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Abstract 

Many in situ measurements of volatile elements (F, Cl, H, and S) have been collected on 

lunar samples. Whilst this has significantly broadened our understanding of the volatile 

inventories and evolution of the Moon, these studies have been focused mainly on crystalline 

samples from the lunar nearside which restricts our understanding of lunar geology, 

geochemistry, and volatiles of the regions sampled. Lunar meteorites may have been ejected 

from anywhere on the lunar surface, hence detailed analysis of a diverse set of lunar 

meteorites may expand our knowledge and challenge existing models of lunar evolution. A 

large proportion of lunar meteorites (and the Apollo samples) are brecciated, however. The 

processes which give rise to brecciation on the Moon may have led to the loss of geological 

context and key phases for the study of volatiles. This study primarily focuses on 

investigating volatiles (H, F, Cl) in apatite from five brecciated lunar meteorites to gain new 

insights into the history of volatiles in the Moon.  

This study primarily focuses on Cl and H, using the NanoSIMS 50L, Cl and H2O abundances 

and Cl and H isotopic compositions measured on 34 apatite grains. CeO2 abundances of 

apatite are used as a proxy for rare earth element contents, which are compared to Cl and H 

results to investigate correlations and to attempt to reconstruct parental melt H2O contents. 

Apatite Cl abundances range from ~ 10 to 36500 ppm and are associated with a δ37Cl range 

from – 1 to + 53 ‰. Apatite H2O abundances range from ~ 130 to 4500 ppm and are 

associated with a δD range from – 940 to + 1030 ‰. The higher δ37Cl values are associated 

with negative δD in some apatite grains located in highlands-type clasts as well as in isolated 

grains occurring within the matrix of these breccias. No obvious correlation between δD and 

δ37Cl is apparent, however. The heavier δ37Cl values appear to bridge the gap between 

existing data on Apollo and basaltic lunar meteorites and extreme δ37Cl values observed in 

one lunar meteorite, which supports greater heterogeneity of the lunar Cl record. Light H 

isotopes observed in some quartz monzodiorite clasts may indicate a significant solar 
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wind/nebular input into the lunar precursor material and/or interaction with solar-wind 

derived H in the lunar regolith.  
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“We don’t make mistakes, we have happy accidents”  

       Bob Ross 
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1. Introduction 

 

1.1. Overview 

Meteorites are a key resource in the study of the formation and evolution of the Solar System. 

A large proportion of meteorites are derived from smaller primitive asteroid parent bodies, 

with larger rocky planetary bodies such as the Moon and Mars lacking sufficient 

representation in the meteorite collection. The age, composition, and textures of these 

meteorites have been of key significance to the planetary research community to understand 

processes which occurred on a variety of scales throughout the Solar System’s history.  

Stony meteorites from the Moon and Mars, along with other differentiated planetary bodies 

such as the asteroid 4 Vesta are broadly termed achondrites. These differ from 

undifferentiated chondrites, which are comprised of chondrules (rounded grains formed 

during short-lived high-temperature solar nebular events as molten/partially molten droplets 

free-floating in space; Jones, 2003). A proportion of chondrites record alteration reactions 

of water with the planetesimals/asteroids, while others experienced thermal metamorphism 

during planetesimal heating events, and subsequent recrystallisation (Jones, 2003).  

The differentiated planetary bodies were heated to the point of melting, and in the case of 

asteroids the initial (chondritic) material underwent differentiation to form a metallic core 

and silicate mantle (Jones, 2003). Figure 1.1 shows the broad classification of meteorites.  

Meteorites from these smaller differentiated planetary bodies, such as the Angrite parent 

body and asteroid 4 Vesta, provide us with information of different accretionary processes, 

and the nature of the very early Solar System within ~ 4 Ma of its origin (Lugmair and 

Shukolyukov, 1998; Srinivasan et al., 2000; Nyquist et al., 2001). Meteorites from larger 

airless bodies such as the Moon, which is not thought to have formed via planetary accretion 

and exhibits no current evidence of plate tectonics/geological activity, inform us about the 

evolution of the Solar System (due to later formation than the aforementioned asteroids). 
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The accumulation of the Moon at an orbital distance of 3.8 R⊕ (R⊕ being Earth’s radius; Ida 

et al., 1997; Kokubo et al., 2000; Canup, 2012), and the subsequent drift from 52 R⊕ in the 

Precambrian (2.5 Ga; Walker and Zahnle, 1986) to 60.32 R⊕ at the present day (Lasater, 

2007) means that many events (e.g., asteroid impacts) that have affected the Earth may have 

evidence retained in/on the Moon which otherwise have been overprinted/lost on Earth by 

tectonic and atmospheric processes. Lunar rocks may therefore represent an archive of the 

Earth-Moon system’s dynamic history.  

 
Figure 1.1: Classification scheme of meteorites, after Jones (2003) 

The Moon’s correlated history with the Earth through its giant-impact formation, the 

presence of, delivery to, and behaviour of volatile elements (e.g., H, Cl, S) is of crucial 

importance to the Earth’s evolution of life (see Chapter 1 Section 1.2.3. for more details on 
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the giant impact). The lack of an atmosphere and associated weathering on the Moon means 

more impactors reach the lunar surface and modify the distribution and composition of 

volatiles (Shearer et al., 2006). Volatile elements have relatively low condensation 

temperatures (1290–704 K for moderately volatile elements; < 400 K for highly volatile 

elements; Lodders, 2003).  

The volatiles of importance for this thesis are Cl and H, with lesser focus on fluorine. 

Additional work is focused on the rare earth element, cerium (Ce), used as a proxy for light 

rare earth element (LREE) abundance, as well as a potential tracer of H2O. The Cl isotopic 

composition reported using the standard delta (δ) notation in per mille (‰; see chapter 1 

section 1.2.4.3 for the details on the derivation of the delta notation), has been found to be a 

useful proxy to investigate the behaviour of H in a melt, owing to its hydrophilic nature 

(Eggenkamp et al., 1994; Sharp et al., 2010b; 2016; Barnes et al., 2016; 2019). This has 

previously been used to explore the ‘wet’ vs. ‘dry’ Moon hypothesis (Sharp et al., 2010a; 

2010b; Boyce et al., 2015; Barnes et al., 2016; 2019). Chlorine isotopes for lunar material to 

date appear to have shown some heterogeneity for the lunar interior, prior to the findings of 

Wang et al. (2019) of extremely heavy Cl isotopes (up to ~ + 81 ‰) in the lunar meteorite 

Dhofar 458, which significantly broadened the apparent heterogeneity of the lunar interior. 

To determine if this reflects a greater heterogeneity than previously reported through studies 

of Apollo samples and some basaltic lunar meteorites, a broader range of lunar lithologies 

should be investigated.  

In addition to Cl, H isotopic composition (also reported using the standard delta (δ) notation 

in per mille (‰; see Chapter 1 section 1.2.4.3 for the details on the derivation of the delta 

notation)) is used to investigate the coupling of H and Cl in the lunar system. The isotopic 

composition of H2O is important to help reconstruct the source of lunar water and the extent 

of water depletion as a result of geological processes such as magmatic degassing (e.g., 

Elkins-Tanton and Grove, 2011; Greenwood et al., 2011; Tartèse et al., 2013a; Barnes et al., 
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2014; Robinson et al., 2016b). Through analysis of a wider range of lunar lithologies, the 

extent of heterogeneity of H isotopes in the lunar interior is also investigated.  

To date, relatively little work has been focused on determining the volatile content and 

isotopic composition of brecciated lunar meteorites. Tartèse et al. (2013a, 2014a), Barnes et 

al. (2019), and Stephant et al. (2019a) reported in-situ Nano Secondary Ion Mass 

Spectrometry (NanoSIMS) isotopic measurements of H and Cl and associated volatile 

contents in apatite in basaltic lunar breccias Kalahari 009, Northwest Africa (NWA) 4472, 

Sayh al Uhaymir (SaU) 169, and NWA 10989. With a total of 541 lunar meteorites (318 are 

classed as breccias, as of June 2022), this represents a relatively small sample set for H and 

Cl analyses. Additional investigation of the volatile content and isotopic composition of a 

large range of brecciated lunar meteorites containing diverse lithologies, can be used to 

explore and constrain the heterogeneity of volatiles in the lunar interior, as well as the extent 

of fractionation processes in their source regions. 

New insights from the measurements of Ce contents in apatites from these brecciated lunar 

meteorites could be used to better constrain the water contents of their parental melts, due to 

the similar behaviour of H2O and Ce during partial melting of the mantle (Saal et al., 2008; 

2013; Hauri et al., 2011), and a greater retention of Ce in both the magma and mineral phases, 

meaning degassing, fractionation, and evaporation will not have altered the original cerium 

abundance. This could expand the application of apatite H2O measurements beyond 

providing context to the timing of apatite formation, owing to the lower partitioning of water 

into earlier formed apatites assuming equilibrium crystallisation. 

1.2.  The Moon 

1.2.1. Apollo and Luna missions to the Moon – new age of discovery  

On 12th September 1962, in addressing a large crowd gathered at the Rice Stadium in 

Houston, Texas, then President John F. Kennedy called for support of NASA’s Apollo 

program which represented a national effort to place a man on the Moon. This goal was 
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realised on July 20th, 1969, when Apollo 11 successfully landed two astronauts who 

deployed a number of instruments and explored the surface of the Moon in the lander’s 

vicinity. Following this success, over the course of the next decade more missions by both 

the USA and Soviet Union visited the Earth’s only natural satellite, returning a wealth of 

geological material to Earth for analysis. Approximately 382 kg of rock, drill cores, nd dust 

were returned from the Apollo program alone. This has been curated and stored securely by 

NASA in order to minimise terrestrial contamination of this precious material.  

NASA have allocated some Apollo sample material since 1969 for analysis by teams across 

the world, and this material has been invaluable in painting the picture we know of the Moon 

and its history. As will be discussed, our understanding has vastly improved along with 

analytical procedure, leading to improvement in accuracy and resolution. 

1.2.2. Lunar Geology — Post-Apollo 

A total of 382 kg of rock and soil samples from nine localities on the lunar surface were 

returned by the six Apollo and three Luna missions between 1969 and 1976 (Shearer et al., 

2006). This sample inventory is also complemented by ~ 541 lunar meteorites. Laboratory-

based analysis carried out on Apollo samples following their return to Earth indicated the 

presence of several lithologies on the lunar surface, the most common being basalts and 

anorthosites. Basalts mainly comprise the maria (which are the darker, lower elevation 

regions on the lunar surface) while anorthosites and norites are dominant in the lunar 

highlands/Mg-suite (i.e., the lighter, more elevated regions of the lunar surface), thought to 

represent the early lunar crust and later igneous crustal intrusions. These lithologies show 

textural and chemical diversity, allowing the classification of several subgroups. The mare 

basalts most notably vary in their titanium, aluminium, and potassium contents, with 

subgroups including the low-Ti, high-Ti, high-Al, and very-high-potassium (VHK) basalts. 

Highlands lithologies include the Mg-suite, alkali-suite and ferroan anorthosites. Ferroan 

anorthosites are thought to represent the early lunar crust formed through plagioclase 
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flotation from the lunar magma ocean (LMO), while the Mg-suite and alkali-suite rocks have 

been proposed to have formed by decompression melting triggered by cumulate overturn in 

the lunar mantle (Ringwood and Kesson, 1976; Warren, 1988; Hess, 1994; Hess and 

Parmentier, 1995; Elkins-Tanton and Grove, 2011; Elkins-Tanton et al., 2011; Elkins-

Tanton, 2012; Prissel et al., 2016a; 2016b) or by melting of anorthositic and dunitic mantle 

at the crust-mantle boundary (Shearer and Papike, 2005; Elardo et al., 2011; Shearer et al., 

2015; see Chapter 1 Section 1.2.3. for more information on the evolution of the Moon).  

The current lack of Mg-suite and alkali-suite material in lunar meteorites indicates that these 

rock types may not be globally distributed across the Moon. The Apollo and Luna missions 

sampled the anomalous Procellarum KREEP Terrane (PKT), which is particularly enriched 

in the incompatible elements potassium (K), phosphorous (P) and the rare earth elements 

(REEs). The rocks of the KREEP suite are thought to originate from the late-stage residual 

melt of the LMO, termed urKREEP, which was enriched in these incompatible elements.  

Remote  spectroscopic observations of the lunar crust have indicated that Mg-suite outcrops 

may be more widespread across the Moon (Dhingra et al., 2011; Pieters et al., 2011; Prissel 

et al., 2014; Jackson et al., 2014; Williams et al., 2016). It has been recently demonstrated 

(Elardo, 2020) that the KREEP layer of the LMO has the potential to produce Mg-suite 

magmas through lowering the melting temperature of the mantle source regions. The 

temperature of these mantle sources may have been increased by the decay of radioactive 

elements (K, U, Th) which are particularly concentrated in KREEP. This challenges the 

proposal that the magmatism which gave rise to the Mg- and alkali-suite magmas was global 

on the Moon.  

Recent Sr-Nd isotope data on basalt samples returned from the PKT by the Chang’e-5 

mission challenge the assumption that all basaltic magmatism in the Oceanus Procellarum is 

KREEP-derived. These REE- and Th-rich basalts yielding the youngest age of a lunar rock 

to date (~ 2 Ga)  display absolute Nd isotope ratios which are greater than to the typical low 
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Nd isotope ratios of KREEP-rich rocks (Tian et al., 2021). This indicates that the Chang’e-

5 basalts are derived from a non-KREEP mantle source and that the high REE and Th 

concentrations are the result of low-degree partial melting followed by extensive fractional 

crystallisation (Tian et al., 2021).  

1.2.3. Moon Formation — Current Models 

The canonical formation of the Moon is described as a late impact with a proto-Earth and a 

Mars-sized impactor called Theia ~ 4.4 Ga ago (Connelly and Bizzarro, 2016). The widely 

accepted impact model (Canup and Asphaug, 2001; Canup, 2004, 2008) proposes a low 

velocity impact between an impactor ~ 10 % of Earth’s mass and an early Earth to produce 

an Earth-Moon system close to that observed today. The impact produced debris which 

formed an accretionary disk around the proto-Earth from which the Moon accreted (Canup, 

2008) (see Figure 1.2 for a schematic summary of the Giant Impact Model). The issues with 

this model are that it does not well explain: (1) the similarity in isotopes of a number of 

refractory elements, e.g. Cr, Ti (Zhang et al., 2012); Si (Armytage et al., 2012); and W 

(Kleine et al., 2005; Dauphas et al., 2014; Kruijer et al., 2015), for the Earth and Moon; (2) 

the depletion in volatile elements on the Moon; (3) the material from which the Moon 

accreted or; (4) the origin of volatile elements on the Earth (and Moon). Dauphas et al. (2014) 

proposes that the Earth and Theia had the same isotopic composition prior to impact, and 

their distinction from chondrites in heavy δ30Si is due to isotopic fractionation in the solar 

nebula, rather than the preferential partitioning of light Si into the Earth’s core. 
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Figure 1.2: Schematic of lunar formation models. Giant Impact model is adapted from Pahlevan and Stevenson (2007), Canup (2012), and 

Canup et al. (2015). Synestia model is adapted from Lock et al. (2018, 2020). Hybrid model is adapted from Righter (2019). 
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Pahlevan and Stevenson (2007), Canup (2012), and Canup et al. (2015) proposed that the 

Moon is formed from a mixture of Earth and impactor material, rather than wholly impactor 

mantle material. It is, however,  unlikely (due to radial mixing processes which are known 

to occur in the final stages of planetary formation) that Theia had an identical composition 

to the proto-Earth (Pahlevan and Stevenson, 2007; Canup, 2012). Instead, mixing post-

impact of vaporized Earth and disk materials prior to Moon formation is required to explain 

the compositional similarities of the Earth and Moon (Pahlevan and Stevenson, 2007). 

Canup et al. (2015) theorised a dynamical model of lunar accretion, in which 40 % of the 

lunar mass was accreted from cool, outer disk material rapidly following the impact. 

Assuming that no volatiles escaped, this lunar mass will be volatile-enriched (Canup et al., 

2015). The remaining 60 % of the Moon will have accreted from hot, inner disk material; at 

temperatures exceeding the condensation temperature (Tc 50 %) of K, and as a result will be 

depleted in volatiles (Canup et al., 2015). This model assumes no later interior mixing on 

the Moon, to propose that up to 500 km depth (of a lunar radius of ~ 1740 km), the material 

will have been depleted in volatiles (Canup et al., 2015). The mare basalts are thought to 

sample later melting of this upper region of the lunar mantle material, with further degassing 

of volatile elements upon eruption (Canup et al., 2015). 

Lock et al. (2018) hypothesized that the giant impact transformed the proto-Earth into a 

synestia, which is a body with a corotating inner region and disk-like outer region (Figure 

1.2; Lock et al., 2020). According to this model, the Moon would have accreted within this 

synestia and formed from moonlets accreted from liquid debris produced by the impact and 

falling condensates (magma rain) produced by radiation of the photosphere of the synestia 

at ~ 2300 ° K (Lock et al., 2020). Chemical equilibrium between these condensates and the 

vapour of the synestia (dominated by bulk-silicate Earth chemistry) determines the lunar 

composition (Lock et al., 2018; 2020). The terrestrial synestia would have cooled and 

contracted to a distance less than the current lunar orbit,  upon which the lunar mass becomes 
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a separate body, and follows a divergent chemical and thermal evolution to the synestia 

(Lock et al., 2020; see Figure 1.2 for a summary of the synestia model of lunar formation). 

The high temperatures of the synestia at the time of lunar accretion resulted in the strong 

depletion of volatile elements in the Moon (Lock et al., 2020).  

Righter (2019) presented a ‘hybrid’ model of Moon formation that accounted for the 

loss/partitioning of volatiles from the bulk Moon via high-temperature impact formation 

mechanisms, core formation and a depletion of volatiles in the Moon’s precursor material 

(see Figure 1.2 for a summary of the 'hybrid' model proposed by Righter, 2019). The initial 

volatile-depleted material from Theia contributed to hot inner protolunar disk material which 

then mixed with cooler volatile-bearing outer disk material (Righter, 2019).  Highly volatile 

siderophile elements (VSEs, such as Cu, Ge, Zn, and In) will have been lost during the 

accretion of the Moon as they remained in a gaseous phase as the accretion process 

completed (Righter, 2019). These elements have 50 % condensation temperatures (Tc 50 %) 

of ~ 725  K (at 10−4
 bar total pressure), which at a pressure of 1 bar, potentially like that at 

the top of the lunar photosphere, will correspond to an actual temperature of ~ 1700 K 

(Lodders, 2003; Sossi et al., 2017), however Ward (2014) proposed 2000 ° K. This gas may 

move inward and accrete to Earth or outward depending on the principle physical mechanism 

at work (Righter, 2019; see Figure 1.2). If the Moon and Earth systems were dominated by 

synestia processes rather than protolunar disk mixing and gas-melt processes, then gas-melt 

equilibration and the migration of gas controls the volatile contents of the Moon (Righter, 

2019; Figure 1.2). Finally, the formation of a metallic core during the differentiation of the 

Moon will have further depleted VSEs, which fits the geochemical estimates of the lunar 

mantle following differentiation based on a bulk Moon composition that is assumed to be 

similar to Earth’s primitive upper mantle composition (PUM; Righter, 2019). 

The proposed disk temperature of 1700 K (Lodders, 2003; Sossi et al., 2017) contradicts 

observed Fe/Mn signatures. The observed high Fe/Mn of lunar rock indicate that volatile 
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loss during the giant impact occurred at temperatures ~ 1300 ° K, as greater temperatures 

would result in similar amounts of Fe and Mn being lost during volatile depletion, as both 

behave similarly at high temperatures (Melosh, 1990; O'Neill, 1991; Sossi et al., 2016). At 

lower temperatures, the more volatile Mn would be lost relative to Fe, resulting in high 

Fe/Mn signatures (Melosh, 1990; O'Neill, 1991; Sossi et al., 2016). This could perhaps 

suggest that the pressures in this hot inner disk were lower than the proposed 1 bar, leading 

to a lower Tc 50 % of the VSEs.  

Higher energy impacts and equal impactor/Earth scenarios require the loss of angular 

momentum following impact (Righter, 2019). All of the models discussed in this section are 

still the subject of some debate especially as constraints on the spin state of the impactor and 

angular momentum have been investigated further (Righter, 2019).  

Lunar differentiation and the lunar magma ocean 

The accretion of the Moon prompted melting on a large scale to produce a molten Moon 

(Wood et al., 1970; Smith et al., 1970), later referred to as the lunar magma ocean (LMO; 

Wieczorek et al., 2006; Sakai et al., 2014). An early crust (represented by the ferroan 

anorthosite (FAN) suite of rocks) and mantle was produced by fractional crystallisation of 

the LMO, with plagioclase flotation (~ 4.4 Ga) and settling of olivine and pyroxene 

cumulates (Shearer and Papike, 1999; Wieczorek et al., 2006). Towards the end of the LMO 

crystallisation, the late-stage residual melt formed a geochemical reservoir (see Figure 1.3; 

see Warren and Wasson, 1979).  

Such a simple stratification of the lunar interior, however, is not consistent with geophysical 

and remote sensing observations, and various sample studies. For instance, the lunar crust is 

not compositionally homogenous. Global remote sensing data suggest that the lunar farside 

crust is enriched in Mg, and the maria are more concentrated on the nearside (Ohtake et al., 

2009; 2012).  
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Figure 1.3 Schematic of LMO crystallisation, summarised from Taylor (2011) and Elardo et al. (2011) 

1.3. Lunar meteorites 

1.3.1. Contribution to sample set 

Much existing work on lunar samples has been primarily focused on pristine samples 

returned during the Apollo missions with much less work carried out on the volatile 

characteristics of meteorites. This introduces an immediate bias to the data, as the Apollo 

and Luna missions are thought to have sampled only ~ 4.7 % of the entire Moon’s surface 

(Warren et al., 1989). Lunar meteorites ejected due to high-energy impacts onto the Moon’s 

surface, in comparison, potentially sample a broader range of material and provide a less 

biased representation of lunar geology and volatiles. They also have the potential to originate 

from deeper within the lunar stratigraphy than the surface samples collected during the 

Apollo missions (see Chapter 1 section 1.4.2; Tartèse et al., 2019).  
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As of June 2022, 541 lunar meteorites have been collected and documented, of which 318 

are classified as breccias, and 495 show brecciation (The Meteoritical Society, 2022). 

Breccias can contain a large diversity of clasts and geochemical information and can provide 

context of the source location of the meteorite on the lunar surface: including its diversity 

and mixing processes which operate at local to regional scales.  

1.3.2. Observed spread in ejecta locations 

One of the fundamental differences between Apollo samples and lunar meteorites is the 

context we have for the former: their sample locations were documented as they were 

collected. The timing of ejection from the Moon of lunar meteorites pre-dates the Apollo 

missions, before satellites and terrestrial telescopes observed the Moon’s surface in detail. It 

is unknown, therefore, where lunar meteorites were ejected from. Various lunar orbiters 

have, since the Clementine mission in 1994, been collecting data on the Moon’s current 

surface chemistry (e.g., Elphic et al., 1998; Gillis et al., 2004). These missions have 

confirmed elevated Th contents of the Procellarum KREEP terrane on the nearside, and 

quantified average Fe, Th, and other incompatible element concentrations on the farside 

South Pole Aitken basin (Gnos et al., 2004; Korotev et al., 2007; Jolliff et al., 2009).  

1.4. Lunar Breccias – an archive of lunar lithological diversity 

1.4.1. Abundance in the lunar sample collection  

The continuous bombardment of the lunar surface with exogenous material at a variety of 

scales forms impactites including lunar breccias. Impact craters several kilometres in 

diameter cover the landscape, with the superposition of ejecta giving scientists some 

indication of the relative timing of impact events.  Table 1.1 reports the various 

classifications of lunar breccias, their textural and petrographic characteristics, while Figure 

1.4 illustrates the classification scheme of impactites as a whole.  
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Table 1.1: Classification and nomenclature used for lunar brecciated samples, after Stöffler et al. 

(1980) 

Classification Textural characteristics 

Monomict Cataclastic Monolithologic  Comprised of a single lithology  

Metamorphic 

(recrystallised) 

cataclastic  

Monolithologic Comprised of a single lithology and 

partial recrystallisation 

Polymict Melt Matrix Crystalline Holocrystalline (composed entirely of 

crystals) 

Glassy Glassy (composed almost entirely of 

volcanic glass – with minor phenocrysts) 

Clastic matrix Regolith/Soil breccia Regolith clastic constituents – including 

glassy spherules/vesiculated matrix glass 

Fragmental breccia Comprised of rock clasts in porous clastic 

matrix of finer-grained rock 

debris/mineral clasts 

Crystalline/Impact Melt 

breccia  

Comprised of lithic and mineral clasts set 

in igneous-textured matrix (can be 

granular, ophitic, poikilitic, dendritic, 

fibrous, porphyritic etc.) 

Impact glass/glassy melt 

breccia 

Comprised of rock and mineral clasts set 

in a coherent glassy/partially devitrified 

matrix 

Metamorphic matrix Granulitic breccia Recrystallisation texture (can range of 

granoblastic to poikiloblastic)  

Dimict  Dimict/dilothologic Comprised of intrusive, veined texture of 

very fine-grained crystallised melt 

breccia containing coarse-grained 

plutonic and/or metamorphic lithologies 

At the time of writing (June 2022), 318 out of 541 lunar meteorites which weigh over 20 g 

each are classified as breccias (The Meteoritical Society, 2021). In the Apollo collection, 59 

out of 2200 samples which weigh over 500 g each are classed as breccias, with many more 

samples weighing less (Meyer, 2012). Lunar breccias can be sourced from large or small 

impact events/craters and be found at a range of radial distance from larger craters with 

enough energy to eject them a significant distance from the impact site.  

Shock metamorphism associated with these high energy impacts can transform phases, the 

most notable being the change from plagioclase to glassy maskelynite. Stӧffler et al. (1991) 

proposed a scale of shock metamorphism in chondritic meteorites which is widely used in 

other planetary material including lunar samples to assess their metamorphic history. This 

was updated by Fritz et al. (2017) and Stӧffler et al. (2018) for all meteorites including 

achondrites from Mars, the Moon, and asteroids. This scale, presented in Table 1.2, is based 

on textural and geochemical characteristics of the samples, often assessed during preliminary 

analysis of new meteorites.  
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Figure 1.4: Classification scheme of impactites which occur from a single impact, based on geological setting (inside and outside of crater), degree 

of shock metamorphism and texture observed in terrestrial impact craters.  

Source: Hayden et al. (2022) 
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1.4.2. Formation and geological setting  

Breccias which are generated in large basin-forming impacts on the Moon’s surface can 

represent different layers of the crater stratigraphy, as illustrated in Figure 1.5. The 

mechanics of cratering leads to a reverse stratigraphy whereby material excavated from the 

bottom of the crater is deposited at the top of the ejecta blanket, known as the ‘overturned-

flap concept’ (Figure 1.5; Meyer, 2003). 

 
Figure 1.5: Schematic of overturned-flap concept of lunar ejecta stratigraphy. (a) Cross-section of 

polymict ejecta blanket showing typical locations of breccia formation. (b) Cross-section of crater 

floor showing typical locations of breccia formation. Source: Hayden et al. (2022) 
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Table 1.2: Definitions of progressive shock metamorphism for classification systems M (mafic rocks), A (anorthositic rocks) and U (ultramafic rocks) as presented 

in Stӧffler et al. (2018); pdf = planar deformation features. Shock pressure (in GPa) corresponds to final equilibration peak shock pressure experienced by 

polycrystalline rocks, derived from shock experiments (see Table 2 of Stӧffler et al., 2018 and references therein for details of these experiments). Post-shock 

temperatures are relative to ambient temperatures of ~ 25 ℃, in part based on Raikes and Ahrens (1979). 

Classification of M based on data of Kieffer et al. (1976); Schaal and Hörz (1977); Ostertag (1983); Stöffler (1984); and Stöffler et al. (1986). For high pressure 

phases see James (1969); Stöffler (1972); Stӧffler et al. (1991; 2018); Liu and El Goresy (2007); Tschauner et al. (2009; 2014); Stähle et al. (2011); Ma et al. (2016).  

Classification of A based on data as referenced in Stöffler et al. (1980; 1986; 1988); Stöffler (1984); Heisinger and Head (2006). For high pressure phases see Stöffler 

(1972); Stӧffler et al. (1991; 2018); Liu and El Goresy (2007); Tschauner et al. (2014); and Agarwal et al. (2016).  

Classification of U based on data of Stöffler (1972; 1974; 1984); Reimold and Stöffler (1978); Stöffler et al. (1980; 1986; 1988); Bischoff and Stöffler (1992); and 

Schmitt (2000). For high pressure phases see Stöffler (1972); Stӧffler et al. (1991; 2018); Ozawa et al. (2009); Tschauner et al. (2009; 2014); and Ma et al. (2016). 

Classification 

system 

Shock Stage 

Shock effects in plag, pyx, ol, amph, and mica Accompanying disequilibrium shock effects 

Shock 

Pressure 

(GPa) 

Post-shock 

temperature 

(℃) 

Stöffler 

and 

Grieve 

(2007) 

Stöffler 

et al. 

(2018) 

M 

0 M–S1 • Sharp optical extinction (all minerals) 

• Irregular fracturing 

None 

~ 1–5 ~ 0 1 M–S2 • Fractured silicates 

• Mechanical twinning (pyx) 

• Kink bands (mica) 

None 

2a M–S3 • Plag with pdf and partial conversion to diaplectic glass 

• Mosaicism (plag and mafic minerals) 

• Planar fractures (ol) 

Incipient formation of localized “mixed melt” and glassy 

melt veins 

~ 20–22 ~ 50–150 

2b M–S4 • Diaplectic plag glass 

• Mechanical twinning (pyx) 

• Mosaicism (mafic minerals) 

• Planar fractures (ol) 

Localized “mixed melt” and melt veins (glassy or 

microcrystalline) 

~ 28–34 ~ 200–250 

3 M–S5 • Melted plag glass with incipient flow structure and vesicles 

• Mosaicism (mafic minerals) 

• Pdf (pyx and amph) 

• Loss of pleochroism (mafic minerals) 

Melt veins and pockets  ~ 42–45  ~ 900 

4 M–S6 • Melted plag glass with vesicles and flow structure 

• Incipient and increasing contact melting (pyx, ol)  

• (Re) crystallization of ol 

Pervasive melt veins and pockets ~ 55–60 ~ 1100 

5 M–S7 Whole rock melting > ~ 60–65 ~ 1500 (?) 

A  A–S1 • Sharp optical extinction of minerals 

• Irregular fracturing 

 < 5 50 

  A–S2 • Undulatory extinction (pl) 

• Mechanical twinning (pyx) 

 ~ 26 220 
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Table 1.3: Definitions of progressive shock metamorphism for classification systems M (mafic rocks), A (anorthositic rocks) and U (ultramafic rocks) as presented 

in Stӧffler et al. (2018); pdf = planar deformation features. Shock pressure (in GPa) corresponds to final equilibration peak shock pressure experienced by 

polycrystalline rocks, derived from shock experiments (see Table 2 of Stӧffler et al., 2018 and references therein for details of these experiments). Post-shock 

temperatures are relative to ambient temperatures of ~ 25 ℃, in part based on Raikes and Ahrens (1979). 

Classification of M based on data of Kieffer et al. (1976); Schaal and Hörz (1977); Ostertag (1983); Stöffler (1984); and Stöffler et al. (1986). For high pressure phases 

see James (1969); Stöffler (1972); Stӧffler et al. (1991; 2018); Liu and El Goresy (2007); Tschauner et al. (2009; 2014); Stähle et al. (2011); Ma et al. (2016).  

Classification of A based on data as referenced in Stöffler et al. (1980; 1986; 1988); Stöffler (1984); Heisinger and Head (2006). For high pressure phases see Stöffler 

(1972); Stӧffler et al. (1991; 2018); Liu and El Goresy (2007); Tschauner et al. (2014); and Agarwal et al. (2016).  

Classification of U based on data of Stöffler (1972; 1974; 1984); Reimold and Stöffler (1978); Stöffler et al. (1980; 1986; 1988); Bischoff and Stöffler (1992); and 

Schmitt (2000). For high pressure phases see Stöffler (1972); Stӧffler et al. (1991; 2018); Ozawa et al. (2009); Tschauner et al. (2009; 2014); and Ma et al. (2016). 
A  A–S3 • Plag partially isotropic and with pdf 

• Weak mosaicism (plag and pyx) 

 ~ 28 300 

  A–S4 • Diaplectic plag glass (maskelynite) 

• Strong mosaicism and pdf (pyx) 

 ~ 40–45 ~ 800–900 

  A–S5 • Plag glass with flow structures and vesicles 

• Strong mosaicism and pdf (pyx) 

• Mixed melt of plag and pyx 

 

~ 50–60 ~ 1850 (?) 

  A–S6 Whole rock melting 

U  U–S1 • Irregular fracturing 

• Sharp optical extinction (all minerals) 

None < 4–5 20–50 

 U–S2 • Fractured minerals 

• Undulatory optical extinction (all minerals) 

None ~ 5–10 50–100 

 U–S3 • Undulatory extinction (ol, pyx, plag) 

• Planar fractures (ol) 

• Incipient mechanical twinning (pyx) 

None ~ 15 100–150 

 U–S4 • Weak mosaicism and planar fractures (ol, pyx) 

• Mechanical twinning (pyx) 

• Partial isotropic plag 

None ~ 28–30 250–300 

 U–S5 • Strong mosaicism, planar fractures, and pdf (ol) 

• Incipient melting (pyx) 

• Diaplectic plag glass 

Local melt veins and pockets ~ 50–55 650–850 

 U–S6 • Incipient melting and (re)crystallization of ol 

• Incipient melting (pyx) 

• Melted plag with vesicles 

Pervasive localized melt veins and pockets 

~ 60 –70 1500–1700 

 U–S7 Whole rock melting 
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There also exists a radial stratigraphy in that material originally at the top of the crater site 

is deposited a larger distance from the crater rim than material towards the bottom, known 

as the ‘laid back model’ (see Figure 1.5; Meyer, 2003). Monomict and dimict breccias 

typically form in the bedrock or central uplift region of the crater, driven by fracturing and 

mixing of the original lithologies and impact melt rocks penetrating along dikes. In contrast, 

polymict breccias form within the ejecta blanket, as ejecta can contain mixtures of original 

lithologies, impact melt and exogenous meteoritical material (Figure 1.6; Bischoff et al., 

2010; Day, 2020).  

 
Figure 1.6: Schematic of geological settings of different impact breccias within a large impact crater.  

Source: Hayden et al. (2022) 

 

1.4.3. Geochemistry 

The petrology and geochemistry of lunar breccias is a field of ongoing interest to the 

scientific community (e.g., Joy et al., 2011, 2014; Gross et al., 2014, 2020). These studies 
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are contributing to a dynamic inventory of lunar rock suite classifications and associated 

geochemistry, as well as informing models used to explore the Moon’s complex history 

(Canup and Asphaug, 2001; Canup, 2004). 

The enrichment in particular elements (e.g., K and Th) can give some indication, in the case 

of lunar meteorites, of a source region. This qualitative tool has been notably used to 

associate lunar brecciated meteorites such as Dhofar 961 with the South Pole Aitken basin 

on the lunar farside (Jolliff et al., 2009). This unexplored region of the lunar surface may 

yield new lithologies which expand our knowledge of the Moon’s differentiation.  

The chemistry of breccias is also informative of the impact history of the Moon. Lunar 

breccias contain relatively high Ir and Au compared to pristine lunar rocks (Meyer, 2003). 

As these trace elements are relatively depleted on the Moon, their presence likely represents 

meteoritic contamination (Bischoff et al., 2010; Day, 2020). Entrainment and mixing of the 

exogenous meteoritic and target lunar material during a single impact leads to the admixing 

of 1–2 wt. % of meteorite material into lunar breccias (Meyer, 2003).  

1.4.4. Research significance of lunar breccias 

The complex impact processing formation of lunar breccias of both the Apollo sample suite 

and meteorite collection does inevitably lead to the loss of some important precursor context. 

This context is especially important in the study of various isotopic systems, including 

volatile elements (e.g., H, S, Cl, Zn etc.). The impact origin of these samples can also lead 

to the loss of phases used in the study of these systems (e.g., apatite, glass beads). There has, 

therefore, been very limited study of lunar breccias for their isotopic components (e.g., see 

Tartèse et al., 2014a; Stephant et al., 2019a; Hayden et al., 2021). This presents an inherent 

bias in the story presented for lunar volatile isotopes and other chemical systems.  

1.4.5. Complications regarding studying brecciated samples 

The purpose of studying Apollo and meteorite basaltic material is the ease at which 

geological context for a volatile-bearing phase can be established. The texture and 
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geochemistry of surrounding nominally anhydrous minerals can provide a wealth of 

information on the history of the parent magma. If a sample has been subject to impact 

processing and fragmentation, much of this geological context will be lost. There is also a 

high probability that the phases in which volatiles are stored on the Moon are destroyed or 

do not get incorporated into the eventual meteorite which exits the Moon’s gravity. A 

possibility of loss of either volatile-bearing phases or their geological context in the 

formation of a meteorite was strong reasoning for limited prior analysis on breccias (for 

volatiles) before this study.  

As breccias are comprised of a variety of lithic material (which may have experienced 

different crystallisation and post-crystallisation histories), bulk analysis of breccias provides 

little useful information. Cosmic ray exposure ages, which are usually calculated via bulk 

analysis of homogenised powders, for whole breccias may not be representative of the lithic 

clasts within them; as different rock types may have erupted/been exposed at the lunar 

surface for different periods of time. The extent of cosmic ray spallation and its effects on 

hydrogen isotopes cannot, therefore, be easily accounted for in breccias. Bulk analysis was 

only used for oxygen isotopes in this study, as the purpose of these analyses were to confirm 

a lunar origin for the entire sample.  

The surface topography of breccias provides challenges for data acquisition and reliability, 

as the interaction of ion beams with protruding holes and cracks (which are common in lunar 

breccias) can result in charging, which in turn could cause ion yields to be artificially 

enhanced and produce inaccurate results (Hoppe et al., 2013). A fine polish for breccia 

polished thin sections is, therefore, required.  

1.5. The Moon’s volatile story 

The study of volatiles on the Moon was somewhat limited until the last decade, when 

hydrogenous elements were remotely detected on the lunar surface (e.g., Feldman et al., 

1998; Clark, 2009; Sunshine et al., 2009; Pieters et al., 2009) and indigenous H was first 
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detected in lunar samples (e.g., Saal et al., 2008; McCubbin et al., 2010a; 2010b; Boyce et 

al., 2010). Prior to these discoveries, the lack of hydrous mineral phases (Papike et al., 1991), 

the occurrence of Fe metal, and lack of Fe3+ in lunar minerals resulted in a general consensus 

that the Moon was anhydrous (e.g., Shearer et al., 2006). Following the discovery of H on 

the lunar surface and in lunar samples, it was found that moderately volatile (e.g., K, Rb, 

Zn) and volatile elements (e.g., H, Cl) in lunar samples have more fractionated stable isotope 

compositions than terrestrial equivalents (Moynier et al., 2006; Herzog et al., 2009; Sharp et 

al., 2010a; 2010b; Greenwood et al., 2011; Paniello et al., 2012; Nie and Dauphas, 2019)). 

Volatile elements are those which have very low condensation temperatures: 1290–704 K 

for moderately volatile elements and < 400 K for highly volatile elements (Lodders, 2003). 

Until these studies, it was commonly thought that the Moon contained less than 1 ppb (part 

per billion) of H2O in its interior (e.g., Taylor et al., 2006). These discoveries led to a decade 

of research that revised the estimated volatile abundances in the Moon and its isotopic 

compositions through studies of lunar samples and meteorites (see section 1.2.4.3. for more 

information).  

Abundance and delivery 

The bulk Moon is thought to be volatile-depleted relative to Earth, through estimates of bulk 

lunar and terrestrial compositions (e.g., Ringwood and Kesson, 1977a; 1977b; Ringwood, 

1992; Albarède et al., 2014). This depletion has been attributed to multiple sources and 

mechanisms, including partitioning of volatiles into the Moon’s core during differentiation 

(Steenstra et al., 2017); a depletion in the Moon’s geological precursors; and the loss of 

volatile elements as a result of intense heating during its giant impact formation (Righter, 

2019).  

Abundances of H2O and Cl in lunar samples are given in Figures 1.7 and 1.8. These volatiles 

have been the most widely studied, given their role as essential structural constituents of the 

Moon’s major volatile-bearing phase: apatite (see section 1.2.4.3. for more information).  
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1.5.1. Moon Formation: effects on volatiles 

The catastrophic giant impact will have partially vaporized the lunar precursor materials, 

resulting in a depletion in the highly volatile elements (e.g., Cl, H; Pahlevan and Stevenson, 

2007). Remaining volatiles will have been concentrated in the cooler outer disk material, 

which will have formed a smaller proportion of the lunar mass as it coalesced (Canup et al., 

2015). Assuming formation in a terrestrial synestia, high temperatures will have resulted in 

a depletion in volatiles in the accreting lunar mass (Lock et al., 2020).  

As the Moon evolved through the LMO phase and the early plagioclase flotation crust and 

cumulate mantle formed, the incompatibility of Cl (and other volatiles) in olivine and 

pyroxene, increased their relative concentration in the residual melt (Snyder et al., 1992; 

Elkins-Tanton et al., 2002; 2011; Elkins-Tanton and Grove, 2011; Elardo et al., 2011).  

1.5.2. Lunar volatile reservoirs 

The current understanding is that there are three distinct reservoirs of volatiles on the Moon: 

the interior, the regolith, and the polar regions. The Lunar Prospector Neutron Spectrometer 

identified increased concentrations of H2 in permanently shadowed craters at the lunar South 

and North Poles, which was attributed to the present of large water ice deposits (e.g., 

Feldman et al., 1998). Bussey et al. (2003) reported that approximately 14,000 km2 of the 

lunar surface is in permanent shadow, and as such could contain large volumes of water ice. 

Colaprete et al. (2010) reported the confirmation of H2O and OH- presence in the southern 

lunar polar crater Cabeus, and Pieters et al. (2009) reported strong absoprtion features at 

wavelengths of 2.8–3.0 µm, that are usually associated with H2O and/or OH− bearing phases, 

in fresh feldspathic craters in high latitude cooler surface regions (Jaumann et al., 2012). 

Honniball et al. (2021) reported the detection of molecular water in illuminated regions of 

the lunar surface through orbital observations of the characteristic 3 µm spectral absoprtion 

band, supported by observations of a 6 µm emission feature present at high lunar latitudes, 

detected by the NASA/DLR Stratospheric Observatory For Infrared Astronomy (SOFIA). 
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Based on the strength of the emission feature at 6 µm, they estimated abundances of 100–

400 ppm molecular water, stored within glasses or in intraganular voids providing shelter 

from the harsh lunar surface (Honniball et al., 2021).  It has been postulated that the whole 

lunar surface is hydrated during at least some parts of the lunar day to depths of a few 

millimetres (Jaumann et al., 2012). This water either takes the form of OH− which is 

structurally bound, or as H2O adsorbed onto grains of lunar soil (Clark, 2009; Sunshine et 

al., 2009; Pieters et al., 2009).  

The study of volatiles in the lunar interior in the last decade has been focused mainly on 

magmatic volatiles (such as H, C, N, F, S, and Cl), which exhibit controls on thermal 

stabilities of magma and minerals, fluid phases in these magmatic systems and the transport 

of magma from the interior to the surface (Basilevsky et al., 2012).  

Evidence of these magmatic volatiles on the Moon include pyroclastic glass beads identified 

at several lunar mission landing sites, which are thought to have been produced by fire-

fountain eruptions (Sato, 1979; Colson, 1992; Delano et al., 1994; Fogel and Rutherford, 

1995; Weitz et al., 1999; Elkins-Tanton et al., 2003; Shearer et al., 2006; Rutherford and 

Papale, 2009; Vander Kaaden et al., 2015; Wetzel et al., 2015; Head and Wilson, 2017; 

Wilson and Head, 2017; Rutherford et al., 2017). Volatile-enriched thin films cover these 

beads, likely produced through condensation as sublimates on the surface of the glass during 

eruption (Meyer et al., 1975; Heiken and McKay, 1977; Reed et al., 1977; Clanton et al., 

1978).  

Further evidence includes vesiculated basalts discovered and collected during the Apollo 

missions (Butler, 1971; Ryder and Schuraytz, 2001). Their terrestrial counterparts are 

produced as volatile-rich lavas are erupted on the Earth’s surface: the vesicles representing 

cavities produced by the expansion and release of these volatiles (Allaby, 2008). Apollo 

sample 15556, for instance, a mare basalt collected during the Apollo 15 mission, contains 

50 % vesicles by volume (Butler, 1971; Ryder and Schuraytz, 2001; and references therein).  
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The mineral apatite often contains volatiles, and this was identified in several lunar samples 

(Griffin et al., 1972; Jolliff et al., 1993a; Taylor et al., 2004; Patiño-Douce and Roden, 2006). 

Melt inclusions in cleavage-free mineral hosts such as olivine preserve the volatile 

abundances in a melt when the crystal host formed, and, therefore, have been used to analyse 

volatiles in lunar samples over the last decade (e.g., Chen et al., 2015). 

1.5.3. Previous analytical work on lunar volatiles 

Apatite 

F, Cl, and OH are essential structural constituents (ESC) of lunar phosphates, especially 

apatite [Ca5(PO4)3(F, Cl, OH)]. This is the only mineral group on the Moon identified to 

contain OH as an ESC detected and studied in a variety of lunar samples (McCubbin and 

Jones, 2015). Apatite has been reported in all lunar sample types except ferroan anorthosites 

and glass beads (McCubbin et al., 2015a). Their size varies from sub-micrometre (< 1 μm) 

to several mm along their long axis (Treiman et al., 2014). Highlands plutonic samples tend 

to display larger apatite grains than the mare (McCubbin et al., 2015a). Fluorine dominates 

the volatile inventory of most lunar apatites (forming fluorapatite), though some hydroxyl 

(OH) dominant (hydroxyapatite) and chlorine-dominant (chlorapatite) samples have also 

been recognized (e.g., Barnes et al., 2014; Boyce et al., 2015).  

It is important to note, however, the low abundance of apatite in lunar rocks (< 1 % by mode) 

where it typically occurs as an accessory mineral (McCubbin et al., 2015a). Apatite and 

merrillite [(Mg, Fe)2REE2Ca16P14O56], often found to co-exist in lunar rocks, account for the 

majority of the Moon’s mineralogical P budget (Griffin et al., 1972; Heiken et al., 1991; 

Jolliff et al., 1993a; 2006; Papike et al., 1998). Merrillite in the Martian meteorite Shergotty 

has been found to contain appreciable volumes of volatiles (McCubbin et al., 2014). 

Volatiles in lunar merrillite, however, are yet to be identified (Jolliff et al., 1993a; 2006; 

Hughes et al., 2006; 2008). Merrillite is an end member of the whitlockite-merrillite solid-

solution series obtained via dehydrogenation of whitlockite, and as such little H would be 
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expected in this phase (Hughes et al., 2008).  Considering the low abundance of apatite in 

lunar rocks, it is possible that the proportion of the lunar interior H budget that apatites 

represent is very low.  

Secondary ion mass spectrometry (SIMS) and electron probe microanalysis (EPMA) have 

been employed to determine volatile abundances (e.g., Cl, S, OH, F) in apatite identified in 

lunar samples (e.g., Boyce et al., 2010; 2015; 2018; Barnes et al., 2013; 2014; Černok et al., 

2020). Barnes et al. (2014) used NanoSIMS to determine the OH content and δD of apatites 

in highlands samples.  

The formation of apatite late in the crystallization sequence of basaltic magmas means that 

it records the volatile abundances of the late-stage lunar magmas (e.g. Boyce et al., 2010) 

while apatite in highlands samples, as investigated by Greenwood et al. (2011) and Barnes 

et al. (2014) may record the volatile abundances of very early lunar material, and therefore 

both are important for investigating the history of volatiles on the Moon.  

Other volatile-bearing phases 

Other phases of interest include melt inclusions, volcanic glass beads, and nominally 

anhydrous minerals (e.g., major silicate minerals in lunar rocks), which each represent 

different stages of magma evolution. Stephant et al. (2019, 2020) examined lunar melt 

inclusions to inspect the Cl and H isotopic composition of the lunar mantle. Saal et al. (2008; 

2013) Liu et al. (2012b), and Hauri et al. (2015) looked at the volatile abundances of Apollo 

15 and 17 glass beads, identifying the effects of volcanic degassing upon these abundances. 

Various nominally anhydrous minerals have been examined for their H and Cl abundances 

(Liu et al., 2012b; Treiman et al., 2014; Hui et al., 2017; Simon et al., 2020).  
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Chlorine in lunar samples 

The stable isotopic composition of chlorine (37Cl/35Cl) is given as δ37Cl (referring to the 

isotopic composition of the two stable isotopes of chlorine 35Cl and 37Cl) according to the 

equation:  

𝛿37𝐶𝑙 =  {(
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) − 1} × 1000     Equation 1.1.  

Where R is the 37Cl/35Cl value, and the reference standard is Standard Mean Ocean Chloride 

(SMOC) which has a value of 0.324, corresponding to a δ37Cl value of 0 ‰ (Kaufmann et 

al., 1984).  

In addition to assessing the abundance and isotopic composition of H in pristine and 

meteorite lunar samples, the Cl isotope abundance and isotopic composition has also been 

extensively documented. Along with the discovery of appreciable H2O contents in volcanic 

glass beads in Apollo 15 and 17 samples, Saal et al. (2008) noted considerable Cl, F, and S 

contents. This prompted the analysis of a variety of lunar samples for their Cl abundances 

and isotope composition (Sharp et al., 2010b; e.g., Tartèse et al., 2014a; Boyce et al., 2015; 

2018; Barnes et al., 2016; 2019; Stephant et al., 2019b). As with H, however, this has been 

restricted mainly to pristine basaltic samples lacking brecciation, perhaps introducing 

significant bias to the overall picture presented by the results (see Figure 1.7).  

The fractionation of Cl stable isotopes is typically greater in lunar rocks than terrestrial 

counterparts (Sharp et al., 2010b). Observed δ37Cl values on the Moon range from − 4 to + 

81 ‰ (Wang et al., 2012a; 2019; Boyce et al., 2015), and are notably elevated in highlands 

samples relative to basalts (Wang et al., 2012a, 2019; Treiman et al., 2014; Barnes et al., 

2016; see Figure 1.7 for a range of δ37Cl and Cl contents of a variety of lunar samples). 



28 

 

 
Figure 1.7: Range in δ37Cl and Cl abundance in lunar material  

Data Sources: Tartèse et al. (2014a); Boyce et al. (2015); Barnes et al. (2016, 2019); Potts et al. (2018); 

Wang et al. (2019); Stephant et al. (2019a); Faircloth (2020). Acronyms: MIs (melt inclusions) 

 

The extreme δ37Cl (~ + 67–81 ‰) values observed in lunar meteorite Dhofar (Dho) 468 is 

attributed to a large isotopic fractionation during the Giant Impact and subsequent extensive 

evaporation of the lunar mass during a prolonged LMO phase (Wang et al., 2019).  

Hydrogen in lunar samples 

The isotopic composition of H is given as δD (referring to the isotopic ratio of the two stable 

isotopes of hydrogen deuterium (2D) and hydrogen (1H); Hoefs, 2018) according to the 

equation:  

𝛿𝐷 = {(
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) − 1} × 1000    Equation 1.2.  

Where R refers to the D/H value, and the reference standard is Vienna Standard Mean Ocean 

Water (VSMOW) which has an approximate value of 0 ‰ (De Wit et al., 1980; Greenwood 

et al., 2011).  

The H isotopic composition of a sample can give an insight into the origins of water in 

planetary bodies (Robert, 2001, 2006; Marty, 2012; Alexander et al., 2012; Halliday, 2013). 
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Some lunar magmas are enriched in D relative to Earth, attributed to preferential loss of H 

compared to D in magmatic degassing (Saal et al., 2008; Tartèse and Anand, 2013; Saal et 

al., 2013) and/or possible introduction of D-rich material to the lunar body early in its 

evolution (Greenwood et al., 2011). The present-day Solar System has a large range in δD 

(− 1000 ‰ in the H-enriched Sun to + 100,000 ‰ in the D-rich atmosphere of Venus; Robert, 

2006). It is unclear whether the ancient Solar System displayed such a wide range, though 

most meteoritic materials have bulk δD values of ~ − 100 ‰, a value matching that of the 

Earth’s mantle (Robert, 2006). The range of δD and H2O contents recorded in lunar rocks to 

date is provided in Figure 1.8.  

 
Figure 1.8: Range in δD and H2O abundance of lunar material to date 

Data Sources: Greenwood et al. (2011); Liu et al. (2012b); Saal et al. (2013); Tartèse et al. (2013a, 

2014a, 2014b); Barnes et al. (2013, 2014, 2019); Pernet-Fisher et al. (2014); Boyce et al. (2015); 

Robinson et al. (2016b); Hui et al. (2017); Stephant et al. (2019a, 2020); Černok et al. (2020). 

Acronyms: NAMs (Nominally Anhydrous Minerals) 

  

Delivery and Sources 

The original source of lunar volatiles is unknown, though it is hypothesised that either the 

indigenous water of the Earth-Moon system survived the Moon’s giant-impact formation 
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(Greenwood et al., 2018) or was accreted in a very short period following the giant impact 

(Saal et al., 2008).  

Saal et al. (2008) discussed several sources for volatiles detected on the Moon, including an 

undifferentiated, volatile-rich lunar mantle reservoir which was possibly present below the 

hypothesised LMO, as well as a cumulate which retained the primitive lunar mantle volatile 

signature as a result of limited processing (Shearer et al., 2006). Alternatively, a dense 

ilmenite-rich layer which was enriched in volatile and incompatible elements, formed during 

the final stages of cooling and crystallisation of the LMO may have been recycled during 

cumulate overturn/mixing with the remainder of the cumulate pile (Hess and Parmentier, 

1995). The discovery of terrestrial zircons dated at ~ 4.3 Ga, from which oxygen isotopes 

indicate liquid water was present at or near the Earth’s surface within 230 Ma of the accretion 

of the Earth, constrain the time window in which volatiles (including water) could have been 

delivered from exogenous sources (Mojzsis et al., 2001; Wilde et al., 2001; Cavosie et al., 

2005; Saal et al., 2008). The apparent enrichment of highly volatile elements in the lunar 

interior (from glass beads and KREEP basalt investigations; Saal et al., 2008; 2013; Hauri 

et al., 2015; Barnes et al., 2016) and a similarity of N and H isotopes between the lunar and 

terrestrial interiors, could indicate such elements were delivered directly to the lunar mantle 

by impacts shortly after accretion (Tartèse and Anand, 2013; Saal et al., 2013; Anand et al., 

2014).  

Heterogeneous volatile distribution  

From the currently available data, the lunar interior has a heterogenous distribution of 

volatiles (see Figures 1.7 and 1.8). Considering, for instance, the F/Cl ratio in materials that 

form at different points of the magmatic crystallization sequence (early olivine to late 

apatite) in the mare basalts, the average F/Cl of low-Ti mare basalts sources is lower than 

that of high-Ti basalts, indicating that F and Cl are heterogeneously distributed in the lunar 

interior (Sharp et al., 2010b; McCubbin et al., 2010b; 2011; 2015b; Hauri et al., 2011; 2015; 
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Greenwood et al., 2011; Tartèse et al., 2013a; Barnes et al., 2013; 2016; Chen et al., 2015; 

Boyce et al., 2015; Ni et al., 2017; McCubbin and Ustunisik, 2018). 

Boyce et al. (2018) interpreted Cl isotope measurements of the low-Ti basalts to represent 

mixing of two reservoirs with distinct Cl contents and compositions: uncontaminated mare 

basalt with low Cl abundances and δ37Cl; and the urKREEP with Cl enrichment and a higher 

δ37Cl (~ + 25 ‰; see Figure 1.7). The different Cl abundances and isotopic compositions of 

multiple reservoirs means that the Moon-building process was capable of generating and/or 

preserving heterogeneity in the lunar interior (Boyce et al., 2018). If incomplete degassing 

occurred during the giant impact and accretionary phase of the Moon’s formation, the non-

KREEP mare basalts are melted representatives of the parts of the Moon that did not undergo 

degassing prior to their inclusion in the lunar material (Boyce et al., 2018). Alternatively, 

these mare basalts could represent early products of LMO crystallisation, with less 

fractionated but degassed Cl (Boyce et al., 2018). This indicates that degassing occurred later 

in LMO crystallisation, when urKREEP dominated the residual melt (Boyce et al., 2018).  

Barnes et al. (2016; 2019) observe similar mixing trends to Boyce et al. (2015; 2018), with 

a positive correlation of bulk-rock incompatible trace element (ITE) abundances and Cl 

isotopic composition of apatites within low-Ti and KREEP basalts. These authors interpreted 

these results as evidence of a concentration of ITEs, including Cl, in the residual melt of the 

LMO, and that the urKREEP reservoir was characterised by a highly fractionated Cl isotopic 

composition (Barnes et al., 2016; 2019). They propound that a crust-breaching impact gave 

rise to the heavy Cl isotope composition (~ + 30 ‰) of urKREEP, exposing this melt layer 

to vacuum, which led to degassing-driven fractionation in Cl isotopes (see Figure 1.9; Barnes 

et al., 2016; 2019). In this model, the mantle cumulates of the lunar interior are thought to 

be depleted in Cl with relatively unfractionated Cl isotopes (Barnes et al., 2016; 2019). The 

source regions of mare basalts were created through variable mixing between a Cl-poor and 

unfractionated mantle and highly fractionated and Cl-rich urKREEP (Barnes et al., 2016; 
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2019). Heavy Cl isotopic compositions of basalts which are thought to have been generated 

from early-formed mantle cumulates (e.g., Kalahari 009) are interpreted to result from 

magmatic or secondary alteration processes such as vapor phase metasomatism driven by 

impact events in the lunar crust (Barnes et al., 2019).  

 
Figure 1.9: Summary of the models of lunar evolution in regard to chlorine 

(a) Summary of model proposed by Boyce et al. (2015, 2018) 

(b) Summary of model proposed by Barnes et al. (2016, 2019) 
 

The mare basalts and highlands rocks similarly record a wide variation of H isotopes, with 

D/H values of the mare basalts tending to be higher than the highlands material (e.g., Tartèse 

and Anand, 2013; Tartèse et al., 2013a; Barnes et al., 2014; McCubbin et al., 2015a; see also 

Figure 1.8). The mare δD values, which exceed 0 ‰, are generally thought to result from 

local degassing of H2 during eruption (Tartèse and Anand, 2013; Saal et al., 2013; Tartèse 

et al., 2013a; 2014b; Füri et al., 2014). On the other hand, a number of Mg- and Alkali-suite 
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rocks rich in KREEP contain apatite with relatively high H2O and minimal fractionation 

which are considered to represent the primitive lunar D/H ratio which is very similar to 

terrestrial values (Barnes et al., 2014; Černok et al., 2020). Apollo 15 quartz monzodiorites 

(QMDs; 15403 and 15404) may represent indigenous D/H (with depleted D/H ratios: δD = 

− 749 to – 344 ‰; Robinson et al., 2016b). A solar wind (which has a δD of − 998 ‰; Huss 

et al., 2012) origin of these extremely light values was excluded, as they are thought to have 

formed in a shallow intrusion within the lunar crust (Ryder and Martinez, 1991), which 

makes direct implantation of solar wind difficult as implantation of solar wind is thought to 

only penetrate to depths of < 1 µm (Robinson et al., 2016b). This could indicate the lunar 

interior is extremely heterogenous in terms of H isotopes (Robinson et al., 2016b).    

A major complication of studying apatite is that poorly constrained partition coefficients for 

volatile elements such as H2O and Cl make it difficult to reconstruct the volatile abundances 

in the parental melt (see Boyce et al., 2014). Saal et al. (2008, 2013), Liu et al. (2012), and 

Hauri et al. (2015) examined volcanic glass beads which record the volatile isotopic 

composition and abundance at the time at which they erupted. These authors used the 

H2O/Ce ratio of these beads to reconstruct the H2O abundance of the parental melt (see 

Chapter 6 Section 6.1.2. for a full method of calculating H2O abundance from H2O/Ce) — 

as H2O and Ce behave similarly during partial melting, hence little change in H2O/Ce ratios 

as a magma evolves (Saal et al., 2008; 2013; Liu et al., 2012; Hauri et al., 2015). This was 

used to estimate H2O abundances of the lunar interior up to 100 ppm (Saal et al., 2008; 2013; 

Liu et al., 2012; Hauri et al., 2015).  

These observations indicate that there is heterogeneity in the lunar interior in terms of 

volatile contents and compositions. Much of this data, however, is based on Apollo samples, 

which represent a restricted part of the lunar surface and in turn may represent a restricted 

part of the lunar interior. The quantification of volatile contents and isotopic compositions 

of a large range of lunar material in the form of meteorites, along with observations of the 
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relative effects of secondary processes on these compositions, can help us further constrain 

the extent of heterogeneity of the lunar interior and perhaps the formation processes that 

brought about the Moon. 

1.6. Research Justification 

Lunar meteorites represent a less biased and potentially unseen representation of lunar 

surface diversity. To confirm the conclusion that the lunar interior is more diverse in terms 

of its Cl and H contents and isotopic compositions, broadening the sample set analysed for 

these elements is key.  

To further minimise bias in sampling, meteorites collected from both hot (Northwest Africa 

and Saudi Arabia) and cold (Antarctica) deserts should be investigated. These two regions 

have slightly different H isotopic compositions in their meteoric water and groundwater 

(average δD = ~ − 10 ‰; Central Saharan Groundwater; see Saighi et al., 2001; average δD 

= ~ − 87 ‰; Antarctic Groundwater; see Kim et al., 2020), which could mean they would 

have variable effects during terrestrial contamination which should be accounted for. The 

similar behaviour of chlorine would suggest contamination effects should also be 

investigated.  

As well as expanding the lunar dataset on Cl and H, investigation of the REE systematics of 

lunar apatite and the relation of this to volatiles has been limited to date. As Saal et al. (2013) 

highlight, H2O/Ce ratios can be used to back-calculate the H2O contents of a magma prior 

to eruption. This was carried out on melt inclusions and glass beads, which have better 

constrained partitioning of volatile elements, especially that of H2O. The application of this 

to apatite grains is assessed. Strong partitioning of Ce into apatites provides information on 

the relative timing of apatite growth within single clasts and samples as a whole. The 

combination of these observations to textural data can provide crucial context to the apatite 

volatile data.   
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1.7. Research aim 

The aim of this PhD project is to determine the abundance, distribution, and source(s) of 

volatiles in the Moon, to better constrain its history and evolution. The focus will be on 

samples of the lunar crust as sampled by lunar meteorites. Determining the distribution and 

isotopic composition of H and Cl in this reservoir will allow us to better constrain the 

delivery of volatiles essential for the development of life in the Earth-Moon system. The 

isotopic composition of hydrogen (δD) identifies the source(s) of water (Robert, 2001, 2006; 

Marty, 2012; Alexander et al., 2012; Halliday, 2013) and the fractionation of Cl isotopes 

shed further light on the distribution of water in the lunar interior (e.g. (e.g. Sharp et al., 

2010b; Treiman et al., 2014; Boyce et al., 2015; 2018; Barnes et al., 2016; 2019; Wang et 

al., 2019)). The REE (CeO) contents of lunar apatite will be better constrained and provide 

an estimate of H2O contents of the parental magma of apatites, through H2O/Ce ratios.  

The following questions will be addressed to answer the main aims:  

(1) Are volatiles in the lunar interior indigenous to this reservoir and have these persisted 

since the formation of the Moon? 

(2) Is the volatile composition (concentration, isotopes) of the lunar interior 

heterogenous? 

• Is the lunar interior heterogeneity a result of incorporation of a variety of 

material?  

• Were initial compositions of the lunar interior heterogenous? 

• Has heterogeneity developed over time from an initial homogenous 

composition? 

(3) Are the indigenous lunar interior volatiles introduced from a variety of sources? 

(4) Are volatile compositions of inner solar system material homogenous? 

• Were conditions in the very early inner solar system consistent to those in the 

asteroid belt? 
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In order to answer these research questions, the following methods will be employed:  

(1) A variety of lunar lithologies with different source regions will be sampled to 

examine whether their volatile signatures are indigenous and have persisted since the 

Moon’s formation.  

(2a) Investigating a variety of clastic material will provide a fuller picture of the lunar 

interior reservoir 

(2b) Accounting for Ce tracking H2O in a melt (as both behave as incompatible 

elements), H2O/Ce ratios of apatite can provide an estimate of mantle and parental melt 

H2O contents, assuming no substantial loss of H2O via degassing.  

(2c) Basaltic material from a variety of different source locations may represent different 

basaltic reservoirs in the lunar mantle. Diversity in their volatile compositions will 

constrain the heterogeneity of the sample.  

(2d) U-Pb and Pb-Pb age dating of a variety of lithic clasts will constrain the Cl and H 

isotopes at distinct times in lunar evolution. This may better constrain large-scale 

mechanisms which caused fractionation of Cl and H isotopes.  

(3) Comparison of estimated lunar interior values to other Solar System material will be 

used to constrain possible source(s) of lunar Cl and H.  

1.8. Research Objectives 

In order to answer the research questions, the following objectives will be pursued:  

1. In order to account for terrestrial contamination effects, meteorite samples from both 

hot (e.g., Northwest Africa) and cold (e.g., Antarctica) deserts will be analysed.  

2. Positively identify apatite in brecciated samples, ideally associated with lithic clasts 

to provide petrological context. Determine the chemical and petrological details of 

brecciated samples using scanning electron microscopy (SEM) and electron 

microprobe analysis (EPMA).  
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3. Determine the textural and/or trace element characteristics of lunar apatite in selected 

samples to compare areas of high luminescence to possible enrichments in Ce 

content.  

4. Development of an analytical procedure to measure Ce abundance of lunar apatite 

using the Cameca NanoSIMS 50L at The Open University.  

a. Lateral co-location with SIMS pits in which Cl and H data will be acquired 

to allow for Cl, H and Ce data comparison. 

5. Apply the new analytical protocol for Ce measurement to lunar apatite in brecciated 

meteorite samples.  

6. Constrain the U-Pb and Pb-Pb ages of clasts in lunar breccias using conventional 

SIMS 

a. Lateral co-location with existing NanoSIMS pits in which Cl, Ce, and H to 

allow for volatile/REE comparison across lunar evolution. 

1.9. Declaration of published work and personal contribution 

To date, none of the contents of chapters 4 through 6 have been published, except as 

conference abstracts for the European Lunar Symposium (2019, 2020) and the Lunar and 

Planetary Science Conference (2021, 2022). The contents of chapters 2, 4, 5 and 6 are being 

used to prepare submissions to journals. Below I outline my personal contribution to each 

chapter.  

1.9.1. Contribution to Chapter 2 — Sample Characterisation 

I characterised and classified two of the hot desert lunar meteorites (Northwest Africa 

(NWA) 12593 and Arabian Peninsula (AP) 007) using scanning electron microscopy and 

electron microprobe analysis at The Open University, as part of a wider campaign to classify 

new lunar meteorites. A total of five lunar meteorites (NWA 12592, 12593, 12980, 12997 

and AP 007) were classified, and all were assessed for their apatite contents. The majority 

of these samples were provided by M. Anand, while NWA 12980 and NWA 12997 were 
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provided by meteorite collector G. Ensor specifically for classification purposes. I requested 

and acquired thin sections of Antarctic meteorites (Dominion Range (DOM) 18262, DOM 

18666 and Elephant Moraine (EET) 96008) with M. Anand through MWG.   

1.9.2. Contribution to Chapter 4 — Chlorine Isotopes 

I performed SEM analyses: acquisition of BSE maps and subsequent identification of apatite 

grains (see Chapters 2 and 3). I collected all the SEM data, and further characterised the 

apatites using cathodoluminescence. G. Degli-Alessandrini provided guidance for 

cathodoluminescence imaging.  

Chlorine and cerium analyses via NanoSIMS on NWA 12593 and AP 007 were conducted 

by me under the supervision of X. Zhao, I. A. Franchi and T. J. Barrett. Due to the 

coronavirus pandemic, chlorine and cerium analyses on DOM 18262, DOM 18666, and EET 

96008 were conducted by X. Zhao with my remote input. I carried out data correction on all 

analyses using L’Image and OriginPro software, with the guidance of X. Zhao, I. A. Franchi 

and T. J. Barrett; the thresholding parameters and interpretations of the results were my own. 

I compiled, reduced, and performed interpretation of all of the data and presented this 

through regular meetings with M. Anand, I. A. Franchi, and T. J. Barrett.  

1.9.3. Contribution to Chapter 5 — Hydrogen Isotopes 

I collected NanoSIMS H data on NWA 12593 and AP 007 under the supervision of X. Zhao, 

I. A. Franchi and T. J. Barrett. Due to the coronavirus pandemic, hydrogen analyses on DOM 

18262, DOM 18666 and EET 96008 were conducted by X. Zhao with my remote input. All 

data correction was carried out by me, primarily with guidance from X. Zhao and T. J. 

Barrett; the interpretations of the results were my own. I compiled, reduced, and performed 

interpretation of all the data using DataEditor and OriginPro software, presented through 

regular meetings with M. Anand, I. A. Franchi, and T. J. Barrett.  
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1.9.4. Contribution to Chapter 6 — U-Pb dating 

I collected SIMS U and Pb isotope data on apatite, merrillite, plagioclase, and pyroxene 

grains in AP 007, DOM 18262, DOM 18666, EET 96008, and NWA 12593 remotely at the 

NordSIMS facility in Sweden, with the assistance of  M. J. Whitehouse and H. Jeon. Data 

correction was carried out by M. J. Whitehouse, and I compiled, further processed, and 

interpreted the data using the Isoplot add-in for Microsoft Excel.  
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2. Methodology 

2.1.  Sample Selection, Acquisition, and Preparation  

Hot and cold desert lunar meteorite finds were selected for this study for the purpose of 

quantifying whether substantial differences in weathering effects are present between hot 

and cold desert finds. The hot desert meteorites: AP 007 and NWA 12593 were acquired for 

this project. AP 007 and NWA 12593 were unclassified but were suspected to be of lunar 

origin based on visual inspection of hand specimens. These samples were formally classified 

in the course of this project.  

The cold desert meteorites: DOM 18262, DOM 18666, and EET 96008 were selected based 

on review of the listings of the Meteoritical Bulletin and ANSMET newsletter. Brecciated 

samples dominated by basaltic material are more likely to contain apatite grains, informed 

by previous work on Apollo samples and basaltic lunar meteorites (e.g., Sharp et al., 2010b; 

Tartèse et al., 2014b; Boyce et al., 2018; Barnes et al., 2019; Stephant et al., 2019b) and, 

therefore, more effort was directed towards identifying and subsequently acquiring such 

samples for this study. 

Polished and one-inch round thick and thin sections were prepared of AP 007 and NWA 

12593 at the Open University from chips using Crystalbond adhesive. They were prepared 

without using water to minimise any additional terrestrial contamination by introducing H. 

Polished thin sections of DOM 18262, DOM 18666, and EET 96008 were requested and 

acquired from ANSMET, where material was available, with special request that they be 

prepared without using water to avoid terrestrial contamination. Thin sections (< 1 mm) were 

preferable for NanoSIMS analysis where multiple ion-probe analyses were collected over 

the same spot, following established protocols for collecting H data on pits created during 

Cl analysis on the NanoSIMS (Stephant et al., 2019a; Barrett et al., 2021). This method 

allowed for lateral co-location of H and Cl analyses (as well as Ce), to be used in the 

interpretation of the results.  
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2.2. Petrographic analysis and classification of meteorites (SEM/EPMA) 

As some of the hot desert meteorites were unclassified at the start of the project, it was 

necessary to collect information on their petrography and mineral chemistry, which helped 

in their formal classification. Owing to the brecciated nature of the meteorites, some apatite 

grains occurred as isolated grains within the matrix and, therefore, lacked geological context. 

It is, therefore, important to investigate the texture of the rock and associated clasts as well 

as the chemistry of the minerals that comprise the lithic clasts. All analytical work detailed 

in this project was undertaken at The Open University, unless specified otherwise.  

 

2.2.1. Optical Microscopy 

The texture of the samples were determined using optical microscopy on a Zeiss Axioplan 

microscope. High-resolution images, using plane polarised light and crossed polars, of the 

whole sections were also collected using a Zeiss Axioscan Z1 (e.g., see Figure 3.1). The 

shock stage was assigned based on the petrographic classification systems of Stӧffler et al. 

(2018; see Chapter 3 section 3.2.3). Due to the brecciated nature of the samples, that any 

apatite grains not associated with lithic clasts may not be of the same shock stage as the rest 

of the rock. Additionally, shock heterogeneity can persist on a grain scale as well as a clast 

scale, and that shock waves will propagate differently depending on the mineral (e.g., see 

Langenhorst and Hornemann, 2005) and, therefore, shock stages were determined by 

considering all the lithological and textural evidence for each sample. 

2.2.2. Scanning Electron Microscopy 

The texture of the samples was examined further, using an FEI Quanta 200 3D Scanning 

Electron Microscope (SEM) fitted with an Oxford Instruments Energy Dispersive X-ray 

detector. A carbon coat of ~ 25–30 nm was applied using an EMITECH K950X turbo 

evaporator. To minimise charging, copper and/or aluminium tape was used to load the 

samples onto stubs which could then be placed within the stage in the SEM sample chamber.  
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Backscatter electron (BSE) and X-ray maps were collected using energy dispersive 

spectroscopy (EDS) via an electron beam current of 0.60 nA and an accelerating voltage of 

20 kV and were used to assess textural and compositional diversity. A 60s acquisition of X-

ray spectra allowed for preliminary identification of mineral phases. The electron beam was 

calibrated at the beginning of each session using a standard cobalt crystal.  

2.2.3. Electron Probe Microanalysis 

Quantitative analysis of the same phases was carried out using a CAMECA SX100 electron 

microprobe (EPMA), using a beam current of 20 nA and accelerating voltage of 15 kV. A 

defocused beam with a spot size of 5 μm was used to minimize mobilisation of Na in 

feldspar. The beam was calibrated at the beginning of each session using in-house standard 

blocks containing sylvite, apatite, plagioclase, monazite, bustamite, and barite. The beam 

was then monitored during analysis using a different standard block containing augite, 

olivine, and andalusite. These same conditions were used during preliminary investigation 

and classification of the hot desert meteorites, as well as following subsequent NanoSIMS 

analyses, to contextualise the volatile results. 

2.2.4. Laser Fluorination Oxygen Isotopes 

Oxygen isotopes on NWA 12593 and AP 007 were also collected, using laser fluorination 

(see Greenwood et al., 2018 for further details on this technique; see also Figure 2.1). The 

raw data was then processed to generate Δ17O and δ18O values. Plotting these and comparing 

them to the terrestrial fractionation line allowed for the conclusion to be drawn that they are 

of lunar origin. Table 2.1 lists the oxygen isotope results on NWA 12593 and AP 007.  

Table 2.1: Mean oxygen isotopes of AP 007 and NWA 12593 obtained by laser fluorination 

Sample  δ17O (‰) δ18O (‰) Δ17O (‰) 

AP 007 + 3.48 + 6.65 + 0.03 

NWA 12593 + 3.29 ± 0.09 + 6.23 ± 0.18 +0.02 ± 0.01 

Terrestrial whole rocksa  + 5.03 to + 6.27 − 4 to + 15  

Lunar whole rocksa  + 5.64 to + 6.19 + 2 to + 20 
a Terrestrial and lunar whole rock oxygen isotope compositions measured by Greenwood et al. (2018) 
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Figure 2.1: Oxygen isotope composition of AP 007 and NWA 12593, compared to terrestrial, lunar, 

and aubrite fractionation lines and lunar samples. Data source: Greenwood et al. (2018). Acronyms: 

WR (whole rock) 

 

2.3. Apatite 

2.3.1. Scanning Electron Microscopy 

The high-resolution BSE maps of each meteorite were processed using Oxford Instruments 

INCA and AZtec software packages. Whole section maps of Ca and P were generated and 

compiled to identify the location of calcium phosphate phases. These phases were then 

analysed further by energy dispersive spectroscopy (EDS) on SEM using a 0.60 nA beam 

with 20kV accelerating voltage for 15s, to discern between apatite and merrillite, through 

the measured Ca/P ratio (or relative heights of Ca and P peaks) and presence/absence of 

volatile elements (e.g., F, Cl). Apatite typically has a Ca/P ratio < 1.5, while merrillite has a 

Ca/P ratio > 1.5 (Raynaud et al., 2002).  

On the Moon, merrillite is the primary host for REE, whereas apatite hosts the majority of 

volatile phases (e.g., F, Cl, OH). If an X-ray spectrum of the phase picked up REEs, the 

phase was, therefore, designated as merrillite. If volatile elements (F, Cl) were identified, 

however, it was assumed to be apatite. This protocol was developed by Barnes et al. (2013), 

who determined that a beam current < 4 nA, and for short acquisition time, would minimise 
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volatile mobility within apatite. Apatites were then selected for NanoSIMS analysis based 

on their size (ideally with dimensions of 10 µm × 10 µm, however raster areas of 4 µm × 4 

µm could be achieved and, therefore, some smaller apatites were also selected) and lack of 

fractures and inclusions.  

Secondary electron (SE) imaging was used to collect information on the topography of the 

thin section around apatite sites. These were collected at multiple magnification levels to 

provide reference for navigation and identification of apatite during NanoSIMS analysis. 

The NanoSIMS is fitted with a charged couple device (CCD) camera which generates an 

optical image. This a reflected light optical image lacking information on geochemistry, 

hence sample topography is key for navigation, as large features such as holes and cracks 

are easy for triangulation. BSE images at identical magnification to SE images provide wider 

context for an apatite grain, providing clear images of clast textures to be used where 

cracks/holes are not present. 

2.3.2. Cathodoluminescence 

As these are brecciated meteorite samples, they are considered to have undergone at least 

one shock event, which provided the momentum for their transport from the lunar surface. 

The complex history that brecciated samples have undergone, however, means that the 

phases within them may display different shock states, which could theoretically have an 

impact on their internal volatile contents and distribution. Černok et al. (2019) investigated 

apatites in lunar samples using cathodoluminescence. Their observations combined with the 

findings presented in this thesis are discussed in Chapters 3 and 4.  

The sections in which apatite had been identified were examined using the same Quanta 3-

D focused ion beam SEM which is also equipped with a Deben Centaurus CL panchromatic 

detector with Hamamastu Photo Multiplier (model R316). This detector has a spectral 

response in the 400–1200 nm region (see Figure 2.1; Černok et al., 2019). An accelerating 

voltage of 5–10 kV, and electron beam current of 0.34–0.88 nA, was used to collect CL 
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images of the apatite grains, at a working distance of 12.3–12.7 mm. This SEM-based CL 

imaging technique allows for the identification of trace element distribution/possible zoning 

in phosphates and plagioclase, especially (Götze and Kempe, 2008), as well as the internal 

structure/defect distribution and texture of these phases. The intention was to compare CL 

data with other structural data on the same grains using electron backscatter diffraction 

(EBSD; see Chapter 4 Section 4.2.3).  

Cathodoluminescence images were also used to locate raster areas within apatite grains that 

lacked CL features which may represent internal cracks not present at the surface of grains. 

This procedure was not carried out in previous studies. This data was used for NanoSIMS 

analysis to avoid subsurface cracks and consequential sample charging when the ion beam 

interacts with the crack feature. 

2.3.3. Electron Backscatter Diffraction 

Electron backscatter diffraction is used to examine internal microtexture, structural disorder 

and lattice orientation of selected phases (in this case apatite). Structural disorder and the 

formation of internal microtextures could be impact-induced. It is unknown to what extent 

impact affects volatile concentrations and distributions in accessory phases such as apatite. 

It is unlikely to have had significant effects, as volatiles are structurally bound in apatite. 

With the complex impact histories of the Moon and lunar brecciated meteorites, however, it 

is important to document microstructural effects.  

The polished thin section of NWA 12593 was first cleaned with 0.25 μm diamond paste to 

remove the carbon coat used for SEM and EPMA analyses. The diamond paste was then 

removed by sonicating the sample in Isopropanol Alcohol (IPA) for < 30 seconds. With the 

brecciated nature of the sample and soft texture of apatite, there was a concern that colloidal 

silica polishing of the section would result in the plucking and loss of apatite material.  

The polished, uncoated section was loaded into a Zeiss Supra 55VP Field Emission Gun 

Scanning Electron Microscope (FEGSEM). Micro- to nano-scale structural analysis was 
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attempted by an EBSD detector fitted into the FEGSEM system. The sample was mounted 

on a stage with a tilt angle of 70 ° to the detector, and diffracted electrons were then collected 

at step sizes ~ 300 nm at 20 kV, under variable pressure (i.e., low vacuum) conditions to 

compensate for the lack of a conductive coating on the sample. Generated apatite diffraction 

patterns were then indexed against a hexagonal unit cell from the Inorganic Crystal Structure 

Database (ICSD) [ICSD #66456] using crystal lattice parameters of a = 9.3596 Å, b = 9.3596 

Å, c = 6.8603 Å, and α = 90 °, β = 90 °, and γ = 120 °. The interaction volume for diffracted 

electrons using the above parameters is a few tens of nanometres width and depth (Darling 

et al., 2016). At approximately every 300 nm across a manually defined area, diffraction 

patterns (kikuchi bands) were automatically collected, and indexing was attempted against 

the above unit cell. The software did not recognise the diffraction patterns during analyses. 

In the next step, the section was carbon coated to ~ 5 nm thickness, and the vacuum and 

beam current were increased. This allowed some improvement on the indexing success (from 

0 % to 15 %). The diffraction patterns of each step were saved and compared against the 

entire ICSD catalogue of apatites. There was no improvement on 15 %, however. 

The NWA 12593 section was then lightly polished using 50 nm of colloidal silica of 0.06 

μm with a LabPol-5 system with a LabForce-1 head and automated doser at The Open 

University, to remove surface defects and reduce the effect of sample topography. This 

ideally minimised electron beam scattering resulting from surface interaction.  The sample 

was carbon coated again to ~ 5 nm and loaded into the system under high vacuum, higher 

beam current conditions. Diffraction patterns were collected, and indexing success reached 

a maximum of 9 % for apatite identification across two attempts at data collection.  

Including other phases for the system to identify (e.g., anorthite) allowed minor 

improvement in indexing success, however, the success still did not exceed the first attempt. 

It was also observed that during an EBSD session that some apatite grains had been plucked 

out of the section by the polishing process. The lack of success and damage to the 



47 

 

sections/apatites led to the conclusion in October 2019 not to continue with EBSD analysis. 

To assess the damage to NWA 12593 and its suitability for further analysis, the section was 

carbon coated and reloaded into the SEM, where SE and BSE images were collected. Out of 

23 apatites, 20 were still in reasonable enough condition to carry out Cl work, with eight 

grains suitable for analysis of H contents and isotopic composition via the NanoSIMS.  

2.3.4. Nano Secondary Ion Mass Spectrometry (NanoSIMS)  

The abundance of volatile (Cl and H) and trace elements (Ce), and the isotopic composition 

(δ37Cl and δD) of apatite grains in AP 007, DOM 18262, DOM 18666, EET 96008, and 

NWA 12593 were measured using a CAMECA NanoSIMS 50L at The Open University. 

NanoSIMS provides ppm or better detection of most elements at very high spatial resolution 

(down to ~ 50 nm) and lower beam currents when compared to other SIMS instruments.  

The primary beam of the NanoSIMS impinges at ~ 90 ° to the sample surface, whereas in 

conventional SIMS instruments the beam interacts with the sample surface at an oblique 

angle (Hoppe et al., 2013). The primary and secondary beams use the same probe-forming 

lenses in NanoSIMS; hence one set of lenses is required which reduces the required distance 

to the sample surface. This lower distance allows for a smaller beam spot (and hence smaller 

raster areas in which data can be collected, contributing to the increased spatial resolution of 

the NanoSIMS (Hoppe et al., 2013). Up to seven secondary ions can be collected 

simultaneously, as the NanoSIMS is fitted with a magnetic sector mass analyser (see Figure 

2.2). The primary ion beam sputters the sample surface in order to generate the secondary 

ions analysed in SIMS work, and triggers a collisional cascade of ions at net 16 keV, thus 

ejecting atoms from the uppermost layers of the material being analysed (to depths of ~ 5–

20 nm; Hoppe et al., 2013). A portion of the ejected particles are ionised (termed secondary 

ions) which are then separated, collimated, and analysed within the mass spectrometer (see 

Figure 2.3; Hoppe et al., 2013). In order to obtain high-precision isotope measurements, a 

high secondary ion count is required. This was facilitated in the NanoSIMS by transmission 
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of a large proportion of secondary ions to the detectors and the ability of the instrument to 

accurately separate the relevant ions for the current study from molecules with similar ionic 

mass (termed ‘high mass resolving power’). In Cl and H isotopic analyses, ion transmission 

has > 50 % efficiency. A trade-off of the high spatial resolution of the NanoSIMS instrument 

is the reduction in the yield of secondary ions due to smaller primary ion beam currents (e.g., 

for Cl isotope imaging at 100 nm spatial resolution primary current is ~ 15–20 pA), which 

reduces the analytical precision of the technique (Hoppe et al., 2013). These drawbacks can 

be mitigated by increasing the counting time during analysis. 

 
Figure 2.2: Schematic of the CAMECA NanoSIMS 50L instrument. Credit: Hoppe et al. (2013), who 

in turn credit François Hillion and Frank Stadermann. 
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Figure 2.3: Schematic of sputtering process of primary ions into sample surface. Adapted from Hoppe 

et al. (2013) 

 

Prior to NanoSIMS analysis, the carbon coat used for SEM and EPMA analyses was 

removed using 0.25 μm diamond paste and replaced with a ~ 30 nm gold coat. A gold coat 

was not used for SEM/EPMA because of charging. The samples were then stored in a 

vacuum oven at 45–55 °C for a minimum of 24 h. Samples were then placed in the airlock 

of the NanoSIMS instrument (the transition from vacuum oven to airlock was carried out as 

quickly as possible) and left to degas under vacuum at ~ 55 °C for a minimum of 24 h before 

being transferred to the vessel chamber.  

The analyses were conducted following an established protocol at The Open University 

(Tartèse et al., 2013a; Barnes et al., 2013; Barnes et al., 2014; Barrett et al., 2021). Prior to 

the analysis of each ‘unknown’ apatite grain, areas of 10 μm × 10 μm raster size surrounding 

the grains were pre-sputtered for approximately 3 minutes in order to remove surface Cl and 
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H contamination, using a Cs+ primary beam of ~ 50 pA (for Cl analyses) and ~ 200 pA (for 

H analyses). Implantation of Cs+ primary ions into the sample surface creates an 

accumulation of positive charge, which is compensated through the use of an electron flood 

gun which directs low energy (~ 10 eV) electrons towards the SIMS pit (Hoppe et al., 2013). 

A number of challenges are associated with the use of an electron flood gun, including 

correctly positioning the electron beam and preventing substantial drift of the electron beam 

during analyses and during location of analysis points (Hoppe et al., 2013; Barrett, 2018). 

Substantial background H signal can also be generated if the beam is operated at too high a 

current (Barrett, 2018).  

Mass interferences arise by overlap in the nominal mass of the ion of interest, which is 

eliminated by the mass resolving power of the instrument exceeding the mass resolution of 

the interfering molecules/atoms. Secondary ions are focused by several slits and lenses prior 

to entering the mass spectrometer through the entrance slit (ES, see Figure 2.2). For each 

analysis, the EOS, Cy, and P2,P3 lenses and detectors were adjusted. For Cl isotope 

measurements, the aperture slit (AS) was also routinely adjusted.  

2.3.5.  Chlorine Isotope Analysis 

Setup and Analytical Procedure 

For Cl analyses, the system was set to multi-collection mode, and measured negative 

secondary ions of 13C, 18O, 35Cl, 37Cl, 40Ca19F, and 140Ce16O2 on electron multipliers 

simultaneously with a mass resolving power (MRP) of ~ 8000 (Cameca definition). 

Following experience of colleagues on the NanoSIMS at The Open University, counts per 

second (cps) for 35Cl were held at a maximum of 85,000 using the appropriate primary beam 

current (15–20 pA). Exceeding this value can cause significant increases in detector aging 

(see Barrett et al., 2019). In order to identify the correct positioning of the beam above the 

apatite grains to be studied, real time imaging (RTI) of mass 40Ca19F was carried out, as 

apatite is the only phase to have substantial CaF present.  
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Typically, the raster size of Cl pits was approximately 5 μm × 5 μm, however this was 

reduced for some analyses to 3 μm × 3 μm in order to avoid cracks. Homogenous 18O and 

35Cl images (i.e., images which lacked hot-spots/cold-spots) meant that electron gating was 

not required for analyses. At the beginning of each day in a session (a session typically 

exceeded four days) pulse height detection (PHD) adjustment was carried out for 18O, 35Cl 

and 37Cl, and also for 40Ca19F every few days in order to account for detector aging. In order 

to eliminate mass discrimination at the entrance slit (ES), the external coils were optimised. 

Data were collected in 100 planes with auto-centring of peak positions every 10 frames. 

Analysis time for Cl isotopes was typically one hour in duration. 

The terrestrial standards used for Cl analyses were Ap 003, Ap 004, Ap 005, Ap 018, Ap 

020 (apatite), and San Carlos Olivine (as used by others e.g., McCubbin et al., 2012; Barnes 

et al., 2016; Barrett et al., 2019). These were used to create calibration curves each day of 

Cl abundance vs 35Cl/18O ratio to monitor the instrument and to calculate the true Cl contents 

for the unknown samples. To correct for instrumental mass fractionation (IMF) of the 

measured isotope ratios, Ap 004 (with a known δ37Cl value of ~ + 0.11 ‰; Barnes et al., 

2016) was used. The isotopic composition of Ap 018 and Ap 003 is not known, however. In 

addition to Cl abundance calibration, the isotopic ratios could be used to further monitor the 

performance of the NanoSIMS instrument. In order to calculate the total contribution of 

background Cl to the measurements, a nominally anhydrous and Cl-free San Carlos (SC) 

olivine standard and pyroxene grains located close to the apatite grains being studied were 

used. Once the samples were removed from the instrument, the sections were loaded into the 

SEM and SE and BSE images of the SIMS pits were collected, to check the locations.  

Simultaneous analysis of CeO2 and Cl 

As apatite has been found to contain significant quantities (1000s of ppm; see McCubbin et 

al., 2012) of Ce and is one of the main repositories of REEs on the Moon, analysing Ce 

abundance and investigating possible correlations with volatile distribution/contents in 
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apatite could provide valuable insight into the coupling of these systems. As Ce can be used 

as a proxy for light REE content, the high volatile contents of KREEP material on the Moon 

(e.g., Barnes et al., 2016) indicate that a correlation might exist. The variation of material in 

these brecciated meteorite samples, potentially provides an ideal suite of samples to 

investigate if this was a common pattern throughout lunar material. The purpose of analysing 

140Ce16O2 on electron multipliers simultaneously to Cl was to gain greater insights into 

previous CL observations and evaluate a number of hypotheses (see Sections 1.6 and 1.7). 

Prior analysis of the apatites using CL highlighted zoning and features within the apatites, 

not visible in typical SEM analyses, which could either be due to internal structural disorder 

of the apatite crystal, or the distribution of trace and rare earth elements in the phosphate. 

Panchromatic CL, as used here, does not allow for the luminescence cause to be 

distinguished. 

Ce isotope imaging of the raster areas of the apatite grains collected simultaneously with Cl 

provided direct comparison of the two elements. Co-location of the Cl and H SIMS pits 

provided a relatively direct comparison of H results to Cl and Ce. Calibration of results was 

carried out using Ap 003, Ap 018, and Ap 020, the CeO2 abundance of which has been 

independently verified by McCubbin et al. (2012). The results for this preliminary 

experiment are discussed in Chapter 7. 

Processing of isotope image data 

Post-analysis processing of the data collected in isotope imaging mode was carried out using 

the L’Image software package (Larry Nittler, Carnegie Institute of Washington). The data 

was corrected for detector deadtime of 44 ns, and the images were aligned to correct for 

stage drift. Frames which showed features of surface charging, most prominently seen in 13C 

and 18O images, were removed from processing which decreased the uncertainties on the 

results. 
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In order to isolate the signal which could be attributed to the apatite, thresholding of the 

isotope image was utilised. Firstly, the 13C signal was examined and the increased counts 

produced by the beam interacting with a crack in the exposed surface or subsurface of the 

apatite grain were noted. A minimum thresholding value was given when the counts per 

second (cps) increased across a transect, and a maximum thresholding value was given 

where cps reached the end of a subsequent decline and stabilised once again. This allowed 

for regions of interest (ROIs) to be generated with greater accuracy than the existing method 

of ROI generation (see Figure 2.4) which is the examination of the isotope image by eye and 

freestyle tracing of the ROI. The same procedure was used to isolate the signal attributed to 

the apatite grain using 35Cl images, as the variation between typical Cl distribution and 

‘hotspots’ were more apparent. Generating ROIs which delineated cracks and impurities in 

the apatite grains allowed for the removal of the 35Cl and 37Cl signal, which could be 

generated through interaction with the crack, as the ROIs generated through thresholding on 

13C and 35Cl images were combined (see Figure 2.4). This minimises the contamination of 

results via the epoxy within which the samples are mounted. In cases where apatite grains 

showed significant variation in the abundance of either Cl isotope without obvious textural 

explanation, thresholding allowed the 37Cl/35Cl of the different zones to be isolated and 

compared.  

OriginLab Pro Calibration and Data Processing of Isotope Image Data 

The 35Cl/18O and 140Ce16O2/
18O ratios exported by L’Image were then used to construct 

calibration curves on the standard apatite grains (Cl: Ap004, Ap005, Ap018; CeO2: Ap003, 

Ap018, Ap020), measured throughout the analytical run. The Cl and CeO2 abundances of 

the standard apatite grains used are sourced from McCubbin et al. (2012) and are listed in 

Table 2.2.  

The abundance of Cl and CeO2 were determined using the measured isotope ratios (35Cl/18O 

and 140Ce16O/18O), through multiplication of these ratios with the slope of their 
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corresponding calibration curve (constructed using the known Cl and CeO2 abundances of 

the standard apatite grains; see Figure 2.5). The background value of Cl within the system, 

which was measured on the San Carlos Olivine, was then subtracted. 

 
Figure 2.4: NanoSIMS isotope images of apatite in AP 007 overlain with ROI produced through 

thresholding 

Table 2.2: Known abundances (wt. %) of volatiles and Ce2O3 and equivalent CeO2 for standard apatites 

used in this study.  

Data Source: McCubbin et al. (2011) 

Element Ap 003 Ap 004 Ap 005 Ap 018 Ap 020 

Ce2O3 0.64 ± 9 0.29 ± 8 0.58 ± 12 0.05 ± 7 0.12 ± 7 

CeO2
a 0.34 ± 4.7 0.15 ± 4.2 0.3 ± 6.3 0.03 ± 3.7 0.06 ± 3.7 

H2O 0.06 ± 4 0.55 ± 5 0.37 ± 3 0.20 ± 4 0.03 ± 1 

F 3.44 ± 22 2.39 ± 24 2.45 ± 22 3.28 ± 38 3.65 ± 19 

Cl 0.45 ± 12 0.41 ± 4 0.95 ± 6 0.13 ± 4 b.d. 
a Equivalent CeO2 calculated from known Ce2O3  
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Figure 2.5: Example of calibration curve calculated for (a) Cl and (b) Ce data in October 2020 

 

Samples with low Cl contents: reproducibility of δ37Cl and Cl abundances   

Apatites grains in DOM 18262 and NWA 12593 have relatively low (< 100 ppm) Cl 

abundances, in comparison to the standards used for Cl analyses (Ap003, Ap004, Ap005, 

and Ap018; see Table 2.2). The apatite standard Ap020 contains Cl abundance below 

detection levels for EPMA (McCubbin et al., 2012). This was analysed as an unknown 

apatite to test the reproducibility of our δ37Cl and Cl abundance results at low Cl abundances 

(Figure 2.6), following the procedure of Barrett et al. (2019). No systematic isotopic effect 

at low Cl abundances is observed, except higher uncertainties which has been attributed to 

poorer counting statistics at low Cl abundances.  

To ensure consistency in the conditions across sessions, the alpha value measured on 

standard apatite grains is used. This value 0 < α < 1 is calculated using Equation 2.1:  

𝛼 =  
 37𝐶𝑙/ 35𝐶𝑙𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

 37𝐶𝑙/ 35𝐶𝑙𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑
     Equation 2.1  

Where 37Cl/35Clexpected has been independently verified. Observing the change in this across 

a single session allows for a measure of the internal consistency of the stability of the 

NanoSIMS instrument. As can be seen in Figure 2.6, the alpha value does vary significantly 

throughout a multiple-day session. During a single day, however, very little drift in the alpha 

value is observed. A daily average of alpha values for Ap004 was used throughout all Cl 
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analyses to correct measured 37Cl/35Cl for a more representative correction when compared 

to a ‘full session alpha’ average. The more Cl-rich Ap005 standard showed significant 

variation within and across analytical sessions. This is likely due to charging, thus the alpha 

value of Ap005 is not considered a reliable measurement of reproducibility.  

Throughout all analytical sessions for Cl, the alpha value of most Ap004 measurements falls 

within one standard deviation of the average (37Cl/35Cl = 0.995 ± 0.001; see Figure 2.7). The 

standard deviation itself (0.001) indicates a high precision in Cl analyses.  

 
Figure 2.6: Measured 37Cl/35Cl and alpha values for apatite standards during chlorine sessions on 

NanoSIMS. Abbreviations: NMR (nuclear magnetic resonance) 
 

Data Corrections 

The contribution of background Cl was quantified using the measured Cl abundance on San 

Carlos olivine. This standard has been observed to have negligible Cl abundance, hence the 
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Cl abundance measured on this grain during analysis represents background contamination. 

Cl contents (typically 1 ppm) were removed from the measured Cl abundance on unknown 

apatite grains. The δ37Cl values measured on San Carlos olivine (+ 16 ‰) and Ap020 (− 9 

‰) were considered to represent background contribution, and the effects of this on the 

measured δ37Cl of unknowns were examined. The change in δ37Cl values (between 0.4 and 

0.7 ‰) was limited, due to the lower relative contribution of 1 ppm Cl to measured 

abundances of > 100 ppm Cl. This correction was, therefore, not applied to the measured 

data for this study. 

2.3.6.  Hydrogen Isotope Analysis 

Setup and Analytical Procedure 

For H analyses, the system was also set to multi-collection mode, and measured negative 

secondary ions of 1H, D (i.e., 2H), 13C, 18O, and 16O on electron multipliers simultaneously 

using a primary beam of ~ 450 pA current. In order to resolve 1H2
− from D− a mass resolving 

power of ~ 4300 is required for the electron multipliers (Tartèse et al., 2014b; Barnes et al., 

2014; Barrett et al., 2016). To compensate for the build-up of charge, an electron flood gun 

was used (Hoppe et al., 2013). As with Cl, the RTI of mass 40Ca19F was used to ensure 

correct beam positioning over apatite grains. The raster size of H pits (10 µm × 10 µm) was 

larger than Cl, but in order to maximise the amount of data that can be collected from an 

individual apatite grain, the H pits were sputtered over the same location as the Cl pits. This 

also allowed for lateral co-location and direct comparison of Cl, Ce, and H results. Data were 

collected in 1000 planes with auto-centring of peak positions every 100 frames. 

The areas were further pre-sputtered for three minutes at 12 μm × 12 μm raster size to remove 

surface contamination. During pre-sputtering, 1H and 12C secondary ion images were 

monitored in real time, in order to ensure the analysis area was crack-free and lacked hotspots 

that indicate contamination. Following this same procedure during analysis of ‘unknowns’ 
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permitted the identification of cracks below the surface of the apatites, not visible in SEM 

images. Data were collected on lunar apatites for approximately 30 minutes analysis time. 

Processing of H isotope data 

Post-analysis processing of the data collected in spot mode was carried out using the 

NanoSIMS DataEditor software (Frank Gyngard, Washington University). In apatite grains 

where cracks/hotspots did not appear during analysis, the 18O and 1H signals were monitored 

for signs of charging (an increase in O signal and decrease in H signal), and portions of the 

signal which were unaffected (i.e., displayed stable count rates) were isolated. This 

amounted to the removal of over 500 cycles (of 2000 total for a single analysis) in the most 

extreme case. Standard apatites Ap003, Ap004, and Ap018 (see Table 2.2 and McCubbin et 

al., 2012 for abundance data) were used to calibrate H2O abundances, along with nominally 

anhydrous San Carlos (SC) olivine. The apatite standards were also used to correct for 

instrumental mass fractionation of H isotopes and the correction of background water 

contribution.  

OriginLab Pro Calibration and Data Processing of H Isotope Data 

Following the same process as Cl and Ce, the H2O abundances of ‘unknown’ apatites were 

calibrated to standard apatite values. Calibration curves were constructed using known H2O 

and observed 1H/18O ratios (see Figure 2.7), the slope of which was used to determine the 

abundance of H2O on unknown apatite grains using Equation 2.2.  

𝑇𝑟𝑢𝑒 𝐻2𝑂 (𝑝𝑝𝑚) = (𝐻2𝑂𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 × 𝑆𝑙𝑜𝑝𝑒𝐶𝑎𝑙𝑖𝑏) − 𝐻2𝑂𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 Equation 2.2 

Where True H2O is the true H2O abundance of the unknown apatite grain, H2Omeasured is the 

measured H2O abundance, H2Obackground is the background H2O contents as measured on San 

Carlos olivine, and Slopecalib is the slope of the calibration curve.  
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Figure 2.7: Example of calibration curve for H2O in November 2020 

 

Reproducibility of δD and H2O abundance  

To ensure consistency in conditions across sessions, the alpha value measured on standard 

apatite grains was used, as with Cl. This value 0 < α < 1 was calculated using Equation 2.3: 

𝛼 =  
𝐷/𝐻𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝐷/𝐻𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑
    Equation 2.3 

Where D/Hexpected has been independently verified on standard apatite Ap 004. The variation 

in the alpha value across a single session allowed for a measure of the internal consistency 

of the stability of the NanoSIMS instrument. As can be seen in Figure 2.8, the alpha value 

did not vary significantly through a single session or multiple sessions, indicating a good 

degree of reproducibility of H measurements. A daily average of alpha values for Ap 004 

was used throughout all H analyses to correct measured D/H for a more representative 

correction compared to a global/entire session alpha average value.  

Data Corrections — Background Water 

Background water contents of the NanoSIMS instrument can have significant effects on the 

D/H ratio measured in apatite, particularly at low H2O contents. Background water is 
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contributed by detector dark noise, H from the system, epoxy degassing, and hydrogen 

desorbed by the electron beam (Barrett et al., 2016).   

 
Figure 2.8: Alpha values for apatite standards during hydrogen sessions on NanoSIMS. 

 

Raw water contents measured in apatite grains within the meteorites were corrected 

primarily for background contribution. This was done by obtaining the slope of a calibration 

curve generated each day from the measured isotopic ratios of the standard apatite grains 

and SC olivine. The slope, and 95% confidence limits (upper and lower) on this, can be used 

to calculate the true H2O contents, and 2σ errors on this value, using the equations:  

𝑇𝑟𝑢𝑒 𝐻2𝑂 (𝑝𝑝𝑚) =   1𝐻/ 18𝑂𝑢𝑛𝑘𝑛𝑜𝑤𝑛 𝑎𝑝𝑎𝑡𝑖𝑡𝑒 × 𝑆𝑙𝑜𝑝𝑒𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒   Equation 2.3 

𝑇𝑟𝑢𝑒 𝐻2𝑂 2𝜎 (𝑝𝑝𝑚) = [√(2 ×  1𝐻/ 18𝑂𝑝𝑜𝑖𝑠𝑠𝑜𝑛/100)2 − (2𝜎/100)2] × 𝑡𝑟𝑢𝑒 𝐻2𝑂     Equation 2.4 

The background isotopic composition of the NanoSIMS system must also be corrected for. 

To calculate the background δD of the system, weighted averages of the D/H ratios of Ap 

004 and SC olivine for the entire session were calculated using an Isoplot add-in for 

Microsoft Excel. The weighted average D/H ratio for SC olivine was used to calculate δD 

relative to VSMOW for SC olivine in this session; and vice-versa for Ap 004. Both δD values 
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(for SC olivine and Ap 004) were summed to calculate the instrumental mass fractionation 

of the machine. The IMF background of the machine was then corrected for in the data by:  

𝐷/𝐻𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = (𝑓 × 𝐷/𝐻𝑢𝑛𝑘𝑛𝑜𝑤𝑛 𝑎𝑝𝑎𝑡𝑖𝑡𝑒) + [(1 − 𝑓) × 𝐷/𝐻𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑]       Equation 2.5 

Where ƒ is the proportion of H emitted from apatite, and 1-ƒ is the proportion of H attributed 

to instrument background. 

Data Corrections — Cosmic ray spallation 

The interaction of cosmic rays with material which resides within a few metres of the surface 

of an airless planetary body such as the Moon can cause spallation which results in an 

increase in D/H ratios through spallogenic production of D. This D is produced from O, Fe, 

Mg, Al and Si target nuclei, with O as the most important for apatite (though this phase has 

been observed to contain some of the other listed elements; Merlivat et al., 1976; Reedy, 

1981; Füri et al., 2017; Füri et al., 2020).   

The cosmic ray exposure (CRE) ages of the samples studied, along with known production 

rates of spallogenic H and D (which itself is a function of the abundance of the 

aforementioned target elements) and shielding depth (depth of irradiation below the lunar 

surface, which is deeper than for other secondary processes such as solar wind) can be used 

to correct for spallation effects on the measured D/H ratios (Reedy, 1981; Saal et al., 2008; 

Saal et al., 2013; Barnes et al., 2014; Füri et al., 2017; Saal and Hauri, 2021). The cosmic 

ray flux for the Moon has been found to induce production of rates of 2 ×  10−10 mol H2 g
-

1 Ma-1 for H and 0.5 × 10−12 mol D2 g
-1 Ma-1 for D (Merlivat et al., 1976).  

For the samples which have not had CRE ages determined, no correction has been applied, 

in order to not over-correct using maximum CRE ages for other lunar samples. It must 

therefore be noted that the H isotope compositions and equivalent H2O abundances are 

maximum values which may be different once their CRE ages have been constrained.   
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An exercise in determining the effects of spallation on measured δD for the apatite grains 

studied was carried out (see Table 2.3), with the oldest CRE age of a lunar sample (480 ± 25 

Ma measured on high-Ti basalt 10017; Eberhardt et al., 1974) taken to represent a maximum 

exposure age for the spallation calculation. As expected, significant changes were observed 

in apatite grains with low (< 200 ppm) H2O contents at CRE ages between 50 and 200 Ma. 

Significant alteration of δD values of all apatites was observed at CRE ages exceeding 200 

Ma, although this should only be taken to represent an extreme minimum value for δD and 

H2O.  

As breccias are typically comprised of multiple rock fragments, a single CRE age for the full 

meteorite may not be entirely representative of the exposure of individual apatites and their 

associated clasts. Assessing the CRE history of each apatite and clast in all five meteorites 

was outside the scope of this project. This may involve micro-sampling of clasts using micro-

milling procedures. For samples with known CRE ages (e.g., EET 96008) a correction was 

applied. For samples where a correction was not possible, caution to not over-interpret the 

results is recommended. 

2.3.7. U-Pb dating of phosphates and zircons — secondary ion mass spectrometry 

(SIMS) 

Setup and Analytical Procedure 

Mono-collection spot analyses were conducted on AP 007, DOM 18262, DOM 18666, and 

NWA 12593 using a large-geometry CAMECA IMS 1280 secondary ion mass spectrometer 

(SIMS) equipped with an Oregon Physics Hyperion H201 RF-plasma oxygen ion source at 

the Swedish Museum of Natural History (NordSIMS facility) in Stockholm, Sweden. The 

sections used for dating were the same as were used to collect volatile data, so as to allow 

comparison of Cl, Ce, H, and U-Pb results. As these sections are brecciated, a single age 

date for the sample will not be representative of the individual lithic clasts within. Apatite 

ages, therefore, are taken to represent the ages of the clasts with which they are associated.  
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Prior to SIMS analysis, thorough cleaning of the samples was carried out to remove surficial 

contamination via terrestrial Pb, which may have been introduced during sample preparation 

and polishing. The samples were sonicated using distilled water and ethanol, before being 

gold coated.  

The plasma source generated an O2
−

 Gaussian beam of ~ 2 nA (for apatite analysis) and 10 

nA (for plagioclase, olivine, and pyroxene analysis) with an impact energy of 23 kV, rastered 

over areas measuring 5×5 µm (on apatite) or 10×10 µm (plagioclase, olivine, and pyroxene) 

during analysis. Four Pb isotopes (204Pb, 206Pb, 207Pb, and 208Pb) were collected 

simultaneously using low-noise multi-channel ion counting detection, at a nominal mass 

resolution of 4860 (M/ΔM). 

Data Processing — Isoplot 

Data processing was carried out using in-house SIMS data reduction spreadsheets and the 

Excel Isoplot add-in (version 4.15; Ludwig, 2008). Snape et al. (2016) observed that Apollo 

14 apatites were highly radiogenic, and thus their 204Pb/206Pb and 207Pb/206Pb ratios showed 

little evidence of an initial lunar Pb component. The effect of terrestrial Pb contamination 

was observable in this data, hence the data was corrected for common Pb, using a model 

outlined in Stacey and Kramers (1975) and values of present-day terrestrial 204Pb/206Pb and 

207Pb/206Pb ratios (Snape et al., 2016).  
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Table 2.3: Cosmic-ray spallation correction for δD values in brecciated lunar meteorites in this study, based on CRE ages up to 480 Ma 

Sample Apatite δDVSMOW 

(‰) 

H2O 

(ppm) 

CRE age (Ma) 

50 100 200 480 

δD (‰) 
H2O 

(ppm) 
δD (‰) 

H2O 

(ppm) 
δD (‰) 

H2O 

(ppm) 
δD (‰) 

H2O 

(ppm) 

AP 007 2 − 45 2347 − 45 2347 − 46 2346 − 47 2346 − 50 2346 

DOM 

18262 

1a − 687 312 − 656 311 − 660 311 − 669 311 − 694 311 

1c − 855 249 − 844 249 − 850 249 − 861 249 − 893 248 

1d − 798 310 − 779 310 − 784 310 − 793 309 − 818 309 

DOM 

18666 

4a 142 1214 270 1214 269 1214 267 1214 261 1214 

7a − 52 1289 54 1289 53 1289 51 1289 45 1288 

8f 312 3966 459 3965 459 3965 458 3965 457 3965 

9a − 963 2167 − 60 2167 − 960 2167 − 961 2166 − 965 2166 

9b 90 1884 212 1884 212 1884 210 1883 206 1883 

11a − 27 2348 83 2348 82 2348 81 2348 78 2347 

EET 

96008 

2a 396 447 551 447 548 447 542 447 526 446 

2b 943 149 1155 149 1146 149 1130 149 1084 148 

3 751 3754 948 3754 948 3754 947 3754 945 3753 

NWA 

12593 

1 − 368 157 − 376 157 − 385 157 − 402 157 − 451 156 

2a 695 1818 694 1818 694 1817 692 1817 689 1817 

2b 371 2316 370 2316 370 2315 369 2315 365 2315 

4 − 97 527 − 99 527 − 102 527 − 107 527 − 121 526 

5 − 99 357 − 103 357 − 107 357 − 114 357 − 135 356 

6 105 1229 104 1229 103 1229 101 1228 95 1228 

7a 351 929 350 929 348 929 346 929 338 928 

7b 586 773 585 773 584 773 580 773 571 772 

8 292 4486 292 4486 292 4486 291 4486 290 4485 

10a − 73 926 − 75 926 − 76 926 − 79 926 − 87 926 

10b − 125 827 − 126 827 − 128 827 − 131 827 − 140 827 

11 − 136 377 − 140 376 − 143 376 − 150 376 − 170 376 

12 1030 3230 1030 3230 1030 3230 1029 3230 1027 3229 

13a − 222 143 − 231 143 − 240 143 − 259 142 − 312 142 

13b − 363 173 − 370 172 − 378 172 − 394 172 − 438 172 

13c − 73 213 − 79 213 − 85 213 − 97 213 − 133 212 
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Table 2.3: Cosmic-ray spallation correction for δD values in brecciated lunar meteorites in this study, based on CRE ages up to 

480 Ma 

Sample Apatite δDVSMOW 

(‰) 

H2O 

(ppm) 

CRE age (Ma) 

50 100 200 480 

δD (‰) 
H2O 

(ppm) 
δD (‰) 

H2O 

(ppm) 
δD (‰) 

H2O 

(ppm) 
δD (‰) 

H2O 

(ppm) 

NWA 

12593 

14 53 135 44 135 34 135 14 135 − 41 134 

16 491 2722 490 2722 490 2722 489 2722 486 2721 

19a − 105 214 − 111 213 − 117 213 − 129 213 − 164 213 

19b 15 393 12 393 9 393 2 393 − 17 392 

20 − 308 1310 − 309 1310 − 310 1309 − 312 1309 − 318 1309 

21a − 219 387 − 222 387 − 226 387 − 233 387 − 252 386 

21b − 161 312 − 169 179 − 176 179 − 191 179 − 233 178 
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Data Corrections 

As with NanoSIMS data, U-Pb data was corrected for matrix effects using reference 

materials characterised independently using a different technique. The reference apatite 

standard (BR2 2058) was used for both apatite and merrillite data corrections, which 

inevitably resulted in extra uncertainty due to the different mineral chemistry of these 

calcium phosphates. Additional uncertainty was also associated with variable instrument 

conditions during analysis of standards and lunar ‘unknown’ samples. The above effects 

were less evident in the apatite measurements. 207Pb/206Pb ratios are less affected by matrix 

effects than 238U/204Pb.  

2.3.8. Stochiometric Analysis of Phosphates – Electron Probe Microanalysis 

Setup and Analytical Procedure 

To obtain the quantitative chemical composition of apatite grains in the studied lunar 

meteorites, electron microprobe analysis was utilised. Primarily WDS data of major element 

oxides (Na, Mg, Ca, Mn, Fe, Si, P), volatile (F, S, Cl) and rare earth elements (Y, Ce) were 

collected using a CAMECA SX100 electron microprobe at The Open University. Most 

elements excluding F were measured at 20 kV, while F was measured at 4 kV. This approach 

allowed for the removal of peak overlaps in spectra. It is known that F, and less notably, Cl 

undergo anion mobilisation within apatite during EPMA analysis, attributed to electron 

implantation and/or heating of the sample via exposure to an electron beam (Barnes et al., 

2013).  

Previous workers observed an increase in X-ray intensities of F (and Cl) as a function of 

time under routine analytical conditions (Stormer et al., 1993; McCubbin et al., 2010b; 

Goldoff et al., 2012b; Stock et al., 2015). The primary cause of volatile mobilisation is still 

unclear; however, the magnitude of mobilisation is related to apatite crystallographic 

orientation relative to an incident electron beam. A greater effect is seen where a beam is 

perpendicular to the apatite c-axis [001] than where it is perpendicular to the a-axis [100] 



67 

 

under the same analytical conditions. Electron implantation results in F being mobilised 

(rather than lost/volatilized) to the apatite grain surface and causes the F count rate to appear 

falsely higher. This overcompensation of the F rate makes the anions within the apatite X-

site appear non-stoichiometric (sum to a value greater than 1; Pyle et al., 2002). F abundance 

within the apatite grains was estimated from X-site occupancy prior to EPMA analysis, using 

the measured Cl and OH abundances from NanoSIMS analyses. Assuming full occupancy 

by volatiles within the apatite X-site, the anion proportion of F can be calculated using 

Equation 2.6.  

𝐹𝑎𝑝𝑎𝑡𝑖𝑡𝑒(𝑎𝑛𝑖𝑜𝑛𝑠) = 1 − (𝐶𝑙𝑎𝑝𝑎𝑡𝑖𝑡𝑒 + 𝑂𝐻𝑎𝑝𝑎𝑡𝑖𝑡𝑒)  Equation 2.6 

Where Fapatite, Clapatite, and OHapatite refers to the anion proportions of F, Cl, and OH in 

apatite, respectively. Through comparison of this to measured F abundance via EPMA, the 

variation observed between estimated (using Equation 2.6) and measured values is not within 

error (see Table 2.4), likely as a result of hitting cracks during EPMA analysis.  

Table 2.4: Comparison of estimated and measured F abundances of apatites in this study. 
Sample Apatite # Festimated (wt. %) Fmeasured (wt. %) 

NWA 12593 1 6.3 0.25 

 2 5.1 - 5.2 n.d. 

 4 5.2 n.d. 

 5 6.0 2.61 

 6 5.9 n.d. 

 7 5.7 2.63 

 8 5.5 1.74 

 10 5.8 – 5.9 n.d. 

 11 6.2 n.d. 

 12 5.5 n.d. 

 13 6.1 n.d. 

 14 6.1 n.d. 

 15 n.d.*  

 16 5.3 n.d. 

 19 6.1 – 6.2 n.d. 

 20 5.3 n.d. 

 21 5.5 – 6.0 n.d. 

AP 007 2 4.6 n.d. 

DOM 18262 1 6.3 0.19 

 2 n.d.* 1.49 

DOM 18666 1 n.d.* 2.32 

 2 n.d.* 2.46 

 4 5.4 n.d. 

 6 n.d.* 0.96 

 7 3.1 n.d. 

 8 4.8 2.26 

 9 5.5 – 5.6 n.d. 

 11 4.0 1.09 

EET 96008 1 n.d.* 1.39 

 2 6.1 – 6.2 n.d. 

 3 5.6 1.02 

*Not possible to obtain Cl and OH NanoSIMS data, so F could not be calculated. 



68 

 

3. Sample Descriptions 

The meteorite samples used in this thesis are described in detail in this chapter, along with 

the criteria used for sample selection. A general overview of lunar meteorites is provided in 

Chapter 1 Section 1.3.  

3.1. Criteria for sample selection 

The samples studied here are broadly representative of the diverse lithologies known for the 

Moon. Their selection was based on the extent to which they satisfy each of the following 

criteria:  

1. Samples were selected to represent the diversity of lunar material which could also 

be geochemically distinct from those represented by the Apollo and Luna material.  

2. Hot (n = 2) and cold desert (n = 3) meteorite finds were selected to compare and 

evaluate the effects of terrestrial contamination and different environments.  

3. To allow comparison with the existing dataset, apatite grains in both meteorites and 

Apollo samples were studied for their volatile and Ce contents.  

4. As my preliminary study confirmed the preservation of apatite grains in brecciated 

samples, more brecciated meteorites were studied to expand the inventory of lithic 

material and study the effects of different shock states which may have been 

experienced by the meteorites prior to/during their ejection from the Moon.  

The meteorite samples which fit the above criteria and were found to contain apatite are as 

follows:  

• Hot desert meteorites: AP 007 and NWA 12593 

• Cold desert meteorites: DOM 18262, DOM 18666, and EET 96008 

Several additional meteorite samples which fit most of the criteria listed above were also 

studied but subsequently found to contain no apatite grains within the sections investigated:  
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• Hot desert meteorites: NWA 11228, NWA 12592, NWA 12980, NWA 12997, Oued 

Awlitis 001, Tisserlitine 001 

• Cold desert meteorites: Pecora Escarpment (PCA) 02007, Miller Range (MIL) 07006 

All hot desert meteorites studied, excluding NWA 11228 were also formally classified and 

submitted to the Nomenclature Committee of the Meteoritical Bulletin as a result of my 

preliminary investigations. These samples thereby provided an opportunity to develop a 

broader understanding of lunar geology and geochemistry.  

3.2. Arabian Peninsula 007  

3.2.1. General Description 

In 2015, a single weathered stone lacking a fusion crust was discovered by local meteorite 

hunters in the Al Jouf region of Saudi Arabia (Gattacceca et al., 2020). In November 2017 

it was purchased by Dustin Dickens while on expedition in the region (Gattacceca et al., 

2020).  

Hand Specimen 

This sample has been described in Gattacceca et al. (2020). The stone exhibits a dark, 

sandblasted exterior made up of sub-millimetre sized light-coloured clasts set in a dark 

homogeneous groundmass. On the exterior of the rock are many millimetre-wide melt veins. 

This rock is classified as a lunar fragmental breccia, weighing 1337 g.  

Thin-section 

Arabian Peninsula (AP) 007 is clast-rich, with both lithic and mineral fragments present in 

a fine-grained matrix (Figure 3.1). It is mainly composed of basaltic clasts (which are 

dominated by Ca-rich pyroxene, plagioclase, and olivine) and granulitic clasts dominated by 

plagioclase and olivine (Gattacceca et al., 2020). Dark, recrystallized impact melt clasts 

(200–1000 µm in the longest direction) are scattered throughout the sample. A large (~ 2.3 

mm) clast exhibiting a coarse-grained crystalline texture of plagioclase, olivine, and 

pyroxene appears to be of the ferroan anorthosite suite and contains accessory apatite and 
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ulvӧspinel (Gattacceca et al., 2020). In this clast, plagioclase has the highest modal 

abundance (> 70 %; see Clast 1 in Figure 3.1).  

 
Figure 3.1: PPL, XPL, and BSE maps of Arabian Peninsula 007 

 

3.2.2. Mineral chemistry 

Plagioclase feldspar in AP 007 is predominantly Ca-rich (An80.2–98.3Ab1.2–18.3, n = 79). 

Pyroxene populations are Ca-rich, ranging from pigeonite (Fs25.8–41.5En48.0–61.7Wo6.4–19.3, 

Fe/Mn = 50.9–69.9, n = 41) to augite (Fs14.5–32.4En38.8–53.1Wo20.6–43.9, Fe/Mn = 45.0–70.5, n 

= 18). Olivine is mainly Mg-rich (Fa25.4–89.9Fo10.1–74.6, Fe/Mn = 85.6–158.9, n = 116). The 

mineral chemistry of all clasts with associated apatite in AP 007, and the other meteorites 

studied, are given in Table 3.1.  

3.2.3. Shock Stage 

In plane polarized light (see Figure 3.1) AP 007 is a mixture of dark fine-grained regolith 

matrix and fragments of opaque minerals, and light anorthositic plagioclase clasts and 

mineral fragments. Large (~ 1–2 mm) clasts of plagioclase are visible in PPL, XPL, and BSE 

(see Figure 3.1). Plagioclase exhibits normal and sector twinning, and planar and radial 

fracturing. Weak mosaicism and planar deformation features exist in pyroxene. Due to this, 
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it is concluded that AP 007 has a shock stage of A-S4 and is expected to have undergone 

shock pressures of ~ 40–45 GPa and post-shock temperatures of 800–900 ℃.  

Table 3.1: Mineral chemistry of feldspar, pyroxene, and olivine in lithic clasts with associated apatite, 

as investigated by EPMA. 
S

a
m

p
le

 

Type 

Feldspar Pyroxene Olivine 

An# range 

An

# 

avg Fs range En range Wo range 

Mg# 

avg 

Fo# 

range 

Fo# 

avg 

Basaltic Clasts 

NWA 12593 

1 Basalt 99.4–99.6 99.5 17.6–31.8 33.7–78.2 4.2–40.0 65.7 63.0–65.6 64.3 

4 Basalt 99.7 99.7 15.8–29.3 58.6–64.0 11.9–20.1 71.6 55.2–79.6 63.2 

7 Basalt 9.0–99.8 99.5 14.7–33.5 45.0–57.7 21.5–38.0 69.8 63.8–77.8 67.3 

DOM 18666 

1 Basalt   54.0–86.3 0.7–9.6 13.1–36.6 6.1   

3 Basalt 12.9–23.4 17.9     3.9–4.5 
4.2 

 

4 Basalt   27.8–39.2 47.6–67.8 3.1–13.2 63.4 99.0 99.0 

8 Basalt   27.4–56.1 8.7–38.9 24.1–58.9 40.2   

9 Basalt 99.7 99.7 31.5–76.4 11.5–37.9 12.1–32.9 40.6   

10 Basalt   30.0–53.3 7.4–65.8 4.2–40.9 37.6 0.9–7.6 5.9 

11 Basalt 100.0 
100.

0 
25.9–98.2 0.9–43.1 0.8–42.0 34.2   

EET 96008         

1 Basalt 
99.8–
100.0 

99.9 22.1–53.9 16.4–60.5 7.5–29.7 51.6 40.2–57.1 45.0 

2 Basalt 99.7 99.7 23.6–52.5 16.0–60.4 0.4–35.2 52.8 9.5–60.2 34.4 

Highlands Clasts 

AP 007         

1 Anorthosite 95.2–96.7 96.4 21.4–37.5 23.0–67.2 6.2–44.4 67.8 44.0–63.4 55.2 

NWA 12593         

6 Anorthosite 99.5–99.8 99.7 17.1–31.0 46.6–63.6 7.2–36.3 68.8 61.5–66.1 64.1 

DOM 18666         

5 Troctolite 99.6–99.9 99.7 39.7–98.4 0.6–40.3 0. 9–28.0 30.3 3.8–4.0 3.9 

 

3.2.4. Phosphate details and textural context 

Within the thin section of AP 007, two apatite grains were observed that could be analysed. 

The apatite grains are anhedral, ranging in size from 10–30 μm in the longest direction. Both 

apatite grains appear interstitially between larger silicate minerals (mainly plagioclase) in a 

single lithic clast, showing a coarse-grained crystalline texture and chemically similar to the 

ferroan anorthosite suite (see Clast 1 in Figure 3.2). The heavily fractured nature of this 

sample made it difficult to carry out any H NanoSIMS analysis due to a lack of clear crack-

free space within an apatite grain within which to excavate a SIMS-pit (see Chapter 3 section 

3.3.4. for NanoSIMS methodology) and charging of the sample surface due to interaction of 
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the ion beam with cracks. Chlorine data was collected on both apatites, the Cl abundance of 

Ap1 was below instrument background and was not included in this study. As such, only 

data from Ap2 has been considered henceforth. Merrillite was not identified in this section.  

 
Figure 3.2: BSE images of apatite grains in AP 007 

 

Cathodoluminescence 

Zoning was observed in CL in both of the apatite grains in AP 007. The more elongate apatite 

grain (Ap1) showed no luminescence in its core, with higher CL activation towards its rim, 

which may be due to the proximity to fractures in this clast (see Figure 3.3). The more 

angular apatite grain (Ap2) showed low to moderate CL activation, with higher intensity to 

the CL signal towards the exterior and following fractures which were seen in SE.  

3.2.5. Justification for sample selection 

This sample was selected as it is a brecciated lunar meteorite containing a variety of 

geochemically, texturally, and mineralogically distinct lithic fragments. The lithic fragment, 

with which the main phosphates studied here are associated appears to be of highlands-type 

origin. Compositionally the clast falls within the fields of both ferroan and magnesian 

anorthosites measured previously (Figure 3.4). 
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Figure 3.3: Cathodoluminescence images of apatite grains in AP 007 

 

Table 3.2: Electron microprobe analyses of apatite in brecciated lunar meteorites (average calculated 

based on clast lithology). 

 DOM 18262 DOM 18666 EET 96008 NWA 12593 

Oxide Basaltic 

Clasts 

Basaltic 

Clasts 

Basaltic 

Clasts 

Highlands 

Clasts 

Ungrouped 

apatites 

P2O5 38.48 38.57 40.41 39.85 40.25 

SiO2 0.99 2.61 0.80 0.55 0.59 

CeO2 0.56 0.36 0.25 0.21 0.21 

Y2O3 0.77 0.54 0.31 0.21 0.21 

FeO 2.38 2.16 1.77 1.12 1.01 

MnO 0.06 0.07 0.04 0.05 0.04 

MgO 0.06 0.05 0.17 0.18 0.36 

CaO 53.57 52.90 52.26 54.89 55.39 

Na2O 0.00 0.05 0.01 0.03 0.02 

F 1.49 1.82 2.15 1.96 2.76 

Cl 0.83 0.06 0.35 0.61 0.44 

S 0.02 1.21 0.15 0.04 0.05 

O=F, Cl, S 0.82 0.52 1.02 0.97 1.27 

H2O 0.76 100.91 0.55 0.61 0.28 

Total 99.15 1.06 98.20 99.75 100.31 

Structural formulae based on 13 anions 

P 3.01 2.98 3.14 3.08 3.11 

Si 0.09 0.24 0.07 0.05 0.05 

Ce 0.02 0.01 0.01 0.02 0.01 

Y 0.04 0.03 0.02 0.01 0.01 

Fe 0.18 0.16 0.14 0.09 0.08 

Mn 0.01 0.01 0.00 0.00 0.00 

Mg 0.01 0.01 0.02 0.02 0.05 

Ca 5.30 5.18 5.14 5.37 5.41 

Na 0.00 0.01 0.00 0.00 0.00 

ΣCations 8.65 8.63 8.55 8.64 8.71 

F 0.44 0.52 0.62 0.57 0.79 

Cl 0.13 0.01 0.05 0.09 0.06 

S 0.00 0.19 0.03 0.01 0.01 

ΣAnions 0.57 0.72 0.70 0.67 0.87 

OH 0.47 0.32 0.34 0.37 0.17 

To test whether this anorthositic material belongs to the ferroan anorthosite suite or the 

intermediate magnesian anorthosites a series of statistical tests were carried out. First, the 

mean anorthite number of both the ferroan and magnesian anorthosites previously 
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investigated was calculated as well as the standard deviation from the mean (see Figure 3.5). 

The anorthite number of the anorthosite clast in AP 007 (An# = 95.2–96.7) is within the one 

standard deviation (1 SD) of the mean of literature FAN data, and two standard deviation (2 

SD) of the mean of literature MAN data (Figure 3.5). The Mg# (Mg/(Mg+Fe)*100) of mafic 

silicates in this clast (61.8–71.8) is within the one standard deviation (1 SD) of the mean of 

FAN data (62.98 ± 8.87) and of MAN data (75.04 ± 15.57).  

  
Figure 3.4: Observed Mg# vs An# of mafic silicates and feldspars in AP 007 and NWA 12593. 

Compositional fields from Lindstrom and Lindstrom (1986) and James et al. (1987). Acronyms: 

FAN (ferroan anorthosite), MAN (magnesian anorthosite) 

 

To further determine whether this clast belongs to the FAN or MAN suite of rocks, a 

Students’ t-test was used, following Equation 3.1: 

𝑆𝑡𝑢𝑑𝑒𝑛𝑡𝑠′ 𝑇 − 𝑡𝑒𝑠𝑡 =  
�̅�1− �̅�2

√𝑠2 (
1

𝑛1
+

1

𝑛2
)
                               Equation 3.1 

Where �̅�1 and �̅�2 refer to the means of the literature (FAN/MAN) data and clast in AP 007, 

respectively; 𝑠2 refers to the pooled variance of the entire sample set (literature and AP 007 

data); and 𝑛1 and 𝑛2 refer to the sample sizes of the literature and AP 007 data, respectively. 

The null hypothesis for this test is that no difference exists between the mean An# of both 
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sample sets. To account for variation in either direction around the mean values, a two-tailed 

t-test is used throughout. The results of this test are provided in Table 3.3. The p-value of 

the FAN/AP 007 test (0.85) is greater than the alpha (significance) value of 0.05 selected for 

this test, and the t-value (− 0.188) is less than the t-value from a t-distribution table at a 

significance level of 0.05 (i.e., 5%) for 70 degrees of freedom (df; t = 1.994). The null 

hypothesis is, therefore, accepted and these two populations can be considered the same. In 

contrast, the p-value of the MAN/AP 007 test  (0.02) is lower than the alpha value of 0.05, 

and the t-value (2.471) is greater than the t-value from a distribution table at a significance 

level of 0.05 for 17 df (t = 2.11). The null hypothesis is, therefore, rejected and these two 

populations can be considered different.  

 

Figure 3.5: Comparison of Mg# and An# of anorthosite clasts in AP 007 and NWA 12593 to the 

means of FAN and MAN literature data.  

Literature data sourced from: Jolliff et al. (1991); McGee (1993) (FAN); Takeda et al. (2006); 

Treiman et al. (2010); Gross et al. (2014) (MAN). 
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Table 3.3: Results of two-sample Students’ t-test assuming unequal variances, on An# of AP 007 Clast 

1 compared to literature data of FAN and MAN rocks 

 FANliterature AP 007 Clast 1 MANliterature AP 007 Clast 1 

Mean (�̅�1) 95.99 96.05 96.72 96.05 

Variance (𝑠2) 5.24 0.19 0.81 0.19 

Degrees of freedom (df) 70 17 

T test − 0.188 2.471 

P value 0.85 0.02 

Critical t-value from t table 1.994 2.110 

 

A further two-tailed student’s t-test of the Mg# of this clast was carried out, with the results 

presented in Table 3.4. The null hypothesis for this test is that no difference exists between 

the mean Mg# of both sample sets. The p-value of the FAN/AP 007 test (0.533) is greater 

than the alpha value (0.05), while the t-value (0.63) is less than expected at 40 df (2.02). The 

null hypothesis is, therefore, accepted and these two populations (FAN and AP 007 Clast 1) 

can be considered the same.  

The p-value of the MAN/AP 007 Mg# test (0.0008) is significantly lower than the alpha 

value (0.05), while the t-value (3.64) is greater than expected at 37 df (2.03). The null 

hypothesis is, therefore, rejected and this anorthosite clast in AP 007 is not part of the MAN 

population.  

Table 3.4: Results of two-sample Students’ t-test assuming unequal variances, on Mg# of AP 007 Clast 

1 compared to literature data of FAN and MAN rocks 

 FANliterature AP 007 Clast 1 MANliterature AP 007 Clast 1 

Mean (�̅�1) 62.98 61.47 75.04 61.47 

Variance (𝑠2) 78.67 80.08 242.57 80.08 

Degrees of freedom (df) 40 37 

T test 0.63 3.64 

P value 0.533 0.0008 

Critical t-value from t table 2.02 2.03 
 

To summarise the statistical results, the t-tests for both the An# and Mg# of AP 007 support 

a FAN association of this clast, rather than MAN. This is further supported by all of the 

individual data points of this anorthosite clast falling within the one standard deviation of 

the FAN population.  

Hydrogen abundances and isotopic data have been collected previously on plagioclase in 

FAN clasts in Apollo anorthosite 60015, reporting δD of + 340 ‰ and ~ 0.56 ppm H2O (Hui 
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et al., 2017). Gargano et al. (2020) assessed the Cl isotope compositions of structurally 

bound and water-soluble phases in FAN anorthosite 60025, reporting δ37Cl ranging from 

+24.5–30.2 ‰, with between ~ 4 and 12 ppm Cl present. Collecting laterally co-located H, 

Cl, and REE data on apatite in FAN material in AP 007 will provide the first apatite data of 

this type for this reservoir and an interesting comparison to bulk Cl values.  

3.3. Dominion Range 18262 

3.3.1. General Description 

This sample was described by Righter (2019). Lunar basaltic breccia Dominion Range 

(DOM) 18262 was found in 2018 by the ANSMET team. The sample collected weighed 6.8 

g and was determined to have a weathering grade of A/B. It is thought to be paired with 

DOM 18666, DOM 18509, DOM 18543, and DOM 18678, which were also found in the 

2018 ANSMET season, based on texture, geochemistry, and proximity of their find 

locations.  

This basaltic breccia is composed of numerous lithic and mineral clasts of various sizes. The 

lithic clasts comprise microbreccias, recrystallized and glassy impact melt breccias, 

symplectite and basaltic clasts. Mineral grains are predominantly anorthitic plagioclase and 

Ca-rich pyroxene, with some olivine present (see Figure 3.6). Impact glass spherules have 

been identified in the fragmentary matrix of this regolith breccia. The vesicular fusion crust 

is still present at the outer parts of the section (see Figure 3.6).  
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Figure 3.6: PPL, XPL, and BSE maps of DOM 18262 

 

 

3.3.2. Mineral Chemistry 

Plagioclase feldspar in DOM 18262 is predominantly anorthitic (An92 ± 4Ab8 ± 4, n = 12). 

There is also, however, a large (~ 100 µm in the longest direction) clast consisting of a K-

rich (An1−3Ab0Or97−99) feldspar, plagioclase, apatite, and merrillite. The K-rich feldspar is 

similar to that in quartz monzodiorite (QMD) clasts in lunar breccia 15405 (see Figure 3.10 

and Meyer et al., 1996). Pyroxene in DOM 18262 is mainly Ca-rich augite (Fs50 ± 26En20 ± 

29Wo31 ± 15, Fe/Mn = 66 ± 29, n = 39), although pigeonite (Fs53 ± 37En31 ± 37Wo16 ± 4, Fe/Mn = 

57 ± 26, n = 10) and orthopyroxene (Fs50En46Wo4, Fe/Mn = 63, n = 1) are also present.  
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Figure 3.7: Feldspar compositional ternary diagram for highlands type clasts in AP 007, DOM 

18262, and NWA 12593. Compositional fields are based on plagioclase data from Meyer et al. (1996) 

and Fagan and Ohkawa (2019). 

 

Comparison to MET 01210 

The DOM pairing group (including DOM 18262 and DOM 18666) has textural similarities 

to MET 01210 (Ziegler et al., 2021), which is one of the YAMM group of meteorites that 

also includes Yamato (Y-) 793169, Asuka-881757, MIL 05035, and MET 01210 (Arai et 

al., 2010a). MET 01210 is a polymict regolith breccia, comprising predominantly basalt 

clasts, as well as highlands clasts. Ziegler et al. (2021) noted that further work comparing 

the composition of the DOM pairing group with MET 01210 was required.  

Figures 3.8, 3.9, and 3.10 compare quantitative geochemistry on pyroxene and plagioclase 

grains in DOM 18262, DOM 18666, and MET 01210 (see Day et al., 2006). Pyroxene grains 

in DOM 18262 and DOM 18666 have very similar compositions to MET 01210 and other 

YAMM samples (Figure 3.8), all of which are compositionally similar to low-Ti basalts 

(Nielsen and Drake, 1978; Arai et al., 1996). DOM 18666 Clast 4 shows similarity to 

anorthositic clasts in MET 01210; whereas Clasts 1, 7, 8, 9, 10, and 11, along with Clast 2 

in DOM 18262 show similar isotopic compositions to basaltic clasts in MET 01210. 
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Plagioclase in DOM 18262 and DOM 18666 clasts are very Ca-rich, and as such have higher 

An# than plagioclase in basaltic and anorthositic clasts in MET 01210, however, they are 

compositionally very similar, and they plot at An# > 95 on a feldspar compositional ternary 

(see Figure 3.7).  

3.3.3. Shock Stage 

In plane polarized light DOM 18262 is very dark due to a fine-grained dark regolith matrix 

and fragments of opaque minerals, which precluded any detailed optical petrography. 

Mineral and lithic fragments (sub-mm to mm in size) are scattered throughout the dark, 

impact melt matrix.  Large (~ 1 mm) plagioclase and pyroxene grains are present throughout 

the section. Plagioclase typically exhibits sector twinning, with radial and planar fractures. 

Some sub-mm thick (100–200 µm)  shock veins run through the section, which are strongly 

isotropic. According to these criteria, DOM 18262 has been weakly to moderately shocked 

(shock stages M–S3/4; Stӧffler et al., 2018). 

3.3.4. Phosphate details and textural context 

Two apatite grains were identified in the section of DOM 18262 studied here (see Figure 

3.11). These are associated with both lithic clasts and the fragmental matrix of the breccia. 

One apatite grain occurs as an interstitial phase (~ 20 µm in longest direction) along with 

merrillite and a FeS phase, within a K-rich feldspar. A further grain (~ 45 µm in the longest 

direction) appears to be associated with olivine in another clast. A 30 µm apatite sits within 

the fragmental matrix of DOM 18262, sharing a concave boundary with an ilmenite phase. 
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It is unclear, due to the nature of the boundary between these phases, whether they 

crystallised together, or not.  

 

Figure 3.8: Ti# vs Fe# of pyroxene in basaltic clasts in DOM 18262, DOM 18666, and MET 01210. Data 

source for MET 01210: Day et al. (2006), and for YAMM basalts: Arai et al. (2010a). Compositional 

fields are from Nielsen and Drake (1978) and Arai et al. (1996) 

 
Figure 3.9: Truncated feldspar compositional ternary for clasts in DOM 18262 and DOM 18666, 

compared to anorthositic and basaltic clasts in MET 01210. Data source: Day et al. (2006) 
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Figure 3.10: Pyroxene quadrilateral for clasts in DOM 18262 and DOM 18666, compared to 

anorthositic and basaltic clasts in MET 01210. Data Source: Day et al. (2006). 

 

 
Figure 3.11: BSE images of apatite grains (outlined by dashed lines) in DOM 18262 

 

Cathodoluminescence 

The apatite grain (Ap1) in DOM 18262 which is associated with a suspected QMD clast (see 

Section 3.4.2. for chemistry of this clast) is homogeneous in CL with no luminescence. This 

is in sharp contrast to the surrounding K feldspar which has a high CL response, showing 

minor growth bands (see Figure 3.12). The second apatite grain (Ap2) in DOM 18262, 

associated with a small (~ 15 µm in the longest direction) ilmenite grain shows normal 

zoning with a low-luminescence core and high-luminescence rim (Figure 3.12). The higher 

luminescence of this grain does not follow all cracks observed in SE, although it could 

represent healed fractures in the grain.  
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Figure 3.12: Cathodoluminescence images of apatite grains in DOM 18262. 

 

3.3.5. Justification for sample selection 

DOM 18262 is thought to be paired with DOM 18666, and the comparison of these samples 

in terms of their Cl and H isotopes will offer an insight into possible intra-sample variability 

within pairing groups. This sample (along with DOM 18666 and EET 96008) provides new 

basaltic meteorite material from a cold desert, rather than the hot desert samples acquired 

from Northwest Africa and the Arabian Peninsula (AP 007 and NWA 12593).  

The composition of minerals in DOM 18262 (and DOM 18666) appear to be similar to 

minerals in regolith breccia MET 01210, as well as texturally similar as identified by Ziegler 

et al. (2021). MET 01210 is one of the YAMM group of lunar meteorites which are thought 

to originate from the same basaltic lava flow (Arai et al., 2010a). These rocks have similar 

crystallisation ages (~ 3.8–3.9 Ga), elemental ratios (i.e., low U/Pb and Rb/Sr ratios and high 

Sm/Nd ratios), and REE abundances (Arai et al., 2010a). It has been proposed that the 

YAMM basalt lava flow was unusually thick (as indicated by coarse exsolution lamellae) 

and was possibly annealed after eruption in a cryptomare setting (Warren and Kallemeyn, 

1993; Jolliff et al., 1993b; Takeda et al., 1993; Joy et al., 2008; Arai et al., 2010a). Of this 

group, MIL 05035 has previously been examined for its H and Cl abundances and isotopic 
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compositions (see Tartèse et al., 2013a; Wang et al., 2019; Barnes et al., 2019). The results 

from this thesis may provide greater context on the H and Cl systematics of the YAMM 

basalt. U-Pb dating of apatite and merrillite in this sample could provide further supporting 

evidence for their source pairing. 

3.4. Dominion Range 18666 

3.4.1. General Description 

DOM 18666 was found 2018 by the ANSMET team and has been described by Righter 

(2019). The sample collected comprised a single stone weighing 45.87 g and was determined 

to have a weathering grade of A. It is thought to be paired with DOM 18262, DOM 18509, 

DOM 18543, and DOM 18678, which were also found in the 2018 ANSMET season.  

Hand Specimen 

At the macroscopic scale (observed by Kellye Pando), the sample is 55 % covered by a rough 

fusion crust (Gattacceca et al., 2020). It is a brown-grey-green colour exhibiting some 

weathering characteristics. Exposed sections of the interior of the sample exhibits a dark 

grey to black matrix displaying light coloured inclusions ranging in size up to 2 mm. 

Preliminary observation of the sample provided for this study also identified a dark grey to 

black matrix with a variety of lithic and mineral clasts ranging in colour from light brown to 

white. Some melt veins (up to 1 mm thickness) were also visible in a light brown-green 

colour.  

Thin Section 

In thin section, DOM 18666 is a brecciated assemblage of fragmented and whole mineral 

grains, as well as lithic clasts which predominantly display a symplectite texture (see Figure 

3.13). The green-brown veins have an almost glassy melt texture. Some anomalously round 

inclusions are considered to represent both volcanic and impact spherules. These display 

both vitrophyric glassy and crystallisation textures (see Figure 3.14).  
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Glassy Spherules – magmatic composition 

Spherules which exhibited a vitrophyric/glassy texture in BSE were examined for their 

composition using EPMA. The results of this are given in 

Table 3.5, and key aspects of their chemistry are illustrated in Figure 3.15. As can be seen 

in Figure 3.15a, the low TiO2 content of these vitrophyric spherules is similar to VLT mare 

basalts and picritic glasses as observed by Neal and Taylor (1992). This indicates a VLT 

magma origin for these glasses. The high Al2O3 contents of these glasses (see Figure 3.15b), 

however, are comparable to Apollo highlands basalt (Reid et al., 1973; Warner et al., 1979; 

Zellner et al., 2009) and lunar meteorite non-mare glasses (Arai and Warren, 1999), 

indicating that these glasses instead could be derived from highlands volcanism. Further 

work to investigate the age, volatile and rare earth element compositions of these glass beads 

could yield important comparisons to apatite VLT observations in EET 96008 or highlands 

material in AP 007 and NWA 12593.  

3.4.2. Mineral chemistry 

Plagioclase in DOM 18666 is highly anorthitic (An99.6–100.0, n = 4; see Table 3.1). Pyroxene 

ranges from clino-enstatite (Fs27.8–31.3En65.1–67.8Wo3.1–4.5, Fe/Mn = 50–78, n = 4) through 

pigeonite (Fs35.3–87.1En0.6–51.8Wo12.1–19.9, Fe/Mn = 46–99, n = 22) to augite (Fs25.9–69.8En3.6–

43.1Wo20.9–42.0, Fe/Mn = 49–84, n = 26). Pyroxene in basaltic clasts of DOM 18666 show 

high-Ti and low-Ti associations (Figure 3.16). Some pyroxene shows fine exsolution of 

pigeonite and augite. Olivine in DOM 18666 is highly fayalitic (Fa92.4–99.1, Fe/Mn = 73–146, 

n = 20). Accessory minerals include apatite, ilmenite, silica, and zircon. 
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Figure 3.13: BSE map of DOM 18666 

 
Figure 3.14: Secondary and backscatter electron images of spherules in DOM 18262 and DOM 18666 

a) Secondary electron (SE) image of glassy spherule in DOM 18666 (b) BSE image of glassy spherule 

in DOM 18666 (c) SE image of recrystallised spherule in DOM 18262 (d) BSE image of recrystallised 

spherule in DOM 18262. 
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Table 3.5: Composition of glassy spherules in DOM 18666, as measured by EPMA. 
Wt. 

% 

Oxide 

Spherule 1 Spherule 2 

Rim Core Rim Core 

Pt1 Pt2 Pt3 Pt4 Pt5 Pt6 Pt7 Pt8 Pt9 Pt10 Pt11 Pt12 Pt13 Pt14 Pt15 Pt1 P2 

K2O 0.02 0.02 0.02 b.d. b.d. 0.02 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 

MnO 0.07 0.05 0.06 0.06 0.06 0.06 0.09 0.06 0.07 0.05 0.10 0.08 0.06 0.04 0.06 0.18 0.14 

FeO 4.20 4.17 4.15 4.22 4.09 4.22 4.16 4.16 4.17 4.22 4.22 4.25 4.18 4.25 4.03 10.33 10.39 

CaO 15.97 16.12 16.03 16.12 16.16 16.21 16.10 16.11 16.17 16.19 16.05 15.94 16.30 16.00 16.12 15.78 15.77 

Na2O 0.30 0.15 0.13 0.16 0.13 0.14 0.14 0.14 0.13 0.12 0.11 0.11 0.11 0.12 0.11 0.02 0.04 

Al2O3 27.19 27.31 27.28 27.26 27.27 27.36 27.46 27.54 27.68 27.62 27.67 27.75 28.17 28.17 28.29 24.21 24.26 

SiO2 44.96 45.44 45.34 45.25 45.45 45.07 45.27 45.25 45.19 44.89 45.17 44.71 44.78 44.39 44.59 39.98 40.01 

MgO 4.94 4.93 4.95 4.94 4.95 4.94 4.91 4.98 5.02 4.99 5.10 5.01 5.10 5.03 4.96 6.33 6.39 

Cr2O3 0.12 0.14 0.13 0.14 0.13 0.11 0.13 0.12 0.13 0.14 0.15 0.13 0.13 0.14 0.13 0.10 0.10 

TiO2 0.27 0.23 0.23 0.24 0.29 0.27 0.22 0.27 0.29 0.24 0.25 0.30 0.30 0.27 0.23 1.14 1.19 

Mg# 54.02 54.17 54.38 53.91 54.75 53.92 54.11 54.47 54.62 54.17 54.73 54.10 54.97 54.21 55.12 37.99 38.09 

Total 98.06 98.57 98.31 98.41 98.55 98.39 98.49 98.64 98.86 98.45 98.82 98.28 99.14 98.42 98.53 98.08 98.9 

 

 

Figure 3.15: (a) TiO2 vs Mg# contents of glassy spherules in DOM 18666. Fields derived from 

Heisinger and Jaumann (2014). (b) SiO2 vs Al2O3 contents of glassy spherules in DOM 18666, 

compared to literature data on Apollo and lunar meteorite glasses (Reid et al., 1973; Warner et al., 

1979; Arai and Warren, 1999; Delano et al., 2007; Zellner et al., 2009). Fields derived from Warner 

et al. (1979). Abbreviations: Anorthositic-noritic-troctolitic (ANT), low-K Fra Mauro (LKFM), high-

K Fra Mauro (HKFM).  

  

 



88 

 

 

Figure 3.16: Ti# vs Fe# of pyroxene in basaltic clasts in NWA 12593, DOM 18666, and EET 96008.  

Compositional fields are from Nielsen and Drake (1978), Arai et al. (1996), and Joy et al. (2014) 

 

3.4.3. Shock Stage 

In plane polarized light DOM 18666, like DOM 18262, is very dark. This is due to the fine-

grained regolith matrix of this breccia, along with a large proportion of fragments of opaque 

minerals and dark impact-melt clasts. A large (~ 1 mm width) melt vein crosses much of the 

section; melt pockets are found throughout the section. Impact melt breccia clasts of varying 

texture: glassy to recrystallized are also present. Planar and radial deformation fractures are 

present in large plagioclase clasts (~ 500 µm in longest direction), exhibiting radial and 

normal twining. According to these criteria, DOM 18666 has been moderately shocked 

(shock stage M–S4; Stӧffler et al., 2018).  

3.4.4. Phosphate details and textural context 

Twelve apatite grains were found in the sample of DOM 18666 studied herein that proved 

large enough for further analysis. These occur as anhedral crystals interstitial to larger 

silicate minerals (mainly olivine and plagioclase; see Figure 3.17). Some of the apatite grains 
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are elongate in habit, and some exhibit the same fracture networks of surrounding silicates, 

confirming their growth prior to an impact/shock event. The large size of the grains (up to 

90 μm long) allowed for multiple NanoSIMS spots for both Cl and H.  

Cathodoluminescence 

Some apatite grains in DOM 18666 show homogeneity in CL signal, with either no signal 

or moderate CL activation. Some grains show minor zoning with increased 

photoluminescence towards the rims of the apatite grains (see Figure 3.18). No apatite grains 

show complex zoning in DOM 18666. 

 
Figure 3.17: BSE images of apatite grains in DOM 18666 
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Figure 3.18: Cathodoluminescence images of apatite grains in DOM 18666 

3.4.5. Justification for sample selection 

The sample was selected as it provided new material from a cold desert, rather than the 

apatite-bearing hot desert samples.  

The possible source pairing of DOM 18666 (and DOM 18262; see sections 3.4.2. and 3.4.5.) 

to the YAMM-group provides the opportunity to examine the texture, composition, and 

volatile systematics of their parental basalt (see Arai et al., 2010a).  U-Pb dating of apatite 

and merrillite in this sample will provide further supporting evidence for their source pairing.  

3.5. Elephant Moraine 96008 

3.5.1. General Description 

A 52.97g stone was found during the 1995–1996 ANSMET field season, from the Meteorite 

City icefield located in proximity to Elephant Moraine (EET). This stone was later proven 

to be a lunar meteorite. The sample is a lunar basaltic breccia, one of 16 lunar breccias 
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containing predominantly basaltic clasts (see Figure 3.19). This meteorite is paired with EET 

87521. Anand et al. (2003) reported U-Pb ages of apatite and whitlockite grains in basaltic 

clasts in EET 96008 ranging from ~ 3.52–3.53 Ga, and also noted that the sample was paired 

with EET 87521.  

Hand Specimen 

A black glassy fusion crust covers 50% of EET 96008, and where areas lack a covering, 

there is virtually no weathering (Grossman, 1998). Numerous white, light grey, and tan 

inclusions which are angular to subangular in habit are present in a medium-grained matrix. 

There is no obvious presence of metal and rust (Grossman, 1998).  

Thin-section 

In thin-section, EET 96008 is a fragmental breccia, consisting of a variety of lithic fragments 

and breccia clast, and numerous mineral clasts, ranging from 0.5–2 mm in size. The fine-

grained matrix is glassy in texture and consists predominantly of small mineral fragments (< 

0.5 mm) of pyroxene and plagioclase (Anand et al., 2003). Present within EET 96008 are 

small pockets (~ 400 × 500 μm) of mesostasis, comprising coarse intergrowth of ferroaugite, 

fayalite and Si-rich glass. Within this mesostasis regions, ilmenite, armalcolite (Ti2O5), 

apatite, and whitlockite are also present. Thin sections display abundant ilmenite grains, with 

minor chromite and ulvӧspinel, while interestingly, FeNi is absent (Anand et al., 2003).  
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Figure 3.19: PPL, XPL, and BSE maps of EET 96008 

3.5.2. Mineral Chemistry 

The average composition of mafic silicates and feldspars in EET 96008, 57 (the subsample 

studied for this thesis) are presented in Table 3.1. Anand et al. (2003) proposed that the bulk 

rock major, trace, and REE element abundances found in EET 96008 are similar to very low-

Ti (VLT) basalts. VLT basalts are suggested to have undergone extreme fractional 

crystallisation near the silicate-liquid immiscibility boundary. To date, Cl and H isotopes 

have been collected for two basaltic lunar meteorites reported to be of VLT origin (i.e., 

Kalahari 009 and MIL 05035; Tartèse et al., 2013a; Boyce et al., 2015; Barnes et al., 2019).  

Basaltic clasts observed in this section of EET 96008 are compositionally similar to VLT 

basalts (Figure 3.16). These clasts have associated apatite, providing the opportunity to 

collect Cl, H, and REE data on VLT material.  

3.5.3. Shock Stage  

In plane polarized light EET 96008 has a dark brown to light grey matrix. This matrix is 

comprised primarily of fine-grained opaque mafic minerals interspersed with fine-grained 

feldspar. Large (200–900 µm in largest direction) plagioclase clasts exhibit planar and radial 

deformation fractures, exhibiting normal twinning. Large (~ 300 µm in the longest direction) 

pyroxene clasts show planar fracturing. There is moderate mosaicism of plagioclase and 

mafic minerals in EET 96008. There is localized formation of mixed melt in one region of 
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EET 96008. According to these criteria, EET 96008 has been moderately shocked (shock 

stage M–S3; Stӧffler et al., 2018).  

3.5.4. Radiogenic and cosmogenic exposure age dating 

Based on noble gas abundances and activities of the cosmogenic radionuclides 26Al, 10Be, 

36Cl, and 41Ca, EET 87521 was ejected from the lunar surface < 100 ka, arriving on the Earth 

between 15 and 50 ka (Vogt et al., 1993). Fernandes et al. (2009) reported a CRE age of 10 

± 1 Ma for EET 96008, which is the value we use in this study to correct for cosmic ray 

spallation of hydrogen isotopes at the lunar surface for this sample (see Chapter 5 section 

5.3.5).  

3.5.5. Phosphate details and textural context 

Three apatite grains have been identified in EET 96008 which can be used for our analyses 

(see Figure 3.20). These are associated with lithic fragments whose mineralogy and 

geochemistry indicate they are of VLT and low-Ti basaltic composition. One apatite grain 

(~ 25 µm in the longest direction) is angular and resides within a crystallised impact melt 

clast, while the other two (~ 20–30 µm in the longest direction) are associated with clasts 

with pyroxene exhibiting fine exsolution lamellae.  

 
Figure 3.20: BSE images of apatite grains in EET 96008 

Cathodoluminescence  

All three apatite grains in this section of EET 96008 are homogeneous in CL (see Figure 

3.21). Two apatite grains show moderate intensity in photoluminescence, while the other 
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grain shows no CL activation and high intensity in the signal tracing cracks visible in CL, 

likely due to the penetration of epoxy along these cracks during sample preparation.  

 
Figure 3.21: Cathodoluminescence images of apatite grains in EET 96008 

 

3.5.6. Justification for sample selection 

The majority of clasts in EET 96008 are basaltic in origin, which widens the scope of lithic 

material which can be studied for volatiles beyond the highlands-associated apatites found 

in AP 007 and NWA 12593. There is existing REE data on apatite in EET 96008, along with 

U-Pb dating of the phosphates in this sample (Anand et al., 2003). This will allow for greater 

constraint of the ages of impact events which have contributed to the formation of EET 

96008. CRE age data for the sample, which have been previously obtained (Eugster et al., 

2000), will allow for a better understanding of the history of this sample during its stay at 

the Moon’s surface. Eugster et al. (2000) proposed that the exposure history of EET 96008 

was a three-stage process: an early stage ~ 500 Ma, where the sample was exposed at a 

shallow depth (≤ 20 g/cm2); a deeper burial with no exposure; finally, a more recent exposure 

at a shielding depth of 200–600 g/cm2 for ~ 26 Ma until the sample was ultimately ejected 

from the Moon. Fernandes et al. (2009) measured a CRE age of ~ 10 ± 1 Ma for EET 96008. 

The various secondary processes which may have enacted upon the sample can, therefore, 

be accounted, and for the purposes of this study, the CRE age of Fernandes et al. (2009) is 

used.  
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The possible VLT origin of the basaltic component of EET 96008 also introduces the 

opportunity to collect laterally co-located Cl, H and REE measurements for this basaltic 

reservoir. Terada et al. (2007) suggested that the earliest VLT mare-type volcanism occurred 

on the Moon was as early as 4.35 Ga, directly following the first stage of lunar crustal 

formation. Analysis of the H and Cl isotopes of this material could provide us with 

information on wider lunar processes (e.g., degassing, magma mixing, surface alteration) 

and their effect on volatiles through the Moon’s history.   

3.6. NWA 12593 

3.6.1. General Description 

A single weathered stone was found in Mali in 2017 by nomads (Gattacceca et al., 2020). 

This rock, officially classified as Northwest Africa (NWA) 12593, is a lunar fragmental 

breccia, and weighs 332.8 g (Gattacceca et al., 2020).  

Hand Specimen 

NWA 12593 displays numerous irregular shaped clasts set in a fine-grained dark 

groundmass, with a dark, sandblasted exterior (Gattacceca et al., 2020). Some regions have 

a significantly higher proportion of pale clasts and are thus lighter in hand specimen 

(Gattacceca et al., 2020).  

Thin Section 

The rock is clast-rich and brecciated, with numerous mineral and lithic clasts embedded in a 

fine-grained matrix composed of vesicular impact melt (see Figure 3.22). Among the lithic 

clast population include crystalline impact-melt breccias of olivine norite compositions, 

granulite and basaltic clasts (Gattacceca et al., 2020). The main minerals comprising this 

rock are plagioclase, pigeonite, augite, olivine, with accessory chromite, ilmenite, zircon, 

apatite, and merrillite (Gattacceca et al., 2020).  
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3.6.2. Mineral Chemistry 

There is rich diversity in mineral chemistry recorded in NWA 12593. The average feldspar 

is Ca-rich (An82.5 –100.0Ab0.0 – 17.3, n = 61; see Table 3.1). The diverse pyroxene population is 

dominated by the Mg- and Ca-rich end members, pigeonite (Fs17.6 – 47.4En33.8 – 77.1Wo5.3 – 19.0, 

Fe/Mn = 40.4–76.9, n = 33) and augite (Fs13.3 – 48.3En22.5 – 64.0Wo20.1 – 41.7, Fe/Mn = 40.7–85.2, 

n = 35). Olivine is rich in Mg (Fa38.2 ± 11.7, Fe/Mn = 103.2 ± 7.1, n = 40). The Fe# and Ti# of 

pyroxenes indicate there are at least 3 basaltic populations present in this breccia: low- and 

high-titanium, and VLT, with apatite associated each clastic type (Figure 3.16). This variety 

in clast populations could provide a diverse inventory in volatile isotopic compositions and 

abundances.  

Highlands-type clasts are also present in NWA 12593 (see Table 3.1), with apatite associated 

with a number of these. Anorthositic clast 6 of NWA 12593 appears to have a similar 

composition to previously observed FAN material, and the mean An# of this clast falls 

within two standard deviations of the mean of FAN (Figure 3.4). To determine whether this 

clast could represent an extreme end-member composition of FAN material, Student’s t-tests 

were used to compare the mean Mg# and An# of this clast to literature FAN data. To discount 

whether this clast represents an extreme end member composition of MAN material, further 

Student’s t-tests were carried out (Tables 3.6 and 3.7).  
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Figure 3.22: PPL, XPL, and BSE maps of NWA 12593. 

The anorthite number of feldspar in Clast 6 was first compared to the mean An# of FAN 

and MAN samples. The null hypotheses of these tests were that the mean An# of NWA 

12593 Clast 6 showed no difference to literature FAN and MAN An# values, respectively.  

Table 3.6: Results of two-sample Student’s t-test assuming unequal variances, on An# of NWA 12593 

Clast 6, compared to literature data on FAN and MAN samples 

 FANliterature NWA 12593 Clast 6 MANliterature NWA 12593 Clast 6 

Mean (�̅�1) 95.99 99.67 96.73 99.67 

Variance (𝑠2) 5.24 0.04 0.81 0.04 

Degrees of 

freedom (df) 
25 10 

T test − 11.27 − 10.41 

P value 1.36 × 10-11 5.48 × 10-7 

 

For the NWA 12593/FAN t-test, the p-value is lower than the alpha value (0.05) selected 

for this test, and the t-value (− 11.27) is greater than the t-value from a t distribution table 

at a significance level of 0.05 for 25 df ( t = 1.671), as the mathematical state i.e. (− or +) 
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of the t-value is not important. The null hypothesis is, therefore, rejected and these two 

populations can be considered different.  

For the NWA 12593/MAN t-test, the p-value is also lower than the alpha value selected for 

this test, and the t-value (− 10.41) is greater than the t-value expected at a significance level 

of 0.05 for 10 df (t = 2.228). The null hypothesis is also, therefore, rejected and these two 

populations can be considered different.  

The magnesian number of NWA 12593 clast 6 was then compared to the mean Mg# of FAN 

and MAN samples. The null hypotheses of these tests were than the mean Mg# of clast 6 

showed no difference to literature FAN and MAN values, respectively.  

Table 3.7: Results of two-sample Student’s t-test assuming unequal variances, on Mg# of NWA 12593 

Clast 6, compared to literature data on FAN and MAN samples 

 
FANliterature 

NWA 12593 

Clast 6 

 
MANliterature 

NWA 12593 

Clast 6 

Mean (�̅�1) 62.98 65.67  75.04 65.67 

Variance (𝑠2) 78.67 9.43  242.57 9.43 

Degrees of freedom (df) 49  26 

T test −1.62  2.84 

P value 0.056  0.004 

 

For the NWA 12593/FAN t-test, the p-value (0.056) is greater than the alpha value (0.05) 

selected for this test, and the t-value (− 1.62) is less than expected at 49 df (t = ~ 2.33). The 

null hypothesis is, therefore, accepted in this case and these two populations can be 

considered the same.  

For the NWA 12593/MAN t-test, the p-value (0.004) is less than the alpha value (0.05) 

selected for this test, and the t-value (2.84) is greater than expected at 26 df (t = 2.38). The 

null hypothesis is, therefore, rejected in this case and these two populations can be 

considered different.  

To summarise all the statistical tests, the t-tests showed that the An# of clast 6 was 

significantly different from FAN and MAN values to be from the same population. The t-

tests for Mg# of clast 6 showed, however, that this clast could be considered to be of FAN 
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origins. It is completely discounted that Clast 6 represents magnesian anorthosite material, 

as neither t-test produced a positive result. Clast 6 does, however, fall within two standard 

deviations of the mean An# of FAN samples, and is compositionally similar in Mg# to FAN 

material. It cannot, therefore, be discounted that this clast represents an extremely anorthitic-

rich end-member of the FAN suite.  

3.6.3. Shock stage  

NWA 12593 is comprised of a dark fine-grained regolith matrix which exhibits an impact 

melt texture and abundant vesicles. In more fragment-rich regions of the section there is 

mosaicism observed in mafic minerals. Pyroxene, plagioclase, and olivine exhibit planar 

fractures and deformation features. Localised melt pockets are observed in the section, and 

some minerals (i.e., pyroxene) have lost their pleochroism. According to these criteria, NWA 

12593 has been highly shocked (shock stage A–S5/M–S5; Stӧffler et al., 2018).  

3.6.4. Phosphate details and textural context 

Apatite occurs as anhedral to equant crystals within fine-grained mesostasis regions of lithic 

clasts, and as isolated grains in the fine-grained impact melt matrix. These grains typically 

range in length from 10–20 μm in the longest direction. Apatite and merrillite were identified 

together (with merrillite forming an overgrowth on apatite) in only one area of this sample 

(Ap1; Figure 3.23).  
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Figure 3.23: BSE images of apatite grains in NWA 12593 

Cathodoluminescence 

Textures of apatite grains in NWA 12593 vary from homogeneous (with both high and low 

luminescence intensity observed) to more complex: with simple and intricate zoning. Four 

apatite grains have Fe-rich inclusions which appear to follow cleavage planes (see Figure 

3.24). Complex zoning is exhibited in these apatite grains, with low luminescence 

surrounding these inclusions. Another apatite grain shows a twinning-like texture in CL, 

with bands of high luminescence next to bands of moderate luminescence (Figure 3.24).  

One apatite (Ap21), which exhibited complex zoning in CL, was further analysed using 

EBSD to investigate the internal structure of the mineral further. The signal strength did not 

provide a full picture, however, some internal misorientation could be observed in EBSD. 

This indicates that the internal structure seen in CL is as a result of internal defects.  
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Figure 3.24: Cathodoluminescence images of apatite grains in NWA 12593 

3.6.5. Justification for sample selection 

NWA 12593 was selected for this study as it is a newly discovered lunar meteorite not 

previously studied for volatiles. Stephant et al. (2019) identified apatite in the lunar breccia 

NWA 10989. Little work had been done on investigating the occurrence of apatite in lunar 

breccias, due to the assumption that apatite would not be preserved in such impact processed 

material. The preliminary work carried out on NWA 12593 to determine its petrology, 

geochemistry, and texture identified 22 distinct apatite grains in a single section. This 

observation opens further study of breccias in the worldwide collection of lunar samples. 

The benefit of studying a lunar meteorite, however, is the greater likelihood of sampling 

areas of the Moon that have not yet been visited by any sample-return missions.  
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3.7. Apollo Sample 12039, 45 

3.7.1. General Description 

12039 was collected from an unknown sampling location during the Apollo 12 mission. The 

stone is rounded. James and Wright (1972) classed 12039 as a graphic ilmenite-bearing 

gabbro. Rhodes et al. (1977) and Neal et al. (1994a; 1994b) updated its classification to 

pigeonite basalt.   

Hand Specimen 

12039 is very pale, due to a high proportion of plagioclase, with clusters of mafic minerals 

forming darker spots on the sample surface. The porphyritic texture of plagioclase enclosing 

pyroxene, with large (0.8–4 mm in the longest direction) pyroxene phenocrysts, can be seen 

in hand specimen (Bunch et al., 1972a; 1972b; McGee et al., 1977).  

Thin Section 

12039 is a coarse-gained porphyritic basalt consisting of large pyroxene phenocrysts, some 

of which have pyroxferroite mantled, set in a matrix of plagioclase and pyroxene 

intergrowths with rounded ilmenite laths (0.8–2 mm in the longest direction) and euhedral 

tridymite laths (0.05–1 mm in the longest direction; Bunch et al., 1972a; 1972b; McGee et 

al., 1977). These long laths cut across the pyroxene and plagioclase (Figure 3.25).  

 
Figure 3.25: BSE map of 12039, 45 with apatite locations highlighted. Source: Faircloth (2020). 

 



103 

 

3.7.2. Mineral Chemistry 

Plagioclase, which forms elongate grains intergrown with pyroxene in 12039, is anorthitic 

(An82–93) (Bunch et al., 1972a; 1972b). Pyroxene chemistry, given by Bunch et al. (1972a; 

1972b) and McGee et al. (1977) is Ca-rich. Many of these clinopyroxenes show zonation 

under optical light, with a core-rim profile of light tan augite core to dark tan ferro-augite 

through reddish-brown ferro-hedenbergite zones and a sharp change to light yellow/green 

pyroxferroite rims on some grains (Bunch et al., 1972a; 1972b). 12039 has the highest Fe/Mg 

ratio of the Apollo 12 basalts (Nyquist et al., 1977a; Rhodes et al., 1977). 

3.7.3. Shock Stage  

12039 is comprised of intergrown plagioclase and pyroxene which show irregular fracturing 

and sharp optical extinction. There is no apparent melting observed in the section and 

minimal fracturing. According to these criteria, 12039 has been weakly shocked (shock stage 

M–S1; Stӧffler et al., 2018). 

3.7.4. Radiogenic and cosmogenic exposure age dating 

Nyquist et al. (1977a; 1979) obtained a Rb-Sr age of 12039 of 3.19 ± 0.06 Ga, and 

concordant Sm-Nd age of 3.2 ± 0.05 Ga. The cosmogenic ray induced activity of 12039 was 

reported to be 22Na = 43 dpm/kg, 26Al = 95 dpm/kg, 54Mn = 37 dpm/kg and 56Co = 40 dpm/kg 

(O'Kelley et al., 1971a; 1971b). This data can be used to correct for hydrogen produced by 

cosmic ray spallation in 12039.  

3.7.5. Phosphate details and textural context 

Apatite occurs as long needles with fractures perpendicular to its grain boundaries (Figure 

3.26). It can also occur as clusters of zoned crystals in proximity to a void in the section, 

which could be a plucked grain next to which the apatite grew  (Figure 3.26). The clustered 

apatite grains are 30–40 μm in the longest direction, whereas elongated crystals are 50–60 

μm width and 300–400 μm in length parallel to the cut surface of the section. The coarse-
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grained nature of these elongate and clustered grains allowed for multiple analyses to be 

conducted on a single grain.  

 
Figure 3.26: BSE images of apatite grains in 12039, 45. Source: Faircloth (2020). 

3.7.6. Justification for sample selection 

In order to constrain the nature of the Ce system in apatite in relation to H and Cl, a pristine, 

unbrecciated sample (where geological context can be reconstructed for apatite) is required. 

Measurements of δD and δ37Cl have been previously acquired for 12039 (Greenwood et al., 

2011; Tartèse et al., 2013a; Boyce et al., 2015; Treiman et al., 2016; Barnes et al., 2019; 

Faircloth, 2020). The latter (Cl measurements) were collected on the same section used for 

this study (Faircloth, 2020), and therefore SIMS pits for recollection of Cl isotopes and Ce 

contents will be laterally co-located to allow direct comparison. This will allow us to 

determine whether Ce is decoupled from the systems of H and Cl on the Moon, and better 

interpret results from brecciated samples with limited geological context. 
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4. Abundance and Isotopic Composition of Chlorine in Lunar 

Meteorites 

In this chapter, the abundance and isotopic composition of chlorine in apatite from lunar 

fragmental, basaltic, and regolith breccias are presented. The Cl isotopic data are assessed 

for their petrogenetic significance, along with discussion of processes (degassing, secondary 

alteration) which could have altered their original magmatic signatures. The data obtained 

in this study are combined with literature data to investigate the Cl inventory of the Moon in 

the wider context of inner Solar System history. 

4.1. Results – Chlorine inventory of brecciated lunar meteorites 

A total of 53 chlorine measurements from 33 individual apatite grains in eight samples were 

made (Table 4.1 and Figure 4.1). CeO2 abundance (n = 53) was simultaneously collected 

and are also reported in Table 4.1. 

4.1.1. Regolith Brecciated Lunar Meteorites 

A total of 32 measurements on 18 apatite grains in NWA 12593 and AP 007 were acquired. 

Cl abundances in NWA 12593 span one order of magnitude from ~ 1000 to 12300 ppm. 

Apatite in AP 007 contains high Cl abundances (~ 16400 ppm). The δ37Cl data for NWA 

12593 appears to form two clusters with relatively high and low δ37Cl values ( + 45 to + 53 

‰ versus + 10 to + 26 ‰). The isotopically lighter population contains apatite with similar 

δ37Cl to those from Apollo highlands samples (δ37Cl = ~ + 25 to + 36 ‰; Treiman et al., 

2014; Barnes et al., 2016; Faircloth, 2020; McCubbin and Barnes, 2020) and basalt (δ37Cl = 

~ + 1–32 ‰; Boyce et al., 2015; Barnes et al., 2016; Potts et al., 2018; Barnes et al., 2019; 

Faircloth, 2020; Ji et al., 2022), as well as for basaltic lunar meteorites (δ37Cl = − 4–22 ‰; 

Wang et al., 2019; Barnes et al., 2019). Apatite in AP 007 shows similarly heavy Cl isotopes 

to the ‘heavier’ population of NWA 12593 (δ37Cl = ~ + 44 ‰). This population has higher 

δ37Cl than that assigned to KREEP (δ37Cl = ~ + 14–31 ‰; Tartèse et al., 2014a; Barnes et 
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al., 2016; Faircloth, 2020), however it is lighter than the extreme composition measured in 

the anorthositic lunar meteorite Dho 458  (~ + 62–81 ‰; Wang et al., 2019).  

Cerium Contents 

The simultaneous collection of CeO2 abundances on apatite grains in NWA 12593 and AP 

007 during Cl analyses resulted in 32 measurements on 18 apatite grains. CeO2 abundances 

in NWA 12593 ranges from ~ 200 to 2000 ppm. A single apatite grain in AP 007 shows 

CeO2 contents of ~ 620 ppm.  

4.1.2. Basaltic Brecciated Lunar Meteorites  

A total of 28 measurements on 16 apatite grains in DOM 18262, DOM 18666 and EET 

96008 were collected. Apatites in DOM 18666 are very Cl-rich, ranging from ~ 3100 to 

36500 ppm; a total of eight measurements from four apatites yielded Cl abundances 

exceeding the maximum reported in lunar apatite to date (~ 17500 ppm in Mg-suite sample 

76535; McCubbin et al., 2011). Of these, two apatite grains (Ap11 and Ap12 in DOM 18666, 

see Table 4.1 and Figure 4.1) are petrographically related, being present in a single basaltic 

clast (Figure 3.19). DOM 18262 also contains Cl-rich apatites, their abundances ranging 

from ~ 8500 to 8900 ppm. Cl abundances of apatite grains in EET 96008 are also high but 

to a lesser extent than the other basaltic breccias (~ 1750 to 4710 ppm).   
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Table 4.1: Measured δ37Cl, Cl, and CeO2 abundances of apatite in brecciated lunar meteorites investigated in this study 

 Sample ID Apatite# Clast Type Cl (ppm) 2σ (ppm) 37Cl/35Cl δ37Cl (‰) 2σ (‰) CeO2 (ppm) 2σ (ppm) 

R
eg

o
li

th
/F

ra
g

m
en

ta
l 

B
re

cc
ia

s 

NWA 

12593 

1 Basaltic 1053 163 0.33090 21.3 0.7 259 3 

2a Highlands (Mg suite?) 10331 1544 0.33113 22.0 2.1 1074 61 

2b 10295 1538 0.33087 21.2 2.1 1099 63 

2 (avg) 10313 1541 0.33100 21.6 2.1 1087 62 

4 Basaltic 12337 959 0.32782 11.8 2.1 291 17 

5  3884 506 0.33012 18.9 1.7 835 9 

6 FAN? 3398 443 0.33874 45.5 1.8 358 4 

7a  6606 370 0.33103 21.7 2.1 608 35 

7b  6820 382 0.33106 21.8 2.1 635 36 

7 (avg)  6713 376 0.33105 21.75 2.1 622 35.5 

8 Highlands (FAN?) 6737 1007 0.32961 17.3 1.2 1955 112 

10a  4525 676 0.32977 17.8 1.2 422 24 

10b  4361 675 0.33003 18.6 0.5 359 4 

10 (avg)  4443 676 0.32990 18.2 0.9 391 14 

11  1657 256 0.32967 17.5 0.6 384 4 

12  3967 517 0.32961 17.3 1.7 419 5 

13a  2898 225 0.33103 21.7 0.8 411 4 

13b  2603 202 0.33087 21.2 0.8 301 3 

13c  2753 214 0.33246 26.1 0.8 566 6 

13 (avg)  2751 214 0.33145 23 0.8 426 4 

14 Highlands 2492 325 0.33106 21.8 1.8 505 5 

16  7698 1003 0.32938 16.6 1.7 1076 12 

19a Basaltic 2080 456 0.33178 24.0 0.7 954 54 

19b  1875 411 0.33246 26.1 0.8 886 51 

19 (avg)  1978 434 0.33213 25.1 0.8 920 53 

20  9982 1544 0.32766 11.3 0.5 344 4 

21a  8527 663 0.34120 53.1 2.2 391 22 

21b  4241 930 0.34104 52.6 0.7 355 20 
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Table 4.1. (continued): Measured δ37Cl, Cl, and CeO2 abundances of apatite in brecciated lunar meteorites investigated in this study 

 Sample ID Apatite# Clast Type Cl (ppm) 2σ (ppm) 37Cl/35Cl δ37Cl (‰) 2σ (‰) CeO2 (ppm) 2σ (ppm) 

 NWA 

12593 

21 (avg)  6384 797 0.34085 52.0 1.5 373 21 

22  6737 1007 0.33077 20.9 1.2 613 35 

AP 007 2  16433 922 0.33832 44.2 2.2 620 35 

B
as

al
ti

c 
B

re
cc

ia
s 

DOM 

18262 

1a QMD 34 2 0.33242 26.0 2.7 206 9 

1b  16 1 0.32575 5.4 3.9 181 8 

1c  17 1 0.32458 1.8 3.7 93 4 

1d  36 2 0.32753 10.9 3.2 95 4 

1 (avg)  26 2 0.32756 11.0 3.4 144 6 

2a Basaltic  8514 493 0.32432 1.0 0.2 1309 60 

2b  8915 516 0.32368 − 1.0 0.2 934 43 

 2 (avg)  8715 505 0.32400 0.0 0.2 1123 52 

DOM 

18666 

1a Basaltic (High-Ti) 3394 197 0.32614 6.6 0.8 1203 55 

1b  3092 179 0.32601 6.2 0.9 1193 55 

1c  3793 220 0.32578 5.5 0.8 1642 76 

1 (avg)  3426 199 0.32598 6.1 0.8 1346 62 

2 Basaltic (High-Ti) 4040 234 0.32591 5.9 0.8 1614 74 

3 Felsite 3495 202 0.32640 7.4 1.1 685 32 

4a Basaltic (High-Ti) 11534 668 0.33035 19.6 0.9 331 15 

4d  12324 714 0.33025 19.3 0.9 328 15 

 4 (avg)  11929 691 0.33032 19.5 0.9 330 15 

 6a Basaltic (Low-Ti) 31177 1806 0.32679 8.6 0.4 482 22 

 6b  27992 1621 0.32646 7.6 0.4 513 24 

 6 (avg)  29585 1714 0.32662 8.1 0.4 498 23 

 7 Basaltic (Low-Ti) 36515 2115 0.32666 8.2 0.4 301 14 

 8d Basaltic (Low-Ti) 12631 732 0.32630 7.1 0.4 2800 129 

 8f  11334 657 0.32607 6.4 0.4 2671 123 

 8 (avg)  11983 695 0.32620 6.8 0.4 2736 126 

 9a Basaltic (Low-Ti) 6126 355 0.32617 6.7 0.3 618 28 

           

           



109 

 

Table 4.1. (continued): Measured δ37Cl, Cl, and CeO2 abundances of apatite in brecciated lunar meteorites investigated in this study 

 Sample ID Apatite# Clast Type Cl (ppm) 2σ (ppm) 37Cl/35Cl δ37Cl (‰) 2σ (‰) CeO2 (ppm) 2σ (ppm) 

B
as

al
ti

c 
B

re
cc

ia
s 

 9b Basaltic (Low-Ti) 5510 319 0.32653 7.8 0.4 576 27 

 9 (avg)  5818 337 0.32637 7.3 0.4 597 28 

 10 Basaltic (High-Ti) 4303 249 0.32892 15.2 0.4 612 28 

 11 Basaltic (Low-Ti) 23617 1368 0.32620 6.8 0.4 300 14 

 12 Basaltic (Low-Ti) 34842 2018 0.32750 10.8 0.4 363 17 

EET 96008 1a Basaltic (Low-Ti) 3221 187 0.32922 16.1 0.7 753 35 

1b 
 

4714 273 0.32948 16.9 0.6 690 32 

1 (avg)  3968 230 0.32935 16.5 0.7 722 34 

2a Basaltic (VLT) 1753 102 0.32905 15.6 0.7 394 18 

2b  2053 119 0.32928 16.3 0.7 417 19 

2 (avg)  1903 111 0.32918 16.0 0.7 406 19 

3 Basaltic (VLT) 2391 138 0.32990 18.2 0.7 673 31 
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Figure 4.1: δ37Cl vs Cl content of apatite in lunar meteorites, along with literature data. (a) Plotted 

for all analyses (multiple on single apatite grains) and (b) plotted for average composition of apatite 

grains. Data Sources: McCubbin et al. (2011); Tartèse et al. (2014a); Boyce et al. (2015); Barnes et al. 

(2016; 2019); Potts et al. (2018); Wang et al. (2019); Stephant et al. (2019b); Faircloth (2020). 
 

In contrast to the wide spread of Cl abundances, most apatite grains in DOM 18666 have a 

relatively narrow range in δ37Cl ( ~ + 5–11 ‰). Two apatite grains in DOM 18666, however, 

show distinctly greater δ37Cl values of between ~ + 15 and + 20 ‰). There is a much larger 

variation in δ37Cl in DOM 18262, from ~ − 1 to + 26 ‰. The largest variation is observed 

in a single apatite grain (DOM 18262 Ap1) which ranges from ~ + 2 to + 26 ‰. This apatite 

displays low Cl abundances (~ 16–36 ppm) in four separate analyses. EET 96008 shows the 

narrowest range in δ37Cl, of between ~ + 16 and + 18 ‰. The overall range in δ37Cl in these 
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samples is comparable to Apollo basalts (δ37Cl = + 1–40 ‰) (McCubbin et al.2011; Boyce 

et al., 2015; Barnes et al., 2016; Potts et al., 2018; Barnes et al., 2019; Faircloth, 2020) and 

basaltic lunar meteorites (δ37Cl = −4–40 ‰; see Table 4.2; Tartèse et al., 2014a; Boyce et 

al., 2015; Wang et al., 2019; Barnes et al., 2019; Stephant et al., 2019a). Apatite grains in 

DOM 18666 with the highest Cl abundances (2.4–3.7 wt. %) are associated with low-Ti 

basaltic clasts (see Figure 3.16) and show similar δ37Cl values (+ 6.8–10.8 ‰). No strong 

correlation between Cl abundance and δ37Cl, however, is noted throughout the samples 

studied.   

Table 4.2: Range in δ37Cl and Cl abundances found in apatite in lunar samples prior to this study.  

Data Sources: McCubbin et al. (2011); Tartèse et al. (2014a); Boyce et al. (2015); Barnes et al. (2016; 

2019); Potts et al. (2018); Wang et al. (2019); Stephant et al. (2019a); Faircloth (2020) 

Sample Type δ37Cl (‰) Cl (ppm) 

Apollo samples − 1 to + 40 100 to 17500 

Basaltic lunar meteorites − 4 to + 40 200 to 14300 

Anorthositic lunar meteorites + 67.2 to + 81.1 9400 to 11100 

Brecciated lunar meteorites + 5 to + 20 2280 to 12063 

 

Cerium contents 

CeO2 abundances of apatites in DOM 18666 range from ~ 300 to 2800 ppm. Many analyses 

on a single grain in DOM 18262 contains CeO2 abundances from ~ 90 to 210 ppm, while 

another grain has CeO2 abundances from ~930 to 1300 ppm. Apatite grains in EET 96008 

gave CeO2 abundances from ~ 390 to 750 ppm.  

There is heterogeneity in CeO2 abundances across the sample set, varying within a factor of 

~ 10 between the lowest and highest measurements. Within individual clasts in each sample, 

however, there is homogeneity within a factor of 2 from the lowest and highest CeO2 

abundances. 

4.2. Discussion 

4.2.1. Chlorine isotope variation and abundance in brecciated lunar meteorites 

As discussed in Chapter 3, the samples studied for this project have expanded the dataset for 

lunar Cl considerably. Apatite in EET 96008 expand the range of reported δ37Cl values for 
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VLT basalts. The reported δ37Cl values for apatite in NWA 12593 and AP 007 appear to 

populate the gap which existed between the majority of Cl isotope measurements on lunar 

apatite and the extremely enriched δ37Cl observed in Dho 458. Observations on DOM 18666 

from five measurements across four separate apatite grains find Cl abundances exceeding 

the maximum previously observed in this phase on the Moon (~ 1.75 wt. %). These apatite 

grains are associated with two low-Ti basaltic clasts in DOM 18666. Apatite in DOM 18262 

associated with a QMD clast contains extremely low Cl (16–36 ppm) with appreciable H2O 

(249–311 ppm; see Chapter 5). Basaltic material in DOM 18262 has higher Cl abundances 

(8510–8920 ppm), although H2O has not been measured on this apatite due to insufficient 

material remaining after Cl analysis. The possible circumstances under which these Cl 

signatures might have arisen will be discussed, with an assessment of the impact of various 

secondary processes.  

4.2.2. High δ37Cl values in apatite grains 

Elevated δ37Cl values observed in apatite grains from NWA 12593 and AP 007 (~ + 44–56 

‰) populates the large gap (see Figure 1.7) between the moderately 37Cl-enriched signatures 

of Apollo lunar samples and the basaltic lunar meteorite material (δ37Cl values up to + 40 

‰; McCubbin et al.2011; Tartèse et al., 2014a; Boyce et al., 2015; Barnes et al., 2016; 2019; 

Potts et al., 2018; Stephant et al., 2019a; Faircloth, 2020), and the extreme δ37Cl signature 

observed in Dho 458 (+ 67–81 ‰; Wang et al., 2019). This could indicate that the high δ37Cl 

reported for Dho 458 is not anomalous and may not result from surface processes at the 

source region of this meteorite (e.g., impact processes, surface alteration etc., although more 

thorough analysis of this meteorite and/or its pairing group would be required to fully rule 

this out). Instead, it possibly could reflect a more widespread heterogeneity of Cl isotopes in 

the lunar interior. 

It is not likely that AP 007 is related to Dho 458, as the latter has experienced significant 

impact melting and recrystallisation of anorthositic material, while AP 007 retains magmatic 
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crystallisation textures (e.g., plagioclase zoning, see Figure 4.2). There is, however, a 

possibility that NWA 12593 and Dho 458 are related and experienced similar processes. 

NWA 12593 exhibits a recrystallised matrix and some breakdown of apatite grains via 

recrystallised anorthite-augite intergrowths (with the apatite grain in question containing 

high δ37Cl values, ~ + 52 ‰). The high δ37Cl values, however, are not observed in all apatite 

grains in contact with the matrix in NWA 12593, which suggests that this signature is 

unlikely to have been significantly influenced by impact melting processes. The apatite grain 

in NWA 12593 exhibiting δ37Cl values of ~ + 44 ‰  is associated with a clast retaining 

original magmatic crystallisation textures.    

To assess if the observed Cl in NWA 12593 and AP 007 is reflective of primitive lunar Cl, 

a number of secondary processes which can alter the δ37Cl should be accounted for, including 

magmatic degassing of metal chlorides and secondary alteration (thermal, impact, and 

metasomatic) at the lunar surface.  

Petrogenesis of NWA 12593 and AP 007 

Owing to the brecciated nature of the samples, one of the apatites which show a 37Cl-enriched 

signature are not associated with any lithic clasts (e.g., Ap21 in NWA 12593). This restricts 

the geological context for this apatite grain. In AP 007, however, the apatite with a δ37Cl of 

~ + 44 ‰ is associated with a plagioclase-rich clast (Figure 3.1). This clast is comprised of 

large anhedral plagioclase with interstitial olivine, pigeonite and augite. The mafic silicates 

are relatively enriched in Mg (Mg# = 62–72), and plagioclase is highly anorthitic (An# = 

95–97; see Table 3.1). This clast is compositionally similar to ferroan anorthosites (Figure 

3.4). The modal proportion of anorthite in this clast also supports this petrogenetic 

classification, although this is based on analysis of a very small sample which is coarse 

grained.  

The presence of accessory chromite associated with the apatite in question, is also typical of 

this crustal material. James et al. (1991) observed a similarly low proportion of chromite and 
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ilmenite in Apollo 60025 FAN material. This rock showed similar extensive fracturing and 

crushing of plagioclase to that observed in AP 007 (Walker et al., 1973). Dowty et al. (1974) 

noted that chromite and ilmenite were the only oxide phases present in FAN samples 60665, 

62275, and 65789. Treiman et al. (2010), however, reported the presence of these phases in 

magnesian anorthosites. Plagioclase in this clast shows significant zoning in CL (Figure 4.2), 

indicating a prolonged cooling period consistent with a plutonic/crustal origin.  

 
Figure 4.2: Zoning observed in host clast of Apatite #2 in AP 007 in cathodoluminescence (CL) mode 

 

Dating of this apatite would further confirm a FAN association, as this suite is thought to be 

pieces of the original lunar crust, formed through plagioclase flotation in the LMO (e.g., 

Wood et al., 1970; Smith et al., 1970; Warren, 1990). Ferroan anorthosites have been dated 

to ~ 4.4 Ga (Carlson and Lugmair, 1988), and so a similarly old crystallisation age for this 

clast in AP 007 would support the textural and geochemical observations.  

Assuming this is a FAN or FAN-like clast, this would mark the first reported apatite in this 

crustal suite for the Moon. The high δ37Cl could indicate significant fractionation of Cl 

isotopes preceding the formation of the lunar crust. Structurally bound and water-soluble 

bulk Cl in Apollo FAN sample 60025 has previously been measured, with reported δ37Cl 

values of ~ + 11 ‰ to + 30 ‰ (Gargano et al., 2020). These authors attribute this enriched 
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signature to significant HCl degassing during the slow cooling of this highlands material, 

followed by condensation once the crust cooled sufficiently. This accounts for the positive 

correlation between Cl and δ37Cl observed in FAN samples.  

Apatite in NWA 12593 associated with a lithic clast shows a similar δ37Cl (~ + 45 ‰) to that 

of AP 007 (see Figure 4.1). The geochemistry of this clast, also composed of anorthitic 

(An99.7 ± 0.2) plagioclase, olivine, pigeonite and augite (Mg# = 62–70, is similar to FAN). The 

high modal proportion of plagioclase, however, causes this to clast to compositionally differ 

from FAN (see Table 4.3, and Figure 3.4 in section 3.2.5.). In order to test if this clast is of 

FAN origins, two statistical tests were carried out. The mean and standard deviation of FAN 

anorthite content was calculated from literature values (given in Table 4.3).  

Table 4.3: Mean and standard deviation of anorthite content of AP 007 and NWA 12593, compared to 

literature values.  

Literature Data Source(s): Dowty et al. (1974), Jolliff et al. (1991), McGee (1993). 

 Mean An# 1 SD 2SD 3SD 

FANa 95.99 2.29 4.58 6.87 

AP 007 96.05    

NWA 12593 99.67    
aBased on literature data 

 

The  mean An# in this clast in NWA 12593 is within 2 standard deviation of the average 

anorthite number of FAN data sourced from literature (see Figure 3.4 and Table 4.3). Using 

this statistic, the clast could be considered a compositional extreme of FAN. To further test 

the similarity of the composition of this clast to other FAN material, the Student’s t-test was 

used, as given in Equation 3.1 (see Chapter 3 Section 3.2.5).  

Where �̅�1and �̅�2 are the mean An# of literature FAN data and NWA 12593, respectively; 

𝑠2is the pooled sample variance of both aforementioned populations, and 𝑛1and 𝑛2 denote 

the sample sizes. The null hypothesis for this test is that there is no difference between the 

means of both sample sets. The results of the Student’s t-test are given in Table 4.4.  
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Table 4.4: Results of two-sample Student’s t-test assuming unequal variances, on An# of NWA 12593 

Clast 6, compared to literature data on FAN clasts. 

 FANliterature NWA 12593 

Mean (�̅�) 95.99 99.67 

Variance (𝑠2) 5.24 0.04 

Observations (𝑛) 59 2 

Degrees of freedom (df) 25 

T-test − 11.27 

P value 1.36 × 10-11 

 

The p-value is lower than the alpha (significance) value of 0.05 selected for this test, and the 

t-value (11.27) is greater than the t-value from a t distribution table at a significance level of 

0.05 (i.e., 5%) (t = 1.671). The null hypothesis is, therefore, rejected and these two 

populations could be considered different. The An# of plagioclase in this anorthosite clast 

in NWA 12593 is greater than existing FAN (and MAN) samples (see Figure 4.3).  

Considering both statistical tests, it would appear that NWA 12593 samples a different rock 

type with a higher anorthite content than FAN. The result falls within two standard 

deviations of the mean anorthite number for FAN material, and, therefore, the possibility 

that this material represents an extreme FAN endmember cannot be excluded. The Mg# of 

mafic minerals in this clast are more comparable to FAN samples than MAN (see Figure 

4.3), supporting that this sample may be an extremely Ca-rich FAN-type clast.  

 
Figure 4.3: Comparison of An# of plagioclase and Mg# of mafic silicates in AP 007, NWA 12593, FAN 

and MAN material studied previously (Jolliff et al., 1991; James et al., 1991; McGee, 1993; Takeda et 

al., 2006; Treiman et al., 2010; Gross et al., 2014) 
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Isotopically, the Cl in this apatite is within error of the δ37Cl of the FAN-like apatite in AP 

007, and the similarity in texture, mineralogy, and geochemistry supports a FAN association 

for this apatite. The high δ37Cl recorded in these apatite grains may, therefore, reflect the Cl 

isotope composition of primary products of the LMO and some of the earliest crustal 

material of the Moon.  

Degassing of metal chlorides 

Saal et al. (2008) theorised that degassing resulting from pressure decreases upon eruption 

was a dominant magmatic process to which lunar magmas were subjected. They investigated 

core-to-rim traverses across lunar pyroclastic glass beads returned during the Apollo 15 and 

17 missions (Saal et al., 2008). A decrease in H2O and Cl from the core to the rims was 

attributed to degassing of a magma upon its eruption at the Moon’s surface (Saal et al., 2008).  

The fractionation of Cl isotopes on the Moon is thought to be caused by the degassing of Cl 

as metal chlorides in mare parental magmas (Sharp et al., 2010b; Ustunisik et al., 2015) and 

in the lunar magma ocean (Boyce et al., 2015) or the late stage LMO residual melt urKREEP 

(Barnes et al., 2016). Metal chlorides are the main pathway for Cl degassing in H-poor 

magmas since there is insufficient H to form HCl (Sharp et al., 2010a; 2010b). In the case 

of degassing being a primary fractionation mechanism, several characteristics features are 

expected to be observed in apatite (Sharp et al., 2010b; Boyce et al., 2015; Barnes et al., 

2016): (1) an inverse correlation between δ37Cl and Cl abundance; (2) elevated δ37Cl should 

not be observed in apatites with abundant H (Schauble et al., 2003; Sharp et al., 2010a, b); 

(3) elevated δ37Cl is expected only in material with high D/H ratios. Melt pockets in partially 

crystallised lunar magmas have been proposed to evolve differently (see Pernet-Fisher et al., 

2014; Potts et al., 2018), with a more variable solubility of Cl (and H) and apatite saturation 

timing between different melt pockets.  
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The effect of degassing of metal chloride species and HCl on the Cl isotopic composition of 

the degassing melt was modelled using the Rayleigh fractionation relationship (see Equation 

4.1):      

𝑅 = 𝑅0  × 𝑓(𝛼−1)    Equation 4.1 

Where R and R0 represent the final and initial 37Cl/35Cl ratios of chlorine in the melt 

respectively, f is the fraction of Cl remaining in the melt, and α is the fractionation factor. 

Based on a starting composition of 0 ‰, to reach a δ37Cl of + 53 ‰ requires > 90 % degassing 

of any of the main metal chlorides (FeCl, NaCl, and ZnCl). Assuming a starting composition 

of – 4 ‰ (which is thought to represent an un-degassed lunar composition; see Boyce et al., 

2015), > 96 % degassing of all main metal chlorides is required to produce a δ37Cl of + 53 

‰.   

Gargano et al. (2020) proposed that enriched δ37Cl values (+ 11–30 ‰) in ferroan 

anorthosites result from progressive enrichment of 37Cl in a HCl vapour, which eventually 

condensed onto the FAN material. Modelling of degassing of metal chlorides and HCl using 

the Rayleigh fractionation equation (Equation 4.1) was carried out. Assuming an initial δ37Cl 

of 0 ‰, metal chloride degassing produces δ37Cl values of ~ + 44 ‰ in the magma after 92 

% (NaCl) to 99% (FeCl2 and ZnCl2) vapour loss. Assuming an initial δ37Cl of – 4 ‰ (Boyce 

et al., 2015), ~ 94 % degassing of NaCl, and > 99 % degassing of FeCl2 and ZnCl2 produces 

the observed δ37Cl values. The isotopic composition of the cumulative vapour is given by 

Equation 4.2:  

𝛿37𝐶𝑙𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑉𝑎𝑝𝑜𝑢𝑟 =  
𝛿37𝐶𝑙𝑖𝑛𝑖𝑡𝑖𝑎𝑙 −𝑓 (𝛿37𝐶𝑙𝑓𝑖𝑛𝑎𝑙)

1 −𝑓
   Equation 4.2 

Assuming a starting composition of – 27.8 ‰ for HCl vapour (based on α values using 

Graham's Law; see Gargano et al., 2020) and – 4 ‰ for the melt, δ37Cl values of + 44 ‰ are 

reached in the melt after ~ 97 % degassing, and in the vapour phase after ~ 99 % degassing. 

Assuming a starting composition of 0 ‰ for the melt, δ37Cl values of + 44 ‰ are reached in 
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the melt after ~ 96 % degassing, and in the vapour phase after ~ 99 % degassing. The δ37Cl 

of cumulative vapour does not reach values of + 44 ‰ after 99 % degassing in either 

scenario. 

To summarise, the high δ37Cl values observed in AP 007 and NWA 12593 (+ 44–53 ‰) can 

be produced in a magma through 92–99 % degassing of metal chlorides, or  96–97 % 

degassing of HCl based on starting compositions between – 4 ‰ and 0 ‰. The isotopic 

composition of HCl vapour does not reach δ37Cl values of + 44–53 ‰ after 99 % degassing. 

Such significant degassing via metal chlorides would require low H2O contents and via HCl 

would be expected to deplete the magma in water. Further examination of H in these apatite 

grains is explored in Chapter 5 section 5.3.4. 

Shock metamorphism and alteration of Cl isotopes 

During classification of NWA 12593 and AP 007 in the preliminary stages of this project, 

their shock stages were assessed through optical microscopy and SEM observations of their 

textures and their geochemistry. NWA 12593 was interpreted to be strongly shocked (M–S5 

and A–S5) based on pervasive melt pocket formation and presence of impact melt in the 

matrix of the sample (see section 3.8.3.). AP 007 was considered to be moderately shocked 

(A–S3) based on planar fractures present in olivine and plagioclase, the latter of which also 

was isotropic in parts, and the presence of melt pockets (see Chapter 3 section 3.2.3.).  

The nature of the brecciated samples studied implies that they have undergone a minimum 

of one impact shock event, and therefore the effects of this on the apatites studied should be 

evaluated. Recently, work by Černok et al. (2019; 2020) (see Table 4.5) and Barrett et al. 

(2021) have looked at the effects of shock deformation on lunar and eucrite apatite, more 

specifically on its effects on volatile elements including H and Cl using a combination of 

Raman spectroscopy, CL imaging, EBSD, and NanoSIMS. These studies agree for the Moon 

and asteroid 4 Vesta, in that while increasing shock deformation is accompanied by 

increasing crystal-plastic deformation in apatite and merrillite, there is little observable 
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effect on H and Cl isotopes at high volatile abundances (Černok et al., 2019; 2020; Barrett 

et al., 2021). Černok et al. (2019; 2020) do note that samples with low H2O abundances (< 

100 ppm) could have seen some effects of shock on H isotopes. The Cl abundances of these 

apatites (~ 3400–16430 ppm) are sufficiently high that shock would not be expected to create 

a significant fractionation in Cl isotopes.  It, therefore, is reasonable to deduce that increasing 

shock deformation in NWA 12593 and AP 007 did not contribute to the elevated δ37Cl 

values.   

Using the shock scale of Černok et al. (2019) and CL data collected for these apatites in 

NWA 12593 and AP 007, the shock stages of the individual apatites can be assessed. Slight 

zoning is observed in CL in all of the apatites in question (Figure 4.4). EBSD data for NWA 

12593 Ap21, which shows enhanced subgrain formation and up to 10° of crystal-plastic 

deformation (Figure 4.6). A shock stage of S3-4 can be assigned to these apatites, which 

contrasts with the A–S5 (for anorthosites) and M–S5 (for mafic rocks) shock stage of NWA 

12593. If δ37Cl was linked to increasing shock stage, this elevated Cl isotope signature would 

be expected to perpetuate throughout the sample. The variety in δ37Cl in NWA 12593 does 

not support this assumption. The elevated δ37Cl observed in AP 007, which has a shock stage 

of A-S3 and an apatite shock stage of S3-4, is also not expected to result from shock 

deformation. 

Metasomatic input as a driver of 37Cl increase 

Alternatively to an increase in 37Cl/35Cl through fractionation, the input of 37Cl from another 

source can have a significant effect on Cl isotope compositions. Potts et al. (2018) discussed 

the effect of vapour phase metasomatism on Apollo 14 basalts, in which late-stage 

interaction with a volatile-rich gas phase increased the δ37Cl of the samples (Figure 4.5). The 

scale of this effect is thought to be local, as the gas phase originated through evaporation and 

devolatilization of lunar surface regolith and rocks as impact ejecta sheets and/or lava flows 

blanketed them and provided sufficient heat to drive off the more volatile elements (Potts et 
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al., 2018). Their observations of a metasomatic event occurring ~ 4 Ga coincides with 

observations of vapour-induced metasomatism on Apollo 16 and 17 samples, which could 

indicate a widespread event centred on the lunar nearside, perhaps related to the impact event 

associated with the formation of the Imbrium Basin (Potts et al., 2018), indicating that the 

metasomatism was not localised. 

The high Cl abundances associated with the ‘heavy’ population of NWA 12593 and AP 007 

could indicate input of Cl via interaction with a separate source. The heaviest δ37Cl which is 

discussed by Potts et al. (2018) (+ 40.0 ± 2.9 ‰) is within error of the lightest Cl isotope 

composition of the ‘heavy’ population in NWA 12593 and AP 007 (+ 44.2 ± 2.2 ‰). It is, 

however, isotopically distinct from the heaviest δ37Cl (+ 53.1 ± 2.2 ‰) measured in this 

study. If a vapor were to have interacted with the ejecta and/or the apatites in NWA 12593 

and AP 007, we would expect to see this enrichment in the surrounding apatites. As can be 

seen in Figure 4.1 and Table 4.1, this enrichment is only observed in three apatite grains. It 

is, therefore, improbable that this heavy Cl isotope composition is the result of surface 

alteration.   

 



122 

 

 
Figure 4.4: BSE and CL images of selected apatites in NWA 12593 and AP 007 with elevated δ37Cl, 

and a representative grain reference orientation deviation (GROD) map of Ap#21 in NWA 12593. The 

bottom panel shows upper hemisphere equal area projection pole figures corresponding to the GROD 

maps. Yellow dashed lines in BSE and CL panels outline the apatite grains. Low angle grain 

boundaries (green) are defined by adjacent pixels with a boundary > 2° and < 10° misorientation 

angle, and high angle grain boundaries (red) are defined by adjacent pixels with misorientation angles 

~ 10°. 

 

 
Figure 4.5: Schematic of vapour phase metasomatism at lunar surface, modified from Potts et al. 

(2018), indicating the “hot zone” which is heated by the overlying ejecta blanket/lava flow. 37Cl-

enriched vapour is released from this material, which can interact with the overlying ejecta blanket 

and metasomatise apatite 
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Metasomatism via Mg-rich fluids 

The relatively high Ce abundance (~ 500 ppm) of apatite in AP 007 could indicate some 

KREEP input. The Ce abundance of the parental melt of any mineral phase is calculated 

using Equation 4.3: 

𝐶𝑒𝑚𝑒𝑙𝑡 =  
𝐶𝑒𝑚𝑖𝑛𝑒𝑟𝑎𝑙

𝐷𝐶𝑒
𝑚𝑖𝑛𝑒𝑟𝑎𝑙/𝑚𝑒𝑙𝑡   Equation 4.3 

Where Cemelt and Cemineral are the Ce contents of the parental melt and mineral phase being 

examined, respectively, and 𝐷𝐶𝑒
𝑚𝑖𝑛𝑒𝑟𝑎𝑙/𝑚𝑒𝑙𝑡

 is the partition coefficient of Ce between melt 

and the crystallising apatite. In the anorthositic clast in AP 007, the Ce abundance of the 

parental melt is ~ 235 ppm. This is similar to the high Ce abundance in parental melts of 

Apollo Mg-suite (Cemelt = 226–852 ppm) and alkali-suite (Cemelt = 35–1513 ppm) samples. 

These melts are thought to be derived in part from KREEP material, inheriting an enrichment 

in REEs. The high Cl abundance (~ 1.6 wt. %) is similar to Mg-suite material (Cl up to 1.75 

wt. %; McCubbin et al., 2011). The δ37Cl, however, exceeds the highest values reported on 

the Mg-suite (up to + 33.8 ‰; Barnes et al., 2016).  

Elardo et al. (2012) describe a model of infiltration metasomatism of the lower lunar crust, 

which depleted Mg-suite magmas in Cr and Fe and percolated through the layered parental 

intrusion of Mg-suite troctolite 76535. It is possible that a similar process leached Cl (with 

a δ37Cl towards ~ + 30 ‰) from Mg-suite magmas and percolated through the parental diapir 

of AP 007 Clast 1. It would, therefore, be expected that the H isotope signature and high Ce 

abundance of the Mg-suite would also be introduced to AP 007. The discrepancy of the δ37Cl 

values of AP 007 FAN and Mg-suite samples indicates that the FAN parental melt underwent 

some further fractionation prior to metasomatism.  

Metasomatism by condensing vapour  

Enriched δ37Cl values in water-soluble and structurally-bound bulk Cl within FAN samples 

60015 and 60025 was proposed to originate from condensing HCl vapour once the crust had 
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cooled sufficiently (Gargano et al., 2020). As 37Cl is more compatible in HCl, the vapour 

has been calculated to reach values of + 44 ‰ after ~ 99 % degassing (assuming a starting 

composition of – 27.8 ‰; Gargano et al., 2020). The δ37Cl of the melt (and, therefore, the 

apatite) at this stage would have been ~ + 70 ‰. Condensation and percolation of the vapour 

through FAN material could interact and metasomatize the apatite grain and introduce the 

δ37Cl values of the vapour to the apatite; however, after such significant degassing the effect 

of this would be minimal. It is possible that this apatite formed earlier with a less heavy Cl 

isotope composition, and later metasomatism by 37Cl-enriched vapour increased its δ37Cl 

value.   

4.2.3. High chlorine abundance in apatite 

Several apatites in DOM 18666 show extremely high Cl abundances (~ 2.36–3.78 wt. %) 

which significantly exceed the existing high Cl abundance observed in lunar apatite of 1.75 

wt. % (see Figure 4.1).  The range observed in Cl abundance within these apatite grains 

(~2.4–3.65 wt. %) is accompanied with a restricted variation in δ37Cl (~ + 5.4–10.8 ‰). 

These do not exceed observed prior maximum Cl occupancy of chlorapatite (~ 6. 44 wt. %; 

Goldoff et al., 2012a). There is a weak positive correlation between the δ37Cl and Cl 

abundance observed in these Cl-rich grains, though the R2 of this trend (R2 = 0.1326) 

indicates this is not statistically significant.  

The δ37Cl measured in the Cl-rich apatites is also predominantly similar to apatites in DOM 

18666 with lower Cl contents (Cl = 0.3–1.4 wt. %; δ37Cl = ~ + 3.5–7.4 ‰). This indicates 

the variation in Cl abundance is not due to a fractionation mechanism such as degassing or 

metasomatism. The scale of variation throughout all apatite grains in DOM 18666 (~ 3.5 wt. 

%) has not previously been observed in lunar material. The range in values in the Cl-rich 

apatites (~ 1.4 wt. %) is similar to variation observed in high-Al basalts 14053 and 14073 

(Boyce et al., 2015; Potts et al., 2018; Barnes et al., 2019). In apatite grains from the same 

clast, there is significant variation. As seen in Table 4.1, Ap6 and Ap7 (which are from the 
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same lithic clast in DOM 18666) have a Cl abundance range of 0.85 wt. % (Cl = ~ 2.8–3.65 

wt. %), while Ap11 and Ap12 (which are also both from a single lithic clast) have a Cl 

abundance range of 1.12 wt. % (Cl = 2.36–3.48 wt. %). If these clasts are petrogenetically 

related, these increased Cl contents could reflect a Cl-rich parental melt/lunar reservoir.  

The large range in Cl abundance observed in DOM 18666 could indicate that the mantle 

source regions of these clasts differ. Examining the geochemistry of these clasts (see Figure 

3.18, Chapter 3 Section 3.5.2), it would appear that both basaltic clasts (Clasts 7 and 11) are 

of low-Ti variety. Low-Ti basalts have previously been observed to have Cl abundances of 

0.04–1.59 wt. %, which is significantly greater than the maximum Cl abundances of high-Ti 

(~ 0.4 wt. %) and very-high-potassium (VHK) (~ 0.59 wt. %) basalt suites (Boyce et al., 

2015; Barnes et al., 2016; 2019; Faircloth, 2020). The high Cl abundance of low-Ti clasts in 

DOM 18666 could potentially reflect a greater Cl abundance for the entire low-Ti mantle 

source region. Webster and De Vivo (2002) modelled the solubility of Cl in aluminosilicate 

melts and found that melts with decreasing abundances of Ti, P, and Si had increased Cl 

solubility. A low-Ti melt would therefore be expected to have increased Cl solubility 

(Webster and De Vivo, 2002). Interestingly, VLT basalt clasts in EET 96008 do not show 

as elevated Cl abundances as low-Ti clasts (~ 0.18–0.47 wt. %). It cannot be ruled out, 

however, that the variation observed in Cl abundance within DOM 18666 represents a case 

of extreme fractional crystallisation. 

Comparison with YAMM group samples 

As discussed in Section 3.3.2, DOM 18262 and DOM 18666 show textural, mineralogical, 

and geochemical similarities to MET 01210, which is of the YAMM group of lunar basalts. 

To date, no Cl isotope data has been collected on MET 01210, however, Cl and H isotopes 

have been well documented on MIL 05035, which is a basaltic lunar meteorite also of the 

YAMM pairing group. Apatite in MIL 05035 has yielded the lightest δ37Cl values in lunar 

samples to date (down to – 4 ‰; Boyce et al., 2015). Apatite grains in this sample show 
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moderate to high Cl abundances (0.41–1.43 wt. %; Boyce et al., 2015; Wang et al., 2019; 

Barnes et al., 2019), showing greater similarity to the ‘low’ Cl abundance basaltic apatite 

grains of DOM 18666, with similar yet slightly lighter δ37Cl values ( ~ – 4 to + 7.8 ‰; Boyce 

et al., 2015; Wang et al., 2019; Barnes et al., 2019) to the apatite grains in DOM 18666 

which show extreme Cl abundances. This provides further support that these samples are 

derived from the same parental material, which is likely to have undergone some degassing.  

Assuming an initial δ37Cl of – 4 ‰ (which is similar to solar nebula values of – 5 to – 4 ‰; 

see Sharp et al., 2016), ~ 43–96 % degassing of metal chlorides is required to produce the 

δ37Cl values observed in DOM 18666, with ~ 46–96 % required to produce the δ37Cl 

observed in the Cl-rich apatite grains.   

Apatite crystallisation sequence 

Preferential incorporation of F into apatite through crystallization as a result of the higher 

partition coefficient of F compared to Cl and OH (F > Cl > OH) (Ustunisik et al., 2011; 

Ustunisik et al., 2015) means that primary apatites should have higher F contents than later 

grown apatites. The X-site occupancy of the apatites in all samples were calculated, 

assuming maximum occupancy of this site by volatile elements (F, Cl and OH; see Figure 

4.5). The F proportion (mol. %) was calculated by difference using the high-precision Cl and 

OH data collected on the NanoSIMS. There is no apparent correlation between lower Cl 

contents and higher F contents in DOM 18666. Apatite with higher F contents should record 

initial δ37Cl signatures for their melts, and conversely apatite with lower F contents should 

record later δ37Cl signatures, assuming that Cl fractionated during crystallisation. The nature 

of these apatites with being in brecciated samples with minimal geological context 

introduces difficulty in interpreting the X-site occupancy. Assuming these apatites formed 

from melts which had similar initial F contents (given the samples have similar low-Ti 

compositions), the δ37Cl of the earliest-formed (highest F abundance) apatites is within error 

of the δ37Cl of the latest-formed apatite. Magmatic degassing prior to apatite saturation and 
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formation cannot be discounted, however, the consistent δ37Cl indicates that little isotopic 

fractionation occurred between formation of these apatites.  

The CeO2 contents of apatite in DOM 18666 which show high Cl abundances have been 

examined (the various applications for Ce in lunar apatite are discussed in greater detail in 

Chapter 7). Ce strongly partitions into apatite in a basaltic melt (𝑀𝑎𝑥 𝐷𝐶𝑒
𝑎𝑝𝑎𝑡𝑖𝑡𝑒/𝑚𝑒𝑙𝑡

=  20) 

(Prowatke and Klemme, 2006). In an experimental study on trace element partitioning, 

Prowatke and Klemme (2006) found that the light rare earth elements (LREE; which consist 

of La, Ce, Pr, Nd, Pm, Sm, Eu and Gd) are more compatible in phosphates than the heavy 

rare earth elements (which consist of Tb, Dy, Ho, Er, Tm, Yb, and Lu). Various partition 

coefficients for Ce into apatite (0.31–12.90) have been reported (see Table 4.5), however, it 

is clear that CeO2 is somewhat compatible in this phase. It may therefore be possible to use 

the relative CeO2 contents of apatites to assess their relative timing of formation, with earlier-

formed apatites containing more CeO2 (depending on the partition coefficient used). This 

can supplement textural observations of the lithic clasts with which the apatites are 

associated. DOM 18666 Ap6 and Ap7, which record the highest Cl abundances (~ 2.8–3.8 

wt. %) are present within a clast also comprising fayalitic olivine and plagioclase. The apatite 

grains all exhibit similar orientation within the clast (though their crystallographic 

orientation has not been examined), and all crosscut the grain boundaries of olivine and 

plagioclase (Figure 4.9b). 



128 

 

 

Figure 4.6: Ternary diagram of apatite X-site occupancy (mol. %) assuming that X-site is completely 

filled with F + Cl + OH. F was calculated by difference for all analyses in Table 4.1. 

 

Table 4.5: Partition coefficients for Ce between apatite and silicate melts. Source: Prowatke and 

Klemme (2006), Jolliff et al. (1993a) 

Type of Melt Ce proportion in apatite 𝑫𝒂𝒑𝒂𝒕𝒊𝒕𝒆/𝒎𝒆𝒍𝒕
𝑪𝒆  

Silicate High 0.65 

Lowa 0.16 

Average 0.31 

 1.13 

Andesite  3.1 

 12.9 

Basaltic Andesite  2.33 

 3.23 

 5.17 

Basalt  3.25 
a Where merrillite/whitlockite are simultaneously growing, taking in proportionally more Ce 

 

The CeO2 abundances of these apatites are lower than observed in other apatites with lower 

Cl contents (Ap 6–7 CeO2 = ~ 300–520 ppm compared to ~ 1200–1600 ppm CeO2 in DOM 

18666 Ap1 which has Cl abundance ~ 3100 to 3800 ppm). It appears when comparing Cl 

and CeO2 abundances that these systems are decoupled. The lower CeO2 contents indicate 

that (assuming these apatites are sourced from the same reservoir) Ap6 and Ap7 are formed 
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after Ap1. The textures of these apatites and those which show lower Cl contents (in this 

case Ap1) are compared (see Table 4.6), where petrographically it appears that Ap6–7 are 

earlier-formed phases. Ap6–7 are associated with olivine, pyroxene, and plagioclase (see 

Table 4.6. and Figure 4.7b). Olivine is one of the earliest-formed silicate phases (assuming 

a Bowen's reaction series; see Bowen, 1922, 1928). Additionally, pyroxene associated with 

this clast is less ferroan (Fe# = 50–77) than pyroxene associated with Ap1 and Ap2 (Fe# = 

70–99), and plagioclase is highly anorthitic (An99), supporting earlier growth. Ap1 and Ap2 

are also associated with FeS (Figure 4.7a), which is formed at lower temperatures (~ 1200℃; 

Haughton et al., 1974), further supporting later growth.  

 
Figure 4.7: BSE images of Clasts (a) 1, (b) 5, and (c) 11 in DOM 18666 

 

The apatites which show lower CeO2 contents (Ap6–7 and Ap11–12) are associated with 

clasts which also exhibit merrillite growth. As merrillite is the primary REE-bearing mineral 

on the Moon, it is likely that more Ce sequestered into this phase  (Jolliff et al., 1993a). It, 

therefore, cannot be ruled out that Ce can be used as a proxy for relative timing of apatite in 

clasts which do not contain merrillite. For the case of this study, however, the petrographic 

context of apatite grains is prioritised to determine relative timing of apatite growth. 
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Table 4.6: Petrographic context for apatites in DOM 18666, cerium contents, and relative timing. 

Ap Petrographic Context CeO2 (ppm) Relative timing 

of growth (1–2) 

4 
• Associated with pyroxene (Fs58–48En30–68Wo3–

23, Fe# = 29–61), olivine (Fa99), and ilmenite 
328–331 1 

8 
• Associated with plagioclase (An99) and 

ilmenite 
2671–2800 1 

9 
• Associated with olivine (Fa94) and pyroxene 

(Fs37–77En12–34Wo12–33, Fe# = 55–87) 
576–618 1 

10 
• Associated with pyroxene (Fs51–70En7–10Wo23–

41, Fe# = 85–91), olivine (Fa92–99), and ilmenite 
612 1 

6 
• Enclosed in olivine (Fa96) and plagioclase 

(An99) — appearing to overprint the boundaries 

of both. 

• Shared orientation of apatites within clast 

• Also associated with pyroxene (Fs26–63En19–

43Wo13–31, Fe# = 50–77) 

482–513 

1 

7 301 

1 • Enclosed in pyroxene (ferroan) (Fs54–98En1–

24Wo1–23, Fe# = 70–99) 

• Associated with FeS 

1193–1642 2 

 2 1203 

3 
• Enclosed in K feldspar 

• Associated with olivine (Fa96) 
685 2 

11 • Associated with olivine (Fa95–98), ilmenite, and 

silica and Fe-rich glass 

300 
2 

12 363 

 

4.2.4. Apatites with low chlorine abundances  

At the other extreme, apatite in the paired sample DOM 18262 show anomalously low Cl 

abundances (~ 16–36 ppm). This is associated with δ37Cl ranging from ~ + 2 ± 4 to + 26 ± 3 

‰.  

Degassing 

Assuming a starting Cl isotope composition of δ37Cl = 0 ‰, a H-poor melt would have to 

experience > 80 % degassing to reach δ37Cl values of + 26 ‰. Given the extremely low Cl 

contents observed, this could be plausible. This apatite grain does show low H2O abundance 

(~ 250–310 ppm), which could have given rise to degassing of metal chlorides from its 

parental melt. Care should be taken to interpret the low H2O abundance observed in apatite 

as reflective of H proportions in the parental melt, as partitioning relationships of volatiles 

between melt and apatite is still poorly constrained (Boyce et al., 2014). This is also the case 

for Cl abundance. 
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Petrographic and textural context 

The apatite grain in question occurs within a large clast predominantly comprising K-

feldspar (see Figure 4.11). The textural relationship of these apatite grains in this clast is 

similar to that observed in Apollo 15 QMDs (see Figure 4.8.; Robinson et al., 2016b). 

Robinson et al. (2016a) previously investigated a set of QMDs from Apollo 15 which 

contained apatite δ37Cl values of + 19 to + 29 ‰, which was attributed to a greater KREEP 

component.   

 
Figure 4.8: BSE images of DOM 18262 Apatite #1, compared to Apollo 15 quartz monzodiorites 

analysed by Robinson et al. (2016b) and Simon et al. (2020). 

 

As discussed in section 5. 3. 3., Clast 1 in DOM 18262 is statistically related to Apollo quartz 

monzodiorites. It has been proposed that H isotopes in Apollo 15 QMDs represent an 

inherited nebular H isotopic signature, introduced to lunar material through incorporation of 
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Theia following the Giant Impact (Desch and Robinson, 2019). Assuming a starting δ37Cl  

of 0 ‰ for lunar precursor material (as this is thought to be the δ37Cl of the undifferentiated 

Moon; Sharp et al., 2010b) and a δ37Cl of – 7.2 ‰ of solar nebula Cl (Gargano and Sharp, 

2019), two-component magma mixing models cannot produce the Cl isotope composition 

observed in Clast 1 of DOM 18262 (δ37Cl = ~ + 2–26 ‰).  

Comparison to Apollo 15 QMDs 

The heavier δ37Cl values in DOM 18262 QMD material are similar to those of Apollo 15 

QMDs (+ 19 to + 29 ‰; Robinson et al., 2016a). This contrasts with the extremely light H 

isotopes in both DOM 18262 and Apollo 15 QMD samples, indicating that H and Cl in the 

QMDs were derived from different sources (Robinson et al., 2016a).  

Cerium abundance 

The Ce abundance of apatite in Clast 1 of DOM 18262 is very low (~ 90–200 ppm), in 

comparison to the other apatite observed in this sample (CeO2 = ~ 930–1310 ppm). In Clast 

1, merrillite is also present, and is likely to have been the main sink of REEs upon 

crystallization of the parental magma.  

4.2.5. Chlorine in very-low-Ti basalts: examining EET 96008 

The composition of basaltic clasts in EET 96008 which contain apatite are similar to VLT 

basalts (see section 3.6.2). To date, the Cl isotope composition of VLT material has been 

observed in the basaltic brecciated lunar meteorite Kalahari 009, with δ37Cl values of ~ + 

15–22 ‰ and moderate Cl abundance (800–4900 ppm; Barnes et al., 2019). The range 

acquired on VLT clasts in EET 96008 (~ + 16–18 ‰) is consistent with these findings. EET 

96008 displays a negative Eu anomaly, similar to other mare basalts (Anand et al., 2003), 

but contrasting with the positive Eu anomaly observed in Kalahari 009 (Sokol et al., 2008).  
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Degassing 

Assuming a starting Cl isotope composition of 0 ‰, a H-poor VLT melt would have had to 

experience > 75 % degassing of metal chlorides to reach values of ~ + 16–18 ‰ (see Figure 

4.10).  

 
Figure 4.9: Calculated δ37Cl in a parental melt for metal chloride degassing assuming Rayleigh 

fractionation into a vacuum. Shaded area: Green indicates the δ37Cl range measured in EET 96008.   

 

Age of EET 96008 

Anand et al. (2003) found 206Pb/207Pb isochron ages of ~ 3.5 Ga for apatite and merrillite in 

EET 96008. This is considerably younger than the crystallization age of Kalahari 009 (~ 4.4 

Ga) (Snape et al., 2018), and similar to Apollo 12 and 15 low-Ti basalts (Snyder et al., 2000). 

This range in ages could indicate multiple stages of VLT basalt eruption to the Moon’s 

surface.  

4.2.6. Chlorine isotopes and abundances in Dominion Range 18262 

The apatite grain in DOM 18262 not associated with a QMD clast (Ap2) exhibits a light Cl 

isotope composition (δ37Cl = − 1.0 to + 1.0 ‰; see Figure 4.1). This composition is similar 
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to the light δ37Cl of MIL 05035 of the YAMM group, which has been observed to be as low 

as – 4 ‰ (Boyce et al., 2015). These authors propose this light isotopic composition to 

originate from either (1) an un-degassed lunar source, (2) a partially degassed source lacking 

the conditions for significant fractionation of Cl isotopes, or (3) meteoritic material with low 

δ37Cl (Boyce et al., 2015). Assuming a starting composition of – 4 ‰ (used in this example 

as the un-degassed composition of the melt, based on the observations of Boyce et al., 2015), 

δ37Cl values of  – 1 ‰ are reached after ~ 16–35 % metal chloride degassing. 

The lowest chondrite δ37Cl reported on sodalite in Allende are similar in composition to 

DOM 18262 Ap2 (i.e., − 2.09 to − 0.39; see Sharp et al., 2007) which could indicate some 

degree of mixing of CV chondrites in the parental melt of this apatite grain. Assuming a 

starting composition ~ + 0 ‰, a two-component mixing model produces a δ37Cl of – 1 ‰ 

after ~ 48 % mixing with CAI material with a composition similar to the lightest composition 

measured in Allende. The lack of significant geological context limits the interpretation of 

this clast; however, it is possible that the basaltic parent of this apatite grain incorporated 

exogenous material during its extrusion at the lunar surface. Mixing of almost 50 % 

exogenous material is unlikely, however. 

Covariation between δ37Cl and KREEP component has been observed previously in lunar 

samples (Barnes et al., 2019), so it is possible that the light δ37Cl values of this basaltic 

material indicates the rock does not contain any KREEP component. They may, instead, 

record a more primitive lunar signature with no apparent mixing with exogenous material. 

The high CeO2 of this apatite grain (~ 900–1300 ppm) would indicate that some interaction 

with KREEP has taken place. 

To summarise, the Cl isotope composition of basaltic material in DOM 18262 is similar to 

MIL 05035. The light δ37Cl values possibly represent un-degassed melt compositions and a 

lack of KREEP contamination.  
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4.2.7. Chlorine isotopes and abundances in Dominion Range 18666 

The apatite grains in DOM 18666 which do not show extremely high Cl contents have δ37Cl 

ranging from + 5.5–15.2 ‰. Most of these clasts are compositionally similar to the low-Ti 

basalts, with the exception of Clast 4 which appears to be of a high-Ti origin (Figure 3.18). 

The δ37Cl of these apatite grains are within the values reported in literature for high-Ti (+ 

2.0–16.8 ‰; Boyce et al., 2015; Barnes et al., 2016; 2019; Faircloth, 2020) and low-Ti 

basalts (+ 1.2–40.0 ‰; McCubbin et al., 2011; Boyce et al., 2015; Barnes et al., 2016; 2019; 

Potts et al., 2018; Faircloth, 2020). These values are also similar to MIL 05035 (− 4.0 to + 

7.8 ‰), with which DOM 18666 may be paired.  

The observed δ37Cl values can be produced through partial degassing of metal chlorides in 

the parental melt, assuming a starting δ37Cl value of – 4 ‰ (as the geochemistry of these 

basaltic clasts are similar to basaltic material in DOM 18262), degassing of FeCl2, NaCl, and 

ZnCl2 reaches values of  + 15.2 ‰ after ~ 68–94 % degassing.  

4.2.8. Chlorine isotopes and abundances in Northwest Africa 12593 

The extreme δ37Cl observed in two grains in NWA 12593 (up to + 53 ‰) represents only a 

small proportion of this sample. As can be seen in Figure 4.1, the δ37Cl (+ 11.3–26.1 ‰) and 

Cl abundances (~ 1050–12340 ppm) are within the range of literature values. A large 

proportion of these apatites are not associated with lithic clasts, and hence lack sufficient 

geological context to support whether they are of extrusive or intrusive origin. The focus of 

the following discussion are apatite grains in NWA 12593, not including the possible FAN-

type apatite grain discussed earlier. 

Apatite grains associated with lithic clasts 

The apatite grains which are associated with lithic clasts are shown in Figure 3.28. As 

mentioned in section 4.2.2., Ap6 (δ37Cl = + 45.5 ‰) is considered to be related to a 

highlands-type lithology; however, this lithology is not related to the FAN suite. Another 

apatite grain (Ap8) is also related to a clast showing highlands-type chemistry with 
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comparable Mg contents to the FAN suite, however, it is extremely Ca-rich. Clast 14, with 

which Ap14 is associated, is compositionally similar to both the gabbronorites and FAN 

suite, although its Ca contents are different to both of these groups. Finally, among the 

highlands-type clasts of NWA 12593, Clast 2 (with which Ap2 is associated) is 

compositionally similar to the Mg-suite (see Figure 3.4).  

The Cl isotope composition of these highlands-type apatite grains range from + 17.3–45.5 

‰. The possible origins of the heavy Cl isotopes observed in Ap6 have been discussed in 

Section 4.2.2. The δ37Cl of the remaining apatite grains (+ 17.3–22.0 ‰) are within the range 

of Mg-suite (δ37Cl = + 10.3–33.8 ‰) and other highlands apatite grains (δ37Cl = + 10.3–36.3 

‰). The origin of the Mg-suite through partial melting of mantle cumulates at or near the 

interface between FAN, Mg-rich LMO cumulates, and KREEP (Hess, 1994; Shearer and 

Papike, 2005; Shearer et al., 2015), and consequent introduction of KREEP signatures to 

Mg-suite parental magmas has been proposed to explain the fractionated Cl and H isotopes 

of this rock suite (McCubbin and Barnes, 2020). The δ37Cl value of Clast 2, therefore, likely 

reflects this inherited KREEP signature.  

Of the basaltic grains in NWA 12593, Clasts 1 and 4 (with which Ap1 and Ap4 are 

associated) appear to be of high-Ti basalt origins, while Clast 19 (with which Ap19 is 

associated) appears to be of low-Ti origins (see Figure 3.11). The δ37Cl of Ap1 and Ap4 (+ 

21.3–21.8 ‰)  is heavier than high-Ti basalts observed in the literature (+ 2.0–16.8 ‰; 

Boyce et al., 2015; Barnes et al., 2016; 2019; Faircloth, 2020). The δ37Cl of Ap19 (+ 24.0–

26.1 ‰) is within the range of δ37Cl in Apollo low-Ti basalts (+ 1.2–40.0 ‰; McCubbin et 

al., 2011; Boyce et al., 2015; Barnes et al., 2016; 2019; Potts et al., 2018; Faircloth, 2020). 

It is probable that this increased δ37Cl reflects greater proportions of urKREEP in the parental 

mix of these apatite grains, as well as secondary alteration/degassing.   
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Apatites lacking geological context 

The remainder of apatite grains not listed are not associated with lithic clasts. The δ37Cl 

values of these grains range from ~ + 11–26 ‰ with variable Cl abundances (~ 1660–9980 

ppm). Apatite grains which show similar textures (i.e., Ap7, 10, 11, and 22; which exhibit 

Fe-rich inclusions/veinlets) have relatively similar δ37Cl compositions (~ + 17.5–21.8 ‰) 

with variable Cl abundance (~ 1660–6820 ppm). The Fe-rich inclusions are linear, and are 

similar to Fe-rich veinlets observed in pyroxene and olivine in howardites and eucrites from 

the asteroid 4 Vesta (Rombeck et al., 2021). Rombeck et al. (2021) attributed this to the 

reaction of aqueous liquids with the aforementioned minerals, though the composition and 

origin of the liquid is unknown. The veinlets in eucrite and howardite mafic minerals appear 

to propagate along cracks (Rombeck et al., 2021). As this is not observed, another source of 

these inclusions should be considered.  

An alternative theory for the source of these inclusions/veinlets is high-temperature 

processes in the parental magma of these apatite grains, such as incongruent melting of the 

host mineral and formation of a highly fractionated Fe-enriched magma (Roszjar et al., 2011; 

Patzer and McSween, 2018). This would enrich the magma in the heavier Cl isotope, as 

observed in these apatites.  

It would appear upon examination of the BSE images that the veinlets/inclusions follow an 

internal structure within the apatite. As can be seen in BSE and CL, there are three 

orientations of these inclusion trails, best observed in Ap10 (Figure 3.28). These meet at 

triple-junctions and appear to be orientated at ~ 120 ° to each other. The cleavage planes in 

apatite — (0001) and (1010) — intersect perpendicularly (see Figure 5.2), meaning it is less 

likely that these inclusion trails trace cleavage planes and lines of weakness in apatite. An 

alternative theory (assuming the apatite is hexagonal) is that these inclusion trails trace 

growth planes, which intersect at ~ 120 ° (see Figure 5.2). The reason for such a strong Fe-

enrichment between growth zones of apatite could be lower compatibility of Fe in apatite. 
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All of these apatite grains have high Cl abundances (~ 4360–6820 ppm), which could 

indicate that the concentration of Fe between growth planes of apatite may be due to Fe-Cl 

avoidance (Volfinger et al., 1985; Oberti et al., 1993; Kullerud, 1995). The variation in Cl 

signatures indicates that such a process might affect volatile behaviour and fractionation. 
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5. Abundance and Isotopic Composition of Water in Lunar 

Meteorites 

5.1. Current Understanding of the hydrogen inventory of the Moon 

In this chapter, the abundance and isotopic composition of H are reported from apatite grains 

from a number of previously unstudied lunar meteorites. These lunar meteorites are 

classified as fragmental and/or regolith breccias containing a range of clast types such as 

basaltic, anorthositic, and more evolved lithologies. Some of these clasts have geochemical 

characteristics which may have not been observed previously. The isotopic signatures of H 

(referred from here as ‘water’) in meteorite apatite are assessed, along with evaluation of 

processes (e.g., degassing, secondary alteration, spallation) which could have altered the 

indigenous magmatic signatures. This data is then combined with literature values to 

investigate the wider inner Solar System volatile inventory and characteristics.  

5.2. Results — Hydrogen inventory of brecciated lunar meteorites 

A total of 36 measurements on 25 apatite grains from five meteorite samples were collected. 

There are fewer than the number of Cl measurements (see Chapter 4 Section 4.1.), due to a 

larger SIMS pit (typically 10 µm × 10 µm), which is required to obtain H abundance and 

isotopic data. The data are presented in Table 5.1 and Figure 5.1.  

5.2.1. Fragmental Brecciated Lunar Meteorites 

A total of 24 measurements were made on 18 apatite grains in the fragmental breccias NWA 

12593 and AP 007. The measured H2O contents span an order of magnitude, from ~ 135 

ppm to ~ 4490 ppm (Figure 5.1). In NWA 12593, δD values range from − 370 ‰ to + 1030 

‰, similar to Apollo mare basalts (δD = ~ − 600–1440 ‰; Greenwood et al., 2011; Tartèse 

et al., 2013a; 2014b; Barnes et al., 2013; 2019; Pernet-Fisher et al., 2014; Boyce et al., 2015; 

Treiman et al., 2016; Stephant et al., 2020). This is also remarkably similar to the range in 

δD in Apollo highlands samples (δD = − 384–1234 ‰; Greenwood et al., 2011; Treiman et 

al., 2014; Barnes et al., 2014; Černok et al., 2020). 
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Table 5.1: δD and H (as equivalent H2O) abundances of apatites in brecciated lunar meteorites studied 

in this work 

Sample ID Apatite # H2O (ppm) 2σ (ppm) D/H δD (‰) 2σ (‰) 

NWA 

12593 
1 157 3 0.000098 − 368 144 

2a 1818 42 0.000264 698 38 

2b 2316 54 0.000214 371 35 

4 527 10 0.000141 − 97 96 

5 357 7 0.000140 − 99 107 

6 1229 21 0.000172 105 51 

7a 929 79 0.000210 351 68 

7b 773 66 0.000247 587 66 

8 4486 113 0.000201 292 25 

10a 926 22 0.000144 − 74 79 

10b 828 19 0.000136 − 125 84 

11 377 7 0.000135 − 136 145 

12 3230 63 0.000316 1030 30 

13a 143 7 0.000121 − 222 152 

13b 173 9 0.000099 − 363 223 

13c 213 11 0.000144 − 73 191 

14 135 3 0.000164 53 174 

16 2722 54 0.000232 491 53 

19a 214 4 0.000139 − 105 125 

19b 393 8 0.000158 15 144 

20 1310 26 0.000108 − 308 87 

21a 387 33 0.000122 − 219 112 

  21b 179 5 0.000131 − 161 159 

AP 007 2 2347 117 0.000149 − 45 45 

DOM 

18262 
1a 312 5 0.000052 − 663 443 

1c 249 4 0.000026 − 832 476 

1d 310 5 0.000035 − 775 443 

DOM 

18666 
4a 1215 20 0.000182 167 403 

7a 1289 21 0.000151 − 28 404 

8f 3966 66 0.000208 337 400 

9a 2167 36 0.000009 − 940 461 

9b 1884 31 0.000174 115 403 

11a 2348 39 0.000155 − 2 402 

EET 96008 2aa 149 1 0.000289 856 408 

2ba
 447 1 0.000209 341 416 

3 3754 1 0.000261 678 400 
a H isotopes and equivalent H2O have been corrected for a CRE age of 10 ± 1 Ma (Fernandes et al., 

2009). 
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Figure 5.1: δD vs equivalent H2O content of NWA 12593, AP 007, DOM 18262, DOM 18666 and 

EET 96008, compared to literature data on lunar apatites. 

Data Sources: Greenwood et al. (2011); Liu et al. (2012b); Tartèse et al. (2013a, 2014a, 2014b); 

Barnes et al. (2013, 2014, 2019); Pernet-Fisher et al. (2014); Boyce et al. (2015); Robinson et al. 

(2016b); Stephant et al. (2019a, 2020); Černok et al. (2020) 

 

 

 

A clustering of values between – 368 ‰ and + 105 ‰ can be seen in Figure 5.1. A similar 

range is observed in Apollo high-Al basalts (δD = ~ − 215 to + 430 ‰; Greenwood et al., 

2011; Pernet-Fisher et al., 2014; Stephant et al., 2020) and Apollo Mg-suite samples (δD = 

~ − 380 to + 18 ‰; Barnes et al., 2014) . These apatite grains in NWA 12593 also show 

similar H2O contents (135–1310 ppm) to apatite in high-Al basalts (~ 70–2410 ppm; 

Greenwood et al., 2011; Pernet-Fisher et al., 2014; Stephant et al., 2020). The heavier 

population in NWA 12593 (δD = + 292–1030 ‰) is similar to Apollo high-Ti basalts (δD = 

~ + 530–1100 ‰). The equivalent H2O abundances in these apatites (~ 770–4490 ppm) is 

similar to that observed in high-Ti basalts (~ 3–1730 ppm). The δD in AP 007 (−45 ± 45 ‰) 

is similar to the lighter population of NWA 12593, and sits in the range of Apollo basalts 

(δD = ~ − 600 – 1010 ‰; Greenwood et al., 2011; Liu et al., 2012b; Tartèse et al., 2013a; 

Barnes et al., 2013; 2019; Pernet-Fisher et al., 2014; Boyce et al., 2015; Stephant et al., 

2020), KREEP (δD = ~ − 750–930 ‰; Tartèse et al., 2014b; Robinson et al., 2016b; Černok 
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et al., 2020), and highlands apatite (δD = − 384–1234 ‰; Greenwood et al., 2011; Treiman 

et al., 2014; Barnes et al., 2014; Černok et al., 2020).  

5.2.2. Basaltic Brecciated Lunar Meteorites 

Twelve measurements were made on eight apatite grains in three basaltic brecciated 

samples: DOM 18262, DOM 18666, and EET 96008 (Figure 5.1 and Table 5.1). Although 

a pairing has been speculated for DOM 18262 and DOM 18666, their apatites display an 

order of magnitude difference in H2O contents. The range in H2O contents in DOM 18262 

is relatively restricted (~ 250–310 ppm), whereas DOM 18666 has higher H2O abundances 

and a larger range (~ 1210–3970 ppm). Water contents in EET 96008 (~ 150–3750 ppm) are 

closer to NWA 12593. δD values for DOM 18666 are highly variable (~ − 940–170 ‰), 

while DOM 18262 contains a much narrower range (~ − 830 to – 660 ‰). There are two 

isotopically distinct populations in the H data from DOM 18666: a lighter population (δD = 

~ − 940 ‰) and a heavier population (δD = ~ − 30–170 ‰). The lighter population is similar 

to the cluster of values recorded in DOM 18262, which in turn are similar to the lightest 

values recorded in Apollo QMD samples (δD = ~ − 750–930 ‰; Tartèse et al., 2014b; 

Robinson et al., 2016b; Černok et al., 2020). EET 96008 contains heavier δD values (~ + 

340–860 ‰).  

5.3. Discussion 

5.3.1. Hydrogen Isotope Variation and Abundance in brecciated lunar meteorites 

The samples studied here provide a diverse suite of material which expand the dataset for 

lunar H. NWA 12593 and AP 007 comprise a variety of highlands and basaltic material with 

associated apatite. Hydrogen isotope data was collected for the FAN-like apatite with high 

δ37Cl (the first time this has ever been done for an apatite from this suite), which could 

represent post-LMO plutons free of KREEP components. The alternative interpretation that 

these clasts represent FAN or FAN-like material provides the first H and Cl isotopes for the 

earliest lunar crust. Apatite associated with VLT clasts in EET 96008 broaden the VLT 
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apatite H-isotope dataset ( ~ − 100 to + 590 ‰), which mainly comprises apatite in Kalahari 

(Kal) 009 and MIL 05035 (Tartèse et al., 2013a). The paired DOM samples contain 

extremely low δD which is comparable to proto-solar nebula H and present solar wind δD 

values. The possible circumstances/processes that have given rise to these H signatures will 

be explored, and their effects assessed in subsequent sections.  

Consistency with basaltic samples 

A comparison of the range in δD and equivalent H2O abundance in Apollo samples, and 

basaltic and brecciated lunar meteorites is presented in Table 5.2.  

Table 5.2: Range in H2O abundances and δD observed in apatite in lunar samples to date 

Sample Type H2O (ppm) δD (‰) 

Apollo samples 3–6050 − 754 to + 1433 

Basaltic lunar meteorites 2044–7638 + 93 to + 574 

Brecciated lunar meteorites 260–9820 − 420 to + 1010 

 

5.3.2. Consistency with data for existing lunar material: assessment of 

contamination on H isotopes 

The range in δD observed in the hot and cold desert meteorites studied here ranges from ~ − 

940 to + 1030 ‰ (see Figure 5.1 and Table 5.1). This is similar to the majority of lunar 

material observed previously (see Table 5.2 and Figure 5.1). To confirm if these 

measurements are indigenous lunar signatures, several processes which could have modified 

the original isotope compositions of apatite must be accounted for. 

Terrestrial groundwater contamination – hot vs cold desert meteoritic water influences 

As many of the samples studied here are desert finds (both hot and cold), alteration of the H 

isotopic composition and abundance of the apatite grains in the samples studied must be 

addressed, given their possible prolonged residence times on Earth. EET 96008 is the only 

meteorite studied here with a known terrestrial age of ~ 80 Ka (Nishiizumi et al., 1999).  

The H isotope composition of central Saharan groundwater and meteoric water ranges from 

− 70 to + 20 ‰ (Saighi et al., 2001), from − 184 to − 65 ‰ for Antarctic groundwater, 
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meteoric water and snow (Kim et al., 2020), and of ~ – 300 ‰ for Antarctic water around 

the region in which many Antarctic meteorites have been recovered (see Masson-Delmotte 

et al., 2008; Tartèse et al., 2013a). These values (both hot and cold desert) are both similar 

to the δD in the majority of apatite grains within the studied samples. In the absence of other 

independent constraints, these analyses could arguably reflect cryptic alteration of the 

original H2O contents and D/H signatures of the apatites, due to interaction with terrestrial 

waters. In the case of Antarctic meteorites, the efficiency of H isotopic exchange between 

crystalline apatite grains and Antarctic water will have been significantly reduced by the 

cold surface temperatures (Tartèse et al., 2014a) — though the absorption of sunlight by the 

dark fusion crusts and resultant heating may have offset this.  

A number of independent observations show inconsistency with a terrestrial alteration origin 

for the observed D/H and H2O in the studied apatite. Firstly, apatite in all samples contains 

water with high δD along with the terrestrial δD values. As Tartèse et al. (2014a) note, there 

are no theoretical reasons for the alteration of some apatites grains within a rock by terrestrial 

groundwater, and lack of alteration of apatite grains located millimetres away, unless there 

is significant change in permeability between these (such as a crack). In the samples studied 

here, there is no significant change of permeability on such a small scale, and apatite close 

to and far from cracks appear to retain their lunar signature.  

 All apatite grains observed have H2O abundances exceeding 100 ppm, and so alteration due 

to terrestrial water interactions would be expected to variably change their δD. As can be 

seen in Figure 5.1 and Table 5.1, apatites which exhibit the highest H2O contents in NWA 

12593 have the highest δD, and vice versa. Interaction with terrestrial water in this hot desert 

environment would be expected to lower the H isotope composition. Tartèse et al. (2014a) 

note, adding 1200 ppm of Saharan water to apatite in NWA 4472 which contained low H2O 

(5200 ppm) and high δD (~ + 900 ‰) would be expected to decrease the H isotope 

composition by ~ 175 ‰ (a decrease of over 1000 ‰). As all of the apatite grains in this 
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study have lower H2O abundances than those in NWA 4472, the change made by terrestrial 

groundwater will be greater. The grains with the lowest H2O contents, however, show δD 

much lower than − 70 ‰. It should also be noted that isotopic exchange between the 

meteorites and terrestrial water may also change the δD values without addition of water, 

however, the presence of grains with δD lower than − 70 ‰ indicates little exchange. 

To test for alteration by Antarctic and Saharan water, two-component mixing trends were 

calculated and plotted for: (1) exchange between theoretical primary unaltered VLT 

compositions and Antarctic water in a δD vs H2O binary plot, and (2) exchange between 

theoretical primary unaltered high-Ti and low-Ti compositions and central Saharan 

rainwater (Figure 5.2). Unaltered VLT compositions have been calculated by taking the 

mean δD of VLT glasses and apatites from Apollo 15 samples (15426 and 15427; Saal et 

al., 2013). Unaltered low-Ti and high-Ti compositions have been calculated by taking the 

mean δD of low-Ti and high-Ti apatites from Apollo 11, 12, 15, and 17 samples (Greenwood 

et al., 2011; Tartèse et al., 2013a; Barnes et al., 2013; Boyce et al., 2015; Barnes et al., 2019; 

Stephant et al., 2020). Two values of δD of Antarctic water were tested; firstly a δD of – 300 

‰ for Antarctic water around the region in which many Antarctic meteorites have been 

recovered (see Masson-Delmotte et al., 2008; Tartèse et al., 2013a), and secondly a δD of ~ 

– 132 ‰ reported for Antarctic snow on King George Island (see Kim et al., 2020). An 

average of the δD reported for Saharan rainfall (~ − 10 ‰; Saighi et al., 2001) was tested.  

Figure 5.3 shows that the isotope composition of the apatite grains in Antarctic meteorites 

(DOM 18262, DOM 18666, and EET 96008) are inconsistent with mixing between unaltered 

heavy lunar VLT and low-Ti basalt compositions and light isotopic compositions of 

Antarctic ice and snow. Apatite in hot desert meteorites (AP 007 and NWA 12593) are also 

inconsistent with mixing between unaltered heavy hydrogen isotopic compositions of high-

Ti and low-Ti basalts and light compositions of central Saharan rainfall. It, therefore, can be 

concluded that the δD of these apatite grains have not been terrestrial altered.  
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Figure 5.2: δD vs equivalent H2O content of AP 007, DOM 18262, DOM 18666, EET 96008, and NWA 

12593. This data is compared to literature data on lunar apatite and mixing trends calculated for VLT 

compositions and Antarctic groundwater; and low-Ti and high-Ti basalts and central Saharan 

rainwater. Range in δD for terrestrial waters (− 500 to + 100 ‰) is after McKeegan and Leshin (2001). 

Data Sources: Masson-Delmotte et al. (2008); Greenwood et al. (2011); Liu et al. (2012b); Saal et al. 

(2013); Tartèse et al. (2013a, 2014a, 2014b); Barnes et al. (2013, 2014, 2019); Pernet-Fisher et al. 

(2014); Boyce et al. (2015); Robinson et al. (2016a); Stephant et al. (2019a, 2020); Kim et al. (2020); 

Černok et al. (2020) 
 

 

Solar Wind Implantation 

Measured H2O and H in lunar samples have historically been attributed in part to solar wind 

implantation of H to the exterior of regolith grains (Epstein and Taylor, 1973). The depth of 

implantation (100 nm; Chaussidon and Robert, 1999; Hashizume et al., 2000; 2004; Stephant 

and Robert, 2014) is too shallow for direct implantation into apatite grains. Solar wind 

contamination of apatites could only have occurred in cases of apatite growth from an impact 

melt which had inherited its solar wind H from the regolith. NWA 12593 is primarily 

comprised of impact melt, with 11 of the 18 apatite grains analysed being at least partially 

enclosed by the recrystallised impact-melt matrix (see Figure 3.23).  

These apatite grains in NWA 12593, however, lack characteristic textures of recrystallised 

or new apatites formed within impact melt rocks. As McGregor et al. (2020) note in their 
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observations of apatite from the Brent impact structure in Canada, apatite grains which have 

recrystallised from impact melt typically exhibit planar fractures, micro-vesicles, and 

recrystallised sub-rounded neoblasts of apatite. The micro-vesicles in Brent apatite display 

two distinct morphologies: (1) elongate vesicles which are orientated parallel to the host 

apatite c-axis, or (2) rounded/sub-rounded with either random distribution or as linear trails 

within the host apatite, showing some degree of curvature. Ap7, Ap10 and Ap22 are at least 

partially within the impact melt matrix of NWA 12593. These grains display trails of Fe-rich 

inclusions which appear to display triple junctions (Figure 5.3). These inclusions differ from 

the micro-vesicles of the Brent apatite, which are either Al-rich or significantly enriched in 

REEs (McGregor et al., 2020).  

 
Figure 5.3: BSE images of apatite grains in NWA 12593 which show Fe-rich inclusions 

 

Ap21 shows some breakdown textures on one or more of its boundaries with the surrounding 

impact melt (see Figure 3.23). This is interpreted to be as a result of a partial breakdown of 

apatite by impact melt, rather than complete recrystallisation. None of the remaining apatite 

grains enclosed in impact melt in NWA 12593 exhibit any features similar to the Brent 
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apatite. Their δD signatures, therefore, are unlikely to result from impact melt introduction 

of solar wind hydrogen but caution to be exercised in interpreting H data for such grains.  

5.3.3. Light hydrogen isotopes in apatite 

Apatite in DOM 18262 has extremely low δD values/signatures (~ − 830 to − 660 ‰). These 

are associated with relatively low H2O abundances (~ 250–310 ppm). The Ap1 grain also 

shows anomalously low Cl contents (~ 16–36 ppm) and high FeO (~ 41 wt. %) contents. 

Degassing was discussed as a cause for the low Cl abundance and observed δ37Cl (see 

Chapter 4 Section 4.2.5), however, to produce the observed δD through degassing would 

require the H isotope composition to be even lighter than observed.  

Solar Wind Interaction  

The H isotope composition of solar wind is extremely light (δD = − 988 ‰; Huss et al., 

2012). The brecciated nature of the Dominion Range samples and the presence of regolith 

material indicates a prolonged presence at the Moon’s surface. The penetration depth of solar 

wind into the lunar surface has been estimated to be ~ 1 µm (Robinson et al., 2016b), limiting 

the potential for direct implantation or interaction. Robinson et al. (2016b), using data from 

Cherniak (2010) and the interdiffusion coefficients for OH, F, and Cl, found that the total 

diffusion distance of H and other volatiles is only ~ 10−5 µm at 100 ℃ in 11 Ma. The lunar 

surface ambient temperature of 100 ℃ is too low for significant H diffusion into an apatite 

crystal (Brenan, 1993; Higashi et al., 2017).  

A possible avenue for introduction of this light solar wind H is through assimilation of 

regolith into the parental melt of a clast upon eruption. Consider the case of clast 1 from 

DOM 18262 and assume its evolution within a lava flow (Figure 5.4). This assumes an origin 

of this clast (Clast 1 of DOM 18262) in a lava flow. The regolith would mostly be mixed 

into the flow front of the erupting lava pile, and the solar wind signature would be introduced. 

As the regolith would have had solar wind implanted, and there would be some degassing 

expected in the eruption of the lava flow, the relative abundance of H in both bodies could 
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have made a difference to the extent of change associated with the mixing, and thus the 

degree to which the lava acquired the δD signature of the regolith. The petrography of these 

clasts is further examined to investigate this hypothesis.  

 
Figure 5.4: Schematic of regolith assimilation into lava flow at the lunar surface. Adapted from: Hui 

et al. (2011) 

 

Another mode of solar wind contamination is through impact melt diffusion. There is no 

surrounding impact melt in the fragmental matrices of DOM 18262 and DOM 18666 to have 

facilitated diffusion of solar wind into the QMD apatite grains. Additionally, any solar wind 

hydrogen would have had to rapidly diffuse through impact melt as it cooled and then diffuse 

through K feldspar (in the case of DOM 18262). The diffusion coefficient for H in feldspar 

is lower than in other nominally anhydrous minerals (Johnson and Rossman, 2013), limiting 

the influence of solar wind H on the indigenous apatite δD values. The H2O abundance of 

these apatite grains, while not entirely representative of their parental melt, also exceeds 100 

ppm, meaning that the influence of < 10 ppm H2O (by the calculations of Robinson et al., 

2016b) would be minimal.  

The incorporation of a solar wind component does not necessarily have to be a late-stage 

process on the lunar surface, as there may be an insufficient mechanism for complete 

ingassing of solar D/H throughout the mantle of Theia. A possible mechanism was examined 

by Sharp (2016) to account for the significant influence of chondrite δD values on the bulk 
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Earth hydrogen isotopic composition, involving the formation of a dense nebular atmosphere 

on the proto-Earth. It is unclear whether Theia will have had sufficient mass and been formed 

close enough to the Sun to permit the formation of this atmosphere. An alternative method 

is through hydrogen exchange between the lunar precursor material (dispersed within the 

debris ring surrounding proto-Earth) and solar wind, with the lunar precursor effectively 

undergoing ‘space weathering’ prior to accretion into the Moon. As there is likely to be some 

disparity in the extent of space weathering, this mechanism could create regions within the 

interior of the Moon with very low D/H values.  

Petrography of clasts in DOM 18262 and 18666 — Possible Quartz Monzodiorite 

Associations 

The clast with which this apatite is associated (DOM 18262 Clast 1) is texturally similar to 

other lunar quartz monzodiorites. The hydrogen isotopes of QMD material in Apollo breccia 

15403 (~ − 750 to − 600 ‰; see Robinson et al., 2016b) are similarly light to those observed 

in DOM 18262 (~ − 860 to – 660 ‰) and DOM 18666 (− 940 ‰). Robinson et al. (2016a) 

noted that Apollo 15 QMDs contained irreconcilable δD and δ37Cl values, and that these 

systems were possibly decoupled and derived from different sources within the Moon.   

Apatite has been found in QMD clasts in NWA 2996, associated with exsolved pyroxene 

(Mercer et al., 2013). There is no pyroxene in Clast 1 of DOM 18262, however, some 

pyroxene is present associated with the apatite in DOM 18666 which shows this light 

signature. The geochemistry of DOM 18262 Clast 1 indicates an affinity to QMDs. The clast 

is predominantly comprised of K-feldspar (Or97–99) , with apatite, plagioclase and merrillite 

laths distributed throughout with a common orientation (see Figure 5.5).  
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Figure 5.5: BSE image of Clast 1 in DOM 18262. Ap = apatite, k fspar = K-feldspar, merr = merrillite, 

pl = plagioclase 

K-feldspar and plagioclase feldspar in DOM 18262 are similar in chemistry to these phases 

in the Apollo QMD 15405 (Meyer et al., 1996; see Chapter 3 section 3.3.2, Figure 3.12). In 

order to test whether this clast is of QMD-type, a Student’s t-test was carried out (see 

Equation 3.1 for the statistical calculation of this test). The null hypothesis of this test is that 

there exists no difference between the means of literature data on the Or# of orthoclase 

feldspar in lunar QMDs (Taylor et al., 1980; Jolliff, 1991) and that of Clast 1 in DOM 18262. 

The results of this Student’s t-test are given in Table 5.3.  

Table 5.3: Results of two-sample Student’s t-test assuming unequal variances, on Or# of DOM 18262, 

compared to literature data on lunar QMDs (Taylor et al., 1980; Jolliff, 1991). 

 QMDliterature DOM 18262 

Mean (�̅�) 82.17 97.95 

Variance (𝑠2) 129.62 0.80 

Observations (𝑛) 3 2 

Degrees of freedom (df) 2 

t-test − 2.39 

P value 0.07 

 

The p-value (0.07) is greater than the alpha (significance) value of 0.05 selected for this test, 

and the t-value (− 2.39) is lower than the t-value from a t distribution table at a significance 
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level of 0.05 (i.e., 5 %; t = 4.303). The null hypothesis is, therefore, accepted and these two 

populations can be considered the same. This clast is, therefore, statistically the same as 

lunar QMDs in terms of the chemistry of orthoclase feldspar.  

As the apatite grain in DOM 18666 which exhibits a low δD (i.e., Ap9) is not associated 

with plagioclase or K-feldspar, the mafic phases should be compared to literature QMD data. 

Student’s t-tests were carried out to compare the ferrosillite (Fs#), enstatite (En#), and 

wollastonite (Wo#) numbers of pyroxene in Apollo QMD samples (15405 and 14161; see 

Jolliff, 1991; Fagan et al., 2014) with that associated with Clast 9 in DOM 18666. The null 

hypotheses of these tests are that there is no difference between the means of literature data 

on the Fs#, En#, and Wo# of pyroxene in lunar QMDs and that of Clast 9 in DOM 18666. 

To account for variation in either direction around the mean values, a two-tailed t-test is used 

throughout. The results of these t-tests are given in Table 5.4. 

The p-values for the Fs# (0.42), En# (0.32), and Wo# (0.47) all exceed the alpha value of 

0.05 selected for this test, and the t-values (Fs# = 0.19; En# = − 0.48; Wo# = 0.09) are less 

than the critical values given in t-distribution tables at 5 % significance (these critical values 

are given in Table 5.4). The null hypotheses can therefore be accepted, and this clast is of 

the QMD population. As both Clast 1 in DOM 18262 and Clast 9 of DOM 18666 are similar  

to Apollo QMDs, this further supports a pairing relationship of these samples, and the 

possibility that these clasts are derived from the same area on the lunar surface as Apollo 15 

QMDs.  

Interestingly, apatite in Clast 1 of DOM 18262 has low CeO2 abundances (~ 90–200 ppm), 

while the apatite grain in Clast 9 of DOM 18666 has higher, more restricted, yet overall, still 

relatively low CeO2 (~ 580–620 ppm). This is likely due to preferential uptake of REEs by 

simultaneous crystallisation of merrillite in the case DOM 18262 Clast 1. The common 

orientation of apatite, plagioclase, and merrillite intergrowths in DOM 18262 Clast 1 suggest 

penetration of melt along the cleavage plane of the host feldspar. This graphic intergrowth 
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could have originated by simultaneous crystallization of these phases from a silicate melt in 

the presence of a hydrous fluid phase. This texture is typical of magmatic intergrowths, 

indicating a magmatic origin for this apatite grain. Such contextual information is lacking 

for Clast 9 of DOM 18666; therefore, it is difficult to determine whether merrillite 

simultaneously precipitated from the parental magma.  

Table 5.4: Results of two-sample Student’s t-test assuming unequal variances, on Fs#, En#, and Wo# of 

DOM 18666, compared to literature data on lunar QMDs (Jolliff, 1991; Fagan et al., 2014). 

 QMDliterature DOM 18666 

Ferrosillite (Fs#)   

Mean (�̅�) 47.59 46.18 

Variance (𝑠2) 208.05 208.14 

Observations (𝑛) 9 7 

Degrees of freedom (df) 13 

T-test 0.19 

P value (two-tail) 0.85 

Critical t-value from t table 
 

2.16 

Enstatite (En#)   

Mean (�̅�) 28.6 30.58 

Variance (𝑠2) 40.83 87.58 

Observations (𝑛) 9 7 

Degrees of freedom (df) 10 

T-test − 0.48 

P value (two-tail) 0.64 

Critical t-value from t table 
 

2.228 

Wollastonite (Wo#)   

Mean (�̅�) 23.81 23.24 

Variance (𝑠2) 295.86 71.36 

Observations (𝑛) 9 7 

Degrees of freedom (df) 12 

T-test 0.09 

P value (two-tail) 0.93 

Critical t-value from t table 2.179 

 

Taking account of the textural and geochemical similarities to QMDs, the hydrogen isotopes 

and equivalent water abundances of these apatite grains would appear to be an indigenous 

lunar signature. This would extend the hydrogen isotope range of lunar QMDs and the whole 

Moon to a lower δD of ~ − 940 ‰. This is far lower than the terrestrial mantle δD value of 

~ 0 ‰, and most lunar values excluding those of the QMDs (Figure 5.1). There is little in 

the way of additional textural evidence (e.g., pyroxene exsolution) to indicate if Clast 1 of 

DOM 18262 is of extrusive or intrusive origin, and whether it underwent H fractionation due 
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to degassing. If the source of this clast did undergo degassing, however, the initial δD of the 

source would be even lighter (< − 830 ‰), as degassing elevates δD.  

Nebular hydrogen signal  

Desch and Robinson (2019) proposed that the low δD found in Apollo 15 QMDs was the 

result of inherited nebular hydrogen (δD = − 863 ‰; Geiss and Gloecker, 1998) introduced 

through ingassing into Theia and subsequent incorporation into lunar precursor material. 

This requires that Theia was: (1) a large enough planetary embryo to ingas H2 from the solar 

nebula into its magma ocean; (2) had an oxidized composition which promoted significant 

ingassing; and (3) was anhydrous, meaning that the solar nebular hydrogen was not diluted 

by chondritic water which is richer in D (Desch and Robinson, 2019). Desch and Robinson 

propose that Theia had a composition similar to that of the enstatite chondrites, which are 

anhydrous (Alexander, 2017; Piani et al., 2020) and extremely reduced (Watters and Prinz, 

1979; Fogel et al., 1989; Casanova et al., 1993; McKeown et al., 2014). Desch and Robinson 

(2019) also suggest that the giant impact, which involved the “merger” of similar-sized 

bodies, or a “hit-and-run” scenario (Canup, 2012), would models preclude effective isotopic 

mixing. This could be the reason why the hydrogen observed in QMD clasts in DOM 18262 

and DOM 18666 is isotopically light.   

5.3.4. Hydrogen isotopes of suspected FAN material 

Clast 1 of AP 007, which is considered to be similar to the FAN suite from the Apollo 

collection (see Chapter 3 section 3.2.5 and Chapter 4 section 4.2.2) was also examined for 

its H isotopic composition and H2O abundance. Hydrogen isotopes have previously only 

been reported on plagioclase in Apollo FAN material (sample 60015), giving a δD of ~ + 

340 ± 110 ‰ (Hui et al., 2017). The measured δD of AP 007 Ap2 (~ − 45 ± 45 ‰) is 

isotopically distinct from this literature value. Hui et al. (2017) also examined FAN sample 

15415, finding δD of + 280 ± 500 ‰. These authors noted, however, that this latter 

measurement was to be discounted on account of the large uncertainties. The measured δD 
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in AP 007 is within error of 15415, which could indicate that the reported δD on this Apollo 

sample is significant and represents a large range in hydrogen isotopes in this suite.  

Evolution of the LMO  

Assuming that the δD reported here for AP 007 represents an extreme in the range of isotopic 

composition of the FAN suite, this may represent earlier crystallisation of the LMO. Hui et 

al. (2017) proposed a primordial LMO δD of – 280 ‰, consistent with other isotopic systems 

(Dauphas et al., 2014), comparable to the isotopic composition of the Earth and proto-Earth’s 

mantle (Palme and O'Neill, 2007; Usui et al., 2012; Barnes et al., 2014; Hallis et al., 2015) 

and some CI, CO, and CM chondrites (Alexander et al., 2012). Hui et al. (2017) noted that 

~ 96 % degassing of molecular H2, or > 99.99 % degassing of H2O was required to raise the 

δD of LMO residual magmas to + 310 ‰ at the time of FAN crystallisation. The δD of the 

early LMO cumulates (Mg-suite norites; δD = ~ − 380 – 203 ‰) is significantly lighter, 

suggesting little degassing.  

To assess the extent of degassing required to produce a δD of − 45 ‰, simple degassing 

modelling was undertaken. Assuming Rayleigh fractionation volatile loss into a vacuum 

from the LMO, the change in D/H is calculated by Equation 4. 1 (see Chapter 4 section 

4.2.2). 

Where R and R0 represent the final and initial D/H ratios of H2 and H2O in the melt, f is the 

fraction of H2 or H2O remaining in the melt, and α is the fractionation factor (which is 

(2.016/3.022)1/2 for H2 and (18.0.15/19.021)1/2
 for H2O). Assuming an initial δD of – 280 ‰ 

for the LMO (which is consistent with the primordial Earth δD; Usui et al., 2012; Hallis et 

al., 2015; Hui et al., 2017), ~ 80 % degassing of H2 is required to produce a δD of – 45 ‰. 

In contrast, > 99.99 % loss of H2O is required to produce this δD (see Figure 5.6). Degassing 

of H2 from lunar basalts was proposed due to the low oxygen fugacity of the Moon (Tartèse 

and Anand, 2013; Sharp et al., 2013a; Saal et al., 2013). Hui et al. (2017) concluded that H2 
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degassing during LMO crystallisation controlled the H isotope composition of the residual 

melt, which is in agreement with the results from AP 007.  

 

Figure 5.6: Calculated δD in a parental melt for degassing assuming Rayleigh fractionation into a 

vacuum — for H2 (M1 = 2.016, M2 = 3.022, fractionation factor α = (2.016/3.022)1/2) and for H2O (M1 = 

18.015, M2 = 19.021, α = (18.015/19.021)1/2) following the procedure outlined in Sharp et al. (2013a), using 

initial LMO δD of – 280 ‰ (Hui et al., 2017). Shaded areas: Yellow indicates the δD range for ferroan 

anorthosite 60015 examined by Hui et al. (2017), grey indicates the δD range for the FAN clast in AP 

007. 

 

As noted by Nemchin et al. (2009), the formation of the anorthositic crust represented by 

FAN followed solidification of 80–85 % of the LMO. While no data exists on the rate of 

degassing of H2, it would be likely that at least 80 % degassing would have occurred prior 

to solidification of the earliest FAN material. AP 007 may, therefore, represent the some of 

the earliest anorthositic crust. The discrepancy in the δD of apatite in AP 007 and plagioclase 

of 60015 (~ 355 ‰) can be accounted for by a further 15–20 % degassing of H2 in the LMO 

residue (see Hui et al., 2017 and Figure 5.6).  
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Desch and Robinson (2019; 2020) modelled the behaviour of H in the origin of the Moon. 

These authors proposed the impactor Theia had a δD value of ~ − 740 to − 130 ‰ prior to 

the Giant Impact, as a result of nebular in-gassing introducing a solar nebular δD of – 863 

‰ (Geiss and Gloecker, 1998). This is thought to be the source of nebular H present in the 

lunar reservoir sampled by the QMDs  (see section 5.3.3 and Desch and Robinson, 2019; 

2020). Following the giant impact, the bulk lunar mantle would have had a δD value of – 70 

‰ (Desch and Robinson, 2019; 2020). This is significantly different to the initial δD value 

of the LMO as proposed by Hui et al. (2017), and as such modelling of the degassing of the 

LMO based on an initial δD of – 70 ‰ was conducted. This is at odds with the light δD 

values observed in QMDs, Mg-suite samples, and some lunar basalts. This may reflect a 

variable amount of solar wind interaction with lunar precursor materials prior to 

amalgamation of the Moon, with lighter signatures being introduced to some parts of the 

protolunar disk which experienced greater solar wind interaction/implantation. 

 

Assuming an initial δD of – 70 ‰, ~ 13 % degassing of H2 is required to produce a δD of – 

45 ‰ (see Figure 5.7). In contrast, ~ 63 % degassing of H2O is required to produce this H 

isotopic composition (δD = − 45 ‰). As noted earlier, however, degassing of H2 is more 

suitable in the lunar case due to a low oxygen fugacity (Sharp et al., 2013a; Saal et al., 2013; 

Barnes et al., 2014). This scenario also supports an early formation of AP 007 at the 

beginning of solidification of the lunar crust.  
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Figure 5.7: Calculated δD in a parental melt for degassing assuming Rayleigh fractionation into a 

vacuum following the procedure outlined in Sharp et al. (2013a), and using initial LMO δD of – 70 ‰ 

(Desch and Robinson, 2020). Shaded areas: Yellow indicates the δD range for ferroan anorthosite 

60015 examined by Hui et al. (2017), grey indicates the δD range for the FAN clast in AP 007. 

 

These results indicate that AP 007 could represent early FAN material, solidified from an 

LMO which had undergone some degree of H2 loss via degassing. The extent of degassing 

is lower than has been estimated for other FAN samples, indicating formation earlier in the 

evolution of the LMO.  

Mixing with an exogenous source 

As plagioclase crystallizes from a magma before apatite according to the Bowen’s reaction 

series, earlier formation of apatite in AP 007 than 60015 from the LMO is improbable. In 

order to change the δD value of the LMO from ~ + 340 ‰ at the time of plagioclase 

formation to – 45 ‰ at the time of apatite formation, one possible option is mixing with an 

exogenous source.  
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As discussed by Desch and Robinson (2019, 2020), direct ingassing of nebular H into the 

LMO is improbable given the lifetime of the solar nebula is thought to have been < 10 Ma 

after CAIs, whereas the LMO occurred ~ 60 Ma after CAIs (Desch et al., 2018). Enstatite 

chondrites, which represent some of the most reduced material in the solar system, could be 

a viable candidate for exogenous input into the LMO. Hydrogen isotope and abundance data 

for enstatite chondrites is very limited. Robert et al. (1987) propose δD values of ~ − 130 ‰, 

whereas Javoy (1997), citing Yang and Epstein (1983), propose δD values of between − 600 

and – 320 ‰, with an average of – 460 ‰. Assuming that the LMO had a δD value of + 340 

‰ at the time of FAN formation (Hui et al., 2017), mixing models have been calculated (see 

Figure 5.8).  

 
Figure 5.8: Mixing models of enstatite chondrites and LMO with δD of ± 340 ‰. Data sources: Yang 

and Epstein (1983); Robert et al. (1987); Javoy (1997); Hui et al. (2017). 

 

According to these mixing models, in order to produce a magma with δD of – 45 ‰ from an 

initial composition at the beginning of FAN solidification of + 340 ‰, ~ 48 % mixing of an 

enstatite chondrite reservoir with δD of – 460 ‰ (Yang and Epstein, 1983; Javoy, 1997) is 
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required. If mixing with an enstatite chondrite reservoir δD of – 130 ‰ (Robert et al., 1987), 

~ 82 % mixing is required. This assumes no further degassing of H2 between plagioclase and 

apatite solidification. Although further work would be required on the overall chemical 

composition of Clast 1 of AP 007 in order to establish the possibility of the addition of 

enstatite chondrite material, at levels of more than 50 % this would be expected to 

significantly change the HSE and trace element composition of the LMO, which seems 

implausible. 

In order to confirm that the H isotopes in AP 007 represent mixing of enstatite chondrites 

with the LMO, Cl isotopes should also be examined. As is the case with H isotope and 

abundance data, Cl isotope and abundance data for FAN material is lacking. Gargano et al. 

(2020) reported δ37Cl of structurally-bound chlorine in Apollo FAN samples (60015 and 

60025), with a range of + 10.5–30.2 ‰ (average δ37Cl = + 20.35 ‰). Sharp et al. (2013b) 

reported δ37Cl of structurally-bound Cl in enstatite chondrites, with a range of ~ – 2.1 to + 

0.9 ‰ (average δ37Cl = − 0.104). The amount of Cl inherited from enstatite chondrites 

required to elevate the δ37Cl value from ~ 0 to the values presented here, as well as the 

enriched δ37Cl values of 60015 and 60025 is modelled. 82 % mixing of the enstatite 

chondrite reservoir with the FAN reservoir at the time of formation of 60015 and 60025 

produces a δ37Cl of ~ − 40 ‰, whereas ~ 48 % mixing produces a δ37Cl of ~ − 43 ‰. This 

indicates that this signal cannot be attributed to magma mixing of enstatite chondrites with 

an LMO with a δD of – 130 ‰ or + 340 ‰.  

5.3.5. Hydrogen isotopes of EET 96008 compared to existing VLT and low-Ti 

samples 

As noted in Section 3.6.2., the bulk rock major, trace, and REE element abundances of EET 

96008 are similar to very low-Ti basalts (Anand et al., 2003). The apatite-bearing clasts in 

EET 96008 studied here are of VLT (Clast 2) and low-Ti (Clast 1) compositions (Figure 

3.8). Tartèse et al. (2013a) examined the H isotopes of apatite in VLT basaltic meteorite MIL 
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05035 which exhibited enriched δD (+ 93–574 ‰) and high H2O abundances (~ 2040–7530 

ppm). Saal et al. (2013) studied Apollo 15 VLT glasses, which exhibited a greater range in 

δD (~ − 730–4045 ‰) and lower H2O (~ 3–33 ppm).  

As can be seen in Figure 3.8, Clast 3 of EET 96008 plots within the VLT compositional field 

as defined by Nielsen and Drake (1978) and Arai et al. (1996). Clasts 1 and 2 of EET 96008 

also plot within the VLT field, though some of their mafic silicate compositions are similar 

to those of the low-Ti basalts. Assuming all of these represent VLT material, the δD range 

measured on apatite grains in these clasts is ~ + 340–860 ‰. The H2O range is similarly 

variable (~ 150–3750 ppm). The δD value of Ap3 (associated with Clast 3; δD = ~ + 680 

‰) is similar to that reported in MIL 05035. The range of δD values of Ap2 (associated with 

Clast 2; δD = + 340–860 ‰) is also similar to that reported in MIL 05035, however, both of 

these apatite grains have marginally more enriched H isotopes which are more similar to the 

heavier isotopic compositions of Apollo 15 VLT glasses (~ − 730–4045 ‰; Saal et al., 2013).  

Degassing 

Assuming an initial δD of – 440 ‰ (based on average composition measured on VLT 

glasses; see Saal et al., 2013), > 99 % degassing of H2 is required to produce a δD of + 340 

‰. Degassing of H2O from an initial δD of – 440 ‰ does not reach + 340 ‰ (see Figure 

5.9). To produce a δD observed in the other apatite grains in EET 96008 (up to ~ + 680 ‰; 

see Table 5.1) requires further degassing.  

As with other mare basalts, VLT basalts are thought to have originated through partial 

melting of the lunar interior (Taylor et al., 1978). VLT magmatism is thought to have 

occurred as early as 4.35 Ga, shortly after initial lunar crust formation and concurrent with 

KREEP magmatism and secondary crust formation (Terada et al., 2007a). The 238U/206Pb 

age of phosphates in EET 96008 of ~ 3.57 Ga indicates VLT magmatism persisted through 

the Moon’s evolution (Anand et al., 2003).  



162 

 

 
Figure 5.9: Degassing trends from initial LMO δD values of – 70 ‰ (Desch and Robinson, 2019), – 280 ‰ (Hui et al., 2017), and 

+ 340 ‰ (Hui et al., 2017). Shaded areas are the δD range measured on EET 96008. 
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The similarity of the δD of Ap2 in EET 96008 to the H isotopic composition of the LMO at 

the time of lunar crust formation indicates that no further mixing/fractionation occurred prior 

to the eruption of this magma at the Moon’s surface. The δD found in VLT material in 

Kalahari 009 (~ − 95–450 ‰), however, shows significant variation. The age of this basalt 

is ~ 4.35 Ga (Terada et al., 2007a) — which could indicate that the variation observed is as 

a result of local processes. It can be assumed that Kal 009 and EET 96008 sample different 

VLT basalt flows, which can account for the observed variation.  

5.3.6. Moderately fractionated hydrogen isotopes in NWA 12593 

There is a large range in H isotopes measured in NWA 12593, with δD ranging from ~ − 

370 to + 1030 ‰, and H2O ranging from ~ 135–4490 ppm (see Figure 5.1 and Table 5.1). 

As discussed in Sections 4.2.3. and 4.2.7., there is variation in the lithologies with which 

some apatite grains are associated, and some apatite grains are not accompanying any lithic 

material. With no geological context the fractionation observed in these apatite grains are 

difficult to reconstruct, however, an examination of the range of values observed is required.  

Apatite grains associated with lithic clasts 

Eight apatite grains in NWA 12593 are associated with highlands- and basaltic-type lithic 

clasts. The basaltic-type clasts appear to be of high-Ti and low-Ti origin (see Figure 3.16 

and Chapter 3 section 3.4.2). The range in δD observed in these apatite grains (~ − 378 to + 

15 ‰) is lighter than has been observed in high-Ti basalt apatites (δD = ~ + 530–1100 ‰; 

Greenwood et al., 2011; Tartèse et al., 2013a; Barnes et al., 2013; Boyce et al., 2015; 

Treiman et al., 2016) and glasses (δD = ~ + 40–810 ‰; Hauri et al., 2011; 2015; Saal et al., 

2013; Füri et al., 2014). High-Ti basalt pyroxene-hosted melt inclusions are observed to have 

δD values down to – 912 ‰ (Stephant et al., 2020), indicating that high-Ti material at one 

point had low δD ratios. The H isotopes measured in high-Ti material in NWA 12593 may, 

therefore, reflect an early, less fractionated composition. Integration of KREEP material 

cannot be discounted. KREEP apatite grains contain δD values of – 754 to + 934 ‰ (Tartèse 
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et al., 2014b; Robinson et al., 2016b; Hui et al., 2017; Černok et al., 2020). Fractionated Cl 

isotopes indicate that some KREEP contamination may have affected the parental magma of 

this high-Ti material, and this contamination may have introduced low δD.  

Low-Ti material in NWA 12593 shows similar δD values (− 105 to + 15 ‰) to literature (~ 

− 600 to + 1440 ‰; Greenwood et al., 2011; Tartèse et al., 2013a; Barnes et al., 2013; 2019; 

Pernet-Fisher et al., 2014; Boyce et al., 2015; Treiman et al., 2016; Singer et al., 2017; 

Stephant et al., 2020). As Stephant et al. (2020) noted, it is likely that the low-Ti basalts and 

their parental magmas were subject to multiple magmatic and secondary processes which 

altered their indigenous δD and H2O contents, including crystallisation, solar wind mixing 

with indigenous lunar water reservoirs, sub-solidus reduction, and metasomatism. These 

authors proposed that the original δD of the parental melts and source reservoirs ranged from 

– 200 to + 200 ‰ (Stephant et al., 2020). This could indicate that the H signature preserved 

in NWA 12593 low-Ti clasts reflects an indigenous low-Ti composition, and by extension, 

the Cl isotope signature of these clasts may be indigenous.  

Apatite grains associated with highlands-type clasts are shown in Chapter 3 section 3.2.5  

(Figure 3.5). Most of these clasts show compositional similarity to Apollo highlands material 

— with Clasts 6 and 8 being extremely Ca-rich (An98.9 – 99.9), and Clasts 2 and 14 having less 

Ca (An93.2 – 93.3). Clast 2 is compositionally similar to the Mg-suite, while Clast 14 appears 

to be similar to gabbronorites (Figure 3.4). Clasts 6 and 8 show variable Mg contents, 

however, they are within two standard deviations of the FAN suite, which could indicate 

they are of a FAN or FAN-like origin. As discussed in Chapter 4 section 4.2.2, Clast 6 is not 

statistically related to the FAN suite. This could indicate that these samples represent a new 

Ca-rich lithology or derivative of existing material. As the δD values of these apatite grains 

are lower than expected at the timing of FAN crystallisation (δD = + 340 ‰), this could 

indicate that further processes decreased the δD of the lunar interior following the 
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crystallisation of the primitive lunar crust, or possibly that the heavy δD measured in Apollo 

FAN material represent more degassing.  

The δD of Ap2 (~ + 370–700 ‰) is similar to Apollo Mg-suite apatites (δD = ~ − 420 to + 

640 ‰; Barnes et al., 2014; Robinson et al., 2016b). As noted by Barnes et al. (2014), the 

plutonic nature of Mg-suite samples implies crystallisation at depth in the lunar crust 

(Jackson et al., 1975), and resultant lack of volatile loss via degassing. These authors 

interpreted the δD of Mg-suite samples as being indigenous lunar values (Barnes et al., 

2014). The highly fractionated H isotopes in Ap2 perhaps also reflect true indigenous 

signatures, and support that the lunar interior is heterogeneous in its H isotopic composition.  

Apatite grains lacking geological context 

The remainder of apatite grains in NWA 12593 have no lithic associations. The δD of these 

grains ranges from ~ − 360 to + 1030 ‰, and H2O ranges from ~ 140–3230 ppm. The lower 

δD (~ − 360 to − 70 ‰) is observed in  six apatite grains. Examining the context for these 

apatite grains in NWA 12593, it should be noted that three grains: Ap7, Ap10, and Ap11 

exhibit Fe-rich inclusions/veinlets (see Figure 3.23), while four grains (Ap5, 10, 11, 15, and 

21) are surrounded by impact melt. In addition to the light H isotopes observed in Ap10 and 

Ap11, this texture is observed in Ap7 which has a heavier signature (δD = ~ + 350–590 ‰). 

Assuming these inclusions were deposited by a single aqueous fluid (as is the case with 

eucrites and howardites) it would be expected that this interaction would alter the isotopic 

composition of the apatite grains to the same extent, and they would, therefore, have the 

same isotopic composition. As this is not the case (and there is considerable variation in H 

isotopes) it is improbable these apatite grains are derived from aqueous fluids. 

Such a light hydrogen isotope signature of the grains with inclusions could be related to the 

presence of these apatite grains in impact melt. The impact melt groundmass of NWA 12593 

is dominated by vesicles which are indicative of lunar regolith. The formation process of 

NWA 12593 is thought to have involved at least one impact event which melted the lunar 
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regolith, which recrystallized to exhibit an impact melt texture. The lunar regolith is exposed 

to continuous implantation of solar wind (although variable with depth), and it is therefore 

thought to carry a light H isotopic signature. The effects of impact melt interaction with 

apatite grains on H isotopes is poorly constrained. Depending on the H2O contents of the 

apatite grains, however, solar wind may have had a significant effect on decreasing their δD. 

This does not, however, explain the heavy hydrogen isotopic composition observed by 

apatite grains also surrounded by impact melt (Ap12 and Ap16). A scenario in which these 

apatites had even heavier δD prior to interaction with impact melt, or in which the interaction 

of these apatites with the impact melt was lower should be considered. 

5.3.7. Moderately fractionated hydrogen isotopes in DOM 18666 

A significant proportion of apatite in DOM 18666 show H isotopes within the range of 

Apollo and meteorite lunar samples (see Figure 5.1). All of the apatite grains in DOM 18666 

are associated with lithic clasts of mainly basaltic origins. As can be seen in Figure 3.16, the 

Fe# vs Ti# of pyroxene in these basaltic clasts indicate DOM 18666 is primarily composed 

of low-Ti basalts. The δD in these apatite grains (~ − 30–340 ‰) is within the range of low-

Ti apatite grains in Apollo samples (δD = ~ − 600–1440 ‰) .  

As these clasts are basalts, it is likely that they have undergone degassing upon eruption. 

Assuming a lunar mantle value of – 280 ‰ (Hui et al., 2017), to produce the δD observed in 

these apatite grains requires ~ 81–97 % degassing of H2 (see Figure 5.10). Assuming a lunar 

mantle value of – 70 ‰ (Desch and Robinson, 2019), to produce the δD observed in these 

apatite grains requires ~ 21–86 % degassing of H2 (see Figure 5.10).  
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Figure 5.10: Degassing trends from initial LMO δD values of – 70 ‰ (Desch and Robinson, 2019) and 

– 280 ‰ (Hui et al., 2017). Shaded areas are the δD range measured on DOM 18666. 
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6. U-Pb Systematics of brecciated lunar meteorites 

Presented in this chapter is a dataset for U-Pb and Pb-Pb isotopes of apatite, merrillite, 

pyroxene, olivine, and plagioclase in a set of fragmental, basaltic, and regolith breccias.  

6.1. Results — U-Pb systems of apatite and merrillite in brecciated 

lunar meteorites 

A total of 33 measurements of U-Pb and Pb-Pb isotopes on 24 apatite grains and seven 

merrillite grains in four samples were collected. The measurements on apatite grains were 

collected over the existing NanoSIMS pits on the same samples as used for H and Cl work 

(although using a different instrument for Pb work), hence these results can be spatially 

linked with the Cl and H isotope data. This is less than the number of Cl and H analyses (see 

Chapters 4 and 5), because there was less space remaining after prior sputtering during 

NanoSIMS analyses for SIMS pits to be sputtered within apatite grains (i.e., a number of the 

apatite grains were too small for Cl, H, and Pb isotope data to be collected on the same spot). 

The age data are presented in Table 6.1 and Figure 6.1.  

6.2. Fragmental Brecciated Lunar Meteorites  

Twenty measurements on 15 apatite and four merrillite grains in NWA 12593 and AP 007 

were acquired (see Table 6.1 and Figure 6.1). Crystallization (207Pb/206Pb) ages in NWA 

12593 were determined on a clast-by-clast basis to account for the diversity of rock types 

sampled in this breccia. Basaltic clasts have ages between 4118 ± 18 and 4155 ± 96 Ma, 

whereas highlands clasts have a wider age range of 3720 ± 37 to 4308 ± 17 Ma. Isolated 

apatite grains NWA 12593 span a 207Pb/206Pb age range of 3882 ± 15 to 4506 ± 63 Ma. 

Merrillite grains associated with basaltic clasts give ages of ~ 3982 ± 96 Ma, whereas 

isolated grains in the matrix record ages of ~ 3519 ± 29 Ma. Apatite associated with 

recrystallised impact melt has an age of ~ 3866 ± 20 Ma.  
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Table 6.1: SIMS U-Pb data for phosphate grains in brecciated lunar meteorites 

Sample ID Analysed 

phase 

# 204Pb/206Pb ± 2 se  207Pb/206Pb ± 2 se  207Pb/235U ± 2σ  206Pb/238U ± 2σ 

(%) 

207Pb/206Pb age 

(Ma) 

± 2σ (Ma) Discordance (%) 

NWA 

12593 

Apatite 1 0.003 26 0.885 1.898 543.007 34 4.436 33.792 n.d. n.d. n. d.  

 2 0.000 38 0.525 1.182 73.205 13 1.015 12.684 4308 18 7 

 4 0.001 100 0.480 5.969 42.588 20 0.655 18.631 4156 96 − 28 

 5 0.000 115 0.393 1.000 44.053 5 0.813 5.243 3882 15 − 2 

 6 0.004 30 0.502 3.073 38.112 11 0.578 10.143 4174 56 − 37 

 7 0.000 200 0.535 2.924 68.841 13 0.934 12.848 4339 43 − 3 

 8 0.001 47 0.358 2.248 31.990 9 0.657 8.981 3720 37 − 16 

 10 0.001 100 0.551 3.818 51.564 13 0.682 12.035 4376 57 − 30 

 11 0.003 35 0.762 3.153 n.d. n.d. 0.995 14.331 n.d. n.d. n. d.  

 15 0.000 100 0.409 1.194 45.343 7 0.806 6.594 3940 18 − 4 

 19 0.000 141 0.460 1.185 54.676 5 0.862 5.120 4118 18 − 4 

 21 0.000 45 0.474 0.979 52.554 6 0.806 6.255 4160 15 − 11 

 22 0.000 141 0.601 4.258 59.321 16 0.718 15.179 4506 63 − 29 

Merrillite 2 0.003 39 0.570 3.319 22.185 14 0.289 12.984 4397 54 − 70 

 3 0.000 38 0.391 1.292 40.214 12 0.750 11.975 3866 20 − 9 

 4 0.000 58 0.312 1.772 28.630 16 0.671 16.053 3519 29 − 8 

 5a 0.002 49 0.863 2.961 405.674 36 3.405 35.538 n.d. n.d. n. d.  

 5b 0.042 4 0.889 1.024 n.d. n.d. 3.775 37.467 n.d. n.d. n. d.  

 8 0.005 34 0.460 4.321 2.965 14 0.051 12.041 3982 96 − 94 

AP 007 Apatite 2 0.006 16 0.636 1.890 17.416 18 0.206 17.732 4540 33 − 80 

DOM 

18262 

Apatite 1 0.000 76 0.393 1.326 50.619 7 0.935 6.829 3881 20 13 

 2 0.000 141 0.392 1.894 48.243 8 0.894 7.535 3876 29 9 

Merrillite 1 0.000 67 0.401 2.680 37.952 13 0.692 12.328 3900 42 − 17 

DOM 

18666 

Apatite 1 0.000 100 0.392 2.140 50.455 8 0.936 8.177 3875 33 14 

 3 0.000 115 0.390 3.753 16.139 15 0.302 14.877 3860 59 − 63 
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Table 6.1: SIMS U-Pb data for Ca-phosphates grains in brecciated lunar meteorites 

Sample ID Analysed 

phase 

# 204Pb/206Pb ± 2 se 

(%) 

207Pb/206Pb ± 2 se 

(%) 

207Pb/235U ± 2σ 

(%) 

206Pb/238U ± 2σ 

(%) 

207Pb/206Pb age 

(Ma) 

± 2σ (Ma) Discordance (%) 

DOM 

18666 

 

 4 0.000 39 0.416 1.578 29.463 10 0.518 9.419 3955 25 − 39 

 5a 0.001 38 0.418 2.418 36.148 24 0.642 23.918 3939 41 − 24 

 5b 0.000 67 0.395 1.912 114.373 13 2.109 12.372 3884 30 155 

 8 0.000 67 0.394 1.185 61.830 6 1.141 5.822 3883 18 38 

 9 0.000 200 0.399 2.821 44.029 10 0.801 9.729 3904 43 − 4 

 10 0.000 115 0.401 2.564 39.871 10 0.723 9.285 3909 40 − 13 

 11a 0.001 21 0.412 1.046 41.918 4 0.749 4.190 3931 17 − 11 

 11b 0.000 63 0.391 0.689 56.694 8 1.052 7.660 3874 10 28 

 12 0.000 43 0.392 0.717 55.596 5 1.030 4.905 3877 11 25 

Merrillite 1 0.001 32 0.406 1.561 75.245 8 1.364 8.283 3910 25 64 
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Apatite in Clast 1 of AP 007 has a 207Pb/206Pb crystallization age of 4540 ± 34 Ma. As there 

was only a single apatite grain in this clast, further measurement of plagioclase and pyroxene 

grains was carried out (Table 6.2). This is within error of age estimates on Apollo FAN suite 

cumulate samples, including 67016 (Sm-Nd age of 4573 ± 160 Ma; Alibert et al., 1994) and 

67215 (Sm-Nd age of 4408 ± 130 Ma; Norman et al., 2003). The results on AP 007 

plagioclase and pyroxene show a mix of ages of terrestrial, initial lunar, and radiogenic Pb,  

and, therefore, does not provide definitive results to support or disprove the apatite 

207Pb/206Pb results.  

6.3. Basaltic Brecciated Lunar Meteorites 

A total of 15 measurements on 11 apatite and two merrillite grains in DOM 18262 and DOM 

18666 were acquired (see Table 6.1 and Figure 6.1). Data were not acquired on EET 96008, 

as this sample has been previously age dated, yielding 207Pb/206Pb isochron ages of 3530 ± 

270 Ma for apatite and 3519 ± 100 Ma for whitlockite (Anand et al., 2003). Apatite grains 

associated with basaltic clasts in DOM 18262 yields an age of 3876 ± 29 Ma. Apatite and 

merrillite associated with a QMD clast (see Chapter 5 Section 5.3.3) yield ages of 3881 ± 20 

to 3900 ± 42 Ma.  

Basaltic clasts in DOM 18666 yield ages of 3860 ± 59 to 3955 ± 25 Ma on apatite. Co-

existing merrillite in Clast 7 (with apatite recording an age of 3884 ± 30 to 3939 ± 41 Ma) 

has an age of 3910 ± 25 Ma.  

6.4. Discussion 

6.4.1. Pb-Pb ages of brecciated lunar meteorites 

The diversity of ages recorded in the samples studied here, combined with the mineral 

chemistry and stable isotope compositions of H and Cl, provide snapshots of the Moon 

across its geological history. Owing to the brecciated nature of these samples, the individual 

ages of clasts must be scrutinised to examine their geological histories. AP 007 is the first 

apatite grain reported in FAN-type material, while NWA 12593 contains multiple clast types 
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and, therefore, a mixed history of crystallization ages and impact events. DOM 18262 and 

18666 are thought to be paired with each other and with the lunar meteorite MET 01210 — 

thus possibly linking them to the YAMM group (see Chapter 3 Section 3.4.2). Detailed 

analysis of the U-Pb and Pb-Pb ages of apatite in basaltic clasts of these samples will be 

important to examine this pairing relationship, and the history of the parental material.  

6.5. Comparison with existing radiometric data on lunar samples 

 
Figure 6.1: Comparison of age data for AP 007, DOM 18262, DOM 18666, NWA 12593, and literature 

data on a variety of rock suites. Literature data source(s): Lunar Meteorites: Misawa et al. (1993); 

Torigoye-Kita et al. (1995); Shih et al. (2002); Fernandes et al. (2003, 2009); Anand et al. (2003, 2006); 

Gnos et al. (2004); Nyquist et al. (2005, 2007, 2009); Rankenburg et al. (2007); Burgess et al. (2007); 

Sokol et al. (2008); Jambon and Devidal (2009); Borg et al. (2009); Haloda et al. (2009); Zhang et al. 

(2010, 2011); Arai et al. (2010b); Joy et al. (2011); Wang et al. (2012b); Liu et al. (2012a); Demidova 

et al. (2014); Elardo et al. (2014); Shaulis et al. (2016, 2017); Snape et al. (2018); Merle et al. (2020); 

Mg Suite: York et al. (1972); Stettler et al. (1974); Huneke and Wasserburg (1975); Husain and 

Schaeffer (1975); Papanastassiou and Wasserburg (1975; 1976); Turner and Cadogan (1975); 

Compston et al. (1975); Hinthorne et al. (1975); Bogard et al. (1975); Leich et al. (1975); Lugmair et 

al. (1976); Nakamura et al. (1976); Jessberger et al. (1977); Oberli et al. (1979); Carlson and Lugmair 

(1981a; 1981b); Nyquist et al. (1981a); Meyer et al. (1989); Premo and Tatsumoto (1991); Shih et al. 

(1993); Basalts: Turner (1970); (Papanastassiou et al., 1970; 1971); Albee et al. (1970); Davis et al. 

(1971); Murthy et al. (1971); Compston et al. (1971; 1972); York et al. (1972); (Nyquist et al., 1975; 

1977; 1979; 1981); Carlson and Lugmair (1979); Guggisberg et al. (1979); Tartèse et al. (2013b); 

QMDs: Compston et al. (1984a); Meyer et al. (1996); FAN Suite; Turner et al. (1973); Stettler et al. 

(1973); Schaeffer and Husain (1974); Nyquist et al. (1976; 2006; 2010); Dominik and Jessberger 

(1978); Huneke and Wasserburg (1979); Hanan and Tilton (1987); Carlson and Lugmair (1988); 

Meyer et al. (1989); Alibert et al. (1994); Borg et al. (1999; 2011); Norman et al. (2003); Yamaguchi 

et al. (2010); Granites: Lunatic Asylum (1970); Turner (1971); York et al. (1972); Compston et al. 

(1977; 1984b); Jessberger et al. (1977); Staudacher et al. (1979); Shih et al. (1985); Meyer et al. (1986; 

1989); Chang'e-5 basalts: Che et al. (2021).  
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6.6. Age of anorthosite clast in AP 007 

As discussed in Chapters 3, 4, and 5, an apatite-bearing anorthositic clast in AP may be part 

of the ferroan anorthosite suite. Its texture and geochemistry are visibly and statistically 

similar to FAN material, while its Cl and H isotopes vary from previous work on bulk Cl 

and NAM H in this rock suite. Ages obtained for this suite range from 3450 ± 50 to 4562 ± 

68 Ma (e.g., Schaeffer and Husain, 1974; Alibert et al., 1994) using dating methods including 

Ar-Ar and Rb-Sr isotopes. Ages obtained using U-Pb and Pb-Pb age dating range from 4100 

± 110 to 4510 ± 10 Ma (e.g., Hanan and Tilton, 1987; Premo and Tatsumoto, 1994). The 

oldest of these is similar to the age measured on AP 007 (4540 ± 17 Ma; see Figure 6.1) 

which is similar to 147Sm-143Nd ages on Apollo 16 ferroan anorthosites (4470 ± 70 to 4562 

± 68 Ma; Alibert et al., 1994; Nyquist et al., 2010).  

As this data was collected on a single apatite grain in AP 007, further age data was required 

to assess its reliability. Another apatite grain was too small for Pb-Pb analysis, and it is, 

therefore, not possible to assess which grain is older. 207Pb, 206Pb, and 204Pb data was 

collected on pyroxene, plagioclase, and olivine in this anorthosite clast, and this data was 

corrected for a terrestrial Pb component according to Stacey and Kramers (1975). This data 

is presented in Table 6.2. Plotting a 207Pb/206Pb isochron using this data proved inconclusive, 

likely due to a large proportion of the signatures reflecting a mix of: (1) initial Pb 

incorporated into this material at the time of crystallisation; (2) radiogenic Pb produced by 

in situ decay of U; (3) a terrestrial Pb contaminant. The age of 4540 ± 17 Ma was calculated 

by anchoring the isochron to the terrestrial common Pb composition of Stacey and Kramers 

(1975). 

A primary isochron for the sample was defined by the points with the lowest 204Pb/206Pb 

ratios, which form the steepest trend on the 204Pb/206Pb vs 207Pb/206Pb plot. Points which 

plotted to the right of this isochron towards terrestrial Pb likely represent mixtures of the 

components listed above. This data was consequently filtered out to define a statistically 
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significant isochron (MSWD < 2.0). This isochron gave an age for this anorthosite clast in 

AP 007 of 4330 ± 86 Ma, which is comparable to Apollo 16 ferroan anorthosites and FAN 

material in anorthositic lunar meteorite Yamato 86032 (4294–4409 Ma; Turner et al., 1973; 

Premo and Tatsumoto, 1989, 1994; Borg et al., 1999; Norman et al., 2003; Yamaguchi et 

al., 2010). As this is based on unknown anchors, the anchor defined by common Pb is used 

to define a statistically significant isochron based on apatite and plagioclase data which 

yields an age of 4534 ± 33 Ma (see Figure 6.2). As all of these ages are within the range 

previously obtained on FAN material, they are not only viable but also confirms the antiquity 

of this clast, consistent with petrographic observations mentioned earlier in the thesis. 

Table 6.2: Pb isotopic compositions of apatite, pyroxene, olivine, and plagioclase in AP 007 

Grain ID Mineral 204Pb/206Pb 1 SE (%) 207Pb/206Pb 1 SE (%) 

Ap2* Apatite 0.006 8 0.636 0.945 

Ol8 Olivine 0.054 2 0.891 0.625 

Ol9 Olivine 0.031 3 0.987 0.838 

Px11 Pyroxene 0.036 2 0.929 0.616 

Px12 Pyroxene 0.050 4 0.893 1.126 

Pl19* Plagioclase 0.065 6 0.904 2.172 

Px21 Pyroxene 0.055 2 0.897 0.630 

Px22 Pyroxene 0.057 3 0.885 1.050 

Px23 Pyroxene 0.054 2 0.865 0.653 

Px24 Pyroxene 0.039 9 0.945 2.468 

Pl28* Plagioclase 0.062 3 0.884 1.205 

Pl32 Plagioclase 0.025 6 1.009 1.328 

Pl33* Plagioclase 0.063 3 0.910 1.053 

Pl35 Plagioclase 0.055 3 0.913 0.891 

Terrestrial common Pb 

(Stacey and Kramers, 1975)* 

0.053 2 0.836 2 

*Used in age calculation 

 

A 207Pb/206Pb isochron plotted on only plagioclase and pyroxene (highlighted in Table 6.2 

with an asterisk) produces an age of 4122 ± 840 Ma. While this age is statistically sound 

(MSWD of 0.28), the large uncertainties associated with the result mean that this result is 

not meaningful, as this overlaps with age data from a variety of lunar rock types.  

To determine whether these ages represent a crystallization age or timing of impact re-

setting, a U-Pb concordia curve is required. As U-Pb was only obtained on one apatite grain, 
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this is not possible. Disturbance to the crystal structure of the apatite and the anorthosite clast 

may help constrain the level of impact processing. Cathodoluminescence imaging of this 

apatite (see Figure 3.3 and Chapter 3 Section 3.2.4 for the importance of this) shows some 

zoning. Zoning, however, is much more pronounced in the rest of the clast (see Figure 4.2). 

Impact processing would be expected to eradicate zoning and homogenize the crystal 

structure of mineral phases, and so the preservation of this zoning in plagioclase indicates 

minimal impact processing and alteration. Additionally, a 207Pb/206Pb age of 4534 Ma places 

the formation of this apatite very early in lunar history. If this age were to represent impact 

re-setting, that would indicate an even earlier age of this clast. This age is, therefore, 

interpreted to represent a minimum crystallisation age for this clast. The implications of this 

are summarised in Chapter 7 Section 7.3.1.  

 
Figure 6.2: 207Pb/206Pb versus 204Pb/206Pb plot of filtered dataset from AP 007. The isochron 

determined for this sample is indicated with a dashed line. Error bars are 1σ uncertainties. 

 

A possible ambiguity in the above interpretation is the variation in Pb isotopes observed in 

plagioclase, pyroxene, and olivine in this clast, with a trend towards higher 207Pb/206Pb at 

lower 204Pb/206Pb values (see Figure 6.3). This inverse correlation indicates a substantial 

radiogenic lunar initial Pb component is present in the plagioclase, pyroxene, and olivine 
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data. As apatite in this clast has lower 207Pb/206Pb and 204Pb/206Pb, there is a possibility that 

this grain did not incorporate any non-radiogenic Pb during crystallisation. In this case the 

observed inverse trend results from Pb from the rest of the clast (which is assumed to be 

fully represented by the measured range), as well as extraneous terrestrial Pb being 

incorporated across the sample surface and into cracks during sample preparation. Assuming 

the signal is derived from these sources, the model age is 4467 ± 43 Ma, with a MSWD of 

0.101. This age is within the range of FAN samples and places the age of AP 007 among the 

oldest ferroan anorthosites.  

 
Figure 6.3: 207Pb/206Pb versus 204Pb/206Pb isochrons defined on apatite, plagioclase, pyroxene, and 

olivine in AP 007. (a) Plot  of CDT evolution trajectory based on a mu of 50 (black crosses) and 465 

(grey crosses), (b) Diversity in isochrons which may be plotted on data in AP 007, and their model 

ages. SK = Stacey-Kramers terrestrial common Pb (Stacey and Kramers, 1975), CDT = Canyon 

Diablo troilite Pb. 
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6.7. Ages of apatites with extreme Cl abundances 

Apatite grains in DOM 18666 with extremely high Cl abundances (> 2 wt. %) yield 

207Pb/206Pb ages of 3874 ± 10 to 3939 ± 41 Ma. These occur within two lithic clasts of low-

Ti basalt origins. Clast 11 (hosting Ap11 and Ap12) has an age of 3887 ± 49 Ma, and Clast 

1 (hosting Ap1 and Ap2) has an age of 3875 ± 32 Ma (see Figure 6.3). These are concordant 

ages on a U-Pb concordia curve (Tera and Wasserburg, 1972, 1974), which indicates that 

they are crystallization ages for these apatite grains. The Pb-Pb ages for this whole sample 

(3876–3955) are concordant and as described in Chapter 6 section 6.9, show similarity to 

the ages of the YAMM group of lunar meteorites.  

6.8. Age of quartz monzodiorites in DOM 18262 

As discussed in Sections 3.3.2, 4.2.4, and 5.3.3, clasts in DOM 18262 and 18666 show 

textural and chemical similarity to Apollo 15 QMDs. The δ37Cl and δD of these clasts are 

also similar to values reported for Apollo 15 QMDs. Apollo 15 QMDs yield a range of 

concordia zircon U-Pb ages of ~ 4439–3960 Ga, with a disturbance event at ~ 1320 

+240/−280 Ma (Meyer et al., 1996). Whole-rock and mineral separate U-Pb analyses of this 

material indicate a primary crystallization age of ~ 4.0 ± 0.1 Ga, with a minimum of two 

disturbances of the U-Pb system during the period 600–1500 Ma (Tatsumoto and Unruh, 

1976). A single large thermal event in this Apollo 15 QMD material at ~ 1290 ± 40 Ma is 

recorded by the 40Ar-39Ar system (Bernatowitcz et al., 1978). This data indicates the Apollo 

15 QMDs formed ~ 4.4–4.0 Ga and underwent at least one event which disturbed the U-Pb 

system (likely an impact event).  

A single apatite grain and merrillite grain were analysed in the QMD clast of DOM 18262, 

yielding ages of 3881 ± 20 to 3900 ± 42 Ma. These are younger than those from Apollo 15 

QMDs. These ages are relatively concordant when plotted on a U-Pb concordia curve (Tera 

and Wasserburg, 1972, 1974), indicating that they probably represent crystallization ages. 
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The ~ 60–80 Ma difference to the youngest Apollo 15 QMDs could indicate that this 

represents a minimum age for the QMD suite, or a separate QMD event on the Moon.  

 
Figure 6.4: 207Pb/206Pb versus 204Pb/206Pb plot of filtered dataset from clasts 1 and 11 in DOM 18666. 

The isochrons determined for these clasts are indicated with a dashed line. Error bars are 1σ 

uncertainties. 

6.9. Ages of basaltic magmatism recorded in DOM 18262 and 18666 

A large proportion of the lithic clasts which make up DOM 18262 and 18666 are low-Ti 

basalts. The ages of Apollo 12 and 15 low-Ti basalts range from 3.2 to 3.5 Ga, and VLT 

basalts from Luna 24 have ages of ~ 3.2 Ga (Nyquist and Shih, 1992). DOM 18262 and 

18666 show textural, compositional, and isotopic similarities to the YAMM group of lunar 

meteorites. The ages reported for this group (predominantly low-Ti material) range from 
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3.8–3.9 Ga, which show considerable disparity to Apollo low-Ti basalts (Arai et al., 2010a). 

The YAMM basalts are thought to sample a cryptomare (ancient and buried) basalt flow 

located in the region of the Schiller-Schickard crater, with an eruption age preceding the 

formation of the Orientale basin (i.e., > 3.8 Ga; Hawke et al., 2006; Arai et al., 2010a). These 

ages are younger than other cryptomare (~ 4.35–4.0 Ga; Leich et al., 1975; Taylor et al., 

1983; Dasch et al., 1987; Terada et al., 2007a) — however, in the case of the YAMM basalt 

flow, Arai et al. (2010a) indicate that cryptomare refers to the burial of the lava flow beneath 

the surface regolith.  

Apatite and merrillite grains in DOM 18262 and 18666 low-Ti basalt material yield 

207Pb/206Pb ages of 3860–3955 Ma, with an average age of 3874 ± 10 Ma (see Figure 6.4 and 

Table 6.1). These ages are remarkably similar to those of the YAMM group (3.8–3.9 Ga; see 

Arai et al., 2010a). These ages are concordant when plotted on U-Pb concordia curves (Tera 

and Wasserburg, 1972, 1974), indicating that they represent crystallization ages. The 

undisturbed textures of these apatite grains under CL imaging (with some apatite grains 

preserving zoning which is interpreted to derive from growth), low discordance, and close 

but diverse age range are taken to indicate minimal shock has affected these samples, and 

their Pb-Pb ages represent crystallisation ages. 

6.10. Diversity in ages of apatite grains in NWA 12593 

NWA 12593 contains a diverse range of lithic clasts, and the apatite grains in this sample 

are either associated with highlands- or basaltic-type clasts, or isolated within the impact 

melt matrix of this regolith breccia. As a consequence of this diversity, there is no correlation 

in ages of apatite grains in NWA 12593, and each apatite grain/clast should be examined 

individually (exceptions are made in the case of apatite grains with similar textures, and 

multiple apatite grains of basaltic-type or highlands-type origins).  
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Figure 6.5: 207Pb/206Pb versus 204Pb/206Pb plot of filtered dataset from low-Ti basalt clasts in DOM 

18666. The isochrons determined for these clasts are indicated with a dashed line. Error bars are 1σ 

uncertainties. 

Phosphate grains associated with lithic clasts 

Seven apatite grains and two merrillite grains associated with highlands- and basaltic-type 

clasts were examined for their U-Pb isotope systematics. As discussed in Section 3.6.2, the 

basaltic type clasts have high-Ti and low-Ti origins. Previously reported ages for Apollo 

low-Ti and high-Ti basalts range from 3.2–3.5 Ga (Turner, 1970; Papanastassiou et al., 1970; 

Albee et al., 1970; Davis et al., 1971; Guggisberg et al., 1979; Tartèse et al., 2013b) and 3.7–

4.0 Ga (Papanastassiou and Wasserburg, 1971; Murthy et al., 1971; Compston et al., 1971; 

York et al., 1972; Nyquist et al., 1977b; Nyquist et al., 1979; Nyquist et al., 1981b), 

respectively. The data collected on NWA 12593 are presented in Tables 6.3 and 6.4.  

Table 6.3: 207Pb/206Pb ages and discordance observed in apatite grains in NWA 12593 associated with 

lithic clasts 

Sample Apatite/Merrillite 

ID 

Clast Type 207Pb/206Pb 

age (Ma) 

2σ 

(Ma) 

Discordance 

(%) 

2σ 

(%) 

NWA 12593 Ap2 Mg-Suite 4308 18 6.7  

 Ap4 High-Ti Basalt 4156 96 − 27.7 − 10.3 

 Ap6 Highlands 4174 46 − 36.5 − 27.3 

 Ap8 Highlands 3720 37 − 15.8 − 7.1 

 Ap19 Low-Ti Basalt 4118 18 − 3.6  

 Merr 3 Highlands 3866 20 − 8.6  

 Merr 8 Highlands 3982 96 − 94.0 − 80.8 
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A borderline low-Ti clast (Clast 19) in NWA 12593 has a 207Pb/206Pb age of 4118 ± 17 Ma. 

This age exceeds the oldest age of Apollo low-Ti basalts by ~ 600 Ma, although cryptomare 

basalts with crystallisation ages between 4.35 and 4.0 Ga (Leich et al., 1975; Taylor et al., 

1983; Dasch et al., 1987; Terada et al., 2007a) have been noted to comprise predominantly 

low-Ti material (Terada et al., 2007a). Remote geochemical analyses on older mare deposits 

on the lunar surface also support a low-Ti composition (Hawke et al., 2005). It is, therefore, 

plausible that this apatite grain represents a cryptomare material which has been incorporated 

into NWA 12593. As the composition of this basalt borders on a high-Ti composition, 

comparison to the high-Ti mare basalt suite is warranted. A crystallisation age of 4118 ± 17 

Ma exceeds the oldest Ar-Ar age of 4000 ± 70 Ma on high-Ti basalt 10044 (Davis et al., 

1971). This indicates that, regardless of the basalt group to which this clast belongs, it 

represents an earlier eruptive feature.  

A high-Ti basalt clast in NWA 12593 (Clast 4) has 207Pb/206Pb age of 4156 ± 96 Ma. Similar 

to the clast discussed above, this age significantly exceeds the oldest age reported on high-

Ti material (~ 4000 Ma; Davis et al., 1971). High-Ti basalts are thought to represent partial 

melts of late-stage products of the LMO, and so such an ancient age for these samples 

supports that this partial melting was initiated before 4150 Ma.  

A highlands-type clast in NWA 12593 which shows similarity to the Mg-suite (i.e., Clast 2) 

has a 207Pb/206Pb age of 4308 ± 18 Ma. Apollo Mg-suite samples yield ages of 3940 ± 30 to 

4550 ± 100 Ma, supporting an Mg-suite origin of this sample. An ungrouped highlands-type 

clast (Clast 8) has a 207Pb/206Pb age of 3720 ± 37 Ma, which is similar to some of the youngest 

ages reported on Apollo FAN. These ages (determined by Ar-Ar and Rb-Sr dating methods) 

likely represent impact re-set ages (Stettler et al., 1973; Schaeffer and Husain, 1974). 

Examined under CL, this apatite shows moderate zoning (Figure 3.24) which indicates that 

there has been minimal disturbance to this age by impact re-setting. When the data for this 

apatite grain is plotted on a concordia curve (Tera and Wasserburg, 1972, 1974) there is also 
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minimal discordance (~ 16 %). It is, therefore, likely that this represents a primary minimum 

crystallisation age for this apatite. The ferroan nature of this clast and comparable age to the 

youngest FAN samples indicates that this clast may represent a later stage of crustal growth, 

or perhaps recrystallisation following the Imbrium impact event ~ 3.95 Ga (Tera et al., 1973; 

Stettler et al., 1973).  

A suspected FAN clast in NWA 12593 (Clast 6) yields a 207Pb/206Pb age of 4174 ± 56 Ma. 

This age is similar to Pb-Pb ages of Apollo FAN sample 62237 (4103 ± 110 Ma; Premo and 

Tatsumoto, 1994) and Ar-Ar ages on FAN 60025 (4100 ± 100 Ma; Schaeffer and Husain, 

1974). The Ar-Ar age of 60025 was taken to represent impact resetting, possibly during the 

Crisium or Humorum basin-forming events (4.05–4.20 Ga; Schaeffer and Husain, 1974). 

The Pb-Pb age of 62237 is believed to represent a crystallisation age from an evolved late-

stage LMO mantle reservoir different from urKREEP (Premo and Tatsumoto, 1994). 

Formation from an evolved mantle reservoir could explain the highly fractionated Cl 

isotopes (δ37Cl = + 45.5 ‰) of the apatite grain in Clast 6. The preservation of minor zoning 

in this apatite and minor discordance supports a magmatic origin of this age.  

Merrillite associated with granulitic lithic clasts (Merr 3 and Merr 8; see Table 6.1) was also 

dated in NWA 12593, yielding 207Pb/206Pb ages of 3866 ± 20 and 3982 ± 96 Ma, the latter 

showing significant discordance (− 94.0 %) indicating that this may have been reset by 

impact. The spread in ages within NWA 12593 is apparent (ranging from ~ 4.5 to 3.5 Ga), 

indicating that this sample is a complex mixture of lithologies with divergent histories.   

Phosphates lacking geological context 

As discussed in Sections 3.6.4, 4.2.8, and 5.3.6, a number of apatite grains in NWA 12593 

are not associated with lithic clasts, and so there is little geological context for the H and Cl 

isotopic results. 207Pb/206Pb ages for these apatite grains, however, allows for some temporal 

context to the volatile abundances and isotopes. The ages of the different apatite grains and 

their levels of discordance in U-Pb space are given in Table 6.4.  
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Table 6.4: 207Pb/206Pb ages and discordance observed in apatite grains in NWA 12593 not associated 

with lithic clasts 

Sample Apatite/Merrillite 

ID 

207Pb/206Pb 

age (Ma) 

2σ (Ma) Discordance 

(%) 

2σ (%) 

NWA 12593 Ap 5 3882 15 − 1.5 n.m. 

 Ap 7 4339 43 − 2.7 n.m. 

 Ap 10 4376 57 − 29.8 − 19.1 

 Ap15 3940 18 − 4.4 n.m. 

 Ap 21 4160 15 − 11.1 − 5.3 

 Ap 22 4506 63 − 29.0 − 16.0 

 Merr 2 4397 54 − 70.4 − 62.7 

 Merr 4  3519 29 − 7.7 n.m. 

 

As can be seen in Table 6.4, there is no clustering of ages to suggest an impact re-setting. In 

NWA 12593 as a whole, there is no clusters of Pb-Pb ages — a characteristic which seems 

at odds with the heavily brecciated nature of this sample. The Pb-Pb ages of apatite grains 

which show Fe-rich inclusion textures (Ap 7 and 10) are within error of each other (4339 ± 

43 and 4376 ± 57, respectively). The similarity in their textures and their Pb-Pb ages 

indicates that they formed contemporaneously. Interestingly, an apatite grain within the 

vicinity of Ap7 (i.e., Ap22) shows greater antiquity (Pb-Pb age = 4506 ± 63 Ma).  

The apatite grain with the heaviest Cl isotopes measured in this study (Ap21, δ37Cl = + 52.6–

53.1 ‰) yields a Pb-Pb age of 4160 ± 15 Ma. This apatite grain plots concordantly on a U-

Pb concordia curve, indicating minimal disruption to the Pb-isotope system by impact 

processing. The age of this apatite grain is close to the end of LMO crystallisation, indicating 

that the Cl and H isotopes of this apatite could provide new insights into the latest stages of 

LMO evolution.  

An isolated apatite grain (Ap5) shows a notably younger 207Pb/206Pb age (3882 ± 15 Ma) 

than other isolated apatite grains in NWA 12593. This age is similar to those in merrillite 

(notably Merr 3 and Merr 8; 207Pb/206Pb age = 3866–3982 Ma). These merrillite grains are 

associated with highlands-type lithologies, which could indicate that Ap5 is also of 

highlands-type origins.  
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7. Synthesis 

7.1. Apatite grains in lunar meteorites with similar δ37Cl and δD values 

compared to those from Apollo samples 

Many apatite grains from lunar meteorites analyses in this study show δ37Cl and δD values 

which are similar to literature data for Apollo samples (see Figures 4.1 and 5.1). This 

similarity in samples which may originate from outside of the Apollo sampled region 

provides opportunity to assess the degree to which returned samples are representative of 

lunar geochemistry.  

7.1.1. EET 96008: representative of VLT basalts 

Previous assessments of the petrology and geochemistry of EET 96008 have suggested that 

it is formed of VLT material (see Chapter 3 section 3.5.2). VLT volcanism occurred as early 

as 4.35 Ga, immediately post-dating formation of the early lunar crust (Terada et al., 2007). 

Radiometric dating of VLT material in EET 96008, however, reveals a younger age (2.65–

3.53 Ga; Anand et al., 2003; Terada et al., 2005; Fernandes et al., 2009), suggesting that this 

sample is derived from a later pulse of VLT magmatism. Apatite grains in EET 96008 show 

a relatively restricted range in δ37Cl from + 15.6 to 18.2 ‰, with Cl abundance varying from 

~ 1750 to 3220 ppm (Figure 4.1). These are some of the first measurements of Cl and H 

isotopic composition and abundance for younger VLT material. 

The relatively enriched δ37Cl signature observed in EET 96008 may result from degassing 

of metal chlorides from a water-poor magma. Although apatite in EET 96008 show relatively 

high H2O abundance (> 100 ppm), this may not reflect the melt from which they formed due 

to partitioning of OH, which is poorly constrained for apatite. To produce a δ37Cl of + 15.6 

‰ requires between 85 and 89 % degassing of FeCl2 and ZnCl2, respectively, from a starting 

δ37Cl value of 0 ‰ and 60% degassing of NaCl (see Chapter 4 section 4.2.5). These results 

are consistent with previous observations on VLT material in Kal 009 (+ 15.4 to 22.4 ‰; 

Barnes et al., 2019) and possible VLT material in MIL 05035 (– 4.0 to + 7.8 ‰; Boyce et 
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al., 2015; Wang et al., 2019; Barnes et al., 2019, although these authors class MIL 05035 as 

a low-Ti basalt). 

Hydrogen isotopes of apatite in EET 96008 (~ + 340–680 ‰) are similar to VLT material in 

MIL 05035 (~ + 93 to 574 ‰; Tartèse et al., 2013a). These isotope compositions can result 

from ~ 1–96 % degassing of a lunar interior reservoir, depending on the initial δD (see Figure 

4.19). The variability in the extent of hydrogen isotope fractionation and age of VLT material 

in EET 96008, MIL 05035, and Kalahari 009 supports the conclusion that these samples are 

from multiple generations of VLT lava flows which have experienced variable degassing.  

Terada et al. (2007a) hypothesised that during the eruption of VLT melts which gave rise to 

Kalahari 009, little to no assimilation of KREEP material took place and, therefore, these 

melts were depleted in the rare earth elements. As Ce is widely used as a proxy for REE 

content, a depletion of Ce in the parental melt of EET 96008 material reflects a depletion in 

the REE and, therefore, minimal assimilation of KREEP into its parental melt. Based on 

CeO2 abundances of apatites in EET 96008 we can estimate the Ce concentration of the 

parental melt and, therefore, H2O. The equivalent Ce abundance in apatite can be calculated 

from the measured CeO2 abundance using Equation 7. 1.:  

𝐶𝑒𝑎𝑝𝑎𝑡𝑖𝑡𝑒 = 𝐶𝑒𝑂2𝑎𝑝𝑎𝑡𝑖𝑡𝑒
×

𝐶𝑒𝑚𝑜𝑙.  𝑤𝑡.

𝐶𝑒𝑂2𝑚𝑜𝑙.  𝑤𝑡.

   Equation 7. 1. 

Where Cemol. wt. is the atomic weight of Ce (140.12 g/mol) and CeO2 mol. wt. is the molecular 

weight of CeO2 (172.11 g/mol). From this, the Ce abundance in the parental melt of the 

apatite can be estimated using the partition coefficient of Ce into apatite (𝐷𝐶𝑒
𝑎𝑝𝑎𝑡𝑖𝑡𝑒/𝑚𝑒𝑙𝑡

 = 

2.15 from Prowatke and Klemme (2006) or 𝐷𝐶𝑒
𝑎𝑝𝑎𝑡𝑖𝑡𝑒/𝑚𝑒𝑙𝑡

 = 0.16 from Jolliff et al. (1993a), 

the latter used in cases where merrillite/whitlockite is identified to be co-existing with 

apatite), using Equation 7. 2.:  

                           𝐶𝑒𝑚𝑒𝑙𝑡 =
𝐶𝑒𝑎𝑝𝑎𝑡𝑖𝑡𝑒

𝐷𝐶𝑒
𝑎𝑝𝑎𝑡𝑖𝑡𝑒/𝑚𝑒𝑙𝑡⁄                 Equation 7.2 
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Merrillite is present in EET 96008, but not in the same clasts as apatite. As this breccia is 

composed of a single population of basaltic material (e.g., Anand et al., 2003), it is possible 

that merrillite formed along with apatite. A lower partition coefficient (0.16; Jolliff et al., 

1993a), therefore, is used as merrillite will have preferentially taken in REEs over apatite as 

the parental melt evolved. Estimates of the Ce content of the parental melt of apatite grains 

studied are given in Table 7.1.  

Table 7.1: Estimated Ce abundance of parental melt, assuming co-existence of apatite and whitlockite 

in EET 96008. Distribution coefficient from Jolliff et al. (1993a) 

Sample ID Apatite Pit ID Ceapatite (ppm) Cemelt (ppm)b Cemelt (ppm)c 

EET 96008 1a 613 3831 285 

 1b 562 3513 261 

 2a 321 2005 149 

 2b 339 2121 158 

 3 548 3423 255 

EET 

96008a 

 1750 10938 814 

 6730 42063 3130 
aThis is the Ce abundance observed in apatites in a different section of EET 96008 (see Anand et al., 2003) 
b𝐷𝐶𝑒

𝑎𝑝𝑎𝑡𝑖𝑡𝑒/𝑚𝑒𝑙𝑡
from Jolliff et al. (1993a) 

c𝐷𝐶𝑒
𝑎𝑝𝑎𝑡𝑖𝑡𝑒/𝑚𝑒𝑙𝑡

from Prowatke and Klemme (2006) 

 

Terada et al. (2007a) use the depletion in REEs in VLT material in Kal 009 to propose that 

KREEP may not be a global layer around the lunar crust-mantle boundary. Alternatively, 

KREEP may not have formed at the time of Kalahari 009 volcanism. This depletion was 

further used to justify the proposed origin of Kalahari 009 via an ancient basin-forming event 

on the Moon (Terada et al., 2007a). In contrast, EET 96008 parental melts show an 

enrichment in Ce, ranging from ~ 2000 to 3830 ppm (Table 7.1).  

This variation in REE enrichment in VLT material could be as a result of KREEP 

contamination of the parental melt of EET 96008 during eruption. An implicit bias towards 

greater REE concentrations of parental melt, however, is introduced through the choice of 

partition coefficient of Ce into apatite. Jolliff et al. (1993a) discuss a variety of different 

coefficients, ranging from 0.16 to 3.1. Variation in rock type within which apatite is found 

gives rise to this diversity in coefficients. Prowatke and Klemme (2006) propose a partition 
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coefficient of 2.15 for Ce into apatite from silicate melts. Due to the lack of context for some 

apatite grains in these brecciated lunar meteorites, this value is used to estimate Ce contents 

of their parental melts as it is more applicable to a wider variety of silicate material. The 

only exceptions are those samples/clasts in which apatite and merrillite co-exist, where the 

lower value of 0.16 is used to account for preferential uptake of REE by merrillite (Jolliff et 

al., 1993a).  

It is also possible that the variation in REE enrichment in EET 96008 VLT clasts is the result 

of apatite crystallising at the latest magmatic stage, from melts enriched in incompatible 

elements due to fractional crystallisation, which are not necessarily contaminated by 

KREEP. Anand et al. (2003) proposed that the bulk Al2O3 and Cr contents of EET 96008 

were indicative of extreme fractional crystallisation, an observation also supported by its 

bulk trace and rare earth element contents. The major element and PGE contents of EET 

96008 suggest a mare basalt precursor (Anand et al., 2003). EET 96008 may, therefore, 

represent a melt which was enriched in REEs as a result of extreme fractional crystallisation.  

7.2. Simultaneous collection of Ce and Cl data at high resolution using 

NanoSIMS  

Simultaneous collection of CeO2 abundance of lunar apatite grains with Cl isotopes allows 

for the nanoscale investigation of REE systematics in lunar apatite, as well as contextualising 

volatile isotopes and abundances and assessing the degree of coupling of volatiles and REE 

systems.  

7.2.1. Comparison of Ce abundance with cathodoluminescence 

Prior to the collection of NanoSIMS data on the isotopic composition and abundance of 

volatiles and Ce in these meteorites, cathodoluminescence imaging of the selected apatite 

grains was conducted. This was to investigate the following:  

(1) The degree of homogeneity of lunar apatites in cathodoluminescence 
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(2) The correlation of cerium abundance with areas of greater luminescence in lunar 

apatite grains 

Apatite grains showed variable heterogeneity in their CL response (see Figures 3.3, 3.12, 

3.18, and 3.24). Most notably, several apatite grains in NWA 12593 showed similar CL 

patterns. Fe-rich inclusions which show internal lineation within their host apatite are found 

in Ap7, Ap10, Ap11, and Ap22 which are not associated with lithic clasts. This textural 

similarity is accompanied by CeO2 abundances which define two populations: a lower 

abundance group (CeO2 = ~ 360–420 ppm; Ap10 and Ap11) and slightly higher abundance 

group (CeO2 = ~ 610–640 ppm; Ap7 and Ap22). Studying a greater number of apatites with 

these inclusions (which were not present in NWA 12593) could bridge the gap between the 

lower and higher CeO2 abundances, so the overall range of 360–640 ppm may represent one 

population. This suggests, despite a lack of textural context for all four apatite grains, that 

they formed from similar parental melts. The apatite grains showing lower CeO2 abundances 

have similar Cl (δ37Cl = + 17.5 to + 18.6 ‰) and H (δD = − 140 to − 70 ‰) isotopes, and 

grains showing higher CeO2 abundances show heavier δ37Cl (+ 20.9–21.8 ‰) and δD (+ 

350–590 ‰) values. Considering their U-Pb radiometric ages (Table 6.1), Ap22 is ~ 170 to 

130 Ma older than  Ap10 and Ap7 (supported by their F contents as seen in Table 7.2, 

assuming the model proposed by Boyce et al., 2014 is representative of lunar apatite; n. b. 

an accurate age for Ap11 could not be constrained). It is also possible that these apatites are 

not derived from a single melt, and the textures observed are due to another process.  

The use of panchromatic cathodoluminescence imaging means that variations in 

luminescence can be caused by either trace element variation or internal structure of the 

mineral. These cannot be simply distinguished using CL imaging, and as such other methods 

must be employed to rule out one cause over another. As mentioned in Chapter 2, electron 

backscatter diffraction (EBSD) could not be carried out on these samples, as the topography 

introduced during polishing, as a result of their brecciated nature causes interference with 
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the signal. The collection of multiple analyses of Ce abundance within single apatite, 

however, could allow the confirmation of whether the signal was due to trace element 

variation. Higher luminescence would therefore be expected in regions of higher Ce 

abundance.  

Table 7.2: Calculated F abundances of apatites in NWA 12593, using Equation 2.2, assuming F, Cl, 

and OH reach unity within apatite. 

Sample Apatite # F (wt. %) 

NWA 12593 1 6.30 

 2 4.96–5.05 

 4 5.10 

 5 5.97 

 6 5.86 

 7 5.59–5.60 

 8 5.36 

 10 5.80 

 11 6.19 

 12 5.43 

 13 6.11–6.14 

 14 6.16 

 15 n.m. 

 16 5.15 

 19 6.16–6.18 

 20 5.18 

 2 5.50–5.97 

 22 n.m. 

n.m. — not measured.  

 

Within the apatites studied here, variation in luminescence did not correlate with variation 

in Ce abundance (i.e., regions of higher luminescence in a single apatite did not show higher 

Ce abundance, and in most cases showed lower Ce contents; see Figure 7.1). An interesting 

feature of the data is lower Ce abundances evident in regions where electron beams had 

interacted with the sample during apatite identification (see Ap19 in Figure 7.1). This could 

indicate that, even though every step was taken to minimise element mobilisation due to 

electron beam interaction, trace elements were mobilised from the site of electron beam 

interaction with the apatite. The variation observed in Ce abundance is, however, within 

error of abundance measured on more luminescent areas, and Ce is a heavy element which 

would require higher energy to be mobilised. Further investigation is required within 

standard apatite grains with known homogeneity in CL and trace element distribution.   
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Figure 7.1: BSE image of NWA 12593 Ap7a, b and Ap19a, b and associated 140Ce16O2 NanoSIMS 

images. 

 

7.2.2. CeO2 abundance as an indicator of relative timing 

An experimental study by Watson and Green (1981) found that REE and Sr are strongly 

compatible in apatite. REE commonly substitute into apatite in the M cation site typically 

occupied by Ca. Fleet and Pan (1997) proposed that volatiles (F−, Cl− or OH−) control the 

trace element uptake, due to their influence on the environment and the size of the Ca(2) site 

into which REEs preferentially partition. Prowatke and Klemme (2006) found that the 

middle REEs (Eu, Gd, Tb, and Dy; Samson and Wood, 2004) partition even more strongly 

than the light or heavy REEs in apatite, yielding slightly higher partition coefficients for the 

LREE (La, Ce and Pr) compared to the heavy REE (Yb, Lu). Prowatke and Klemme (2006) 
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found, however, only minimal difference between REE partition coefficients in F and H2O-

bearing systems. Therefore, while there is some influence of volatile contents, this is not 

expected to play a large role in REE uptake.  

The partition coefficients of REEs in apatite vary as a result of the presence of merrillite (see 

Chapter 7 section 7.1.1). As merrillite preferentially takes up REE over volatile elements, 

lower partition coefficients for these elements in apatite are expected in environments where 

merrillite is also present. Therefore, in systems where merrillite is not present, REEs will 

preferentially partition into apatite, and due to higher partition coefficients for Ce, it would 

be expected that earlier formed apatite would have higher CeO2 contents. Apatite CeO2 

contents could therefore provide a proxy for relative timing of apatite growth, which could 

be used in brecciated samples in lieu of textural context.  

To assess the suitability of CeO2 abundance as a proxy for timing of apatite growth, apatite 

grains in Apollo 12039,45 were examined. This pigeonite basalt comprises pyroxene 

phenocrysts set in a matrix of plagioclase and anhedral pyroxene, with some laths of ilmenite 

running throughout (Meyer, 2012). This section has two distinct apatite populations (see 

Figure 7.2).  
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Figure 7.2: BSE montaged image of 12039, 45. Apatite populations are highlighted (yellow) and 

labelled. Higher magnification BSE images of apatite populations showing smaller-scale textures. 

Source: Faircloth (2020).  

The first apatite population (see Ap 001 in Figure 7.2) occurs mostly within a hole of this 

section. One of its boundaries is shared with a large Fe-rich pyroxene. Some smaller apatite 

grains of this population are enclosed within the pyroxene. This could indicate early 

formation of this apatite. The second apatite population (see Ap 002 in Figure 7.2) shares 

boundaries with Fe-rich pyroxene and plagioclase. The association with plagioclase 

indicates a slightly later formation of this population, assuming a closed-system formation 

of this basalt.  

The CeO2 abundances of both populations are summarised in Table 7.3. Population 001 has 

higher CeO2 contents than population 002. Taking into account the textural context of these 

apatite grains (with 001 enclosed in early crystallisation products and 002 surrounded by 

later feldspars), this supports CeO2 in this system varying between the formation of 001 and 

002. Alternatively, it is possible that the melt pocket from which Ap001 formed was the 
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result of higher fractionation and was, therefore, enriched in incompatible and trace 

elements. This would indicate that Ap001 formed later than Ap002. 

Table 7.3: CeO2 abundances of 12039, 45 as measured by NanoSIMS 

Apatite Population SIMS pit ID CeO2 (ppm) 2σ (ppm) 

001 A 1041 48 

 B 1055 49 

 C 890 41 

 D 969 45 

 F 1208 56 

002 A 848 39 

 B 769 35 

 C 836 39 

 D 821 38 

 E 847 39 

In brecciated samples, this can be applied to identify the relative timing of growth of multiple 

apatite grains in a single clast, assuming crystallisation from the same melt . In DOM 18666, 

three such clasts show multiple apatite growths. DOM 18666 Ap1 and Ap2 are both enclosed 

in Fe-rich pyroxene (Mg# = 0.7–1.1), indicating late-stage magmatic crystallisation. Ap2 is 

in contact with an iron sulphide phase, indicating even later growth. The CeO2 contents of 

this apatite (Ap 2, CeO2 = ~ 1600 ppm) are greater than the average CeO2 across several 

measurements on Ap1 (~ 1340 ppm). This supports later growth of Ap2. DOM 18666 Ap6 

and Ap7 are both enclosed in olivine (Fo3.8–4.0) and plagioclase (An99.6–99.9) ; Ap11 and Ap12 

are both within a basaltic clast showing a reduction breakdown texture of olivine (Fo2.3–5.1) 

into silica and Fe-rich phases. In both cases the CeO2 contents and textural context follow 

similar trends to Ap1 and Ap2, indicating that Ap12 may be older than Ap11. 

In addition to indicating relative timing of apatite grains within a single clast, the textural 

context appears to support CeO2 abundances as an indication of relative timing of grains in 

separate clasts (i.e., where CeO2 abundances are lower, textural data, e.g., presence of earlier 

forming phases surrounding apatite, indicate earlier growth). This further suggests that CeO2 

abundances in apatite grains can be used as a preliminary indicator of apatite crystallisation 

timing in brecciated samples.  
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7.2.3. H2O/Ce ratios: application to apatite grains in estimating H2O contents of 

parental melts 

A significant issue in studying apatite is the difficulty of translation of apatite H2O 

abundances to the H2O abundance in the parental melt from which they formed. As Boyce 

et al. (2014) note, early fractionating apatite grains preferentially sequester F, driving up 

melt (and later apatite) H/F ratios to high values which are not representative of the absolute 

abundance of these elements in the original melt. Apatite grains which exhibit the lowest 

H2O abundance may be derived from melt which has undergone the least fractionation and, 

therefore, their H2O abundance will more robustly reflect a maximum abundance for their 

parental melt, assuming a closed system. This does not account for the difficulty in 

demonstrating that the H2O measured in apatite has not been affected by earlier fractionation, 

or the fact that the lunar system (especially in the case of mare basalts) is an open system, 

and degassing of the parental melt results in preferential loss of F, H, and Cl.  

To obtain pre-eruptive magmatic volatile contents and circumvent the effects of degassing 

on H2O contents, Saal et al. (2008) and Hauri et al. (2011; 2015) examined the H2O/Ce ratios 

of Apollo glass beads and melt inclusions. The latter phase is most advantageous for the 

assessment of pre-eruptive magmatic volatiles, providing micro-samples of a melt trapped 

during crystallisation prior to eruption.  

As water and Ce have similar partition coefficients in glass, and both behave similarly as 

incompatible elements during partial melting and magma generation (Michael, 1995), the 

behaviour of these elements can be used to estimate the initial water abundances of the 

melt/mantle material. In order to calculate this, the initial Ce of the lunar mantle is multiplied 

by the H2O/Ce ratio in the sample (Equation 7.3).  

𝐻2𝑂𝑚𝑎𝑛𝑡𝑙𝑒 = 𝐶𝑒𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × 
𝐻2𝑂𝑠𝑎𝑚𝑝𝑙𝑒

𝐶𝑒𝑠𝑎𝑚𝑝𝑙𝑒
   Equation 7. 3. 
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Where Ceinitial is the estimated Ce abundance of the lunar mantle, which Hauri et al. (2015) 

reports to be 1.728 ppm, and H2Osample and Cesample are the H2O and Ce contents observed in 

the glass bead or melt inclusion. As apatites are late-stage minerals (usually crystallising 

after 95 % crystallisation) there is a greater likelihood that their parental melt will have 

undergone some degree of degassing prior to eruption. This is particularly true of basaltic 

samples, which erupted at the lunar surface. Intrusive igneous material, such as Mg- and 

alkali-suite samples, however, may not have undergone significant degassing prior to apatite 

crystallisation.  

In Equation 7.3, H2Osample and Cesample are proxies for the H2O and Ce contents of the melt, 

directly sampled by glass beads and melt inclusions. As H partitioning into apatite has not 

been well constrained, this protocol cannot be directly applied. The equivalent Ce abundance 

in apatite can be calculated from the CeO2 abundance using Equation 7.1. From this, the Ce 

abundance in the parental melt of the apatite can be estimated using the partition coefficient 

of Ce into apatite (𝐷𝐶𝑒
𝑎𝑝𝑎𝑡𝑖𝑡𝑒/𝑚𝑒𝑙𝑡

 = 2.15 from Prowatke and Klemme (2006) or 𝐷𝐶𝑒
𝑎𝑝𝑎𝑡𝑖𝑡𝑒/𝑚𝑒𝑙𝑡

 

= 0.16 from Jolliff et al. (1993) in cases where merrillite/whitlockite co-exists with apatite), 

using Equation 7.2. Next, we can rearrange Equation 7.3 to calculate the H2O abundance of 

the melt: 

𝐻2𝑂𝑚𝑒𝑙𝑡 (𝑝𝑝𝑚) = 𝐶𝑒𝑚𝑒𝑙𝑡 ×  
𝐻2𝑂𝑚𝑎𝑛𝑡𝑙𝑒

𝐶𝑒𝑖𝑛𝑖𝑡𝑖𝑎𝑙
   Equation 7. 4. 

The H2O/Ce of KREEP has previously been estimated at 17–30 (Greenwood et al., 2017), 

which is at an order of magnitude higher than the measured H2O/Ce in apatite grains in this 

study. It is also a factor of five lower than the H2O/Ce of 74220 melt inclusions (77; Hauri 

et al., 2015; 64; Chen et al., 2015). This could indicate variation between rock suites, or 

possibly of H2O loss prior to the formation of apatite grains.  

Using the known H2O/Ce ratios of lunar melts from Chen et al. (2015), Hauri et al. (2015), 

and Greenwood et al. (2017), the H2O abundance of the parental melts of the apatite grains 
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in this study can be estimated using Equation 7.4. The results, given in Table 7.3, should 

represent possible un-degassed values for H2O, and represent maximum water contents as 

degassing would be expected to lower H2O abundance.  

Assuming that these apatite grains derived from one earlier source (i.e., the LMO), and 

accounting for the similar behaviour of H2O and Ce during magmatic evolution, the 

measured H2O/Ce ratios would be expected to be consistent across apatite grains. Figure 7.3 

shows this is not the case. A discrepancy in the H2O/Ce ratios of different materials was 

noted in Apollo glass beads, which was attributed to variable degassing of their parental 

melts (Hauri et al., 2015; Chen et al., 2015). As apatite crystallises late during magmatic 

evolution, it is likely that their parental melt had undergone some degassing. As discussed 

in Chapters 4 and 5, the Cl and H isotopes of the apatite grains in this study are indicative of 

some degassing. 

Negative correlations between H2O/Ce ratios and δD are observed in basaltic clasts in DOM 

18666 and NWA 12593, as well as in the QMD clasts in DOM 18262 and DOM 18666 

(Figure 7.3b). This trend is also observed between H2O/Ce and δ37Cl in the same clast types. 

This indicates that the processes which have fractionated Cl and H in these rocks also 

depleted the parental magmas in H2O. In the case of DOM 18666 basaltic material, this 

supports HCl degassing as the source of the fractionation.  

A positive correlation is observed between H2O/Ce and δD, as well as δ37Cl in highlands-

type apatite grains in NWA 12593 and basaltic clasts in EET 96008. In the case of EET 

96008, the R2 (measure of fitting to data; in EET 96008 = 0.0028) for the trend between 

H2O/Ce and δD is too low to be considered statistically significant. In contrast, the strong 

positive correlation (R2 > 0.9) between H2O/Ce and δ37Cl (Figure 7.3a) supports progressive 

enrichment in H2O of the parental magma as a result of metal chloride degassing.  
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Apatite grains associated with FAN-type clasts in AP 007 and NWA 12593 show a 

pronounced positive correlation (R2 = 0.930) between H2O/Ce and δ37Cl, as well as a strong 

negative correlation (R2 = 0.947) between H2O/Ce and δD. This indicates that the process 

which caused fractionation in Cl did not deplete the parental magma in H2O, whereas the 

process which caused fractionation in H was associated with H/H2 loss. This implies that the 

degassing species were more likely to be HF, H2, and metal chlorides rather than HCl. 

Hydrogen likely fractionated earlier, depleting the magma in H2O and increasing its δD, 

followed by metal chloride degassing when the Cl/H ratio increased over a value of ~ 1 (see 

Fegley and Swindle, 1993 for a discussion on the dynamics of magmatic Cl/H ratios and 

degassing). 

The estimated H2O contents of the mantle source regions of these apatite grains vary between 

~ 29 and 52 ppm (using a H2O/Ce of ~ 17–30). These values are within the range of values 

calculated by various modelling approaches for the lunar mantle. The estimated H2O of 

mantle source regions using the H2O/Ce ratios of Hauri et al. (2015) and Chen et al. (2015) 

ranges from 111 to 133 ppm, which is greater than the estimates of Mills et al. (2017) of 1–

100 ppm.  

There is an order of magnitude difference between the measured and estimated H2O for all 

the apatites studied here and their parental melt. The highest H2O abundances estimated for 

the parental melts are for apatite grains which co-exist with merrillite, as these are also the 

apatites where a lower distribution coefficient was used due to the presence of merrillite. 

Apatite in a low-Ti basalt clast which shows minimal fractionation of hydrogen isotopes 

(Ap7, δD = − 28 ‰) would be expected under this model to have parental melt H2O 

abundances 1.5–2.7 times greater than has been measured by NanoSIMS (H2Omeasured = 1289 

ppm; H2Oestimated = 1937–3419 ppm), which may have resulted from partitioning of H2O into 

apatite.  
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Table 7.4: Estimated H2O of parental melt of apatite grains in brecciated lunar meteorites from this 

study. 

Sample ID 

Apatite 

Pit ID 

H2Oapatite 

(ppm) 

Ceapatite 

(ppm) 

H2O/Ce Cemelt 

(ppm) 

Ceinitial 

(ppm)a H2O/Cemantle
b H2Omelt (ppm) 

NWA 

12593 

1 157 347 0.6 1765c 1.728 17–30 30009–52957 

2a 1818 878 2.1 408 1.728 17–30 6936–12240 

2b 2316 899 2.6 418 1.728 17–30 7106–12540 

4 527 148 3.6 69 1.728 17–30 1173–2070 

5 357 947 0.4 441 1.728 17–30 7497–13230 

6 1229 406 3.0 189 1.728 17–30 3213–5670 

7a 929 530 1.8 246 1.728 17–30 4182–7380 

7b 773 553 1.4 257 1.728 17–30 4369–7710 

8 4486 1598 2.8 743 1.728 17–30 12631–22290 

10a 926 345 2.7 161 1.728 17–30 2737–4830 

10b 827 391 2.1 182 1.728 17–30 3094–5460 

11 377 419 0.9 195 1.728 17–30 3315–5850 

12 3230 476 6.8 221 1.728 17–30 3757–6630 

13a 143 431 0.3 200 1.728 17–30 3400–6000 

13b 173 316 0.5 147 1.728 17–30 2499–4410 

13c 213 594 0.4 276 1.728 17–30 4692–8280 

14 135 573 0.21 267 1.728 17–30 4539–8010 

16 2722 1221 2.2 568 1.728 17–30 9656–17040 

19a 214 780 0.3 363 1.728 17–30 6171–10890 

19b 393 724 0.5 337 1.728 17–30 5729–10110 

20 1310 375 3.5 174 1.728 17–30 2958–5220 

21a 387 199 1.9 93 1.728 17–30 1581–2790 

21b 179 290 0.6 135 1.728 17–30 2295–4050 

AP 007 2 2347 541 4.3 251 1.728 17–30 4275–7545 

DOM 

18262 

1a 312 168 1.9 78 1.728 17–30 1326–2340 

1c 549 76 7.2 35 1.728 17–30 601–1060 

 1d 310 77 4.0 36 1.728 17–30 611–1078 

DOM 

18666 

4a 1214 270 4.5 125 1.728 17–30 2131–3761 

7a 1289 245 5.3 114 1.728 17–30 1937–3419 

8f 3966 2175 1.8 1012 1.728 17–30 17196–30346 

DOM 

18666 

9a 2167 503 4.3 234 1.728 17–30 3976–7016 

9b 1884 469 4.0 218 1.728 17–30 3708–6544 

11a 2348 244 9.6 1876c 1.728 17–30 25960–45812 

EET 96008 2ad 149 321 0.5 2005c 1.728 17–30 34086–60152 

2bd 447 339 1.3 2121c 1.728 17–30 36058–63632 

3 3754 548 6.9 3423c 1.728 17–30 58195–102698 
aThis is the initial Ce value for the lunar mantle as given by Hauri et al. (2011) 
bH2O/Ce for KREEP as given by Greenwood et al. (2017) 
cHigher Ce content in melt due to lower distribution coefficient used — as merrillite was identified coexisting 
dH2O has been corrected for a CRE age of 10 ± 1 Ma (Fernandes et al., 2009) 
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Figure 7.3: Comparison of δ37Cl, δD, and H2O/Ce ratios of apatite grains in this study. Trendlines for 

each clast type in each sample are shown, with their R2 value indicating the degree of fitting to the 

data.   

The parental melt of apatite associated with a suspected FAN clast in AP 007 which shows 

hydrogen isotopes that may have undergone moderate fractionation would be expected under 

this model to have H2O abundances 1.8–3.2 times greater than measured by NanoSIMS 

(H2Omeasured = 2347 ppm; H2Oestimated = 4275–7545 ppm). This discrepancy could be due to 

degassing prior to and partitioning of volatiles during apatite formation. This method could 

be useful in studies of apatite H2O across various planetary bodies, allowing for some degree 

of estimation of their mantle source region water abundance.  
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An alternative method for calculating H2O abundance of parental melt from H2O/Ce has also 

been considered. Using Equation 7.2, the Ce abundance in the parental melt of apatite is 

calculated. This value is then used in Equation 7.3, where H2Omelt is expected to be equal to 

the H2O abundance measured in apatite. This method assumes a 1:1 partitioning of H2O 

between apatite and melt, which Boyce et al. (2014) note is only possible in some 

circumstances. From Equation 7.3, the H2O of the mantle source of these apatite grains is 

calculated. The results of these calculations are summarised in Table 7.5. 

The calculated H2O abundances (~ 1–27 ppm) of the mantle source regions of these apatite 

grains are within previous estimates of H2O in the Bulk Lunar Moon (BLM; 1–100 ppm; 

Mills et al., 2017). These represent post-degassing H2O abundances and assume that no other 

phases (such as zircon) were present to sequester Ce during crystallisation. As this method 

uses the H2O/Ce observed in these samples, it provides insight into the variability of the 

lunar mantle, whereas the first method presented here may provide better insight into the 

H2O variability in the parental melt.  

Table 7.5: Estimated H2O abundances of parental melts and mantle reservoirs of apatite in this study 

Sample ID Apatite # H2Oapatite (ppm) Ceapatite 

(ppm) 

Cemelt 

(ppm) 

Cemantle 

(ppm)a 

H2Omantle 

(ppm) 

H2Omelt 

(ppm)b 

NWA 12593 1 157 282 131c 1.728 2 157 

 2a 1818 878 408 1.728 8 1817 

 2b 2316 899 418 1.728 10 2316 

 4 527 148 69 1.728 13 527 

 5 357 947 441 1.728 1 357 

 6 1229 406 189 1.728 11 1229 

 7a 929 530 246 1.728 7 929 

 7b 773 553 257 1.728 5 773 

 8 4486 1598 743 1.728 10 4486 

 10a 926 345 161 1.728 10 926 

 10b 827 391 182 1.728 8 827 

 11 377 419 195 1.728 3 377 

 12 3230 476 221 1.728 25 3230 

 13a 143 431 200 1.728 1 143 

 13b 173 316 147 1.728 2 173 

 13c 213 594 276 1.728 1 213 

 14 135 573 267 1.728 1 135 

 16 2722 1221 568 1.728 8 2722 

 19a 214 780 363 1.728 1 214 

 19b 393 724 337 1.728 2 393 

 20 1310 375 174 1.728 13 1310 
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Table 7.5: Estimated H2O abundances of parental melts and mantle reservoirs of apatite grains in 

this study. 

 21a 387 199 93 1.728 7 387 

 21b 179 290 135 1.728 2 179 

AP 007 2 2347 505 235 1.728 16 2347 

DOM 18262 1a 312 168 78 1.728 7 312 

1c 549 76 35 1.728 27 549 

1d 310 77 36 1.728 15 310 

DOM 18666 4a 1214 270 125 1.728 17 1214 

7a 1289 245 114 1.728 20 1289 

8f 3966 2175 1012 1.728 7 3966 

9a 2167 503 234 1.728 16 2167 

9b 1884 469 218 1.728 15 1884 

11a 2348 244 114 1.728 19 2348 

EET 96008 2ad 149 321 149c 1.728 2 149 

2bd
 447 339 158c 1.728 5 448 

3 3754 548 255c 1.728 25 3754 
aThis is the initial Ce value for the lunar mantle as given by Hauri et al. (2011) 
bThe H2O abundance of the melt has been estimated to be as close to the H2O measured in apatite 
cHigher Ce content in melt due to lower distribution coefficient used — as merrillite was identified 

coexisting 
dH2O has been corrected for a CRE age of 10 ±1 Ma (Fernandes et al., 2009) 
 

 

7.3. Volatile inventories, compositions, and geochronology of brecciated 

lunar meteorites 

7.3.1. Heavy Cl isotope signature in FAN material: a possible new reservoir for Cl in 

the Moon  

Apatite data with a high δ37Cl population (~ + 44 to + 56 ‰) appears to bridge the gap in Cl 

isotopes between the moderately 37Cl-enriched Apollo and basaltic lunar meteorite material, 

and the extreme δ37Cl values in Dho 458 (see section 4.2.2). Modelling of the effects of 

metal chloride degassing and secondary alteration processes to which enrichments in δ37Cl 

are usually attributed indicated that neither process alone could produce these signatures.  

As AP 007 and NWA 12593 are unpaired samples, which appear to sample a variety of 

different lithologies, this population is unlikely to represent a single source reservoir or series 

of processes. The apatite grains which have δ37Cl of approximately + 45 ‰ in AP 007 and 

NWA 12593 are associated with lithic clasts whose texture and geochemistry are indicative 

of highlands-type anorthosites (section 4.2.2). Based on the Mg# and An# of mafic silicates 

and feldspar in AP 007, these samples appear to be FAN in origin (see Figure 3.4). The 
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highlands-type anorthosite clast in NWA 12593, however, is statistically dissimilar to the 

FAN suite (see Chapter 4 Section 4.2.3), although the texture and modal mineralogy are 

similar to FAN. The 207Pb-206Pb age of the anorthosite clast in AP 007 (~ 4467 Ma) is 

consistent with it being a sample of the earliest lunar crustal material, while the age of the 

anorthosite clast in NWA 12593 (4174 Ma) is also within the range of FAN, albeit 

representing much younger lunar crustal activity (see Figure 6.1). 

Such a 37Cl-enriched signature for this FAN material, either sampling the earliest lunar crust 

or early plutonic material, indicates that significant fractionation occurred prior to the 

complete solidification of the LMO. Both models of the behaviour of Cl in this phase of the 

Moon’s evolution suggest extensive fractionation as a result of evaporation and degassing 

of the molten Moon (Boyce et al., 2015; Barnes et al., 2016).  

A FAN or MAN origin for AP 007 material indicates formation towards the end of LMO 

evolution. As Cl is highly incompatible, it would be expected to be less likely to sequester 

into the parental melts of either of these suites; instead remaining in the urKREEP melt 

(Boyce et al., 2015). Contamination by KREEP seems limited, as Ce (and thus REE) 

contents are low (~ 500 ppm; see Table 7.5) compared to typical KREEP apatite which 

contains ~ 1000 ppm Ce (e.g., Jolliff et al., 1993a; McCubbin et al., 2011). Reported δ37Cl 

values for KREEP material in Apollo and meteorite samples are also lower than + 45 ‰ 

(δ37ClKREEP = ~ + 14–31 ‰; Tartèse et al., 2014a; Barnes et al., 2016; Faircloth, 2020). 

KREEP contamination alone cannot account for the fractionated signature in AP 007 and 

NWA 12593.  

Apatite grains previously observed in noritic and troctolitic (i.e., magnesian) anorthosite 

clasts in NWA 2966, were interpreted to either result from assimilation of more evolved 

intrusive rocks in an anorthositic diapir rising through the lunar crust, or through 

metasomatism of the crustal FAN material by evolved, P-rich liquids (Neal and Taylor, 



203 

 

1989; Mercer et al., 2013). If an evolved liquid metasomatized crustal anorthosites, an 

enrichment in REE would be expected (Mercer et al., 2013). The low Ce contents of these 

apatite  grains/their parental melt (see Table 7.5) does not support this scenario in the case 

of AP 007 and NWA 12593. An intrusive crustal diapiric origin of these clasts seems more 

likely.  

Infiltration of the lower lunar crust by metasomatic fluids originating from Mg-suite magmas 

may have introduced the highly fractionated δ37Cl signature to the parental crust from which 

AP 007 and part of NWA 12593 were formed after their crystallisation. Assuming the 

parental crust of AP 007 and NWA 12593 were at the shallowest levels of the lunar crust 

and a percolation rate of the metasomatic melt/fluid of 1–100 cm/year (Ionov et al., 2002), 

the time it would take the melt to reach such shallow depths would be 0.005–50 Ma. The 

oldest Mg-suite material has a crystallisation age of 4.53 Ga (Shih et al., 1993) and so it is 

possible that this process occurred in the ~ 70 Ma prior to complete crystallisation of AP 007 

Clast 1 (207Pb/206Pb age = 4.54–4.47 Ga). The δD values of this apatite grain are on the lower 

end of previous Mg-suite apatite measurements (δD = ~ − 420 to − 10 ‰; Hui et al., 2013; 

Barnes et al., 2014; Robinson et al., 2016b; Hui et al., 2017; Černok et al., 2020), although 

it also sits within the δD range of apatite, glass beads, and melt inclusions in Apollo basalts 

, KREEP, and other lunar meteorites. The association with Mg-suite compositions may, 

therefore, mean very little.  

It is difficult to reconcile the above process of metasomatism of the lunar crust by enriched 

fluids with the ages observed in AP 007, especially. Apatite in this material has an age of 

4540 Ma, and all phases within this clast show a collective age of 4467–4534 Ma. Assuming 

the apatite in this clast is secondary and metasomatic in origin, a similarity in age with the 

surrounding material would not be expected.  
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The Ce abundance of these apatite grains in AP 007 and NWA 12593 and their parental 

melts are similar to the FAN subgroup mafic ferroan (MF). The reported Mg# of this 

subgroup (Mg# = 60.1–70.2) are mostly greater than observed in AP 007 (Mg# = 41.4–73.6). 

As discussed by Floss et al. (1998), MF anorthosites may represent an evolved end-member 

of the FAN suite, although, the low Na abundances of MF plagioclase are not consistent with 

this evolutionary history, and may instead reflect more complex processes such as 

assimilation and/or contamination of the local FAN magma with more evolved liquids.  

Another possible scenario, as proposed by Wang et al. (2019) to explain enriched Cl isotope 

compositions, is significant degassing of the LMO prior to formation of the lunar crust. As 

this would be accompanied by a depletion in Cl content, a mechanism for introduction of Cl 

would be required. Greater δ37Cl values in these crustal materials than observed in KREEP 

indicates that their parental melts did not experience KREEP input/contamination, as they 

would be expected to have δ37Cl values between + 14.1 and + 30.8 ‰ (Sharp et al., 2010b; 

Barnes et al., 2016; Greenwood et al., 2017; Faircloth, 2020; Simon et al., 2020). Building 

on Wang’s model, an anorthositic melt rising through the lunar crust with an enriched δ37Cl 

inherited from evaporation/degassing of the LMO, further enriched through incorporation of 

more evolved intrusions could explain the high δ37Cl, chlorine-rich nature of these samples.  

The above model of extensive evaporation of the LMO will have depleted the remaining 

urKREEP melt in Cl and, therefore, a method for introducing further Cl is required. A crust-

breaching impact, as proposed by Barnes et al. (2016), could introduce exogenous Cl and 

provide the means for such an enrichment. This would, however, be expected to enrich the 

residual melt rather than a crustal diapir. The rising diapir could, however, encounter and 

interact with this Cl-rich melt on its ascent to the lunar surface.   

The hydrogen isotopic composition of this material (δD = ~ − 45 ‰) is isotopically distinct 

from previously measured δD on FAN plagioclase in Apollo sample 60015 (δD = + 310 ± 
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110 ‰; Hui et al., 2017). To produce a signature of – 45 ‰ δD, ~ 80 % degassing of an 

LMO with initial δD of – 280 ‰ (i.e., the starting H isotope composition of the LMO; see 

Hui et al., 2017) is required. This apatite (in AP 007) has high H2O contents (~ 2350 ± 120 

ppm). At such high abundances of H2O, HCl would be expected to be the primary degassing 

phase.  

HCl degassing does not significantly fractionate Cl isotopes (see Sharp et al., 2010b who 

stated that HCl degassing fractionates Cl by ~ + 9 ‰ under specific conditions which may 

not have taken place in the parental magma), indicating that the observed δ37Cl was 

fractionated prior to degassing. The positive correlation between H2O/Ce and δ37Cl in this 

FAN-type material further supports that HCl was not the primary degassing phase, as HCl 

fractionation would be expected to deplete the magma in H2O.  

According to modelling carried out by Ustunisik et al. (2011), at low fO2 conditions such as 

observed on the Moon, extensive degassing of H, Cl, S, and F took place very quickly, with 

the degassing species consisting primarily of HCl, HF, H2, and H2S. Such extensive 

degassing will have given rise to metal chloride degassing from an H-depleted magma 

source. Through modelling the effect of magmatic degassing on D/H and 37Cl/35Cl ratios as 

a Rayleigh distillation processes, the observed δD (− 45 ‰) can be generated through three 

possible scenarios: (1) ~ 80 % H2 degassing from a starting composition of − 280 ‰, (2) ~ 

13 % degassing of H2 from a starting composition of – 70 ‰, or (3) ~ 27–43 % degassing of 

HF from a starting composition of + 100 ‰ (Tartèse et al., 2013a).  In order for Cl to degas 

as metal chlorides, H must have been depleted sufficiently enough for the Cl/H ratio to 

exceed 1 (the minimum balance of Cl and H for which metal chlorides are the dominant 

vapour phase; Fegley and Swindle, 1993). Although not entirely representative due to poorly 

constrained partitioning relationships, the Cl/H of this apatite (Cl/Hapatite = ~ 8) supports the 

assumption of sufficient Cl being present even with H2O abundances of ~ 2000 ppm.  
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There is a strong negative correlation (R2 = 1) between 207Pb/206Pb age and δD for this sample 

and FAN-type material observed in NWA 12593 (see Figure 7.5). This indicates that as the 

crust continued to crystallise, the δD of the LMO/FAN-type parental melt increased. There 

is also exists a strong positive correlation (R2 = 0.768; see Figure 7.5) between 207Pb/206Pb 

age and δ37Cl for this sample and FAN-type material in NWA 12593. This indicates that as 

the crust evolved, the δ37Cl of the LMO/FAN-type parental melt decreased. Greenwood et 

al. (2018) proposed that a ‘late veneer’ of mainly carbonaceous (CM; 20 %) and enstatite 

(80 %) chondrites to the Earth-Moon system influenced the Earth’s oxygen and ruthenium 

isotopes. The average δ37Cl values of CM (~ + 0.142 ‰) and enstatite (~ − 0.05 ‰) 

chondrites could have effectively lowered the δ37Cl value of the residual LMO melt from the 

heavy values observed in AP 007. The average δD values of CM (~ − 50 ‰) and enstatite 

(~ + 290 ‰) chondrites could have raised the δD value of the residual LMO melt to the 

values observed in KREEP (average δDKREEP = + 168 ‰) rocks (excluding QMDs which are 

thought to retain a nebular signature; see Chapter 5 section 5.3.4).  

Through examination of Ga and Zn isotopes of FAN, Mg-suite and mare basalt material, 

Kato and Moynier (2017) concluded that the isotopic composition of moderately volatile 

elements in ferroan anorthosites are not representative of their source magma, and instead 

their composition is controlled by surface impact alteration (i.e., volatilization by impacts) 

over billions of years. There is some credence to this conclusion in light of the variable Cl 

and hydrogen isotopes observed in our study and that of Hui et al. (2017), as the FAN 

reservoir appears to be highly variable in Cl and H. As our results are in situ observations of 

Cl and H in apatite, the effect of impact processing on these volatile systems must be 

considered. Through analysis of shock-induced structural defects in apatite and H2O and Cl 

in apatite grains in lunar and eucrite meteorites, Černok et al. (2019; 2020) and Barrett et al. 

(2021) find no correlation between degrees of shock metamorphism of apatite and their Cl 

and H isotopes and abundances. This suggests that the Cl and hydrogen isotope compositions 
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of apatite in AP 007 and NWA 12593 (and the other samples studied) are not associated with 

impact alteration. For impact alteration to have influenced Cl and H in apatite, this would 

have to be associated with impacts prior to LMO solidification (i.e., prior to ~ 4.5 Ga, or 

during 4.5–4.3 Ga; Nemchin et al., 2009). These impact events would be more local to 

particular areas of the lunar crust which can account for the variation observed in different 

FAN material.  

To account for the observed δ37Cl and δD values, it is proposed that significant degassing of 

H2 and HF from the LMO took place (raising the δD value of the LMO from a minimum of 

– 280 ‰ to the observed – 45 ‰), followed by metal chloride degassing when the Cl/H ratio 

of the magma exceeded a value of 1 (raising the δ37Cl of the melt to values of ~ + 44 ‰). A 

late veneer composed of 20 % CM and 80 % enstatite chondrite material (Greenwood et al., 

2018) could have introduced significant Cl and water to the residual melt after lunar crust 

formation (Day et al., 2007). This input will have reduced the δ37Cl and δD values of the 

residual melt to the values observed in KREEP-rich rocks. Figure 7.4 illustrates the proposed 

model of lunar evolution.  
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Figure 7.4: Proposed model of lunar evolution, accounting for observed δ37Cl and δD values in all 

samples from this study. Ages from Brasser et al. (2016) 
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7.3.2. Extreme Cl abundances in DOM 18666 

Apatite grains in DOM 18666 have extremely high Cl abundances (~ 2.36–3.78 wt. %) with 

relatively restricted δ37Cl variation (+ 5.4–15.2 ‰). Ji et al. (2022) analysed apatite grains 

within a single basalt clast in returned Chang’e 5 samples which showed similar variation in 

δ37Cl (+ 4.5–18.9 ‰) and Cl abundance (~ 0.82–1.20 wt. %). This spread was attributed to 

HCl degassing during apatite crystallisation at or near the lunar surface (Ji et al., 2022). The 

apatite grains are associated with low-Ti basalt clasts, which could indicate that the magma 

underwent HCl degassing during its emplacement at the lunar surface and crystallisation. 

The F abundance of these apatite grains may indicate they formed later than those with lower 

Cl abundances.  

It is thought that DOM 18666 is part of the YAMM pairing group, and the apatite with 

extreme Cl abundances have similar δ37Cl values to MIL 05035 (a basaltic lunar meteorite 

also of the YAMM group; δ37Cl = − 4.0 to + 7.8 ‰; Boyce et al., 2015; Wang et al., 2019; 

Barnes et al., 2019). The cryptomare basalt flow represented by the YAMM group is of low-

Ti composition, and records the lightest δ37Cl in lunar material to date (− 4.0 ‰; see Boyce 

et al., 2015). Most apatite grains in DOM 18666 show similar δ37Cl values to MIL 05035, 

indicating that the high Cl abundance of some of these apatite grains is as a result of 

fractional crystallisation of the parental melt.   

DOM 18666 Ap7 which records these high Cl abundances (~ 3.65 wt. %) is also H2O-rich 

(~ 1290 ppm), with a hydrogen isotope composition of δD = − 28 ‰. This falls within the 

lower range of δD previously observed on low-Ti apatite grains (δD = ~ − 600 to − 10 ‰; 

Boyce et al., 2015; Barnes et al., 2016; 2019; Potts et al., 2018; Faircloth, 2020). Assuming 

an initial δD of – 280 ‰, ~ 80 % H2 degassing is required (see Figure 5.10), while assuming 

an initial δD of – 70 ‰, ~ 21 % H2 degassing is required. Considering the δ37Cl signature 

requires 49–83 % degassing of various metal chlorides assuming a starting of – 4 ‰ (i.e., 
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the composition of un-degassed low-Ti material in MIL 05035; see Boyce et al., 2015), 

extensive H loss through degassing is feasible. The observed H2O contents of this apatite (~ 

1290 ppm), however, are not typically reconcilable with extensive metal chloride degassing,  

unless Cl abundance in the melt was equal to or greater than 1290 ppm (Fegley and Swindle, 

1993). The Cl abundances of the parental melt cannot be derived; hence the high Cl 

abundance of the apatite grains may not be representative of a Cl-rich magma. As seen in 

section 7.2.3, the parental melt for this apatite would have a maximum of ~ 3420 ppm H2O, 

in which case HCl would likely be the primary degassing species. As Sharp et al. (2010a) 

discuss, HCl evaporation from a melt increases the δ37Cl of the residue by ~ + 9 ‰, which, 

assuming a starting δ37Cl of 0–1 ‰, can explain the fractionation observed in DOM 18666 

low-Ti apatite grains. 

The scenario being proposed for the evolution of the parental magma of these Cl-rich apatite 

grains, and all low-Ti apatite grains in DOM 18666 is: significant H2 degassing, 

followed/accompanied by HCl evaporation. This is likely to have occurred upon 

emplacement at the lunar surface (possibly in the YAMM basalt).  

7.3.3. Quartz Monzodiorites in DOM 18262 and DOM 18666 

DOM 18262 and DOM 18666 contain clasts (i.e., DOM 18262 Clast 1 and clasts in DOM 

18666 without associated apatite) which are geochemically and texturally similar to the 

Apollo 15 quartz monzodiorites (see Chapter 5 Section 5.3.3). The apatite grains associated 

with these clasts show some of the lightest hydrogen isotope compositions (~ − 830 to – 660 

‰), and lowest Cl abundances (~ 16–26 ppm) of the apatite grains in this study, if not the 

entire lunar sample suite. The hydrogen isotope composition (− 830 to – 660 ‰) is similar 

to a nebular or solar wind hydrogen signature which may have been introduced to the QMD 

parent reservoir during/following the Giant Impact, or the apatite grain through impact melt 

in which the QMD clast is situated. The Cl isotope composition (δ37Cl = ~ + 2–26 ‰), 

however, is not consistent with mixing of nebular/solar Cl (δ37Cl = – 7.2 ‰; Gargano and 
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Sharp, 2019) into lunar precursor material, and eventually into the QMD parent reservoir. If 

the QMD reservoir represents a predominantly Theia component, this indicates that this 

planetary body had an isotopically fractionated Cl signal. The Cl isotope composition of 

Theia is not well constrained, however, Desch and Robinson (2019) propose a composition 

similar to the enstatite chondrites. The average δ37Cl of enstatite chondrites (− 0.104 ‰; 

Sharp et al., 2013b), however, is too light to produce the composition observed in DOM 

18262 and DOM 18666 QMDs through two-component magma mixing models. It cannot be 

discounted that the enstatite chondrites have a greater spread in δ37Cl than observed in the 

sample record to date.  

Solar wind H isotopes show similarity to those in DOM 18262 and 18666, however, the 

depth of the apatite within the sample prevents direct penetration, and the low diffusion 

potential for the host feldspar inhibits H mobility during impact processing and melt 

formation. A solar wind composition could have been inherited from debris disk material 

which underwent ‘space weathering’ following the Giant Impact. In this case, variation in 

the hydrogen isotope composition of the lunar mantle would result from the degree of 

weathering of precursor materials. The QMD reservoir may represent a region of the Moon 

dominated by a heavily space-weathered signature.  

Chlorine isotope values in DOM 18262 and 18666 are similar to those in Apollo 15 QMDs, 

further supporting a QMD origin of these apatites. The difference between δ37Cl and δD in 

DOM 18262, DOM 18666, and Apollo 15 QMDs may suggest that H and Cl in the QMD 

suite were derived from different sources. Heavily fractionated Cl isotopes are indicative of 

substantial degassing, while H isotopes may reflect indigenous signatures, and perhaps an 

inherited Theia/solar wind signature.  

The ages of these clasts in DOM 18262 and DOM 18666 are ~ 60–80 Ma younger than 

Apollo 15 QMDs (formed ~ 4.4–4.0 Ga ago; Meyer et al., 1996). The concordant nature of 

these ages, and minimal disruption to the structure of their surrounding nominally anhydrous 
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minerals, indicate that the ages of DOM 18262 and DOM 18666 QMDs are crystallisation 

ages. This could indicate that QMD suite magmatism persisted for longer in the Moon’s 

history than originally thought, and that the ages of 3.88–3.90 Ga represent the minimum 

ages for this group.  

7.3.4. Light chlorine isotopes in DOM 18262 

An apatite grain in DOM 18262 which is not associated with a QMD clast (i.e., Ap2) has a 

relatively low δ37Cl (− 1.0 to + 1.0 ‰). The similarity of this to basaltic material in MIL 

05035 (and their possible pairing relationship in the YAMM group) could indicate similar 

processes resulted in such a light Cl composition. Boyce et al. (2015) attribute the 37Cl-

depleted isotopic composition (δ37Cl = ~ − 4 ‰) to partial degassing, an un-degassed source, 

or meteoritic material with low δ37Cl. Two-component mixing models indicate that ~ 48 % 

mixing with CAI material (reported in the carbonaceous chondrite Allende to have δ37Cl as 

low as – 2.09 ‰; Sharp et al., 2007) can produce a δ37Cl of ~ − 1.0 ‰. Significant mixing 

of CAI material would, however, change the melt such that it would not have a lunar mafic 

composition. It cannot be discounted that these light Cl isotopes reflect minimal degassing 

or KREEP incorporation and, therefore, represent a more primitive composition of the 

parental melt. 

The age of DOM 18262 Ap2 is younger than most basaltic material in DOM 18262 and 

DOM 18666 (207Pb/206Pb age of ~ 3875 ± 33 Ma). This is within the range of age data for 

the YAMM group, providing further support to a pairing relationship with MIL 03035. Age 

data has not been collected on the apatite grain which yielded a light δ37Cl value in MIL 

05035, however, apatite which shows minimal fractionation of Cl isotopes in DOM 18262 

has a younger age than more fractionated material — although this is within error of basalt 

clasts in DOM 18666 (see Table 6.1). 
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7.3.5. Moderately fractionated chlorine and hydrogen isotopes in DOM 18666 

Apatite grains in DOM 18666 not exhibiting high Cl contents are associated with basaltic 

clasts of low-Ti and high-Ti origins (Figure 3.18). The δ37Cl of both the low-Ti (+ 5.5–7.1 

‰) and high-Ti (+ 15.2–19.6 ‰) clasts are within literature values for low-Ti (+ 1.2 to + 

40.0 ‰; McCubbin et al., 2011; Boyce et al., 2015; Barnes et al., 2016; 2019; Potts et al., 

2018; Faircloth, 2020) and high-Ti basalts (+ 2.0 to + 16.8 ‰; Boyce et al., 2015; Barnes et 

al., 2016; 2019; Faircloth, 2020). The δD in the low-Ti clasts (~ + 340 ‰) is within the range 

of Apollo low-Ti basalts (~ − 600 to + 1440 ‰; Greenwood et al., 2011; Tartèse et al., 2013a; 

Barnes et al., 2013; 2019; Pernet-Fisher et al., 2014; Boyce et al., 2015; Treiman et al., 2016; 

Singer et al., 2017; Stephant et al., 2020). The δD in the high-Ti clasts (~ + 170 ‰) is lighter 

than those in Apollo high-Ti basalts (~ + 530–1100 ‰; Tartèse et al., 2013a; Barnes et al., 

2013; 2019; Boyce et al., 2015; Treiman et al., 2016; Stephant et al., 2020).  

Assuming a starting δ37Cl of – 4 ‰ for the parental melt for low-Ti and high-Ti clasts in 

DOM 18666, ~ 68–94 % metal chloride degassing produces the δ37Cl values observed. 

Assuming an initial LMO δD of – 280 ‰, ~ 93–97 % degassing of H2 would be required to 

produce the δD in the low-Ti and high-Ti basalt clasts in DOM 18666. Assuming an initial 

LMO δD of – 70 ‰ , ~ 71–86 % degassing of H2 would be required to produce δD of ~ + 

170–340 ‰.  

These H and Cl isotope values are similar to those of MIL 05035, further supporting a pairing 

relationship with the YAMM group. The age of these apatite grains (3874–3955 Ma) are 

similar to those of the YAMM group (3800–3900 Ma; Arai et al., 2010a). No strong 

correlation between 207Pb/206Pb age and δD exists (see Figure 7.5) — this supports minimal 

fractionation due to degassing and crystallisation across the slow cooling of a thick basalt 

flow buried below surface regolith, as proposed for the YAMM basalt (Arai et al., 2010a). 

Some correlation between 207Pb/206Pb age and δ37Cl exists (see ‘DOM 18666 Basalts’ trend 

Figure 7.5), a positive correlation indicating that δ37Cl decreased in the parental melt as it 
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crystallised. The R2 of this correlation (0.6144) is too low to support this assertion and is 

based on the δ37Cl values of a single apatite grain. Burial below regolith for an extended 

period could facilitate some reduction of H isotopes to solar values (as regolith incorporates 

significant solar wind H; Pieters et al., 2009; Ichimura et al., 2012), therefore, this process 

cannot be discounted.  

 
Figure 7.5: Comparison of 207Pb/206Pb ages, δ37Cl (a), and δD (b) 

  

7.3.6. Moderately fractionated chlorine and hydrogen isotopes in NWA 12593 

Many of the apatite grains in NWA 12593 show moderate isotopic fractionation in both Cl 

and H (see Figures 4.1 and 5.1).  

Apatite grains associated with lithic clasts 

Different apatite grains are associated with clasts of either basaltic and highlands type (see 

Chapter 4 section 4.2.8 and Chapter 5 section 5.3.6). Basaltic clasts are both of low-Ti and 
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high-Ti origins (see Figure 3.8). The high-Ti clasts show heavier δ37Cl and lighter δD than 

the literature values, which may reflect incorporation of KREEP material prior to eruption, 

or reflect the true heterogeneity of the high-Ti suite. The Cl isotopes (δ37Cl = ~ + 21.2–21.3 

‰) are comparable to KREEP compositions (δ37Cl = + 14.1–30.8 ‰; Tartèse et al., 2014a; 

Barnes et al., 2016; Faircloth, 2020), while the hydrogen isotopes are lighter (δD = − 378 to 

+ 15 ‰) than Apollo high-Ti basalts (δD = ~ + 530–1100 ‰; Greenwood et al., 2011; Tartèse 

et al., 2013a; Barnes et al., 2013; Boyce et al., 2015; Treiman et al., 2016). High-Ti basalts 

have extremely light hydrogen isotopic compositions — for instance, Stephant et al. (2020) 

observed δD values down to – 912 ‰ in Apollo 10058 high-Ti basalt pyroxene-hosted melt 

inclusions, and high-Ti glasses have δD values down to + 40 ‰ (Hauri et al., 2011; 2015; 

Saal et al., 2013; Füri et al., 2014).  

It is possible that both Cl and H reflect KREEP contamination, which have a δD range of – 

754 to + 934 ‰ (Tartèse et al., 2014b; Robinson et al., 2016b; Hui et al., 2017; Černok et 

al., 2020). The age of this high-Ti clast (NWA 12593 Ap4 = 4156 ± 96 Ma) is greater than 

the oldest recorded high-Ti material (~ 4000 Ma; Davis et al., 1971). It is, therefore, possible 

that the high-Ti δD and δ37Cl values in NWA 12593 represent early KREEP contamination. 

The calculated Ce abundance of the parental melt (337–363 ppm; see Table 7.4) supports 

some input of REE-enriched material.  

The low-Ti clasts show similar δ37Cl (~ + 24.0–26.1 ‰) to literature values (~ + 1–40 ‰; 

McCubbin et al., 2011; Tartèse et al., 2014a; Boyce et al., 2015; Potts et al., 2018; Barnes et 

al., 2019; Faircloth, 2020). This Cl composition is heavier than observed in low-Ti material 

in MIL 05035 (δ37Cl = ~ − 4–8 ‰; Boyce et al., 2015; Wang et al., 2019; Barnes et al., 

2019). As with high-Ti basalts, this heavier composition could reflect greater KREEP 

incorporation, although it may also reflect the true heterogeneity of the low-Ti basalt suite. 

The hydrogen isotopes (δD = − 105 to + 15 ‰) are similar to literature values (δD = ~ − 600 

to + 1440 ‰; Greenwood et al., 2011; Tartèse et al., 2013a; Barnes et al., 2013; 2019; Pernet-
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Fisher et al., 2014; Boyce et al., 2015; Treiman et al., 2016; Singer et al., 2017; Stephant et 

al., 2020). The similarity in composition to proposed original melt compositions (δD = – 200 

to + 200 ‰; Stephant et al., 2020) indicates that this is possibly an indigenous H and Cl 

signature.  

Apatite grains associated with highlands-type clasts show variable δ37Cl (+ 17.3–45.5 ‰) 

and δD (+ 105–698 ‰). The heaviest δ37Cl values (~ + 45.5 ‰) are reported in a possible 

FAN-associated apatite (see discussion in Chapter 7 section 7.3.1).  Apatite associated with 

an Mg-suite clast has δ37Cl (+ 21.2–22.0 ‰) which is similar to Apollo 17 Mg-suite material 

(+ 10.3–33.8 ‰; McCubbin et al., 2011; Barnes et al., 2016; McCubbin and Barnes, 2020; 

Gargano et al., 2020). The δD values of this clast in NWA 12593 (Ap 2 = ~ + 370–700 ‰) 

are also similar to Apollo Mg-suite apatites (δD = ~ − 420 to + 640 ‰; Barnes et al., 2014; 

Robinson et al., 2016b). The Cl isotopic composition of Mg-suite material is thought to 

reflect a KREEP composition introduced during the formation of this rock suite via partial 

melting (Hess, 1994; Shearer and Papike, 2005; Shearer et al., 2015; McCubbin and Barnes, 

2020). Moderate–high Ce abundances of the parental melt of this apatite (Ap2; see Table 

7.4) support this. KREEP is thought to have acquired a δ37Cl composition of between + 28 

and + 30 ‰ by 4.31 Ga (Borg et al., 2015; McCubbin and Barnes, 2020). The measured 

207Pb/206Pb age (which shows minimal discordance in U-Pb space: ~ 6.7 %, see Table 6.1) 

of 4308.3 ± 17.6 indicates that fractionation of KREEP δ37Cl  to values of ~ + 21–22 ‰ had 

already occurred by this time. Equilibrium fractional crystallisation would only fractionate 

the δ37Cl values of the melt by ~ 0.5 ‰ (Ranta et al., 2021), which indicates that this is not 

the source of KREEP Cl fractionation. These results are consistent with 37Cl-enrichment in 

KREEP resulting from metal chloride degassing from the LMO (Boyce et al., 2015) or an 

early crust-breaching impact within the Procellarum KREEP terrane (Barnes et al., 2016; 

see Table 7.4).   
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Apatite grains within the ungrouped highlands-type clasts in NWA 12593 (8 and 14) show 

fractionated Cl (δ37Cl = + 17.3–21.8 ‰)  and H isotopes (δD = ~ + 50–290 ‰). Clast 14 

shows geochemical similarity to the lunar gabbronorites, whereas Clast 8 is not 

geochemically similar to any known lunar material and may represent a new highlands 

lithology. The volatile inventory of both these highlands apatites are similar to δ37Cl (+ 10.3 

to + 36.3 ‰) and δD (~ − 380 to + 1230 ‰) values of highlands material.    

Apatites lacking geological context 

Numerous apatite grains in NWA 12593 which lack geological context exhibit a similar 

texture to each other of Fe-rich inclusions, which appear to follow linear features within the 

grains. Upon closer examination of these textures: the lack of cracks/fractures along which 

similar veinlets propagate in eucrite and howardite mafic minerals suggest that these did not 

originate due to the reaction of an aqueous fluid with the apatite (Rombeck et al., 2021). The 

significant variation observed in hydrogen isotopes of these apatites (δD = ~ − 140 to + 590 

‰) is also not consistent with deposition from a single aqueous fluid.  

The uniformity of the orientation of the Fe-rich veinlets/inclusions and their conjunction at 

triple-junctions indicates that they may be tracing growth planes of a hexagonal apatite (see 

Figure 5.3). A lower compatibility of Fe in apatite and possible Fe-Cl avoidance (Volfinger 

et al., 1985; Oberti et al., 1993; Kullerud, 1995) supports this process as a source of the Cl 

isotope signature and abundance in these apatites. The lack of consistent hydrogen isotopes, 

however, challenges this assumption.  

The presence of these apatites (Ap7, Ap10, Ap11, and Ap22) in the impact melt groundmass 

of NWA 12593 (which is expected to have formed due to at least one impact event which 

melted the lunar regolith) could have introduced a solar wind signature. The effects of impact 

melt interaction with apatite grains on Cl and hydrogen isotopes is poorly constrained; 

however, the relatively low H2O contents of these apatites could indicate that there was 

greater effect on the hydrogen isotopes than Cl.  
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Apatite has been experimentally observed to dissolve in a silicate melt experiencing 

temperatures of ~ 1250–1300 ℃ within ~ four days (Harrison and Watson, 1984). Initial 

temperatures of terrestrial impact melts range from ~ 1450–2370℃ (El Goresy, 1965; 

Simonds et al., 1976; Timms et al., 2017), which would increase the speed of dissolution. 

Incomplete dissolution of these grains indicates that these temperatures were not experienced 

for a prolonged time. This effect is not observed in Ap12 and Ap16, which are also 

encompassed by impact melt. The higher water contents in these apatites (~ 2720–3230 

ppm), however, would prevent a significant solar wind effect on their H isotopes.  

The age of the Ap7 and Ap10 apatite grains in NWA 12593 (4339 ± 43 and 4376 ± 57 in Ap 

7 and 10, respectively) are within error of each other, which could support an impact origin 

for their H and Cl signatures. These ages, however, are relatively concordant (see Table 6.1), 

indicating that impact re-setting has not had a significant effect on their Pb isotopes. It is 

therefore most probable that the apatite grains in NWA 12593 with a shared texture of Fe-

rich inclusion trails developed their Cl composition due to crystallisation and inherited a 

solar wind hydrogen signature from impact melt interaction/incomplete dissolution of the 

grains.  

The most extreme Cl isotopes (+ 52.6–53.1 ‰) measured in this study are associated with 

Ap21, which has no lithic associations and is surrounded by impact melt. The 207Pb/206Pb 

age of this apatite is ~ 4160 ± 15 Ma (see Table 6.1). Existing models of lunar cataclysm 

indicated that the majority of large impacts occurred between 4.42 and 4.5 Ga, with a later 

increase in cratering events between 3.8 and 4.2 Ga (Fischer-Gödde and Becker, 2012; 

Fernandes et al., 2013; Norman and Nemchin, 2014; Brasser et al., 2016) . It is, therefore, 

conceivable that the age of this apatite was re-set by an impact melting event which formed 

the surrounding material. When plotted on a U-Pb concordia curve (Tera and Wasserburg, 

1972, 1974), this apatite shows a concordant age (discordance = ~ 11 %). This indicates that 

this age records the crystallization of this apatite grain. The H isotopic composition of this 
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apatite grain (δD = ~ − 220 to – 160  ‰) contrast with the elevated δ37Cl, indicating that the 

H and Cl systems were decoupled in the parent reservoir of this apatite grain. Degassing of 

the parent reservoir of this apatite grain may be the source of the observed hydrogen isotopes 

(between ~ 36 and 57 % degassing of H2 is necessary to produce the observed δD values), 

and to an extent the Cl isotopes. It is, therefore, possible that the parental magma of this 

apatite grain had an extremely light H and heavy Cl isotope signature.   
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8. Conclusions and Future Work 

The work presented in this thesis provides new insights into the abundance and isotopic 

composition of volatiles in a variety of lunar material, whilst also presenting a detailed 

description of the mineralogy, geochemistry, and geochronology of clasts in lunar breccias. 

The findings of this research have wider implications for the field of planetary science, 

effectively broadening the sample suite which can be analysed for volatile elements (with 

over 300 brecciated lunar meteorites and almost 60 Apollo breccias which can be studied). 

The Cl and H isotopic compositions of apatite studied here have implications for lunar 

interior heterogeneity (Chapters 4 and 5). The U-Pb and Pb-Pb ages of apatite studied here 

provide greater temporal context for Cl and H results and constrain the timing of possible 

impact events which may formed these breccias (Chapter 6).  

At the beginning of this project, little work on H and Cl of brecciated lunar meteorites existed 

in the published literature (e.g., Tartèse et al., 2014a; Robinson et al., 2016b; Stephant et al., 

2019a; Faircloth, 2020), which effectively limited our understanding of lunar volatiles to the 

restricted coverage of the Apollo and Luna sample suites. This thesis has significantly 

expanded the dataset of lunar volatile abundance and isotopic compositions for apatite 

(introducing over 50 new Cl abundance and isotope measurements, and over 30 new H 

isotope and water abundance measurements), including the identification, characterisation, 

and volatile systematics of apatite grains in a potentially new clast of ferroan anorthosite 

type. The Cl isotopes of basaltic and highlands-type material present in brecciated lunar 

meteorites bridge the existing gaps between anomalously low δ37Cl values in MIL 05035, 

and extremely high δ37Cl values in Dho 458. These findings indicate that the lunar interior 

has a greater heterogeneity for Cl isotopes, and anomalous values may not simply reflect 

local processes in the source regions of samples.  
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8.1. Implications for the evolution of lunar volatiles 

Chapter 4 outlines the variability in Cl isotopes while Chapter 5 presents variations observed 

for H isotopes in apatite from brecciated lunar meteorites. Due to the variability between 

rock types sampled in these breccias, a number of implications have arisen.  

8.1.1. Chlorine and hydrogen systematics in ferroan anorthosites 

This study (see Chapter 4 section 4.2.2 and Chapter 5 section 5.3.4) marks the first report of 

apatite grains present in ferroan anorthosite material. Assuming this apatite is a primary 

crystallisation product of FAN, the high δ37Cl (~ + 45 ‰) and relatively low δD (~ − 45 ‰) 

values indicate that significant fractionation of Cl and H preceded the formation of the lunar 

crust. The extent of H fractionation through degassing is variable depending on the initial 

δD value of the LMO (either – 280 or – 70 ‰ produces the observed δD values after 80 and 

13 % degassing of H2, respectively).  

Infiltration of the lower lunar crust by enriched Mg-suite fluids may have produced the δ37Cl 

and δD values in this apatite, however, the age of the apatite grain is equivalent to the rest 

of this clast.  

8.1.2.  Basaltic material in DOM 18262 and DOM 18666 

Basaltic material in lunar meteorites DOM 18262 and DOM 18666 exhibiting low-Ti 

compositions were observed to have a limited δ37Cl (− 1.0 to + 15.2 ‰) and more variable 

δD (~ − 30 to + 340 ‰) range. These apatite grains are extremely Cl-rich (up to 3.78 wt. %), 

with relatively high H2O abundances (1215–3966 ppm). The scenario proposed for the 

evolution of the parental magma of these low-Ti grains is H2 degassing, 

followed/accompanied by HCl evaporation (see Chapter 4 sections 4.2.6 and 4.2.7, Chapter 

5 section 5.3.7, and Figure 7.4).  

The Dominion Range samples studied here, and their low-Ti components are similar in 

texture, geochemistry, and geochronology to the YAMM pairing group — thought to sample 

an ancient mare basalt buried below the surface regolith. The H and Cl isotopic compositions 
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of DOM 18262 and 18666 basaltic material are similar to MIL 05035 (of the YAMM group). 

The isotope data on DOM 18262, DOM 18666, and MIL 05035 indicate that the YAMM 

basalt likely represents a partially degassed ancient low-Ti magma.  

8.1.3. QMD material in DOM 18262 and DOM 18666 

The presence of QMD material in DOM 18262 and DOM 18666 with textural and 

geochemical similarities to Apollo 15 QMDs, and comparably light δD (− 940 to – 660 ‰) 

and fractionated δ37Cl (+ 1.8 to + 26.0 ‰) values indicate that the QMD suite possibly 

samples a nebular hydrogen isotopic signature inherited from Theia, and underwent 

significant degassing/fractionation of Cl. The lack of agreement in Cl and H isotopes in 

QMD material indicates that these volatile systems are derived from different sources for 

this rock suite. A slightly younger age for the QMD material in DOM 18262 and DOM 

18666 indicates a longer pulse of QMD suite magmatism on the Moon. 

8.1.4. VLT material in EET 96008 

Basaltic material in EET 96008 with a VLT composition contains a narrow range in δ37Cl 

(+ 15.6–18.2 ‰) and δD (+ 340–680 ‰) which are comparable to Cl and H isotopes in VLT 

material in Kal 009 and MIL 05035. The fractionated H and Cl isotopes are proposed to 

result from substantial degassing of H2, followed by metal chlorides during the eruption of 

the VLT parental magma. The difference in age and observed enrichment in REEs in EET 

96008 in comparison to the ancient VLT magmatism record in Kal 009 indicate that they are 

sourced from different pulses of VLT magmatism.  

8.1.5. Diversity in NWA 12593 

Basaltic Clasts 

High-Ti basaltic clasts in NWA 12593 which show higher δ37Cl and lower δD than literature 

values may reflect early KREEP incorporation prior to eruption, as supported by the 

calculated Ce abundance of the parental melt. It cannot be discounted that this instead 

reflects heterogeneity in the high-Ti suite, as high-Ti glasses and melt inclusions have light 



223 

 

δD values. The presence of high-Ti material in meteorites is rare, and the results presented 

here provide greater context on the evolution of high-Ti basalts.  

Low-Ti basalt clasts in NWA 12593 contain similar δ37Cl and  δD values to literature data, 

and the similarity in the δD range observed in these clasts (− 105 to + 15 ‰) to propose 

original lunar melt compositions  (– 200 to + 200 ‰; Stephant et al., 2020) indicates that 

this material may record an indigenous H and Cl signature.  

 Highlands-Type Clasts 

A possible FAN-associated apatite grain in NWA 12593 (δ37Cl = + 45.5 ± 1.8 ‰) shows 

similar δ37Cl to AP 007 (δ37Cl = + 44.2 ± 2.2 ‰). It is, therefore, possible that the lunar crust 

experienced significant Cl isotope fractionation, introduced during the LMO phase. Apatite 

associated with an Mg-suite clast shows similar δ37Cl values (+ 10.3–33.8 ‰) and δD (~ + 

370–700 ‰) to Apollo Mg-suite material. This Cl isotopic composition is thought to reflect 

KREEP input during partial melting, and the age of this clast indicates that 37Cl-enrichment 

in urKREEP took place by 4.31 Ga (which is consistent with previous findings; see Borg et 

al., 2015; McCubbin and Barnes, 2020).  

Apatites lacking geological context 

As the geological context for several apatite grains in NWA 12593 is lacking, interpretation 

of their results may be limited. This study, however, combines observations of internal 

zoning, trace element abundances, volatile stable isotopes, and geochronology to provide 

some context to the apatite grains not associated with lithic clasts. Apatite grains which share 

a texture that is characterised by the presence of Fe-rich inclusion trails developed enriched 

Cl isotope compositions (δ37Cl = + 17.5–21.8 ‰) and inherited a light solar wind H signature 

from impact melt interaction/incomplete dissolution of the apatite grain.  

Apatite which shows the most extreme Cl isotopes observed in this study (δ37Cl = + 52.6–

53.1 ‰) exhibits relatively low δD values (~ − 220 to – 160  ‰). The contrast of heavy Cl 

and light H in this apatite indicates that these systems were decoupled in its source reservoir. 
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It is possible that degassing had some effect on the Cl isotopes of this apatite, though this 

process alone cannot produce the observed δ37Cl signature.  

8.1.6. Implications for the Moon and inner Solar System 

The dataset for Cl and H presented in this study significantly expands the range in δ37Cl and 

δD reported in lunar apatite and expands our knowledge of the volatile systematics of the 

Moon throughout its history.   

This thesis addressed the research questions outlined in Section 1.6 in the following ways. 

This work has identified apatite grains which may represent direct LMO products and found 

that these volatiles are indigenous and reflect substantial fractionation of the LMO prior to 

formation of the lunar crust. There is variation in later-stage melting products which reflects 

impact melt processing, magmatic degassing, and perhaps metasomatism.  

Through comparison of these results with other inner Solar System material, it is found that 

the lunar interior, like that of the asteroid 4 Vesta and Mars (e.g., Barrett et al., 2016, 2019, 

2021; Shearer et al., 2018), may have evolved from a nebular signature. Light Cl isotopic 

signatures observed in ’younger’ basaltic material indicate that the lunar interior retains a 

light Cl isotopic composition, which is shared with other planetary bodies in the inner Solar 

System.  

This study also presents a methodology for assessing the H2O abundances of parental melt 

and mantle reservoirs of apatite grains, the results of which agree with existing models. This 

indicates that H2O in the lunar mantle was present in abundances of 1 to 100 ppm.  

8.2. Suggestions for further work 

The work completed as part of this PhD thesis has highlighted the complexity of studying 

brecciated lunar meteorites and their volatile components. This work has highlighted the 

variability which can exist within a single breccia sample, and the importance of in situ 

measurement of material in breccias. As these type of rocks represent such a large majority 
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of lunar meteorites and Apollo samples which have not been studied for volatiles, there are 

numerous research questions that can be explored.  

The Cl isotope variability of the lunar sample suite is apparent, with the samples studied here 

bridging the gap in data which existed between Apollo and basaltic lunar meteorite material 

and the extreme values observed by Wang et al. (2019). Further work may focus on analysis 

of anorthosite material to explore whether these heavy Cl isotope values are even more 

widespread. 

The presence of apatite in FAN material opens up avenues for further exploration of the 

volatile systematics of this rock suite. Additional data for H and Cl would further test the 

hypothesis that significant Cl isotope fractionation occurred prior to solidification of the 

LMO. To circumvent the problem of constraining partitioning of volatiles between an apatite 

and parental magma, analysis of nominally anhydrous minerals co-existing with apatite may 

complement these results. To further constrain whether AP 007 has had any Mg-suite or 

KREEP contamination Sr-Nd isotopes could be investigated. KREEP has a distinctly low 

εNd signature (e.g., see Tian et al., 2021), hence a positive εNd value could confirm that the 

REE-enrichment is derived from fractional crystallisation of FAN magmas. 

Determination of exposure ages for these samples would provide useful constraints on the 

role of spallogenic D in the presented results. As these are brecciated samples, a bulk 

exposure age may not be representative of the diverse lithic material present. Recent work 

on constraining Li isotopes using SIMS and NanoSIMS (e.g., Stephant and Robert, 2014; 

Tang et al., 2017) could provide a useful tool for in situ analysis of cosmic ray exposure.   

The coming decade will see the return of new lunar samples from previously unexplored 

regions on the Moon’s surface, including the South-Pole Aitken basin and surrounding 

terrane on the lunar farside. The large variability in Cl and H isotopes reported in this study 

indicates that these new returned samples may have different compositions to the Apollo 
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samples. The landing sites of future sample return missions (e.g., NASA Artemis, Chang’e) 

are outside of the PKT, therefore, a non-KREEPy signature is expected.  

In conclusion, the study of brecciated lunar meteorites significantly expands our knowledge 

of lunar volatiles. Improving and expanding analytical protocol improves the wealth of 

information that can be collected on small sample sizes and small mineral grains. It is due to 

this advancement that a large proportion of lunar samples can now be studied in greater 

detail, which may further inform our knowledge of lunar evolution. The forthcoming decade 

will see advancements in lunar and planetary science which will build upon this work to 

uncover the history and evolution of volatiles in the Solar System. 
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A. Appendix A 

Table A.1: Major element chemistry of plagioclase (plag), pyroxene (pyx), and olivine (ol) in lunar meteorite samples in this study.  
Sample AP 007 

Clast 1 

Phase Plag Pyx 

Wt. % 

oxide 

                     

K2O 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.03 0.01 0.00 0.01  0.01 0.01  0.04 0.03 0.00 0.01 0.01 

MnO  0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.25 0.29 0.32 0.33 0.33 0.40 0.28 0.32 0.28 
FeO 0.23 0.24 0.30 0.26 0.27 0.42 0.35 0.40 0.41 0.17 0.15 0.28 13.10 16.74 17.58 15.51 24.50 22.40 15.27 16.34 16.16 

CaO 19.31 18.89 19.06 19.18 19.42 19.36 19.60 19.39 18.52 19.45 19.51 19.33 14.74 15.06 5.38 5.94 3.17 5.55 4.27 11.50 4.63 

Na2O 0.37 0.40 0.46 0.34 0.32 0.32 0.32 0.38 0.31 0.25 0.30 0.39 0.02 0.06 0.00 0.01  0.01    
Al2O3 34.89 34.51 35.17 35.40 35.73 35.91 35.72 35.99 36.66 35.73 35.74 35.49 1.80 1.88 1.82 1.47 1.16 2.10 1.70 2.13 1.68 

SiO2 43.24 43.30 44.20 43.88 43.75 43.61 43.70 44.06 43.04 43.66 43.68 43.92 51.77 50.21 51.76 53.51 49.14 51.00 53.45 50.72 52.80 

MgO 0.04 0.06 0.20 0.12 0.10 0.10 0.08 0.09 0.14 0.10 0.10 0.11 16.36 12.25 21.09 22.36 20.91 16.99 23.89 16.40 23.20 
Cr2O3 0.01 0.01  0.02   0.05 0.02   0.03 0.02 0.71 0.37 0.53 0.63 0.21 0.26 0.52 0.64 0.54 

TiO2 0.03 0.01 0.02 0.02 0.02 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.54 2.11 0.59 0.32 0.36 0.69 0.18 0.54 0.22 

Total 98.12 97.43 99.42 99.22 99.62 99.73 99.83 100.33 99.13 99.37 99.52 99.57 99.29 98.98 99.08 100.08 99.83 99.43 99.57 98.59 99.54 

 Atoms per formula unit 

K  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.04 0.04 0.04 0.04 0.05 0.03 0.04 0.03 

Fe 0.03 0.03 0.03 0.03 0.03 0.05 0.04 0.05 0.05 0.02 0.02 0.03 1.65 2.15 2.20 1.90 3.14 2.86 1.87 2.08 1.99 
Ca 2.93 2.89 2.85 2.87 2.90 2.89 2.92 2.88 2.77 2.91 2.91 2.89 2.37 2.48 0.86 0.93 0.52 0.91 0.67 1.88 0.73 

Na 0.00 0.00 0.12 0.09 0.09 0.09 0.09 0.10 0.08 0.07 0.08 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Al 5.83 5.80 5.78 5.83 5.87 5.90 5.86 5.87 6.04 5.88 5.87 5.83 0.32 0.34 0.32 0.25 0.21 0.38 0.29 0.38 0.29 
Si 6.14 6.18 6.16 6.13 6.10 6.08 6.09 6.10 6.02 6.10 6.09 6.12 7.78 7.72 7.74 7.84 7.54 7.78 7.82 7.73 7.78 

Mg 0.01 0.01 0.04 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 3.66 2.81 4.70 4.88 4.78 3.86 5.21 3.73 5.10 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.08 0.04 0.06 0.07 0.03 0.03 0.06 0.08 0.06 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.24 0.07 0.03 0.04 0.08 0.02 0.06 0.02 

Total 14.95 14.92 15.01 15.01 15.02 15.02 15.03 15.02 15.00 15.00 15.02 15.02 15.96 15.84 16.00 15.96 16.31 15.94 15.98 15.98 16.02 

An# 99.89 99.91 95.76 96.89 97.05 97.04 97.07 96.58 96.88 97.67 97.29 96.42          

Mg#             69.00 56.60 68.13 71.99 60.34 57.48 73.61 64.15 71.90 

Ti#             42.06 84.60 51.29 32.22 61.36 71.60 24.68 44.41 27.74 
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Table A.1: Major element chemistry of plagioclase (plag), pyroxene (pyx), and olivine (ol) in lunar meteorite samples in this study.  

Sample AP 007 DOM 18262 

Clast 1 1 2 

Phase Pyx Ol Plag  Plag Pyx 

Wt. % 

oxide 
                    

K2O 0.01  0.00 0.01 0.08  0 0 0.01 0.02 0.00 0.01 0.00 0.01  0.03 13.07 11.82 0.10 0.01 

MnO 0.27 0.32 0.35 0.37 0.23 0.31 0.3 0.35 0.34 0.41 0.44 0.39 0.38 0.44 0.36 0.35   0.07 0.46 

FeO 17.89 17.48 17.57 20.08 14.55 17.41 17.89 18.87 19.22 36.94 44.87 36.53 37.92 40.77 31.77 31.01 2.80 3.02 6.23 33.28 
CaO 5.64 6.00 4.75 3.60 15.46 6.74 5.85 4.62 4.9 0.23 0.27 0.27 0.24 0.22 0.20 0.32 0.43 0.20 14.98 10.79 

Na2O    0.00 0.11 0.01  0.01 0.03        0.26 0.28 0.28 0.11 

Al2O3 1.85 1.60 1.55 0.61 4.04 1.5 1.78 1.85 2.78 0.11  0.04 0.02 0.01 0.01 0.57 17.69 17.69 24.48 6.47 
SiO2 51.75 52.06 52.41 50.30 48.32 52.23 51.93 52.48 52.31 35.18 34.44 35.56 35.41 34.76 36.52 36.54 55.79 52.79 47.11 45.65 

MgO 20.21 20.44 21.85 20.35 13.36 19.56 19.91 20.23 19.76 25.87 19.77 25.48 26.05 23.48 30.85 29.05 0.03 0.05 4.41 1.12 

Cr2O3 0.52 0.59 0.45 0.28 0.48 0.7 0.61 0.49 0.51 0.09 0.04 0.09 0.07 0.10 0.10 0.03   0.17 0.02 
TiO2 0.46 0.47 0.33 2.56 0.74 0.71 0.67 0.51 0.58 0.07 0.03 0.03 0.04 0.05 0.06 0.01  0.00 0.70 0.88 

Total 98.60 98.96 99.25 98.15 97.35 99.17 98.94 99.41 100.4 98.90 99.87 98.37 100.09 99.84 99.87 97.90 90.05 85.84 98.52 98.78 

 
Atoms per formula unit 

K 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 2.60 2.46 0.02 0.00 

Mn 0.03 0.04 0.04 0.05 0.03 0.04 0.04 0.04 0.04 0.06 0.07 0.06 0.05 0.06 0.05 0.05 0.00 0.00 0.01 0.06 
Fe 2.25 2.19 2.19 2.56 1.89 2.18 2.25 2.36 2.38 5.27 6.59 5.22 5.35 5.87 4.36 4.32 0.36 0.41 0.75 4.59 

Ca 0.91 0.96 0.76 0.59 2.58 1.08 0.94 0.74 0.78 0.04 0.05 0.05 0.04 0.04 0.04 0.06 0.07 0.03 2.31 1.91 

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 0.33 0.28 0.27 0.11 0.74 0.26 0.31 0.33 0.48 0.02 0.00 0.01 0.00 0.00 0.00 0.11 3.25 3.40 4.15 1.26 

Si 7.79 7.80 7.80 7.68 7.51 7.82 7.79 7.83 7.74 6.00 6.05 6.08 5.98 5.98 5.99 6.09 8.69 8.61 6.78 7.53 
Mg 4.53 4.57 4.85 4.63 3.10 4.37 4.45 4.50 4.36 6.57 5.18 6.49 6.56 6.03 7.54 7.22 0.01 0.01 0.95 0.27 

Cr 0.06 0.07 0.05 0.03 0.06 0.08 0.07 0.06 0.06 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.02 0.00 

Ti 0.05 0.05 0.04 0.29 0.09 0.08 0.08 0.06 0.06 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.08 0.11 
Total 15.96 15.97 16.00 15.95 16.01 15.92 15.93 15.92 15.92 17.98 17.94 17.91 18.01 18.00 18.00 17.86 14.98 14.92 15.06 15.73 

An# 
                

2.67 1.40 99.18 
 

Mg# 66.82 67.58 68.91 64.37 62.07 66.7 66.49 65.65 64.7 55.52 43.99 55.42 55.05 50.66 63.38 62.55    5.65 

Ti# 45.92 43.47 41.21 89.77 59.56 49.11 51.1 49.76 51.97 40.70 37.90 21.71 31.28 33.65 38.81 28.03    97.38 
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Table A. A: Major element chemistry of plagioclase (plag), pyroxene (pyx), and olivine (ol) in lunar meteorite samples in this study. 

Sample DOM 18666 

Clast 1 4 7 

Phase Pyx Pyx Pl Pyx 

Wt. % 

oxide                       

K2O  0.01 0.00  0.01  0.01 0.01 0.03 0.01 0.01 0.00 0.01 0.05 0.01   0.00 0.00   0.01 

MnO 0.70 0.65 0.77 0.70 0.57 0.51 0.44 0.28 0.33 0.30 0.25 0.43 0.40 0.09 0.02 0.47 0.49 0.54 0.53 0.44 0.43 0.45 

FeO 45.11 45.34 46.18 45.37 46.42 30.76 44.47 19.60 18.80 17.42 18.83 27.28 19.98 5.00 1.40 30.04 30.68 35.18 31.66 23.37 23.70 24.08 

CaO 6.33 6.11 5.46 6.00 5.12 9.92 0.33 1.78 1.49 2.20 2.07 9.95 10.17 16.14 17.97 12.30 9.43 8.21 10.99 9.61 9.26 8.82 

Na2O 0.01 0.01  0.02 0.00 0.01 0.01     0.02 0.02 0.82 0.28 0.02  0.02 0.01 0.00 0.01  

Al2O3 0.43 0.41 0.42 0.43 0.50 0.83 0.09 0.57 1.13 0.81 1.08 1.53 2.91 28.68 32.83 1.16 1.14 0.96 0.97 1.64 1.60 1.52 

SiO2 45.28 45.30 45.08 45.29 45.25 48.22 0.13 53.13 52.83 52.92 52.62 48.39 48.61 46.39 42.85 47.42 47.95 47.32 47.62 49.32 49.30 49.55 

MgO 0.22 0.27 0.20 0.24 0.18 7.60 0.18 22.88 23.33 23.85 23.15 9.65 13.53 1.43 1.04 5.91 7.82 5.95 5.95 13.03 13.48 13.39 

Cr2O3 0.01  0.02 0.01  0.16 0.17 0.19 0.30 0.23 0.32 0.32 0.51 0.04 0.05 0.20 0.26 0.16 0.15 0.58 0.57 0.54 

TiO2 0.55 0.52 0.47 0.51 0.35 0.96 50.45 0.63 0.85 0.54 0.98 0.98 0.96 0.17 0.14 0.95 0.83 0.89 0.99 0.87 0.81 0.83 

Total 98.65 98.62 98.60 98.57 98.39 98.97 96.28 99.06 99.09 98.28 99.30 98.55 97.09 98.81 96.58 98.46 98.60 99.23 98.86 98.85 99.17 99.19 

apfu Atoms per formula unit 

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mn 0.10 0.10 0.11 0.10 0.08 0.07 0.08 0.04 0.04 0.04 0.03 0.06 0.05 0.01 0.00 0.06 0.07 0.07 0.07 0.06 0.06 0.06 

Fe 6.58 6.62 6.76 6.63 6.80 4.18 7.78 2.44 2.33 2.17 2.34 3.66 2.63 0.60 0.17 4.13 4.18 4.86 4.35 3.06 3.10 3.15 

Ca 1.18 1.14 1.02 1.12 0.96 1.73 0.07 0.28 0.24 0.35 0.33 1.71 1.71 2.48 2.78 2.16 1.65 1.45 1.93 1.61 1.55 1.48 

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Al 0.09 0.09 0.09 0.09 0.10 0.16 0.02 0.10 0.20 0.14 0.19 0.29 0.54 4.84 5.59 0.22 0.22 0.19 0.19 0.30 0.30 0.28 

Si 7.90 7.90 7.89 7.91 7.93 7.84 0.03 7.92 7.84 7.88 7.81 7.77 7.65 6.65 6.20 7.79 7.81 7.81 7.82 7.73 7.71 7.74 

Mg 0.06 0.07 0.05 0.06 0.05 1.84 0.06 5.08 5.16 5.30 5.12 2.31 3.17 0.31 0.22 1.45 1.90 1.46 1.46 3.04 3.14 3.12 

Cr 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.02 0.04 0.03 0.04 0.04 0.06 0.00 0.01 0.03 0.03 0.02 0.02 0.07 0.07 0.07 

Ti 0.07 0.07 0.06 0.07 0.05 0.12 7.94 0.07 0.09 0.06 0.11 0.12 0.11 0.02 0.02 0.12 0.10 0.11 0.12 0.10 0.10 0.10 

Total 15.98 15.98 16.00 15.98 15.97 15.95 16.01 15.95 15.95 15.97 15.97 15.95 15.94 14.92 14.99 15.97 15.96 15.98 15.96 15.98 16.02 15.99 

An#              99.60 99.89        

Mg# 0.88 1.07 0.76 0.92 0.67 30.56 0.71 67.55 68.87 70.93 68.66 38.68 54.70   25.96 31.24 23.16 25.08 49.85 50.34 49.78 

Ti# 98.95 100.00 96.55 98.32 100.00 85.38 99.64 75.84 72.70 68.93 74.28 74.46 64.30   81.67 74.90 84.16 86.62 58.81 57.33 59.50 
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Table A.1: Major element chemistry of plagioclase (plag), pyroxene (pyx), and olivine (ol) in lunar meteorite samples in this study. 
Sample DOM 18666 

Clast 7 8 9 

Phase Pyx Ol Pyx Pl Pyx 

Wt. % 

oxide                       

K2O 0.01 0.01   0.00 0.01  0.01 0.00 0.01    0.00 0.00    0.00 0.04 0.57 0.00 

MnO 0.51 0.50 0.44 0.50 0.32 0.44 0.48 0.81 0.87 0.76 0.77 0.79 0.74 0.37 0.46 0.32 0.36 0.44 0.51  0.27 0.41 

FeO 31.49 31.12 29.04 31.57 15.06 26.30 26.37 67.01 67.38 65.81 65.60 65.72 66.27 21.26 30.66 15.94 18.24 26.77 27.25 0.51 23.28 23.97 
CaO 7.22 8.77 9.72 7.49 14.10 6.04 5.85 0.54 0.63 0.54 0.65 0.77 0.67 10.78 15.01 16.89 14.28 7.26 7.31 19.17 12.09 11.08 

Na2O 0.01 0.01 0.02 0.00 0.01     0.02  0.01 0.01 0.02 0.04 0.04 0.01 0.01 0.03 0.28 0.19 0.02 

Al2O3 0.80 0.89 1.03 0.86 2.95 0.90 0.86 0.03 0.01 0.02 0.03 0.00 0.01 1.79 1.17 2.44 2.51 1.08 1.13 35.39 4.69 1.43 
SiO2 48.12 48.46 48.49 48.65 49.46 50.17 50.26 29.78 29.91 29.06 29.39 29.22 29.53 48.08 46.31 49.54 49.24 49.55 49.48 43.85 45.70 48.91 

MgO 9.25 8.49 9.19 9.14 14.06 14.23 14.35 1.50 1.48 1.51 1.52 1.46 1.53 12.53 2.65 11.52 12.00 12.33 12.07 0.08 7.90 10.84 

Cr2O3 0.19 0.22 0.29 0.20 0.97 0.35 0.35  0.01 0.02  0.04 0.02 0.56 0.07 0.79 0.74 0.33 0.34 0.01 0.38 0.42 
TiO2 0.69 0.89 0.89 0.85 0.92 0.42 0.49 0.11 0.10 0.09 0.07 0.09 0.11 1.29 1.07 1.17 1.10 0.72 0.78 0.02 0.90 0.84 

Total 98.29 99.36 99.10 99.27 97.86 98.86 99.01 99.79 100.38 97.83 98.02 98.10 98.88 96.67 97.44 98.64 98.48 98.48 98.89 99.37 95.96 97.92 

apfu Atoms per formula unit 

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.12 0.00 

Mn 0.07 0.07 0.06 0.07 0.04 0.06 0.06 0.14 0.15 0.13 0.13 0.14 0.13 0.05 0.07 0.04 0.05 0.06 0.07 0.00 0.04 0.05 
Fe 4.29 4.20 3.90 4.26 1.94 3.45 3.45 11.27 11.27 11.31 11.22 11.25 11.24 2.84 4.32 2.06 2.37 3.55 3.61 0.06 3.19 3.20 

Ca 1.26 1.52 1.68 1.29 2.33 1.02 0.98 0.12 0.14 0.12 0.14 0.17 0.15 1.85 2.71 2.80 2.38 1.23 1.24 2.88 2.13 1.89 

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 0.15 0.17 0.20 0.16 0.54 0.17 0.16 0.01 0.00 0.01 0.01 0.00 0.00 0.34 0.23 0.45 0.46 0.20 0.21 5.84 0.91 0.27 

Si 7.85 7.83 7.80 7.85 7.63 7.87 7.87 5.99 5.98 5.97 6.01 5.98 5.99 7.68 7.80 7.67 7.66 7.85 7.83 6.14 7.50 7.80 
Mg 2.25 2.04 2.20 2.20 3.23 3.33 3.35 0.45 0.44 0.46 0.46 0.44 0.46 2.98 0.67 2.66 2.79 2.91 2.85 0.02 1.93 2.58 

Cr 0.02 0.03 0.04 0.03 0.12 0.04 0.04 0.00 0.00 0.00 0.00 0.01 0.00 0.07 0.01 0.10 0.09 0.04 0.04 0.00 0.05 0.05 

Ti 0.08 0.11 0.11 0.10 0.11 0.05 0.06 0.02 0.01 0.01 0.01 0.01 0.02 0.15 0.14 0.14 0.13 0.09 0.09 0.00 0.11 0.10 
Total 15.98 15.97 15.98 15.96 15.94 15.98 15.97 17.99 18.00 18.01 17.98 18.00 17.99 15.96 15.94 15.92 15.93 15.94 15.95 14.94 15.97 15.94 

An#                    99.71   
Mg# 34.37 32.73 36.08 34.05 62.46 49.09 49.24 3.84 3.77 3.92 3.96 3.80 3.94 51.23 13.36 56.30 53.99 45.08 44.12  37.68 44.64 

Ti# 77.42 79.41 74.47 79.88 47.27 53.01 57.28 100.00 93.04 82.75 100.00 69.44 84.80 68.58 93.73 58.54 58.70 67.75 68.32  69.56 65.46 
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Table A.1: Major element chemistry of plagioclase (plag), pyroxene (pyx), and olivine (ol) in lunar meteorite samples in this study. 
Sample DOM 18666 EET 96008 

Clast 9 10 11 1 

Phase Pyx Pyx Pl Pyx Ol Pl 

Wt. % 

oxide                       

K2O  0.00 0.00  0.01  0.00 0.00 0.00  0.01   0.01 0.01 0.00 0.03 0.01 0.01 0.01 0.00 0.01 

MnO 0.39 0.53 0.36 0.39 0.42 0.39 0.50 0.01 0.40 0.42 0.86 0.82 0.85 0.82 0.84 0.88 0.22 0.09 0.01 0.02 0.01  

FeO 21.24 41.69 28.36 29.62 29.76 30.33 37.46 0.75 29.91 29.93 66.66 66.62 66.57 65.71 67.41 65.10 12.88 6.80 0.71 0.51 0.24 0.29 
CaO 14.89 5.15 17.75 17.06 15.74 15.44 9.74 19.16 18.04 17.97 0.36 0.44 0.33 0.60 0.41 0.41 16.20 18.06 18.51 18.59 18.99 18.90 

Na2O 0.03 0.01 0.05 0.04 0.04 0.03 0.00 0.19 0.03 0.03 0.00      0.06 0.43 0.51 0.60 0.47 0.53 

Al2O3 1.52 0.32 1.08 1.14 1.10 1.03 1.01 35.27 1.19 1.20 0.01 0.01 0.01 0.02 0.03 0.02 3.00 26.89 34.51 34.38 34.52 34.40 
SiO2 49.45 46.32 46.77 46.83 47.01 47.11 46.08 43.28 46.32 46.05 29.52 29.12 29.52 29.56 29.75 29.87 50.60 45.22 44.13 44.46 43.86 43.51 

MgO 9.94 3.50 2.53 2.31 2.94 2.97 2.11 0.01 1.11 1.13 0.87 0.96 0.93 1.00 0.95 1.98 14.17 1.35 0.10 0.07 0.00 0.04 

Cr2O3 0.47 0.03 0.06 0.06 0.07 0.08 0.01  0.01 0.02 0.01 0.00 0.01    0.77 0.04  0.00   
TiO2 0.97 0.32 1.42 1.39 1.23 1.14 0.95 0.06 1.24 1.18 0.10 0.05 0.09 0.12 0.11 1.15 0.36 0.28 0.01 0.00 0.01 0.01 

Total 98.90 97.88 98.38 98.83 98.30 98.53 97.86 98.74 98.25 97.93 98.40 98.02 98.29 97.83 99.51 99.40 98.30 99.18 98.51 98.66 98.10 97.68 

 Atoms per formula unit 

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 

Mn 0.05 0.08 0.05 0.06 0.06 0.06 0.07 0.00 0.06 0.06 0.15 0.14 0.15 0.14 0.14 0.15 0.03 0.01 0.00 0.00 0.00 0.00 
Fe 2.80 5.99 3.94 4.11 4.14 4.21 5.34 0.09 4.20 4.22 11.40 11.46 11.39 11.26 11.40 10.88 1.64 0.82 0.08 0.06 0.03 0.03 

Ca 2.51 0.95 3.16 3.03 2.80 2.75 1.78 2.89 3.24 3.25 0.08 0.10 0.07 0.13 0.09 0.09 2.65 2.80 2.80 2.81 2.88 2.89 

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 0.28 0.06 0.21 0.22 0.21 0.20 0.20 5.86 0.23 0.24 0.00 0.00 0.00 0.00 0.01 0.00 0.54 4.59 5.75 5.71 5.77 5.78 

Si 7.78 7.95 7.77 7.77 7.81 7.82 7.86 6.10 7.78 7.76 6.04 5.99 6.04 6.06 6.02 5.97 7.71 6.55 6.23 6.27 6.22 6.20 
Mg 2.33 0.90 0.63 0.57 0.73 0.74 0.54 0.00 0.28 0.28 0.26 0.29 0.28 0.31 0.29 0.59 3.22 0.29 0.02 0.02 0.00 0.01 

Cr 0.06 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 

Ti 0.11 0.04 0.18 0.17 0.15 0.14 0.12 0.01 0.16 0.15 0.02 0.01 0.01 0.02 0.02 0.17 0.04 0.03 0.00 0.00 0.00 0.00 
Total 15.93 15.97 15.94 15.94 15.92 15.93 15.92 14.96 15.95 15.97 17.95 18.00 17.95 17.92 17.96 17.86 15.93 15.12 14.89 14.87 14.90 14.91 

An#        99.97         99.80 99.90 99.91 99.88 99.95 99.93 
Mg# 45.48 13.03 13.72 12.22 14.95 14.87 9.11  6.21 6.31 2.27 2.49 2.42 2.65 2.45 5.13       

Ti# 66.41 91.93 95.50 95.91 94.65 92.85 98.77  99.03 98.18 92.44 92.71 94.26 100.00 100.00 100.00       
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Table A.1: Major element chemistry of plagioclase (plag), pyroxene (pyx), and olivine (ol) in lunar meteorite samples in this study. 
Sample EET 96008 

Clast 1 2 

Phase Pl Pyx Ol Pyx Ol 

Wt. % 

oxide                       

K2O  0.04  0.01   0.01 0.00 0.01 0.01 0.01 0.00  0.01 0.01 0.00 0.01 0.00 0.01  0.00 0.02 

MnO  0.08 0.25 0.35 0.31 0.43 0.42 0.35 0.33 0.41 0.38 0.46 0.43 0.42 0.36 0.30 0.34 0.32 0.34 0.34 0.66 0.03 

FeO 0.26 5.86 13.63 18.66 18.09 29.96 29.20 18.91 19.97 29.87 30.02 46.38 46.14 46.11 35.43 20.10 21.12 21.31 21.81 23.23 60.94 0.23 
CaO 19.00 17.20 12.43 4.61 5.60 12.90 11.71 5.01 3.64 6.71 6.23 0.38 0.35 0.39 0.58 6.40 4.96 6.11 6.18 6.09 0.78 18.17 

Na2O 0.49 0.59    0.04 0.03 0.01  0.01 0.01        0.02 0.01 0.01 0.71 

Al2O3 34.39 27.96 1.64 1.02 1.15 0.88 1.09 1.15 0.90 0.77 0.96 0.02  0.01 0.46 1.27 1.14 1.31 1.18 1.02 0.07 34.20 
SiO2 44.05 45.98 52.33 52.86 52.81 47.32 47.49 52.56 52.78 49.10 49.07 33.34 33.66 33.28 35.73 51.27 51.79 50.87 51.15 50.14 30.09 44.46 

MgO 0.05 1.41 17.96 21.12 20.61 5.10 6.78 20.31 21.09 10.37 10.76 17.49 18.32 18.28 26.49 18.74 19.07 17.54 17.36 15.80 5.44 0.10 

Cr2O3  0.04 0.80 0.54 0.55 0.11 0.24 0.56 0.42 0.13 0.13 0.03 0.05 0.03 0.03 0.56 0.55 0.58 0.58 0.51 0.05 0.00 
TiO2 0.02 0.24 0.26 0.16 0.21 0.92 0.79 0.14 0.16 0.65 0.82 0.03 0.04 0.08 0.02 0.21 0.24 0.27 0.22 0.25 0.04 0.04 

Total 98.27 99.39 99.29 99.33 99.33 97.67 97.76 99.00 99.29 98.04 98.38 98.13 98.99 98.62 99.11 98.85 99.22 98.31 98.85 97.39 98.09 97.97 

 Atoms per formula unit 

K 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mn 0.00 0.01 0.03 0.04 0.04 0.06 0.06 0.04 0.04 0.06 0.05 0.07 0.06 0.06 0.05 0.04 0.04 0.04 0.04 0.04 0.11 0.00 
Fe 0.03 0.70 1.70 2.33 2.26 4.16 4.02 2.38 2.50 4.03 4.03 7.03 6.91 6.94 4.99 2.56 2.68 2.74 2.80 3.05 10.12 0.03 

Ca 2.88 2.64 1.99 0.74 0.90 2.29 2.06 0.81 0.58 1.16 1.07 0.07 0.07 0.08 0.10 1.04 0.81 1.01 1.02 1.02 0.17 2.76 

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 5.74 4.73 0.29 0.18 0.20 0.17 0.21 0.20 0.16 0.15 0.18 0.00 0.00 0.00 0.09 0.23 0.20 0.24 0.21 0.19 0.02 5.71 

Si 6.23 6.60 7.82 7.89 7.88 7.86 7.82 7.89 7.91 7.93 7.88 6.04 6.02 5.99 6.02 7.81 7.85 7.83 7.85 7.87 5.97 6.30 
Mg 0.01 0.30 4.00 4.70 4.59 1.26 1.66 4.55 4.71 2.50 2.58 4.72 4.89 4.90 6.66 4.25 4.31 4.02 3.97 3.70 1.61 0.02 

Cr 0.00 0.00 0.09 0.06 0.07 0.01 0.03 0.07 0.05 0.02 0.02 0.00 0.01 0.00 0.00 0.07 0.07 0.07 0.07 0.06 0.01 0.00 

Ti 0.00 0.03 0.03 0.02 0.02 0.11 0.10 0.02 0.02 0.08 0.10 0.00 0.01 0.01 0.00 0.02 0.03 0.03 0.03 0.03 0.01 0.00 
Total 14.90 15.02 15.96 15.97 15.96 15.94 15.97 15.95 15.97 15.91 15.92 17.95 17.97 18.00 17.93 16.02 15.99 15.99 15.99 15.97 18.01 14.84 

An# 99.97 99.70                     
Mg#   70.13 66.86 67.01 23.28 29.28 65.68 65.31 38.23 38.99 40.19 41.45 41.41 57.13 62.43 61.67 59.46 58.66 54.80 13.73 42.54 

Ti#   23.46 22.38 26.86 89.21 76.20 19.70 26.22 82.50 86.15 42.10 40.24 73.78 40.29 25.81 29.23 30.27 26.53 31.99 45.37 93.93 
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Table A.1: Major element chemistry of plagioclase (plag), pyroxene (pyx), and olivine (ol) in lunar meteorite samples in this study. 
Sample EET 96008 NWA 12593 

Clast 2 3 1 

Phase Ol Pyx Pl Pyx 

Wt. % 

oxide                       

K2O    0.01 0.01  0.00 0.01 0.00 0.00    0.07 0.05 0.08 0.01 0.01 0.03 0.01 0.01 0.09 

MnO 0.41 0.37 0.36 0.24 0.30 0.30 0.23 0.40 0.36 0.45 0.36 0.27 0.34 0.01 0.01  0.26 0.27 0.29 0.19 0.23 0.35 

FeO 43.44 43.87 34.46 14.36 14.57 14.44 15.02 28.49 27.57 29.20 34.36 13.15 19.43 0.26 0.34 0.34 11.40 16.15 15.51 11.55 11.67 13.69 
CaO 0.40 0.32 0.20 14.56 14.53 14.87 13.90 15.08 15.50 13.38 0.28 15.84 6.40 18.09 18.32 17.60 2.70 3.68 9.02 2.17 17.34 18.70 

Na2O    0.05 0.05 0.03 0.03 0.07 0.04 0.08  0.04  0.85 0.57 0.93  0.01   0.12 0.12 

Al2O3 0.18 0.05 0.20 1.74 1.66 1.84 1.59 0.90 1.16 0.89 0.00 1.87 1.21 33.82 34.07 33.09 1.23 0.99 1.55 1.19 1.84 1.37 
SiO2 33.95 34.07 35.94 51.43 51.35 50.83 50.97 47.42 47.74 47.67 35.95 51.33 51.33 44.89 43.86 44.59 54.82 53.03 51.86 54.80 49.47 48.66 

MgO 20.72 20.93 28.17 15.57 15.33 14.95 15.44 5.06 5.06 5.54 28.59 15.14 19.06 0.14 0.64 1.11 28.03 23.79 19.76 28.87 13.89 12.48 

Cr2O3 0.04  0.03 0.72 0.77 0.74 0.74 0.13 0.12 0.19 0.04 0.85 0.63 0.01   0.59 0.51 0.50 0.53 0.34 0.17 
TiO2 0.05 0.01 0.04 0.43 0.32 0.33 0.33 0.94 0.95 0.88 0.01 0.33 0.18 0.03 0.00 0.01 0.40 0.59 0.28 0.30 2.53 1.16 

Total 99.19 99.62 99.39 99.11 98.88 98.34 98.25 98.50 98.52 98.27 99.59 98.82 98.58 98.17 97.87 97.75 99.44 99.03 98.82 99.61 97.43 96.80 

 Atoms per formula unit 

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.02 

Mn 0.06 0.06 0.05 0.03 0.04 0.04 0.03 0.06 0.05 0.06 0.05 0.03 0.04 0.00 0.00 0.00 0.03 0.03 0.04 0.02 0.03 0.05 
Fe 6.40 6.44 4.81 1.82 1.85 1.85 1.92 3.92 3.77 4.02 4.79 1.67 2.47 0.03 0.04 0.04 1.37 1.99 1.95 1.38 1.50 1.81 

Ca 0.08 0.06 0.04 2.36 2.37 2.44 2.28 2.66 2.72 2.36 0.05 2.57 1.04 2.74 2.79 2.69 0.41 0.58 1.45 0.33 2.87 3.16 

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 0.04 0.01 0.04 0.31 0.30 0.33 0.29 0.17 0.22 0.17 0.00 0.33 0.22 5.64 5.71 5.55 0.21 0.17 0.27 0.20 0.33 0.26 

Si 5.98 5.98 6.00 7.79 7.81 7.78 7.80 7.80 7.81 7.84 5.99 7.78 7.82 6.36 6.23 6.35 7.85 7.84 7.79 7.83 7.63 7.68 
Mg 5.44 5.47 7.02 3.52 3.47 3.41 3.52 1.24 1.24 1.36 7.11 3.42 4.33 0.03 0.14 0.24 5.99 5.24 4.42 6.15 3.19 2.93 

Cr 0.01 0.00 0.00 0.09 0.09 0.09 0.09 0.02 0.02 0.02 0.00 0.10 0.08 0.00 0.00 0.00 0.07 0.06 0.06 0.06 0.04 0.02 

Ti 0.01 0.00 0.01 0.05 0.04 0.04 0.04 0.12 0.12 0.11 0.00 0.04 0.02 0.00 0.00 0.00 0.04 0.07 0.03 0.03 0.29 0.14 
Total 18.00 18.02 17.97 15.96 15.96 15.97 15.97 15.99 15.95 15.95 18.00 15.96 16.02 14.82 14.92 14.88 15.97 15.98 16.02 16.01 15.89 16.06 

An#              99.52 99.61 99.43       
Mg# 45.96 45.95 59.30 65.91 65.23 64.85 64.68 24.04 24.67 25.27 59.73 67.24 63.61    81.42 72.42 69.43 81.66 67.98 61.91 

Ti# 50.52 100.00 57.53 36.06 28.21 29.66 29.91 87.71 87.97 81.57 22.44 27.28 21.63    39.16 52.43 34.60 34.50 87.68 86.48 
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Table A.1: Major element chemistry of plagioclase (plag), pyroxene (pyx), and olivine (ol) in lunar meteorite samples in this study. 
Sample NWA 12593 

Clast 1 2  

Phase Ol Pl Pyx 

Wt. % 

oxide                       

K2O 0.01  0.17 0.20 0.21 0.03 0.02 0.03 0.04 0.06 0.07 0.00   0.01  0.03 0.03 0.00 0.00 0.00  

MnO 0.39 0.31 0.01 0.00 0.02 0.00 0.01  0.01  0.04 0.36 0.37 0.36 0.36 0.43 0.36 0.37 0.34 0.47 0.36 0.35 

FeO 32.14 29.92 0.70 0.59 0.65 0.32 0.42 0.92 0.31 0.41 0.33 19.94 19.11 19.45 18.91 27.60 23.31 20.00 21.43 27.00 20.35 16.73 
CaO 0.13 0.22 16.95 16.00 16.21 18.36 18.13 19.09 15.93 18.45 17.12 6.25 6.08 6.39 3.84 8.52 9.56 9.55 14.08 6.29 6.18 12.15 

Na2O   1.36 1.52 1.60 0.72 0.80 0.29 1.85 0.70 1.17  0.00 0.00  0.01 0.03 0.01 0.07 0.01  0.04 

Al2O3 0.00 0.04 32.49 31.70 32.24 34.46 34.21 34.47 32.25 34.21 33.37 1.38 1.37 1.34 0.89 1.04 1.51 1.63 2.34 0.92 0.96 1.47 
SiO2 35.94 36.86 46.80 46.15 47.66 44.96 45.48 43.54 48.09 45.33 46.01 52.29 52.57 51.98 52.49 49.30 50.03 50.86 48.34 50.26 51.97 51.45 

MgO 30.75 32.01  0.01 0.02 0.05 0.03 0.31 0.04 0.06 0.39 18.69 19.17 18.63 21.06 11.04 13.15 15.49 9.49 13.22 18.37 15.80 

Cr2O3 0.03 0.06   0.01 0.00 0.00   0.01  0.64 0.65 0.63 0.34 0.32 0.52 0.60 0.36 0.31 0.46 0.62 
TiO2 0.03 0.03  0.01 0.03 0.05  0.01 0.01 0.02 0.10 0.23 0.21 0.25 0.78 0.56 0.36 0.37 1.73 0.56 0.16 0.23 

Total 99.43 99.45 98.48 96.20 98.65 98.95 99.11 98.65 98.51 99.26 98.59 99.78 99.52 99.03 98.68 98.82 98.85 98.92 98.19 99.05 98.82 98.83 

 Atoms per formula unit 

K 0.00 0.00 0.03 0.04 0.04 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 

Mn 0.06 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.05 0.07 0.05 0.05 
Fe 4.44 4.08 0.09 0.07 0.08 0.04 0.05 0.11 0.04 0.05 0.04 2.51 2.50 2.57 2.48 3.83 3.18 2.68 2.96 3.70 2.70 2.22 

Ca 0.02 0.04 2.64 2.54 2.51 2.84 2.80 2.98 2.46 2.85 2.65 1.01 1.02 1.08 0.64 1.51 1.67 1.64 2.49 1.10 1.05 2.07 

Na 0.00 0.00 0.38 0.44 0.45 0.20 0.22 0.08 0.52 0.20 0.33 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.01 
Al 0.00 0.01 5.56 5.54 5.49 5.87 5.81 5.92 5.48 5.81 5.69 0.24 0.25 0.25 0.16 0.20 0.29 0.31 0.46 0.18 0.18 0.27 

Si 5.94 6.01 6.37 6.42 6.46 6.09 6.15 5.95 6.50 6.13 6.24 7.86 7.71 7.69 7.71 7.68 7.64 7.63 7.49 7.72 7.73 7.66 
Mg 7.58 7.78 0.00 0.00 0.00 0.01 0.01 0.07 0.01 0.01 0.08 4.19 4.47 4.38 4.92 2.73 3.19 3.70 2.34 3.23 4.34 3.74 

Cr 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.08 0.08 0.04 0.04 0.07 0.08 0.05 0.04 0.06 0.08 

Ti 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.03 0.02 0.03 0.09 0.07 0.04 0.04 0.21 0.07 0.02 0.03 
Total 18.05 17.98 15.06 15.05 15.03 15.07 15.05 15.13 15.02 15.07 15.07 15.95 16.10 16.12 16.10 16.13 16.14 16.13 16.06 16.10 16.13 16.14 

An#   86.42 84.25 83.79 93.21 92.55 97.21 82.46 93.19 88.63            
Mg# 63.04 65.59          62.55 64.13 63.06 66.51 41.63 50.13 58.00 44.12 46.61 61.67 62.73 

Ti# 49.69 27.80          25.63 23.55 27.51 68.79 62.15 39.53 36.61 82.06 62.92 24.83 26.21 
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Table A.1: Major element chemistry of plagioclase (plag), pyroxene (pyx), and olivine (ol) in lunar meteorite samples in this study. 
Sample NWA 12593 

Clast 2 4 6 

Phase Px Ol Pl Pyx Ol Pl Pyx 

Wt. % 

oxide                       

K2O 0.01 0.00    0.00 0.04 0.05 0.01 0.01 0.00 0.00 0.00    0.00   0.03 0.07 0.01 

MnO 0.39 0.76 0.74 0.70 0.74 0.28 0.01  0.24 0.30 0.29 0.30 0.28 0.34 0.35 0.35 0.30 0.35 0.31  0.00 0.21 

FeO 22.84 64.66 64.91 65.52 65.21 30.02 0.35 0.26 9.83 17.45 16.14 16.50 29.80 33.81 32.85 33.07 28.68 32.23 32.10 0.24 0.27 10.27 
CaO 3.83 0.57 0.59 0.55 0.57 0.32 18.87 19.06 9.75 5.55 7.66 6.46 0.32 0.32 0.30 0.26 0.24 0.18 0.20 19.38 18.49 17.02 

Na2O  0.00 0.01 0.01 0.00  0.45 0.37 0.04 0.03 0.03 0.03        0.21 0.67 0.04 

Al2O3 1.01 0.01  0.02  0.04 34.85 35.05 2.08 2.60 1.29 1.15 0.13 0.02 0.01  0.04 0.02 0.05 35.47 34.52 2.94 
SiO2 52.06 29.78 29.69 29.86 29.67 36.73 44.10 43.74 52.47 51.22 52.90 52.83 37.10 36.90 36.23 36.29 37.03 36.45 36.60 43.41 44.60 50.88 

MgO 18.34 2.18 2.21 2.27 2.24 31.64 0.09 0.06 22.28 19.64 20.63 21.44 31.77 29.18 29.53 29.71 32.98 30.61 30.94 0.01 0.04 15.72 

Cr2O3 0.45  0.02  0.01 0.04  0.02 0.82 0.43 0.24 0.21 0.07 0.05 0.04 0.03 0.15 0.04 0.04 0.00 0.01 0.99 
TiO2 0.16 0.10 0.04 0.10 0.16 0.06 0.05 0.01 1.07 1.08 1.00 0.79 0.07 0.06 0.05 0.03 0.06 0.07 0.01 0.05 0.01 0.92 

Total 99.09 98.05 98.20 99.02 98.60 99.14 98.81 98.62 98.60 98.30 100.18 99.71 99.55 100.69 99.35 99.73 99.49 99.96 100.26 98.80 98.67 99.01 

 Atoms per formula unit 

K 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 

Mn 0.05 0.13 0.13 0.12 0.13 0.04 0.00 0.00 0.03 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.04 0.05 0.04 0.00 0.00 0.03 
Fe 3.03 11.32 11.37 11.38 11.38 4.24 0.04 0.03 1.21 2.20 1.99 2.04 4.06 4.64 4.56 4.57 3.89 4.43 4.39 0.03 0.03 1.29 

Ca 0.65 0.13 0.13 0.12 0.13 0.06 2.85 2.88 1.54 0.90 1.21 1.02 0.06 0.06 0.05 0.05 0.04 0.03 0.04 2.92 2.79 2.74 

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 0.19 0.00 0.00 0.00 0.00 0.01 5.78 5.82 0.36 0.46 0.22 0.20 0.02 0.00 0.00 0.00 0.01 0.00 0.01 5.88 5.73 0.52 

Si 7.76 5.85 5.83 5.82 5.81 5.82 6.21 6.17 7.71 7.72 7.81 7.82 6.04 6.05 6.01 6.00 6.00 5.98 5.98 6.11 6.28 7.63 
Mg 4.34 0.68 0.69 0.70 0.70 7.97 0.02 0.01 4.88 4.41 4.54 4.73 7.71 7.13 7.30 7.32 7.97 7.49 7.54 0.00 0.01 3.52 

Cr 0.06 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.10 0.05 0.03 0.02 0.01 0.01 0.00 0.00 0.02 0.01 0.01 0.00 0.00 0.12 

Ti 0.02 0.02 0.01 0.01 0.02 0.01 0.00 0.00 0.12 0.12 0.11 0.09 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.10 
Total 16.10 18.13 18.16 18.17 18.17 18.16 14.90 14.93 15.94 15.90 15.95 15.98 17.94 17.94 17.98 18.00 17.98 18.00 18.01 14.95 14.86 15.94 

An#       99.72 99.65            99.81 99.54  
Mg# 58.86 5.66 5.72 5.83 5.77 65.26   80.16 66.73 69.50 69.85 65.52 60.60 61.57 61.56 67.21 62.86 63.21   73.17 

Ti# 24.88 100.00 70.40 100.00 94.76 58.12   55.18 70.45 79.64 78.34 47.03 52.56 57.64 46.47 28.26 61.02 21.00   46.99 
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Table A.1: Major element chemistry of plagioclase (plag), pyroxene (pyx), and olivine (ol) in lunar meteorite samples in this study.  

Sample NWA 12593 

Clast 6 8 

Phase Pyx Ol Pl 

Wt. % 

oxide                       

K2O  0.01 0.01 0.00 0.04 0.01 0.01 0.01 0.00  0.01 0.01 0.00 0.02 0.03 0.03 0.04 0.04 0.02 0.11 0.08 0.13 

MnO 0.31 0.31 0.32 0.24 0.15 0.27 0.31 0.35 0.35 0.33 0.31 0.33 0.32 0.27 0.02    0.02 0.06 0.06 0.11 

FeO 17.86 18.94 18.73 13.56 9.47 16.54 30.07 30.87 33.24 31.05 29.56 31.52 31.26 31.45 0.24 0.23 0.27 0.54 0.34 4.71 5.23 5.82 
CaO 3.95 3.51 4.90 13.16 14.96 5.98 0.24 0.26 0.21 0.20 0.39 0.12 0.09 0.22 19.11 19.17 18.93 19.15 19.16 16.98 16.06 14.97 

Na2O 0.00  0.01 0.08 0.13 0.00         0.29 0.27 0.27 0.29 0.25 0.57 0.41 0.55 

Al2O3 0.61 0.56 1.57 1.94 3.26 1.54 0.01 0.02 0.02 0.08 0.14 0.01 0.01 0.09 35.32 35.31 35.25 35.15 35.43 28.63 29.02 26.72 
SiO2 53.58 53.20 51.59 51.47 45.86 52.73 37.31 36.36 36.59 36.98 36.81 36.65 36.71 36.84 43.41 43.66 43.27 43.36 43.05 44.48 43.70 45.05 

MgO 22.49 21.86 19.88 16.96 13.77 21.15 31.86 31.22 29.81 31.26 32.28 31.64 31.43 30.21  0.00  0.04  1.81 3.23 4.93 

Cr2O3 0.28 0.09 0.12 0.26 0.43 0.62 0.07 0.06 0.04 0.03 0.06 0.03 0.05 0.03 0.00 0.01 0.01 0.01  0.09 0.08 0.08 
TiO2 0.44 0.55 0.80 1.44 0.99 0.50 0.01 0.04 0.02 0.03 0.07 0.06 0.05 0.01 0.04  0.01  0.04 0.88 0.28 0.45 

Total 99.52 99.02 97.92 99.11 89.05 99.33 99.87 99.19 100.28 99.96 99.62 100.37 99.92 99.14 98.46 98.68 98.06 98.58 98.30 98.33 98.16 98.81 

 Atoms per formula unit 

K 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.02 0.01 0.02 

Mn 0.04 0.04 0.04 0.03 0.02 0.03 0.04 0.05 0.05 0.05 0.04 0.05 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 
Fe 2.21 2.36 2.38 1.70 1.32 2.05 4.08 4.25 4.57 4.23 4.02 4.29 4.27 4.33 0.03 0.03 0.03 0.06 0.04 0.57 0.63 0.70 

Ca 0.63 0.56 0.80 2.12 2.67 0.95 0.04 0.05 0.04 0.03 0.07 0.02 0.02 0.04 2.89 2.89 2.87 2.90 2.91 2.63 2.49 2.31 

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 0.11 0.10 0.28 0.34 0.64 0.27 0.00 0.00 0.00 0.02 0.03 0.00 0.00 0.02 5.88 5.86 5.89 5.85 5.91 4.88 4.95 4.54 

Si 7.93 7.94 7.83 7.73 7.64 7.83 6.06 5.98 6.01 6.03 5.99 5.97 6.00 6.07 6.13 6.15 6.13 6.12 6.09 6.43 6.33 6.49 
Mg 4.96 4.87 4.50 3.80 3.42 4.68 7.71 7.66 7.30 7.59 7.83 7.68 7.65 7.42 0.00 0.00 0.00 0.01 0.00 0.39 0.70 1.06 

Cr 0.03 0.01 0.01 0.03 0.06 0.07 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 

Ti 0.05 0.06 0.09 0.16 0.12 0.06 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.03 0.05 
Total 15.95 15.94 15.93 15.92 15.89 15.95 17.94 18.01 17.98 17.96 17.99 18.02 17.99 17.92 14.93 14.93 14.93 14.95 14.95 15.04 15.17 15.20 

An#               99.82 99.79 99.74 99.74 99.89 99.17 99.41 98.91 
Mg# 69.19 67.30 65.42 69.04 72.16 69.51 65.38 64.32 61.52 64.21 66.07 64.15 64.19 63.13         

Ti# 60.28 85.65 86.20 84.20 68.92 43.39 8.32 38.67 36.59 51.94 49.85 62.98 48.60 28.89         
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Table A. A: Major element chemistry of plagioclase (plag), pyroxene (pyx), and olivine (ol) in lunar meteorite samples in this study. 
Sample NWA 12593 

Clast 8 14 

Phase Pl Pyx Pl Pyx 

Wt. % 

oxide                       

K2O 0.00 0.06 0.01 0.01  0.00 0.00 0.00 0.01 0.00  0.00 0.01 0.01  0.08 0.02 0.01 0.01 0.01 0.00 0.11 

MnO 0.04 0.07 0.26 0.31 0.28 0.31 0.36 0.32 0.34 0.28 0.25 0.22 0.18     0.33 0.35 0.37 0.27 0.22 

FeO 3.11 3.52 12.49 19.05 14.59 32.70 34.08 33.96 32.88 32.89 27.84 27.17 27.65 0.25 0.22 0.28 0.32 19.09 23.11 25.52 12.59 15.49 
CaO 16.52 16.62 15.04 5.12 11.78 0.22 0.23 0.21 0.25 0.23 0.31 0.27 0.23 19.02 19.19 18.33 18.19 15.77 12.82 14.69 15.23 9.98 

Na2O 0.28 0.48 0.12 0.01 0.07      0.00   0.35 0.35 0.68 0.64 0.05 0.04 0.02 0.10 0.22 

Al2O3 28.60 29.89 2.03 0.96 1.50 0.04 0.01 0.01 0.03 0.00 16.88 17.45 17.76 35.10 34.85 34.44 34.63 1.31 1.11 1.10 1.83 11.63 
SiO2 44.26 44.46 51.09 52.06 51.18 36.10 36.16 35.89 35.91 35.99 0.60 0.48 0.16 43.92 43.93 44.63 44.71 49.85 50.06 48.42 50.87 47.82 

MgO 4.07 3.15 15.98 20.38 17.09 29.57 28.83 28.84 29.37 29.81 5.00 5.23 5.22 0.03 0.04 0.02 0.02 10.88 10.90 7.20 15.84 12.21 

Cr2O3 0.14 0.09 0.19 0.13 0.18 0.05 0.05 0.05 0.03 0.02 43.10 43.74 43.36 0.00 0.02 0.00 0.01 0.51 0.42 0.22 0.63 0.31 
TiO2 0.20 0.25 1.67 0.96 1.53 0.07 0.04 0.06 0.09 0.08 1.48 1.38 1.39  0.02 0.04 0.00 0.50 0.45 0.93 1.46 0.69 

Total 97.23 98.58 98.87 98.98 98.19 99.07 99.77 99.33 98.91 99.31 95.47 95.95 95.95 98.67 98.61 98.49 98.55 98.31 99.28 98.48 98.82 98.69 

 Atoms per formula unit 

K 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 

Mn 0.00 0.01 0.03 0.04 0.04 0.04 0.05 0.04 0.05 0.04 0.04 0.04 0.03 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.04 0.03 
Fe 0.38 0.42 1.58 2.40 1.85 4.55 4.73 4.74 4.59 4.57 4.83 4.67 4.76 0.03 0.03 0.03 0.04 2.61 3.16 3.59 1.66 1.95 

Ca 2.56 2.55 2.43 0.83 1.92 0.04 0.04 0.04 0.04 0.04 0.07 0.06 0.05 2.96 2.99 2.85 2.74 2.77 2.25 2.65 2.57 1.61 

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.10 0.19 0.00 0.02 0.01 0.01 0.03 0.00 
Al 4.87 5.04 0.36 0.17 0.27 0.01 0.00 0.00 0.01 0.00 4.13 4.23 4.31 6.00 5.97 5.89 5.75 0.25 0.21 0.22 0.34 2.06 

Si 6.40 6.36 7.71 7.84 7.77 6.00 6.01 5.99 5.99 5.98 0.13 0.10 0.03 5.98 5.99 6.08 6.29 7.65 7.68 7.64 7.51 7.19 
Mg 0.88 0.67 3.59 4.57 3.87 7.33 7.14 7.17 7.30 7.38 1.55 1.60 1.60 0.01 0.01 0.00 0.00 2.66 2.66 1.81 3.72 2.74 

Cr 0.02 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.00 0.00 7.07 7.11 7.06 0.00 0.00 0.00 0.00 0.07 0.05 0.03 0.08 0.04 

Ti 0.02 0.03 0.19 0.11 0.17 0.01 0.01 0.01 0.01 0.01 0.23 0.21 0.21 0.00 0.00 0.00 0.00 0.06 0.06 0.12 0.17 0.08 
Total 15.13 15.09 15.91 15.96 15.91 17.98 17.98 18.00 18.00 18.01 18.04 18.02 18.07 15.07 15.08 15.07 14.83 16.13 16.14 16.12 16.12 15.70 

An# 99.96 99.54            96.77 96.81 93.29 99.83      
Mg#   69.52 65.59 67.62 61.71 60.12 60.22 61.43 61.77 24.26 25.54 25.17     50.39 45.66 33.47 69.15 58.43 

Ti#   89.14 87.51 89.01 57.50 44.75 56.33 74.10 79.88 3.16 2.91 2.95     47.91 50.42 80.00 68.97 68.24 
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Table A.1: Major element chemistry of plagioclase (plag), pyroxene (pyx), and olivine (ol) in lunar meteorite samples in this 

study. 
Sample NWA 12593 

Clast 14 19 

Phase Pyx Ol Pyx 

Wt. % 

oxide 

                 

K2O 0.02  0.01  0.01 0.01 0.02  0.01 0.02 0.01 0.03 0.01 0.02 0.01 0.01 0.02 

MnO  0.21 0.38 0.33 0.31 0.27 0.34 0.36 0.26 0.36 0.28 0.25 0.34 0.29 0.33 0.37 0.21 
FeO 0.21 11.66 29.78 30.35 30.39 28.97 28.99 18.11 17.26 17.89 16.20 12.53 17.06 11.82 15.72 16.64 16.20 

CaO 18.96 15.44 0.39 0.32 0.34 0.19 10.39 8.89 7.92 7.76 7.14 16.22 6.45 4.96 8.56 6.93 8.20 

Na2O 0.35 0.04     0.05 0.01 0.04  0.07 0.17  0.03 0.10 0.04 0.04 
Al2O3 35.14 1.79 0.04 0.02 0.33 0.05 1.09 1.67 8.41 1.80 2.89 5.71 1.96 2.55 5.31 1.26 4.95 

SiO2 43.62 51.76 36.85 36.65 36.53 36.84 47.41 51.29 46.43 51.83 51.88 50.00 51.94 52.50 50.76 52.28 47.15 

MgO 0.10 16.07 32.00 31.34 30.55 32.63 7.12 17.48 18.05 18.07 19.19 12.21 19.78 24.89 17.49 20.32 21.51 
Cr2O3 0.01 0.72 0.16 0.05 0.03 0.04 0.16 0.72 0.53 0.70 0.19 0.50 0.82 0.65 0.32 0.23 0.52 

TiO2 0.05 0.57  0.04 0.04 0.02 0.81 0.31 0.22 0.28 0.90 1.24 0.21 0.98 0.50 1.03 0.50 

Total 98.46 98.26 99.62 99.09 98.53 99.02 96.39 98.83 99.12 98.71 98.75 98.84 98.58 98.68 99.09 99.11 99.30 

 Atoms per formula unit 

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.03 0.05 0.05 0.04 0.04 0.05 0.05 0.03 0.05 0.04 0.03 0.04 0.04 0.04 0.05 0.03 

Fe 0.02 1.47 4.19 4.17 4.20 3.95 4.03 2.30 2.18 2.26 2.03 1.58 2.15 1.44 1.96 2.08 2.05 

Ca 2.87 2.50 0.07 0.06 0.06 0.03 1.85 1.45 1.28 1.26 1.14 2.63 1.04 0.78 1.37 1.11 1.33 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Al 5.84 0.32 0.01 0.00 0.06 0.01 0.21 0.30 1.50 0.32 0.51 1.02 0.35 0.44 0.93 0.22 0.88 

Si 6.15 7.82 5.81 6.02 6.03 6.01 7.88 7.80 7.02 7.84 7.76 7.56 7.81 7.67 7.58 7.81 7.12 
Mg 0.02 3.62 8.02 7.67 7.52 7.93 1.76 3.96 4.07 4.08 4.28 2.75 4.43 5.42 3.89 4.53 4.84 

Cr 0.00 0.09 0.02 0.01 0.00 0.01 0.02 0.09 0.06 0.08 0.02 0.06 0.10 0.08 0.04 0.03 0.06 

Ti 0.01 0.06 0.00 0.00 0.01 0.00 0.10 0.04 0.02 0.03 0.10 0.14 0.02 0.11 0.06 0.12 0.06 
Total 14.92 15.91 18.18 17.97 17.93 17.98 15.91 15.98 16.18 15.93 15.88 15.77 15.94 15.97 15.88 15.95 16.36 

An#                  

Mg# 46.27 71.06 65.70 64.79 64.18 66.75 30.46 63.25 65.10 64.30 67.86 63.46 67.38 78.97 66.49 68.52 70.29 

Ti# 81.97 42.86 0.00 39.93 59.38 28.31 82.93 28.91 28.20 27.22 81.50 70.19 19.46 58.70 60.10 80.91 47.99 
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Table A.2: Major and trace element chemistry of apatite grains in this study. N.B. due to SIMS analysis, in some cases insufficient apatite material was available for 

EPMA analysis. 

Sample 

DOM 

18262 DOM 18666 EET 96008 NWA 12593 

Clast 2 1 7 8 10 11 1 2 3 1 4  6 

Apatite 

ID 2 1 2 6 8 10 11 1 2 3 1 4 5 6 

Wt. % 

Oxide                      

F  1.49 2.32 2.46 0.96 2.26 2.14 1.37 2.61 2.19 1.09 1.48 2.45 2.66 1.56 1.84 2.33 2.37 1.36 1.51 2.61 1.35 

S  0.02 0.01 0.01 0.16 0.02 0.07 0.02 0.02 0.03 0.12 0.17 0.26 0.04 0.09 0.04 0.04 0.12 0.28 0.10 0.01 0.11 

Cl 0.83 0.43 0.39 2.80 0.46 1.02 1.09 0.54 0.45 1.97 2.36 0.47 0.23 0.26 0.23 0.20 0.09 1.28 1.75 0.36 0.40 
H2O 0.76 0.53 0.46 0.52 0.49 0.38 0.72 0.47 0.62 0.59 0.44 0.32 0.31 0.99 0.78 0.69 0.63 0.51 0.63 0.40 1.04 

Na2O 0.00 0.03 0.13 0.09 0.00 0.05 0.04 0.03 0.02 0.00 0.03 0.01 0.03 0.06 0.01 0.11 0.08 0.16 0.17 0.01 0.06 

MgO 0.06 0.04 0.05 0.05 0.07 0.14 0.05 0.24 0.05 0.05 0.10 0.18 0.12 0.50 0.17 1.48 0.25 0.07 0.13 0.24 0.40 
CaO 53.57 52.32 51.28 52.43 54.51 54.23 51.04 52.21 54.26 53.96 53.94 51.81 53.24 51.21 52.70 51.20 54.18 49.32 50.80 56.95 52.52 

MnO 0.06 0.09 0.07 0.07 0.03 0.03 0.04 0.08 0.05 0.08 0.11 0.03 0.04 0.12 0.05 0.07 0.31 0.06 0.04 0.04 0.03 

FeO 2.38 2.38 2.95 2.59 1.33 0.55 2.27 7.86 1.28 1.53 6.59 1.24 1.16 6.48 2.30 4.20 4.74 1.13 1.17 0.48 1.49 
Y2O3 0.77 0.77 0.94 0.41 0.38 0.15 0.85 0.43 0.39 0.23 0.18 0.13 0.14 0.43 0.49 0.14 0.13 0.09 0.05 0.36 0.15 

SiO2 0.99 2.36 3.05 4.81 1.17 0.24 1.44 3.79 1.47 1.64 5.76 0.66 1.42 4.38 0.95 8.89 0.11 1.54 10.21 0.69 6.40 

CeO2 0.56 0.61 0.68 0.20 0.21 0.11 1.37 0.21 0.21 0.08 0.10 0.20 0.16 0.27 0.29 0.12 0.06 0.06 0.08 0.40 0.15 
P2O5 38.48 40.15 39.49 37.81 38.64 39.90 37.62 41.42 42.53 36.76 37.03 40.61 37.98 39.83 40.22 37.66 43.20 36.12 37.50 40.24 39.08 

Total 100.0 102.0 102.0 102.9 99.6 99.0 97.9 109.9 103.5 98.1 108.3 98.4 97.5 106.2 100.1 107.1 106.3 92.0 104.1 102.8 103.2 

O=F , 

S , Cl 0.82 1.08 1.13 1.08 1.06 1.15 0.83 1.23 1.03 0.93 1.20 1.20 1.19 0.74 0.84 1.04 1.05 0.93 1.06 1.19 0.69 

Total 99.2 101.0 100.8 101.8 98.5 97.9 97.1 108.7 102.5 97.2 107.1 97.2 96.4 105.4 99.2 106.1 105.2 91.0 103.1 101.6 102.5 

 Atoms per formula unit 

F 0.84 1.27 1.35 0.53 1.27 1.21 0.78 1.34 1.16 0.63 0.79 1.38 1.54 0.81 1.02 1.19 1.24 0.82 0.79 1.43 0.71 

S 0.01 0.00 0.00 0.05 0.01 0.02 0.01 0.01 0.01 0.04 0.05 0.09 0.02 0.03 0.01 0.01 0.04 0.10 0.03 0.00 0.04 
Cl 0.25 0.12 0.11 0.82 0.14 0.31 0.34 0.15 0.13 0.61 0.67 0.14 0.07 0.07 0.07 0.06 0.03 0.42 0.49 0.11 0.11 

H 0.91 0.61 0.53 0.60 0.58 0.45 0.87 0.50 0.70 0.72 0.49 0.39 0.38 1.09 0.90 0.74 0.69 0.66 0.69 0.46 1.15 

Na 0.00 0.01 0.04 0.03 0.00 0.02 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.02 0.00 0.03 0.03 0.06 0.05 0.00 0.02 
Mg 0.02 0.01 0.01 0.01 0.02 0.04 0.01 0.06 0.01 0.01 0.02 0.05 0.03 0.12 0.04 0.36 0.06 0.02 0.03 0.06 0.10 

Ca 10.19 9.67 9.52 9.71 10.41 10.40 9.92 9.08 9.76 10.55 9.69 9.92 10.39 9.02 9.86 8.88 9.64 10.14 8.97 10.56 9.29 

Mn 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.00 0.01 0.02 0.01 0.01 0.04 0.01 0.01 0.01 0.00 
Fe 0.35 0.34 0.43 0.38 0.20 0.08 0.35 1.07 0.18 0.23 0.92 0.18 0.18 0.89 0.34 0.57 0.66 0.18 0.16 0.07 0.21 

Y 0.07 0.07 0.09 0.04 0.04 0.01 0.08 0.04 0.03 0.02 0.02 0.01 0.01 0.04 0.05 0.01 0.01 0.01 0.00 0.03 0.01 

Si 0.18 0.41 0.53 0.83 0.21 0.04 0.26 0.61 0.25 0.30 0.97 0.12 0.26 0.72 0.17 1.44 0.02 0.30 1.68 0.12 1.06 
Ce 0.03 0.04 0.04 0.01 0.01 0.01 0.09 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.00 0.00 0.00 0.02 0.01 

P 5.78 5.86 5.79 5.53 5.83 6.05 5.78 5.69 6.05 5.68 5.25 6.15 5.86 5.55 5.95 5.16 6.07 5.87 5.23 5.89 5.47 

Total 18.63 18.43 18.46 18.55 18.72 18.65 18.51 18.57 18.31 18.81 18.90 18.45 18.76 18.39 18.43 18.46 18.53 18.59 18.15 18.77 18.17 
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Table A.2: Major and trace element chemistry of apatite grains in this study. N.B. due to SIMS analysis, in some cases insufficient apatite material was 

available for EPMA analysis. 
Sample NWA 12593 

Clast  8      19  

Apatite 

ID 7 8 10 11 13 15 16 19 21 

Wt. % 

Oxide               

F  2.63 2.10 2.18 1.74 2.13 1.14 1.70 3.30 3.03 2.00 2.18 3.21 2.43 2.00 
S  0.10 0.04 0.04 0.04 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.00 0.03 0.04 

Cl 0.66 1.01 0.99 0.22 0.49 0.13 0.20 0.23 0.29 0.83 0.92 0.22 0.56 0.77 

H2O 0.22 0.48 0.41 0.82 0.63 0.85 0.75 0.00 0.22 0.49 0.36 0.05 0.37 0.37 
Na2O  0.02 0.03 0.03  0.05 0.02 0.03 0.02 0.05 0.03 0.04 0.02 0.04 

MgO 0.14 0.16 0.06 0.31 0.10 0.23 0.21 0.13 0.70 0.08 0.11 0.28 0.51 0.43 

CaO 53.43 55.53 55.83 53.95 57.22 54.33 55.51 53.71 55.79 51.22 51.54 56.40 52.71 44.69 
MnO 0.04 0.02 0.04 0.06 0.01 0.01 0.04 0.02 0.03 0.02 0.01 0.03 0.01 0.04 

FeO 1.85 2.98 1.01 1.22 0.55 0.49 0.55 0.37 0.71 0.54 0.53 0.51 0.63 0.49 

Y2O3 0.22 0.35 0.39 0.22 0.07 0.17 0.08 0.08 0.05 0.55 0.56 0.18 0.07 0.05 
SiO2 0.22 0.53 0.48 0.62 0.33 0.65 0.79 0.17 0.84 0.36 0.44 0.56 1.63 1.26 

CeO2 0.16 0.36 0.38 0.68 0.10 0.16 0.16 0.16 0.08 0.62 0.61 0.26 0.14 0.10 

P2O5 39.70 40.67 39.78 39.93 41.99 28.60 35.34 39.00 40.81 39.86 39.17 36.94 39.07 37.54 
Total 99.4 104.3 101.6 99.8 103.6 86.8 95.4 97.2 102.6 96.6 96.5 98.7 98.2 87.8 

O=F , S , 

Cl 1.28 1.12 1.15 0.79 1.01 0.51 0.76 1.44 1.35 1.03 1.13 1.40 1.15 1.03 
Total 98.1 103.2 100.5 99.0 102.6 86.3 94.6 95.8 101.2 95.6 95.3 97.3 97.0 86.8 

 Atoms per formula unit 

F 1.49 1.14 1.21 0.97 1.14 0.76 1.00 1.92 1.66 1.15 1.26 1.87 1.37 1.24 

S 0.03 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 
Cl 0.20 0.29 0.30 0.06 0.14 0.05 0.06 0.07 0.09 0.26 0.29 0.07 0.17 0.26 

H 0.27 0.55 0.48 0.96 0.72 1.19 0.93 0.00 0.25 0.59 0.44 0.06 0.45 0.49 

Na 0.00 0.01 0.01 0.01  0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 
Mg 0.04 0.04 0.01 0.08 0.03 0.07 0.06 0.03 0.18 0.02 0.03 0.08 0.14 0.13 

Ca 10.30 10.21 10.52 10.12 10.37 12.21 11.10 10.60 10.34 9.97 10.13 11.14 10.12 9.41 

Mn 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Fe 0.28 0.43 0.15 0.18 0.08 0.09 0.09 0.06 0.10 0.08 0.08 0.08 0.10 0.08 

Y 0.02 0.03 0.04 0.02 0.01 0.02 0.01 0.01 0.00 0.05 0.05 0.02 0.01 0.01 

Si 0.04 0.09 0.08 0.11 0.06 0.14 0.15 0.03 0.15 0.07 0.08 0.10 0.29 0.25 
Ce 0.01 0.02 0.02 0.04 0.01 0.01 0.01 0.01 0.00 0.04 0.04 0.02 0.01 0.01 

P 6.05 5.91 5.92 5.92 6.01 5.08 5.58 6.08 5.98 6.13 6.08 5.76 5.93 6.24 

Total 18.7 18.7 18.8 18.5 18.6 19.6 19.0 18.8 18.8 18.4 18.5 19.2 18.6 18.1 
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B. Appendix B 

Cl and Ce isotope images for all apatite grains are available on Open Research Data Online 

(ORDO) at: https://doi.org/10.21954/ou.rd.22059263.v2  

An index of these grains can be found below:  

Table B.1: Index of Cl and Ce isotope images available at ORDO 

Sample Apatite Page Sample Apatite Page 

AP007 2 2 NWA 12593 4 34 

DOM 18262 1a 3  5 35 

 1b 4  6 36 

 1c 5  7a 37 

 1d 6  7b 38 

 2a 7  8 39 

 2b 8  10a 40 

DOM 18666 1a 9  10b 41 

 1b 10  11 42 

 1c 11  12 43 

 2 12  13a 44 

 3b 13  13b 45 

 4a 14  13c 46 

 4d 15  14 47 

 6a 16  16 48 

 6b 17  19a 49 

 7 18  19b 50 

 8d 19  20 51 

 8f 20  21a 52 

 9a 21  21b 53 

 9b 22  22 54 

 10 23 12039, 45 1a 55 

 11 24  1b 56 

 12 25  1c 57 

EET 96008 1a 26  1d 58 

 1b 27  1f 59 

 2a 28  2a 60 

 2b 29  2b 61 

 3 30  2c 62 

NWA 12593 1 31  2d 63 

 2a 32  2e 64 

 2b 33    
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