815,17 and 

68815,148. This Apollo 16 sample is a large (1.8 kg) rock chipped off of Boulder C at Station 8 

on a ray of South Ray Crater, and therefore has a well-known orientation on the Moon (NASA, 

1972; Dust and Crozaz, 1977). It has been inferred that this boulder was excavated by the impact 

that formed South Ray Crater, and exposure ages of 2.0 Myr of 68815 represent the age of that 

crater (NASA, 1972; Drozd et al., 1974). Exposure ages were calculated using 81Kr, and solar wind 

interactions were analyzed via 3He, 10Be, 14C, 21Ne, 22Na, 26Al, 38Ar, 46Sc, 53Mn, and 56Co isotopic 

abundances in a variety of studies (Behrmann et al., 1973; Clark and Keith, 1973; Drozd et al., 

1974; Fruchter et al., 1977; Fruchter et al., 1978; Kohl et al., 1978; Nishiizumi et al., 1988; Rao et 

al., 1994; Jull et al., 1998). Sample 68815 has experienced a relatively simple exposure history 

and therefore has been extensively studied and proposed as a calibration standard for cosmic rays, 

solar rays, and micrometeorite bombardment (e.g., Behrmann et al., 1973; Clark and Keith, 1973; 

Drozd et al., 1974; Kohl et al., 1978; Nishiizumi et al., 1988; Jull et al., 1995; Jull et al., 1998). 

 

Petrologically, 68815 consists of lithic and mineral clasts embedded in glassy to devitrified impact 

melt (Figures C.1, C.2). The impact melt preserves schlieren, or flow texture, and has a consider-

able range in composition reflected in differences in color: paler bands are anorthositic, while 

darker bands are more Mg- and Fe-rich (Dixon and Papike, 1978). Schaeffer et al. (1976) and 

Schaeffer and Schaeffer (1977) reported 39Ar-40Ar ages for various sections of the glass and of 
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several clasts. The plateaus obtained for most of these sections were of poor quality, and the re-

sulting age of 3.76 Ga is considered the minimum formation age for the impact glass (Schaeffer et 

al., 1976; Schaeffer and Schaeffer, 1977).  

 

Both thin sections in our study contain a variety of lithic and mineral clasts embedded in devitri-

fied, cryptocrystalline impact melt. Section 68815,17 was not studied prior to this work. Brown et 

al. (1973) reported on 68815,148, a ñfluidized breccia,ò that contained troctolitic clasts with Mg-

rich olivine and pyroxene, calcic plagioclase, magnesian ilmenite, and pleonaste spinel, although 

they did not report compositions for the spinel. Gabbroic and noritic clasts were also reported, and 

a lack of mare basalt clasts was noted (Brown et al., 1973). An iron and schreibersite intergrowth 

was identified in a clast in 68815,148, and Brown et al. (1973) concluded there was no evidence 

for exogenous origin for any of the clasts discussed. 

 

4.3 Methods 

We utilized a variety of optical and electron microscopy techniques to perform a coordinated anal-

ysis of the two thin sections of Apollo sample 68815. The initial investigation of these thin sections 

used an optical microscope, followed by electron probe microanalysis (EPMA) characterization. 

Subsequent analyses with scanning electron microscopes (SEMs) utilized electron backscattered 

diffraction (EBSD), energy dispersive X-ray spectroscopy (EDS), and backscattered electron 

(BSE) imaging to further characterize these samples. 

 

The optical microscope used in this study is a Keyence VHX7000 Digital Microscope housed in 

the Kuiper Materials Imaging and Characterization Facility (KMICF) at the University of Arizona. 
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We obtained mosaicked images of each section in plane polarized light (PPL), cross polarized light 

(XPL), and reflected light (RL; Figures C.1, C. 2). The mosaicked images were then stacked in 

Adobe Photoshop to help identify initial regions of interest and to aid navigation during subsequent 

analyses. The stacked images provided a micro-GIS (geographic information system) that would 

later contain locations of all analyses performed on and images taken of the samples. 

 

Following optical characterization, we obtained elemental X-ray maps of the entire sections using 

the Cameca SX100 EPMA in the KMICF. Elements mapped include Si, Ti, Al, Cr, Fe, Mg, Ca, 

Na, K, and P (Figures C.3ïC.28). Regions of interest (lithic clasts) were later also mapped at higher 

resolution for the same elements. Electron beam conditions for elemental mapping were 15 kV 

and 40 nA. Quantitative spot analyses of individual phases were obtained for plagioclase, olivine, 

pyroxene, spinel, and zircon within these sections. Standards used to calibrate these analyses var-

ied by element and between phases analyzed to optimize analysis accuracy. Standards for each 

analysis are listed in the appendices. Electron beam conditions for spot measurements varied de-

pending on the phase being analyzed but were typically 15 kV, 10ï20 nA, and beam diameters 

ranged from fully focused (~1 µm) to 5 µm. 

 

Using the Hitachi 4800 SEM in the KMICF, we obtained BSE images and EDS maps of portions 

of each thin section. At NASAôs Johnson Space Center, in the Astromaterials Research and Ex-

ploration Science division, we used the JEOL 7900F field emission (FE)-SEM to obtain EBSD 

and EDS maps of areas of interest in the 68815 samples. The thin sections were prepared for EBSD 

analysis by polishing with a water-free 50-nm colloidal silica dispersion for 1ï3 hours, followed 

by the application of a 0.5 nm carbon coat. The EBSD data were collected with a 20 kV, ~90 µA 
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electron beam. Following data acquisition, EBSD data was processed using AZtecCrystal. The 

EBSD data were cleaned by first removing wild spikes, then removing zero-solutions at 8 and 7 

nearest neighbors with up to 10 iterations each. 

 

Modal abundances were calculated in a manner similar to methods described in Wilbur et al. 

(2022). For each elemental X-ray map of the clasts, we masked regions outside of the clast using 

Adobe Photoshop. The images with clasts isolated were then imported into ImageJ software, and 

modal abundances were obtained by pixel count analyses. Errors for this method of mineral mode 

determination are estimated to be approximately 5% (Maloy and Treiman, 2007; Wilbur et al., 

2022). 

 

4.4 Results 

We have identified lithic and mineral clasts embedded within impact melt in two thin sections of 

Apollo sample 68815. While there are a great variety of lithic and mineral clasts within these thin 

sections, we focus on crystalline, magnesian lithic clasts and spinel mineral clasts. The lithic clasts 

of interest are divided into two types, Alpha and Beta, based on geochemistry and texture. For 

each lithic clast type and for mineral clasts, we present petrology, geochemistry, and EBSD data. 

 

4.4.1 Alpha Lithic Clasts 

One lithic clast in 68815,17 and five in 68815,148 have been categorized as Alpha clasts. The 

Alpha clasts are denoted with an óaô in their appointed names. Clast 17a1 is an alpha clast from 

68815,17 and 148a1, 148a2, 148a3, 148a4, and 148a5 are alpha clasts from 68815,148. These 

alpha clasts are typified by olivine and plagioclase, but also typically contain spinel and minor 
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amounts of pyroxene (Figure 4.1aïf). Plagioclase comprises approximately 39.8% of 148a2, with 

olivine and pyroxene comprising 51.8% and 7.3% respectively, and spinel the remaining 1.1% 

(Table 4.1). In 17a1, plagioclase is found to be 59.0% of the clast, olivine 29.1%, pyroxene 8.7% 

and spinel 3.2% (Table 4.1). Olivine appears as small grains (~15 µm in length) forming skeletal 

laths with spinifex texture or occasionally as larger (>50 µm in length) lath-like crystals. Plagio-

clase is found interstitially, and is very fine grained (laths are typically less than 10 µm in length 

and less than 2 µm in width). Spinel grains are euhedral to subhedral, up to 50 µm in diameter, 

occurring mostly within the fine-grained plagioclase, while pyroxene is found as small (~25 µm), 

randomly oriented laths found in mesostases between skeletal olivine ñbranches.ò Within the areas 

containing pyroxene, mesostasis pockets have formed and preserve evidence of immiscibility, ei-

ther between two silicate liquids, or between a silicate and a metallic liquid (Figure 4.2aïb). Small 

(Ò 50 Õm) vugs are found within some clasts. 

 

Chemical data for the Alpha clasts are shown in Figure 4.3. Olivine compositions in Alpha clasts 

range from Fo77.3 to Fo93.5, with individual clasts often spanning this full range in composition. 

Plagioclase is anorthitic, An92.4 to An95.5, and is too fine-grained to recognize the presence of chem-

ical zoning. Spinel is Mg-rich (Mg# of 87.5ï91.3) and Cr-poor (Cr# of 1.5ï3.9; where Cr# = molar 

Cr/[Cr + Al] × 100). Pyroxene is much smaller and less abundant in the clasts, but has a wide range 

in Wo content (7.1ï40.2), with Mg# from 69.5 to 87.1. Pyroxene is also zoned (Figure 4.2aïb), 

but the zoning cannot be reliably measured using EPMA due to the small size of pyroxene in Alpha 

clasts. Using mineral geochemical data and modal abundances, we calculated bulk compositions 

of clasts 17a1 and 148a2. 
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Figure 4.1 Images of Alpha and Beta clasts. Plane-polarized light (PPL) images (left), backscat-

tered electron (BSE) images (center), and elemental X-ray composite maps (right) of Alpha clasts 

17a1 and 148a2, and Beta clasts 17b2 and 148b6. All elemental X-ray composite maps show mag-

nesium in red, aluminum in green, calcium in blue, and iron in yellow. In this color scheme, olivine 

is red, plagioclase is teal, pyroxene is purple, and spinel is green.  
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Using EBSD, we 

were able to further 

characterize the spi-

nel-bearing Alpha 

clasts. The skeletal 

olivine in Alpha 

clasts typically share 

nearly identical ori-

entation within a sin-

gle ñbranch,ò and 

neighboring branches 

usually have similar 

orientations to each 

other, but vary more 

than within a branch 

(Figure 4.4). The oli-

vine are oriented such 

that the branches 

form along the a-axis 

(Figure 4.4d). The 

very fine grain size of 

plagioclase meant it 

was challenging to 
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index with the 1 µm step size used. With a 0.1 µm step size more plagioclase was indexable in 

Alpha clasts, but still many regions appear too fine grained to be indexed. Collectively, the plagi-

oclase shows a moderate preferential orientation, with its {100} pole parallel to 

Figure 4.2 High-magnification BSE images showing texture of lithic and mineral clasts. (a) Euhe-

dral spinel is found surrounded by plagioclase and spinifex olivine, with interstitial areas com-

posed of zoned pyroxene-dominated mesostasis within clast 17a1. (b) Also within 17a1, pyroxene-

dominated mesostasis exhibits zoned pyroxene and plagioclase, with the space between plagio-

clase and pyroxene crystals filled with blebs of metal and two immiscible liquids. (c) Subhedral 

spinel crystal encased in a single olivine crystal in 148b6. Between the olivine and spinel is a thin, 

discontinuous band of plagioclase. (d) Mineral clast 148sW, an isolated spinel crystal embedded 

in devitrified impact melt. 148sW is euhedral and exhibits zoning. Abbreviations: px: pyroxene; 

sp: spinel; pl: plagioclase; ol: olivine. 
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Figure 4.3 Geochemical data of lithic and mineral clasts. (a) Spinel compositions, plotted as Cr# 

(molar Cr/[Cr + Mg] × 100) v. Mg# (Mg/[Mg + Fe] × 100). (b) Partial feldspar ternary showing 

anorthite endmember. (c) Truncated pyroxene quadrilateral. (d) Olivine compositions plotted on 

binary forsterite-fayalite line, data offset vertically for clarity. Abbreviations: An: anorthite; Ab: 

albite; Or: orthoclase; Di: diopside; Hd: hedenbergite; En: enstatite; Fs: ferrosilite; Fo: forster-

ite; Fa: fayalite. 
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that of the pole to the {100} of the olivine branches (Figure 4.4d). Spinel do not show a collective 

preferred orientation, even among neighboring grains. Individual spinel crystals, however, appear 

uniform in orientation. 

Figure 4.4 Electron backscatter diffraction (EBSD) data from a portion of 148a2. (a) BSE image 

of clast 148a2, with an inset showing the location of (b) and (c). (b) Phase map showing spinel in 

green, olivine in red, plagioclase in teal, and pyroxene in purple. White space was not indexed but 

is largely plagioclase. (c) Inverse pole figure (IPF) map of same area, with pixels colored by 

crystal orientation, as designated by the keys below map. (d) Pole figures of each phase in (c). All 

pole figures are in a lower hemisphere equal area projection and color-coded according to (c). 
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4.4.2 Beta Clasts 

Other magnesian, fine-grained, crystalline lithic clasts classified as Beta clasts. We have identified 

three such clasts within samples 68815,17 and 68815,148. The Beta clasts are denoted with a óbô 

in the descriptor, 17b2 was identified in 68815,17 and 148b6 and 148b7 in 68815,148. Beta clasts 

are texturally distinct from Alpha clasts and exhibit a wider range in textures, although they consist 

of the same minerals. The Beta clasts range in texture from intergranular to subophitic, with pla-

gioclase often appearing to dominate the texture and olivine is found interstitial to plagioclase 

crystals (Figure 4.1eïh). Fine-grained (<10 µm across) pyroxene is also found in the interstices 

between plagioclase crystals and, like Alpha clasts, is associated with mesostasis regions. Spinel 

in Beta clasts occur both within plagioclase and olivine grains. The spinel grains surrounded by 

plagioclase are subhedral to anhedral, while those within olivine are euhedral to subhedral (Figure 

4.5). The spinel grains within olivine are surrounded by a very thin, sometimes non-continuous 

plagioclase rim, no more than 1 µm in width (Figure 4.2c). Small (Ò100 Õm) vugs are found within 

Beta clasts, with 148b7 containing one vug almost 300 µm across. 

 

Beta clasts exhibit a wider range of geochemical variation than Alpha clasts for spinel and plagi-

oclase, but narrower for olivine and pyroxene (Figure 4.3). Olivine ranges from Fo79.1 to Fo88.7, 

and plagioclase from An85.9 to An96.9. Pyroxene compositions have Mg# from 62.2 to 81.2, with 

Wo content ranging from 8.0 to 38.3. Spinel compositions are more Cr-rich, with Cr# from 1.7 to 

14.2. Magnesium number for spinels range from 64.9ï85.2. Pyroxene is the only phase to exhibit 

zoning, but the pyroxene is too fine-grained for the zoning to be measurable with EPMA. Similar 
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to the Alpha clasts 17a1 and 148a2, we used mineral geochemical data and modal abundances to 

calculate the bulk compositions of clasts 17b2 and 148b6. 

 

Beta clasts are further differentiated from Alpha clasts in the EBSD data. Olivine grains do not 

show preferred orientation. Plagioclase, on the other hand, displays an orientation preference in 

148b6 on a local scale (Ò100 Õm; Figure 4.5). Larger scale trends in plagioclase are difficult to 

ascertain due to the fine-grained nature of the plagioclase and the coarser step size of the EBSD 

map. Spinel, whether contained in olivine or in plagioclase, do not show a collective preferred 

orientation, but individual spinel grains are uniform in orientation, with moderate amounts of strain 

(Ò20Á misorientation within a grain). EBSD data show definitively that plagioclase forms a rim 

around spinel grains enclosed in olivine (Figure 4.5c, 4.5e).  

 

4.4.3 Spinel Mineral Clasts 

Within the impact melt matrix, isolated spinel grains are present. We have identified four such 

mineral clasts in each of the thin sections 68815,17 and 68815,148. These mineral clasts are de-

noted 17sA, 17sB, 17sC, and 17sD in 68815,17 and 148sW, 148sX, 148sY, and 148sZ in 68815,148, 

where ósô is for spinel. The mineral clasts are small, between 20 Õm and 50 Õm in the longest 

dimension, except 17sA, which is approximately 250 µm in diameter. The grains range from eu-

hedral (e.g., Figure 4.2d) to anhedral, and can occur in close association to each other (e.g., 17sB 

and 17sC are 20 µm apart). 

 

Geochemically, the spinel mineral clasts are more Cr-rich and Fe-rich than those found in Alpha 

clasts, but similar to Beta clasts (Figure 4.3a). Their Mg# ranges from 57.0 to 89.0, and
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Figure 4.5 EBSD data for Beta clast 148b6. (a) BSE image of 148b6, showing locations of (d), (g), 

and (j). (b) Phase map of entire clast 148b6, with the same color scheme as Figure 4. Whitespace 

was not indexed but is largely plagioclase. (c) Inverse pole figure (IPF) map of 148b6, colors 

designated by key above map. (d, g, j) BSE images of inset regions shown in (a). (e, h, k) Phase 

maps for inset regions shown in (d), (g), and (j). (f, i, l) IPF maps for inset regions shown in (d), 

(g), and (j). 
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