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ABSTRACT 

The aim of this research is to determine any genetic relationships between high- and low

Ti lunar basalts in terms of petrology, mineralogy, geochemistry and geochronology, using 

a set of Apollo samples. SEM images, mineral compositions, and major- and trace-element 

data indicate that the high and low-Ti mare-basalts form two distinct groups, both 

mineralogically and chemically. Apollo 12 and 15 low-Ti basalts were produced from 

similar source regions, whereas the Apollo 11 and 17 basalts show greater source region 

compositional variation. Pb-Pb age dating of low-Ti and high-Ti samples confirm previous 

observations indicating the former are generally younger than the latter. Geochemical 

modelling suggests that the low-Ti basalts formed from < 10 % partial melting of a 

depleted Moon source, followed by olivine fractionation. The high-Ti basalts were 

probably formed as a result of < 15 % partial melting of relatively incompatible-element

enriched source regions, followed by multi-phase crystal fractionation. The REE content of 

Apollo 14 low-Ti, high-AI basalt 14053 can be reconstructed by ~ 10 % partial melting of 

a depleted Moon source, followed by olivine fractionation and 1.5 % simultaneous 

assimilation of a KREEPy/granitic crustal component. The REE contents of Apollo 11 

high-Ti, high-K basalts match well with 10 % KREEP assimilation, along with multi-phase 

fractionation from a parental melt similar to Apollo 11 orange glass. Setting aside the 

different parental melt evolutions, bulk-rock elemental evidence clearly indicates that the 

high- and low-Ti mare-basalts were produced by compositionally different source regions. 

This conclusion is supported by different oxygen isotope compositions of the high- and 

low-Ti basalts. However, oxygen isotope data implies that rather than a bi-modal system, a 

mare-basalt compositional continuum exists. This continuum fits well with the 

heterogeneous cumulate source model for mare-basalt formation. Our oxygen isotope data 

reveal no detectable difference between the ~170 of the Earth and Moon, with implications 

for the viability of the giant impact origin of the Moon. 



KEYWORDS: Moon, mare-basalts, mineralogy, petrology, oxygen isotopes, Giant

Impact. 
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1. INTRODUCTION 

The Earth-Moon system is unique within our solar system. The mass ratio of the system is 

very high (MoonlEarth = 1181.3) - despite the Moon's relatively low density in comparison 

to the terrestrial planets - as is the angular momentum (Taylor et al., 2006). The Moon is 

virtually dry - although recent data from the LCROSS mission, along with detailed analysis 

of lunar apatite grains, indicate water is present on the Moon (e.g., Saal et al., 2008; 

Greenwood et al., 2010; McCubbin et aI., 2010; Shearer et aI., 2010). It is also geologically 

complex, and has an orbit neither within the equatorial plane nor that of the ecliptic. In 

contrast, Mars has two very small rocky moons believed to be captured asteroids of 

primitive compositions, while the outer planets' satellites consist of mostly ice-rock 

mixtures. Lack of atmospheric, biological, and recent wide-scale geological activity has 

preserved large regions of the Moon's primary crust from erosion for ~ 4.5 Ga (Hanan and 

Tilton, 1987), a scale of preservation not possible on our active and dynamic planet. For 

this reason the study of lunar samples is critical for our understanding of the Earth and 

Moon's formation, lunar evolution, and that of small planetary bodies in the solar system. 

It is also vital for the refinement of current theoretical models of the formation of the 

Earth-Moon system. 

1.1. Origin of the Moon and its Lithologies 

1.1.1. Hypotheses. The origin of the Moon has been debated for centuries. There were two 

main hypotheses for the origin of the Moon prior to the 1960's space race and the return of 

lunar rock samples to Earth. The first argued that the Moon formed along side the Earth as 

a sister planet (Schmidt, 1959), whereas the second suggested that at some point in the 

Earth's history its gravitational field captured a body formed elsewhere in the solar system 

(Gerstenkom, 1955). The turning point in our understanding came in the years after six 
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Apollo manned missions and three Luna unmanned probes returned> 380 kg of rock and 

soil from the lunar surface. During 1975 and 1976, a theory evolved that combined 

elements of both 'classical' hypotheses and came to be known as the Giant-Impact 

hypothesis (Hartmann and Davis, 1975; Cameron and Ward, 1976). The Giant-Impact 

theory proposes that 40-50 Ma after the birth of the solar system (Asphaug and Canup, 

2001; Halliday 2003,2004), when the Earth was 70-90 % of its present mass, a Mars-sized 

body collided with our planet. This impact threw large amounts of material into space, 

forming debris rings, much like those currently visible around Saturn. Computer modelling 

suggests approximately 70 % of this debris originated from the impactor with only the 

remaining 30 % thrown out from the upper portions of the silicate Earth (Canup et aI., 

2004). These models also indicate that the debris accreted over a very short period, 

forming the lunar globe between 10 and 100 years after the impact (Thompson and 

Stevenson, 1988). This theory best explains the Earth-Moon system's high angular 

momentum, volatile element depletion, the similarities between inferred lunar and silicate 

Earth compositions, and lunar global geology - though some authors argue co-accretion 

cannot be ruled out on the basis of this evidence (Morishima and Watanabe, 2001). 

1.1.2. The Lunar Magma Ocean: Anorthosite Primary Crust. The results from 

geophysical surveys conducted on the lunar surface by the Apollo astronauts suggested that 

the lunar interior is differentiated; therefore the Moon is not a primitive, undifferentiated, 

homogeneous body, as previously suggested (Urey, 1966). Instead it has a structure much 

like the terrestrial planets - with a possible core, mantle and crust (e.g., LSPET, 1969; 

Turkevich, 1971; Hood and Zuber, 2000). Early during the study of the Apollo 11 samples 

the concept of a lunar magma ocean (LMO) arose on the basis of a minority of light 

coloured anorthosite grains that were found within the dark grey basaltic soil present at this 

site (Smith et aI., 1970; Wood et aI., 1970a,b). Anorthosite is relatively rare on Earth, 

generally only forming at the top of large magma chambers as a floating 'scum' layer, 
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analogous to slag fonned in a blast furnace. It is composed of a high percentage (generally 

85-95 %) of relatively low density anorthite feldspar (CaAhShOs). Feldspar with high 

albite content (lower than An7S) is very rare because of the Moon's depletion in Na and 

other volatile elements (e.g., Wasson, 1971; Drake, 1986). The presence of anorthosite 

within Apollo 11 basaltic soil samples indicates that these grains are not native to the site, 

but were probably relocated as impact ejecta from the much lighter coloured lunar 

highlands terrain - a fact confinned by subsequent Apollo missions and remote sensing 

data and sample analysis (e.g., Korotev and Gillis, 2001). The realisation that a significant 

proportion (-75 %) of the lunar crust is composed of anorthosite suggested a global scale 

compositional separation. The only way this separation could have been achieved was by 

deep melting to fonn a global magma ocean with temperatures of around 1400 °C (Warren, 

1985). This melting could have been caused by energy release resulting from accretion, 

assisted by the heat from radioactive elements such as 23SU, 23SU, 232Th and 40K (Pritchard 

and Stevenson, 2000). As anorthite feldspar is less dense than most minerals, models 

suggested that it would float towards the surface of the LMO, creating a feldspathic outer 

crust (e.g., Warren, 1985; Wieczorek and Zuber, 2001), although more recent research has 

questioned the method of flotation (Elkins-Tanton et al., 2004). Estimates of magma ocean 

depth vary from 500 kIn to whole Moon melting (e.g., Ryder et al., 1991; Elkins-Tanton et 

al., 2002). These calculations are based on mass balance argwnents concerning the 

abundance of plagioclase and incompatible elements within the crust, in addition to 

estimates of the depth of mare-basalt source regions. Hf-W and Sm-Nd isotope data 

suggest that the LMO crystallised 30-50 Myr after the start of the solar system (Kleine et 

al., 2002). However, recent data suggests that crystallisation was protracted; the last 

remnants of the LMO did not crystallise before ls2Hf became extinct at approximately 60 

Ma (Touboul et aI., 2007). It is believed that this global magma ocean could only have 

been created by the high pressures and temperatures produced during lunar accretion 

(Pritchard and Stevenson, 2000). 
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1.1.3. KREEP. As the magma ocean crystallised, a residual liquid rich in incompatible 

trace-elements evolved (Lucey et aI., 2006). This residual melt is known as urKREEP (a 

primitive melt rich in potassium (K), rare ~arth ~lements and £hosphorus). Although the 

incompatible-element concentration in each KREEPy rock may vary considerably, the 

ratios of these elements are always remarkably constant, no matter where the sample was 

collected (Warren and Wasson, 1977, 1979; Heiken et al., 1991). This implies that all 

KREEPy rocks crystallised from a single global source, endorsing the magma ocean theory 

(Shearer and Borg, 2004). It is believed that urKREEP formed after -99 % of the magma 

ocean had crystallised, the remaining liquid oozed its way into the lower crust altering the 

original rock composition. This residual magma also contained abundant silica, FeO and 

incompatible heat producing elements, therefore concentrations of this material at depth 

could have remained molten for hundreds of millions of years (Soloman and Longhi, 

1977). Although no pure urKREEP sample has ever been collected from the surface - or 

found on Earth as a lunar meteorite - it is believed that partial melting of lower crustal rock 

contaminated with urKREEP was the source for KREEP basalts, such as those returned by 

the Apollo 15 mission (Warren and Wasson, 1979a; Halliday, 1995). This source of trace

element rich material within the lower crust may have been assimilated into any 

subsequent rising melt; both Mg-suite and mare-basalt magmas were (arguably) affected 

(Halliday, 1995). 

1.1.4. The Mg- and Alkali-suite. The lunar highlands do not consist of 100 % anorthosite, 

they contain a small percentage of magnesian suite lithologies with higher Mg and Fe 

abundances. These lithologies include dunites, troctolites, norites and gabbronorites which 

are younger than the anorthosite primary crust (4.43-4.17 Ga -Taylor et aI., 1993). It is 

generally accepted that the Mg-suite plutonic rocks intruded the pre-existing LMO derived 

anorthositic crust to form layered intrusive complexes; possible models of formation are 

briefly discussed in Figure 1.1a. The even less abundant alkali-suite (Hubbard et aI., 1971; 
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Figure 1.1: The Mg-suite and lunar magma ocean evolution. a) Schematic cross section through the magma 

ocean to - 800 km depth. The anorthosite crust forms to - 60 km depth from buoyant plagioclase cumulates. 

Three models are shown for the origin of the Mg-suite rocks, model I shows KREEP delivered to depth by 

convective overturn and mixing with Mg-rich ultramafic cumulates. Model 2 is similar but KREEP is 

assimilated at the base of the crust and model 3 involves mobilization of urKREEP caused by 

decompressional melting, triggered by basin-forming impact events (after Papike et aI. , 1998). b) Evolution 

of the lunar magma ocean, crust and mantle as a function of time. This simplified geological cross section 

shows (1) the evolution of the magma ocean to give anorthosite primary crust, olivine rich lithosphere and 

KREEP residual magma (2) emplacement of igneous plutons (e.g. Mg-suite) and (3) the later partial melting 

of the mantle and the formation of mare basaltic lavas. Timescale not linear, after SWiller and Ryder (200 J). 
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Brown et al., 1972) contains similar rock types as well as a range of siliceous plutonic 

rocks referred to as granites. These rocks are enriched in alkali and other trace elements, in 

relation to the anorthosites (An96) the plagioclase content is much more sodic (An82±8) 

(e.g., Warren and Wasson 1979b, 1980; Warren 1993). Based on age dating of the small 

sample suite available, it appears that alkali-suite magmatism overlapped that of the Mg-

suite. Models proposed for the petrogenesis of very high potassium (VHK) basalts 

collected at the Apollo 14 site favour the assimilation of a lunar granitic component by a 

high-alumina magma (e.g., Shervais et aI., 

1985b; Neal et al., 1989a,b), see section 

1.2.5. Such a process accounts for the 

elevated K, Rb, Ba, and in some cases, Hf 

abundances of these basalts. 

1.1.5. Mare Basalts. The chemically 

diverse mare basalts cover ~ 17 % of the 

lunar surface, the vast majority of eruptions 

were on the lunar nearside. In general these 

basalts are enriched in FeO and Ti02 and 

depleted in Ah03 and CaD. They also have 

higher CaOI Ah03 ratios than lunar highland 

lithologies (Heiken et aI., 1991). These 
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anomalies in the plagioclase-rich lunar crust, mare-

chemical differences are reflected m basalt source regions and KREEP basalts from the 

mineralogy; the mare basalts are enriched in Apollo 14 site. The europium anomalies are a 

pyroxenes and depleted in plagioclase 
result of the accumulation or removal of Eu-

enriched plagioclase (after S.R, Taylor, 1982). 
relative to the highland anorthosites (e.g., 

Taylor, 1982). The depletion of strontium (Sr) and europium (Eu2+), both of which 

preferentially enter plagioclase during magma crystallisation (Figure 1.2), suggest the 
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mare-basalt source formed after the anorthositic primary crust had begun to crystallise 

(Wood et al., 1970a; Hubbard and Gast, 1971; Urey et al., 1971; Helmke et al., 1973; 

Vaniman et al., 1991). Experiments on melts thought to represent primary lunar magmas 

indicate mare-basalt formation occurred at depths of 100-300 Ian (Ryder 1991; Elkins

Tanton et al., 2002; Shearer et al., 2006). The common model for mare-basalt origin 

involves re-melting of mantle sources produced during early lunar differentiation. Just as 

the primary crust is made up of low density minerals the mare-basalt source regions are 

believed to consist mostly of dense, more iron rich minerals such as olivine and pyroxene, 

which sank during LMO crystallisation (Wood et aI., 1970a,b; Hubbard and Gast, 1971; 

Urey et al., 1971). Petrogenetic modelling for these basalts invokes a mafic cumulate 

source related to the LMO (Snyder et aI., 1992). This is the only unifying model for mare

basalt petrogenesis, but the details are still under debate. Most authors now agree that 

major convective mantle overturn must have occurred some time after crystallisation of the 

primary crust to account for the presence of abundant ilmenite (FeTi03) within some mare 

basalts (Ringwood and Kesson, 1976; Ryder, 1991; Elkins-Tanton et aI., 2002). This 

overturn is believed to have been the result of late stage (after> 95 % LMO crystallisation) 

Ti-rich cumulate formation at shallow levels - ilmenite could not have crystallised on the 

Moon at depths greater than 100 Ian (Ryder, 1991 - Figure 1.3). The presence of these 

dense Ti-rich layers above less dense olivine and pyroxene cumulates is thought to have 

produced a wide scale density instability, resulting in mantle overturn via diapiric 

redistribution. This overturn model is also supported by the presence of strong negative Ti 

and Ta-Nb anomalies in mare-basalts and KREEP (Ta and Nb are assumed to partition 

similarly), resulting from the fact that Nb is nearly neutral and Ti strongly compatible 

during the crystallisation of ilmenite (McCallum and Charette, 1978). As might be 

expected, the elemental abundance trends of high-Ti Apollo 17 basalts shows positive Ta

Nb and Ti anomalies, indicating accumulation of ilmenite in the source region. 

Surprisingly, the low-Ti Apollo 15 basalts also show definite relative excesses of Ta-Nb 
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and Ti, indicating ilmenite accumulation. Thus the large range of Ti02 in mare volcanics is 

apparently the result of a nearly continuous variation in the amount of ilmenite in the 

source region. Simple re-melting of static cumulates (e.g., Taylor and Jakes, 1974) does 

not account for this variation. A dynamic process in which high-level late stage ilmenite (± 

augite) cumulates sink into a less dense, less differentiated interior is required (Kesson and 

Ringwood, 1976). Incomplete mixing of these ilmenite cumulates at mare-basalt source 

region depths may explain the differing ilmenite contents within mare-basalts at the 

surface. 

Figure 1.3: The lunar interior and cumulate mantle overturn. a) A model for the original stratification of a 

crystallised magma ocean, showing the deepest appearances of plagioclase and ilmenite during crystallisation 

(after Ryder et at, 1991). The left side of the figure assumes whole Moon melting while the right side 

assumes an ocean' originally only half the depth of the Moon. b) A schematic view of the mainly solid-state 

overturning of gravitationally unstable hot lunar mantle immediately following magma ocean crystallisation, 

major chemical effects are shown (after Ryder et ai., 1991). Mechanical mixing creates complicated mare-

basalt sources for later melting; the pressure release of upwelling magnesian olivine-dominated material 

causes immediate melting to produce ultramafic magmas that are intruded into and assimilate the crust (the 

Mg-suite plutons). 

Most of the melts produced in this way began to crystallise (and so fractionate) before 

reaching the surface, and some assimilated materials from surrounding rocks. For example, 

urKREEP and Mg-suite granite assimilation (section 1.1.5) is thOUght to have produced the 

KREEP basalts and a number of the high-K mare-basalts, respectively (Neal and Taylor, 
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1992 and references therein). Currently the oldest known mare-basalt is Kalahari 009, a 

basaltic meteorite believed to be a sample of crypto-mare (mare-basalt flows later covered 

with younger regolith). V-Pb, Sm-Nd, and Lu-Hf dating suggest this basalt crystallised at 

4.35 Ga (Schultz et al., 2007; Terada et al., 2007; Sokol et al., 2008). From remote sensing 

data, large scale extrusion of basaltic lava on the Moon is known to have occurred at 3.9 

Ga while the lunar surface was enduring the late heavy bombardment. Proof of this can be 

seen in a number of large, late craters, where mare basalts have flooded the crater floor 

(Heiken et al, 1991, Bugiolacchi, 2006). After the cessation of bombardment there 

followed a period of mare-basalt eruption (approximately 1 billion years); from -2.9 Ga to 

the present day there appears to have been little volcanic activity on the surface, excepting 

areas of the Procellarum basin where basalts are thought to have erupted as recently as 1.2 

Ga (Hiesinger et al., 2003). 

1.1.6. Other Volcanic Products. A minority of mare-magmas on the Moon contained large 

amounts of gas (probably C02 and CO) which was explosively released when they welled 

up close to the surface (e.g., Nicholis and Rutherford, 2005, 2009; Heiken and McKay, 

1977, 1978; Gaddis et al., 1999). When these magmas reached the surface they erupted 

from volcanic vents in a fountain of molten droplets, much like the lava fountains found at 

terrestrial basaltic volcanoes (e.g., Mauna Loa, Hawaii). These sub-millimetre droplets fell 

to the ground as glass beads of various compositions and colours (e.g., Coombs, 1992). 

This type of pyroclastic deposit was discovered at the Apollo 11, 15 and 17 sites in 

association with mare-basalt vents. Glass beads were also discovered in lunar soils 

collected by the Luna landers - the low gravity and near perfect vacuum conditions on the 

Moon allowed droplets to spread over a wide area. More recently remote sensing studies 

have uncovered nearly 100 pyroclastic deposits (Gaddis et aI., 1985, 1999). They are 

commonly dark and smooth-surfaced, observed in association with sinuous rills, irregular 

depressions, or endogenic craters within the highlands. They can also be found on the 
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floors of old impact craters situated along the margins of many of the major mare-basalt 

filled impact basins on the lunar near side. A small nwnber of pyroclastic deposits are 

visible on the lunar far-side; examples are found in the floor of Schrodinger Crater 

(Shoemaker et aI., 1994) and in the Apollo Basin (Robinson et al., 1996). However, the 

two best studied deposits are the green glasses of Apollo 15 and the orange soils (made up 

mostly of glass and ash) of Apollo 17. The latter were comprised of> 90 % glass beads 

with an average size of 44 Jlm at the Shorty crater site. Below the orange soil lay a darker 

layer containing skeletal olivine and ilmenite crystals, suggesting it cooled at a slightly 

slower rate (Schmitt, 1989; Taylor, 1989). Apollo 15 green glasses alone can be separated 

into five distinct chemical groups, implying at least five separate magmas erupted at this 

site, giving an indication of the complex nature of lunar volcanism (Delano, 1979). 

1.2. Lunar Regolith and Breccias 

Impacts are the most important metamorphic process on the Moon because they alter the 

texture of rocks and produce new ones such as glasses, impact melts and fragmental rocks 

known as breccias. Because of the extreme old age of the lunar surface (especially the 

anorthositic primary crust in the highlands) nwnerous large impacts and countless smaller 

ones have caused shattering, burial, exhwnation and transportation of individual particles 

in a random fashion. Intense impact activity during late heavy bombardment (LHB) 

ensured that the crust was shattered and fragmented down to depths of several kilometres, 

producing a global layer of impact debris or megaregolith (e.g., Short and Forman, 1972; 

Toksaz et aI., 1973; Harz et aI., 1977; Cashore and Woronow, 1985). Additional fracturing 

of in-situ crust is believed to stretch down to 25 km (Harz et aI., 1991). Over geologic time 

as the inner solar system became less turbulent the frequency of large impacts decreased. 

Smaller impacts therefore became the main source of lunar erosion, resulting in an 

accwnulated fine-grained powdery layer above the megaregolith known as the regolith 

(Figure 1.4). The composition of the regolith is largely controlled by the underlying 
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Figure 1.4: Regolith structure. Depth values are uncertain as they vary from region to region (after Hllrz et 

al., 1991). 

'bedrock' (which may itself be megaregolith). Regolith samples from the Apollo sites 

show only narrow compositional variation (e.g. , Rhodes et aI. , 1977; Harz, 1978), 

therefore we can be relatively confident that any sample collected from the surface relates 

to the local geology, unless its age and composition suggest otherwise. Breccias on the 

Moon are formed when disaggregated or melted materials from older rocks (the result of 

meteorite impacts) are bound together to form a new rock. These materials can exist as 

mineral and lithic fragments, and crystallised or glassy impact melt (Lucey et al. , 2006). 

Large fragments are known as clasts and the material binding the clasts is known as matrix. 

Breccias are lithified by heat and shock from meteorite impacts. Most lunar breccias are 

polymict, meaning they contain material from various rocks, but some may be dimict (two 

source rocks) or even monomict (one source rock). As breccia formation is dependent on 

meteorite impacts, the older a surface the more brecciated it will become. Therefore, on the 
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Moon, the anorthositic highlands are most heavily affected, although breccias are found 

globally. Most known mare breccias are glassy; it is likely that crystalline impact-melt 

breccias composed mainly of mare material only exist where impacts into the maria were 

large enough to produce a significant volume of impact melt. 

1.3. Mineralogy of the Mare Basalts 

The type and abundance of minerals within a basaltic rock is largely dependent on the 

chemical composition, pressure and temperature of the melt and cooling rate upon 

eruption. With extremely fast cooling (as occurs in lava fountains) no minerals have time 

to crystallise and a glass is formed. Alternatively, very slow cooling allows for the 

separation of crystallising minerals from the melt (crystal fractionation), causing the 

remaining melt to evolve chemically. Mineral compositions are also affected by the 

crystallisation sequence, which is dependent on the melt composition, cooling rate and 

extent of crystal fractionation. As the melt composition is generally controlled by the 

source, a number of key parameters can be determined if the composition of this source is 

known. Temperature and pressure of the source region (giving the depth of melt 

generation) are the most useful parameters that can be calculated in this way, but cooling 

rate and the partial pressures of certain volatile gases can also be determined. Minerals 

containing water (such as amphiboles and micas) as well as those containing oxidised iron 

(Fe3+ rather than Fe2+) are largely absent on the Moon. The four major phases within mare

basalts are pyroxene, plagioclase feldspar, olivine and metal oxides (ilmenite, armalcolite 

and spinel). Other minor minerals formed towards the end of crystallisation, including 

silica (cristobalite or tridymite polymorphs), potassium feldspar, zircon and other Zr

bearing silicates, tranquillityite, phosphates (apatite and whitlockite), metallic iron and iron 

sulphide (troilite). Small amounts of late-stage glass may also be preserved. These lunar 

minerals are described in detail below. 
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Figure 1.5: Nomenclature of clinopyroxenes in the system CaMgSh06 • CaFeSh06 - MgSi03 - FeSi03 

(Poldervaart and Hess, 1951). 

1.3.1. Pyroxene. The pyroxene group includes both orthorhombic and monoclinic minerals 

(orthopyroxene and clinopyroxene, respectively). While the orthopyroxene sub-group 

consists largely of the compositional series MgSi03-FeSi03 the clinopyroxenes can have a 

wide range of chemical compositions. However, the latter can be roughly considered as 

members of the four-component system CaMgSh06-CaFeSh06-MgSi03-FeSi03 

(Poldervaart and Hess, 1951) (Figure 1.5). In the pyroxene structure, the M1 and M2 sites 

provide a range of site volumes, and the general formula can be expressed as: 

(1) 

Where: X = Ca, Na; Y = Mg, Fe+2
, Mn, Li, Ni, AI, Fe+3, Cr, Ti; and Z = Si, Al 

In the orthopyroxene series p ::::: 1 and the content of trivalent ions is small. In 

clinopyroxenes, the value of p varies from zero to one (Deer et aI. , 1966; Papike, 1987). 
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Orthopyroxene is rare in mare basalts but clinopyroxene is one of the major components; 

its composition can indicate the evolution of a specific melt. Mg-rich clinopyroxenes such 

as pigeonite and augite crystallise out from the melt first, and only when the melt becomes 

depleted in Mg do more Fe-rich phases, such as hedenbergite, crystallise (Deer et al., 

1966). This can either result in a zoned crystal (with rims enriched in Fe-clinopyroxene), or 

if crystal fractionation occurs, several types of clinopyroxene may be present as 

independent grains within one basalt sample. Occasionally lunar pyroxenes may also show 

evidence of subsolidus reactions (i.e. changes below melting temperature, such as 

recrystallisation). For example, the exolution of augite and pigeonite from one originally 

uniform pyroxene was found to occur in a number of basalts (e.g., Ross et aI., 1970; Papike 

et aI., 1971; Takeda et aI., 1975). Cooling rates have been calculated from exolution 

lamellae in lunar clinopyroxenes, with results ranging from 1.5-0.2 °CIhr for lava flows 6 

m thick at the Apollo 15 site (Takeda et aI., 1975). One of the major differences between 

lunar and terrestrial pyroxenes is the lack of Fe3+ in the former, reflecting the Moon's 

reducing environment. The most abundant basalts on Earth are the mid ocean ridge basalts 

(MORB), which are Mg-rich compared to mare basalts, indicating the mare source regions 

are relatively Fe-rich. Ionic substitutions also vary between these two groups; in terrestrial 

pyroxenes the most important substituting elements are F e3+ + Al and Ti4
+ + 2AI (Papike 

and Bence, 1978), whereas the most important ionic substitutions in lunar pyroxenes are 

Ti4+ + 2AI, Cr3
+ + Al and Al (octahedral) + Al (tetrahedral). This variation is because of 

the absence of significant Fe3
+ on the Moon. 

1.3.2. Olivine. The chemical formula for olivine is (MgFe)2Si04, where fayalite is the Fe

rich end member and forsterite is the Mg-rich end member. Although there is significant 

Fe-Mg variation in both groups of olivine, lunar olivines commonly have very high Fe 

contents (FaSO-IOO) and even the most Mg-rich (Fa20) are depleted in magnesium compared 

to Mg-rich terrestrial olivines. This again reflects the Moon's enrichment in Fe relative to 
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the Earth. As with clinopyroxenes, the Fe content of an olivine crystal will often increase 

towards the rim as Mg in the melt is depleted. Calcium in lunar olivines varies directly 

with Fe content, and may be an indicator of cooling rate (Smith, 1974; Donaldson et al., 

1975). Lunar olivine is enriched in Cr compared to terrestrial samples (up to 0.6 wt % vs. -

0.1 wt %), a proportion of which is reduced C~+ (Haggerty et aI., 1970) - indicating low 

oxygen fugacities during mare-basalt crystallisation. 

1.3.3. Feldspar. The most common mineral in the lunar crust, feldspar has a framework 

structure of three-dimensionally linked Si04 and AI04 tetrahedra (reviewed by Papike, 

1988). The Si:Al ratio varies between 3: 1 and 1: 1, so the ordering of these two elements 

can lead to discontinuities in the crystal lattice. Within this framework of tetrahedra much 

larger cations such as Ca, Na, K, Fe, Mg and Ba can be accommodated. A solid solution 

series exists for feldspars between the end members albite (NaAIShOs) and anorthite 

(CaAhShOs) with some substitution by potassium to create orthoclase feldspar (Figure 

1.6). Lunar plagioclase feldspars are mostly> 90 % anorthite, as the Moon is depleted in 

alkali elements relative to the Earth (Lucey et al., 2006). Rare orthoclase feldspars formed 

in residual melts on the Moon and consequently are relatively enriched in other 

incompatible elements, for example Ba can be present in these grains in concentrations> I 0 

wt %. Orthoclase feldspar is found in relatively high abundances in the KREEP basalts 

(e.g., Steele et al., 1972) and often within the mesostasis of mare basalts (e.g., Keil et aI., 

1971). 

1.3.4. Ilmenite. The most abundant oxide mineral in lunar rocks, ilmenite (FeTi03) makes 

up 15-20 vol % of the high-Ti mare basalts, although these figures vary at different sites 

(Neal and Taylor, 1992). As would be expected, the higher the Ti02 content of the magma 

from which the lunar rock crystallised, the higher the ilmenite content. Its structure is 

hexagonal and consists of alternating layers of Ti- and Fe-containing octahedra (Deer et 
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Figure 1.6: Feldspar ternary diagram showing the solid solution between anorthite· albite· orthoclase. Note 

that in terrestrial samples a solid solution between anorthite and orthoclase is not possible but rare lunar 

feldspars do plot within this forbidden compositional zone. After Deer et al. (1966). 

aI.. 1966). Most lunar ilmenite contains magnesium as a result of the solid solution that 

exists between ilmenite and geikielite (MgTi03) - a mineral not present on the Moon in its 

pure form. Therefore. compositions of lunar ilmenites plot between FeTi03 and MgTi03 -

variation from FeTi03 is expressed as wt % MgO. MgO contents within ilmenite can range 

from 0.3-6 wt % (EI Gorsey et aI.. 1971b). In general. ilmenite composition reflects the 

magmatic chemistry of the source region - ilmenites with the highest Mg contents are those 

from sources rich in Mg. Other minor elements within ilmenite include Mn. Cr. Al and V; 

these are partitioned between co-existing ilmenite and spinel phases. In addition. Zr02 has 

been reported within ilmenites from Apollo 14 and 15 (EI Goresy et al .• 1971a,b: Taylor et 

aI.. 1973). and partitioning of Zr02 between ilmenite and ulvospinel (Fe2 Ti04) has been 
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used both as a geothermometer and a cooling-rate indicator (Taylor et al., 1975). In Apollo 

17 samples, ilmenite is closely associated with armalcolite «Feo.sMgo.s)ThOs), where it 

occurs as mantles on armalcolite crystals. This is probably because of the reaction of the 

earlier-forming armalcolite with melt during crystallisation (Haggerty, 1973; Williams and 

Taylor, 1974). 

-12 

-14 

-16 

-18 

OWu .1 
OUsp 
.11+1 
b. Fpb + I 
ARu+1 

* Usp - II + I} Webster and * II-Fpb+1 Bright. 1961 

9.0 8.0 7.0 
1 IT (0 K) X 104 

Figure 1.7: Stability relations of several Fe- and Ti-bearing minerals shown as a function of oxygen fugacity 

(fo2) and temperature (T). Abbreviations: Wu = WUstite; I = iron; Usp = ulviispinel; II = ilmenite; Fpb = 

ferropsuedobrookite; Ru = rutile. Adapted from Taylor and McCallister (1972). The IlIRu+I and Usplll+I 

represent the separate nature of the ilmenite and ulviispinel stability curves. 

Ilmenite is commonly associated with ulvospinel, a high-Ti spinel (section 1.3.5). Analysis 

of the two mineral's stability curves (Figure 1.7) for temperature and oxygen fugacity (102) 

reveals that they are significantly different, hence these minerals did not co-crystallise in 

lunar samples (Taylor et al., 1973). The data suggest that in these mineral assemblages 

ilmenite is formed by solid-state reduction of ulvospinel at temperatures below the melting 

point. In rare cases there is also evidence for the subsolidus reduction of ilmenite to rutile 

(Ti02) and native Fe, or to chromite (FeCr204) + rutile + native Fe. In going from reduced 
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to oxidising conditions at temperatures below 1150 °C, the reaction sequence is rutile + 

iron + oxygen = ilmenite; ilmenite + iron + oxygen = ulvospinel; and iron + oxygen = 

wUstite (FeO). At higher temperatures the mineral ferropseudobrookite (FeThOs) appears 

in the sequence. (Heiken et aI., 1991). 

1.3.5. Spinel. This group of oxides is the second most abundant in lunar samples; a number 

of Apollo 12 and 15 basalts contain up to 10 vol % spinel (Lucey et al., 2006). The general 

structural formula is IV A VIB204 where IV and VI refer to tetrahedral and octahedral 

polyhedra of oxygen atoms. In a normal spinel structure the divalent cation (e.g., Fe2+) 

occupies only the tetrahedral sites, and the two sites each contain only one type of cation 

(e.g., FeCr204) (Deer et aI., 1966). In lunar spinels, the divalent cations (usually Fe2+ or 

Mg2+) occupy site A and the higher charge cations (such as Cr3+, Ae+ and Ti4+) occupy site 

B. Other cations commonly present include V, Mn and Zr (Haggerty, 1972). 

An inverse spinel is created when the divalent cation also occupies half the B sites (e.g., 

Fe(Fe,Tih04). The Johnston compositional prism (Figure 1.8) shows all the members of 

the spinel group, end members include chromite (FeCr204), ulvospinel (Fe2 Ti04), 

hercynite (FeAh04) and spinel (MgAh04). Most lunar spinels have a composition that can 

be represented within the three component system FeCr204 - Fe2 Ti04 - FeAh04, so it is 

possible to represent them in a two dimensional trigonal plot with most points falling 

between chromite and uivospinei. In lunar samples, chromite was the first to crystallise 

from the melt. As the residual liquid became depleted in Ah03, MgO and Cr203, later 

spinels, or spinel rims, became enriched in Ti02 and FeO causing the overall composition 

to move towards ulvospinel (Papike et aI., 1998). In most basalt samples containing 

chromites and chromian ulvospinels, the latter phase occurs as overgrowths around 

chromite cores. Contact between these two phases is often sharp, indicating a cessation in 
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growth before ulv6spinel crystallisation. However, a minority of lunar rocks (e.g., Apollo 

12 basalt sample 12018) contain spinels with a gradational boundary between the two 

Figure 1.8: Modified Johnston prism showing the chemical varieties of spinel. End members are chromite 

(FeCr2)4. ulvospinel Fe2 Ti04 and hercynite FeAh04. After Haggerty (1972). 

growth phases, indicating continuous growth or later re-equilibration by solid state 

diffusion within the crystal. As discussed in section 1.3.4 ulv6spinel may be reduced to 

ilmenite and native iron once the rock has crystallised. This late subsolidus reduction 

enriches the spinel with residual components and its composition moves back towards 

chromite (Haggerty, 1978). 

1.3.6. Armalcolite. This rare oxide is named after the three Apollo 11 astronauts 

(Armstrong, Aldrin and Collins) as it was first discovered in Ti-rich basalts from this site. 

Its chemical formula is (Feo.sMgo.s)ThOs, but the armalcolite name is used to describe any 
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solid solution that has a composition varying between FeThOs and MgThOs (Lucey et at., 

2006). The crystal structure is similar to that of ferropseudobrookite, but a significant 

amount of Ti is present as Ti3+ rather than Ti4+ (Wechsler et at., 1976) because of the 

reducing conditions at the lunar surface. Armalcolite is restricted to rocks that have a high

Ti content and have cooled rapidly, (e.g., a number of Apollo 17 mare basalts). 

1.3.7. Other Oxides. The only other oxides of significant abundance are rutile (Ti02), 

tranquillityite (Fes(Zr, Yh ThSh024), zirconolite (Ca,Fe )(Zr,REE)(Ti,Nb h07 and 

baddeleyite (Zr02). Rutile is generally associated with ilmenite and/or armalcolite as it is a 

reduction product of these oxides. Less common grains of primary rutile are also 

associated with ilmenite; these euhedral grains often contain Nb, Cr, Ta and REE (Marvin, 

1971). Baddeleyite is common in certain Apollo 14 clast-poor impact-melt rocks, where it 

is associated with schreibersite ((Fe,Ni,Co)3P) (EI Goresy et al., 1971a). It is believed that 

these two minerals are the result of meteoritic contamination incorporated into the original 

melt by large impact events. Tranquillityite is only known to occur on the Moon, it was 

first discovered in Apollo 11 mare basalts from the Tranquillity Basin, formed as a result 

of the high-Ti content of these basalts. Altogether oxides can make up as much as 20 % vol 

of the high-Ti mare basalts (Neal and Taylor, 1992). 

1.3.8. Sulphides. As low oxygen fugacities on the Moon do not permit the formation of 

sulphates (S042-) all sulphur is present as sulphide minerals. Troilite (FeS) is the most 

common lunar sulphide - although it never forms more than 1 vol % it is ubiquitous in 

lunar rocks and is commonly associated with native iron, ilmenite and spinels (Papike et 

at., 1998). Oxygen fugacity is a measure of the amount of oxygen in a reservoir available 

to react (similar to partial pressure), and is often represented as Logj02 (Wieczorek et aI., 

2006) The presence of metallic iron and troilite (FeS) in mare basalts indicates that they 

crystallised at oxygen fugacities below the iron-wtistite (Fe-FeO) buffer (EI Goresy et at., 
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1972) (Figure 1.9). This observation is 

further supported by the presence of Ti 

and Cr in reduced valence states and the 

absence of Fe3+. The range of 

temperature and ./02 for mare-basalt 

crystallisation IS relatively small, 

varying from 10-13 at 1200 °C to 10-16 at 

1000 °C (Wellman, 1970; Sato and 

Helz, 1971; Sato et aI., 1973). It is 

currently unclear whether these 

reducing conditions reflect reducing 

crustal and mantle environments or 

reduction processes during magma 

transport and eruption, though most 
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Figure 1.9: Oxygen fugacity as a function of temperature 

for several buffers relevant to the lunar interior. These 

include iron-w1lstite (1-W), iron-ilmenite-ulvl)spinel (I-il

uv) and iron-ferrobustamite-ilmenite (l-tb-il). Patterned 

region represents the range of./02 corresponding to the 

crystallisation of mare basalts. 74220 = Apollo 17 orange 

glass (adapted from Wieczorek et aJ. , 2006). 

researchers seem to favour the former (Delano, 1990; Fogel and Rutherford, 1995; Weitz 

et al., 1997). 

Troilite is almost always a late-stage crystallisation product in mare basalts, but secondary 

troilite may form in solid rocks. Other sulphides present in lunar rocks (though too rare to 

be of much geologic significance) are chalcopyrite (CuFeS2), cubanite (CuFe2S3), 

pentlandite ((Fe,Ni)9Sg), mackinawite (Fe1+xS) and sphalerite ((ZnFe)S) (Taylor and 

Williams, 1973). 

1.3.9. Pllosphates. Of the - 0.5 wt % P20s that lunar basalts contain most is locked into the 

minerals (RE)-merillite (CaI6(REE)2(Mg,Fe)2(P04)14) and apatite (Cas(P04)3(OH,F,Cl)) 

(e.g., Friel and Goldstein, 1977). Lunar (RE)-merillite is similar to terrestrial whitlockite, 

but contains a greater amount of REE and Y (Albee and Chodos, 1970). Structural and 
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chemical studies of lunar (RE)-merillite indicate a close affiliation with meteoritic 

merrillite (Jolliff et aI., 1993; Rubin, 1997), which is why it is now referred to as rare earth 

(RE)-merrillite rather than lunar-whitlockite. Lunar apatite is commonly F-rich and not 

significantly hydrated, though Greenwood et al. (2010), Liu et al. (2010) and McCullum et 

al. (2010) have confirmed the presence of small amounts of water in lunar apatite. 

Phosphates are late-stage crystallisation products in mare basalts and are sometimes found 

in association with metal particles - in these cases it is believed that the phosphates may 

have formed by the oxidation of phosphorous from the metal (Friel and Goldstein, 1977). 

They are also associated with K-rich glass, K-feldspar and silica in the mesostasis. 

1.3.10. Silica. All three polymorphs of silica exist in lunar rocks, the high temperature 

phase cristobalite, the high pressure phase tridymite and the low temperature, low pressure 

phase quartz. Mare basalts mostly contain trydimite and cristobalite and these can be 

distinguished by their textures and habits. Cristobalite in mare basalts is present as 

anhedral masses containing conchoidal fractures. These fractures are caused by cooling -

as temperature decreases, cristobalite becomes unstable and converts to tridymite, 

shrinking slightly in the process (Dence et aI., 1970; Champness et aI., 1971). Cristobalite 

is a late-stage mineral within these basalts whereas tridymite forms early in the 

crystallisation sequence, producing elongated laths (Klein et aI., 1971). It is not possible to 

determine whether the cristobalite grains present in lunar samples have completely 

converted to tridymite without analysing the crystal structure of each grain (e.g., using 

Raman spectroscopy). As this type of analysis is beyond the scope of this study, our 

mineralogical analysis groups these phases together as silica. 

1.3.11. Pyrox/erroite. This mineral is a pyroxenoid with the chemical formula 

CaII7Fe6I7Si03. The high Fe content of pyroxferroite means it plots within the forbidden 

region near the Fe-apex of the pyroxene quadrilateral (Figure 1.5). Pyroxenes with Fe 
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content this high cannot exist in terrestrial samples, but are present on the Moon because of 

the low oxygen fugacity (section 1.3.8). Pyroxferroite is metastable, therefore it is 

commonly found alongside its break down components; a three phase assemblage of silica, 

Ca-Fe pyroxene (hedenbergite) and fayalite. 

1.3.12. FeN; Metal. Native iron metal occurs commonly within lunar rocks and regolith as 

a result of low oxygen fugacity. In pristine igneous rocks, such as the mare basalts, FeNi 

metal forms in trace to minor amounts via indigenous igneous processes (Reid et aI., 1970; 

Goldstein et al., 1974; Ryder et al., 1980; Warren et aI., 1987), commonly as grains no 

larger than 100 J.1m. 

1.4. The Apollo and Luna Sites and Samples 

Six Apollo missions and three Luna automated missions successfully landed on the lunar 

surface, returning soil and rock samples to Earth. Of these Apollo 11 and 12, and Luna 16 

and 24 landed on the smooth maria, Apollo 16 and Luna 20 explored the rougher terrain of 

the anorthosite highlands, and Apollo 14, 15 and 17 bridged the gap between the two, 

returning samples of basalt and anorthosite (Figure 1.10). 

1.4.1. Apollo 11. The Apollo 11 mission returned 21.6 kg of samples (mostly mare basalts) 

from the south-western part of Mare Tranquillitatis (Figure 1.10). These mare deposits are 

believed to be relatively thin (in places no more than a few 100 m) and crossed by ejecta 

rays from the Theophilus, Alfaganus and Tycho craters (Shoemaker et aI., 1970a). 

Although the landing site is not directly crossed by any of the rays there is a possibility that 

the surrounding area contains material from these craters. The basalt samples were dated at 

3.57-3.88 Ga (e.g., BVSP, 1981 and references therein), the first proof that volcanism on 

the Moon is ancient by terrestrial standards. The site is 400 m west of West crater, a sharp 

rimmed, rayed crater approximately 180 m in diameter and -30 m deep (Hie singer and 

Head, 2006). Beaty and Albee (1978) suggested that most of the samples collected from 
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this site were ejecta from West crater. The regolith at this site is 3-6 m deep. Despite its 

location 40-50 km away from the nearest highland terrain the Apollo 11 regolith was found 

to contain up to 28 % anorthosite material, believed to be Imbrium ejecta excavated via 

impacts from beneath the thin surface basalt flows. Five chemically distinct groups of 

LUNAR LANDING SITE CHART 

Figure 1.10: Map of the near side of the Moon, showing all Apollo and Luna landing sites, and those of the 

earlier Surveyor and Lunokhod probes (no sample return). Image courtesy of the Lunar and Planetary lnstitute, 

Houston. 

basalt have been identified from this site (Table 1.1), suggesting at least five different 

basalt flows in the surrounding area. However, during this initial mission the astronauts 
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never ventured further than 60 m from the lunar module and each sample's location was 

not precisely recorded. Therefore, it is difficult to determine how representative the Apollo 

11 sample collection is of the surrounding area's geology (Figure 1.11). 

10 20 . . 

Figure 1.11: Geology of the Apollo 11 site 

showing the location of experiments and 

astronaut traverses (after Hiesinger and Head, 

2006). 

1.4.2. Apollo 12. This site is located in the south-eastern portion of Oceanus Procellarurn 

(Figure 1.10). Basalt flows within this region are relatively lightly cratered compared with 

those at the Apollo 11 site, suggesting they are younger. These basalts fit into at least three 

compositional groups - the olivine, pigeonite and ilmenite basalts (Rhodes et al., 1977; 

Neal et ai., 1994a,b - Table 1.1). They range in age from 3.29 to 3.08 Ga (BVSP, 1981 ; 

Snyder et aI., 2000; Nyquist and Shih, 1992). As the ejecta rays from Copernicus crater 

cross the Apollo 12 site it was hoped that some of the samples could be dated to assign an 

eXact age to the crater. Although it has not currently been proven that any of the samples 

are Copernicus ejecta, non-volcanic materials from this site record a major disturbance in 

the area at 800-900 Ma, which probably relates to this impact event (Hie singer and Head, 

2006). Exposures of non-mare material near the landing site (mostly part of the older Fra 

Mauro formation as seen at the Apollo 14 site - section 1.4.3) suggest the basalt flows are 
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thin here (Head, 1975). The regolith is also thin, with craters only 3 m deep appearing to 

penetrate into the basaltic bedrock (Hie singer and Head, 2006). In all 34.3 kg of material 

was collected, including a small amount of KREEP-rich glass containing anorthosite, 

felsite and KREEP basalt lithic fragments (Wentworth, 1994). These glasses appear to 
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Figu re 1.12: Geology of the Apollo 12 site showing the location of experiments and astronaut traverses 

(after Hiesinger and Head, 2006). 

represent impacted surface material similar to that exposed in the Fra Mauro Fonnation, 

probably incorporated into the Apollo 12 regolith via lateral and vertical mixing (Jolliff et 

ai. , 2000). The scale of astronaut traverses was much larger at this site, and sample 

collection was recorded in a more ordered fashion with detailed photographs. For this 

reason the geology can be reconstructed with relative accuracy (Figures 1.12 and 1.18). 
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1.4.3. Apollo 14. The Apollo 14 mission landed within a highland region, north of the Fra 

Mauro crater (Figure 1.13). This site was believed to contain ejecta from the Imbrium 

basin impact event, and as with the Apollo 12 mission the aim was to date the ejecta. The 

42.3 kg of material collected consists of complex polymict breccias, impact melt breccias 

and clast poor impact melts with basaltic and KREEP-rich compositions (Shervais and 

Figure 1.13: Geology of the Apollo 14 site showing the location 

of experiments and astronaut traverses (after Hiesinger and 

Head, 2006). Note the extent of the traverses during this mission. 
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McGee, 1998). Analysis of this material produced ages between 3.8-3.9 Ga, however, this 

is only the age at which they were assembled into their present form. Later studies proved 

that ejecta deposits consist of basin ejecta and admixed local material - hence the true 

origin of these rocks is still disputed (Morrison and Oberbeck, 1975; Wilhelms, 1987; 

HaSkin, 2002; Neal and Kramer, 2006). Petrologic study of Mg-suite cumulates from the 

Apollo 14 site demonstrated the unique character of the western highlands (Warren et aI. , 

1987, 1990; Shervais, 1989; Snyder et aI. , 1995). These lithologies are characterised by 
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high concentrations of incompatible trace-elements compared with their eastern 

counterparts. 

1.4.4. Apollo 15. The Hadley-Apennine region was much further north than any previous 

landing site (Figure 1.10), and it was also the first complex, multiple-objective landing site 

and the first to utilise the Lunar Rover. This site was chosen to investigate firstly the 

massifs and highlands at the edge of the Imbrium basin and secondly the mare lavas and 

landforms of Palus Putredinis (Howard and Head, 1972). The mare material collected 

consists of two distinct types, quartz-normative and olivine-normative (Table 1.1), both 

with measured ages of 3.3 Ga (e.g., Rhodes and Hubbard, 1973; Chappell and Green, 

1973; Dowty et al., 1973). Other samples included anorthosites, Mg-suite plutonic rocks, 

impact melts and granulites (many of which occur as clasts in regolith breccias), non-mare 

KREEP-rich basalts and emerald green, ultramafic glasses of pyroclastic origin (Elkins

Tanton et aI, 2002). This is one of the most petrologically complex regions visited by the 

Apollo missions, a fact better appreciated because of the Lunar Rover, which enabled 

astronauts to visit a wide range of sites and return 77.3 kg of material to earth (Figure 

1.14). 

1.4.5. Apollo 16. This mission was sent to the central lunar highlands near the Descartes 

crater (Figure 1.10). The main objective was to sample two lithologies from the highlands, 

firstly the smooth Cayley plains and secondly the hilly Descartes material (Figure 1.15). 

As this site was hundreds of kilometres away from any mare-basalt flows it also allowed 

for the collection of purely highland material. The pre-mission expectations were that all 

samples collected would have a volcanic origin, but they were found to be impact products, 

mostly polymict breccias and impact melts with a minority of pristine anorthosites (e.g., 

Stoffler et aI., 1985; Haskin et aI., 2002). These impact products are thought to be ejecta 

deposits related to the formation of the Imbrium and Nectaris basins. Some of the samples 
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were identified as ejecta from the Nectaris basin and dated at 3.92 Ga (e.g., Wilhelms, 

1987; Staffier and Ryder, 2001). Freeman (1981) reported that the regolith thickness in this 

region ranges from 3 to 15 m. In all 95.7 kg of material was sampled from this site. 

1.4.6. Apollo 17. The Apollo 17 landing site is close to the south-eastern rim of the 

Serenitatis basin, within the Taurus-Littrow valley close to the highland/mare boundary 

Figure 1.14: Geology of the Apollo 15 site showing the regional geology and location of sites visited in the 

Lunar Rover (after Hiesinger and Head, 2006). Note the scale of this image is in kilometres. 
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(Figures 1.10 and 1.16). The objectives of this mission were firstly to analyse two highland 

massifs - where rocks from the deep crust might be found as ejecta from Serenitatis and 

other basins, and secondly to study the valley subfloor and examine a low albedo deposit 

which discontinuously mantles both highlands and mare. The change in focus, from 

exploration to scientific investigation, over the course of the Apollo program meant that 

during this last Apollo mission over 110 kg of lunar material was collected. The valley 

Figu re 1.15: Geology of the Apollo 16 site showing the regional geology and location of sites visited in the 

Lunar Rover (after Hiesinger and Head, 2006). Note the scale of this image is in kilometres. 
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Figure 1.16: Geology of the Apollo 17 site showing regional lithologies and location of sites visited in the 

Lunar Rover (after Hiesinger and Head, 2006). Note the scale of this image is in kilometres. 

subfloor was found to consist of several chemical subgroups of high-Ti basalts, with an age 

range of 3.75-3.7 Ga (e.g., Neal et aI., 1990; Paces et aI., 1991; Neal and Taylor, 1992; 

Premo and Tatsumoto, 1992). Remote-sensing Clementine spacecraft data obtained for 

NASA's landing site, coupled with sample data, seem to indicate that the highland massifs 

around the valley consist of a complex mix of impact melt breccias and plutonic Mg-suite 

rocks (Weitz et aI., 1998; Jolliff et aI., 1999; Robinson and Jolliff, 2002). The impact melts 
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were created around 3.87 Ga, an age which may reflect that of the Serenitatis basin 

(Hie singer and Head, 2006). A dark mantle deposit of orange and black pyroclastic 

fragments with a high-Ti basaltic composition was located on the valley floor, which has 

an age of - 3.64 Ga (McKay and Wentworth, 1992). A lighter mantle unit at the site 

appears to be an avalanche deposit, probably initiated by the impact of ejecta from the 

Tycho crater, - 2000 km away (Lucchitta, 1977). Regolith at this site was found to be - 15 

m thick. Along with the Apollo 15 landing site, the Taurus-Littrow valley was found to be 

one of the most complex Apollo landing sites (Figure 1.16). 

1.4.7. Luna Missions. From 1970-1976, the U.S.S.R successfully landed three unmanned 

sample return missions on the eastern nearside of the lunar surface (Figure 1.10). Each 

lander drilled a shallow core into the regolith which was returned to Earth. In 1970, Luna 

16 was the first successful automated Soviet sample return mission. This small probe 

landed just north of Mare Fecunditatis at the far east of the lunar near side. The site 

consists of a series of thin basalt flows, - 300 m thick. The area was influenced by ejecta 

from Langrenus (132 km away), Tauruntius (56 km away) as well as the more distant 

Theophilus and Tycho craters (McCauley and Scott, 1972). The 101 g sample returned is a 

dark gray regolith drill core which reached 35 cm depth (Vinogradov, 1971). It consists of 

moderately high-Ti, high-AI mare-basalt fragments, age dated to approximately 3.41 Ga. 

These basalts are among the most Fe-rich and Mg-poor ever returned from the Moon, they 

are also the most AI-rich mare basalts yet sampled (McCauley and Scott, 1972; Ma et al., 

1979). 

In 1972, Luna 20 landed just north of the Luna 16 sampling site, in the highlands south of 

Mare Crisium. The highland regolith at this site contained lithic fragments of granulites, 

anorthosites, impact melts and polymict breccias (Heiken and McEwen, 1972). This site is 

influenced by Apollonius C, a 10 Ka crater only a few kilometres east. Luna 20 returned 50 
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g of light grey regolith, containing breccia fragments of anorthositic-noritic-troctolitic 

composition and impact melts of noritic-basaltic composition. It is important to note the 

higher concentrations of MgO at the Luna 20 site relative to the Apollo 16 site; this is 

believed to be because of the addition of an unknown mafic-highland material present at 

the Luna 20 site (Papike et al., 1998). In addition, K and P concentrations are lower here, 

and it has been argued that these samples have not been contaminated with KREEP-rich 

Imbrium ejecta and that they represent middle to lower crustal material ejected by the 

Crisium impact (Fernandes et al., 2000; Cohen et al., 2000). 

The Luna 24 (1976) sampling site was north again, in the southern region of Mare Crisium, 

within its inner ring. Head et al. (1978) estimated the thickness of the basalt at this site to 

be 1-2 km using remote sensing techniques. These authors also identified several 

distinctive basalt types within the Mare Crisium. The mission returned 170 g of fine

grained mare regolith within a 1.6 m drill core, from which four layers of stratigraphy were 

identified (Barsukov, 1977). The ages of basaltic fragments from this core range from 3.6-

3.4 Ga and are very low in Ti02, low in MgO, and high in Ah03 and FeO (Laul et aI., 

1978). 

1.5. Petrology of the Crystalline Mare-Basalts 

From mare-basalt bulk compositions it is apparent that the most useful lithologic 

discriminate is Ti02. Papike et al. (1976) and Papike and Vanimann (1978) defined three 

compositional groups based on Ti02 content: very low-Ti basalts « 1.5 wt % Ti02), low

Ti basalts (1-5 wt % Ti02) and high Ti-basalts (9-14 wt % Ti02). Neal and Taylor (1992) 

argued that secondary and tertiary divisions can be made using Ah03 (Le. < 11 wt % = 

lOW-AI, > 11 wt % = high-AI) and K contents (i.e. < 2000 ppm = low-K and > 2000 ppm = 

high-K) (Figure 1.17). These divisions yield a classification containing twelve categories, 

of which six have been identified in the Apollo and Luna collections. The following text 
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aims to briefly describe the textural and mineralogical characteristics of each of these six 

groups along with the locations from which they were collected. 

1.5.1. High-Ti, low-AI, low-K basalts. This group was preferentially sampled at the Apollo 

11 and 17 sites. Apollo 17 samples can be divided into those similar to Apollo 11 low-K 

basalt samples and those which contain higher abundances of olivine, ilmenite and 

armalcolite (sometimes known as the very high-Ti basalts). The former group (know as 

type A - Table 1.1), along with the Apollo 111ow-K group (types Bl, B2 and B3), contain 

fine- to medium-grained, vesicular rocks with subophitic to ophitic textures and average 

grain sizes ranging from 0.25-1.5 mm (Papike et al., 1998). The ophitic textures are 

defined by pyroxene either partially enclosing subhedral plagioclase (An94-77) (subophitic) 

or totally enclosing it (ophitic) (Papike et al., 1976). Pyroxenes are strongly zoned and 

commonly display discontinuous rims of pyroxferroite (Chao et aI., 1970a) often 

decomposed to a fine-grained intergrowth of hedenbergite (Ca-Fe-rich pyroxene), silica 

and fayalite (Ware and Lovering, 1970; Lindsley et aI., 1972). In slowly cooled samples 

pyroxenes are euhedral and exhibit well-developed sector zoning. Large early-formed 

crystals of olivine (FOSO-60) occur in finer-grained lithologies, whereas in coarser-grained 

samples olivine is sparse to absent. These olivines may be mantled by Ti-rich pyroxene 
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Figure 1.17: Neal and Taylor (1992) classification of mare basalts based on Ti02, Ah03 and K20 content. 

34 



Table 1.1: Mare basalt types. 

MI .. lon Ba .. 1t Tva Ba.altTvDe Ref."m". 
Apollo 11 High·n. Low-AI, High-K: Type A > 2000 ppm K,O plus alavated Gaiss at al. (1977) 

incompatible elamant (particularly La, Papanastasslou at al. (1977) 
20-40 ppm) and P,O, contants. -3.6 Ga. Haskin at al. (1970) 

Phllpotts and Schnatzlar (1970) 
Baaty and Albee (1978) 
Baaty at al. (1979a ,b) 
Ma at al. (1980) 
Rhodas and Blanchard (1980) 
Naal and Taylor (1992) 
Naal at al. (2001) 

Apollo 11 High-n, Low-AI. Low-K: Type Bl Intarmediata K « 1000 ppm), low La Galssetal. (1977) 
«10 ppm), -3.72 Ga. Papanastassiou at al. (1977) 

Baaty and Albee (1978) 
Baaty at aI. (1978a,b) 
Guggisberg et al. (1979) 
Ma at al. (1980) 
Rhodes and Blanchard (1980) 
Naal and Taylor (1992) 

Apollo 11 High-n, Low-AI, Low-K: Type B2 low K « 750 ppm), intermediate La (25- Geiss et al. (1977) 
10 ppm), -3.90 Ga. Papanastasslou et al. (1977) 

Beaty and Albee (1978) 
Beaty et al. (1978a,b) 
Guggisberg et al. (1979) 
Ma et at. (1980) 
Rhodes and Blanchard (1980) 
Neal and Taylor (1992) 

Apoilo 11 High-n, Low-AI, Low-K: Type B3 low K « 750 ppm), low La «10 ppm), GeiSS et al. (1977) 
-3.76 Ga. Papanastassiou et al. (1977) 

Beaty and Albee (1978) 
Baaty at al. (1978a,b) 
Guggisberg et al. (1979) 
Ma at al. (1980) 
Rhodes and Blanchard (1980) 
Naal and Taylor (1992) 

Apollo 12 Olivine besalt Accumulated olivine results in Mg# >45. Compston atal. (1971) 
RblSr ratio is >0.008, no, is low (-2.0 - Papanastassiou and Weassarburg (1971a) 
3.5wt %). Jamas and Wright (1972) 

Walkar et al. (1976) 
Rhodes at al. (1977) 
Baldridge at al. (1979) 

APOllo 12 Pigeonita basalt Mg# <45, RblSr ratio is >0.008, no, is Compston at al. (1971) 
intarmediata (-3.0 - 5.0 wt %). Papanastassiou and Waasserburg (1971a) 

James and Wright (1972) 
Walkar et al. (1976) 
Rhodas et al. (1977) 
Baldridge at al. (1979) 

Apollo 12 IImanlta basalt Mg# is variable, RblSr ratio is <0.008. Compston at al. (1971) 
no, is high (-3.0 - 6.0 wt %). Papanastassiou and Waasserburg (1971a) 

Jamas and Wright (1972) 
Walkar at al. (1976) 
Rhodes et al. (1977) 
Baldridge at al. (1979) 

Apollo 14 High-AI 14 -11 wt %AI,O,. <0.3wt % K,O, KlLa Wamar et al. (1980) 
ratio - 100, age - 4.3 Ga. Dickinson et al. (1985) 

Sharvais at al. (1985a) 
Naal et al. (1988a, 1989) 

Apollo 14 Very high-K 14 -11 wt % AI,O" >0.3 wt % K,O, KlLa Warner et al. (1980) 
ratio - 150, K,O/Na,O ratio >1, high Dickinson et al. (1985) 

concentrations of Rb and Ba. Shervais et al. (1985a) 
Naal et al. (1988a, 1989) 

Apollo 15 Olivine Normative 18 - 24 wt % FeO, 8 - 17 wt % MgO, La Chappell et al. (1972) 
< 6.5 ppm, Sm < 4.5 ppm, -3.2 Ga. Maxwell et al. (1972) 

Rhodes (1972) 
Chappell and Green (1973) 
Cuttitta at al. (1973) 
Helmke et al. (1973) 
Nava (1974) 
Nyquist (1977) 

Apollo 15 Quartz Normative 18 - 24 wt % FeO, 8 - 17 wt % MgO, La Chappell et al. (1972) 
< 6.5 ppm, Sm < 4.5 ppm, -3.2 Ga. Maxwell et al. (1972) 

Rhodes (1972) 
Chappall and Green (1973) 
Cuttitta at aI. (1973) 
Helmke et al. (1973) 
Nava (1974) 
Nyquist(1977) 

Apollo 17 Type A Similar major element abundances to Rhodes et al. (1976) 
Type B, but 50 - 60 % higher Warner et al. (1979) 

I-
incompatible trace element abundances Neal et al. (1990a,b) 

APOllo 17 Type B Similar major elament abundances to Rhodes et al. (1976) 
Type A, but 50 - 60 % lower Warner et al. (1979) 
incompatible trace element Neal et al. (l990a,b) 
abundances. Can be divided into type 
Bland B2, where B2 contains slightly 

I- higher La ppm 

Apollo 17 TypeC Higher MgO and Cr,O, contents than Rhodes et al. (1976) 
Type A and B, REE abundances similar Warner et al. (1979) 
to Type A, contain high Fo oIivines Neal et al. (1990a,b) 
(Fo,,). 
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(Papike et aI., 1976). Ilmenite is present as elongated blades in the subophitic samples, 

grading into equant, anhedral grains in the ophitic samples. Cr-Ti spinels occur as 

inclusions within olivines and are mantled by ilmenite within the mesostasis. The 

mesostasis can contain cristobalite, trldymite, ulvospinel, apatite, whitlockite, 

pyroxferroite, fayalite, metallic iron (FeNi), troilite and tranquillityite (Lovering and Ware, 

1970) as well as more common plagioclase and clinopyroxene. The general crystallisation 

sequence for these magmas is olivine ..... spinel ..... ilmenite ..... pyroxene + plagioclase 

(Papike et aI., 1976; Longhi, 1987, 1992). Beaty and Albee (1978), Beaty et aI. (1979a,b), 

and Rhodes and Blanchard (1980) demonstrated that various Apollo 11 high-Ti, low-K 

samples represent different basaltic units (types B 1, B2 and B3 - Table 1.1) and cannot be 

related by surface or near-surface crystal-liquid fractionation. This is best demonstrated by 

plotting bulk rock Co against the La/Sm ratio for each sample. Apollo 11 high-Ti, low-K 

basalts also contain higher abundances of Hf, and have higher LaIYb and La/Sm ratios 

than their Apollo 17 counterparts, thus the Apollo 11 samples were generated from sources 

more enriched in light rare earth elements (LREE) (Neal and Taylor, 1992). 

The more olivine and Ti-rich mare basalts collected from the Apollo 17 site (types B and C 

and the majority of the unclassified basalts - Table 1.1) are mineralogicaIy and texturally 

distinct, and they vary from vitrophyres to microgabbros (Ridley and Brett, 1973; Hodges 

and Kushiro, 1974; Longhi et aI., 1974; Meyer and Boctor, 1974; Papike et aI., 1974, 1976; 

Dymek et aI., 1975a). In the vitrophyres, microphenocrysts of olivine, armaIcolite and 

spinel are set in a fine-grained, spherulitic, quenched intergrowth of clinopyroxene, 

plagioclase, ilmenite, tridymite, glass, troilite and FeNi. Olivine is commonly skeletal and 

mantled by titano-augite, which in coarser-grained samples (microgabbros) may occur as 

discrete grains with olivine inclusions. Armalcolite is mantled by ilmenite in fine-grained 

samples and appears as inclusions in clinopyroxene, but rarely within plagioclase. The 

matrix of the microgabbros is similar to that of the other high-Ti, low-K basalts except that 
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pyroxferroite or its breakdown constituents have not been identified. Crystallisation 

sequences within these very high-Ti basalts are complex and generally change with cooling 

rate. Experimental studies by Kesson (1975) and Walker et al. (1975) concluded that high

Ti magmas similar to these were parental to other high-Ti, low-K basalts at the Apollo 11 

and 17 sites. Low pressure fractional crystallisation of armalcolite and olivine may link the 

lithologies. As with the Apollo 11 basalts compositional differences between the Apollo 17 

samples cannot be reconciled by near-surface fractional crystallisation of liquidus phases. 

Therefore, differing basaltic types at this site require distinct source regions (Shih et aI., 

1975; Rhodes et al., 1976; Warner et al., 1979; Ryder, 1990). 

1.5.2. High-Ti, low-AI, high-K basalts. Collected only from the Apollo 11 site (known as 

type A - Table 1.1), these basalts tend to be finer-grained (average grain size 0.2-0.7 mm) 

with granular to intersertal textures (Chao et al., 1970b; James and Jackson, 1970). 

However, in coarser-grained examples pyroxene grains can reach 2.5 mm in length. 

Anhedral laths of plagioclase (AnS2-7S) enclosing subhedral grains of pyroxene and ilmenite 

are commonly observed in the coarser-grained samples, while the finer-grained basalts 

show irregular fan-shaped spherulitic intergrowths of plagioclase (AnSl-73) and pyroxene 

(Papike et aI., 1998). In the coarser grained samples pyroxene zones from pigeonite to Ti 

and Fe-rich augite, and may contain olivine inclusions. These olivine inclusions may in 

turn contain inclusions of Cr and Cr-Ti spinel. Matrix within this group of samples has a 

similar composition to that of other high-Ti samples. The apparent crystallisation sequence 

derived from these textures is olivine + armalcolite -+ pyroxene (reaction between olivine 

and melt) -+ ilmenite (reaction between armalcolite and melt) -+ plagioclase (Papike et aI., 

1976). The high-K group contains lower abundances of plagioclase than other high-Ti 

basalts (-20 % modal abundance compared to 31 % for the Apollo 11 low-K basalts and 

23 % for the very high-Ti Apollo 17 basalts (Papike et aI., 1976)). Enrichments in La and 

K within these samples suggest a certain amount of KREEP assimilation, although lack of 
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LREE enrichment may suggest source-region mixing rather than assimilation (Neal and 

Taylor, 1992). Mineralogical, major-element and trace-element compositions suggest that 

samples are all from the same basaltic unit (Beaty and Albee, 1978; Grove and Beaty, 

1980; Neal and Taylor, 1992 and references therein). 

1.5.3. Low-Ti, low-AI, low-K basalts. These basalts were returned from the Apollo 12, and 

15 sites. The Apollo 12 samples are sub-categorised into pigeonite, olivine and ilmenite 

basalts, while the Apollo 15 basalts are divided into olivine-normative and quartz

normative types (Table 1.1). Textures amongst these basalts vary widely, from the highly 

porphyritic Apollo 12 pigeonite basalts with pyroxene phenocrysts up to a few centimetres 

in length, to the Apollo 15 olivine vesicular vitrophyres with grains no larger than 0.5 mm. 

Clinopyroxene zones from pigeonite cores to rims of augite, and is commonly zoned to 

pyroxferroite (Papike et aI., 1976). 

In Apollo 12 pigeonite basalts opaque inclusions range from spinels rimmed with 

ulvospinel in the pigeonite cores to ilmenite in the augite rims. Plagioclase occurs as 

anhedral to subhedral laths intergrown in the mesostasis with pyroxene and anhedral laths 

of ilmenite. Olivine (F075-30) is also present (4 vol %) (Heiken et al., 1991). Additional 

accessory phases include late stage glasses, silica, sulphides, phosphates, metallic iron and 

alkali feldspar (Papike et aI., 1976; Baldridge et aI., 1979). The pigeonite basalts probably 

represent samples of thin units in which cooling rate, rather than near-surface fractionation, 

affected textures, crystallisation sequence and modal mineralogy. The general 

crystallisation sequence is Cr-spinel ~ ulvospinel ~ olivine ~ pigeonite ~ augite ~ 

plagioclase ~ ilmenite (Papike et aI., 1998). 

Apollo 12 olivine and Apollo 15 olivine- and quartz-normative basalts are similar in 

texture and mineralogy. They are fine- to medium-grained (0.5 to 4 mm) and range from 
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olivine vitrophyres to microgabbros or olivine cumulates (mostly Apollo 12). In rapidly 

cooled samples olivine is skeletal. In coarser-grained examples olivine is either partially 

mantled by augite or exists as inclusions within pyroxene (Baldridge et aI., 1979; Neal et 

al., 1992). Pyroxene may form subhedrallaths with pigeonite cores and augite mantles that 

zone outwards to pyroxferroite, blocky ilmenite exists within the matrix. The Apollo 15 

olivine-normative basalts contain olivine which zones further towards fayalite than that 

found in any of the Apollo 12 olivine basalts. The general crystallisation sequence is 

olivine + spinel ~ pigeonite ~ augite ~ plagioclase ~ ulvospinel ~ ilmenite (Papike et 

al., 1998). 

Apollo 12 ilmenite basalts are low-Ti basalts with an overall higher modal abundance of 

ilmenite (but still only 2.7-5.0 wt % Ti02). Fine-grained samples consist of abundant 

olivine (16 vol %, Foso-so) mantled by titano-augite and set in a quenched groundmass of 

pyroxene, ilmenite and plagioclase (An94-S7) (Brett et aI., 1971). In coarser-grained samples 

olivine is far less abundant, whereas highly-zoned pyroxene and grains of cristobalite are 

more abundant. Fayalite and phosphates are common accessory minerals. The general 

crystallisation sequence for ilmenite basalts is olivine ~ Cr-spinel ~ pigeonite ~ augite + 

plagioclase + ulvospinel + ilmenite (Papike et al., 1998). Major- and trace-element data 

(Neal and Taylor, 1992 and references therein; Neal et aI., 1994a,b), in addition to site 

geology (Rhodes et aI., 1977), imply that the Apollo 12 olivine, pigeonite and ilmenite 

baSalts formed in three distinct basaltic layers (Figure 1.18). 

The olivine-normative and quartz-normative Apollo 15 basalts were first distinguished as 

two distinct suites of low-Ti mare basalts on the basis of major-element chemistry 

(Chappell et al., 1972; Maxwell et aI., 1972; Rhodes, 1972; Chappell and Green, 1973; 

Cuttitta et al., 1973; Helmke et aI., 1973; Nava, 1974). The olivine-normative basalts have 

a slightly greater compositional range than the quartz-normative basalts, but both have 
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similar ages and isotopic characteristics (Nyquist, 1977). Average ages suggest that the 

former suite is slightly younger than the latter (3.2 vs. 3.3 Ga). Rhodes and Hubbard 

(1973) and Chappell and Green (1973) concluded that the two groups could not be related 

by simple fractional crystallisation of a common parental magma or partial melting of a 

common source. However, recent research by Schnare et al. (2008) proposes a model for 

multi-layer, shallow-level crystal fractionation which appears to reconcile compositional 

differences between the two groups and therefore suggests they share a common source. 
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Figure 1.18: The stratigraphy of the Apollo 12 landing site, showing olivine, pigeonite and ilmenite basalts 

as distinct layers (with example basalt sample numbers shown). As the olivine basalts are beneath the 

pigeonite and ilmenite layers these must be the oldest, and the ilmenite group must be the youngest (though 

the accuracy of isotopic age dating techniques cannot currently distinguish between these three sample 

types). After Rhodes et al. (1977). 

1.5.4. Low-Ti, high-AI, low-K basalts. Felspathic basalts were collected from the Apollo 

12 and 14 and Luna 16 sites (Table 1.1). They have modal abundances of plagioclase 
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above 38.5 % and high concentrations of Ah03 (> 11 %) (Papike et al., 1998). However, it 

now seems probable that the Apollo 12 feldspathic basalts are simply samples with 

unrepresentatively high amounts of feldspar - only three samples from this site were ever 

classified as feldspathic and two of these were subsequently reassigned to other groups 

based on bulk-rock chemistry (Neal et al., 1994a). For this reason the Apollo 12 

feldspathic basalts are not described here. True feldspathic basalts typically display ophitic 

to sUbophitic textures, with some Luna 16 clasts appearing vitrophyric (Shervais et al., 

1985a,b). In sUbophitic examples early olivine (Fo7o-65) occurs as anhedral phenocrysts 

whereas late-stage olivine (Fo2o-O) occurs only in the groundmass, in Apollo 14 sample 

14053 this late stage olivine has been reduced to metallic iron and Si02 (El Gorsey et al., 

1972). Pyroxene occurs in a fine-grained matrix with plagioclase and ilmenite, or as large 

strongly-zoned laths (5 mm) commonly enclosing plagioclase. Minerals in the meso stasis 

include spinel, silica, troilite, and residual K-rich glass (Gancarz et al., 1971; Albee et al., 

1972; Longhi et aI., 1972; Shervais et al., 1984a,b, 1985a; Dickinson et al., 1985; Neal 

1989a,b). Over 45 high-AI clasts were discovered within Apollo 14 polymict breccia 

14320, displaying a wide range of textures but all enriched in incompatible trace-elements 

relative to other Apollo 14 high-Al samples (Shervais et al., 1984a,b; 1985a; Dickinson et 

aI., 1985). The Apollo 14 samples can be separated into 5 groups based on mineral 

chemistries and bulk-rock REE content (Shervais et al., 1985a; Dickinson et al., 1985), but 

it is still debated whether these groups are real or simply a product of short range regolith 

mixing. Upon the collection of more trace-element data Neal et al. (1988, 1989a,b) 

concluded that separation of these samples into five groups was not justified, and that there 

Was in fact a continuum of compositions throughout the sample suite. It has been suggested 

that the high-AI content of Apollo 14 basalts was caused by impact melting - trace

element, petrographic and isotopic data are consistent with an impact-melt derived origin 

(Snyder and Taylor, 2001) - or alternatively mixing with a KREEPy component at the 

source (Neal and Taylor, 1992 and references therein). Most recently Neal and Kramer 
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(2006) classified the Apollo 14 high-AI basalts into three groups (A, B and C) based on 

age and assimilation-crystal fractionation (AFC) modelling. Their data suggest group A 

(4.3 Ga) evolved through closed-system crystal fractionation, whereas group B (4.1 Ga) 

and group C (3.9 Ga) require open-system evolution involving combined assimilation of a 

KREEP/granite component and crystal fractionation. 

Although a number of the Luna 16 clasts are similar to the Apollo 14 high-AI basalts the 

remainder are distinctly lower in MgO and Cr. Sample size has hampered the study of 

these basalts, at the Apollo 14 site mostly polymict breccias with small clast sizes were 

collected and Luna 16 only returned 100 g of regolith material. Until the recent discovery 

of the first crypomare lunar meteorite (Terada et aI., 2007; Sokol et al., 2008) the Apollo 

14 samples were recognised as the oldest known mare basalts at 4.3 Ga (Taylor et al., 

1983; Dasch et aI., 1987). 

1.5.5. Low-Ti, high-AI, high-K basalts (VHK). Very high-potassium basalts (VHK) were 

only found at the Apollo 14 site (Table 1.1), they have similar chemistries to other high-AI 

basalts found at this site with the exception of a much higher K 20 content (0.3 wt %) along 

with enrichments in Rb and Ba (Shervais et aI., 1985b). They are medium- to coarse

grained with subophitic to ophitic textures. They contain two generations of olivine, the 

early olivine phenocrysts (F073-61) and groundmass olivine (Foso-36). Pyroxene phenocrysts 

are zoned from Mg-pigeonite to augite, and plagioclase forms small laths that range in 

composition from An9S to An78.5. Ilmenite is bladed and spinels occur as inclusions within 

olivines and pyroxenes, and as a phase within the groundmass. Orthoclase feldspar (OrS4-

9S), and K and Si-rich glasses are ubiquitous in the mesostasis (Warner et aI., 1980; 

Shervais et aI., 1984b, 1985b; Goodrich et aI., 1986; Shih et aI., 1986; Neal et aI., 1988b). 

The general crystallisation sequence is olivine + spinel -+ pigeonite -+ plagioclase -+ 
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augite (papike et al., 1998). Neal and Taylor (1992) argued that these are the products of 

parental high-AI magma assimilating lunar granite within the anorthosite crust. 

1.5.6. Very low-Ti, low-AI, low-K basalts (VLT). These basalts were first discovered in the 

deep drill cores from the Apollo 17 site (Taylor et al., 1977; Vaniman and Papike, 

1977a,b,c) and later as clasts within samples from this site (Table 1.1). They are also the 

dOminant lithology returned by Luna 24 (Ma et aI., 1977, 1978; Ryder and Marvin, 1978). 

Most fragments returned from both missions are extremely small - the largest fragments 

have dimensions of 2-4 mm. They are vitrophyric to coarse-grained subophitic (Apollo 17) 

- ophitic (Luna 24) rocks. The vitrophyres contain chromites, and skeletal grains of olivine 

(F07s) and pyroxene. Pyroxenes are zoned from pigeonite to thin mantles of augite and are 

held within a pale yellow/green to colourless glass (Vaniman and Papike, 1977c). In the 

coarser grained lithologies olivine (F076-os) in contact with pyroxene is zoned and partially 

reabsorbed. Chromite occurs as inclusions within this olivine. Fe enrichment in the coarser 

grained pyroxenes is more extensive and the mantles are intergrown with plagioclase 

(An96-86) in Apollo 17 samples. The groundmass contains iron metal, ilmenite, silica, 

troilite, ulvospinel, and glass (Vaniman and Papike, 1977c; Taylor et aI., 1978; Warner et 

aI., 1978a; Papike and Vaniman, 1978, James and McGee, 1980; Ma et aI., 1978; Ryder 

and Marvin, 1978). The general crystallisation sequence of Apollo 17 VL T basalts is: 

olivine + chromite --+ pigeonite --+ plagioclase + augite --+ ilmenite + ulvospinel (Vaniman 

and Papike, 1977c). Luna 24 basalts are the only samples to exhibit a positive Eu anomaly 

(Neal and Taylor, 1992). 

1.6. Comparisons between Mare and Highland Sample Collections 

Table 1.2 shows the modal proportions of major minerals in soils from both highland and 

mare landing sites. The Apollo 16 site was well within the highlands and its composition of 

almost 70 % plagioclase contrasts dramatically with the plagioclase content of soil from 
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the Apollo 11 site (approximately 21 %), the latter is richer in pyroxene and mare glass 

(though the olivine content is relatively stable). These two sites illustrate the mineralogical 

difference between highland anorthosites and lowland mare basalts. 

Table 1.2: Mirieral modal abundance in mare and highland soils. Modified from Pap ike et al. (1998). 

Mineral 
Apollo 11 Apollo 12 Apollo 17 Apollo 17 Apollo 16 

(M) (M) (M) (H) (H) 

Plagioclase 21.4 23.2 34.1 39.3 69.1 

Pyroxene 44.9 38.2 30.1 27.7 8.5 

Olivine 2.1 5.4 0.2 11.6 3.9 

Silica 0.7 1.1 - 0.1 0.0 

Ilmenite 6.5 2.7 12.8 3.7 0.4 

Mare Glass 16.0 15.1 17.2 9.0 0.9 

Highland 8.3 14.2 4.7 8.5 17.1 

Others - - 0.7 - -
Total 99.9 99.9 99.8 99.9 99.9 

(M) Denotes mare. (H) Denotes hIghland. 

1.7. Lunar Meteorites 

There are currently 54 known lunar meteorites (as of April 20th 2010, see www-

curator.jsc.nasa.gov/lunar/index), which are commonly represented by numerous separate 

stones (Table 1.3). These samples were blasted off the Moon by meteorite impacts and 

eventually fell to Earth up to several million years after they left the Moon. It is not known 

where on the Moon any of the meteorites originated or for certain how many of them are 

launch-paired (sourced from the same region and launched by the same impact). However, 

these samples are an important source of information; they originate from a wider range of 

lunar locations than the Apollo and Luna collections, so help us to understand the Moon's 

lithologies on a global scale. One major difference between basaltic meteorites and 

collected basalt samples is that the former are all either low or very low-Ti, implying that 

high-Ti mare basalts are rarer than originally thought, and that the Apollo sites are located 

in, or affected by, an anomalously Ti-rich terrain (section 1.8.5). 
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Table 1.3: Lunar meteorites listed in order of increasing AhOJ concentration within each group. 

Name Lunar Rock Mass Ti01 AhOl FeO MgO Mg' Th 

Type (g) (%) (%) (%) (%) (%) "gill 

Mare Bualts: 

Dhofar287 Mare basalt & regolith 154 2.8 8.4 22 13 52 0.9 

breccia Na Na Na Na Na Na 

NWA032/479 Mare basalt -456 3.1 9.2 22 7.8 39 2.0 

Asuka 881757 Mare basalt 442 2.4 9.8 23 6.3 33 0.4 

LAP 022051 022241 022261 024361 036321 Mare basalt 3303 3.2 9.9 22 6.3 34 2.0 

048411NWA4734 

Yamato 793169 Mare basalt 6 2.2 22 5.9 33 0.7 

MIL 05035 Mare basalt 142 8 21 0.3 

NWA4898 Mare basalt 137 

KREEP Impact melt breccia: 

Sayh al Ubaymir 169 Impact melt breccia 206 2.2 15.9 10.7 11.1 65 32.7 

and regolith breccia 2.5 17.4 11.1 7.9 56 8.4 
i--

Mixed (Ieldspathic-basaltic) breccias: 

NWA 77312700/27271297713160 Olivine gabbro and 1123 0.3 4.7 19.4 26.3 71 1.3 

regolith breccia 0.9 9.0 19.0 13.6 56 2.1 

Kalahari 0081 009 Fragmental breccia and 13.500 n.a. 13 16 8.5 49 n.a. 

regolith breccia 598 n.a. 28 4.5 4.4 64 

EET 87521/ 96008 Fragmental breccia 84 0.8 14 18 8 43 0.9 

NWA3136 Regolith breccia 95 1.2 14 15 JO 55 1.3 

QUE 94281 Regolith breccia 23 0.7 16 14 8.3 52 0.9 

MET 01210 Regolith breccia 23 1.6 17 16 6.1 40 0.9 

Yamato 793274/981031 Regolith breccia 195 0.7 18 12 8.9 56 1.1 

Cacalong Creek Regolith breccia 19 0.8 21 9 8 60 4 

Yamato 983885 Regolith breccia 289 0.5 22 9 8 62 2 

NWA4472 Breccia 64 

NWA4485 Breccia 188 

NWA4884 Regolith Breccia 42 

Dho 1180 Fragmental breccia 115 22.6 9.6 0.9 

NWA2995 Fragmental breccia 538 

SaU 300 Impact melt breccia 153 0.26 20-24 0.46 -Feldspatbic Breccias : 

ALHA 81005 Regolith breccia 31 0.27 25.9 5.5 8.2 73 0.31 

Yarnato 791197 Regolith breccia 52 0.34 26.2 6.2 6.1 64 0.34 

NWA001 Regolith breccia 262 0.27 26.4 5.6 5.6 64 0.24 

i'CA02007 Regolith breccia 22 0.29 26.5 6.2 6.9 66 0.41 

Dhofar 025/3011 3041 308 Regolith breccia 772 0.30 27 4.9 6.6 71 0.6 

Specimen 11 53 Regolith breccia 0./8 27 5.2 3.9 57 n.a. 

Dar al Qani 262 Regolith breccia 513 0.21 27.9 4.5 5.5 68 0.39 

QUE 930691 94269 Regolith breccia 25 0.25 28.3 4.4 4.6 65 0.52 

Yarnato 82192182193/86032 Fragm. 1 reg. breccia 712 0.19 28.5 4.4 5.2 68 0.20 -
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Dar aJ Gani 400 Regolith breccia 1425 0.18 28.5 3.6 4.8 70 0.34 

MAC 88104/88105 Regolith breccia 724 0.24 28.7 4.3 4.1 63 0.39 

Dhofar 0261 457-468 Granulitic breccia 709 0.2 28.8 4.3 4.8 67 0.39 

NWA482 Impact-melt breccia 1015 0.17 29.1 3.8 4.2 66 0.23 

Dhofar 3021 3031 3051 3061 3071 3091 3101 Impact melt breccia 1041 0.14 29 3 5 75 0.06 

3111 489/ 730/7311908/9091 911/9501 1085 

Dhofar 081/280/910/1224 Fragmental breccia 572 0.12 32 3.1 2.6 60 0.2 

JaH 348IDhofar 1436 Regolith Breccia 19/24 0.26 30.8 4.49 3.94 

Dar aJ Gani 996 Fragmental breccia 12 

Dhofar 4901 1084 Fragmental breccia 124 

Dhofar 773 Granulitic (7) breccia 459 

Dhofar 9251 9601 961 Impact melt 1 breccia 106 

GRA06157 Anorthositic breccia 0.8 

LRA06638 Anorthositic breccia 5.29 

NWA2998 Anorthositic breccia 163 

NWA3163 Granulitic breccia 1634 

Dhofar 1428 Granulitic breccia 213 

NWA2200 Impact melt breccia 552 

NWA 4932 Impact melt breccia 93 

SaU 449 Impact melt breccia 17 

NWA4819 Regolith Breccia 234 6.4 

NWA4936 Regolith Breccia 172 

NWA5000 Regolith Breccia 11528 0.4 

ALHA= Allen HIlls, EET= Elephant Morame, LAP= LaPaz Icefield, MAC= MacAlpme HIlls, MET-Meteorite HIlls, NW A= 

Northwest Africa, PCA= Pecora Escarpment, QUE= Queen Alexandra Range, SaU = Sayh al Uhaymir, JaH = Jiddat al Harasis. 

Concentration data in italics is uncertain, meteorites listed together are believed to be paired. Mg'= bulk mole % Mg/(Mg+Fe). This 

table is adapted and extended from Lucey et al. (2006). See also www-curator.jsc.nasa.gov/lunar/index. 

1.8. Remote Sensing of the Lunar Surface 

Remote sensing is the determination of the physical or compositional state of a surface 

without physical contact. While the parameters derived remotely are currently very limited 

compared to laboratory analyses of lunar samples, remote sensing can offer a synoptic 

view inaccessible in any other way. The physical topography of the lunar surface has been 

studied in ever increasing detail since the invention of the telescope at the beginning of the 

17th century. Ground-based equipments are still used in remote sensing, although from a 

lunar point of view the post-Apollo orbiting space probes have proved more enlightening, 

especially in terms of global-scale compositional data. Compositional remote sensing of 

the Moon is broadly divided in two categories on the basis of physical technique and 
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spatial resolution: mineralogical remote sensing utilises spectral analysis of reflected (and 

potentially emitted) light from the lunar surface to resolve mineralogical parameters at a 

scale of lO's to 100's of metres, while elemental remote-sensing exploits energy dependent 

variations in neutron, X-ray or gamma-ray flux to determine elemental compositions to 

10's to 100's of kilometres (Lucey et al., 2006). The signal available for mineralogical 

remote-sensing is much stronger than for elemental analyses; therefore while the former 

can be studied from Earth (e.g., the visible difference between mare and highland regions) 

the latter data can only be collected in orbit. The Apollo missions carried the first 

elemental sensors to the Moon, providing important elemental data for a significant 

proportion of the lunar surface and setting a baseline for future missions. For example, the 

Apollo 15 and 16 missions carried gamma and X-ray spectrometers (Pieters and McCord, 

1975; McCord et al., 1976; Johnson et al., 1977; Pieters, 1978). Ground-based astronomy 

and Apollo photography also helped to establish the requirements for spectral 

(mineralogical) observations. The following text aims to summarise the achievements of 

post-Apollo remote sensing orbiters. 

1.8.1. Galileo (lllh Oct 1989 - 21st Sept 2003). In 1990 and 1992 the Galileo spacecraft 

Used the EarthIMoon system for gravity assist manoeuvres to gain enough momentum for 

its journey to Jupiter. During the first flyby, Galileo imaged the western nearside and parts 

of the farside that were not illuminated during the Apollo missions, thus becoming the first 

mission to obtain mUltispectral images of the Moon since Mariner 10 (Head et al., 1993). 

These images led to investigations of the crustal diversity of the western hemisphere, the 

geology of several lunar impact-basins (e.g., the Orientale and South Pole-Aitken basins), 

the Western maria, and related deposits and post-Imbrium impact craters (e.g., Greeley et 

aI., 1993; Head et al., 1993; McEwen et aI., 1993; Pieters et aI., 1993). During the second 

flyby, the probe produced multispectral images of the north-central nearside (e.g., Belton et 

aI., 1994). 
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1.8.2. Clementine (21h January - 3,d May, 1994). This probe had five different imaging 

instruments on board: a UV -visible camera (415-1000 run wavelength), a near-infrared 

(NIR) camera (1100-2690 run), a long-wave infrared camera for thermal imaging (8000-

9500 run) (Lawson et al., 2000), a laser ranger (LIDAR) high-resolution camera (400-800 

run) and the Star Tracker camera (visible wavelengths, for photographing more distant 

objects) (Nozette et al., 1994). The lunar objectives of this mission were to assess the 

surface mineralogy and obtain laser-ranging altimetry from latitudes between 60 ° north 

and south. Clementine collected multispectral images from almost the entire surface, 

including detailed images of the south pole region and the lunar farside, revealing the 

geology of these regions for the first time (Nozette et aI., 1994; Shoemaker et aI., 1994; 

Lucey et aI., 1995; 1998; 2000; Blewett et aI., 1997; Otake and Mizutani, 2006). Laser 

altimetry allowed for the creation of detailed topographical maps and the identification of 

ancient multi-ring impact basins, as well as producing sharper views of impact craters 

(Lucey et aI., 1994; Pieters et aI., 1994; Spudis et aI., 1994) (Figure 1.19). Data 

collaboration from the altimeter and an S-band microwave transponder (for the collection 

of gravitational data) also on board allowed the internal shape and structure of the Moon to 

be uncovered. This data indicate that the farside crust is on average thicker (68 km) than 

the nearside crust (60-45 km) and that the lunar lithosphere has large density variations, 

therefore it must support relatively large elastic stresses (Zuber et al., 1994; Wieczorek et 

aI., 2001). Clementine also provided the first hints that there may be water-ice on the 

Moon. The Moon has a number of permanently shadowed craters near the poles with 

continuous temperatures of -190 °C, these craters may act as cold-traps for water from 

incoming comets and meteoroids (e.g., Feldman et aI., 1998b). The spacecraft searched for 

ice using a Bistatic Radar Experiment; S-band radio signals were transmitted through the 

high gain antenna towards a target on the lunar surface, where they were reflected back and 

received by a 70 m Deep Space Network (DSN) antenna on the Earth. Frozen volatiles 

such as water-ice are much more reflective to S-band radio waves than lunar rocks, and 
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radio waves also have different characteristics when reflected by ice as opposed to 

silicates. Analysis of the signals returned from orbit 234 showed reflection characteristics 

suggestive of water-ice in the permanently shadowed areas near the south pole (Nozette et 

aI., 1996). 

Figure 1.19: Orthographic view of the Moon centred at 500 S, 1800 (approximate centre of the South Pole

Aitken basin) with Clementine altimetry colour coded by elevation (red = + 7 km, purple = - 8 km). Average 

basin depth is approximately 12 kIn from rim to floor, the grey region near the pole has no altimetry 

Coverage. After Spud is et al. (1994). 

1.8.3. Lunar Prospector (1h January, 1998- 31s1 July, 1999). This spacecraft carried six 

Instruments: a Gamma Ray Spectrometer (GRS), a Neutron Spectrometer, a 
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Magnetometer, an Electron Reflectometer, an Alpha Particle Spectrometer (APS) and a 

Doppler Gravity Experiment. The GRS was designed to detect radioactive elements within 

the lunar crust, most importantly U, Th, and K which were used to accurately map areas 

rich in KREEP. It was also able to detect elements that emit gamma rays as a result of stray 

neutron absorption. These neutrons are the product of cosmic ray or solar wind particle 

impacts. For example, Fe, Ti, 0, Si, AI, Mg, and Ca. Therefore, GRS proved a useful tool 

in distinguishing different lithologies (e.g., Kramer et al., 2008; Binder, 1998; Lawrence et 

al., 1998; 2003) (Figure 1.20). The Neutron Spectrometer was designed to detect minute 

amounts of water-ice at a level of less than 0.01 %. This instrument was also used to 

measure the abundance of hydrogen implanted by solar wind (Feldman et al., 1998a) and 

to detect elements such as Ti, Fe and incompatible elements (Elphic et al., 1998; 2000). 

The APS was designed to detect radon outgassing events on the surface of the Moon by 

recording alpha-particle signatures from the radioactive decay of radon gas and its 

daughter product polonium (Lucey et al., 2006). These putative outgassing events, in 

which radon, nitrogen, and carbon dioxide are vented, are hypothesised to be the source of 

the tenuous lunar atmosphere, and may be the result oflow-level volcanic/tectonic activity. 

However, the APS was damaged during probe launch limiting its analytical capacity, in 

addition, the Sun spot activity during the months of analysis caused interference to such a 

degree that no significant results have currently been gained from this instrument. The 

Doppler Gravity Experiment (DGE) was the first polar, low-altitude mapper of the lunar 

gravity field - Clementine had previously produced a relatively low-resolution map, but the 

Prospector DGE obtained data approximately five times as detailed (200 km surface 

resolution). The purpose of the DGE was to learn about the surface and internal mass 

distribution of the Moon, accomplished by measuring the Doppler shift in the S-band 

tracking signal as it reaches Earth, which can be converted to spacecraft accelerations. The 

accelerations can be processed to provide estimates of the lunar gravity field, from which 

the location and size of mass anomalies affecting the spacecraft's orbit can be modeled 
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Figure 1.20: Colour-coded maps of (a) the log of thorium and (b) the log of potassium counting rate as 

measured by the Lunar Prospector GRS. The rectangular panels show a Mercator projection for latitudes of 

45° S to 45° N, and the circular panels show stereograpbic projections for latitudes of 45° to 90° at the north 

and south poles. The data are binned into equal area pixels that have a size of 5° latitude by 5° longitude at 

the equator. Contours of albedo data taken from Clementine data are shown for latitudes between 70° Sand 

700 N . After LaWTence et a!. ( 1998). 
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(Binder, 1998). Estimates of the surface and internal mass distribution give information on 

the crust, lithosphere, and internal structure of the Moon (Konopliv et aI., 1998; 2001; 

Wieczorek and Phillips, 1999). The Electron Reflectometer and magnetometer (MAG) 

were designed to collect information on the lunar magnetic fields. The Moon has no global 

magnetic field, but it does have weak localised magnetic fields at its surface (e.g., Hood et 

aI., 1979; 2001). These may be paleomagnetic remnants of a former global magnetic field, 

or may be because of meteorite impacts or other local phenomena (Stevenson, 1980; 

Williams et aI., 2001; Garrick-Bethell, 2009). This experiment helped map these fields and 

provide information on their origins, as well as giving an idea of the distribution of 

minerals on the lunar surface, aiding in the determination of the size and composition of 

the lunar core, and providing information on the lunar induced magnetic dipole. 

1.8.4. Other, More Recent, Missions. In recent years lunar exploration has been less 

dominated by NASA. First, the European Space Agency (ESA) launched the SMART-l 

mission (27th Sept 2003 - 3rd Sept 2006), followed by the Japanese Space Agency's 

SELENE mission (14th Sept 2007 - 10th June 2009), the Chinese probe Chang'e-l (24th 

Oct 2007 - 1st Mar 2009) and India's Chandrayan-l mission (22nd Oct 2008 - 29th Aug 

2009). At present the US Lunar Reconnaissance Orbiter (LRO) is fully operational 

(launched 18th June, 2009), and on the 9th of October 2009 its Lunar Crater Observation 

and Sensing Satellite (LCROSS) confirmed the presence of water-ice in the lunar regolith. 

This enhanced flux of lunar missions is paving the way for combined international efforts 

to explore the Moon and the further reaches of the solar system in the coming years and 

decades. Such efforts are likely to be multi-national in approach, utilising both robotic and 

human exploration techniques. SELENE and Chang' e-l focused on high resolution 

imaging of the lunar surface and the lunar surface environment; in particular SELENE's 

topographical videos and images show craters and other surface detail with a resolution 

better than lO's of meters. In addition, new telescopic equipment on Earth, along with the 
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Hubble space telescope and LRO have allowed us to view details as small as the debris left 

behind on the surface by the lander missions and map separate lithologies on the surface 

(e.g., Robinson et al., 2007; Araki et al., 2009). A future Lunar space station will allow 

astronauts to acclimatise and practice maneuvers under low gravity conditions, as well as 

providing a unique stage for scientific experiments and astronomical observations. In 

addition, a permanent base will facilitate thorough exploration and sample return from 

areas, such as the South Pole-Aitken basin, which may hold the key to lunar evolution and 

therefore planetary body accretion in the solar system. 

l.8.5. Remote Sensing Analysis of Mare Basalts. The above mentioned orbiting missions 

have returned multispectral data to Earth, and in particular, the Clementine and Lunar 

Prospector probes focused on determining the chemical and mineralogical composition of 

the lunar surface in an attempt to relate this data to lunar samples here on Earth. Successful 

completion of these objectives resulted in the production of global maps of elements such 

as Th, K, Ti, Fe, Ca, Si, Mg, Al (e.g., Kramer et al., 2008; Binder, 1998; Lawrence et aI., 

1998,2003; Shoemaker et al., 1994; Nozette et aI., 1994; Lucey et aI., 1995, 1998, 2000; 

Blewett et al., 1997; Otake and Mizutani, 2006). These maps not only highlighted the 

difference between the anorthositic highlands terrain and the mare basalts but also picked 

up distinct anomalous regions within the basalts, specifically the Procellarum KREEP 

terrain (PKT). This region differs from others on the Moon primarily by its KREEP-rich 

geochemistry and prolonged volcanic history. Mare basalts erupted here from at least 4.2 

Ga (data from an Apollo 14 breccia clast - Taylor et al., 1983) to 900 ± 400 Ma (calculated 

via crater counting - Schultz and Spudis, 1983). Data from Lunar Prospector shows the 

Surface abundance of incompatible elements such as Th, K, Gd, Sm, and by inference, the 

other elements which make up KREEP, are highly concentrated in this region, which 

encompasses Oceanus Procellarum, Mare Imbrium and the adjoining mare highlands 

(Lawrence et aI., 1998, 2000; Elphic et aI., 2000) (Figure 1.20). Oceanus Procellarum 
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represents the largest contiguous expanse of mare basalts despite the fact that the region 

possesses a relatively thick crust, therefore, it is not an obvious basin setting (Wieczorek et 

al., 2001). More than 60 % of all mare basalts by area are located here, and although only 

-20 % of mare basalts have Ti02 content above 5 wt %, more than half of the PKT basalts 

have at least this amount (Haskin et aI., 2000). Prolonged volcanic activity along with 

incompatible-element enrichment seem to suggest the final dregs of the lunar magma 

ocean accumulated below this region, although the reason for this is still disputed (e.g., 

Warren, 2001; Parmentier et aI., 2002). High abundance of radioactive elements within the 

PKT would have helped to prolong volcanic activity (Wieczorek and Phillips, 2000; 

Parmentier et aI., 2002) but the reason for earlier eruptions in this region is less certain. 

Whatever the reasons, the PKT is one of the most geologically varied areas of the Moon. 

Coincidentally, all of the Apollo basalts were either collected from within this region 

(Apollo 12, 14 and 15) or from areas close to its boundaries (Apollo 11 and 17 - Apollo 16 

collected no basalts). There is, therefore, a good record of basaltic eruptions in this region 

but other regions are underrepresented in the sample collection. As remote sensing has 

shown that the PKT is anomalous, the Apollo collection is believed to be biased towards 

incompatible-element and Ti-rich samples. However, this bias can be partly eliminated by 

taking into account remote-sensing data and lunar meteorites. 

1.9. The Ages of Mare Basalts 

Global element maps derived from remote-sensing data have been used in conjunction with 

high-resolution visible wavelength photography to determine the ages of compositionally 

different mare regions via crater counting. A number of results centred on the Imbrium 

basin suggest that the low-Ti mare basalts are older than the high-Ti (e.g., Bugiolacchi et 

al., 2006, 2008; Otake and Mizutani, 2006). This relationship is contradicted by isotopic 

measurements of the Apollo samples, where the high-Ti basalts are older than the low-Ti 

basalts (Table 1.4). However, the research of Hiesinger et aI. (2003, 2010) suggests that on 
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a global scale there is no relationship between mare-basalt Ti02 content and age. This 

research indicates that the older mare basalts are located predominantly on the eastern and 

southern nearside, and in patches of mare peripheral to the larger maria, in contrast to the younger 

basalts which are located on the western nearside (Oceanus Procellarum). While the crater 

counting method is acknowledged to be less accurate than laboratory-based sample 

analysis, both methods appear to roughly agree at the Apollo and Luna sites. However, it 

should be noted that the laboratory based analyses were used to calibrate the crater 

counting method on the Moon. 

Table 1.4: Crystallisation ages of mare-basalt flows at the Apollo and Luna landing sites. 

Landing Site Basalt Type Absolute Age (Ga) 
Apollo 11 High-K basalts 3.58:t 0.01 

Low-K basalts, group B1,3 3.70 ± 0.02 
Low-K basalts, group B2 3.80:t 0.02 
Low-K basalts, group 0 3.85 ± 0.01 

Apollo 12 Olivine basalt 3.22 ± 0.04 
Pigeonite basalt 3.15 ± 0.04 
Ilmenite basalt 3.17 ± 0.02 

Apollo 15 Olivine Normative basalt 3.30:t 0.02 
Quartz Normative basalt 3.35 ± 0.01 
Green Glass -3.3 - 3.4 
Yellow Glass 3.62 ± 0.07 

Apollo 17 High-Ti basalt, group A 3.75:t 0.01 
High-Ti basalt, group B 3.70 ± 0.02 
High-Ti basalt, group C 3.75:t 0.07 
High-Ti basalt, group 0 3.85 ± 0.04 
Orange glass -3.5 - 3.6 

Luna 16 High-AI basalt 3.41 ± 0.04 
Luna 24 Very Low-Ti (VL T) basalt 3.22:t 0.02 
Lunar meteorite Asuka 881757 Basalt (gabbroic) 3.87 ± 0.06 
Lunar meteorite Kalahari 009 Basalt (crypto-mare) 4.35 ± 0.15 
Lunar meteorite LAP 02205 Low-Ti basalt 2.99 ± 0.01 

Data compIled from various sources; see Snyder et al. (2000); Burgess and Turner (1998); 

Nyquist and Shih (1992); Dalrymple and Ryder (1993); Terada et al. (2007); Rankenburg et al. 

(2007); Spangler et al. (1984) and references therein. Crater counting ages for surface flows are 

given in bold (StOftler and Ryder, 200 I). 

1.10. Research Background - Unanswered Questions 

Previous research into our Moon's formation and evolution has produced a number of 

theories, some more widely accepted in the community than others. A number of these 
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theories attempt to define the conditions required for the creation of specific mare-basalt 

types and, therefore, establish their source region characteristics. Neal and Taylor (1992) 

provided the first thorough review of the post-Apollo, sample-based research and 

attempted to summarise the most probable formation conditions for each mare-basalt type. 

Since then, a number of authors have focused on a single type of basalt or the formation of 

basalts at a single site, but none have tried to further clarify the genetic relationships 

between different basalt types as a whole. Many workers argue that because of the limited 

number of sampling sites, and the location of these sites within or close to the PKT 

(section 1.8.5), further sample return missions are needed to comprehensively establish the 

composition and formation conditions of mare basalts. However, of the 382 kg of material 

which has been collected by the Apollo astronauts, a surprisingly high percentage has 

never been analysed in detail. In addition, it is often the case that samples which were 

initially studied in the 1970's were subsequently passed over for more recently returned 

Apollo samples (e.g., some Apollo 15 samples may have been passed over for newly 

returned Apollo 16 samples), and, more recently, newly discovered meteorites. As a result, 

individual Apollo samples commonly have patchy research histories. For example, the 

major- and minor-element chemistries of most samples have been analysed (commonly 

twice or more in the 1970's) but trace-element data are often missing or incomplete. In 

some cases, even the basic mineralogy of a sample has not been recorded, and numerous 

samples have not been dated. Therefore, although a more varied sample collection is 

needed, the complete analysis of the present Apollo collection - as well as utilisation of 

new state-of-the-art techniques, for chronological, mineralogical and chemical analysis -

will help to clarify mare-basalt relationships and answer some of the questions left open by 

previous research. Some of these unanswered questions include: 

1. Do all mare basalts fit into the classification of Neal and Taylor (1992) - is further 

subdivision necessary? 
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2. How did high- and low-Ti mare basalts evolve - is the mantle overturn model in 

line with genetic relationships observed between the two sample types? 

3. Do certain types of mare basalt (e.g., the Apollo 14 high-AI basalts) originate from 

source regions containing a KREEP component, or was KREEP-rich material 

assimilated by the melt? Could there have been overlap between KREEP and mare 

basaltic activity on the Moon? 

4. What are the precise parental melt compositions for each mare-basalt group? What 

does this suggest about the source region composition? 

5. Is the Giant-Impact hypothesis still the most suitable hypothesis for the fonnation 

of the Earth-Moon system? 

L11. Research Aims and Objectives 

The main aim of this research is to detennine the genetic relationships between high- and 

low-Ti lunar mare basalts in tenns of petrology, mineralogy, chemistry and chronology 

using a set of Apollo mare-basalts. 

Objectives: 

1. Determine the mineralogy and petrology of the samples (from polished thin-sections) 

using optical microscopy, secondary electron microscope and electron microprobe 

techniques. 

2. 

3. 

Classify each sample (rock chips) in tenns of bulk-rock major- and trace-element 

compositions using data acquired from solution ICP-AES and ICP-MS, respectively. 

Ascertain the mineral trace-element chemistry in each sample (from polished thin

sections) using the laser ablation ICP-MS technique. 
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4. Acquire U-PblPb-Pb ages of appropriate samples (from polished rock thin-sections) 

using sensitive high-resolution ion-microprobe (SHRIMP) analysis of phosphates. 

5. Use laser fluorination mass-spectrometry to measure the three oxygen isotope 

compQsition of powdered lunar samples, and resolve the differences in 8180 between 

low- and high-Ti mare basalts. Compare ~170 values of lunar basalts with those of 

terrestrial samples in an attempt to further evaluate the Giant-Impact theory. 

6. Use the above acquired dataset, along with that of previous works, to compare, 

contrast and group lunar basalts, and then establish the petrogenesis of these samples 

in the context of lunar magma ocean crystallisation and differentiation. 

1.12. Samples 

Basalt samples were obtained from NASA' s Apollo sample collection at JSC (Table 1.5). 

We received one thin section (30 ~m thickness) and one rock chip (250 mg) for each 

Table 1.5: The sample set. 

Mission Sample Type 
Apollo 11 10017 High-Ti, Low-AI, High-K: Type A 

10020 High-Ti, Low-AI, Low-K: Type 83 
10049 High-Ti, Low-AI, High-K: Type A 
10050 High-Ti, Low-AI , Low-K: Unclassified 
10057 High-Ti, Low-AI, High-K: Type A 
10058 High-Ti, Low-AI, Low-K: Type 81 
10072 High-Ti, Low-AI, High-K: Type A 

Apollo 12 12016 Low-Ti, Low-AI, Low-K: Ilmenite 
12040 Low-Ti, Low-AI , Low-K: Olivine 
12047 Low-Ti , Low-AI, Low-K: Ilmenite 
12051 Low-Ti, Low-AI, Low-K: Ilmenite 
12052 Low-Ti, Low-AI, Low-K: Pigeonite 
12064 Low-Ti, Low-AI, Low-K: Ilmenite 

Apollo 14 14053 Low-Ti, High-AI, Low-K 
Apollo 15 15016 Low-Ti, Low-AI, Low-K: Olivine-Normative 

15386 KREEP 
15555 Low-Ti, Low-AI, Low-K: Olivine-Normative 

Apollo 17 7001 7 High-Ti , Low-AI, Low-K: Unclassified 
70035 High-Ti, Low-AI, Low-K: Unclassified 
7021 5 High-Ti, Low-AI, Low-K: Type 82 
74275 High-Ti, Low-AI, Low-K: Type C 
75055 High-Ti, Low-AI, Low-K: Type A 
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sample. Sample selection was based on previously published information regarding basalt 

type, age, and the location it was collected from, with the aim of analysing as many 

different variations of basalt from as many different lunar sites as possible. Our sample set 

consists of seven Apollo 11 and five Apollo 17 basalts (high-Ti), six Apollo 12, one 

Apollo 14 and two Apollo 15 basalts (Low-Ti), and one Apollo 15 KREEP basalt. 
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2. METHODOLOGY 

This chapter provides details of all the data collection technique~ utilised during this 

research, and explains the rationale behind their selection. 

ti. Thin-Section Imaging 

2.1.1. Optical Microscopy. One of the most important factors in the analysis of any rock 

thin-section is to know which area of the section is under investigation. Therefore, a 

detailed image of the whole section is essential. During the course of our research all rock 

thin-sections were initially studied using an optical microscope at x 5 magnification. Plain

and cross-polarised transmitted light were used to distinguish silicate minerals; reflected

light microscopy was used to study opaque phases (e.g., oxides, sulphides and metals). 

Low-magnification optical microscope images were also useful as a guide when observing 

indiVidual thin-sections at higher resolution using the JEOL 5900L V scanning electron 

microscope (SEM) at the Natural History Museum. These high-resolution images were 

Used for calculating modal mineralogy, textural observations, and to serve as maps for 

electron microprobe analysis (section 2.2). 

2.1.2. Scanning Electron Microscopy. The SEM technique uses an electron beam focused 

onto the surface of a sample (thin-sections in our case). Electrons which originate in the 

electron beam, and are reflected (or back-scattered) from the sample surface via elastic 

Scattering, are detected by a backscatter detector. These data are displayed as a greyscale 

lInage, where bright areas on the image represent a high number of backscattered electrons, 

and dark areas represent low levels of electron backscatter (i.e. high levels of electron 

absorption). The higher the proportion of heavy elements (e.g., Fe) within a material, the 

more electrons will be backscattered, as there is less space between the nuclei of heavy 
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atoms for an electron to pass through. Therefore, areas with a high percentage of heavy 

elements will appear brighter on a backscatter image, and those with mostly light elements 

(e.g., Si, Mg, AI) will appear darker. For this reason the backscatter detector is used to 

detect the contrast between areas of different chemical composition (Goldstein et al., 1981). 

The elemental composition of a sample can be determined using an energy dispersive x

ray spectrometer (EDS). This spectrometer contains an Li-doped silicon crystal detector, 

maintained at very low temperatures using liquid nitrogen to avoid damage. At rest, an 

atom within the sample contains ground state (or unexcited) electrons in discrete energy 

levels (electron shells) bound to the nucleus. The incident electron beam may excite an 

electron in an inner shell, ejecting it from the shell while creating an electron hole at the 

electron's former position. An electron from an outer, higher-energy shell then fills the 

hole, and the difference in energy between the higher-energy shell and the lower energy 

shell is released in the form of an X-ray (Figure 2.1). The number and energy of the X-rays 

emitted from a specimen can be measured by the EDS - X-rays create currents of different 

strengths at the silica crystal detector, depending on their wavelength. As the energy of the 

X-rays is characteristic of the difference in energy between the two electron shells, and of 

the atomic structure of the element from which they were emitted, this allows the elemental 

composition of the specimen to be measured (Goldstein et aI., 2003). X-ray images can be 

built up for a whole thin-section giving the relative abundance (in greyscale) of different 

elements in any given area. Assigning false colours to a number of elements allows false 

colour images to be produced, where different mineral phases can be distinguished. Data 

collection and analysis with EDS is a relatively quick and simple process because the 

complete spectrum of X-ray energies is acquired simultaneously. After areas of further 

interest were identified, the EDS was additionally employed to produce spot spectra, 

yielding a quantitative estimate of major-element composition to within ~ 0.1 wt %. 
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Figure 2.1: Energy dispersive X-ray spectrometry in a scanning electron microscope. (a) Internal structure of 

the EDS detector (image revised from xraymicroanalysis.com). (b) EDS works by detecting X-rays emitted 

from a specimen because of changes in atomic electron energy states caused by the SEM electron beam. 

Atomic ground state electrons within the inner K shell are excited by the incident electron beam and emitted 

as secondary electrons, creating an electron hole within the low energy K-shell. An electron from a higher 

energy outer shell subsequently fills this hole, releasing its extra energy in the form of an X-ray (image from 

xraymicroanalysis.com). (c) Example EDS spectrum from INCA software, showing counts vs. energy (keV) 

for separate elements at a specific point on a sample. 

Secondary electron detectors collect low-energy «50 e V) secondary electrons, that are 

ejected from the inner K-orbitals (electron shells) of the specimen atoms by inelastic 

scattering interactions with beam electrons (Goldstein et al. , 1981). Because of their low 

energy, these electrons originate within a few nanometers from the sample surface. 

Therefore, images produced in this way are useful for detecting surface topography and 

Contamination. 

Both backscatter and X-ray images were produced for this study, with x 200 magnification 

or greater (section dependent) yielding a surface resolution of 1-1 0 ~m. This high spatial 
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resolution is essential for distinguishing mineral gram boundaries, especially in fine

grained samples. 

2.1.3. Calculation of Mineral Modes. X-ray elemental images were processed using 

Oxford Instruments INCA software, which automatically montages individual frames, 

generating a high-resolution digital image of each thin-section. INCA's phasemap function 

also allows for accurate calculation of modal mineralogy using a trigonal plot of elements; 

in this way the volume percentage (vol %) of different mineral phases can be extracted 

from X-ray images. For example, plotting Si, Fe and Al helps distinguish clinopyroxene (Si 

and Fe-rich), olivine (more Si and Fe-rich than clinopyroxene) and feldspar (Si and AI

rich) into three clusters. High spatial-resolution in these images ensures grain boundaries 

are sharp, therefore, very few pixels show mixed signatures (e.g., half feldspar, half 

clinopyroxene). The error on these modal calculations is ~ 1 vol %, mainly because the 

boundaries of each group on the trigonal plot have to be judged by eye. This error is also 

dependant on the grain size of a sample; the larger the mineral grains the fewer boundary 

areas and so the lower the error. However, the backscatter images are available as a guide 

(Figure 2.2) which helps reduce the error. The modes of minor minerals were also 

calculated via SEM X-ray image pixel counting using Photoshop software. If a large 

discrepancy was detected between the results of these two methods for a particular sample, 

the phasemap modes were recalculated until all minor minerals agreed to within 0.5 vol %. 

Prior to modal calculations, reliability tests were performed for both methods based on 

reproducibility. These tests showed that the INCA phasemap method was more accurate 

than the pixel counting method for our samples. 

2.2. Electron Microprobe (EMP) Analysis 

Once the sections were imaged in detail, areas of interest were identified. Electron 

microprobe analysis uses wavelength dispersive X-ray spectrometry (WDS); a technique 
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that has a much improved spectral resolution in comparison to EDS. This high resolution 

allows for enhanced chemical analysis of minerals in a polished thin-section, with detection 

limits of the order of 0.01 wt % and minimal damage to the sample (only the outer few 

microns directly beneath the beam, which is generally 1 Ilm in diameter). The Cameca 

SX50 and SXIOO are wavelength dispersive electron microprobes capable of automated 

elemental analysis of materials in polished thin-sections or blocks. Analysis is achieved by 

focusing a beam of electrons onto the sample surface, producing secondary X-rays with 

wavelengths or energies characteristic of the elements present. The analysis of standard 

materials is required prior to every analytical run, to allow for accurate wavelength peak 

area comparisons, hence elemental identification (Long, 1967). Quantitative analyses can 

IN( A M.Pv,ne Ildl. evolved\! mm.\!lectron neomUI 01 INCAUIOI ARCIlIVI 700811 yd,.II.llos 70081170~]llh080]11 170~7 montoeed m.ps 'PI ":- - X 

oow cpx 

OOWplOg -"-

Figure 2.2: INCA software phasemap function as a tool for the calculation of modal mineralogy. The trigonal 

plot (central) shows pixel density for certain ratios ofMg, Si and AI where pink represents the highest density 

and blue the lowest. The white line is drawn by hand to estimate group boundaries. Precision can be enhanced 

by comparing the outlined group with mineral phases on a backscatter electron image of the sample (top 

right). In this example the outlined phase is mesostasis, highlighted in blue on the backscatter image. 
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be obtained for elements with an atomic number greater than five (boron) to within 0.02 wt 

%. In addition to point analysis, X-ray elemental maps can be obtained showing the spatial 

distribution of elements in selected areas of the sample surface, hence false colour maps 

can be generated as with the JEOL 5900LV. The difference in the data collection technique 

with WDS influences the collection period, as the spectrum is acquired sequentially rather 

than simultaneously (Figure 2.3). The Natural History Museum's Cameca SX50 has four 

WDS multi-crystal spectrometers, and the Cameca SXlOO has five. These spectrometers 

function by utilising different analysing crystals of specific lattice spacing to diffract the 

characteristic X-rays from the sample onto the detector (Figure 2.3). The wavelength of the 

X-ray diffracted into the detector can be selected by varying the position of the analysing 

crystal with respect to the sample, according to Bragg's law: 

nA= 2d sin 9 (1) 

where; n = an integer referring to the order of diffraction; A = the wavelength of the 

characteristic X-ray; d = the lattice spacing of the diffracting material; 9 = the angle 

between the X-ray and the diffractor's surface. 

As a diffracted beam occurs only when these conditions are met, interference from peaks 

of other elements in the sample is reduced. However, only X-rays from one element at a 

time may be measured on the spectrometer, and the position of the crystal must be changed 

to tune to another element, hence the need for multiple spectrometers. Popular crystal types 

include lithium fluoride (LIF), pentaerythritol (PET) and thallium acid phthalate (TAP). 

Each crystal type covers a range of elements. 

2.3. Laser Ablation ICP-MS 

The concentration of trace-elements in mineral grains can be measured via time-resolved 

analysis using laser-ablation inductively-coupled-plasma mass-spectrometry (LA-ICP-
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F' Igure 2.3: The electron microprobe. (a) Inside one of the four WDS detectors of the Natural History 

MUseum's Cameca SX50 (image courtesy of the EMMA laboratories, NHM). (b) Diagram ofa WDS showing 

the electron beam over the sample causing X-ray emission; these X-rays are subsequently deflected by the 

crystal and X-ray counts recorded via the detector (image courtesy of Oxford Instruments). 

MS). This technique is usually carried out on thick sections (> 60 11m thickness compared 

to thin-section thickness of - 30 11m) to extend the analysis time, hence produce a stronger 

67 



signal. However, because of the precious nature of our samples, thick sections were not 

available. Therefore, we decided to analyse the thin-sections that we were allocated. 

Although this did reduce the signal strength to below detection limits for a few samples, we 

were able to obtain good results for most samples. Despite the fact that laser ablation leaves 

pits within the specimen, it is largely accepted as a non-destructive technique. It is 

therefore highly desirable for use on precious samples, such as Apollo mare-basalts. 

2.3.1. LA-ICP-MS Technique. The instrument at the Open University is an Agilent 7500s 

ICP-MS coupled with a New Wave 213 Nd:Yag deep UV (213 nm) laser system. The 

technique involves in-situ analysis of individual mineral grains by ablating with a pulsed 

laser beam. Samples are ablated in a pure He atmosphere, the analyte is carried in He and 

then mixed with Argon via a Y connector before entering the plasma. Plasma is produced 

inside the ICP torch by creation of an intense magnetic field - Ar gas is ionised in this field 

and the inelastic collisions between these ions and other Ar atoms produce stable plasma 

with a temperature of around 7000 K. The use of He gives a 2-3 fold increase in 

sensitivity, and significantly reduces background intensity (e.g., GUnther and Heinrich, 

1999). The plasma is used to produce ions which are subsequently introduced to the mass 

spectrometer. These ions are separated and collected according to their mass/charge ratios; 

therefore ICP-MS is extremely sensitive to a wide range of elements. 

2.3.2. Analytical ProtocoL For this study, data were acquired across the mass range from 

7Li to 238U and the total time for each analysis was 240 s. During the first 120 s, the gas 

blank was measured, during this time the laser beam was blocked by a shutter. This shutter 

was then removed, ablation takes place for 60 s and the transient signals from the analyte 

are acquired for a further 60 s. A 60 s wash out period was carried out between analyses. 

With a 60 J..lm beam spot, detection limits are -10 ppb for lithophile trace-elements (see 

Table 2.1 for operating conditions). Synthetic doped glass NIST 612 was used 

68 



Table 2.1: LA-ICP-MS operating conditions (after Hammond, 2006). 

Scan parameters 
Detection modes 
Dwell time 
Integration time 

Laser 
Laser 
Type 
Wavelength 
Repetition rate 

Spots 
Ablation duration 
Spot size 
Energy 

Conditions used 

Dual (analogue and pulse detector are cross-calibrated prior to each session) 
10 -100 ms 
10ms 

UP-213 (New Wave Research) 
Nd:YAG frequency quintupled 
213nm 
10 Hz 

60s 
SO J.UTl 
O.SmJ 

for external calibration (Pearce et al., 1997), while calcium acted as an internal standard by 

comparing LA-ICP-MS CaO wt % abundance with previously measured EMP CaO wt % 

abundance. The external NIST glass standard was analysed twice at the start of each run, 

after every 8 or 9 ablations, and twice at the end of each run, showing an analytical 

precision of 3 %. Detection limits are usually between 1 and 10 ppb (Hathorne et aI., 

2003). Raw data were reduced using Glitter software (Van Achterbergh et al., 2001), 

Which enables the user to view each signal and set the limits for background and aerosol 

counts (Figure 2.4). This process is very important as often spurious results (for example, 

data spikes resulting from mineral inclusions) can affect the dataset if not removed. There 

is also a risk that the laser beam can penetrate to underlying mineral phases or the glass 

slide (especially with thin-section analysis), but this problem can be overcome by careful 

selection of the time resolved signal. 

t.,4. Sample Preparation for Bulk-Rock Analysis 

Each - 250 mg sample rock chip was powdered for bulk-rock chemical analysis. A clean 

laboratory suite at the Open University, used only for the preparation and analysis of 
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meteorite samples, was employed for this process (Figure 2.5). We utilised the main area 

of the laboratory, which operates well in excess of Class 1000 « 1000 particles in the air 

iI flevlew Signal Seleclton "liJ Ei 
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EP1 1 GT2C 
FP11GT2C 
FP1 1 GT2R 
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GP11GT3R 
HP1 1 GT 4C 
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• ISTDS12 
• JSTDS12 

Set Marks J Save 1 Undo ] Previous ) Next Close 

Move pointer slowly into an object to view context sensitive help for it, including a description of the obiect and 
tips on its use. 

Figure 2.4: An example of Glitter's signal selection application. The green boxes denote selected sections of 

background (on the left of the black screen) and aerosol signal (on the right of the black screen) which will be 

included in the fmal dataset. This signal processing is needed to remove any spurious data. 

per cm\ meaning terrestrial contamination is kept to a minimum in this facility. Two agate 

(hydrated Si02) pestles and mortars were used for grinding - in both cases these had only 

ever been used to grind Martian meteorites, hence removing the risk of metal 

contamination (as would be the case if they had been used for grinding undifferentiated or 

iron meteorites). The cleaning procedure for these pestles and mortars is listed below: 

1. The pestle and mortar was initially cleaned with acetone and heavy duty synthetic 

wipes packed in a clean environment. This process was performed to remove any 

visible remains of previous crushing. 
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Figure 2.5: Preparing sample powders in the clean laboratories of the PSSRI department at the Open 

University. (a) Clean suits and gloves were worn at all times, (b) the samples were crushed using an agate 

pestle and mortar and (c) each chip was weighed on a weighing plate both before and after crushing. 

2. Approximately five minutes of grinding with de-ionised water and pure quartz sand 

was performed to remove any detritus remaining on the agate surface. 

3. The quartz sand was removed by washing with copious amounts of de-ionised water. 

4. The pestle and mortar were re-cleaned with acetone 

5. The pestle and mortar were cleaned with IPA (a 70/30 mix of IPA and de-ionised 

water) . 

6. A pure N2 source was utilised to visibly dry the pestle and mortar, which was then 

wrapped in pure aluminium foil and placed in an oven at 150 °C for 20 minutes. 
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7. After 20 minutes the pestle and mortar was removed from the oven and left to cool for a 

further 20 minutes (still wrapped in foil). 

8. The bench and surrounding area were cleaned with IPA before a layer of pure 

aluminium foil was placed over the bench to create a new working area. 

9.. Two pestles and mortars were used in rotation to speed up the process. 

10. All foil and wipes were used only once and then discarded. Latex gloves were replaced 

every time a new sample was crushed. 

The above process was performed before every chip was powdered. The following process 

was then completed: 

1. The chip was placed on a piece of pure aluminium foil and weighed to an accuracy of 

0.01 g on a weighing plate (Figure 2.5c). 

2. It was transferred to the clean pestle and mortar and crushed (this took between 5 and 

15 minutes depending on the hardness of the sample). At this point the relative hardness 

of the sample was recorded and specific notes taken. 

3. To prevent any parts of the chip jumping out of the pestle and mortar a pure aluminium 

foil wall was created around the perimeter to deflect escaping particles back into the 

vessel. 

4. Once crushing was completed (when the powder achieved a chalky texture) it was 

placed within a previously weighed air tight vial. These vials had never been used 

before and had previously been washed in alcohol and baked dry in an oven overnight. 

Transfer was achieved by tipping the powder from the mortar onto a piece of thicker 

pure aluminium foil, folded to have a v-shaped cross-section. The v-shaped foil rested 
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on top of a third layer of foil -10 cm in diameter (to catch any spilt powder). Once on 

the v-shaped foil the powder was tipped into the vial (with the use of tweezers cleaned 

with IPA). Once the vial contained all the powder it was re-weighed, thus the amount of 

material lost during powdering (if any) could be recorded. 

5. The vial was labelled and stored in the laboratory until required for further analysis. 

6. If at any point during this process some particles escaped they were picked up from the 

foil workspace using tweezers (in the case of solid particles), or if the spillage occurred 

after powdering the second layer of foil could be raised and the powder again tipped 

onto the v-shaped foil funnel. 

ts. Inductively Coupled Plasma Atomic Emission Spectroscopy aCP-AES) 

ICP-AES can be used to accurately determine the major-element chemistry of bulk-rock 

POwders. Although it is a destructive technique, only a small amount of sample is needed to 

prodUce a large volume of sample solution, which can be stored and re-analysed years later. 

The vast majority of our samples had not been analysed for major-elements since the 

1970's. Therefore, for the sake of completeness, it was decided to create a dataset with 

uniform conditions and smaller errors than the previous datasets, which were obtained in 

numerous laboratories employing different techniques. 

2.S.1. Sample Digestion. Before the samples were analysed via ICP-AES a delicate 

prOcedure was followed in the wet chemistry laboratory of the Natural History Museum to 

diSsolve each sample powder in an acid solution: 

I. 40 mg of the powdered sample was weighed out into a clean platinum-gold alloy 

crucible (90 % Pt, 10 % Au) using a weighing plate with a precision of up to 1 ~g. 
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2. The powder was then treated with a few drops of de-ionised water (with a resistivity of 

18 n) and Y2 ml concentrated nitric acid (RN03) and placed in a sand bath at 80°C 

until all liquid evaporated. This process removes any metallic iron (Feo) and sulphides 

which may react with the crucible on heating. However, sulphides and RN03 react to 

form volatile H2S which evaporates along with the liquids, therefore bulk-rock sulphur 

content cannot be reliably analysed using this technique. 

3. A second dose of RN03 was added to any sample acquiring a yellow colour after 

evaporation of the liquid. 

4. Once dry, the powders were removed from the sand bath and left to cool. 120 mg of 

lithium meta-borate was then weighed out into the crucibles, in addition to the 40 mg of 

dried sample powder. 

5. Each crucible in turn was then heated over a Bunsen burner to - 1000 °C and the melt 

was slowly manipulated until it resembled a glass bead, a process known as fusion. 

Lithium meta-borate reacts with the powdered sample at high temperatures to ensure all 

the grains melt during fusion, even those with melting temperatures higher than 1000 

°C. 

6. Once the glass bead has formed and encapsulated all material within the crucible 

(normally after 10-15 minutes heating) the bead was manipulated onto the wall of the 

crucible and removed from the heat. After carefully transferring the crucible to a 

position above the laboratory sink, de-ionised water was aimed directly at the external 

wall of the crucible where the bead was fixed. This rapidly cooled the bead which we 

were then able to remove from the wall with a little tapping on a pre-cleaned heat proof 

tile. 
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7. The detached bead was immediately dropped into a corresponding teflon beaker 

containing 40 ml of 1.56 M HN03. This beaker was placed on a magnetic stirring plate 

and the bead left to dissolve over night (Figure 2.6). 

Figure 2.6: Digestion prior to ICP-AES analysis . (a) Beakers containing fusion beads and acid solution on a 

magnetic stirring plate, (b) Pt-Au crucibles used for fusion . 

8. The empty crucible was then filled with HN03 from this beaker to cover the point 

where the bead attached to the wall. This process ensures that no material is left in the 

crucible as the acid will dissolve anything remaining within a few hours. After this time 

the acid solution was returned to the beaker. 

9. Once the crucibles were all emptied of acid they were heated over the Bunsen burners 

for 15 minutes with a hot flame (-950 °C). Finally they were washed out with 12 ml 

concentrated hydrochloric acid (HCl) to remove any last adhering material which was 

also transferred to the corresponding sample ' s beaker. 

10. The next day the acid solutions in each beaker were made up to 100 ml by transferring 

the solution to a glass volumetric flask and then adding de-ionised water. The final 

solution was stored in a plastic tube for analysis. 

11. Any solutions showing signs of incomplete dissolution were placed in an ultrasonic 

bath to break up the remaining particles. 
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2.5.2. ICP-AES Analysis. Inductively-coupled-plasma atomic-emission-spectrometry (lCP

AES) is a type of emission spectroscopy that uses inductively coupled plasma to produce 

excited atoms and ions. Once excited, they emit electromagnetic radiation at wavelengths 

unique to that particular element (Mermet, 2005), the intensity of this emission is indicative 

of the element's concentration within the sample. Plasma is produced inside the ICP torch 

by the method previously described for laser ablation (section 2.3.1). 

Before the sample is introduced to the plasma it is converted from solution to aerosol 

within a nitrogen gas nebulizer. The aerosol is then directly discharged into the plasma and 

aerosol molecules collide with plasma electrons and ions until they are broken down into 

their constituent atoms. These atoms go through a process of continual electron loss and 

recombination, giving off characteristic electromagnetic wavelengths for each element 

during this process. Nitrogen gas and lenses are used to focus the emitted wavelengths onto 

a diffraction grating where they can be separated into their component radiation in the 

optical spectrometer. Wavelength intensity is measured with a photomultiplier tube (which 

can mUltiply a signal by 100 million times). By comparing the measured intensities with 

known standards, the concentration of each element within the unknown sample can be 

determined. 

After our first analytical run it became apparent that some elements in a number of samples 

were above the calibration of the standards used (Table 2.2), meaning concentrations of 

these elements in the first solution (l0 ml of the total 100 ml, 1 % nitric acid plus fusion 

bead) were very high relative to the standards. For more precise results we created further 

diluted solutions by 5, 10 and 50 times, to account for the elements only slightly above 

calibration (the 5 times dilution) and elements a long way above calibration (the 50 times 

dilution). These three dilutions were produced by placing 200 Ill, 1000 III (l ml) and 2000 

III (2 ml) of the 1 % solution into separate vials and making them all up to 10 ml with de

ionised water, so for every sample three different concentrations of solution were analysed. 
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The analytical precision for our samples was always < 1 %, and in 75 % of cases it was < 

0.6%. 

Table 2.2: ICP-AES external standards (major elements = wt %, minor elements = ppm). 

BE-N BHVO-1 BCR-1 AGV-1 GSP·1 JG-1 NIM-G 
Lltholoav Basalt Basalt Basalt Andesite Granodiorite GranodioriUi Jiranite 
AI203 10.07 13.80 13.64 17.15 15.10 14.20 12.08 
CaO 13.87 11.40 6.95 4.94 2.07 2.18 0.78 
Fe203 12.84 12.23 13.41 6.77 4.29 2.14 2.02 
K20 1.39 0.52 1.69 2.92 5.51 3.97 4.99 
MaO 13.15 7.23 3.48 1.53 0.96 0.74 
MnO 0.20 0.17 0.18 0.09 0.04 0.06 
Na20 3.18 2.26 3.27 4.26 2.80 3.39 3.36 
P20 S 1.05 0.27 0.36 0.49 0.28 0.10 
SI02 38.20 49.94 54.11 58.84 67.22 72.30 75.70 
TIO-2 2.61 2.71 2.24 1.05 0.65 0.26 0.09 
llYm 96.56 100.53 99.33 98.04 98.92 99.34 99.02 

-Sa 1025 139 681 1226 1310 462 120 
Cr 360 289 64.6 
NI 267 121 
Sr 1370 403 330 662 234 184 
Y 30 27.6 38 20 26 28.5 143 
~ 260 179 190 227 530 114 300 

.t,6. Solution ICp.MS 

Previous trace-element data are sparse and incomplete for the majority of the samples 

Investigated in this study, especially for the rare earth elements. For this reason we decided 

to analyse the samples via a high-precision technique such as ICP-MS. ICP-MS is used to 

detennine the trace-element chemistry of bulk-rock powders. Like ICP-AES, it is a 

destructive technique, but the ICP-MS system at the Open University has been optimised 

Such that it requires a very small amount of powder and yields very precise results. 

2.6.1. Solution Preparation. All acids used in the dissolution procedure were teflon 

distilled (TD) grade, unless otherwise stated. All water used was purified through a 

UlilIipore filtration system (MQ) to a resistivity of> 18.2 MO. Dilute acids were produced 

from dilution ofTD grade acids with MQ H20. Rock powders (0.01 g), along with relevant 
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reference materials and procedural blanks, were digested in clean Teflon vials using a few 

drops of concentrated HN03, and 200 III concentrated HF. Andesite AOV-l, dolerite 

DNC-l, diabase W-2, and basalts BIR-l and BHVO-l were used as reference materials 

(Eggins et al., 1997). After 48 hours on the hotplate, at 130°C, the solution was dried 

down, and refluxed in 1 ml 6M HCI for 24 hours at 130°C. Following this the sample was 

refluxed in 1 ml cone. HN03 for a further 24 hours. On the addition of HN03, we observed 

the formation of a fine-grained white residue, presumably because of the high Ti content of 

our samples. We therefore made the decision to run our samples in a mixed HN03IHCI 

acid matrix. Samples were then taken up in 0.6 ml cone. HN03 and 0.6 ml 6M HCI, before 

being transferred into a cleaned nalgene vial. Samples were made up to 20 ml with MQ 

H20 to form a 2 % HN03 solution (i.e. a 2000 fold dilution of the original rock-powder) 

with a trace of HCI. 

2.6.2. ICP-MS analysis. Trace-element concentrations were determined by ICP-MS 

(Agilient 7500a) at the Open University. This instrument is fitted with a standard quartz 

spray chamber and a Babington nebuliser. Samples were aspirated at approximately 400 III 

min-l with count rates of the order of3-5 x 107 cps/ppm. Oxide interferences were kept low 

at 0.3 % CeO+/Ce+ and doubly charged species at ~ 1 % (Ce++/Ce+). Analyses were 

standardised against five reference materials (BIR-l, BHVO-l, W-2, DNC-l, AOV-l) that 

were measured at the beginning of each analytical run. An internal standard, containing Be, 

Rh, In, Tm, Re and Bi, was run along with the samples and reference materials. The 

basaltic reference material DNC-l was also analysed as an "unknown" sample every 6 

samples, together with one 2 % HN03IHCI blank, in order to monitor instrumental drift 

and to assess the external reproducibility of the data. The measured concentrations of 

elements in DNC-l are routinely within 10 % difference of published values (Eggins et aI., 

1997) with a few exceptions and commonly show < 5 % difference (Table 2.3). Detection 

limits for trace elements with atomic masses greater than 85 are usually less than 10 ppt in 
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Table 2.3: Measured vs. published ICP-MS selected trace-element data for DNC-l monitor 

Measured (ppm) 

Element DNC-I (I) DNC-I (2) DNC-l{31 DNC-I (4) DNC-I (5) Avel"82e 
Li 5.12 5.32 5.30 5.29 5.25 5.26 
Sc 32.31 33.03 33.06 32.88 32.87 32.83 
Ti 2960.00 3053.00 3061.00 3030.00 3056.00 3032.00 
V 149.60 153.70 153.90 151.70 152.60 152.30 
Co 57.93 59.02 58.82 57.00 57.79 58.11 
Ni 267.00 272.30 271.30 266.40 266.60 268.72 
Ba 101.50 104.70 105.10 103.50 104.20 103.80 
La 3.57 3.71 3.71 3.66 3.67 3.66 
Ce 7.97 8.22 8.21 8.06 8.14 8.12 
Pr 1.09 1.12 1.12 1.11 1.11 1.11 
Nd 4.81 4.% 4.93 4.88 4.91 4.90 
Sm 1.41 1.47 1.45 1.45 1.45 1.45 
Eu 0.58 0.60 0.61 0.59 0.59 0.59 
Gd 1.99 2.04 2.03 2.00 2.01 2.02 
Tb 0.38 0.41 0.40 0.39 0.39 0.40 
Dy 2.67 2.78 2.78 2.73 2.72 2.74 
Ho 0.63 0.66 0.66 0.65 0.66 0.65 
Er 1.91 1.97 1.99 1.95 1.96 1.96 
Yb 1.91 1.99 1.97 1.93 1.95 1.95 
Lu 0.30 0.31 0.32 0.31 0.31 0.31 

*RD = Relative Difference, calculated by (l-(measuredlpublished vaJue»*IOO 

Published (ppm) 0-% 
2cr Error 

0.16 5.10 -3.06 
0.61 31.00 -5.90 

83.94 2878.00 -5.35 
3.50 148.00 -2.91 
1.64 55.00 -5.66 
5.68 247.00 -8.79 
2.84 118.00 12.03 
0.11 3.53 -3.75

1 

0.21 8.19 0.84 
0.03 1.10 -0.73 
0.12 4.86 -0.74 
0.04 1.40 -3.26 
0.02 0.60 1.38 
0.05 2.00 -0.76 
0.02 0.39 -1.52 
0.09 2.76 0.81 
0.03 0.65 -0.12 
0.06 1.90 -3.07 
0.06 1.97 1.06 
0.01 0.31 0.03! 
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solution (equivalent to 20 ppb in the rock) but are somewhat higher for lighter elements 

(less than 100 ppt in solution, 200 ppb in the rock). Precision is routinely better than ± 3 % 

for all elements. 

2.7.-Laser-Fluorination Dual-Inlet Mass-Spectrometry 

Laser-fluorination is used to determine oxygen isotope abundances; it can be used to 

measure 
18

0, 170 and 160. The system at the Open University has an international 

reputation for three oxygen isotope analysis using the laser-fluorination system. Although 

laser-fluorination is a destructive technique, the amount of material needed is very small (2 

mg), and preparation time is also minimal. 

2.7.1. Sample Preparation. The instrument at the Open University consists of an infrared 

CO2 (10.6 Ilm) laser and high resolution Micromass Prism III dual-inlet mass

spectrometer. For this study 2 mg of each sample powder was placed into a small well (3 

mm diameter and 4 mm depth) within a pure nickel sample tray. Each tray contains 22 

wells allowing for the analysis of 8 samples (in duplicate) along side 6 external standards 

(Figure 2.7). Once full, this tray was transferred to the sample chamber of the laser

fluorination system, the upper half of which consists of a BaF2 window (3 mm thick). The 

sample chamber is heated to - 70°C with bake out tape and evacuated overnight < 5 x 10.8 

Torr (base vacuum). Each powder is then fused under low level laser heating (- 11 % 

maximum laser output) to prevent well to well contamination and to ensure a complete 

reaction. During the heating operation the beam power is gradually increased from - 20 to 

100 % of the total available. Progress of the fusion (and subsequent fluorination process) 

can be monitored using a CCD video camera, viewing the sample along the axis of the 

laser beam. 
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2.7.2. Laser-Fluorination Analysis. After sample fusion, the chamber is evacuated again 

(overnight and with bake-out) to base vacuum. Prior to sample fluorination, the reaction 

chamber is exposed to BrFs vapour (- 260 Torr) at room temperature to ' condition' 

internal surfaces and remove any remaining traces of adsorbed water vapour. A system 

'blank:' check is then undertaken; an aliquot of BrFs vapour is admitted to the chamber as 

for sample analysis, after 2 minutes, any O2 formed is isolated and purified as described 

below. Generally, the system blank yield is - 30 nmol 02 or less. System performance is 

checked by analysing external standards and ensuring that the attendant ~170 value 

Figure 2.7: Laser-fluorination at the Open University. (a) Weighing out the samples for laser-fluorination, 

and placing 2 mg of powder into the small wells within a nickel sample tray (b). (c) The laser system. (d) 

The dual inlet Micromass PRISM III mass-spectrometer coupled with the laser. 

(defined in chapter 5) is zero within the limits of analytical precision. The system precision 

for 0
17

0 is 0.04 per mil, and 0.08 per mil for 0180, producing an error of 0.024 for ~170 
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(all values 1 sigma). The external standards analysed were powdered UWG-2 garnet. Prior 

to the fluorination reactions, laser transmission is increased to - 82 % of the maximum 

value. For each analysis, an aliquot of BrF 5 vapour is expanded into the sample chamber to 

give a pressure of 210 ± 3 Torr. To ensure that there are no residual traces of 02 present, 

the -BrF 5 aliquot is first condensed at -196°C (on a liquid nitrogen trap) and any non

condensed volatiles removed by pumping to base vacuum, prior to warming the BrF 5 to 

room temperature and admitting it to the sample chamber. The chamber is then isolated 

from the rest of the extraction line and an individual sample (or standard) heated to 

melting, in a controlled manner, by the laser. During the course of sample fluorination, 

which takes approximately 2 minutes in total, the laser power is gradually increased from 

- 20 to 100 % of the maximum value. Silica is converted to gaseous products SiF4 and 02 

during this process. 02 formed during fluorination is purified and SiF4 removed via a series 

of cryogenic and chemical traps. It is then frozen onto 13X molecular sieve pellets, cooled 

via liquid nitrogen. From here it can be heated and so released in a controlled manner into 

the Micromass PRISM III dual inlet mass spectrometer and measured relative to the 

reference gas, which is calibrated directly against Vienna standard mean ocean water 

(VSMOW) (Miller et aI., 1999). For each sample/standard at least three aliquots of 02 

were analysed and the results averaged. A minimum of two replicates (2 x 2 mg of 

powder) were analysed for each lunar sample and the results averaged to give one value 

per sample. 

2.8. Sensitive High Resolution Ion Microprobe (SHRIMP) 

Isotope systems used as geochronometers for lunar samples include Ar-Ar, K-Ar, Rb-Sr, 

Nd-Sm, Pb-Pb and U-Pb. The use of two or more of these systems on a single sample gives 

independent verification of that sample's age if the two results agree within error. Previous 

chronological data for our samples (and the mare basalts in general) are patchy and have 

widely varying errors. The SHRIMP technique allows for the determination of Pb-Pb and 
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U-Pb ages, therefore giving two independent age estimates from one set of non-destructive 

analyses. However, SHRIMP analysis is time consuming and only a limited number of 

laboratory days were available for measurements Therefore, we carefully selected samples 

that had not previously been dated and/or those which were most likely to yield accurate 

results (based on phosphate content and condition). 

2.8.1. The SHRIMP Technique. The SHRIMP is a large-diameter, double focusing 

secondary ion mass spectrometer (SIMS). It can measure isotopic and elemental 

abundances in-situ in minerals down to a spatial resolution of 5 J.1m. Therefore, it is 

Particularly well adapted for the analysis of complex or small mineral grains. It differs from 

SIMS on account of its larger mass analyser, a feature developed in order to maintain 

sensitivity at high mass resolutions. As with LA-ICP-MS, a small pit is produced in the 

mineral grain, but the technique is largely non-destructive as the measurements are 

performed in-situ within a thin- or thick-section. V-Pb geochronology is the most common 

application of the instrument, though the SHRIMP can be used to measure other isotopic 

and elemental abundances. During analysis, a beam of primary ions (02") is accelerated 

tOwards the target and used to sputter secondary ions from the sample. These secondary 

ions are accelerated through the large mass analyser, which separates them according to 

their mass-charge ratio. The quadrupole lens and electromagnet further process the ions 

before they reach the mass spectrometer (Figure 2.8) where they are identified. For V-Pb 

and Pb-Pb analysis various isotopes of uranium and lead can be measured successively, 

along with reference peaks (e.g., ThO+ and VOl. Since the sputtering yield differs between 

Ion species and changes with time depending on the ion species (because of increasing 

crater depth, charging effects and other factors), the measured relative isotopic abundances 

do not relate to the real relative isotopic abundances in the target. Corrections are 

determined by analysing a standard material, and determining an analytical-session specific 

calibration factor (Claoue-Long et aI., 1995). 
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2.8.2. Analysis at Hiroshima University. Our analysis was carried out by employing the 

SHRIMP II at the University of Hiroshima, Japan. SHRIMP II uses the same ion optical 

design as the original SHRIMP of the early 1980' s. However, with its modified secondary 

extraction geometry, SHRIMP II gives a three fold increase in the extracted secondary ion 

yield (Figure 2.9). Before our analysis was undertaken, each target grain had to be located 

and imaged using the backscatter detector attached to the NHM's JEOL 5900LV. These 

high-resolution images are necessary as the SHRIMP only has a standard video camera for 

sample guidance with no zoom capabilities, making target grain identification difficult. 

This problem is enhanced as each thin-section must be gold coated to enable the 

conduction of ions across the surface. Gold coating reduces the build up of charged 

particles on the sample surface, minimising interference with the primary beam. Surface 

conductivity is monitored with a voltmeter once the sample is secured in a metal holder. If 

the reading is constant over the whole section then it can be placed into the sample 

chamber, if not the sample holder is adjusted and/or the gold coat re-applied to increase 

conductivity. 

magnet 

- collector 
slit 

Quadrupole Lens 

2 m 

Figure 2.8: SHRIMP plan view. Secondary ions sputtered from the sample surface are accelerated along the 

instrument. As they move through the large electrostatic analyser they are separated according to mass-charge 

ratio, the quadrupole lens then selectively stablises certain ions which travel through the electromagnet to the 

detector (Compston et aI. , 1984). This manipulation ensures that when the ions reach the collector they are 

separated and can be individually identified. Image adapted from shrimprg.stanford .edu. 
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Figure 2.9: The SHRIMP II at Hiroshima University. (a) Sample chamber which is kept at a high vacuum to 

prevent atmospheric disturbance to the primary beam. The secondary ions are removed from the sample 

chamber and travel to the electrostatic analyser (left of image) via the visible metal tube. (b) Sample chamber 

(foreground right), control panel (centre) and collector (background left), the electrostatic analyser and 

magnet are hidden behind the control panel. 

From the time the samples are placed within the chamber it takes 3-4 hours to reach the 

correct vacuum pressure. After this period of time elapses the search for the target grains 

begins, once found their location can be recorded. During our target location it was often 

necessary to check the target grain by briefly turning on the beam and observing if the 

spectral peaks produced were in accordance with the target ' s mineral type. Finding the spot 

where the highest number of counts reaches the detector is also a useful way of 

determining the best location on the grain for analysis. Before every analysis, a 20 /lm 

diameter area of the sample surface was rastered for 2 minutes to remove the gold coat and 

possible surface contaminants. Then using Kohler illuminations, a - 6 nA mass filtered O
2
-

primary beam was used to sputter a 30 mm diameter flat-bottomed crater and secondary 

positive ions were extracted for mass analysis (Sano et aI. , 1999). The source and collector 

slits were set to 80 mm and 100 mm, respectively. A mass resolution of 5800 at 1 % peak 

height was employed to separate 4°Cal lpI 60 / from 143Nd160 + in the apatite standard with 

adequate flat topped peaks. No isobaric interferences were found in the mass range over 

206p 207 
b and Pb. The magnet was cyclically peak-stepped through a series of mass 
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numbers, ranging from mass 159 for 40Ca31p1603+ to mass 254 for 238U160+. These steps 

included the background mass number at 204.1, Pb isotopes at mass numbers 204, 206, 

207, and 208, mass 209 for 208PbW (to assess PbH interference), mass 238 for 238U and 

mass 248 for the 232Th160 peak (Sano et al., 1999). 

Throughout an analytical seSSlon certain factors must be regulated to maintain high 

precision, for example the primary column and source chamber pressures should be kept at 

3.5-4.5 and ~ 2 Torr respectively, by manual adjustment of the oxygen flow. In addition, 

the primary beam current and alignment are monitored and the secondary ion detection 

maximised before every analysis. PRAP apatite from the Prairie Lake circular complex 

was used as a standard, as grains from this complex are relatively large and contain high U 

concentrations (Sasada et ai., 1997). Standard analysis took approximately 20 minutes 

whereas that of the sample was considerably longer (~2 hours). In general, standards were 

analysed in groups of three at the beginning and end of a session, and after every 4-5 

sample analyses. Analytical errors are generally less than 2 % (Nemchin et aI., 2008). 

Raw data processmg was undertaken usmg Isoplot software (Ludwig, 2000), a 

geochronological toolkit for Microsoft Excel, created to interpret radiogenic isotope data. 

We used Isoplot to construct Pb-Pb isochrons. Any data points with insufficient counts 

above background levels were excluded (see chapter 6 for further details on data 

processing procedures). 
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3. MINERALOGY 

~. Sample Descriptions 

We investigated the petrography and mineral chemistry of mare-basalt samples using 

optical microscopy, scanning electron microscope (SEM) and electron microprobe 

techniques, the complete data sets of which can be found in appendix A and B. These 

investigations allowed observations of various textural and mineralogical characteristics 

for each lunar basalt sample. Each sample is individually described in the follOwing section 

and the modal abundance data (vol %) for the entire sample set is given in Table 3.1. 

Table 3,1: Modal mineralogy (vol %) for the samples studied in this work. 

~. Pyro- Plallod_ OIlviae n-Ite Spinel AnDllcolite' SIlIca Tl'DII\1e MeIett .... Pilolphatd Slim 
10017 47 29 \0 0.06 14.19 InIcc HHI 
10020 48 33 ~ 14 0.\3" ttace tlllCe ttace lOll 
10049 ~ 33 trace I~ 1.40 0.40 trace InIcc lOll 
lOOSO ~I 33 1 14 l.5~ 0.17 0.10 trace 100 
10057 56 36 ttace 8 0.04 trace lrace 100 I_ S! 32 11 4.92 O.3S ttace tm<:e 100 
10072 4~ 39 I I~ 0.03 lrace trace 100 
12016 ~I 31 14 4 0.57 0.82 trace 100 
12040 5~ 19 22 3 0.14 0.05 truce trace 100 
12047 51 39 I 6 0.25 2.95 0.35 tmce 100 
llOSl 60 30 7 0.07 2.84 0.26 InIcc 100 
12O!I2 62 32 2 3 0.29 \.37 0.22 \OU 
I~ 62 27 5 0.54 3.82 0.11 1.21 0.27 100 
14O!I3 59 34 3 2 0.26 0.92 0.13 trace tmce 100 
15016 61 23 12 1 2.83 ttace trace tmce 100 
1!1386 33 51 3 0.01 2.68 0.11 10.~ 0.~8 100 
15555 56 31 II I 0.64 0.52 tlllCe trace tmce 100 
70017 53 28 1 17 0.06 0.20 0.32 0.09 tl8l:C O.Q3 \00 
70035 52 29 18 trace 0.21 1.39 0.12 trace trace 100 
70215 63 12 7 17 0.08 0.11 0.02 0.82 100 74275 51 22 9 J5 \.86 0.93 0.28 0.41 100 

.... 7505!! 55 31 10 3.62 0.11 trace tmce IOU . 'Numbers be8lDDlDi With 10 12 14 15 and 70 RJIlC&eDl samples from the Apollo II. 12. 14. IS and 17 SItes telJ)eCUvely. pyroxene = clinopyroxenes of the solid soluuon 
SYste~ diopside (CaMsSi,o.i _ ~.melgite (CaFeSi,O,) - enstatite (MgSiO,) - ferrosilite (FeSiO.). plus orthopyroxenes within sample 15386 (MiSiO. - FoSiO,). 
'plllll1oclase ~ albite (Na(AlSl,oJ) - anorthite (CaAl,Sl,OJ. 'Olivine· Fayalite (Fe,SiO,) - Forsterilc <MJ,SiO,).'ilmcnlte (FeTIO,). 'spinel- in general a Bolid solution 
~n cbromite (Fe"Cr,o,) and uJv(lspincl (Fe",m,) with a nnaJ\ proportionofhorcynite (Fc·'AI,O,). 'annalcollte «Fe, MglTI,O.). 'silica (Sio,). 'troiJite (FeS). 'mcsostasis 
; Illtetstisial rnateriall1lOllly toO fine grained for anaIysls, ftequenIly c011l8inlng patches of K-feldspar (KAISi,O.), glass aad fine gnlined ctysla1s of \he ~eding minerals. 

boBphates - apatite (Ca,(PO.)'(F.CI) and (RE)-merillite (Ca,,(Mg,Fe),(Y,REE),(i'O'),,). "Though the INCA phasemap toOl has an error of - I % the modes of minor 
IlUllCrais were calcuIalcd blllCd on phasemap data and SEM ,,-ray image plxel cowrtlng. 

3.1.1. 10017,372: Apollo 11 High-Ti, Low-AI, High-K Mare Basalt. Sample 10017,372 

displays a fine grained, granular texture containing irregular vesicles up to - 2 rum 

diameter. Circular vesicles are less common and do not exceed 1 rum (Figure 3.1). Grain 

size is phase dependent, plagioclase and pyroxene occur as elongated grains with lengths 

up to 500 ~m, whereas ilmenite and silica grains rarely reach 1 00 ~m in length. Ilmenite is 
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irregular, cubic or acicular in contrast to anhedral, partially intergrown pyroxene and 

plagioclase. Anhedral and subhedral silica grains are associated with plagioclase and small 

areas « 250 ~m) of mesostasis. Minor minerals include F-rich apatite, (RE)-merillite, 

'troilite and FeNi, all of which are < 100 ~m and are associated with mesostasis (Figure 

3.2). 

Figure 3.1: Apollo II sample 10017. (a) Greyscale backscatter image where brighter areas are richer in 

heavy elements such as Fe, e.g. ilmenite appears bright because of high Fe and Ti content. (b) False colour x

ray image where red = Fe, green = Mg, blue = Si, white = AI, pink = Ti and yellow = S. This false colour 

image therefore shows pyroxene in green (olivine is bright green where present in some other images), 

plagioclase in white, silica in blue (including some of the glass slide around the edges of this image), ilmenite 

in pink and troilite in yellow. 
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Figure 3.2: Apollo II sample 10017 minor minerals. (a) High resolution backscatter image of this basalt' s 

granular texture, where plag = plagioclase, px = pyroxene and ilm = ilmenite. (b) High resolution backscatter 

image of an area of mesostasis and associated minor minerals, where meso = mesostasis, sil = silica and meri 

= (RE)-merillite. (RE)-merillite needles are visible within the mesostasis below the main (RE)-merillite 

grain. This grain contains bright zones with a high proportion of rare earth elements (REE) and darker zones 

containing comparatively low abundances of REE. 
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These phases are mostly irregular (excepting a number of (RE)-merillite needles) and are 

commonly intergrown. Mesostasis appears to contain K-feldspar and/or K-rich glass, but 

because of small grain size « 1 0 Ilm) these could not be distinguished. 

3.1.2. 10020,232: Apollo 11 High-Ti, Low-AI, Low-K Mare Basalt. There appears to be 

two generations of ilmenite within this sample, roughly half the grains are irregular « 0.5 

mm) while the remaining half are acicular/needles (up to 1.5 mm in length) (Figure 3.3). 

Plagioclase has similar textures but is slightly shorter « 1 mm in length, commonly < 0.5 

mm). Pyroxene is present as large irregular masses sub-ophitically enclosing ilmenite and 

plagioclase grains, because of this it is difficult to distinguish separate grains but the 

largest mass of pyroxene is - 2 by I mm (Figure 3.4). Olivine grains display a subhedral 

granular texture «1 mm diameter), and are associated with Cr-rich spinels « 100 Ilm 

diameter) that commonly form inclusions within olivine. Acicular silica is associated with 

areas rich in plagioclase and minor minerals. Phosphate phases are rare and very small « 5 

Ilm) within this thin section, precluding further mineralogical identification of these grains. 

Troilite « 50 Ilm) and tranquillityite « 10 Ilm) are associated with very rare and small 

areas of mesostasis consisting mostly of K-feldspar and pyroxferroite. FeNi blebs are 

sometimes found within troilite. Irregular vesicles of up to 2 mm diameter occur in this 

section, but more commonly on a 10-100 Ilm scale. 

3.1.3. 10049,94: Apollo 11 High-Ti, Low-AI, High-K Mare Basalt. This sample has a 

uniform fine-grained but vuggy intergrown texture with an average grain size of - 200 Ilm 

with rare 500 Ilm grains (Figure 3.5). Irregular vesicles are common, the largest has a 

diameter of 1.5 mm but diameters of -500 Ilm are more frequent. Euhedral, skeletal, 

pyroxene cores are rimmed by a later anhedral, Fe-rich pyroxene overgrowths. A number 

of these cores sub-ophitically enclose bladed ilmenite or contain ilmenite inclusions, and 

sometimes rare olivine is also associated. Anhedral plagioclase is associated with areas of 
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Figure 3.3: Apollo II sample 10020. (a) Backscatter image. (b) False colour x-ray image (element key as 

with Figure 3.lb). The bright green areas of this image are olivine grains; pyroxene shows a more blue-green 

colour. The red grains associated with olivine are spinel. All other mineral colours are as in Figure 3. 1 b. 

mesostasis containing K-rich glass and feldspar (Figure 3.6). Rare ilmenite resorbtion 

hollows contain plagioclase or Fe-rich clinopyroxene inclusions. Troilite is often found 

within plagioclase or at its margins, however the largest troilite grains are associated with 

vugs « 250 /lm). FeNi blebs « 5 /lm) are associated or included within troilite. Phosphate 

phases are widespread but rarely exceed 10 /lm , precluding further mineralogical 

identification. Silica is rare, < 10 /lm , and associated with plagioclase and mesostasis. 

91 



Figure 3.4: Apollo II sample 10020 high resolution backscatter electron image. This image shows a large 

pyroxene grain intruded with ilmenite blades. 

3.1.4. 10050,168: Apollo 11 High-Ti, Low-AI, Low-K Mare Basalt. Coarser grained than 

samples 10017 and 10020, this sample contains anhedral and subhedral masses of pyroxene 

(up to 2 mm diameter) sub-ophitically intergrown with acicular plagioclase (up to 1 mm). 

Irregular and semi-cubic plagioclase clusters occur at pyroxene grain boundaries, associated 

with embayed and resorbed blocky sieve textured ilmenite grains up to 2 mm in diameter 

(Figure 3.7). Voids within these grains contain pyroxene, plagioclase, silica and K-feldspar. 

Rounded and partially resorbed olivine grains are present within pyroxene masses, olivine 

voids contain mostly pyroxene with some ilmenite needles. Bladed and anhedral silica is 

associated with areas of mesostasis containing K-feldspar « 50 ).lm), troilite « 400 ).lm), 

FeNi « 100 ).lm - both within troilite and as independent grains), and F-rich apatite « 50 

).lm). Pyroxferroite is found at a number of clinopyroxene-ilmenite grain boundaries but in 
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this sample it has mostly broken down into an intergrowth of silica, fayalite and Ca, Fe-rich 

pyroxene (Figure 3.8). Irregular vesicles range from 0.5-2 mm diameter. 

Figure 3.5: Apollo II sample 10049. (a) Backscatter image. (b) False colour x-ray image (elemental key as 

in Figure 3.1 b). The slight variation in colour for the two halves of this image is because of the availability 

of AI x-ray data rather than any compositional difference, EDS detection of AI (shown in white) failed for the 

right half of this image montage. 
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Figure 3.6: Apollo II sample 10049 high resolution images. (a) Backscatter image showing the zoned nature 

of pyroxene grains, a euhedral , Mg-rich core is particularly evident within the large grain to the left of the 

image. (b) False colour x-ray image (elemental key as in Figure 3.1 b) highlighting troilite (yellow - tro), 

associated FeNi blebs (red) and mesostasis (blue). (c) False colour x-ray image where AI = white, K = blue 

and P = red , this image highlights the K-rich nature of the mesostas is, separates mesostasis from silica and 

shows phosphate rich phases (phos) associated with mesostasis and Fe-rich pyroxene. 
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3.1.5.10057,64: Apollo 11 High-Ti, Low-AI, High-K Mare Basalt. This sample's texture is 

very similar to that of 10049,94, with bladed ilmenite, anhedral plagioclase and two stage 

pyroxene growth (Figure 3.9). Troilite (up to 100 Jlm) associated with vesicles and the 

minor mineral phases associated with mesostasis are also common for both samples. 

However, average grain sizes are slightly larger within 10057,64 at around 200-300 Jlm, 

with a number of acicular plagioclase grains showing lengths over 1 mm (Figure 3.10). 

Irregular and circular vesicles are also more common, varying from 2 mm to 100 Jlm in 

diameter. 

3.1.6. 10058,254: Apollo 11 High-Ti, Low-AI, Low-K Mare Basalt. Sample 10058,254 

contains large anhedral pyroxene grains up to 3 mm diameter that are zoned with Fe-rich 

compositions at the rim, and these grains are sub-ophitically intergrown with plagioclase « 

1 mm) and ilmenite « 2 mm). Plagioclase is present both as laths and irregular masses 

while ilmenite is mostly irregular and partially resorbed (Figure 3.11). Pyroxene, 

plagioclase, K-feldspar and troilite are present within the resorbtion voids of ilmenite. 

Irregular and acicular silica (up to 1.5 mm long) is associated with plagioclase and areas of 

Fe-rich pyroxene as are relatively large irregular troilite grains (up to 500 Jlm) with FeNi 

inclusions (up to 100 Jlm). Small areas of mesostasis « 200 Jlm) are made up mostly of 

silica, K-feldspar and Fe-pyroxene (Figure 3.12). F-rich apatite « 50 Jlm), troilite, FeNi 

blebs and baddeleyite « 1 0 Jlm) also occur in the mesostasis. The residual breakdown 

products of pyroxferroite (silica, Ca,Fe-rich pyroxene and fayalite) form a symplectite 

texture associated with the mesostasis « 150 Jlm). Towards the bottom right of this thin 

section (Figure 3.11) is a comparatively large (- 200 Jlm) anhedral grain of metal consisting 

of 85 % Fe, 13 % Cr, and 0.15 % Ni along with other low amounts of Co, Si, Ca and Ti. 

None of the other samples contain metal grains with this ratio of Fe/CrlNi. Its presence at 

the edge of the section initially suggested it was a contaminant, however it appears to be 
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attached to a pyroxene grain boundary. Therefore it probably is a large Fe metal grain from 

within this sample with an unusually high Cr content. 

Figure 3.7: Apollo II sample 10050. (a) Backscatter image. (b) False colour x-ray image (elemental key as 

in Figure 3.1 b). Bright green grains in the latter are rounded olivine cores within pyroxene grains, white areas 

around vugs are AI-rich resin (used to stick the thin section to the glass slide), and plagioclase is light blue 

whereas silica is strong blue. 
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Figu re 3.8: Apollo II sample 10050 high resolution backscatter electron images. Highlighting (a) olivine 

(olv) core and pyroxferroite (pyroxf) degraded to fayalite, silica and FeCa-rich pyroxene, (b) an area of 

rnesostasis with associated apatite (ap), K-feldspar (K-feld), troilite (tro) and FeNi metal. 
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Figure 3.9: Apollo 11 sample 10057. (a) Backscatter image. (b) False colour x-ray image (elemental key as 

in Figure 3.1 b), both highlighting the granular texture of this sample and its similarity to sample 10049. 
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Figure 3.10: Apollo II sample 10057 high resolution backscatter electron image. This image shows granular 

texture with ilmenite intruding pyroxene and commonly anhedral plagioclase at grain boundaries. 

3.1. 7. 10072,40: Apollo 11 High-Ti, Low-AI, High-K Mare Basalt. Pyroxene and ilmenite 

are the dominant minerals in this sample (Figure 3.13). The former occurs as 1 mm sized 

anhedral masses, with Mg-rich cores and Fe-rich rims, with smaller « 1 00 11m) Fe

Pyroxene is also visible between larger grains. The latter is skeletal and exists as blades (up 
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to 2 mm) or needles (up to 1 mm). Inclusions within ilmenite blades contain pyroxene, 

plagioclase, K-feldspar and glass. Olivine is present as rare rounded grains within 

pyroxene « 700 Ilm) with the exception of one large (1.7 mm diameter) lens shaped, 

embayed olivine grain which is not included or intruded by any other phase (Figure 3.14). 

Bladed or acicular plagioclase crystals are found around the margins of large 

clinopyroxene masses, inter-grown with Fe-rich pyroxene. Irregular troilite grains up to 

500 Ilm in length are randomly dispersed and do not contain FeNi blebs. Phosphate phases 

are rare «0.01 %) within in this sample, and occur as needle clusters less than 50 by 10 

Ilm, too small for mineralogical identification. Small areas of meso stasis « 200 Ilm) are 

associated with Fe-rich pyroxene and consist of interstitial glass enriched in K, Al and Ca 

(Figure 3.15). Irregular vesicles from 3 mm to < 100 Ilm diameter are common in this 

sample. 

3.1.8. 12016,39: Apollo 12 Low-Ti, Low-AI, Low-K Mare Basalt. Sample 12016,39 

contains ~ 1 mm-sized subhedral pyroxene grains with Mg-rich cores zoning to Fe-rich 

rims (Figure 3.16). These pyroxene grains sub-ophitically include irregular, commonly 

bladed and partially resorbed ilmenite « 700 Ilm), and subhedral olivine « 1 mm) with 

normal zoning. Ilmenite resorbtion hollows contain pyroxene, plagioclase and silica. 

Spinel « 200 Ilm) of varying Cr and Ti compositions (section 3.2.5) is associated with 

pyroxene and olivine, though there appears to be no relationship between spinel 

composition and phase association. For example, Cr-rich spinels are not preferentially 

associated with olivine. Largely mm-sized subhedral-anhedral plagioclase surrounds the 

above phases, rarely displaying an intergrown texture with areas of Fe-rich pyroxene. 

Troilite and silica (both < 250 Ilm), F-rich apatite needles « 30 Ilm in length), FeNi blebs 

within troilite « 5 Ilm), and rare mesostasis « 0.01 %, < 30 Ilm diameter), are also 

associated with areas of Fe-rich pyroxene (Figure 3.17). Irregular voids are visible in this 

thin section, the largest of which is 1 mm in length. 
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Figure 3.11: Apollo II sample 10058. (a) Backscatter image. (b) False colour x-ray image (elemental key as 

in Figure 3.1 b). A large Fe metal grain rich in Cr is shown in red at the bottom right of the latter image. 
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Figure 3.12: Apollo 11 sample 10058 high resolution backscatter electron images. Highlighting (a) 

mesostasis and associated minerals, (b) pyroxferroite. The latter also shows surface contamination (sc) 

towards the left of the image. 
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Figure 3.13: Apollo II sample 10072. (a) Backscatter image. (b) False colour x-ray image (elemental key as 

in Figure 3. I b). The obvious bright green grain to the right of the latter image is an embayed olivine grain, 

smaller olivine cores are visible within pyroxene. 
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Figure 3.14: Apollo II sample 10072 optical microscope crossed polarised light (XPL) image. This image 

displays the sole large olivine grain found within this sample, whjch shows signs of pyroxene embayment at 

its edges but no intrusions or included phases. 

3.1.9. 12040,44: Apollo 12 Low-Ti, Low-AI, Low-K Mare Basalt. This sample contains 

subhedral, zoned olivine « 2 mm) grains (Figure 3.18). Fe-rich olivines are associated and 

often intergrown with irregular ilmenite « 1.5 mm) commonly showing resorbtion 

hollows (Figure 3.19). Pyroxene crystals up to 4 mm in length surround the more Mg-rich 

olivine grains, both of which are associated with spinels of varying compositions (as in 

sample 12016,39). Fe-rich olivine and ilmenite are mostly observed at pyroxene grain 

boundaries, as is troilite « 100 11m) containing FeNi blebs « 30 11m). Anhedral 

plagioclase (mm-sized) occurs at pyroxene grain boundaries but is also found intergrown 

with pyroxene. Mesostasis containing K-feldspar « 200 11m), F-rich apatite « 50 11m), 

(RE)-merillite « 30 11m) and baddeleyite « 5 11m) are associated with plagioclase. No 

vesicles are visible in this thin section. 
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Figure 3.15: Apollo II sample 10072 high resolution backscatter electron images. Highlighting (a) rare 

phosphate (phos) phases, (b) mesostasis and associated minerals. 
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Figure 3.16: Apollo 12 sample 12016. (a) Backscatter electron image. (b) False colour x-ray image (key as 

in Figure 3 . 1 b). The latter highlights olivine zonation from Mg-rich (green) to Fe-rich (red). 
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Figure 3.17: Apollo 12 sample 12016 high resolution backscatter electron images. Showing (a) minor 

minerals silica, troilite and apatite, (b) mesostasis. 
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Figure 3.18: Apollo 12 sample 12040. (a) Backscatter electron image. (b) False colour x-ray image 

(elemental key as in Figure 3. I b). 

3.1.10. 12047,9: Apollo 12 Low-Ti, Low-AI, Low-K Mare Basalt. Sample 12047,9 

contains circular vesicles up to 2 mm diameter and displays a hollocrystalline texture 

(Figure 3.20). Subhedral to anhedral pyroxene « 2 mm) dominates this sample, zoned to 

Fe-rich compositions at grain rims. A smaller number of subhedral, Mg-rich pyroxenes are 

also present. Acicular plagioclase and ilmenite (both < 2 mm in length) are associated with 

these pyroxene rims and are mostly encapsulated by pyroxene. A number of ilmenite 

grains contain resorbtion hollows filled with feldspar and Fe-rich pyroxene. The most Mg-
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rich pyroxene cores enclose rounded, embayed and partly resorbed olivine « 1 mm); 

pyroxene cores and olivine appear to cluster together. Spinels « 70 11m) with varying Cr 

and Ti contents are found within olivine or Mg-rich pyroxene. Minor minerals include 

anhedral silica « 500 11m), K-feldspar, associated with plagioclase « 100 11m), troilite 

« 70 11m), F -rich apatite « 1 00 11m) and rare fayalite at the extreme edge of pyroxene rims 

« 20 11m). This fayalite is a by-product of pyroxferroite break-down and is associated with 

areas of Fe-rich pyroxene and apatite grains (Figure 3.21). 

Figure 3.19: Apollo 12 sample 12040 high resolution backscatter electron image. The mesosta is and 

ilmenite resorbtion hollows are highlighted . 

3.1.11. 12051,59: Apollo 12 Low-Ti, Low-AI, Low-K Mare Basalt. Plagioclase, pyroxene 

and ilmenite dominate this hollocrystalline sample (Figure 3.22). Euhedral Mg-rich 

pyroxene cores « 3 mm) are overgrown with anhedral Fe-rich rims, the boundary between 

these two types of pyroxene may be sharp or disbursed. In rare instances, Fe-rich pyroxene 
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Figure 3.20: Apollo 12 sample 12047. (a) Backscatter electron image. (b) False colour x-ray image 

(elemental key as in Figure 3.1 b). This latter image highlights olivine and Mg-rich pyroxene clusters as well 

as the existence of a small number of relatively large subhedral Mg-rich pyroxenes. 
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Figure 3.21: Apollo 12 sample 12047 high resolution backscatter electron images. Highlighting (a) silica and 

apatite, (b) troilite and faya lite . 
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Figure 3.22: Apollo 12 sample 12051. (a) Backscatter electron image. (b) False colour x-ray image 

(elemental key as in Figure 3. 1 b). 
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Figure 3.23: Apollo 12 sample 12051 high resolution backscatter electron images. Highlighting (a) apatite 

and (b) silica and (RE)-merillite. (RE)-merillite in the e images is generally harder to distinguish than apatite 

as it has less pronounced boundaries and a similar brightness to pyroxene. 
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Figure 3.24: Apollo 12 sample 12052. (a) Backscatter electron image. (b) False colour x-ray image 

(elemental key as in Figure 3. lb). The latter image shows how olivine, pyroxene and spinel (in red) 

phenocrysts are frozen within a quench textured groundmass. 

rims develop into pyroxferroite, found along with its breakdown products, silica, Ca-Fe 

pyroxene and fayalite, though these areas never reach more than ~ 100 )..lID diameter. 

Spinels « 200 )..lm) of varying Cr and Ti compositions are associated with Mg-rich 

pyroxene, forming defined clusters. Long blades and laths of plagioclase (up to 2 mm) are 

sub-ophitically enclosed by pyroxene grains excepting the most Mg-rich pyroxene cores. 

Ilmenite blades « 800 )..lm) and smaller anhedral grains are commonly found at pyroxene 
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grain boundaries or within the anhedral Fe-rich pyroxene overgrowths. Rare ilmenite 

resorbtion hollows can contain Fe-rich pyroxene, plagioclase, K-feldspar, silica and 

troilite. Silica « 1 mm) is present as anhedral masses often intergrown with plagioclase 

and K-feldspar « 200 ~m). Silica is also associated with troilite « 150 ~m) containing 

FeNi blebs « 50 ~m), pyroxferroite « 100 ~m), (RE)-merillite and F-rich apatite « 100 

~m) (Figure 2.23). Irregular shaped vesicles are rare and small (200 ~m) in this thin 

section. 

3.1.12. 12052,339: Apollo 12 Low-Ti, Low-AI, Low-K Mare Basalt. Sample 12052,339 

contains phenocrysts of elongated subhedral zoned pyroxene (up to 2.5 mm), subhedral 

olivine « 700 ~m) and associated chromite spinel (200 ~m) (Figures 3.24 and 3.25). 

pyroxene phenocrysts commonly exhibit skeletal 'soda straw' texture (appearing hollow 

along their length), zonation can be observed under an optical microscope - the rosy tint of 

pyroxene rims under plane polarised light indicates augite composition (Figure 3.26), which 

is further supported by mineral chemical analysis (section 3.2.1). Phenocrysts are set within 

a fme-grained quench textured groundmass consisting of intergrowths of radiating 

elongated plagioclase « 1 mm), anhedral Fe-rich pyroxene « 1 mm), bladed ilmenite « 

200 ~m long), silica « 100 ~m) and troilite « 100 ~m). These groundmass crystals do not 

penetrate the phenocrysts, although olivine and pyroxene margins are slightly embayed. 

Troilite « 30 ~m) containing FeNi blebs « 10 ~m) commonly mantles spinel, in addition 

to occurring in the groundmass. It is not possible to distinguish any phosphate phases or 

other minor minerals because of the fine grained nature of the groundmass. Small « 500 

J.lm) irregular shaped vesicles are rare. 

3.1.13. 12064,136: Apollo 12 Low-Ti, Low-AI, Low-K Mare Basalt. Sample 12064,136 

exhibits one of the coarsest textures among all our samples, containing ilmenite blades up to 

3 mm in length (Figure 3.27). Subhedral to anhedral, highly-zoned clinopyroxene « 2 mm) 
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is inter grown with anhedral plagioclase « 2 mm). SEM backscatter electron (BSE) images 

suggest that in a number of areas the iron content of pyroxene is comparable to that of 

ilmenite, this Fe-pyroxene commonly grades into pyroxferroite (and symplectite texture of 

silica, fayalite and Ca-rich pyroxene representing pyroxferroite breakdown products) where 

it is surrounded by ilmenite. Ilmenite blades and skeletal silica laths (up to 2 mm in length) 

are associated with Fe-rich pyroxene but are not associated with Mg-rich pyroxene cores. 

T~ese cores commonly appear as skeletal ghost crystals within surrounding Fe-rich 

pyroxene and are rarely associated with irregular spinel « 500 11m). The latter occur in two 

generations; Cr-rich spinel exists as 100-200 11m anhedral and subhedral grains mantled by 

Ti-rich spinel which also occurs as isolated anhedral grains up to 300 11m diameter. Silica is 

mostly associated with ilmenite. In addition, it occasionally shows intergrowth textures with 

plagioclase. Minor minerals include anhedral troilite « 100 11m), elongated F-rich apatite 

« 300 11m in length), K-feldspar « 100 11m), pyroxferroite « 700 11m - with breakdown 

products composed of silica, Ca, Fe-rich pyroxene and fayalite) and baddeleyite « 10 11m). 

These are all associated with Fe-rich pyroxene areas (Figure 3.28). In this thin section, a 

single area (- 1.5 mm diameter) of mesostasis is present containing numerous apatite and 

troilite inclusions, with pyroxferroite at its edge as well as surrounding silica and ilmenite 

blades. The coarse-grained texture and absence of glass in this sample indicate relatively 

slow cooling. This sample contains no vesicles. Fayalite is known to exist in sample 12064 

in trace amounts (Kushiro et aI., 1971) but none was found in this thin section. 

3.1.14. Sample 14053,19: Apollo 14 Low-Ti, High-AI, Low-K Mare Basalt. Sample 

14053,19 is dominated by anhedral zoned-pyroxene grains (up to 2 mm) with Mg-rich cores 

and Fe-rich rims (Figure 3.29). These cores contain inclusions of anhedral, slightly rounded 

olivine (up to 1.5 mm) and spinel « 500 11m). Two groups of spinel are present, (i) 

subhedral Cr-rich spinel with slight zonation towards more Ti-rich spinel and (ii) anhedral 

Ti-rich grains. Both varieties are associated with Mg-rich pyroxene cores and can be found 
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as inclusions within olivine. Subhedral to euhedral, acicular or bladed plagioclase (up to 1 

mm in length) is commonly associated with Fe-rich pyroxene, however smaller blades can 

be found within Mg-pyroxene cores and olivine. Irregular ilmenite (up to 1 mm) is rare 

compared to plagioclase and is entirely associated with Fe-rich pyroxene at pyroxene grain 

boundaries. Ilmenite resorbtion hollows are common and mostly contain Fe-rich pyroxene, 

plagioclase, silica and troilite. Irregular silica (up to 1 mm but commonly < 700 Jlm) is also 

associated with Fe-rich pyroxene rim areas as is troilite « 150 Jlm), FeNi « 100 Jlm), K

rich glass « 500 Jlm - often but not exclusively found with plagioclase), pyroxferroite and 

its degraded components « 300 Jlm), F-rich apatite (disarticulated needles up to 500 Jlm 

long), mesostasis « 100 Jlm) and (RE)-merillite « 100 Jlm) (Figure 3.30). FeNi is usually 

mantled rather than enclosed by troilite in this sample. Irregular vesicles are rare and small 

« 700 Jlm). 

3.1.15.15016,7: Apollo 15 Low-Ti, Low-AI, Low-K Mare Basalt. Sample 15016,7 contains 

the largest spherical vesicles among all our samples (up to 4 mm diameter) (Figure 3.31). It 

Contains subhedral-anhedral zoned pyroxene (up to 2 mm), with highly zoned subhedral 

olivine (up to 1 mm) and Cr-spinel « 200 Jlm) within the Mg-rich pyroxene cores. Acicular 

plagioclase « 1.5 mm) is intergrown with the Fe-rich rims of pyroxene, irregular ilmenite 

« 500 Jlm) and minor minerals are also associated with these rims. In addition, the smaller 

spinel grains « 1 00 Jlm) appear to cluster around the vug edges. Minor phases include 

silica « 200 Jlm), troilite « 50 Jlm) containing FeNi blebs « 10 Jlm), K-rich glass « 150 

Jlm), F-rich apatite « 50 Jlm), (RE)-merillite « 50 Jlm) and mesostasis « 50 Jlm) (Figure 

3.32). 

3.1.16. 15386,46: Apollo 15 KREEP Basalt. Sample 15386,46 is dominated by anhedral 

plagioclase (up to 2 mm) intergrown with zoned acicular or irregular subhedral pyroxene 
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« 1.5 mm). Pyroxene cores are Mg-rich compared to the rims, which appear embayed and 

partially resorbed but traces of euhedral outlines still remain (Figure 3.33). The Mg-rich 

Figure 3.25: Apollo 12 sample 12052 high resolution backscatter electron images. Showing (a) Cr-spinel 

phenocrysts with Ti-spinel overgrowth, (b) spinel associated with olivine phenocrysts. 
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Figure 3.26: Apollo 12 sample 12052 plain polarised light (PPL) optical microscope image. The rosy colour 

of pyroxene is because of high Ti content, indicative of an augitic rather than pigeonite composition. 

Cores are not included or penetrated by any other phase, but the surrounding Fe-rich rims 

Contain small anhedral Cr-rich spinels « 1 00 ~m). Plagioclase is associated with troilite 

«100 ~m) containing FeNi « 20 ~m); these are the only phases to form inclusions within 

plagioclase though other minerals show sub-ophitic relationship with plagioclase near the 

grain boundaries. Other minerals associated with plagioclase include acicular grains « 700 

j..l.m in length) and needles of ilmenite (up to 1 mm in length), irregular silica « 500 j..l.m), 

disarticulated needles and acicular grains of F-rich apatite (700 j..l.m and 300 j..l.m in length 

respectively), acicular (RE)-merillite « 250 j..l.m in length) and baddeleyite « 10 ~m) 

(Figure 3.34). Areas of mesostasis (up to 700 ~m diameter) within this sample are 

Particularly abundant, containing mostly K-rich glass and Fe-rich pyroxene in addition to 

minor minerals (silica and independent FeNi blebs are especially associated). A number of 

Irregular vesicles occur in this sample with a maximum diameter of 1 mm. 
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Figure 3.27: Apollo 12 sample 12064. (a) Backscatter electron image. (b) False colour x-ray image 

(elemental key as in Figure 3.1 b except Ca = white rather than AI). This sample is highly zoned as can be 

seen by the transition of pyroxene from Mg-rich (dark grey) to Fe-rich (light grey) in the backscatter image. 

In addition, a large area of mesostasis is visible in the central region of this thin section (red in b). Ca rather 

than AI is represented in white, this highlights plagioclase in light blue and relatively large apatite grains in 

white. 

3.1.17.15555,206: Apollo 15 Low-Ti, Low-AI, Low-K Mare Basalt. Phenocrysts of zoned 

euhedral pyroxene (up to 3.5 mm but more commonly < 2 mm) and zoned subhedral 

olivine « 1 mm) are surrounded by anhedral plagioclase in this sample (Figure 3.35). 

Smaller, less zoned, granular, rounded olivine can be found within the cores of pyroxene 
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phenocrysts. This olivine also occurs within plagioclase masses associated with small, 

granular, less-zoned pyroxene grains. Cr-rich spinel « 150 ~m) exists as inclusions within 

Figure 3.28: Apollo 12 sample 12064 high resolution backscatter image. Minor minerals, including silica, 

pyroxferroite, troilite and apatite are highlighted. 

the large pyroxene and olivine phenocrysts, it is also found attached to the smaller grains of 

these phases within plagioclase. Comparatively rare ilmenite occurs as elongated irregular 

grains up to 1 mm in length and is mainly associated with Fe-rich pyroxene and olivine rims 

or the most fayalitic small olivine grains within plagioclase. Anhedral silica « 500 ~m), 

troilite « 150 ~m) and FeNi metal « 30 ~m) are also associated with these Fe-rich regions, 
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as are rare areas of meso stasis up to 200 !lm in dimension. The mesostasis consists of K

rich glass containing Fe-pyroxene and troilite needles (both < 10 !lm), zoned F-rich apatite 

« 70 !lm), (RE)-merillite « 20 !lm), baddeleyite « 30 !lm) and zirconolite « 10 !lm) 

Figure 3.29: Apollo 14 sample 14053 . (a) Backscatter electron image. (b) False colour x-ray image 

(elemental key as in Figure 3.1b). 
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Figure 3.30: Apollo 14 sample 14053 high resolution images. (a) High resolution backscatter electron image 

displaying apatite and pyroxferroite. (b) High resolution x-ray image showing relative Fe content to highlight 

the three components of degraded pyroxferroite - silica (black), fayalite (yellow) and Fe, Ca rich pyroxene 

(orange). 
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Figure 3.31: Apollo 15 sample 15016. (a) Backscatter electron image. (b) False colour x-ray image 

(elemental key as in figure 3.1b). Olivine is highly zoned from Mg-ricb cores (green in x-ray image) to Fe

rich rims (red in x-ray image). 

(Figure 3.36). Vugs are irregular but rounded and can reach up to 2.25 mm, however this 

thin section is of uneven thickness and it is, therefore, difficult to distinguish in this area 

whether holes are due to the presence of vesicles or simply the extreme thinness of the 

section. 

3.1.18. Sample 70017,110: Apollo 17 High-Ti, Low-AI, Low-K Mare Basalt. Anhedral 

pyroxene « 2 mm) is intergrown with anhedral elongated plagioclase « 2 mm in length) in 
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Figure 3.32: Apollo 15 sample 15016 high resolution backscatter electron Images. Highlighting (a) 

meSostasis, troilite and (RE)-merillite, (b) troilite, (RE)-meri llite and apatite. 
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Figure 3.33: Apollo 15 samp le 15386. (a) Backscatter electron image. (b) False colour x-ray image 

(elemental key as in Figure 3 .1 b). This KREEP basalt contains comparatively large areas of mesostasis. 
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Figure 3.34: Apollo 15 sample 15386 high resolution backscatter images. Highlighting (a) mesostasis, 

troilite, (RE)-merillite and apatite, (b) mesostasis and disarticulated apatite needle. 
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Figure 3.35: Apollo 15 sample 15555. (a) Backscatter electron image. (b) False colour x-ray image 

(elemental key as in Figure 3.lb). Olivine is highly zoned in this sample, as with sample 15016 (Figure 3.3\). 

this sample (Figure 3.37). However a number of Mg-rich pyroxene cores exist without 

plagioclase inclusions; in places the faint euhedral outline of these cores is still visible 

against the more Fe-rich rim pyroxene. Rounded olivine is found within pyroxene grains « 
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Figure 3.36: Apollo J 5 sample 15555 high resolution backscatter electron images. Showing (a) zoned apatite 

With a REE-rich rim, (b) mesostasis and apatite . 
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Figure 3.37: Apollo 17 sample 70017. (a) Backscatter electron image. (b) False colour x-ray image 

(elemental key as in Figure 3 .1 b). 
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Figure 3.38: Apollo 17 sample 70017 high resolution backscatter electron images. Showing (a) apatite and 

troilite, (b) apatite, mesostasis and ilmenite resorbtion hollows filled with K-rich glass, silica and mesostasis. 
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Figure 3.39: Apollo 17 sample 70035. (a) Backscatter electron image. (b) False colour x-ray image 

(elemental key as in Figure 3. I b). 

800 ~m - it also occurs within plagioclase), along with small anhedral Cr-Ti spinel « 80 

Ilm), acicular rounded armalcolite « 600 ~m in length) and blocky irregular, partially 

resorbed ilmenite (up to 1 mm), which is ubiquitous throughout the sample. Ilmenite 

resorbtion hollows contain mostly silica, K-rich glass, plagioclase and Fe-pyroxene. 

Ilmenites are associated with irregular silica « 700 ~m), troilite « 300 ~m, also present 
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within olivines), FeNi « 50 J.1m) and areas of mesostasis « 200 J.1m) (Figure 3.38). 

Annalcolite cores exist within a number of ilmenite grains (Table 3.1). F-rich apatite « 100 

J.1m) and FeNi blebs « 10 J.1m) are associated with areas of mesostasis. Rare irregular 

rounded vesicles are visible up to 1 mm diameter. 

3.1.19. 70035,195: Apollo 17 High-Ti, Low-AI, Low-K Mare Basalt. The texture of sample 

70035,195 appears similar to that of 70017,110 with Mg-rich pyroxene cores associated 

with blocky irregular ilmenite (up to 1 mm) and rounded olivine « 500 J.1m), surrounded by 

Fe-pyroxene and plagioclase (Figure 3.39). However, there are a number of differences; 

firstly, armalcolite and spinel are rare within this sample (Table 3.1). Secondly, pyroxene 

cores zone smoothly into Fe-rich pyroxene rims creating an anhedral mass « 2.5 mm) 

rather than a euhedral core surrounded by anhedral rim material, and thirdly, plagioclase « 

2 rom) is less intergrown with Fe-rich pyroxene rims than in sample 70017,110. In addition, 

oliVine is less abundant in this sample, as are apatite « 40 J.1m - zoned) and (RE)-merillite 

« 1 00 J.1m) (Table 3.1, Figure 3.40). Ilmenite shows resorbtion hollows filled with 

plagioclase, silica and Fe-pyroxene and is associated with anhedral silica « 800 J.1m), very 

rate Cr-Ti spinel « 10 J.1m) and troilite (up to 300 J.1m). Spinel is only found as inclusions 

Within ilmenite grains and associated with sulphides, FeNi blebs and silica. K-feldspar « 

1 00 J.1m) is associated with plagioclase and areas of mesostasis « 250 J.1m). Mesostasis 

consists of K-rich glass, plagioclase, troilite needles, FeNi blebs (up to 10 J.1m - also found 

Within troilite). F-rich apatite « 50 J.1m - zoned), (RE)-merillite « 100 J.1m), Fe-pyroxene, 

baddeleyite « 1 0 J.1m) and zirconolite « 1 0 J.1m) are also found within these areas. Two 

Possible tranquillityite grains « 1 0 J.1m) were also observed, though small grain size 

prevented a definitive identification. Vesicles are rare and never reach more than 500 J.1m. 
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Figure 3.40: Apollo 17 sample 70035 high resolution backscatter electron images. Highlighting (a) zoned 

apatite, (b) Apatite needles, troilite and mesostasis. 
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Figure 3.41: Apollo 17 sample 70215. (a) Backscatter electron image. (b) False colour x-ray image 

(elemental key as in Figure 3.1 b). These images reflect the fme grained texture of this sample, the latter 

Image highlights the presence of olivine phenocrysts but gives an overrepresentation of ilmenite abundance 

(in Pink). Ilmenite is present in the groundmass along with pyroxene (green) and plagioclase (white), as these 

grains are less than 1 pixel creation of a false colour image advocates the dominance of the brightest colour 

(pink). 

3.1.20. 70215,306: Apollo 17 High-Ti, Low-AI, Low-K Mare Basalt. This sample displays 

a quenched texture similar to sample 12052 (section 3.1.12), with phenocrysts of skeletal 

olivine (up to 2 mm), granular pyroxene (up to 1 mm), semi cubic Cr-rich spinel « 150 

/-lm) and skeletal acicular ilmenite (up to 3 mm long) (Figure 3.41). Inclusions in olivine are 

mostly ilmenite or pyroxene. Pyroxene phenocrysts exist in loose clusters associated with 

slightly coarser plagioclase needles (up to 700 11m long) than those present in the 
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groundmass (Figure 3.42). Acicular and skeletal ilmenite blades are homogeneously 

distributed, rarely containing armalcolite cores « 1 0 Ilm). Cr-rich spinel phenocrysts 

(zoned to Ti-rich rims) are associated with and commonly include olivine. The quenched 

groundmass consists mostly of an intergrowth of radiating acicular plagioclase (up to 400 

Ilm long), anhedral silica « 200 Ilm) and anhedral pyroxene, also containing abundant 

ilmenite needles « 500 Ilm). Troilite « 300 Ilm) are associated with rare irregular vesicles 

« 700 Ilm), smaller grains exist within the groundmass. No phosphate phases, FeNi blebs, 

or other minor minerals were observed in this sample, however they may be present as 

aphanitic grains « 5 Ilm) in the groundmass. 

3.1.11. 74175,310: Apollo 17 High-Ti, Low-AI, Low-K Mare Basalt. This sample is 

dominated by anhedral cores of pyroxene « 700 Ilm), granular rounded olivine « 350 Ilm) 

and skeletal bladed and irregular ilmenite (up to 1 mm in length) (Figure 3.43). Cr-Ti semi

cubic, subhedral, spinel « 120 Ilm) is associated with and included in olivine. Pyroxene 

cores are cross cut by ilmenite, olivine and armalcolite, the latter existing independently as 

acicular grains « 200 Ilm long) within pyroxene and as cores within ilmenite « 150 Ilm), 

while the former two phases exist both within pyroxene and external to it. The remainder of 

the sample consists of quenched and intergrown anhedral pyroxene (only slightly more Fe

rich than pyroxene cores), acicular plagioclase (up to 700 Ilm in length), ilmenite needles « 

200 Ilm), irregular silica « 200 Ilm) and K-feldspar « 100 Ilm). Troilite has diameters no 

more than 50 Ilm and is only observed in the groundmass. FeNi blebs « 5 Ilm) are rare and 

no phosphates were observed (Figure 3.44). Vesicles are rare and < 700 Ilm diameter. 

3.1.11. 75055,49: Apollo 17 High-Ti, Low-AI, Low-K Mare Basalt. Sample 75055,49 

displays a hypo crystalline texture of ilmenite, pyroxene and plagioclase (Figure 3.45). 

Subhedral-anhedral pyroxene « 2 mm) is zoned with Fe-rich composition towards the 

grain rims (pyroxferroite in some cases). Subhedral-anhedral plagioclase is acicular « 2 
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mm) as is ilmenite « 1.5 mm) which is also commonly bladed and/or skeletal, and shows 

signs of resorbtion. Ilmenite resorbtion hollows commonly contain silica, pyroxene, 

Figure 3.42: Detailed areas of Apollo 17 sample 70215 . (a) High resolution false colour x-ray image 

(elemental key as in Figure 3.1 b) displaying the skeletal nature of olivine and ilmenite phenocrysts. Semi

cubic spinels are shown in red. (b) False colour x-ray image of the same area as (a), where Al = white, Fe = 

red, Mg = green and S = yellow. This image highlights the clustered nature of granular pyroxene phenocrysts 

(dark green areas) and the relatively coarse grains of plagioclase surrounding them. 
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Figure 3.43: Apollo 17 sample 74275. (a) Backscatter electron Image. (b) False colour x-ray image 

(elemental key as in Figure 3.1 b). 
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Figure 3.44: Apollo 17 sample 74275 high resolution backscatter electron images. Highlighting (a and b) 

the ske letal nature of ilmenite phenocrysts plus the intergrown texture of pyroxene and plagioclase. (b) 

ilmenite needles in the groundmass and armalcolite cores within larger ilmenite grains . 
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Figure 3.45: Apollo 17 sample 75055 . (a) Backscatter electron image. (b) False colour x-ray image 

(elemental key as in Figure 3.lb). 

at pyroxene, plagioclase and ilmenite boundaries. Troilite « 200 11m) and FeNi blebs 

within troilite « 50 11m) are associated with silica, as are rare F -rich apatite grains « 150 

11m), baddeleyite « 50 11m), zirconolite « 20 11m) and areas of mesostasis « 300 11m, 

containing K-feldspar) (Figure 3.46). Vesicles are rare, irregular, rounded and < 200 11m. 

3.2. Major Element Mineral Chemistry 

In the following section, the major-element composition of individual mineral phases 

within the samples are described and these data were then used to draw mineralogical 

comparisons. Table 1.1 and 1.5 provide the basalt type for each specimen as per lunar 

nomenclature. 
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Figure 3.46: Apollo 17 sample 75055 high resolution backscatter electron images. Showing (a) silica, K-rich 

glass and troilite, (b) troilite, FeNi metal , apatite and mesostasis. 
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3.2.1. Pyroxene. Pyroxene grains from Apollo 11 samples generally exhibit varying 

crystallisation trends for the high-Ti, low and high-K samples within our sample set. The 

Apollo 11 low-K samples contain augite cores progressing through ferroaugite to 

ferrohedenbergite and pyroxferroite rims, while the latter contain pigeonite, subcalcic 

augite and augite cores with rims of ferroaugite or subcalcic ferroaugite - less Fe enriched 

than the low-K samples (Figure 3.47). High-K basalt pyroxene grains also appear to have 

definite Mg-rich cores which are large in comparison to the rim, conversely low-K samples 

show continuous pyroxene zonation resulting in a relatively even spread of data across the 

pyroxene quadrilateral. These differences in pyroxene composition and zoning patterns 

between the two Apollo 11 basalt types are also evident in the data of Dence et al. (1970), 

French et al. (1970), Lovering and Ware (1970) and Beaty and Albee (1978). Although 

sample 10050,168 is classified as a low-K sample (LSPET, 1969; Duncan et al., 1976; 

Jerde et aI., 1994) it does not fit with the typical trend for this compositional group. It 

contains augitic cores with higher Mg# than pigeonite (77 vs. 69 respectively, where Mg# 

= (MgI(Mg+Fe2+»* 100), and a number of grains fractionate to subcalcic ferroaugite 

compositions, similar to pyroxene grains found in the high-K basalts. Beaty and Albee 

(1978) stated that the most Fe-rich pyroxene in this sample is poorer in Ca (giving it a 

pyroxferroite composition) than equivalent grains within the other low-K samples. 

However, our data indicate this is not the case, as the Ca contents of the most Fe-rich 

pyroxene within samples 10020,232, 10050,168 and 10058,254 are W09, WOlO and W014 

respectively. All the Apollo 11 samples studied display Ca-rich compositions for the 

majority (if not all) of their pyroxene cores, pigeonite cores are rare. 

Apollo 17 high-Ti type A sample 75055,49 contains the same pyroxene compositions as 

those of the Apollo 11 high-Ti, low-K basalts, with augite cores zoning through ferroaugite 

to ferrohedenbergite and pyroxferroite rims. In addition the two previously unclassified 

Apollo 17 samples 70017,110 and 70035,195 show pyroxene data trends resembling those 
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of Apollo 11 high-Ti, high-K basalts, with Mg-pigeonite and augite cores zoning to 

subcalcic ferroaugite and ferroaugite rims (Figure 3.47). However, type B basalt 

70215,306 and type C basalt 74275,310 exhibit very different zoning trends, with high-Ca 

augite grain cores zoning to subcalcic augite or low-Fe ferroaugite rims, showing a much 

sharper decrease in Ca-content during fractionation than that visible in other Apollo 17 or 

Apollo 11 high-Ti basalts. Previous studies show that the type B and C basalt pyroxenes 

can have lower amounts ofCa than observed in samples 70215,306 and 74275,310, with 

most varying from 40 % to 10 % Ca (Hodges and Kushiro, 1974; Longhi et aI., 1974; 

Dymek et al., 1975). These basalt types can also contain Fe-rich pyroxene - type B basalt 

71055 and type C basalt 74255 show pyroxene with compositions of WOlsEnlSFs85 and 

W01sEnlOFs90 respectively (Dymek et al., 1975). A number of type A basalts contain Mg

pigeonite (Neal and Taylor, 1993) though none is observed in sample 75055,49. 

The low-Ti Apollo 12 ilmenite basalts within our sample suite (basalts 12016,39, 12047,9, 

12051,59 and 12064,136) exhibit continuous zonation from Mg-pigeonite, subcalcic augite 

and augite cores through to ferroaugite, ferrohedenbergite and even hedenbergite rims in 

highly zoned sample 12064,136 (Figure 3.47). Pyroxferroite is present in samples 12047,9, 

12051,59 and 12064,136, with virtually Mg-free composition (ferrosilite). A slight 

exception to the ilmenite basalt trend is sample 12016,39, which contains Ca-rich augite 

and Mg-pigeonite cores zoning to a Ca-poor ferroaugite or subcalcic ferroaugite, it does 

not contain any extremely Fe-rich pyroxene. The trend of this ilmenite basalt appears more 

in line with that of olivine basalt 12040,44, which also contains Ca-rich augite cores and 

subcalcic ferroaugite rims (Figure 3.47). However, rims of ferriferous pigeonite and 

ferroaugite are also observed in the latter sample making it more compositionally diverse. 

Pigeonite cores are not present in sample 12040,44 and augite cores display higher Mg 

content than other Apollo 12 augites. This gives the impression of overall Ca decrease 

during the early stages of Apollo 12 olivine basalt pyroxene fractionation, in contrast to the 
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Figure 3.47: Pyroxene quadrilaterals and olivine forsterite compositions (where applicable) for each sample. 

Each quadrilateral shows electron microprobe data for individual pyroxene grains in terms ofMg (bottom left 

comer), Ca (missing top comer) and Fe (bottom right comer). Mineralogicaly a data point plotting in the 

extreme top left comer would be pure diopside, top right would be hedenbergite, bottom right would be 

ferrosiIite and bottom left would be enstatite - see Figure 1.5 for a more detailed mineralogical breakdown. 

Arrows indicate the general crystallisation trends of the data, where two are shown the lower indactes the 

pigeonite trend and the upper indicates the augite trend. Olivine forsterite contents are plotted below the 

quadrilaterals for those samples containing olivine. The two extremes of these plots are forsterite (Mg-

olivine) to the left and fayalite (Fe-olivine) to the right. Samples are grouped according to type. Sample 

10072,40 contains a single large olivine phenocryst/xenocryst in addition to its native olivine grains, which is 

plotted on a separate forsterite diagram. 
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Figure 3.47: cont. 

relatively continuous Ca concentration - and even slight Ca increase in some cases - visible 

in the ilmenite basalts at this stage (see also Brown et al., 1971; Keil et al., 1971; Klein et 

aI., 1971; Kushiro et al., 1971; Dungan and Brown, 1977). Apollo 12 pigeonite basalt 

12052,339 is compositionally similar to the ilmenite basalts, except for a slightly higher 

Mg# within a small number of Mg-pigeonite cores (Mg#71 vs. Mg#69 in sample 12051,59). 

This data are in agreement with the pigeonite basalt data of Bence et al. (1970) and 

Baldridge et al. (1979). 
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Figure 3.47: cont. 2. 

Apollo 15 low-Ti olivine-normative basalts (samples 15016,7 and 15555,206 within our 

sample suite) exhibit a similar trend to Apollo 12 ilmenite basalts, though in both samples 

Ca content within pyroxene is never lower than subcalcic augite. However, previous data 

indicate this basalt group does contain pigeonite with a Ca content as low as Wos (Kushiro, 

1972). Pyroxene rims within sample 15555,206 do not zone beyond ferroaugite, but 

Walker et al. (1977) found pyroxene with < Enl5 in this sample. Bence and Pap ike (1972), 

Brown et al. (1972) and Dalton and Hollister (1974) observed similar pyroxene 

compositions for sample 15555. 
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Apollo 15 KREEP basalt 15386,46 and Apollo 14 low-Ti, high-AI basalt 14053,19 both 

contain Mg-rich pyroxene cores evolving to moderately Fe-rich rims, but the two trends 

are widely different in every other respect. In sample 15386,46 the grains with highest Mg 

content are orthopyroxene, surrounded by clinopyroxene zoning through Mg-pigeonite to 

subcalcic ferroaugite and ferroaugite rims, a small number of independent augite cores also 

exist. These data are in agreement with that of Takeda et al. (1978), though data from 

Steele et al. (1972) suggest that this sample contains ferroaugite and subcalcic ferroaugite 

with Mg contents as low as Ens. Clinopyroxene within Apollo 14 sample 14053 zones 

from Mg-pigeonite and subcalcic augite cores through augite to ferroaugite, subcalcic 

ferroaugite and rare ferrohedenbergite rims. The data trends of these two samples do not 

closely resemble those of any other low or high-Ti basalt type investigated in this study. 

Plotting pyroxene AlITi ratio against Mg# assists the detennination of each sample's 

mineral crystallisation sequence. Mg# can be viewed as a proxy for pyroxene 

crystallisation, decreasing over time as the melt becomes more Fe-rich. The way in which 

AlITi ratio changes with Mg# therefore indicates the timing of plagioclase and/or ilmenite 

co-crystallisation with pyroxene (e.g., Anand et al., 2003). For the low-Ti Apollo 12 

ilmenite basalts within our sample suite these trends indicate initial data clustering at high 

magnesium numbers (Mg#70-63) and AlITi ratios, followed by a decrease in AlITi ratios 

beginning at Mg#6S-62 (Figure 3.48). This suggests initial crystallisation of Mg-rich 

pyroxenes followed by the onset of plagioclase co-crystallisation at Mg#65-62. When 

pyroxenes had fractionated to -Mg#ss and AlITi ratios of -1.5-2 ilmenite became a 

liquidus phase and co-crystallised with plagioclase and pyroxene, therefore maintaining the 

AlITi ratio at 1-2 for all subsequently crystallising pyroxene in these samples (Table 3.2). 

Apollo 12 pigeonite basalt 12052,339 shows a similar trend to the ilmenite basalts but the 

vast majority of data points plot in the high Mg#, high Alffi ratio region (Mg#71-64, AlITi = 

4.73-3.63). This can be explained by the presence of pyroxene phenocrysts within a 
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quenched groundmass. Plagioclase and ilmenite are only present within the groundmass, 

therefore the composition of the pyroxene phenocrysts (where the majority of 

measurements were taken) would not be expected to indicate either plagioclase or ilmenite 

co-crystallisation. Only narrow pyroxene phenocryst rims and late stage pyroxene within 

the groundmass shows variation to lower Mg contents (Mg#47-S) and AlITi ratios (2.44-

1.68). No significant AlITi ratio change is visible with Mg# variation, indicating 

plagioclase and ilmenite crystallised together (as would be expected during quench 

cooling- Table 3.2). Apollo 12 olivine basalt 12040,44 initially crystallised Mg-rich 

pyroxene (Mg#74-70) with AlITi values of 3.35-3.76. This group has much higher Mg# and 

AI/Ti ratios than the remaining pyroxenes within this sample (beginning at Mg#66 and 

AlITi 2.8). Therefore it appears to represent a group of early grains subsequently 

surrounded by later, less Mg-rich, pyroxene. A large discrepancy exists between the AlITi 

ratios of the early Mg-rich pyroxene grains and the next large group of compositions at 

Mg#64-4S, where the AlITi trend is constant between 1.7 and 2.1. As few pyroxenes show 

compositions between these two groups it appears there was a relative hiatus in pyroxene 

crystallisation between Mg#70-64. When pyroxene did again begin to crystallise the constant 

AI/Ti ratio indicates both plagioclase and ilmenite were co-crystallising alongside it. 

Apollo 14 and 15 samples show similar trends on this type of diagram, with initially high 

AI/Ti ratios decreasing from 5-3.6 at Mg#71-60, to 2.8-1 at Mg#60-2. Compared to the Apollo 

12 basalts this indicates an extended period of plagioclase co-crystallisation prior to the 

appearance of ilmenite in these samples. Apollo 15 olivine-normative basalts 15016,7 and 

15555,206 show definite data clustering at Mg-rich compositions (Mg#69-60), suggesting 

the presence of Mg-rich cores as in the case of the majority of Apollo 12 samples. 

Plagioclase co-crystallisation with pyroxene continues over a 15 % change in Mg# within 

these samples; pyroxenes in Apollo 15 olivine-normative samples 15016,7 and 15555,206 

fractionate from Mg#65-50, and pyroxenes in Apollo 14 sample 14053,19 fractionate from 
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Figure 3.48: AVTi ratio vs. Mg# for clinopyroxene grains within individual samples. 
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Mg#70-55. Apollo 15 KREEP sample 15386,46 exhibits AlITi ratios in line with those of 

Apollo 14 basalt 14053,19 for Mg#72-57, with the addition of an increase in AlITi from 1.86 

to 2.25 within late stage pyroxenes with Mg#57-30. This ratio increase suggests the cessation 

of plagioclase crystallisation at pyroxene Mg#57, followed by ilmenite co-crystallisation 

with pyroxene from this point forward (Table 3.2). 

Apollo 11 and 17 high-Ti samples show little AlITi ratio variation, excepting hints of a 

ratio increase between Mg69-45 for some samples. The ratio increase is strongest for Apollo 

17 type B basalt 70215,306 and type C basalt 74275,310, where AlITi increases from 1.8 

to 4.7 and 2.1 to 4.3 respectively. Weaker ratio increases are observed in the Apollo 11 

high-K basalts, where AlITi changes from 1.6 to a maximum of 4.0 between Mg#74 and 

Mg#64. These ratio increases suggest ilmenite co-crystallisation with pyroxene, followed 

by additional plagioclase crystallisation from the point where the ratio begins to fall and 

level off (Mg#45 for the Apollo 17 type B and C samples, Mg#64 for the Apollo 11 high-K 

samples). To further constrain the details of the remaining high-Ti samples within our suite 

Mg# is compared to At % proportions of Ti and Al individually in Figure 3.49. The 

decrease in both Ti and Al within these samples pyroxene grains, along with the flat AlITi 

ratio trend with changing Mg# in Figure 3.48, indicates both ilmenite and plagioclase co

crystallised with pyroxene in the Apollo 11 low-K samples and remaining Apollo 17 

samples (Table 3.2). Samples 75055,49 and 10020,232 both show a gap in pyroxene Mg# 

implying a hiatus in crystallisation. For 75055,49 this gap is between Mg#43 and Mg#29, 

whereas that of 10020,232 lies slightly later at Mg#36 to Mg#ls. 

3.2.2. Olivine. Plots of olivine Mg# show the amount of fractionation from Mg to Fe-rich 

compositions (forsterite to fayalite) present within each sample (Figure 3.47). The data can 

also be used in conjunction with pyroxene Mg# to determine crystallisation relationships. 

Apollo 15 olivine-normative basalts 15016,7 and 15555,206, and Apollo 12 ilmenite basalt 
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12016,39, contain highly zoned olivine with Mg#69-2, Mg#63-24 and Mg#62-17 respectively. 

Previous studies show olivine compositions within the Apollo 15 olivine-normative and 

Apollo 12 ilmenite basalts vary even more (Mg#n-2, Kushiro, 1972; Walker et al., 1977 

and Mg#67-2, Dungan and Brown, 1977), suggesting these grains nucleated early in the 

crystallisation sequence and continued to crystallise for a long period of time. Our data 

show olivine Mg# is lower than pyroxene Mg# in samples 15555,206 and 12016,39, the 

highest values are olivine Mg#62 vs. pyroxene Mg#70 in the former sample and Mg#63 vs. 

Mg#69 in the latter. This implies olivine crystallised after the earliest pyroxene grains in 

these basalts. Sample 15016,7 shows the opposite relationship, with maximum olivine 

Mg#69 vs. pyroxene Mg#68, indicating olivine was the first of the two minerals to nucleate 

by a narrow margin (Table 3.2). The olivine compositional data of Kushlro (1972) 

confirms this relationship by indicating olivine Mg content in sample 15016 can be as high 

as Mg#n. Apollo 12 olivine basalt 12040,44 contains a high modal proportion of olivine 

(Table 3.1), and as with samples 12016,39 and 15555,206 early olivine grains show lower 

Mg# than the most Mg-rich pyroxene cores (Mg#63 vs. Mg#74). This relationship is also 

apparent in the remaining olivine bearing Apollo 12 samples (12047,9 and 12052,339), 

which contain a similar amount of olivine fractionation to sample 12040,44 (Mg#63-44)' 

Olivine data from Baldridge et aI. (1979), Neal et aI. (1994a) and McGee et aI. (1977) 

suggest that our olivine data are slightly more Fe-rich than that observed in the other 

pigeonite basalt samples (F067-43 in sample 12052,399 versus F076-59 in other samples). In 

addition olivine basalt 12040,44 does not contain any of the more Mg-rich olivine 

compositions recorded in a number of other olivine basalt samples (Mg#76-42, Kushiro et 

aI., 1971; Grove et aI., 1973; Dungan and Brown, 1977; McGee et aI., 1977; Baldridge et 

aI., 1979). 

Apollo 14 basalt 14053,19 exhibits restricted compositions of olivine (Mg#67-60), lower 

than its most Mg-rich pyroxene (Mg#71-7), implying olivine crystallised slightly later than 
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initial pyroxene nucleation. However, the presence of slightly rounded phenocrystic olivine 

within the most Mg-rich pyroxene cores of this sample suggests olivine began to crystallise 

before the earliest pyroxene (Figure 3.29). In this situation the textural evidence is most 

reliable because electron microprobe data may not represent the most Mg-rich olivines, or 

they may not be represented in our thin section (Table 3.2). The olivine and pyroxene data 

of Kushiro et al. (1972) also suggest early pyroxene crystallised before olivine but this 

dataset is sparse. In addition Gancarz et al. (1971) and Kushiro et al. (1972) detected 

fayalitic olivine within the meso stasis of sample 14053 (Mg#lS-S). Patchen et al. (2004) 

also report the presence of fayalite but none is visible within sample 14053,19, probably 

due to its heterogeneous distribution. Apollo 15 KREEP basalt 15386,46 does not contain 

olivine. 

Four of the five Apollo 17 high-Ti basalt samples contain olivine (excluding 75055,49). 

These grains show less fractionation than those of the Apollo 12 samples (Figure 3.47). 

Unclassified basalts 70017,110 and 70035,195 display olivine fractionating from Mg#67-S1 

and Mg#67-S9 respectively, in agreement with Hodges and Kushiro (1974) and Weigand 

(1973). Both these samples contain initial pyroxene with higher Mg# than olivine. 

Conversely type B basalt 70215,306 and type C basalt 74275,310 contain early crystallised 

olivine with higher Mg# than pyroxene (70215,306: pyroxene Mg#67-4h olivine Mg#74-48; 

74275,310: pyroxene Mg#63-26, olivine Mg#74-6S). This is consistent with earlier 

observations for these sample groups by Hodges and Kushiro (1974), Longhi et al. (1974) 

and Dymek et al. (1975). Meyer and Wilshire (1974) suggested sample 74275 contains 

xenocrystic olivine grains with much higher Mg# than this sample's parental melt could 

produce (Mg#84-82). As our olivine data show lower Mg# than these xenocrysts and overlap 

with pyroxene Mg# sample 74275,310, it does not appear to contain any of the xenocrysts. 
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Apollo 11 basalts display a limited range in olivine compositions (Mg#s8-73) and only high

K samples 10049,94 and 10072,40, and low-K samples 10020,232 and 10050,168 contain 

olivine. Type B3 sample 10020,232 shows olivine with slightly higher Mg content (Mg73-

6S) than pyroxene (Mg#71-1), whereas high-K sample 10049,94 and unclassified sample 

10050,168 show the opposite relationship (10049.94: olivine Mg#67, pyroxene Mg#72-36; 

10050,168: olivine Mg#70-S6, pyroxene Mg#77-2). These compositions are consistent with 

previous analyses of samples 10020, 10049 and 10050 by Beaty and Albee (1978), though 

these authors found olivine extended to more Fe-rich compositions within sample 10050 

(Mg#69-40). Beaty and Albee (1978) also show type B3 basalts can contain olivine with 

more Fe-rich compositions than those analysed within sample 10020 (as low as Mg#40), the 

low-K Bl group samples do not contain olivine. As mentioned in section 3.1 high-K basalt 

10072,40 contains two types of olivine; a large, embayed, euhedral phenocryst with Mg#74-

70 and a number of smaller, more Fe-rich (Mg#71-6S), partially resorbed grains found within 

pyroxene. The difference in Mg# between the two suggests they are of two different 

generations, the large phenocryst appears to have crystallised before pyroxene (based on 

Mg# and textural evidence) and the smaller olivine grains probably formed after initial 

pyroxene nucleation and co-crystallised with later pyroxene (Table 3.2). Beaty and Albee 

(1978) did not report the presence of any olivine with the composition of the large 

phenocryst, their native olivine data for this sample extend to slightly more Fe-rich 

compositions (Mg#70-S8). 

3.2.3. Feldspar. Plagioclase compositions are compared in Figure 3.50 using anorthite 

number, where An = (CaJ(Ca+Na+K))*100 (atomic proportions). Some brief observations 

are noted below: 
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65 

• Plagioclase compositions within Apollo 14 high-AI basalt 14053,19 show the most 

variation within our sample set (An65-95 from core to rim), in agreement with the 

data of Kushiro et ai. (1972). 

• The Apollo 15 olivine-normative basalts display least variation (An93-88), but 

previous data extends this to An94-78 where the cores are relatively unzoned but the 

rims decrease in anorthite content (Bence and Papike, 1972; Longhi et aL 1976). 

• The Apollo 12 low-Ti basalts contain plagioclase with compositions similar to the 

Apollo 15 low-Ti olivine-normative basalts (An96-80 and An93-88 respectively). 

Previous studies reported plagioclase zonation between An95 and An80 (Grove et ai., 

1973; Dungan and Brown, 1977; Baldridge et aI., 1979). 
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--A12 Pigeonite 

-- A14 High-AI 

--A15 Olivine Normative 

--A15KREEP 

A17 U 

--A17B 

--A17C 

-- A17 A 

Figure 3.50: Plagioclase An't variation within individual samples. Samples are grouped according to type 

(see table 1.5). 

• Generally plagioclase within high-Ti_ high-K Apollo 11 basalts contains lower 

anorthite content (An88-70) than that within the low-K basalts (An94-8o), excluding 

sample 10050.168 which shows variation from ~9 to An94. This relationship is 
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also visible in the data of Keil et al. (1970), Lovering and Ware (1970) and Stewart 

et al. (1970), whos combined data show the high-K basalt samples vary from An78 

to AIl(;9 and the low-K samples vary from An91 to An7S. 

• Apollo 15 KREEP basalt 15386,46 displays lower anorthite content (AnsI-86) than 

the Apollo 15 low-Ti olivine-normative basalts (Ans8-93). Steele et al. (1972) 

reported the plagioclase anorthite content of sample 15386 as AnsS-70. 

Comparing the average Mg# of olivine and the average An# of plagioclase from each 

sample illustrates where these basalts fit in context with other mare basalts (Figure 3.51). 

In general the low-Ti basalts have the highest average An# while the high-Ti basalts have 

higher average Mg#, however the classification is not that simple - as range bars 

representing the full spread of previous data show. This plot again highlights the difference 

in An# between the high and low-K Apollo 11 basalts as well as the similarity of Apollo 

12 and 15 samples. Apollo 14 data appear to plot closest to that of Apollo 17, with higher 

average Mg# than any of the other low-Ti basalt types. Sample 10049,94 falls well below 

the other high-K Apollo 11 basalts in terms of Mg#, but this almost certainly results from 

sparse olivine microprobe data on account of the fine grained nature of the sample. 

K-rich feldspar is present in a number of low-Ti basalts, Apollo 11 high-K basalts and 

Apollo 15 KREEP basalt 15386,46 However, the grains are only large enough for analysis 

in samples 12051,59, 10017,372, 10050,168 and 15386,46 (Figure 3.52). K-feldspar is 

most abundant in sample 15386,46 and these grains, as well as those within sample 

10017,372, fall within the forbidden zone of the feldspar quadrilateral because of the 

Moon's depletion in alkali elements (sections 1.1.1 and 1.1.2). K-feldspar within sample 

10050,168 was found to contain up to 13 wt % BaO. 
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3.2.4. Ilmenite. Chemical differences exist between ilmenites from different Apollo sites, 

specifically in terms of their MgO content. Ilmenites within the high-Ti basalts contain the 

highest amount of MgO (up to 6 wt % - see appendix B). In these samples, the MgO 

content in ilmenites appear to be positively correlated with the ilmenite modal abundance. 

The Apollo 17 samples with highest ilmenite modal abundance (e.g. unclassified basalts 

70017, 11 0 and 70035 ,195, and type B basalt 70215,306) contain high MgO (wt %) within 

their ilmenite, whereas Apollo 17 and Apollo 11 samples with lower ilmenite modal 

abundance (e.g. Apollo 17 type A basalt 75055,49) contain grains with lower MgO wt %. 

These relationships are apparent in Figure 3.53, which shows the relative proportions of 

MgO, Cr20 3 and MnO in our samples. Ilmenite compositions in the low-Ti basalts display 

a wide variation from 0-2.0 wt % MgO with varying MnO and Cr20 3 contents. however 

two samples lie outside this group. Apollo 12 olivine basalt 12040.44 and ilmenite basalt 

12016,39 contain ilmenite grains with MgO w1 % ranging from 2.9-3 .2 and 0.5-1.2 
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respectively, concentrations more ill line with the high-Ti basalts (making these two 

samples plot towards the MgO corner of Figure 3.53). Of the remaining samples, Apollo 

15 KREEP basalt 15386,46 shows slightly elevated Cr203 content within its ilmenite 

grains (0.9-0.5 wt %) and Apollo 11 low-K basalt 10058,254 shows two distinct 

populations of ilmenite with slightly varying MgO (0.4-0.5 and 0.6-0.7). 

3.2.5. Spinel. Spinel composition ranges from chromite (FeCr204) to ulv0spinel (Fe2 Ti04) 

and provides textural and chemical measures of melt evolution. Low-Ti and KREEP 

basalts contain chromites ranging to Ti-rich spinel and commonly ulv0spinel (Figure 3.54). 

Apollo 14 sample 14053,19 contains chromites with higher Al content than any other low-

Ti sample analysed in our study; the stoichiometry of these grains was found to be 
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Figure 3.53: Ilmenite compositions for individual samples. grouped according to type. Cr20 :;. MnO and 

MgO relative abundances are calculated using the following formula: Cr20 :;# = (Cr20, (Cr20:; T MnO -

MgO))* 100, where MnO and MgO can be substituted for Cr20 3 to give MnO# and MgO#. 
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incorrect as also reported by El Goresy et al. (1972). This is probably because of the 

extremely reduced nature of the sample, causing ulvQspinel to break. down to chromite, 

ilmenite and Fe metal grains (Patchen and Taylor, 2004). A number of high-Ti basalts do 

not contain spinel but, where present, these grains display mixed Cr-Ti compositions with 

little variation, excepting the slightly more AI-rich composition of grains within Apollo 17 

unclassified sample 70017,110. 

3.2.6. Accessory Minerals. The modal abundance and composition of indigenous FeNi 

metal within each sample varies. No FeNi metal grains were detected in Apollo 11 high-K 

basalt 10072,40 or Apollo 17 type B basalt 70215,306, while high-K basalt 10049,94 and 

Apollo 17 type C basalt 74275,310 only contain blebs < 5 /-tm - too small for reliable 

electron microprobe analysis. Apollo 17 unclassified basalt 70017,110 displays numerous 
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Figure 3.54: Spinel compositions for individual samples, grouped according to type. Relative abundances 

calculated as in fi gure 3.53. Compositions vary from Cr-rich (chromite) to Ti-rich (ul vQspinel ). 
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blebs as independent grains and inclusions within troilite, containing < 1.1 wt % Co and < 

0.25 wt % Ni. Apollo 11 low-K basalt 10058,254 contains a native iron bleb of 200 Jlm 

diameter with very little Ni and Co but unusually high Cr (12.33 wt %). In contrast, the 

Apollo 12 FeNi blebs contain ~ 1.6 wt % Co and Ni up to 3.5 wt %. This variation has 

been previously noted by Taylor (1982). Troilite has a very stable composition with a 1: 1 

ratio ofFeS for all samples. 

Phosphate phases are found in all samples excluding 12052,339, 70215,306 and 

74275,310. Apollo 11 high-K basalts generally contain phosphates too small for 

quantitative analysis. However, sample 10017,372 was found to contain both apatite and 

(RE)-merillite. In contrast, the Apollo 11 low-K basalts only contain apatite, as do Apollo 

17 type A basalt 75055,49 and unclassified basalt 70017,110. The low-Ti Apollo 15 

olivine-normative basalts and Apollo 12 olivine basalt 12040,44 contain apatite and (RE)

merillite, while the Apollo 12 ilmenite basalt samples contain only apatite. (RE)-merillite 

is not present in any of our samples without apatite; (RE)-merillite appears to contain much 

higher incompatible element abundances than apatite (mostly REE, Y, with some Fe and 

Mg). Jolliff et al. (2006) argued that lunar (RE)-merrilite contains high REE and Y 

abundances because of the lack of Na in lunar rocks; this absence leaves the Na site open 

in the crystal lattice and it is filled by these elements. However, a REE-enriched melt is not 

required to crystallise (RE)-merillite in minor proportions such as those found in our 

samples (Jolliff et al., 1993). 

3.3. Trace Element Mineral Chemist" 

Thin sections are not ideal for LA-ICP-MS analysis as a 30 Jlm thickness yields a much 

shorter signal than a typical thick section (~ 150 Jlm). However, because the former are 

more widely available for both Apollo and lunar meteoritic material, it is important to try 

and utilise them as much as possible. Thin section analysis during this study produced 
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reliable trace element data sets for pyroxene and plagioclase and partial datasets for 

olivine. Rare earth element concentrations in rocks and minerals are usually normalised to 

a common reference standard as the REE in the solar system are highly variable because of 

the different stabilities of the atomic nuclei. REE with even atomic numbers are more 

stable (and"therefore more abundant) than those with odd atomic numbers, producing a zig

zag pattern on a composition-abundance diagram. Chondritic meteorite normalisation 

(commonly using CI -chondrites) eliminates this abundance variation and allows any 

fractionation of the REE group relative to chondritic meteorites to be identified. 

Normalised values and ratios of normalised values are denoted with the subscript N (e.g., 

C~, (La/Ce ~). 

3.3.1. Pyroxene. Pyroxene rare-earth-element (REE) data trends show typical light REE 

(LREE) depletion relative to heavy REE (HREE). This forms a positive gradient from La 

to Lu for all samples (La/Lun = 0.008-0.956, where n signifies element values are 

normalised to the CI chondrite values of Anders and Grevesse, 1989) - generally steep 

from La to 8m (0.036-0.956) and comparatively flat from Gd to Lu (0.301-1.217) (Figure 

3.55). The trend includes a strongly negative Eu anomaly common to all mare-basalt 

pyroxenes (Eu* = chondrite-normalised Eulv'(8m*Gd), where anything between zero and 

one is a negative anomaly and anything above one is positive), and caused by inherent Eu2+ 

depletion in the lunar source regions (see section 1.1 and Figure 1.1). Despite these 

similarities, significant variations among REE trends for different mare-basalts do exist, 

and prove valuable in determining the crystallisation sequence and parental melt 

composition for each basalt sample. Pyroxene REE abundance increases with decreasing 

Mg# (i.e. fractionation - Figure 3.56) and possible change from pigeonite to augite (REE 

replace calcium in pyroxene lattices). Hence highly zoned pyroxene grains exhibit widely 

varying REE patterns (e.g. sample 12047,9), and pyroxenes in samples with less 

compositional variation (e.g. 10072,40) show less difference in REE abundance both 
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within and between grains. A nwnber of samples are coarse-grained, hence allowing for 

the analysis of both pyroxene cores and rims (e.g. sample 12064,136), therefore, giving a 

true indication of REE variation throughout crystallisation. However, most samples were 

found to be too fine grained for this type of analysis as each laser pit is ~ 80 J.lm diameter. 

For these samples the laser was aimed at the core of each grain. Therefore LA-ICP-MS 

data may underestimate the amount of zonation within fmer grained samples; for example 

electron microprobe data shows much more zonation within sample 10058 than is 

represented in LA-ICP-MS data. 

F or a nwnber of samples, LREE' s are less depleted in low Mg# pyroxene (highest REE 

abundance). This may indicate Fe-rich pyroxene continued to crystallise after the majority 

of feldspar formed in these samples, as feldspar preferentially incorporates LREE's into its 

structure during crystallisation. However, Apollo 12 ilmenite basalt 12064,136 shows the 

opposite relationship, its low-Mg#, Ca-poor pyroxene has an increasingly positive gradient 

with highly depleted LREE and HREE enrichment. LREE depletion can be explained by 

the co-crystallisation of plagioclase with late stage pyroxene in this sample (Figure 3.27 

and Figure 3.48). Similarly as HREE's do not readily partition into the crystal lattice of 

plagioclase they collect in the residual melt, where they can be taken into the pyroxene 

structure (Onwna et aI., 1968; Philpotts, 1978). REE variation also highlights the hiatus in 

pyroxene crystallisation observed from the microprobe data of samples 10020,232 and 

75055,49. A gap is visible between low and high REE abundance for pyroxene in both 

these samples (Figure 3.55). 

To eliminate the effects of zoning and gain a better understanding of parental melt 

composition, the earliest-forming pyroxene cores of each sample were analysed for their 

trace element contents (Figure 3.57). Within our sample set, Apollo 12 pigeonite and 

ilmenite basalts and Apollo IS olivine-normative basalts contain pyroxenes with the lowest 
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Figure 3.56: Pyroxene Mg# vs. chondrite-norrnalised Gd abundance. The data of these samples show the 

best trends of overall pyroxene REE abundance increase with decreasing Mg# within individual samples. The 

R2 values for these trends vary from 0.56 for sample 10072, to 0.99 for sample 15555, where I represents a 

prefect correlation. However, the statistical reliability is limited by the limited data set. 

REE abundances, along with Apollo 14 high-AI basalt 14053,19 and Apollo 17 

unclassified basalt 70017,110. On achondrite-normalised REE diagram these samples plot 

below olivine basalt 12040,44, which contains REE abundance higher by a factor of ten 

than that of any other low-Ti basalt. Apollo 17 type B and C basalts 70215,306 and 

74275,310 contain pyroxenes with high REE abundance and show very similar trends. 

while Apollo 17 type A basalt 75055.49 is relatively REE poor. Apollo 11 high-K basalts 

exhibit similar REE trends and abundances, however. this observation is based on data 

from two samples which have fine grained textures (10049.94 and 10057.64) and therefore 

are not suitable for mineral REE data collection. Despite this group's enrichment in whole 

rock K and P (Table 4.1), pyroxene REE trends do not display the typical characteristics of 

a KREEP rich parental melt (see Apollo 15 KREEP basalt 15386.46 and .54 in Figures 

3.57a and 4.7 respectively). Apollo 14 high-AI basalt 14053.19 does show some of these 

characteristics. despite relatively low REE abundance in pyroxenes. Its trends display a 

positive gradient from Gd to Lu (0.453-0.728). similar to (but more pronounced than) those 
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visible in Apollo 12 pigeonite basalt 12052,339 and Apollo 17 unclassified basalt 

70017,110 (0.483-1.154 and 0.524-0.928). In addition, it has a slightly deeper europium 

anomaly than other mare basalts (Eu* = 0.09-0.21 compared to 0.11-0.36), excluding the 

rim analyses of sample 12064,136 which have a similar europium anomaly (Eu* = 0.09-

0.17). This pronounced positive HREE gradient appears to be half way between that of the 

mare basalts and Apollo 15 KREEP basalt 15386,46, which shows a characteristic KREEP 

signature with steeply positive slope (LalLun = 0.011-0.384) and deeply negative Eu* 

(0.04-0.24) (e.g., Warren and Wasson, 1979a; Snyder et al., 1995). 

Figure 3.58a shows Eu abundance versus europium anomaly for all pyroxene analyses 

from each sample, therefore tracking melt evolution in each case. For example, europium 

anomalies in pyroxenes of KREEP basalt 15386,46 range from by far the most negative 

(0.04) to relatively moderate (0.25) in comparison to mare-basalt samples, highlighting the 

transition from early formed orthopyroxene cores through pigeonite and fmally to later Fe

rich augite (Figure 3.47). This pattern is seen throughout the sample set, with augite 

consistently exhibiting a weaker europium anomaly, in addition to overall higher REE 

abundance, than earlier formed pigeonite when both are present in one sample. The fact 

that augite contains more Ca (and therefore potential REE sites in the crystal lattice -

McKay et al., 1986; James et al., 1998) may partly negate the avoidance of Eu uptake seen 

in other, less Ca-rich pyroxenes, - for example the Ca-poor rims of 12064,136. Excluding 

these rim analyses, the low-Ti Apollo 12 pyroxenes show a weak negative europium 

anomaly (average Eu* = 0.23), along with the low-Ti Apollo 15 olivine-normative basalts 

(average Eu* also = 0.23). When taken as a collective group, the high-Ti Apollo 17 basalts 

show a similar europium anomalies to the low-Ti basalts, but there is variation between the 

weak values of type B and C basalts 70215, 306 and 74275,310 (showing averages of 0.26 

and 0.24 respectively) and the stronger values of unclassified basalt 70017,110 (Eu* = 0.17 

average) - a sample containing a relatively high proportion of pigeonite with overall low 
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REE abundance (Figure 3.55). Apollo 11 high-K basalts within our sample set have a more 

negative average europium anomaly than the low-K group (Eu* = 0.15 and 0.19 

respectively). As mentioned previously, high-Mg# pyroxene grains in 14053,19 display 

some of the most negative europium anomalies after those of KREEP basalt 15386,46, but 

the average europium anomaly for all grains is similar to mare-basalt values (Eu* = 0.1 4). 

1000 ~---------------------------------------------. .--------------, 
. A11 High-K 

A 

100 

10 

1 

0.1 
0 

10000 
8 

1000 • 

::J 100 W • 

10 

1 

&& . ... . 
• + .... . . 
• 

, 
'£ 154 tic 1e bE'rg.t( 

0.1 

• t 

X 

10 

x 0 

0.2 

10058 .--::\ 
4 a • 
• •• , 4 . 

-+ 4 

X 
# •• 

100 

Eu* 

. A11 Low-K 

A1211menite ... 
O A12 Olivine 

• o A12 Pigeonite 
&& X A14 High-AI 

0 + A15 Olivine Normative 

& 0 + A15 KREEP 

• & A17 A 

& A17 B 

& A17 C 

& A17 U 
+ + + 

o 

0.3 0.4 

4 

4 
.& 

1000 10000 

Figure 3.58: Eu abundance vs . Eu anomaly (where Eu* = chondrite-normalised Eulvi(Sm*Gd)). (a) Shows 

pyroxene grains (semi log plot) and (b) shows plagioclase grains within individual samples (log/Jog plot). Eu 

abundance is normalised to CI chondrite values (Anders and Grevesse, 1989). 

168 



Plots of pyroxene (LaIYb)n vs. (GdIYb)n (where n signifies chondrite-normalised values) 

shows variation in the overall REE gradient against that of the HREE (Figure 3.59). For 

pyroxenes (Figure 3.59a), all trends show LREE depletion ((LaIYb)n < 1) while (GdIYb)n 

ratios are centred on 1. Apollo 17 type A basalt 75055,49 and unclassified basalt 

70017,110 show the strongest LREE depletion with variable HREE enrichment for most 

grains ((GdIYb)n = 0.52-1.02), while type Band C basalts 70215,306 and 74275,310 show 

weaker LREE depletion in addition to HREE depletion. Apollo 11 low-K basalts display 

greater LREE depletion than the high-K group, but no significant difference in (GdIYb)n 

ratio is observed - these samples have characteristically flat mid-REE (MREE) to HREE 

trends. The low-Ti basalts mostly show (GdIYb)n ratios < 1, excepting sample 15016,7 

which exhibits flat trends and contains a number of pyroxenes with slight HREE depletion, 

much like the Apollo 11 basalts within our suite. 

Additional trace element data reveal a decrease in Cr and V with Mg# in low-Ti basalt 

pyroxene grains, a trend not seen in the high-Ti basalts (Figure 3.60). Apollo 17 high-Ti 

unclassified basalt 70035,195, type B basalt 70215,306, type C basalt 74275,310 and a 

number of grains from type A basalt 75055,49, plus Apollo 11 low-K basalt 10058,254 and 

low-Ti Apollo 12 olivine basalt 12040,44, contain relatively high abundances of Sc and Cr. 

Apollo 15 KREEP basalt 15386,46 shows homogeneous concentrations of V, Sc and Cr 

throughout its pyroxene grains, irrespective of their Mg#. In addition, elevated Cr levels in 

these grains are consistent with the high concentration of Cr203 found in the ilmenites of 

this sample. 

3.3.2. Parental Melt Calculations. Mare-basalt parental melt estimates were obtained 

using the augite REE partition coefficients of McKay et al. (1986) and the pigeonite REE 

partition coefficients of McKay et al. (1991). The former group of partition coefficients 

was selected because they were determined for low oxygen fugacity conditions (-Iron-
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Wustite) and pyroxenes with similar major element compositions to those found in mare 

basalts (especially the Apollo 15 basalts). Both REE partition coefficient datasets were also 

utilised to determine the REE composition of lunar igneous melts by Snyder et al. (1995) 

and Schnare et al. (2008). which provided useful datasets for comparison with our 

calculations. The parental melt composition of Apollo 15 KREEP basalt 15386,46 was 

calculated using the orthopyroxene partition coefficients of Weill and McKay (1975) as 
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compiled by Snyder et al. (1995) based on the lunar KREEP igneous system. As pyroxene 

is often the first mineral with appreciable REE content to crystallise, the grains with 

highest Mg# (earliest formed - Figure 3.57a) can be used to determine the equilibrium 

parental melt composition. This is achieved by dividing the chondrite-normalised 

abundance of each element by the partition coefficient for that element, specific to each 

mineral (pigeonite, augite or orthopyroxene in the case of lunar basalts). Because partition 

coefficients for La are significantly different for low-Ca and high-Ca pyroxenes (over 1000 

times lower for pigeonite than augite), whereas those of Lu are relatively similar, LREE 

depletion visible in the mineral data is absent or considerably lessened in the calculated 

parental melt data for pigeonites. Negative europium anomalies are still observed in all 

melt trends, even for Apollo 14 high-AI basalt 14053,19 (Figure 3.57b), because of the 

inherently europium depleted nature of the mare-basalt source regions. As with pyroxene 

REE data, a large difference is visible between the relatively low REE melt abundances of 

Apollo 17 type A basalt 75055,49 and unclassified basalts 70017,110 and 70035,195, and 

the high abundance of type B basalt 70215,306 and type C basalt 74275,310 - these latter 

two basalts show almost identical REE compositions at the time of pyroxene 

crystallisation. However, the texture and mineral chemistry of these samples suggests 

pyroxene crystallised relatively late in the mineral sequence (Table 3.2) and therefore the 

calculated melt REE abundances for these samples would be an overestimate, as is 

suggested by their whole rock REE abundance (chapter 4, section 4.2.1). The parental melt 

of Apollo 12 olivine basalt 12040,44 has a higher REE abundance compared to the 

parental melts of other low-Ti basalts. 

Close agreement between the measured bulk-rock REE and the calculated parental melt 

REE abundance suggests a sample has undergone closed system melt evolution. Crystal 

accumulation and fractionation may result in a significant difference between measured 

and calculated REE abundance, for example olivine accumulation in the melt would 
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decrease the measured bulk-rock REE content (as olivine is REE-poor), but calculated 

abundances based on pyroxene REE content would be unaffected. Crystal fractionation 

will only affect the bulk-rock REE if the fractionating phases are REE-rich (in which case 

bulk-rock REE will be decreased), fractionation of REE-poor phases (e.g., olivine, spinel 

or ilmenite) should not have a significant affect on subsequently crystallising phases. 

3.3.3. Comparison with Literature Data. To our knowledge this mineral trace element 

dataset is currently the most comprehensive for lunar basalts, therefore possible literature 

comparisons are scarce. Our pyroxene REE dataset for Apollo 15 olivine-normative basalt 

15016,7 agrees well with that of Schnare et al. (2008) for a different split of the same 

sample (Figure 3.61a). However, in terms of REE abundance, one of our 

extreme rim REE compositions exceeds anything reported by this previous study. Positive 

Ce anomalies (where Ce* = CI-chondrite-normalised Ce/"(La*Pr)) are observed in both 

datasets (our data = 2.62-1.20, Schnare et al., 2008 = 4.06). Our calculated parental-melt 

data for this sample is also comparable to our bulk-rock data and that of Schnare et al. 

(2008) (Figure 3 .61 b). 

3.3.4. Plagioclase. Plagioclase REE data trends show typical LREE enrichment «LalLu)n 

= 1.10-23.84) and strongly positive europium anomalies (Figure 3.58b) because of the 

preferential accommodation of Eu2
+ in the plagioclase crystal lattice. As with pyroxenes, 

Apollo 12 ilmenite and pigeonite basalt plagioclase REE abundances are low. Apollo 12 

ilmenite basalt 12064,136 shows the lowest detectable REE abundances along with Apollo 

15 olivine-normative basalt 15016,7 - samples 12047,9 and 15555,206 have abundances 

largely below detection limits and data for 15016 are sparse for this reason (Figure 3.62). 

Apollo 12 olivine basalt 12040,44 displays similar plagioclase REE abundances to those 

of pigeonite basalt 12052,339, and both are slightly REE enriched in comparison to 

ilmenite basalts from the same site. The only plagioclase REE data trend available for 
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sample 12052,339 shows a relatively weak europmm anomaly compared to the other 

Apollo 12 basalts (Eu* = 8.26 versus 12.14-749.99) and flatter REE trend ((La/Lu)n = 

1.69). These characteristics may indicate that the ablated material was not 100 % 

plagioclase, the fine-grained nature of this phase within sample 12052,339 means the 80 

~m diameter ablation pit could easily have incorporated material from surrounding mineral 

phases. However, these data can still give an approximation of the REE abundance in 

plagioclase from sample 12052. Plagioclase in Apollo 17 unclassified basalts 70017,110 

and 70035 ,195 contains much lower REE abundances than the single plagioclase analysis 
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abundance vs. REE, also showing the measured bulk rock abundance of sample 15016 measured during this 
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for 74275,310 type C basalt (0.1-100 versus 100-1000 times CI-chondrite values), which 

has slight LREE depletion and small positive europium anomaly (Eu· = 1.92). Only one 

set of plagioclase REE data was collected from this sample because of its fme-grained 

nature. In addition, it was not possible to collect any plagioclase REE data for type B basalt 

70215,306 because of the fine grained nature of this sample. Apollo 11 low-K basalts have 

a wide spread of data from Lan <1 in samples 10020,232 and 10050,168 to > 100 in sample 

10058,254 (which also contains high pyroxene REE abundance). As with pyroxenes, the 

high-K basalts plagioclase grains contain comparable abundances of REE's, and they also 

show weakly positive europium anomalies in comparison to the low-K basalts (2.32-42.98 

and 39.73-282.92 respectively). In highly fractionated samples (e.g. Apollo 11 low-K 

basalt 10072,40) a marked decrease in europium anomaly with decreasing Mg# is visible 

(Figure 3.62), along with a decrease in LREE enrichment as these elements become 

depleted in the melt «La/Sm)n = 0.798-2.173). High-AI basalt 14053,19 also exhibits these 

characteristics in addition to a convex downwards trend showing enrichment from 

MREE's to HREE's «GdIYb)n = 0.453-0.728), but this is not a highly fractionated sample. 

Therefore these characteristics support textural and mineralogical evidence indicating 

plagioclase crystallised before pyroxene in this basalt (Table 3.2). The strong enrichment 

from MREE's to LREE's in these plagioclase grains is a characteristic of all Apollo 14 

samples «La/Sm)n 3.26-5.17 = within our dataset and 1.03-2.51 within that of Hagerty et 

aI., 2003). 

3.3.5. Olivine. Olivine analysis achieved limited success as LREE's were generally below 

detection, however, a number of grains were found to contain abundances above 

background levels. These trends all show LREE depletion (La/Sm = 0.067-0.831) with a 

negative Eu· (0.13-0.69) (Figure 3.63) and in the case of Apollo 14 high-AI basalt 

14053,19 the characteristic convex downward trend seen in plagioclase is again observed. 

The moderately compatible trace elements Co and Ni are present in relatively low 
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abundance in the Apollo 11 low-K basalts, Apollo 17 type A basalt 75055,49, unclassified 

Apollo 17 basalts 7001 7,110 and 70035,195, and Apollo 12 pigeonite basalt 12052,339 

(Figure 3.64). Although Co and Ni abundances generally decrease with olivine evolution, 

this low abundance is reflected in pyroxene and plagioclase grains within these samples, 

suggesting that parental melt was inherently depleted in Co and Ni. 

3.4. Crystallisation Sequences 

Mineral textures and compositions within a sample can be used to determine the mineral 

crystallisation sequence. For example, the amount of MgO within ilmenite grains can give 

an indication of whether this phase crystallised before or after the onset of Mg-bearing 

pyroxene and olivine. Based on these observations, and the bulk rock data of chapter 4. the 

crystallisation sequence of each basalt within our sample set was determined (Table 3.2). 
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Figure 3.64: Olivine Co vs. Ni content. 

Within the high-Ti basalts, ilmenite crystallised as the earliest phase, commonly (though 

not exclusively) crystallising alongside pyroxene in the Apollo 11 high-K basalts, 

pyroxene and plagioclase in the Apollo 11 low-K basalts, and armalcolite, olivine and 

clinopyroxene in the Apollo 17 basalts. Plagioclase often crystallised late in the high-Ti 

samples, a characteristic Kesson et al. (1975) stated is often a consequence of rapid cooling 

(i.e., suppressing nucleation of plagioclase). As quench textures are visible in Apollo 17 

samples 70215,306 and 74275,310 (Figures 3.41-3.44), and Apollo 11 high-K basalts 

display fine-grained textures (Figures 3.1-2, 3.5-6. 3.9-10 and 3.13-15). rapid cooling 

appears highly likely for these samples. Apollo 12 pigeonite basalt 12052,339 also shows a 

quench textured ground mass surrounding pyroxene phenocrysts with a soda straw texture 

(elongated with hollow centres) - both features indicate this sample was rapidly cooled. 

Pyroxene, olivine and Cr-spinel appear to have crystallised first in the Apollo 12 and 15 

low-Ti basalts. followed by plagioclase and later ilmenite. Apollo 14 high-AI basalt 

14053,19 contains early crystallising oli\'ine. followed by clinopyroxene and plagioclase 

crystallisation. and late stage ilmenite. Apollo 15 KREEP basalt 15386.46 
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Tablr 3.3 : Salllpil' crystallisation scqll\; nccs. based on textural and mineralogical observations, and bulk-rock chcmistry 

Stages of Minera l Crysta llisation 
sll mplt· h t 2nd 3rd 4th Sth 6th 
10017 ilm , Cp\ ihn. CP' + plag lro. ,il. aI', whit. K·fc1d. FeNi .. meso 
100~0 ilm.ol , CrTi-spinel 01. ilm. cpx , plag lro. sil. phos. K-feld. Imn, pyro,C FeNi , meso 
10049 ilm , cP' 01. ilm. cp' , plag Iro. >il, K-feld . K·glass. FeNi + meso 
10050 ilm. cp' + plag 01. ilm. cp~ + plag 01 + cpx Iro, sil. ap. K-li:ld. pyrox f. FeNi 
1005 7 ilm + cp' ilm. cpx + plag lro. sil. K-feld. K-glass. FeNi + meso 
10058 ihn. l'J)X + pial! sil .. lro ap. K-fe ld. bad. FeNi, meso + FeCr melal 
10072 01 (embayed phencry>l) ilm " CP' ilm. cpx + 01 i 1m. cpx. 01 .. plag lro. si l, phos, meso + glass 
120 16 CP' , Cr-spinci cpx. 01 .. CrTi-spinc1 cpx, 01 .. plag epx, 01 , plag -+ ihn lro. sil. ap. FcNi , meso 
12040 01 (accumulalion) CP' .. Cr-spinl' l cpx. plag. ilm + Ti-spine l 11'0 . ap. whit. bad. K-feld. FeNi .. meso 
12047 cpx cpx. 01 + CrTi-spinc l c(lx. plag + Ti -spincl cpx. plag + ihn tro, sil. ap, K-li:ld .. fay 
12051 cpx + Cr-,pincl epx. CrTi-spinci + plag epx. plag + ilm cpx. plag. ilm + sil Iro. sil. bad. K-feld, FeNi + pyroxf 
1 205~ cp' , Cr -spinel cpx . 01 .. Cr-spinel quench lex lure inc. p"'g. ihn. lro + FeNi 
12064 cpx , CHpinci cpx. Cr-spincl .. plag Ti-spinci ilm si l tro. ap. pyroxt: K-feld, bad + meso 
14053 01 , Cr-spinel Cr-spinel .. cpx Iplag. cpx + Cr Ti -spinel plag. cpx. ilm + si l Iro, FeNi, si l + 3Jl K:&lass. whit. meso + ]J}'I'oxf 
150 16 01 .. Cr-'pincl 01. Cr·spinci .. cpx 01. Cr-spinel. cpx + plag 01. cpx. plag + ilm lro. FeNi .. sil ap. whil. K-glass .. meso 
15386 01" plag + opx plag + cpx (replacing opx) epx. ilm. sil. ap + whil lro. K-glass, bad + meso 
15555 q)\ + Cr-spinel c(lx. CrTi-spincl .. 01 C(lX. 01 + plag epx. 01. ilm + plag tro. sil, ap. whil. bad. zirc + meso 
700 17 arm + ilm ilm + epx cpx. 01 + CrTi-spincl 01, cpx + plag tro. sil, aI', K-glass + meso 
70035 ilm ilm + cpx cpx, 01 + plag Iro. sil + FeNi ap. K-feld. meso. bad, Iran + zire 
702 15 ilm. ol , Cr ri -,pillct ilm .. cpx epx. plag + lro QT inc. plag + epx 
7.t275 arm + ilm ilm. 01 + CrTi-spinel cpx cpx + plag sil QT illc. cpx. plag. ill11. sil, K-feld + 11'0 
75055 ill11 . cpx .. plag lro. sil, ap. bad. zirc. FeNi + mcso 

~1111l'r~d abhr\.:\ IdIl OIlS: ap dpatllL: . ann a llllaiclllilC. had baddclcyilc. ep' c1inllpyroxcllc. K-li:ld K-kld,par, meso mcsos lasis. opx orthopyroxcnc. phos phosphale. plag plagioclase. pyrox f pyroxlorroite. QT qucilch lexlurc. sil 
.... 1I1l:a. Iran IrallqutllllyllC.11ll ",<"lllc. "hil "hillockilc. /irc l irconoli lc. 



contains early orthopyroxene cores surrounded by later clinopyroxene rims, as these cores 

are rounded some resorbtion appears to have occurred. Plagioclase is a relatively early 

phase in this sample, whereas ilmenite only appears to have formed towards the end of 

crystallisation. Ilmenite also crystallises late in these two low-Ti samples. Within the melts 

of Apollo 11 low-K basalts 10050,168 and 10058,254, and Apollo 17 type A basalt 

75055,49 ilmenite, pyroxene and plagioclase appeared on the liquidus simultaneously. 

O'Hara et al. (1974) argued that this is a consequence of shallow level fractionation under 

low pressures. 

3.5. Discussion 

The diversity of textures in lunar basalts investigated in this study highlights the range of 

basalt types present in the Apollo collection. For example, there is wide variation between 

the textures of the Apollo 12 ilmenite basalts as well as the Apollo 11 low-K basalts 

(Figures 3.5, 3.7, 3.10, 3.18, 3.22 and 3.24). Mineralogy also changes within the 

petrological groups; for example Apollo 11 low-K basalt 10020,232 contains spinel and a 

lot more olivine than the other samples within this group (Table 3.1); sample 10058,254 

contains no olivine and neither this sample nor sample 10050,168 contain spinel. Other 

groups show greater similarity; the high-K basalt samples 10017,372, 10049,94 and 

10057,64 display similar textures with only sample 10072,40 showing a slightly coarser

grained texture. Samples 10049,94 and 10057,64 are particularly similar, possibly 

suggesting these two rocks were sourced from the same place on the surface (as is 

suggested by chemical analysis - chapter 4). The fact that all Apollo 11 basalts were 

collected within 60 m of the lunar lander makes this a real possibility. The Apollo 15 

olivine-normative basalts 15016,7 and 15555,206 also exhibit similar textures and 

mineralogies (Table 3.1). 
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3.5.1. Apollo 12 and 15 Low-Ti Basalts. It is clear from the above mineralogical and 

chemical evidence that the Apollo 12 and 15 low-Ii basalts contain more diverse 

compositions of clinopyroxene, olivine and spinel compared to the high-Ti basalts of 

Apollo 11 and 17. The Apollo 12 ilmenite basalts within our sample set contain higher 

ilmenite modal abundances than the pigeonite and olivine basalts (4-7 vol % compared to 3 

vol % and 3 vol % respectively). Olivine basalt 12040,44 is olivine-rich (22 vol %) whereas 

the former two basalt types are olivine-poor (0-14 vol %). These observations are in 

agreement with the data and sample classifications of James and Wright (1972), Rhodes et 

ai. (1977), Walker et ai. (1976a), and Baldridge et ai. (1979). The zoned nature of olivines 

in 12016,39, 15016,7 and 15555,206 indicates that these grains grew within a constantly 

evolving melt. In comparison, olivine basalt 12040,44 contains relatively unzoned olivines 

which are more Fe-rich than a number of clinopyroxene grain cores, implying these grains 

re-equilibrated with the melt. Meyer and Wiltshire (1974) and Baldridge et al. (1979) 

suggested that these grains accumulated within the Apollo 12 olivine basalt parental melt. 

This hypothesis is supported by the high bulk-rock MgO content observed in the sample 

relative to olivine forsterite content (Figure 4.6). Previous studies of Apollo 12 mare basalts 

(Compston et aI., 1971; Papanastassiou and Wasserburg, 1971a; James and Wright, 1972; 

Walker et aI., 1976a; Rhodes et aI., 1977; Baldridge et aI., 1979; Neal et aI., 1994a,b) 

argued that the olivine, pigeonite and ilmenite basalts cannot be related by crystal 

fractionation or accumulation, and that these three groups represent three separate source 

regions. Two groups were established based on differences in petrography and major

element chemistry (mainly ilmenite and Ti02 content), the olivine-pigeonite group and the 

ilmenite group (James and Wright, 1972). Subsequently Rhodes et al. (1977) found that the 

trace-element and isotopic variability within the olivine-pigeonite group was greater than 

would be expected from simple closed-system fractional crystallisation. Therefore, these 

authors proposed splitting the group into two groups. Neal et ai. (1994a,b) confirmed this 

seperation based on each groups Mg# and Rb/Sr ratios (section 4.2.2; Figure 4.12). 
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Detailed petrological studies of pigeonite basalt samples 12007, 12011 and 12043 

(Baldridge et al., 1979), sample 12019 (Neal et al., 1994a) and sample 12039 (McGee et al., 

1977) show that our pyroxene and plagioclase compositional data for sample 12052,339 are 

typical of the pigeonite basalt group, though olivine data is slightly more Fe-rich (F067-43 in 

sample 12052,399 versus F076-59 in other pigeonite basalt samples). Olivine basalt 12040,44 

does not contain any of the more Mg-rich olivine grains recorded in a number of other 

olivine basalt samples (Mg#62-43 versus Mg#76-42 for the entire group, Kushiro et aI., 1971; 

Grove et al., 1973; Dungan and Brown, 1977; McGee et al., 1977; Baldridge et al., 1979). 

Pyroxene and olivine compositions of the ilmenite basalt samples 12005 and 12008 are 

relatively unzoned towards Fe-rich compositions compared to our ilmenite basalt data 

(Dungan and Brown, 1977), but this is probably because of a limited dataset. The data of 

Busche et al. (1971) and Keil et al. (1971) show pyroxene and olivine compositions similar 

to samples 12047, 9, 12051,59 and 12064,136 with the addition of a number of Ca-rich 

ferroaugite compositions. 

Olivine basalt 12040,44 contains only moderately zoned pyroxenes (Mg#74-48) with high 

REE abundance (1-1000 times CI-chondrite abundances). The REE abundance of both 

pyroxene and plagioclase grains within this sample are much higher than in any other low

Ti basalt (1-1000 and 1-100 compared to 0.1-100 and 0.1-10 times CI-chondrite 

abundances), excluding the REE-rich pyroxene rims of sample 12064,136. It is possible that 

this high REE abundance was caused by late crystallisation of pyroxene in sample 

12040,44, after olivine had been crystallising for some time. Under these conditions, 

pyroxene would begin to crystallise in a melt much more enriched in REE (as olivine does 

not take REE's into its crystal lattice), but relatively depleted in Mg. However, the observed 

Mg content of pyroxene grains in basalt 12040,44 are too high for this to have occurred in 

the extreme (E~3-39). Therefore, these grains appear to have crystallised from a parental 

melt inherently rich in REE than the Apollo 12 pigeonite and ilmenite basalt parental melts. 
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High MgO contents in ilmenite grains from this sample relative to those in other low-Ti 

samples (MgO = 2.9-3.2 versus 0-2 wt %), and the presence of Mg-rich early pyroxenes 

(Mg#74-70), indicate that the samples parental melt was inherently Mg-rich irrespective of 

olivine accumulation. High Ni and Co content in this basalt's olivine grains (e.g., Ni = 797-

658 ppm in sample 12040,44 compared to 470-0.3 ppm in the other Apollo 12 basalts) 

suggests they crystallised from a primitive melt (Papike et aI., 1999). Pyroxene grains also 

contain high compatible element contents (e.g., Sc = 1043-544 ppm in sample 12040,44 

compared to 187-37 ppm in the other Apollo 12 basalts), implying they too crystallised 

from a primitive melt. Therefore the parental melt of sample 12040,44 appears to have been 

more primitive compared to the parental melts of the pigeonite and ilmenite basalt samples 

represented in our suite. 

Ilmenite basalt 12016,39 contains the next highest modal abundance of olivine (Table 3.1); 

bulk-rock MgO content (Table 4.1) and ilmenite MgO content (0.5-1.2 wt %, Figure 3.53) 

indicates that it is the most primitive ilmenite basalt sample represented in our sample set. 

This is in agreement with the major-element data of Rhodes et ai. (1977) which showed that 

only sample 12005 contains greater bulk rock MgO wt % than 12016,39 in this group. 

Pigeonite basalt 12052,339 and the ilmenite basalts are similar in terms of major-element 

mineral-chemistry and mineral REE and trace-element abundances (Sc, V and Cr - Figure 

3.60). REE parental melt calculations imply that although REE abundance is similar in 

pyroxenes from ilmenite basalts and pigeonite basalt 12052,339, the REE melt abundance 

in 12052,339 is higher, especially for the LREE's. As only the pigeonite phenocrysts were 

large enough to ablate successfully in sample 12052,339, melt compositions were 

calculated using the pigeonite partition coefficients of McKay et ai. (1991) rather than the 

augite partition coefficients of McKay et al. (1986) used for other samples. As the rims of 

these phenocrysts are augite the 80 Ilm laser pit may have incorporated both pigeonite and 

augite, or the laser may have ablated into augitic material. Therefore the calculated parental 
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melt REE abundances of sample 12052 may not be reliable. Despite the mineralogical 

similarities between pigeonite basalt 12052,339 and the ilmenite basalts within our sample 

set, differing ilmenite abundances and incompatible element ratios (Figure 4.10-4.12) 

provide proof that these samples most likely originated from different source regions. 

Therefore, there appears to be material originating from at least three separate source 

regions at the Apollo 12 site. 

Two basalt groups were originally identified at the Apollo 15 site, the olivine-normative 

and quartz-normative basalts, (Rhodes, 1972; Maxwell et al., 1972; Chappell et al., 1972; 

Chappell and Green, 1973; Helmke et al., 1973; Cuttitta et al., 1973; Nava, 1974; Nyquist, 

1977), the latter are not present in our sample set. Both groups are now believed to 

originate from a single source region - any difference in major-element chemistry can be 

accounted for by varying amounts of crystal fractionation at separate levels in the lunar 

crust (Ryder and Schuraytz, 2001; Schnare et al., 2008). Olivine-normative basalts 

analysed in this study display the lowest ilmenite modal abundances of all the samples 

(along with KREEP basalt 15386,46). The low Ti02 abundance of these samples is 

reflected by slightly elevated MgO wt % in ilmenite compared to Apollo 12 samples 

(excluding olivine basalt 12040,44 and ilmenite basalt 12016,39 discussed above), as well 

as relatively Ti-poor pyroxenes. Major, minor and trace element mineralogical analyses 

reveal the similarity between Apollo 12 and 15 low-Ti basalts. Sc, V and Cr content within 

pyroxene, Co and Ni content within olivine and REE content within pyroxene and olivine 

all suggest that the Apollo 15 olivine-normative basalts share most similarities with the 

Apollo 12 ilmenite basalts (Figures 3.55,3.60,3.63 and 3.64). 

3.5.2. Apollo 15 KREEP Basalt. Sample 15386,46 contains plagioclase with 

comparatively low An# and relatively abundant orthoclase as a result of elevated K in the 

parental melt. It also contains orthopyroxene at the core of larger clinopyroxene grains and 
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abundant phosphates as mentioned in preceding sections. Our pyroxene compositional data 

agree well with the data of Dowty et ai. (1976) for Apollo 15 KREEP basalt 15382 which 

shows orthopyroxene cores (EnS2) zoning to Mg-pigeonite and augite. This is also 

consistent with the pyroxene compositions of Apollo 14 KREEP basalt 14310 (Brown et 

aI., 1972; Bence and Papike, 1972). Spudis and Hawke (1986) stated that KREEP basalts 

typically contain 40-50 % plagioclase, 30-40 % low-Ca pyroxene, and minor cristobalite, 

ilmenite, apatite, (RE)-merillite and Si- and K-rich glass. Pyroxene REE data for KREEP 

basalt 15386,46, exhibit characteristic steep trends ((LalLu)n = 0.011-0.384), deeply 

negative europium anomalies (0.04-0.24) and REE abundances are high in both pyroxene 

and plagioclase (1-1000 and 1-100 CI-chondrite abundance, respectively). As high-REE 

phases such as apatite, (RE)-merillite, K-feldspar and glass are present in relatively high 

abundances in this sample (Table 3.1) the bulk-rock REE content is accordingly higher 

than that of the mare basalts (Figure 4.7). All these features, along with successful Rb-Sr 

(3.94 ± 0.01) and Sm-Nd (3.85 ± 0.08) age dating (Nyquist et aI., 1975; Carlson and 

Lugmair, 1979), indicate that 15386,46 is a typical KREEP basaltic sample (e.g., Warren 

and Wasson, 1979a; Snyder et aI., 1995) and therefore, it did not originate from the same 

cumulate source regions as the mare basalts. 

Homogeneous concentrations ofCr, V, Sc from the core to the rim of pyroxenes in sample 

15386,46 suggest low levels of crystal fractionation in the melt. The abundance of Cr is 

comparatively high in these grains, as well as in ilmenite. However, spinel modal 

abundance is low. The fonnation of chromite and ulvQspinel both require a Fe-rich melt, 

therefore, spinel probably failed to fonn excessively in this sample due to the low 

abundance of available Fe in the melt at the time of crystallisation. McKay and Weill 

(1976) noted this high MglFe ratio in the bulk-rock chemistry of sample 15386 and other 

KREEP basalts as evidence that the fonnation of these basalts can not be explained by 
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partial melting of the mare-basalt source. Therefore, the Apollo 15 site contains material 

from at least two sources, the mare-basalt source and the KREEP basalt source. 

3.5.3. Apollo 14 High-AI Basalt. As our mineralogical data are consistent with the data of 

Hagerty et al. (2005), it appears that sample 14053,19 is a typical Apollo 14 high-AI basalt. 

Both sample 14053,19 and Apollo 15 KREEP basalt 15386,46 contain a high modal 

abundance of plagioclase (Table 3.1) because of their high-AI content. Plagioclase in 

sample 14053,19 shows a wide variation in An# (Figure 3.50), and enrichment in HREE's. 

These characteristics, as well as textural evidence and strongly negative europium 

anomalies in a number of pyroxene grains (Eu* = 0.09-0.21), imply that plagioclase 

crystallised prior to some pyroxene in this melt. The relatively high-AI content of early 

chromite spinels compared to those of other samples is also indicative of a high-AI melt. 

The more Ti-rich spinels do not contain excess AI, as by this point in the crystallisation 

sequence co-crystallising plagioclase had begun to preferentially accumulate Al from the 

melt into its crystal structure. The strong LREE enrichment visible in olivine and 

plagioclase is a common feature of Apollo 14 basalts (Hagerty et al., 2003). Pyroxene REE 

trends for Apollo 14 high-AI basalt 14053,19 and Apollo 15 KREEP basalt 15386,46 

display a deeply negative europium anomaly (Eu* = 0.09-0.21 and 0.04-0.24, respectively) 

compared to the other basalts in our sample set (Figure 3.55; 0.11-0.36). They also show a 

positive gradient for the HREE's «GdIYb)n = 0.45-0.73 and 0.25-0.62, respectively) 

compared to the other basalts «GdIYb)n = 1.22-0.48). These REE abundance similarities 

indicate that sample 14053,19 may have been produced via hybridisation between mare

basalt and KREEPy magma, in agreement with other studies of the Apollo 14 high-AI 

basalts (e.g., Dickinson et aI., 1985: Dasch et al., 1987; Hughes et aI., 1990; Neal and 

Taylor, 1990; Shervais and Vetter, 1990; Neal and Kramer, 2006). While most authors 

now agree a KREEP-rich component was assimilated into the melt rather than mixed in at 

the source, the exact composition and proportion of the assimilant is still under debate 
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(e.g., Dasch et aI., 1987; Neal and Taylor, 1990; 1992; Neal and Kramer, 2003; 2006). 

Dickinson et ai. (1985) and Shervais et ai. (1985a) divided the Apollo 14 high-AI basalts 

into five groups based on LREE enrichment or depletion, where group 1 showed the most 

enrichment and group 5 the most depletion. Our REE parental melt calculations suggest the 

melt for sample 14053,19 contained only slight REE enrichment, in agreement with our 

bulk-rock REE data (Figure 4.7). Therefore, this sample should be classified as group 3, as 

also suggested by Neal and Kramer (2006). 

3.5.4. High-Ti, Low-K Apollo 11 Basalts. As shown in Table 1.1, the Apollo 11 low-K 

basalts can be separated into four subgroups, based on K and La content. The B 1 basalts 

contain intermediate K and low La, B2 contain low K, intermediate La, and B3 contain 

low K and La - the high-K samples (type A) contain high K and La (Beaty and Albee, 

1978; Beaty et al., 1979a,b; Ma et al., 1980; Rhodes and Blanchard, 1980). These different 

subgroups are thought to represent at least five separate igneous events (Beaty and Albee, 

1978, 1980; Beaty et aI., 1979a; Rhodes and Blanchard, 1980). Within our sample set, 

Apollo 11 pyroxenes display differing compositions for the high- and low-K basalts, with 

only high-K basalts containing Mg-pigeonite cores, in addition to augite rims that are less 

Fe-rich than the low-K group. This observation is not fully supported by the wider sample 

collection, as a number of low-K Apollo 11 basalts not represented in our sample set 

(samples 10003, 10029, 10045, 10062 and 10092) are reported to contain Mg-pigeonite 

cores (Beaty and Albee, 1978), although they are relatively rare compared to augite. In 

addition to our low-K samples, 10044 and 10047 contain no pigeonite (Hafner and Virgo, 

1970; Beaty and Albee, 1978). Low-Ti unclassified basalt 10050,168 exhibits a distinct 

trend, containing Mg-pigeonite with lower Mg# than some augite cores and Ca-poor, Fe

rich pyroxene rims - a characteristic also reported by Beaty and Albee (1978). Pyroxene 

REE data for this sample show wide variation from low abundance in grain cores (0.1-10 

times CI-chondrite abundance) to much higher abundance in the rims (10-1000 times CI-
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chondrite abundance). Parental melt calculations suggest that the source melt had a lower 

REE content than the melt of group B3 basalt 10020,232 and group Bl basalt 10058,254. 

This is consistent with the suggestion by Rhodes and Blanchard (1980) that sample 10050 

represents a parental melt for the B 1 basalts, despite the fact that it is compositionally 

similar to low-K group B3 basalt 10020,232 (a relationship visible in our bulk-rock 

chemical data - chapter 4), and mineralogicaly similar to group B2 (Beaty and Albee, 

1978). Low REE abundance in 10050,168 pyroxene and plagioclase supports this theory -

relatively high REE abundance combined with low Ni and Co content in olivine supports 

textural evidence indicating the late crystallisation of these grains. However, the presence 

of a substantial proportion of Ba in K-feldspar from sample 10050,168 may suggest it 

represents a totally separate parent melt. Group Bl basalt 10058,254 has much higher 

pyroxene and plagioclase REE abundance than group B3 sample 10020,232 and 

unclassified sample 10050,168. However, our calculated REE melt abundance values are 

much higher than measured bulk-rock REE values for sample 10058,168, suggesting 

pyroxene REE analysis for this sample was incomplete and the calculated parental melt 

abundance is therefore not representative (section 4.3.2). As all three samples within this 

group (10058, 10044 and 10047) show almost identical textures and mineral chemistries it 

is thought they may be from the same boulder on the lunar surface (Beaty and Albee, 

1978). Our data therefore suggests group B 1 is enriched in REE compared to groups B2 

and B3, in agreement with the REE data of Wiesmann and Hubbard (1975). The high Cr, 

V and Sc content of pyroxene also testify to the evolved nature of sample 10058,254 

relative to the other Apollo 11 low-K basalts within our sample suite .. 

3.5.5. High-Ti, High-K Apollo 11 Basalts. As indicated above, samples 10049,94 and 

10057,64 have a very similar textures and mineralogies. These observations, along with 

similar elemental bulk-rock compositions (chapter 4), indicate that these samples may be 

paired. Unfortunately, the fine-grained nature of both samples made mineral REE analysis 
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very difficult, therefore, no dataset could be produced for either sample. Mineral major

data was also limited for these two samples, accounting for the lack of plagioclase 

compositional variation in sample 10057,64 (AnSl-76, Figure 3.50) and olivine Mg content 

in sample 10049,94 (Mg#33, Figure 3.51). However, all Apollo 11 high-K basalt samples 

show similar pyroxene evolutionary trends, plagioclase and ilmenite major-element 

compositions, in addition to similar plagioclase and pyroxene REE abundances and 

characteristically flat REE trends. These textural and mineralogical similarities may 

suggest all four samples were produced from the same melt. The similarities observed in 

our Apollo 11 high-K samples are mirrored in the remaining samples of this group (Carter 

and MacGregor, 1970; Dence et al., 1970; Hollister and Hargraves, 1970; Beaty and Albee, 

1978). Europium anomalies in the Apollo 11 high-K basalts are less positive for 

plagioclase (Eu* = 2.32-43.00) and more negative for pyroxene (Eu* = 0.11-0.29) than in 

the low-K basalts (Eu* = 18-283 and 0.15-0.27, respectively). As both groups contain both 

pigeonite and augite analyses the difference is apparently a factor of inherently low Eu 

concentration in the parental melts, the high-K basalt melt appears to contain less Eu than 

the low-K melt. The presence of these deeply negative europium anomalies within the 

high-K samples is supported by our bulk-rock REE data, and is probably caused by the 

addition of a KREEP-rich component to the melt (section 4.2.1). 

Unlike the low-K basalts, the high-K basalts all contain numerous pigeonite grains. The 

rarity of pigeonite in the low-K samples indicates that these parental melts had higher Ca 

contents than the high-K melts during pyroxene crystallisation. As plagioclase grains do 

not show co-crystallisation texture in the latter samples, we deduce that augitic pyroxenes 

were the first Ca-bearing phases to crystallise. In contrast, both textural evidence and the 

variation of pyroxene Al content with Mg#, indicates plagioclase and pyroxene co

crystallised in the low-K basalts. Without this co-crystallisation, early forming pyroxene 

would have been even more Ca-rich, therefore, the parental melts of our low-K samples 
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appear to have been richer in Ca than that of the high-K samples. These data are supported 

by our bulk-rock chemical data for these samples (Table 4.1, Figure 4.3), but the difference 

in Ca content is not fully apparent across the entire Apollo 11 sample suite. Data from 

previous studies indicate that while the high-K basalts extend to lower bulk-rock CaO 

abundances and the low-K basalts extend to higher CaO abundances, the majority of 

sample analyses lie somewhere in the middle (see Figure 4.1 for references). 

3.5.6. Apollo 17 High-Ti Basalts. Apollo 17 basalt types A, B 1, B2 and C are classified 

based on their bulk-rock chemistry; type A basalts contain 50-60 % higher incompatible 

trace-element abundances than the type B basalts although they have similar major

element compositions (Rhodes et al., 1976; Warner et aI., 1979). The defining 

characteristic of the type C basalts is the presence of the Mg-rich olivine grains noted by 

Meyer and Wiltshire (1974), Rhodes et al. (1976), Warner et al. (1979) and Neal et al. 

(1 990b ). The type B basalts can be further separated into two subgroups, where subgroup 

B 1 has La < 5 ppm and subgroup B2 has La > 5 ppm. These Apollo 17 high-Ti mare

basalts are thought to originate from four separate sources (Rhodes et aI., 1976; Warner et 

aI., 1979a; Neal et al., 1990a; Ryder, 1990; Paces et al., 1991; Neal and Taylor, 1992) - the 

limited range of geochemical and isotopic compositions, along with the scarcity and 

distribution of type C samples (5 samples, all found at the Shorty crater - Station 4) 

indicate that this group may originate from a single lava flow (Paces et aI., 1991; Neal and 

Taylor, 1993). 

The Apollo 11 high-Ti sample collection is often quoted as being similar to the Apollo 17 

collection, in age as well as composition (e.g., Neal and Taylor, 1992 and references 

therein). There are numerous similarities amongst our sample suite - mineral major- and 

trace-element data show Apollo 17 type A basalt 75055,49 is comparable to the Apollo 11 

low-K sample 10020,232, with both showing two populations of pyroxene. Neal et ai. 

191 



(l990a) observed that Apollo 17 basalt 71095 (not studied here) was even more 

comparable with Apollo 11 low-K basalts, reclassifying this sample as a type II, Apollo 11 

low-K, high-Ti basalt. Sample 71095 falls on the fractionation line of the type A basalts 

but due to its extremely evolved composition relative to the type A parent, the above 

authors conjectured that this may be a coincidence; this sample could originate from a 

different source altogether. The less evolved sample 75055,49 has a similar relationship to 

the Apollo 11 basalts, indicating the parental melts for these two groups of basalt were 

compositionally similar despite the geographical separation. 

Apollo 17 type B basalt 70215,306 and type C basalt 74275,310 have very high REE 

mineral abundances with less HREE's than LREE's in pyroxene - a characteristic not 

visible in type A basalt 75055,49 or either of the unclassified basalts. These two samples 

also display similar mineral chemistries, indicating their melts had similar major-element 

chemistries. However, differences in trace-element data indicate they did not originate 

from the same melt (section 4.2). Sample 74275,310 seems to be an uncharacteristic type C 

sample as it does not contain any of the Mg-rich olivine grains typical of this group. 

However, this could probably be accounted for by the small size of the thin-sections that 

we analysed « 5 rom diameter). 

Unclassified basalts 70017,110 and 70035,195 do not appear to show any mineral major

or trace-element similarities to each other or any of the remaining Apollo 17 basalts in our 

sample suite. These two basalts are among 11 unclassified basalts from the Apollo 17 site 

(Neal and Taylor, 1993). Even assuming that upon further investigation some of these are 

found to originate from the same source, the variety of basalt types necessitates the 

presence of numerous different magma bodies at this site. Such complexities within an area 

less than 10 km2 highlights the complex nature of mare-basalt volcanism. 
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3.6. Conclusions. 

• The Apollo 12 and 15 low-Ti basalts contain highly zoned and/or diverse olivine 

and pyroxene compositions in comparison to the Apollo 11 and 17 high-Ti basalts. 

Apollo 14 high-AI basalt 14053,19 and Apollo 15 KREEP basalt 15386,46 show 

the least olivine and pyroxene compositional variation of all the basalts within our 

sample suite, but the former does contain zoned plagioclase. 

• The Apollo 11 low-Ti basalts and Apollo 17 type A basalt 75055,49 display similar 

mineral chemistries and crystallisation sequences. As they were not collected from 

the same site they could not have crystallised from the same melt but their parental 

melts appear to have been similar. 

• The Apollo 11 high-K basalts show similar textures, mineral chemistries and 

crystallisation sequences, indicating they may have crystallised from the same melt. 

• Both the Apollo 11 high-K samples and Apollo 14 sample 14053,19 contain 

mineral trace-element abundances indicating a low Eu abundance in their parental 

melts compared to the other mare-basalts. In addition, minerals within the former 

contain higher REE abundances than the Apollo 11 low-K basalts, and the latter 

shows a strongly positive gradient from Gd to Lu. All these characteristics are 

typical of KREEP basalts and suggest KREEP contamination. 

• Based on mineral chemistry, the two high-Ti Apollo 17 unclassified basalts do not 

fit into any of the established groups (type A, B or C) and are not similar to each 

other. Therefore, the volcanic history at this site is complex. 

• Unclassified low-K Apollo 11 basalt 10050,168 contains high amounts of Ba 

within its feldspar, a characteristic not observed in any of the other basalts within 

this sample set. This compositional characteristic, along with its unique texture and 
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pyroxene composition suggest that this sample is unrelated to the other Apollo 11 

low-K basalts and may not be native to the Apollo 11 site. 

• At least five separate high-Ti parental melt compositions were sampled at the 

Apollo 11 site (type A, B 1, B2, B3 and unclassified basalt 10050), and five separate 

Apollo 17 high-Ti melts are represented in our sample suite alone. In contrast, only 

three melts are represented from the Apollo 12 site (the low-Ti olivine, ilmenite and 

pigeonite basalts) and the Apollo 15 low-Ti olivine-normative and quartz

normative basalts appear to all have originated from the same source. Therefore, 

basaltic eruptions at sites dominated by high-Ti mare basalts appear to be more 

diverse than those at the low-Ti sites. 

To further investigate these findings and determine the detailed petrogenesis of each basalt 

group bulk rock major- and trace-element data must be produced and studied. 
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4. BULK-ROCK CHEMISTRY 

The bulk-rock elemental chemistry of a sample can provide key information about its 

origin and evolution, including the nature and type of source regions represented within a 

sample set and the role of crustal contamination, crystal fractionation and accumulation 

within each sample. ICP-AES analysis of sample rock chips provided a comprehensive 

dataset for all major-elements known to be present within lunar basalts, while ICP-MS 

analysis provided a comprehensive trace-element dataset. The entire data set for ICP-AES 

and ICP-MS can be found in appendix D and E, respectively. 

4.1. Major-Elements 

4.1.1. Observations and Sample Comparisons. In agreement with petrographic 

observations, the bulk-rock Ti02 data exhibit a dichotomy between low- and high-Ti 

samples (Table 4.1). However, Apollo 11 low-K basalt 10058 does not appear to belong to 

either of these groups. It lies in the intermediate-Ti region, showing 8.40 wt % Ti02 -

approximately 1 wt % lower than any previous data published for this sample (LSPET, 

1969; Gast et al., 1970; Goles et al., 1970a; Morrison et al., 1970; Rose et aI., 1970; 

Wiesmann and Hubbard, 1975; Duncan et aI., 1976; Beaty and Albee, 1978; Rhodes and 

Blanchard, 1980). The Ah03 content of sample 15555 is also - 0.7 wt % higher than the 

highest previous analysis (Cuttita et aI., 1973). These differences can be reconciled on the 

grounds of sample heterogeneity. All other elemental abundances for these samples are 

similar to previous data, as shown in Figure 4.1. 

On a plot of Ti02 vs. Ah03 wt % (Figure 4.1a), the majority of Apollo 11 and 17 basalts 

within our sample set cluster together in the high-Ti, low-AI region. Apollo 11 low-K 

basalt 10058 is the exception, as it plots just within the high-AI region. However, this is in 
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Table 4.1: Bulk-rock major- and minor-elements. Analytical precision = < 1 % 

MiaioB ApoDo 11 
Sample 10017 100211 10049 lOOSO lOOS7 10058 loon 

.'.0 18.51 18.58 19.34 18.35 19.23 18.83 17.49 
AlA 8.0 9.6 8.6 10.3 S.2 11.2 8.1 
CoO 10.87 11.21 11.10 11.63 10.81 12.91 11.11 
K,O 0.32 0.06 0.32 0.07 0.29 0.09 0.30 
MaO 7.19 7.59 6.89 7.69 7.24 7.37 5.92 
MaO 0.23 0.27 0.25 0.26 0.24 0.24 0.25 
N.,O 0.46 0.36 0.49 0.36 0.46 0.40 0.45 
PlO" 0.2 < 0.2 < 0.2 < 0.1 
!IIO, 42.09 40.47 42.31 39.96 40.59 42.52 42.05 
no, 11.01 10.34 10.59 11.30 11.01 8.40 11.36 
~ 9fI.II') 98.46 100.01 99.88 98.l4 101.95 97.11 

M&iI 40.92 42.12 38.85 42.75 411.!7 41.11) __ 37.62 

s .. pIr LOO' fCC-I me&lllred fCC-I cerftif'Jed %DiIf' 
.'.0 0.001 8.13 7.42 8.67 
"",0, 0.500 0.73 0.675 7.08 
CaO 0.010 0.55 0.52 5.45 
K,O 0.010 < 0.007 

MaO 0.005 45.56 43.43 4.68 
MaO 0.010 0.12 0.12 0.25 
Na,0 0.001 < 0.03 
PA 0.100 < 0.002 
sto, 0.003 46.38 41.7 10.09 
no, 0.050 < 0.01 

-

"LOD ~ limit of detection 

'PCC -I = peridotite reference material 

'% Diff~ «measured· celtified)lmeasured)*IOO 

121116 12tI4O 
21.87 21.80 

8.1 7.7 
8.81 7.77 

0.04 0.04 
13.18 16.17 
0.28 0.27 

0.21 0.18 

< < 
43.62 43.34 

3.65 2.65 
99.76 99.95 
51.71 56.93 

Apollo 12 ADoIol4 ADoIol5 ADoIol7 
12tI47 12051 12052 12t164 14m lSOl6 153116 ISSSS 70017 70035 70215 74275 7!1OSS 
20.28 20.09 19.20 IS.37 15.77 22.14 9.96 18.46 IS.51 20.41 19.35 17.69 16.92 

10.5 11.0 10.2 11.5 14.3 8.5 15.7 11.1 8.5 7.9 8.7 8.7 9.4 
11.78 12.16 10.97 12.17 11.84 9.18 10.09 10.30 10.49 9.76 10.57 10.70 13.20 
0.07 0.07 0.06 0.06 0.12 0.04 0.61 0.02 0.04 0.08 0.04 0.08 0.04 
6.67 6.48 7.49 6.27 7.71 11.69 8.12 12.37 9.85 9.25 8.61 9.97 8.01 
0.27 0.27 0.27 0.26 0.25 0.28 0.15 0.25 0.27 0.27 0.25 0.26 0.25 

0.29 0.29 0.24 0.27 0.42 0.22 0.81 0.27 0.34 0.35 0.35 0.36 0.37 

< < < < 0.1 < 0.5 < < < < < < 
46.46 47.65 46.16 46.92 47.69 45.40 52.62 47.66 39.39 39.04 38.81 40.15 41.51 

4.94 4.43 3.25 3.64 2.56 2.11 2.10 1.14 12.86 13.03 12.71 12.57 12.22 
101.26 102.45 97.82 99.48 100.73 99~ 100.66 101~ 100.27 100.10 99 ..... 100.51 101.88 

36.96 36,S2 41.02 37.84 46~ 48.48 59.25 54043 48.69 44.6Il 44.22 so.n 45.76 



agreement with previously published data for this sample (LSPET, 1969; Gast et al., 1970; 

Goles et al., 1970a; Morrison et al., 1970; Rose et al., 1970; Wiesmann and Hubbard, 

1975; Duncan et al., 1976; Beaty and Albee, 1978; Rhodes and Blanchard, 1980). In 

addition, other previously published data indicate a number of samples were collected from 

the Apollo 11 and 17 sites with high-AI and/or intermediate-Ti compositions (e.g., 

Turekian and Kharkar, 1970; Kharkar and Turekian, 1971; Wakita et aI., 1970; Wanke et 

al., 1970; Smales et al., 1971; Laul et al., 1975; Warner et aI., 1975; Duncan et al., 1976; 

Neal et aI., 1994a). The low-Ti basalts of Apollo 12 and 15 within our sample set show 

greater scatter in Ah03 content than the high-Ti basalts. Ilmenite basalts 12051 and 12064 

contain ~ 11 wt % Ah03, along with Apollo 15 KREEP basalt 15386 and Apollo 14 basalt 

14053, which plot in the high-AI region (Figure 4.1a). 

Apollo 15 KREEP basalt 15386 displays the highest K20 (0.61 wt %, Figure 4.1b) within 

the sample set, followed by the Apollo 11 high-K basalts (0.32 to 0.29 wt %), highlighting 

the significant K-enrichment in these samples compared to all other basalt groups. Apollo 

1410w-Ti, high-AI basalt 14053 contains the next highest K20 at 0.12 wt %, but this is still 

less than half of the lowest Apollo 11 high-K value. However, previous data show a 

number of Apollo 14 mare-basalt samples contain between 0.20 and 0.30 wt % K20 (e.g., 

Dickinson et al., 1985; Shervais et al., 1985a; Neal et al., 1988); these samples can 

therefore be classed as high-K using the classification of Neal and Taylor (1992). The data 

envelope shown on Figure 4.1b does not include the very high-K (VHK) Apollo 14 basalts, 

as this group is not represented in our sample set - VHK samples contain between 0.35 and 

1.86 wt % K20 (e.g., Duncan et aI., 1975; Shervais et al., 1985b; Neal et al., 1988b; Neal 

et al., 1989a). All Apollo 12 and 15 low-Ti basalts contain K20 below 0.2 wt % and are, 

therefore, classified as low-K according to the classification scheme of Neal and Taylor 

(1992). The remaining high-Ti basalts do not plot beyond 0.88 wt % K20. 
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Figure 4.1: Bulk-rock Ti02 wt % vs. (a) A120 3 wt %. (b) K20 wt % and (c) MgO wt %. Coloured symbols 

represent our data (see key). for clarity these symbols are kept constant throughout the chapter. Envelopes 

represent previously published data for the entire Apollo basalt collection (coloured and labelled according 

to type). References Apollo II - LSPET, 1969, Agrell et aI. 1970, Compston et ai , 1970. Engel and Engel 1970. Goles et ai, I 970a, Goles et ai , 1970b, 

Maxwell et ai, 1970, Monisoo et ai, 1970. Turekian and Kharkar, 1970. Wakita et ai , 1970, Wanke et ai, 1970, Engel et ai, 1971 , Wank. et ai , 1971 , Kharkar 

and Turekian, 197 1, Duncan et ai , 1976, Beaty and Albee, 1978, Beaty et ai, I 979a. Ma et ai, 1980; Rhodes and Blanchard, 1980, Jerde et ai , 1994, Neal et ai, 

1994a. Apollo 12 - LSPET, 1970. Maxwell et II , 1970, Compston et aI , 1971. Engel et aI , 1971 , Goles et ai, 1971, Kle," et ai , 1971 , Scoon, 1971 . Smales et aI , 
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1973. Duncan et ai, 1975. Vaniman and Papike, 1980, Warner et ai, 1980. Taylor et ai, 1983, Dickinson et ai , 1985, Shervais et ai , 19850; Warren et ai , 1986, 

Neal et aI. 1988a, b, Neal et ai, 1989a Apollo IS - Cbappell and CiTeen, 1973 , Rhodes and Hubbard, 1973 , Ma et ai , 1978, Ryder and Steele, 1988. Vetter et ai , 

1989 ApoUo IS KREEP - Rhodes and Hubbard, 1973. Basu and Bower, 1976, Irving, 1977, Lindstrom et aI . 1977. Warren et ai , 1983, Simon et ai, 1988. Ryder 

and Martinez, 1991 Apollo 17 - Brunfelt et ai , 1974. Duncan et ai , 1974. Rhodes et aI. 1974. Rose et ai , 1975, Shih et ai , 1975, Wanke et al . 1975. Warner et 

ai , 1975. Rhodes et ai , 1976. Murali et ai , 1977. Warner et ai , 1979. Neal et aI . 199Oa,b. Ryde<, 1990 
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The bulk-rock MgO content varies from 5.92 to 16.17 wt % in our sample set (Figure 

4.1c), with only the low-Ii Apollo 15 basalts 15016 and 15555, Apollo 12 olivine basalt 

12040 and Apollo 12 ilmenite basalt 12016 containing> 10 wt % MgO. Ihe remaining 

Apollo 12 ilmenite basalts within our sample set show little MgO variation (6.27-6.67 wt 

%) and the MgO content of Apollo 12 pigeonite basalt 12052 is only slightly higher (7.49 

wt %). Apollo 14 high-AI basalt 14053 and Apollo 15 KREEP basalt 15386 show similar 

MgO contents at 7.71 and 8.21 wt %, respectively. The high-Ii basalts display a more 

restricted data set, with Apollo 17 basalts showing higher MgO (8.01-9.97 wt %) than the 

Apollo 11 basalts (5.92-7.59 wt %). Apollo 17 type A basalt 75055 shows the lowest MgO 

value of the Apollo 17 samples within our sample set (8.01 wt %), and plots closest to 

Apollo 11 basalt 10020 (7.59 wt %). The limited variation in bulk-rock MgO content 

within the high-Ii mare basalts compared to the low-Ii basalts is consistent with previous 

studies (Figure 4.1 c ). 

Figure 4.2 shows Na20 vs. FeO for our sample set along with all previous mare-basalt data 

from the Apollo collection. The Apollo 15 KREEP basalt 15386 plots distinctly away from 

the mare basalts because of its comparatively high Na20 (0.81 wt %) and low FeO content 

(9.96 wt %). Apollo 14 high-AI basalt 14053 also shows a slight FeO depletion (15.77 wt 

%) compared to other mare basalts, but its Na20 content (0.42 wt %) is still lower than the 

Apollo 11 high-K basalts (0.45-0.49 wt %). Ihe latter have the second highest Na20 

content, followed by the Apollo 11 low-K basalts (0.34-0.36 wt %) and the Apollo 17 

basalts (0.37-0.34 wt %), of which type A basalt 75055 has the highest Na20 content. Ihe 

Apollo 12 and 15 low-Ii basalts exhibit low Na20 values (0.29-0.18 wt %). with olivine 

basalt 12040 displaying the lowest value. Figure 4.2 highlights the negative correlation 

between Na20 and FeO in the Apollo basalts, as Na20 decreases FeO generally increases. 

This observation can be related to the mineral modes in these basalts; an increase in the 

modal proportion of feldspar (the main Na20 host) is accommodated by concomitant 
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decrease in the amount of olivine and pyroxene present (the main FeO bearing phases). 

However, ilmenite is not a part of this relationship (as it is not a silicate), hence the high-Ti 

basalts show a weaker negative correlation than the low-Ti basalts. 

Interestingly, despite the fact that low-Ti basalts within the sample set analysed in this 

study contain the most Cr-rich spinel grains, they do not all contain high Cr203 contents 

(Figure 4.3). In fact, Apollo 12 ilmenite basalts 12047, 12051 and 12064 show some of the 

lowest Cr203 contents, alongside the Apollo 11 high-K basalts. However, there does 

appear to be a weak positive relationship between spinel modal abundance and bulk-rock 

Cr203 content for a number of samples - for example, the Apollo 15 low-Ti olivine

normative basalts and Apollo 12 ilmenite basalt 12016 contain some of the highest modal 

spinel and Cr203 abundances compared to the other samples, whereas Apollo 12 ilmenite 

basalt 12051 is poor in both (Figure 4.4). However, there are numerous exceptions to this 

rule, relating to the presence of minor Cr within other phases. This effect is most obvious 

in Apollo 17 unclassified basalt 70017 and Apollo 15 KREEP basalt 15386; these samples 

contain little spinel but pyroxene grains contain up to 0.7 wt % Cr, ~ 0.4 wt % above the 

average for other samples. Sample 15386 also contains slightly elevated Cr203 wt % within 

ilmenite grains (section 3.2.4). Neither of these samples shows abnormally high bulk-rock 

Cr203 contents. In general, there is a positive correlation between bulk-rock Cr203 (wt %) 

and MgO (wt %) contents in most samples, consistent with spinel co-crystallisation with 

olivine and pyroxene during magma cooling (Table 3.2). For most basalt groups, previous 

studies have highlighted this relationship, but the Apollo 12 olivine basalts show no change 

in Cr203 with increasing MgO. 

Bulk-rock Si02 content is higher within the low-Ti basalts, with Apollo 15 KREEP basalt 

15386 displaying the highest value and the Apollo 17 basalts showing the lowest values 

(Figure 4.3b). As expected from fractionating magmas, the high- and low-Ti groups exhibit 
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parallel negative correlations between Si02 and MgO (The high-Ti basalts contain less 

Si02 as they have higher Ti02 contents). The CaO contents of most mare-basalt groups are 

similar, excepting the Apollo 12 olivine basalts, which contain less CaO (and more MgO) 

than other samples. All mare-basalt groups show a strong decrease in CaO with increasing 

MgO, whereas the Apollo 15 KREEP basalts display the opposite relationship (Figure 

4.3c). 
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Figure 4.4: Bulk rock Cr20 3 vs . spinel modal abundance. 
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The bulk-rock Ni (ppm) content is variable throughout the sample set - in general , a 

number of low-Ti basalts contain Ni above the detection limit, whereas a number of high-

Ti basalts show Ni below the detection limit, but there are numerous exceptions (Table 

4.1). Only the high-K Apollo 11 basalts, Apollo 14 high-AI basalt 14053 and Apollo 15 

KREEP basalt 15386 contain bulk P20 s above the detection limit. 

4.1.2. MELTS Calculations. By processing the bulk-rock major-element data into MELTS 

software (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998) it was possible to calculate 

the liquidus temperature and the predicted crystallisation sequence for each sample (Table 

4.2; Figure 4.5). Data that do not match the petrological observations may indicate that the 
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Table 4.2: Predicted liquidus temperatures for each sample, based on major-element bulk-rock composition. 

Sample Liquidus (OC) MELTS Correct? 
10017 1157 N • spinel and olv are not present in the sample 

10020 1162 Y - although no second Ti-rich spinel phase was found in sample 

10049 1148 N - spinel is not present in the sample and merri is very fine grained if present 

10050 1159 N - predicted olv have lower Mg#l than some cpx in sample. spinel was not observed 

10057 1159 N - no elv. spinel or merri present in sample. observations show cpx and ilm crystallise before plag 

10058 1144 N - olv and spinel not present in sample. free silica not predicted. observations show cpx, plag and ilm crystallise together 

10072 1141 N - olv predicted to crystallise late but aboservations show earty olv 

12016 1311 N - spinel crystallised earty in sample. no uilmentie is predicted 

12040 1377 N - no ilmen~e or late stage Ti-spinel predicted, Cr-spinel is crystallised early in sample 

12047 1146 N - olv crystallises earty in sample 

12051 1151 N - olv is not present in sample, spinel crystallised eartier in sample 

12052 1184 N - olv, spienl and cpx are plhenocrysts in sample, everything else is quench textured 

12064 1149 Y - although apat~e is net predicted and no olv was found in our sample (though 12064 does contain rare olv grains) 

14053 1174 Y - a~hough Cr-spinel appears to have crystallised earty in the sample 

15016 1281 N - ilm and free silica missing from MELTS predictions, spinel crystallised early in sample 

15386 1214 Y - although olivine is not present in the sample 

15555 1290 N - ilm and free silica missing from MELTS predictions, spinel crystallised early in sample 

70017 1218 N - in sample olv crystallises after ilm and cpx, apat~e is miSSing from MELTS prediction 

70035 1207 N - olv crystallised after cpx in sample, ilm should be before cpx, and spinel is very rare in sample 

70215 1188 Y - correct crystall isation order, atthough silica is not present in sample (or is very fine grained), In reality sample is mostly quench 

74275 1219 N - ilm (and arm) should crsytallise first, Cr-spinel and olv should follow 

75055 1153 N - olv is not present in the sample 

Pressure IS assumed to be 1 bar, but decreaSing the pressure to 0 bars has no Significant effect on liqUidus temperature. 

sample contains xenocrysts, or has undergone crystal fractionation or accumulation. 

Equilibrium crystallisation modelling was performed with an oxygen fugacity equivalent to 

two log units below the Iron-Wustite buffer (i.e. IW -2) and with a starting liquidus 

temperature of 1400 °C. Calculated liquidus temperatures vary from 1377 °C to 1141 °C 

(samples 12040 and 10072, respectively), The higher liquidus temperature for Apollo 12 

olivine cumulate basalt 12040 is followed by that of Apollo 12 ilmenite basalt 12016, at 

1311 °C. A gap of 22°C exists before the next highest liquidus temperatures, those of the 

Apollo 15 low-Ti basalts at 1290 °C and 1281 °C. The liquidus temperature estimates for 

the remaining Apollo 12 basalts range from 1147 °C to 1151 °C for the ilmenite basalts 

and 1184 °C for pigeonite basalt 12052. Apollo 14 high-AI basalt 14053 yields a similar 

estimate of 1174 °C, significantly different from that of Apollo 15 KREEP basalt 15386 

(1214 °C). Apollo 11 basalts show liquidus temperatures between 1162 °C and 1141 °C, 

with no difference between the estimates of high- and low-K samples. Apollo 17 type A 

basalt 75055 shows a similar liquidus temperature (1153 °C), The remaining Apollo 17 

basalts have slightly higher estimates, from 1219 °C to 1188 °C. 
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As the available MELTS software did not allow for fractional crystallisation calculations, 

most crystallisation sequences estimated using the MELTS program were found to be in 

some disagreement with the textural and mineralogical evidence. For example, MELTS 

calculations failed to predict the crystallisation of ilmenite in Apollo 12 olivine basalt 

12040, ilmenite basalt 12016 and Apollo 15 low-Ti basalts 15016 and 15555, yet ilmenite 
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IS present III these samples. MELTS also predicted that olivine should be present III a 

number of samples where none is observed (Figure 4.5). However, in nature, pure 

fractional or equilibrium crystallisation end-members rarely exist; a continuum between 

the two end-members IS more probable. Therefore, a sample which exhibits major 

petrological similarities to the MELTS equilibrium-crystallisation calculations must have 

formed in an environment dominated by this crystallisation mechanism. Equally, a sample 
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with few petrological similarities to the MELTS equilibrium-crystallisation calculations 

probably formed in an environment dominated by fractional crystallisation. 

Within our sample set equilibrium crystallisation modelling only provides a fair match 

between the, observed and predicted compositional ranges of mineral phases in the Apollo 

12 and 15 mare basalts. For Apollo 12 samples 12047, 12051, 12052 and 12064 the 

calculations predict olivine should crystallise late, with F028-23. Such Fe-rich olivine is not 

encountered in these samples - where present (in samples 12047 and 12052) olivine shows 

compositions of F069-43, and appears to have crystallised as one of the earliest phases. Cr

rich spinel is also observed as an early phase in the Apollo 12 and 15 mare basalts, but 

MELTS calculations suggests that it should have crystallised late. Pigeonite and augite 

compositions of these samples do not show as much variation in MEL TS crystallisation 

sequences as is observed, a discrepancy visible for the majority of samples. Plagioclase is 

predicted with lower and less varied An# than that observed within most samples, 

excepting samples 15555, 70017 and 74275, where predicted and observed An# are 

similar. The presence of olivine is predicted but not observed in Apollo 11 sample 10017 

and Apollo 17 sample 75055, in contrast Apollo 11 sample 10072 contains olivine but the 

MELTS calculation for this sample did not. All of the high-Ti basalts contain early 

crystallising ilmenite, but MEL TS calculations indicate that ilmenite should crystallise late 

in Apollo 11 low-K samples 10020 and 10058, and Apollo 17 sample 75055. In addition, 

spinel is incorrectly predicated to crystallise late in sample 10020. In contrast, Apollo 11 

basalt 10058 does not contain spinel, but the MELTS calculations incorrectly predict its 

presence in this sample. 

Only Apollo 14 high-AI basalt 14053 and Apollo 15 KREEP basalt 15386 yield estimates 

mostly in line with the observations, though plagioclase still shows more An# variation in 

the samples than is predicted by MELTS. This is especially true in sample 14053, where 
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observed values range from An93 to An6s (at the extreme rim), but the predicted value of 

MELTS does not change from AnS9. Overall, with the exceptions of a few samples, the 

equilibrium MELTS predictions did not fit well with the observed crystallisation sequences 

of the samples (Table 3.3), indicating crystal fractionation played a roll in the evolution of 

these basalts parental melts. 

4.1.3. Olivine Accumulation and Addition. The Garcia (Garcia et aI., 1995) plot is used to 

determine the equilibrium conditions at the onset of early olivine crystallisation, when 

other phases do not affect the partitioning of Mg and Fe. Therefore, for the Garcia plot to 

produce valid interpretations, olivine must be an early crystallising phase with initial Fo# 

(mol %) higher than - 60. Once olivine Fo# falls below 50 the crystallisation of other 

phases begins to significantly affect the partitioning of Mg and Fe, and Garcia plot 

interpretations become less straightforward. Incidentally, all the basalts which contain 

olivine within our sample set show initial olivine (cores) above Fo# 60. Figure 4.6 

compares the measured bulk-rock Mg# with forsterite contents in olivines measured by 

EMP A. If the data points plot below the mare-basalt partition coefficient (Kd) line, olivine 

accumulation has occurred, whereas if they plot above the line, a xenocrystic origin for the 

olivine is suggested. Figure 4.6a indicates that a number of mare basalts within our sample 

set have been subjected to varying amounts of olivine accumulation; Apollo 12 olivine 

basalt 12040 shows the most accumulation, in agreement with the mineralogical evidence 

presented in chapter 3, as well as that of Meyer and Wiltshire (1974) and Baldridge et aI. 

(1979). The Garcia plot also indicates that Apollo 15 olivine-normative basalt 15555 and 

Apollo 12 ilmenite basalt 12016 contain significant amounts of accumulated olivine. Only 

samples 10020, 12047 and 70215 plot on the equilibrium line, although the single olivine 

data point for Apollo 11 high-K basalt 10049 plots close enough to suggest that with a 

more extensive data set this sample would also plot on the line. The only remaining Apollo 

11 high-K basalt that contains olivine is sample 10072. Its large olivine phenocryst 
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(Figures 3.13 and 3.14) plots above the equilibrium line, suggesting it is a xenocryst. Other 

olivine grains within this basalt plot on the line, indicating they were native to the sample's 

parental melt. Figure 4.6b shows the Mg# each sample would require for its highest Fo# 
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Figure 4.6: Garcia plot showing olivine forsterite number vs. bulk-rock Mg# for individual samples. (a) 

Measured data, if the highest forsterite value within a sample is far below the black equilibrium line olivine 

accumulation has occurred, if forsterite values plot above the line the sample contains olivine xenocrysts. (b) 

Reducing the Mg# of samples showing olivine accumulation, and increasing that of xenocryst bearing 

samples, until the highest forsterite data points touch the equilibrium line, gives the original Mg#. 
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olivine to plot on the equilibrium line. For most samples this value is between 7 and 25 % 

lower than the measured bulk-rock Mg#, but for samples 12016, 12040 and 15555 the 

value of Mg# must be 39, 44 and 40 % lower respectively. The Mg# of sample 10072 

would have to increase by 16 % in order to fit with the xenocrystic value. This plot 

indicates that without olivine accumulation, none of these samples would have a bulk-rock 

Mg# higher than 45 (sample 74275) and the most extensively affected sample would have 

Mg# 32 (sample 12016). However, there is the possibility that the highest Fo# olivine 

grains within a bulk-rock sample are not represented in the thin section investigated, 

especially in those cases in which the thin sections were small (e.g., samples 74275 and 

12016). In these cases, the maximum Fo content measured in olivine in this study should 

be taken as minimum estimates. Another factor which may complicate any straightforward 

interpretation of the Garcia plot is the possibility of sub-solidus re-equilibration. This 

would homogenise Fe-Mg distribution in an olivine grain, thereby lowering the Fo content 

of the core region, and the resulting data point would plot below the equilibrium line at the 

given bulk-rock Mg#. 

4.2. Trace-Elements 

4.2.1. Bulk-Rock REE. Bulk-rock REE data for mare basalts within the Apollo sample 

collection have been published by numerous research groups over the past forty years (see 

Figures 4.11 for references). As a result there is an extensive existing dataset, but in most 

cases only a handful of REE's were analysed in a given sample because of the limitations 

posed by instrumentation and analytical techniques during the early post-Apollo era. This 

study reports the most extensive mare-basalt REE dataset to date, raw data is presented in 

Appendix E. 

Previously published REE data for Apollo 17 unclassified basalt 70035 plots slightly 

below our data, 20-78 rather than 33-93 times chondrite-normalised values (Figure 4.7). 
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Similarly, previous data for Apollo 17 type A basalt 75055 shows slightly higher REE 

abundances than our data (23-89 vs. 15-50 times chondrite-normalised values). These 

differences can be attributed to sample heterogeneity, as the previously published data for 

these two samples shows wide variation. The measured REE abundances in Apollo 15 low-
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Figure 4.7: Chondrite-normalised REE abundance diagrams comparing previously published bulk-rock data 

for each sample (see Figure 4.11), to that measured in this study. Previously published data are shown as 

dotted lines and new data collected in this study are shown as solid lines. Colours and symbols denote sample 

type (see Figure 4.6 Key). 
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Figure 4.7: cont. 

Ti basalt 15555 has a significantly different trend to all previously published data. Not only 

do our data indicate that this sample contains lower REE abundances than any other, the 

trend shows a positive europium anomaly (Eu* = 1.21). Previous data for this sample 

suggest that the europium anomaly should be negative (Eu* = 0.67-0.75), and REE 

abundances should be slightly higher - around 10-25 rather than 5-11 times chondrite-
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normalised values. Significant terrestrial contamination could cause this change in trend 

and abundance. However, since we received the sample it has been stored and processed in 

the same manner as all other rock chips within our sample set, none of which show signs of 

any contamination. Therefore, significant contamination of the sample during this study is 

unlikely. It is possible that the chip was contaminated before we received it, or that 
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Figure 4.7: cont. 2. 
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we were mistakenly allocated a chip of a wrong sample. However, taking into account the 

highly controlled environment the Apollo samples are stored in, the latter possibilities also 

seem unlikely. The measured REE data of sample 15555,982 must therefore be accounted 

for by sample heterogeneity and disregarded as unrepresentative of the whole sample. The 

heterogeneity of this sample was also noted by Ryder and Schuraytz (2001). 

Excepting the above sample, Apollo 15 low-Ti basalt 15016 shows the lowest REE 

abundances, along with Apollo 12 olivine basalt 12040 (12-23 times chondrite-normalised 

values) (Figure 4.8). The remaining Apollo 12 samples display REE abundances varying 

from 17 to 43 times chondrite-normalised. All these low-Ti samples show relatively flat 

trends and weakly negative europium anomalies (Eu· = 0.56-0.65). The high-Ti basalts of 

Apollo 17 have higher HREE abundances (41-93 times chondrite-normalised values), but 

LREE depletion means these values overlap with those of the Apollo 12 and 15 samples 

(15-86 times chondrite-normalised values). Apollo 11 low-K basalts contain lower REE 

abundances than the high-K basalts, and show a greater spread of data (52-110 vs. 101-154 

times chondrite-normalised values for the HREE's). The former contain LREE depletion 

similar to the Apollo 17 basalts, whereas the latter have much flatter trends and strongly 

negative europium anomalies (Eu· = 0.28). The REE trends of both Apollo 14 high-AI 

basalt 14053 and Apollo 15 KREEP basalt 15386 show LREE enrichment. However, in 

every other sense the trend of sample 14053 fits well with those of the Apollo 12 basalts, 

whereas KREEP basalt 15386 displays the highest REE abundances and the strongest 

negative europium anomaly (Eu· = 0.22) among all our samples. Generally, despite a 

slight overlap, the high-Ti mare basalts contain higher REE abundances than the low-Ti 

mare basalts. 20' error bars are smaller than the thickness of the lines on this plot (for 

values see appendix E), except for sample 15555,982 (because of its low REE abundance). 
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An additional advantage of having bulk-rock trace-element data is that it can be used to 

determine the accuracy of the calculated parental melt REE abundances, provided the 

effects of crystal fractionation and accumulation are taken into account (section 3.3.2). For 

the Apollo 12 ilmenite basalts, Apollo 15 olivine-normative basalt 15016, Apollo 17 type 

A basalt 75055, and the Apollo 11 basalts (excepting sample 10058) the two datasets 

match well (Figure 4.9). The majority of the remaining samples display higher calculated 

than measured abundances, with the largest difference shown for Apollo 11 low-K basalt 

10058, Apollo 12 olivine basalt 12040 and Apollo 17 type B and C basalts 70215 and 

74275. The calculated REE melt abundances were based on pyroxene REE content, so the 

calculated REE values could be higher than the measured values in these samples because 

pyroxene was not one of the first phases to crystallise, or the pyroxene grains analysed 

were not among the first to form. Later stage pyroxenes contain higher REE abundances, 

therefore calculated melt REE abundances would be high compared to the true melt 

composition of the sample. However, if significant crystal accumulation occurred in the 

sample the calculated REE values may be more reliable than the bulk-rock values. If a 

sample contains accumulated grains of a mineral with low REE content (e.g., olivine 

and/or ilmenite), then the measured bulk-rock REE content will be low compared to that of 

the original melt (e.g., sample 12040). Apollo 15 KREEP basalt 15386 is the only sample 

with higher measured REE than the calculated values. Plagioclase (LREE-enriched) and 

orthopyroxene crystallised in this sample before clinopyroxene, therefore the melt was 

probably low in LREE's at the time of clinopyroxene crystallisation. This would 

subsequently result in low calculated REE melt abundances (Figure 4.9). 

4.2.2. Incompatible Trace-Elements. Within the mare basalts the large radii alkali 

elements (K, Rb, Cs), Sr, Ba, Zr, Hf, Nb, Ta, Th and U behave incompatibly, in addition to 

the REE's. Figure 4.10 shows various incompatible-element bivariate plots to highlight the 

low abundance of these elements in most lunar basalt groups. Apollo 15 KREEP basalt 
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15386 consistently displays the highest incompatible-element abundance, followed by the 

tightly clustered Apollo 11 high-K basalts. Apollo 14 high-AI basalt 14053 also contains 

elevated amounts of K, Rb, Cs, Ba, La, Th and U. Zr, Nb, Sm, Hf, and Ta in this sample 

plot alongside the remaining mare basalts, often in the gap between the high-and low-Ti 

groups. Apollo 11 and 17 high-Ti basalts contain higher Zr, Nb, Sm, Hf and Ta than the 

Apollo 12 and 15 low-Ti basalts. Apollo 17 type A basalt 75055, type B basalt 70215, and 

unclassified basalt 70017 commonly cluster tightly towards the lower abundances 

(frequently close to sample 14053), whereas type C basalt 74275 and unclassified basalt 

70035 contain slightly higher abundances, similar to the Apollo 11 low-K samples. Apollo 

12 olivine basalt 12040 and Apollo 15 olivine-normative basalt 15016 show very similar 

incompatible-element contents and often (though not always) contain the lowest 

abundances among all the samples. Apollo 12 ilmenite basalt 12016 commonly plots 

alongside these two samples, while the remaining ilmenite basalts, along with pigeonite 

basalt 12052, display slightly higher incompatible-element contents. The Apollo 11 low-K 

basalts and Apollo 17 basalts commonly plot along a line on these graphs (more defmed 

for some element pairs than for others), indicating these samples have similar ratios of 

these elements. The Apollo 11 high-K basalts plot along a separate and more defined line, 

indicating these basalts contain very similar incompatible-element ratios to each other, but 

significantly different incompatible-element ratios to the other high-Ti basalts within the 

sample set. Apollo 12 and 15 low-Ti basalts consistently plot along similar incompatible

element trend lines to each other, though the latter appear to contain slightly lower 

abundances. These basalts commonly plot along entirely separate trend lines to the Apollo 

11 low-K and Apollo 17 samples, indicating the low- and high-Ti basalts have significantly 

different incompatible-element ratios. 

Figures 4.11 and 4.12 show previous Rb, Sr, Ba and Pr data alongside the data collected in 

this study. The Apollo 15 KREEP basalts contain the highest abundances of Ba and Pr, 
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Apollo 17 unclassified basalts only previous data for those specific samples are shown. The points and trend 

line for sample 70017 are shown in bright pink, while sample 70035 data is shown in paler pink to avoid 

confusion. Large symbols represent our data whereas small symbols represent previously published data. 

References: Apollo 11 high-K; LSPET, 1969; Annell and Helz, 1970; Compston et aI., 1970; Ganapathy et aI., 1970; Gast et aI., 1970; 

Morrison et aI., 1970; Murthy et aI., 1970; Philpotts and Schnetzler, 1970; Tera et aI., 1970; Wakita et aI., 1970; Wanke et aI., 1970; 

Wanless et aI., 1970; Wassen and Baedecker, 1970; Anders et aI., 1971; SmaIes et aI., 1971; Duncan et aI., 1976; Nyquist, 1977; 

Papanastassiou et aI., 1977; Beaty and Albee, 1978; Jerde et aI., 1994; Snyder et aI., 1994; NeaI, 2001. Apollo 111ow-K; LSPET, 1969; 

Compston et aI., 1970; Tatsumoto, 1970; Tera et aI., 1970; Wanless et aI., 1970; Duncan et aI., 1976; Nyquist, 1977; Rhodes and 

Blanchard, 1980; Dickinson et aI., 1989; Snyder et aI., 1994. Apollo 12 ilmenite; LSPET, 1970; Gast and Hubbard, 1970; 

Papanastassiou and Wasserburg, 1970; Anders et aI., 1971; Compston et aI., 1971; Hubbard and Gast, 1971; Morrison et aI., 1971; 

Papanastassiou and Wasserburg, 1971a; Rhodes et aI., 1977; Nyquist, 1977; Nyquist et aI., 1977; Unruh et aI., 1984; Snyder et aI., 1997; 

NeaI, 2001. Apollo 12 olivine; LSPET, 1970; Anders et aI., 1971; Bottino et aI., 1971; Compston et aI., 1971; Murthy et aI., 1971; 

Papanastassiou and Wasserburg, 1970; Papanastassiou and Wasserburg, 1971a; Nyquist, 1977; Nyquist et aI., 1977; Snyder et aI., 1997. 

Apollo 12 pigeonite; LSPET, 1970; Bottino et aI., 1971; Compston et aI., 1971; Murthy et aI., 1971; Schnetz1er and Philpotts, 1971; 

Wanke et aI., 1972; Wolf et aI., 1979; Warren and Jerde, 1990. Apollo 14; LSPET, 1971; Papanastassiou and Wasserburg, 1971b; 

Ehmann et aI., 1972; Hubbard et aI., 1972; Morgan et aI., 1972; Willis et aI., 1972; NeaI, 2001; NeaI and Kramer, 2006. Apollo IS olv. 

norm.; Brunfelt et aI., 1972; Compston et aI., 1972; Christian et aI., 1972; Mllller, 1972; Murthyet aI., 1972; Chappell and Green, 1973; 

Cuttita et aI., 1973; Evensen et aI., 1973; Helmke et aI., 1973; Mark et aI., 1973; Nyquist et aI., 1973; Rhodes and Hubbard, 1973; 

Muller, 1975; Nyquist, 1977; Wolf et aI., 1979; Snyder et aI., 1998; NeaI, 2001; Ryder and Schuraytz, 2001. Apollo IS KREEP; 

Compston et aI., 1972; Hubbard et aI., 1974; Nyquist et aI., 1974; Nyquist et aI., 1975; Vaniman and Papike, 1980; NeaI and Kramer, 

2003. Apollo 17 type A; LSPET, 1973; Shih et aI., 1975; Nyquist et aI., 1975; Nyquist, 1977. Apollo 17 type 8; Morgan et aI., 1974; 

Nyquist et aI., 1975; Rhodes et aI., 1974; Rose et aI., 1974; Shih et aI., 1975; Wanke et aI., 1975; Nyquist, 1977. Apollo 17 type C; 

Duncan et aI., 1974; Wanke et aI., 1974; Shih et aI., 1975; Murthy and Coscio, 1976; Rhodes et aI., 1976; Nyquist, 1977; Paces et aI., 

1991. Apollo 17 sample 70017; Brunfelt et aI., 1974; Duncan et aI., 1974; Philpotts et aI., 1974; Rose et aI., 1974; Nyquist et aI., 1975; 

Shih et aI., 1975; Rhodes et aI., 1976. Apollo 17 sample 70035; LSPET, 1973; Evensen et aI., 1973; Nyquist et aI., 1974; Shih et aI., 

1975. 

followed by the Apollo 11 high-K basalts and the Apollo 14 high-AI basalts. The latter 

group contain a wide spread of Rb and Pr abundance, extending to the highest values of all 

the samples for Rb, just beyond the Apollo 15 KREEP basalts. Though Sr abundance is 

high in the KREEP basalts it appears to be more enriched in a number of Apollo 11 and 17 

basalts. Apollo 14 high-AI basalts plot amongst the lowest Sr abundances. Element trend 

lines are drawn for individual groups on these plots. They again highlight the variation 

between the ratios of Apollo 11 high- and low-K basalts and, in addition, highlight 

differences between the Apollo 17 basalt groups. The low-Ti basalt groups of Apollo 12 
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Figure 4.12: Plot showing Sr vs. Pr with previously published data for all groups represented within the 

sample set. Approximate trend lines are shown for all sample groups in the corresponding colour (see key), 

except for the trend line of the Apollo 15 olivine normative basalts, which is shown in red for clarity. Sample 

15555 does not plot on this graph as its Pr abundance is < I. Large symbols represent our data, whereas small 

symbols represent previously published data. References for previously published data as in Figure 4.1 I . 

and 15 show little difference between their incompatible-element ratios, but the low-Ti 

Apollo 14 high-AI basalts show a completely separate ratio in both Figure 4.11 and 4.12. 

Neal et al. (1994a) classified the Apollo 12 mare basalts in terms of Rb/Sr ratio and Mg#. 

According to these authors, the three groups can be separated as follows: olivine basalts 

have Mg# > 46 and Rb/Sr ratios > 0.008, pigeonite basalts have Mg# < 46 and Rb/Sr ratios 

> 0.008 and ilmenite basalts have varying Mg# and Rb/Sr ratios < 0.008. Figure 4.13 

shows how our data compare with that of this previous study. Apollo 15 KREEP basalt 

15386, Apollo 11 high-K basalts and Apollo 14 high-AI basalt 14053 all display Rb/Sr 

ratios much higher than the Apollo 12 samples analysed by Neal et al. (1994a), as these 
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basalts have strongly negative strontium anomalies. However, the remammg high-Ti 

basalts and the Apollo 15 olivine-normative basalts show similar ratios below 0.008. 

Ignoring sample 15555,982 as unrepresentative of the bulk-rock composition, the high-Ti 
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Figure 4.13: Rb/Sr vs. Mg#. The larger scale plot shows all samples (a), whereas the smaller scale plot (b) 

focuses on the classification line of Neal et at. (1994a) at Rb/Sr = 0.008. Envelopes on this plot represent the 

data of this previous study (dark green = A 12 olivine basalts, pink = A 12 pigeonite basalts and light green = 

A 12 ilmenite basalts). 
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basalts of Apollo 17 and 11 (low-K) show the lowest Rb/Sr ratios, with the exception of 

sample 74275 (just below the 0.008 line). Apollo 12 pigeonite basalt 12052 and ilmenite 

basalts 12016, 12047 and 12051 fit within the relevant regions of the Neal et al. (1994a) 

classification, but olivine basalt 12040 plots just below the Rb/Sr classification line 

(0.0079) and ilmenite basalt 12064 plots just above (0.0088) within the pigeonite basalt 

region. 

4.2.3. Compatible Trace-Elements. As the transition metals have small ionic radii and low 

charge they are generally more compatible in mineral crystal lattices than the REE's and 

large ion lithophile elements (LILE's) discussed above. The compatibility of these 

elements causes their abundance to change dramatically as a result of geological processes 

(e.g., fractional crystallisation). Figure 4.14 shows the variations in bulk-rock Sc, V and Cr 

contents with bulk-rock Mg# for our measured data, along with previously published data 

for samples within the same basalt groups. Sc is most abundant within the high-Ti basalts, 

but its abundance does not change significantly with Mg#. Apollo 15 basalts (both KREEP 

and olivine-normative) contain the lowest Sc concentrations and also show no change with 

Mg#. Apollo 12 low-Ti basalts show increasing Sc concentrations with decreasing Mg#, all 

following roughly the same trend - average olivine and pigeonite basalt Sc abundances are 

slightly lower than those of the ilmenite basalts, but there is a large degree of overlap 

between the two groups. V contents are higher in the low-Ti than the high-Ti basalts, but 

show no significant change with Mg# in the former. Apollo 17 type B, C and unclassified 

basalts contain slightly higher V abundances than the type A and Apollo 11 basalts, both 

groups show a decrease in V concentration with decreasing Mg# though the trend is not as 

coherent as with Apollo 12 Sc content. The same trend is visible for Cr content in the 

Apollo 17 basalts, this time along with the Apollo 12 basalts. The Apollo 15 and 11 basalts 

show no trend. Apollo 14 high-AI basalts show increasing Sc, V and Cr contents with 

decreasing Mg#. 
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Figure 4.14: Compatible-element plots with previously published data. Mg# vs. Sc (aa and ab), Mg# vs. V 
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pink envelopes = AI2 ilmenite, olivine and pigeonite basalts). Large symbols represent our data, whereas 

small symbols represent previously published data. References for previously published data as in Figure 

4.11. 
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4.3. Discussion 

4.3.1. Apollo 12 and 15 Low-Ti basalts. The wide range in major-element compositions 

shown from our data set (especially for Ah03, MgO and FeO) and those from previous 

works (Figure 4.1 and 4.2) indicate that the low-Ti mare basalts are chemically diverse, 

both between samples collected at different sites and those collected from the same site. 

For samples within the same group (e.g., the Apollo 12 ilmenite basalts) chemical diversity 

highlights the role of crystal fractionation (and in some cases accumulation) in the 

evolution of the mare-basalt melts. These observations are in agreement with our 

mineralogical data (chapter 3) and previous petrological studies (e.g., Kushiro and 

Haramura, 1971; Rhodes et al., 1977; Neal and Taylor, 1992; Neal et al., 1994a; Ryder and 

Schuraytz, 2001; Schnare et al., 2008). Lack of agreement between predicted MELTS 

equilibrium crystallisation sequences and the observed crystallisation sequences (section 

3.4, Table 3.2) also suggests fractional rather than equilibrium crystallisation was the 

dominant process during the cooling and crystallisation of low-Ti mare-basalt magmas. 

The spread of bulk-rock REE abundances and compatible-element ratios between samples 

from the same source (e.g., the Apollo 12 ilmenite basalts) indicates a high degree of 

fractionation during the crystallisation of these samples. Increasing Sc abundances with 

decreasing Mg# indicates olivine fractionation occurred in the Apollo 12 mare basalts. In 

addition, ilmenite basalts 12051 and 12064 contain ~ 11 wt % Ah03, believed to be 

because of olivine fractionation rather than origin from a high-AI parental melt (Dungan 

and Brown, 1977; Neal and Taylor, 1992). Both our data and that of previous studies 

(Figure 4.1 and 4.2) highlight similarities between the major-element data of Apollo 12 

and Apollo 15 low-Ti basalts. However, the Apollo 15 olivine-normative basalts do show a 

slight Ti02 depletion and Cr203 enrichment compared to the Apollo 12 samples. 

Incompatible trace-element bi-variate plots (Figure 4.10-4.12) show comparable 

incompatible-element ratios for Apollo 12 and 15 low-Ti basalts, but compatible-element 

data indicate the Apollo 15 low-Ti basalts contain more V and less Sc than Apollo 12 low-
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Ti basalts (Figure 4.14), and less variation in Cr with decreasing Mg#. Compatible

elements are more sensitive to post-melting processes such as crystal fractionation 

(compared to incompatible-elements), therefore major- and trace-element comparisons 

show that the Apollo 12 and 15 mare-basalts were produced from compositionally similar 

(though no~ the same) source regions, but have followed different melt evolution pathways 

(e.g., the strong decrease in Cr with increasing Mg# in Apollo 12 basalts is probably the 

result of Cr-rich spinel fractionation). 

As would be expected of two basalt groups from separate sources, the Rb/Sr ratios of the 

Apollo 15 basalts within our sample set do not fit into the Apollo 12 classification of Neal 

et ai. (l994a) (Figure 4.13). Previously recorded Apollo 15 low-Ti Rb/Sr ratios vary from 

0.007 to 0.010 (Chappell and Green, 1973; Rhodes and Hubbard, 1973; Ma et aI., 1978; 

Ryder and Steele, 1988; Vetter et aI., 1989), straddling the dividing line of Neal et ai. 

(l994a). Our trace-element data place Apollo 15 sample 15016 at the centre of this group, 

but once again our data for sample 15555,982 are not representative of the whole sample, 

showing a Rb/Sr ratio of 0.003 compared to previously published values of 0.006-0.009 

(Chappell and Green, 1973; Rhodes and Hubbard, 1973; Neal et al., 2001). Both Apollo 15 

low-Ii samples within our sample set are classified as olivine-normative; the quartz

normative basalts are not represented. However, previously published data show no 

distinction between the Rb/Sr ratios of these two Apollo 15 basalt types (e.g., Christian et 

aI., 1972; Compston et aI., 1972; Nyquist et aI., 1972; Chappell and Green, 1973; Cuttita et 

aI., 1973; Rhodes and Hubbard, 1973; Neal, 2001), indicating they originate from the same 

source region. Mineralogical and chemical differences between the Apollo 15 quartz- and 

olivine-normative basalts must therefore be related to post melting fractionation effects, as 

suggested by Schnare et ai. (2008). Though the separation of Apollo 12 low-Ii basalts into 

olivine, pigeonite and ilmenite basalts had been previously recognised via mineralogical 

and chemical investigations (James and Wright, 1972; Walker et aI., 1976a; Rhodes et aI., 
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1977; Baldridge et al., 1979), the Rb/Sr classification of Neal et al. (1994a) further 

validated this separation and re-classified ambiguous samples (e.g., 'feldspathic' basalts 

12031 and 12072 were found to be ilmenite basalts). Despite the slightly anomalous Rb/Sr 

ratios of samples 12040 and 12064 it is clear from our data and the mineralogical modes of 

these samples (Table 3.1) that all Apollo 12 basalts within our sample set have been 

correctly classified. 

Comparison of olivine forsterite content with bulk-rock Mg# reveals that olivine basalt 

12040 contains extensive amounts of accumulated olivine, in agreement with Meyer and 

Wilshire (1974) and Baldridge et al. (1979). Olivine accumulation explains this sample's 

high bulk-rock MgO and low Ah03 and CaO abundances, and the lack of correlation 

between Cr203 and MgO - accumulated olivine grains are not consistently associated with 

spinel grains, therefore MgO abundance increases while that of Cr203 remains relatively 

constant. The bulk-rock chemistry of sample 12040 also yields an incorrectly high MELTS 

liquidus temperature, which has been increased by excessive MgO content. Addition of 

olivine to this sample has significantly lowered the wt % of all elements not present in 

olivine, hence MELTS calculations incorrectly predict that the parental melt was too Ti

depleted for ilmenite crystallisation. As discussed in section 3.3 .2, the calculated parental 

melt REE data for sample 12040,44 do not match measured bUlk-rock REE for sample 

12040,206. Olivine accumulation decreases bulk-rock REE content as it is a REE-poor 

mineral, therefore calculated melt REE data based on abundance within pyroxene may be 

more reliable than measured bulk-rock REE data for this sample. The calculated data 

indicate olivine basalt 12040 originated from a melt enriched in these elements compared 

to the other Apollo 12 and 15 low-Ti basalts. MgO-rich ilmenite grains and high Sc 

abundances within these measured pyroxenes suggest the parental melt of sample 12040 

was Mg- and Sc-rich, therefore probably not highly evolved - indicating the Apollo 12 
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olivine basalt source may have been inherently enriched 10 incompatible-elements 

compared to the other Apollo 12 and 15 low-Ti sources. 

MgO enrichment, along with other major- and trace-element depletions, are shown to a 

lesser extent by ilmenite basalt 12016 (Figures 4.1-4.3, 4.10-4.12 and 4.14). The measured 

REE content in this sample is slightly lower than the calculated REE content, indicating a 

small amount of olivine accumulation may have occurred (Figure 4.9), but this process was 

weak compared to the accumulation within sample 12040. Measured bulk-rock REE 

abundance matches well with the calculated REE abundance for sample 15016, despite the 

fact that the Garcia plot indicates a small amount of olivine accumulation may have 

occurred. This indicates sub-solidus re-equilibration occurred in this sample's olivine 

grains. Our REE bulk-rock analysis of sample 15555,982 produced unrepresentative data 

for sample 15555 as a whole, but the Garcia plot suggests significant olivine accumulation 

occurred within this sample. In agreement, comparisons of previously published data for 

sample 15555 (Brunfelt et aI., 1972; Fruchter et aI., 1973; Neal, 2001; Ryder and 

Schuraytz, 2001) and the Apollo 15 olivine-normative parental melt composition (Vetter et 

aI., 1989; section 4.4.1) indicate varying amounts of crystal accumulation did occur within 

this heterogeneous basalt. No mineralogical evidence or previous research suggests olivine 

accumulation occurred in Apollo 12 pigeonite basalt 12052 or Apollo 14 high-AI basalt 

14053, comparisons of the measured REE abundance of these samples with their parental 

melts (Snyder et aI., 1997; Neal and Kramer, 2006) indicate crystal fractionation occurred 

in both. 

4.3.2. Apollo 11 and 17 High-Ti basalts. The Apollo 11 low-K basalts show varying trace

element abundances, from type B3 basalt 10020 with the lowest Mg# and REE abundance, 

to type B 1 basalt 10058 with the highest Mg# and REE abundance (Figure 4.8). Despite 

this apparent evolution, these three samples are members of separate basalt groups which 
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cannot be related via direct shallow level crystal fractionation (sample 10050 is an 

unclassified low-K basalt) - La/Sm ratios were found to vary too widely at similar Co 

abundances (Beaty and Albee, 1978; Beaty et aI., 1979a,b; Rhodes and Blanchard, 1980, 

appendix E). However, Snyder et al. (1992b, 1993) and Jerde et ai. (1994) suggest that 

these two groups may have originated from the same source at different periods in time. To 

explain differing SmlNd (and La/Sm) ratios between the two basalt groups Snyder et al. 

(1992b, 1993) suggested melting of the source at 3.71 Ga producing the B3 basalts, and 

later melting (at ~ 3.67 Ga) of a portion of the same source region, with slightly less 

trapped liquid component, resulting in B3-like basalts which fractionated to the Bl 

compositions. 

Major- and trace-element data collected in this study, along with that of previous studies 

(e.g., Paces et aI., 1991; Neal and Taylor, 1992) suggest that all of the Apollo 11 high-K 

basalts originate from the same melt. The evolution of this melt can be tracked in our 

samples - REE abundances are relatively constant for all four Apollo 11 high-K samples, 

but melt evolution is visible in the increasing abundances of other incompatible-elements 

(Figure 4.10 - 4.12), where sample 10017 appears to be the most primitive and sample 

10049 is the most evolved. 

The Apollo 17 basalts within our sample set represent five different basalt groups 

originating from separate melts (Shih et al., 1975; Rhodes et aI., 1976; Warner et al., 1979; 

Ryder, 1988, 1990). However, the similarities in both major- and trace-element 

abundances for the Apollo 11 type B3 and Apollo 17 type A basalts (samples 10020 and 

75055) indicate that these basalt types originate from similar source compositions, in 

agreement with Neal et ai. (1990a). Snyder et al. (1990) also suggested that the Apollo 11 

type B3 and Apollo 17 type C basalts share chemical characteristics, and therefore 

originate from similar melts. Bulk-rock REE abundances and SmlHf ratios within Apollo 
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11 type B3 basalt 10020 and Apollo 17 type C basalt 74275 are similar, but other trace

element and major-element abundances do not suggest any close relationship between 

these two samples. 

Apollo 17 basalts 70017, 70035 and 74275 display olivine Fo % lower than expected based 

on their bulk-rock MgO wt %, suggesting olivine accumulated in these samples (Figure 

4.6). As with low-Ti Apollo 12 olivine basalt 12040 this accumulation results in artificially 

low bulk-rock REE's when compared to REE abundances calculated from pyroxene 

compositions (Figure 4.9). Apollo 17 type C basalt 74275, along with non-cumulate type B 

basalt 70215, shows calculated REE abundances far higher than unclassified basalts 70017 

and 70035. As pyroxene in samples 74275 and 70215 crystallised relatively late, after the 

crystallisation of the non REE-bearing minerals olivine, spinel, armalcolite and ilmenite 

(Table 3.2), the REE's were concentrated into pyroxene - leading to an artificially high 

melt REE calculation for both samples. Interpretation of the REE signature of sample 

74275 is further complicated by the observations of Meyer and Wilshire (1974) and 

Delano and Lindsley (1982), who reported the presence of Mg-rich olivine xenocrysts in 

this sample. None of these grains was observed within thin section 74275,310, but they 

may have been present within rock chip sample 74275,323. Heterogeneity of this kind 

between the two 74275 samples could complicate interpretations of data on the Garcia plot. 

If sample chip 74275,323 contained olivine xenocrystic material, the measured MgO wt % 

would be higher than expected for the Fo % of native olivines in thin section 74275,310, 

thus giving the impression of olivine accumulation as seen on the plot (Figure 4.6). 

Donohue and Neal (2009) used crystal size distribution calculations to conclude that large 

olivine xenocrysts accumulated within the source magma chamber of the Apollo 17 type C 

basalts. These xenocrysts were produced by an Mg-rich melt, but rather than erupting with 

this melt they sank down and accumulated within the parental melt of Apollo 17 type C 

basalts. The olivine xenocrysts were carried to the surface upon eruption of this melt. 
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Donohue and Neal (2009) suggest the native olivines (those analysed in thin section 

74275,310) were not accumulated. The measured bulk-rock REE abundances of this 

sample plot close to those of the proposed parental melt of the Apollo 17 type C basalts 

(Snyder et al., 1992). As it fonned from an evolved melt, the REE abundances in sample 

74275 should plot above those of the more primitive parental melt, but the presence of 

olivine xenocrysts would lower the REE abundances - this comparison may, therefore, 

suggest olivine xenocrysts were present in rock chip sample 74275,323. 

The single embayed olivine phenocryst analysed in Apollo 11 high-K basalt thin-section 

10072,40 (section 3.1.7, Figures 3.13 and 3.14) probably has a similar petrogenesis to the 

olivine xenocrysts of sample 74275. Garcia plot (Figure 4.6) and electron microprobe data 

(Figure 3.47) show the core of this grain is slightly more Mg-rich than could have been 

produced from the parental melt of sample 10072. Its trace-element characteristics match 

those of the other Apollo 11 olivine grains, confinning that it was produced by mare 

volcanism and is not a country-rock xenocryst. This grain was most probably produced in 

the same magma body as the parental melt of sample 10072 (and the other Apollo 11 high

K basalts) but at a slightly earlier time, and may have subsequently accumulated within the 

more evolved parental melt of sample 10072. Alternatively, it may have been trapped 

within the volcanic vent upon the eruption of its parental melt and released during the 

eruption of the more evolved Apollo 11 high-K basalt melt. As the Garcia plot does not 

show any evidence of significant olivine accumulation, and none is discussed in previous 

studies of this sample (James and Jackson, 1970; Schmitt et aI., 1970; McGee et aI., 1977; 

Beaty and Albee, 1978), the latter possibility appears to be more probable. 

MELTS equilibrium crystallisation data for the high-Ti basalts show major inconsistencies 

in the predicted crystallisation sequences (Figure 4.5) compared to those observed in the 

samples (Table 3.2). This suggests that the high-Ti basalts within our sample set are 
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significantly affected by crystal fractionation/accumulation (as are the low-Ti basalt 

samples). This observation is supported by mineralogical evidence (chapter 3) and the 

studies of previous authors (e.g., Kesson, 1975; Neal et aI., 1990a; Paces et aI., 1991; Neal 

and Taylor, 1992). Decrease in the V and Sc content of the high-Ti mare basalts with 

decreasing .Mg# suggests ilmenite and pyroxene fractionation occurred within these melts 

(V is highly compatible in ilmenite and Sc is compatible in clinopyroxene). The Apollo 17 

samples also show a decrease in Cr abundance with decreasing Mg#, indicating Cr-rich 

spinel also fractionated from these melts. 

Apollo 17 basalts extend to higher Ti02 abundances than the Apollo 11 samples, with 

several type B, C and unclassified samples containing over 11 wt % Ti02 (e.g., Brunfelt, 

1974; Hodges and Kushiro, 1974; Boynton et aI., 1975). The Apollo 17 basalts do not 

contain as much CaO and Ah03 as the most Ca and AI-rich Apollo 11 basalts - in general 

these are the low-K Apollo 11 samples, though there is overlap between low and high-K 

Ah03 contents. A number of unclassified, type B and C Apollo 17 basalts are enriched in 

MgO, V and Cr compared to the type A samples and Apollo 11 basalts. V and Cr 

enrichment can be explained by the high ilmenite and spinel modal abundances in Apollo 

17 type B, C and unclassified basalt source regions. High MgO abundance suggests these 

samples are more primitive than the Apollo 17 type A and Apollo 11 basalts, but as the 

Apollo 11 low-K and Apollo 17 basalts all show similar REE and LILE contents (Apollo 

11 high-K REE and LILE content is discussed below) the difference in MgO content 

cannot be related to the basalt evolution. Therefore, compositional differences between the 

two basalt groups were probably controlled by fundamental differences in their source 

regions - the Apollo 17 type B, C and the majority of the unclassified basalts (from now on 

referred to as the Apollo 17 group) formed from a source enriched in Ti02, MgO, Cr and V 

and depleted in Ah03 and CaO compared to the type A and Apollo 11 basalts (from now 

on referred to as the Apollo 11/17 type A group). Various authors have suggested that the 
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high-Ti mare-basalt sources formed through mixing of ilmenite and olivine-pyroxene 

cumulates (section 1.1.5; Ringwood and Kesson, 1976; Ryder, 1991; Snyder et al., 1992; 

Elkins-Tanton et al., 2002). Snyder et al. (1992) proposed that the modal mineralogy of the 

cumulate mix required to produce high-Ti mare basalts was 46 % pigeonite, 43 % olivine, 

7 % augite, 3 % ilmenite, 1 % plagioclase and a small amount of trapped KREEPy liquid. 

A cumulate mix with less ilmenite, but more augite, would correspond to the decrease in 

Ti02 and increase in CaO observed between the Apollo 17 and Apollo 11117 type A 

sample groups. A slight increase in plagioclase content and corresponding decrease in 

pyroxene/olivine content would further account for the Ah03 enrichment and MgO 

depletion between the Apollo 17 group and Apollo 11/17 type A group. Therefore, the 

Apollo 17 group may have been created by a cumulate mix enriched in ilmenite, olivine 

and pigeonite and depleted in plagioclase and augite compared to the Apollo 11117 type A 

group. The amount of trapped KREEPy liquid would have had to be similar in both source 

types to produce the similar REE and incompatible-element abundances observed 10 

samples from both groups. 

Separation of the Apollo 11 low and high-K basalts is not simply based on differing K 

abundances. Incompatible-elements, P20S and Na20 are also more abundant in the high-K 

basalts, whereas MgO, Ah03 and Cr203 are depleted in these samples compared to the 

low-K basalts (Table 4.1, Figures 4.1-4.3). Incompatible-element ratios for our Apollo 11 

high-K samples are all similar to each other, but significantly different to those of the low

K samples (Figure 4.10- 4.12). Additionally, the Rb/Sr ratios are much higher in the former 

(Figure 4.12). Previous studies also highlight these differences (e.g., Haskin et aI., 1970; 

Philpotts and Schnetzler, 1970; Rhodes and Blanchard, 1980; Neal, 2001), indicating these 

two sample groups did not originate from similar source compositions, and that the high-K 

samples were probably all from the same melt. Incompatible-elements normally occur in 

low concentrations in most crystalline mare-basalts and volcanic glasses, either because the 
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source regions were intrinsically depleted in these elements or because the source region 

cumulates were composed of minerals that do not readily incorporate them (Wieczorek et 

aI., 2006). Where basalt groups display incompatible-element abundances higher than 

expected, assimilation/contamination is suspected. Contamination may be the result of 

either melt assimilation of trace-element emiched crustal material or source region 

enrichment in incompatible-elements. The elevated abundances of K and P in the high-K 

basalts, along with strong europium and strontium anomalies, and LREE enrichment 

compared to the low-K samples (Figure 4.8-4.9), imply that these basalts have undergone 

KREEP contamination. Granitic contamination can be discounted as LaJK ratios within 

these samples are similar to those of the Apollo 11 low-K basalts rather than the Apollo 14 

VHK basalts - the latter are believed to have been contaminated by a granitic component 

(Shervais et aI., 1985b; Neal et aI., 1989b; Neal and Kramer, 2006). If the Apollo 11 high

K basalts were the result of KREEP assimilation, the final melt must have contained> 5 % 

assimilant to produce the observed K concentrations (Neal and Taylor, 1992). Assuming 

these samples originated from a melt similar to the Apollo 11low-K basalts this amount of 

KREEP assimilation would have resulted in basalt samples with strong characteristic 

KREEP LREE enrichments. As this enrichment is not visible, either the KREEP 

component was present in the source (as suggested by Paces et al., 1991 and Neal and 

Taylor, 1992) or the melt composition was significantly different to that of the Apollo 11 

low-K basalts (as suggested by Jerde et aI., 1994). 

4.3.3. Apollo 15 KREEP basalts and Apollo 14 low-Ti, high-AI basalts. In addition to 

containing high amounts of incompatible trace-elements, K20 and P20S, the Apollo 15 

KREEP basalts are rich in Ah03, Si02 and Na20 compared to the mare basalts, and are 

relatively poor in FeO, Ti02 and MnO (Figure 4.1-4.3, Table 4.1). They show a positive 

correlation between bulk-rock CaO and MgO, in contrast to mare basalts, probably because 

of the presence of orthopyroxene in association with high-Ca pyroxene. The Apollo 14 
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high-AI basalts are also Ah03, K20 and Na20 rich, though for the latter two elements both 

the Apollo 11 high-K samples and Apollo 15 KREEP basalts contain higher abundances. 

Apollo 14 high-AI basalts are FeO depleted, not to the extent of Apollo 15 KREEP basalts 

but more than the Apollo 11 high-K basalts. This FeO depletion delays the crystallisation 

of ilmenite and spinel, resulting in V and Cr enrichment in the more evolved Apollo 14 

high-AI basalts. Sc abundance also increases with decreasing Mg#, indicating olivine 

fractionation occurred in these melts. Incompatible-element abundances also highlight the 

similarities between KREEP basalts and the Apollo 14 high-AI and Apollo 11 high-K mare 

basalts. Both Apollo 11 high-K basalts and Apollo 14 high-AI basalts show incompatible

element ratios between those of the Apollo 15 KREEP basalts and the other mare basalts, 

with Apollo 11 high-K basalts always plotting closest to the KREEP compositions (Figure 

4.10-4.12). Apollo 15 KREEP basalt 15386 shows a typical KREEPy REE signature, 

overall high abundance with strong LREE enrichment, relative HREE depletion, deeply 

negative europium and strontium anomalies, and a slightly convex upwards trend (Figure 

4.8). These distinctive characteristics are fmgerprints of a parental melt derived from a 

source region corresponding to the very end of LMO solidification. Apollo 14 high-AI 

basalt 14053 shows LREE enrichment compared to the HREE's, and does have a slightly 

convex upwards trend, but its overall REE abundance is in line with the more REE 

enriched low-Ti mare basalts (excepting the LREE's). The europium and strontium 

anomalies of sample 14053 are also similar to the low-Ti mare basalts. From the above 

data, and that of previous studies (see Figure 4.1 and 4.11 Apollo 14 references), it is clear 

that the Apollo 14 high-AI mare-basalt melts were contaminated with a material rich in 

incompatible-elements, especially LREE's and Rb. However, as the Apollo 14 high-AI 

basalts do not appear to be as enriched in incompatible-elements as the Apollo 11 high-K 

basalts, either the contaminant was of a different composition or contamination was 

weaker in the former. 
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Previous studies of the Apollo 14 mare basalts initially grouped the samples into five 

different types, from LREE enriched to LREE depleted (Dickinson et al., 1985; Shervais et 

aI., 1985a). Subsequent research expanded these groups to form a continuum (Neal et al., 

1988a, 1989b), where sample 14053 occupies the centre, the trydimite ferrobasalt group 

and 14321-type group show relative LREE enrichment, and the 14072-type group and 

LREE depleted group show relative LREE depletion. Both Dickinson et ai. (1985) and 

Shervais et al. (1985a) noted that the individual groups could not be related via crystal 

fractionation, and as Dasch et al. (1987) demonstrated that the volcanism represented by 

these sample groups lasted approximately 300-400 Ma, the same fractional crystallisation 

process could not have operated for this period of time. Dasch et ai. (1987) suggested that 

the different Apollo 14 mare-basalt groups formed via separate partial melts and varying 

amounts of KREEP assimilation. Neal and Taylor (1990) used the age data produced by 

Papanastassiou and Wasserburg (1970) and Dasch et al. (1987) to modify the assimilation 

with fractional crystallisation (AFC) model to include separate events at 4.3 Ga , 4.1 Ga 

and 3.9 Ga, suggesting basalts of all five compositions could occur at all proposed ages. 

Samples within these three age groups were defined as group A, B and C basalts by Neal 

and Kramer (2006), where sample 14053 fits into group C. Further details of this model 

have been debated in publications by Shih and Nyquist (1989), Hughes et al. (1990) and 

Neal and Taylor (1990, 1992), Snyder et al. (2000), Snyder and Taylor (2000, 2001), 

Kramer and Neal (2003), and Neal and Kramer (2006). While most authors now agree that 

the Apollo 14 high-AI group B and C basalts have undergone assimilation the exact 

composition of the assimilant(s) is still debated. 

4.3.4. Comparisons of the Low- and High-Ti basalts. Compared to the low-Ti mare 

basalts, the high-Ti basalts show less variation in MgO and Ah03 content, are relatively 

enriched in Na20 and depleted in Cr203 and Si02, when compared to the low-Ti basalts 

(Figure 4.1 - 4.3). Higher abundances of incompatible-elements and Sc also differentiate 
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the high-Ti basalts from the low-Ti (Figure 4.10 - 4.14). The bulk-rock REE abundances of 

the low-Ti samples are generally lower than those of the high-Ti samples within our 

sample set, and show a weaker negative europium anomaly, reflecting source region 

compositional variation between the high- and low-Ti mare basalts. Other incompatible

element ratios also highlight differences between the high- and low-Ti source regions, in 

addition to the separate nature of the Apollo 11 high-K basalts, Apollo 14 high-AI basalt 

14053 and Apollo 15 KREEP basalt 15386. In general, the high-Ti basalts of Apollo 11 

and 17 contain greater amounts of incompatible-elements than the Apollo 12 and 15 low

Ti basalts, although K, La, U, Th, es, Rb and Sr show similar values in both groups. High 

incompatible-element abundance can be the product of small amounts of partial melting in 

a source, therefore, if the high-Ti basalts were the product of smaller degrees of partial 

melting, and the low-Ti basalts were produced form greater percentage partial melts, the 

high-Ti basalts should contain higher incompatible-element abundances. However, the fact 

that some incompatible-element abundances are similar in both basalt types suggests the 

source regions for low and high-Ti basalts contained inherently different amounts of trace

elements, with the high-Ti source being enriched in the majority of incompatible-elements. 

High Ni abundances (Table 4.1; Taylor, 1982) indicate that it was enriched within the low

Ti source region compared to the high-Ti. Based on this Ni enrichment, Taylor (1982) 

suggested the low-Ti basalt melts interacted with a primitive lunar source rich in Ni 

because of primitive olivine accumulation in the LMO. Na20 appears to have been 

relatively depleted in the low-Ti source. All of these differences can be explained if the 

low-Ti basalts were produced from olivine-pyroxene cumulate sources which formed 

during 0-80 % crystallisation of the LMO, and the high-Ti basalts were formed as a result 

of mixing of these olivine-pyroxene cumulates with late stage ilmenite cumulates which 

formed at ~ 95 % LMO crystallisation (e.g., Wood et aI., 1970b; Ringwood and Kesson, 

1976; Ryder, 1991). As the ilmenite cumulates formed late they would be relatively 

enriched in incompatible-elements and show a stronger negative europium anomaly, 
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Table 4.3: Summary of bulk-rock compositional data for each sample. 

Type Sample Characteristics 
10017 K-, incompatible element-, Na- and P-rich. high Rb/Sr ratio. V decrease with Mg# (indicating ilmenite fractionation). 

High-K 10049 K-, incompatible element-, Na- and P-rich. high RbISr ratio. V decrease with Mg# (indicating ilmenite fractionation). 
10057 K-, incompatible element-, Na- and P-rich. high Rb/Sr ratio. V decrease with Mg# (indicating ilmenite fractionation). 

ApoUo 11 10072 K-, incompatible element-, Na- and P-rich. high RblSr ratio. V decrease with Mg# (indicating ilmenite fractionation). Olivine xeoocryst. 
10020 Low Mg# and REE abtmdance compared to other 2 Aillow-K samples. REE abundances and SmlHfratios similar to AI7 type C basalt 74275. 

Low-K 100s0 
Intermediate Mg# and REE abundance compared to other 2 All low-K samples. Apears to be generaUy compositionally 
interemediate 

10058 High Mg# and REE abundance compared to other 2 Alilow-K samnles. Sli1Pttlyyo~er than BI basalts. 
Olivine 12040 High Mg# compared to other Al2 samples and all other samples in our suite (because of olivine accumulation). RblSr ratio> 0.008. 

High Mg# compared to other Al2 ilmenite basalts in our sample suite (high olivine vol %). RblSr ratio < 0.008. 
12016 Increasing Sc 

ApoUo 12 Ilmenite 
abundances with decreasing Mg# 

12047 RblSr ratio < 0.008. Increasing Sc abundances with decreasing Mg# (indicating olivine fractionation). Low REE abundances. 

12051 RbiSr ratio < 0.008. Increasing Sc abundances with decreasing Mg# (indicating olivine fractionation). Low REE abundances. > II wt % Al 

12064 RblSr ratio < 0.008. Increasing Sc abundances with decreasing Mg# (indicating olivine fractionation). Low REE abundances. > 11 wt % AI 

PiKOOnite 12052 RbiSr ratio> 0.008, Mg# < 45. Increasing Sc abundances with decreasing MgII (indicating olivine fractionation). Low REE abundances. i 

Apollo 14 High-AI 14053 
AI-rich. 1D:0mpatible element abundances lower than the All high-K and AI5 KREEP basalt samples, but higher than 
all other samples withon our suite. 

1~16 Lower Ti and Sc, and higher Cr and V, abundances than the Al2 samples, but otherwise compositionally similar. Low REE abundances. 
Olivine Normative 

15555 
Lower Ti and Sc, and higher Cr and V, abundances than the AI2 samples, but otherwise compositionally similar. Low 

ApoUo 15 REB abundances 

KREEP 15386 
Comparable Ti to the Al5 mare basalts. LREE enrichment and strongly negative Eu· (characteristic ofKREEP). 
IncompatIble element-, 

Type A 75055 
Compositionally simialr to Alllow-K samples, specifically All B3 sample 10020. Less Ti-rich than other Al7 samples. 
Ge~IllIlylow in;ompatible element abundacnes compared to other AI7 samples. 

TypeB 70215 
Ti-rich compared to most other lunar basalts. REE enriched compare to other mare-basalts (excluding All high-K and 
AI4 high-AI). 

ApoUo 17 TypeC 74275 
Ti-rich compared to most other lunar basalts. REE enriched compare to other mare-basalts (excluding All high-K and 

I AI4hi~AI). 

70017 
Low REE abundance compared to other high-Ti mare-basalt samples, but other in;ompatIble elements are in agreement 

Unclassif"ted 
with other samples. 

70035 
high REE and incompatible element abundances compared with low-Ti rnare-basalts (in agreement with other AI7 and 
All samples). 

-
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characteristics inherited by the high-Ti basalt source (although weakened by mixture with 

the olivine-pyroxene cumulates). The olivine-pyroxene cumulates would be enriched in 

elements compatible in these minerals (such as Ni and Sc), and strongly depleted in any 

elements incompatible in these minerals (such as Na). 

4.4. Chemical Modelling 

To determine the petrogenesis of the mare-basalt groups represented in our sample set we 

have undertaken quantitative geochemical modelling. The main geological processes 

controlling the chemical composition of igneous rocks include partial melting, fractional 

crystallisation, crystal accumulation, magma mixing and contamination, all of which affect 

bulk-rock trace-element abundances. Therefore, by comparing the REE abundance of a 

sample with theoretically calculated values, its geological history can be ascertained. The 

aim of our geochemical modelling is to determine if, and how, each sample could have 

evolved from a low-Ti cumulate source (in the case of low-Ti mare basalts), or different 

mixtures of low-Ti and high-Ti cumulate end-member sources (in the case of the various 

types of high-Ti mare basalts), thus testing the heterogeneous source model of mare-basalt 

formation (e.g., Elkins-Tanton et aI., 2002). 

4.4.1. Mare-basalt Parental Melt Compositions. Within each Apollo mare-basalt group 

the most primitive sample is commonly assumed to be comparable to the primary/parental 

melt of the group. A sample is deemed to be primitive if it contains high Mg# and 

compatible trace-element abundances, along with low abundances of incompatible

elements, with no petrographic indications of crystal accumulation. Where no single 

sample of this kind exists in the Apollo collection the compositions of a number of samples 

may be averaged to produce primary elemental abundances (e.g., Snyder et aI., 1992, 

1997). Alternatively, experimental petrogenetic modelling can be induced to calculate the 

probable parental composition (e.g., Neal et aI., 1990a). As, by definition, the composition 
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of a parental melt should have undergone minimal evolution, its REE abundances should 

be unaffected by crystal fractionation or accumulation, and can therefore be used as an 

indication of the extent of these processes in other samples within the same basalt group. If 

a mare-basalt sample contains higher REE abundances than the parental melt, crystal 

fractionation of low-REE phases (e.g., olivine and ilmenite) and/or assimilation of 

KREEPy material may have occurred. If a mare-basalt sample contains lower REE 

abundances than the parental melt then accumulation of low-REE phases has occurred. 

Table 4.3 shows the REE compositions of these parental melts and the method by which 

they were calculated. Figure 4.15 compares the REE abundances of the most primitive 

samples in our sample set with the abundances of their estimated parental melts. Samples 

12040, 12016, 15016 and 74275 show lower REE abundances than their parental melts, 

supporting the evidence obtained from the Garcia plot (Figure 4.6) which indicates olivine 

accumulation in these samples. Apollo 12 ilmenite basalt 12064 and Apollo 17 type A 

basalt 75055 also show lower REE abundances than their parental melts. These samples 

contain little to no olivine, and ilmenite modal abundances are not atypically high (Table 

3.1; Brown et al., 1975; Neal et aI., 1994). Sample 75055 shows only slightly low HREE 

abundances but more significantly low LREE abundances, a trend that could have been 

Table 4.4: Mare-basalt assumed parental melt compositions. 

A~ollo 12 Apollo 14 IADolio 15 Apollo 11 _Apollo 17 
Pigeonite Olivine Ilmenite GroupC OlvNorm Type 83 Type A Type 82 TypeC 

REE 12011 Average' Avera...ae· Hybrid' 15537 10045 Estimated" Estimated" Average" 
La 33.11 24.76 26.91 26.21 22.18 28.55 20.45 18.75 26.84 
Ce 30.67 27.19 28.11 20.91 24.20 37.30 36.14 
Pr 31.31 28.90 32.92 

Nd 31.39 31.83 35.32 46.64 52.61 
Sm 32.63 29.50 39.26 10.97 24.58 57.10 47.59 39.43 64.58 
Eu 19.82 17.50 21.93 6.46 14.29 26.79 27.68 21.43 32.14 
Gd 26.55 26.07 35.97 67.14 75.28 
Tb 25.90 27.55 38.55 21.49 57.85 
Dy 24.19 26.12 36.82 59.74 69.63 
Ho 23.74 23.74 32.91 
Er 23.47 23.54 32.49 61.04 61.04 

Tm 21.07 21.69 29.81 
Vb 23.75 20.43 29.31 9.91 14.00 52.31 43.69 36.31 54.15 
Lu 19.34 19.55 26.99 8.89 12.80 49.38 49.38 

'Average of samples 12009 and 12015 (Snyder et aI., 1997). 'Average of samples 12008. 12022 and 12045 (Snyder et al.. 
1997). 'Hybrid taking the lowest elemental abundances for all samples within this group (Neal and Kramer. 2006). dEstimation 
based on element-element plots (Neal at al.. 1990b). 'Average based on samples 74245, 74275 and 74247. 
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Figure 4.15: REE chondrite-normalised abundance plots showing mare-basalt parental melt compositions. 

(a) Apollo 12 and 15 low-Ti basalts, (b) Apollo 14 high-Ti basalts and (c) Apollo I I and 17 high-Ti basalts. 

These compositions (dashed lines) are compared with the most primitive samples of each mare-basalt group 

represented within our sample set (sol id lines). 
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produced by small amounts of clinopyroxene accumulation. Sample 12064 shows a more 

significant difference between its REE abundance and that of the parental melt. The modal 

abundance of clinopyroxene within this sample is slightly high compared with a number of 

other Apollo 12 ilmenite basalts (Dungan and Brown, 1977; McGee et aI., 1977), 

indicating ·some clinopyroxene accumulation may have occurred. However, this slight 

accumulation can not entirely explain the low REE abundances. An accumulation of 

trydimite in sample 12064 is perhaps another factor to take into consideration for a lower 

bulk-rock REE content. The Garcia plot (Figure 4.6) indicates Apollo 14 high-AI basalt 

14053 contains accumulated olivine, but the parental melt REE abundances of Neal and 

Kramer (2006) are significantly lower than those of sample 14053. Neal and Kramer 

(2006) estimated the parental melt REE composition of Apollo 14 group C basalts by 

producing a database of all previous measurements for this group of samples, taking the 

lowest individual measurements of each REE and producing a hybrid composition. This 

approach assumes no significant crystal accumulation has occurred in these basalts, an 

assumption that Neal and Kramer (2006) argue is supported by petrography. Therefore, the 

most probable explanation for the apparent olivine accumulation in sample 14053 is the 

absence of the most Mg-rich olivine grains within thin section 14053,19. The remaining 

mare basalts within our sample set (excluding unclassified samples 10050, 70017 and 

70035, as their parental melt compositions have not been estimated) have undergone 

crystal fractionation. For clarity, Apollo 12 ilmenite basalt 12047 has not been included in 

Figure 4.15, but its REE abundances are similar to sample 12051. Apollo 11 low-K type 

Bl basalt 10058 is the most primitive sample of the three basalts within the Bl group (e.g., 

Beaty and Albee, 1978; Rhodes et aI., 1980), hence it is not included in Figure 4.15. 

However, sample 10058 is significantly REE enriched compared to type B3 basalt 10020 

and, therefore, may not represent a true Biparental melt. 
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Apollo 12 red and Apollo 15 green glasses are rich in MgO with high Mg# (Longhi et aI., 

1992; Shearer and Papike, 1993), suggesting they may be primitive samples of the low-Ti 

mare-basalt source. However, the major- and minor-element abundances of these glasses 

cannot be directly linked to any known mare-basalt composition via crystal fractionation 

(Longhi, 1992). In addition, high-pressure experimental data indicate that the temperature 

and pressure of multiple saturation in the Apollo 12 and 15 glass samples generally exceed 

those of the crystalline mare-basalts, implying the two sample types originated from 

separate source regions (Longhi, 1992, 1995). The same is true for most of the glasses 

collected at the Apollo 11 and 17 sites, therefore, these glass samples are generally not 

suitable as proxies for mare-basalt parental melt compositions (Apollo 11 orange glass is a 

possible exception, see section 4.4.4). The parental melt compositions of Table 4.3 can be 

used as an indication of the amount of mare-basalt source partial melting required to 

produce each basalt group, but first the appropriate source composition(s) must be selected. 

4.4.2. Selecting an Appropriate Mare-Basalt Source Composition. McKenzie and 

O'Nions (1991) made the assumption that the primitive Moon contained the same REE 

composition as the primitive Earth, and the depleted Moon contained the same REE 

composition as the depleted Earth with the addition of a negative europium anomaly. This 

assumption is based on the fact that the Earth and Moon both differentiated to produce 

ultramafic mantle/cumulate layers beneath feldspar-rich crusts. Ringwood and Essene 

(1970) and Green et ai. (1971) suggested partial melting of a primitive Moon source could 

result in the production of mare basalts, but this model does not account for the wide 

variety of mare-basalt compositions, the negative europium and strontium anomalies 

present in all mare basalts, and the lack of Ni in the high-Ti basalts (indicating they were 

never in contact with a primitive lunar source) (Taylor 1982; Neal and Taylor, 1992). A 

depleted Moon parent for the mare basalts would account for these anomalies, but the lack 

ofNi and the high-Ti content in the Apollo 11 and 17 mare basalts is believed to be caused 
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Table 4.5: Potential mare-basalt source-region compositions. 

Potential source reltion compositions 
Element A15 Green Glass All Green Glass' McKenzie and O'Nions (1991) PMS McKenzie and O'Nions (199i)DMS' 

La 1.62 1.4 0.55 0.206 

Ce 4 3.37 1.4 0.722 
Pr 0.22 0.143 
Nd 2.2 2.36 1.08 0.815 
Sm 0.75 0.72 0.35 0.299 
Eu 0.2 0.25 0.13 0.0805 
Gd 0.457 0.419 
Th 0.084 0.077 
Dy 1.11 1.39 0.57 0.525 
Ho 0.13 0.12 
Er 0.75 0.94 0.372 0.347 
Tm 0.058 0.054 
Yb 0.77 1 0.372 0.347 
Lu 0.057 0.054 

. . 
'Shearer and Papike (1993). 'PMS = Pnnnuve Moon source. 'DMS = Depleted Moon source . 

by source heterogeneity (Ryder, 1991; Elkins-Tanton 2002; section 1.1.5), suggesting that 

the low and high-Ti mare-basalts were produced from differing source compositions. As it 

is generally accepted that the ilmenite cumulates only began to crystallise after ~ 95 % 

solidification of the lunar magma ocean (LMO) (e.g., Wood et al., 1970b; Ringwood and 

Kesson, 1976; Ryder, 1991), they should be enriched in incompatible-elements compared 

to the earlier-forming olivine and pyroxene cumulates (which crystallised between 0-80 % 

LMO solidification). As the high-Ti basalts are thought to originate from sources enriched 

in ilmenite cumulates compared to the low-Ti basalts, the high-Ti mare-basalt source 

region should also be enriched in REE. Based on these arguments, and REE abundance 

comparisons with our sample set (Figure 4.16), the depleted-Moon composition of 

McKenzie and 0 'Nions (1991) was deemed the best approximation of the low-Ti mare-

basalt source regions. McKenzie and O'Nions' (1991) depleted Moon composition was 

also chosen as the best initial estimate of the high-Ti mare-basalt source because the 

majority of cumulate material within these source regions is thought to be the same as that 

which makes up the low-Ti mare-basalt source. However, this initial source selection was 

made with the knowledge that a REE enrichment factor would probably be required to 

model the addition of REE-enriched cumulates to this source. 

246 



1000 .-----------------------------------------------~ 

~ :g 100 
c 
o 
~ 

y 
!;1 
'" Q. 

~ 10 
rJ) 

A 

~ +- -I: t---t--- +-- +----+- _ -t---+ 

:: · · M. ' ;ji ~--; 
~ :::X ~;:7::~, :;;~ :---: 

-
La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu 

1000 ~------------------~ 

c 

'" ~ 100 
c 
o 
~ 

y 
u 
0; 
Q. 

E 10 
Jl 

I- -----t- __ --+ _, 

t-- ---+- --+- --+-

La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu 

1000 ,-----------------------------------------------, 

'" ~ 100 
c 
o 
~ 

y 
u 
0; 
Q. 

~ 10 
rJ) 

B 

--- -..--.,. ~ 

La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu 

1000 ,-----------------------------------------------, 

~ 
' ': 

" c 
o 
~ 

100 

y 10 
!;1 
'" Q. 
E 
co 

rJ) 

o 

-----~-------~========= ~ AISQ..,oa.s& _ 15016 
,,"a.--Glut _ ,S368 -------- ___ 70215 ,.,.. 

0.1 I ,,... ~'-I 

La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu 
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The difference in Ti-content between the low and high-Ti basalt sources was initially taken 

into account during partial melting calculations, by using the mare-basalt source modal 

mineralogies calculated by Snyder et al. (1992a). These authors stated that the low-Ti 

mare-basalt source region consisted of 46 % pigeonite, 43 % olivine, 10 % augite, 1 % 

plagioclase and a small amount of residual KREEP material. The high-Ti mare-basalt 

source was essentially the same, but with less augite (7 %) and the addition of 3 % 

ilmenite. 

4.4.3. Fractional and Batch Partial Melting. It is generally accepted that mare basalts are 

the product of partially melted sources (e.g., Ringwood and Essene, 1970; Nyquist, 1977; 

Nyquist et al., 1979; Shervais et aI., 1985a; Neal and Taylor, 1992 and references therein; 

Shearer and Papike, 1993, 1999; Beard et aI., 1998). The two end-members of the partial 

melting process are batch melting and fractional melting. Batch melting describes the 

formation of a partial melt in which the melt is continually reacting and re-equilibrating 

with the solid residue at the site of melting, until mechanical conditions allow it to escape 

as a single batch of magma. During fractional melting a small amount of liquid is produced 

and instantly isolated from the source, therefore, equilibrium is only achieved between the 

melt and the surface of the mineral grains in the source region. In reality, partial melting is 

generally a mixture of these two end-members. The dominant process can be revealed by 

calculating the progression of trace-element abundance in a melt for 100 % batch and 100 

% fractional melting, and comparing these abundances to those observed in a sample, 

which has not suffered extensive crystal fractionation or accumulation. Where modal 

melting occurs (each mineral phase melts in proportion to its modal abundance in the 

source) batch melting can be calculated using equation 4.1. All the following equations 

were sourced from Rollinson (1993). 
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Cr/Co = l/[Do + F(1-Do)] 

where; CL = weight concentration of a trace-element in the liquid 

Co = weight concentration of a trace-element in the original unmelted source 

F = weight fraction of melt produced 

Do = bulk distribution coefficient of the original solid. 

(4.1) 

The bulk distribution coefficient is calculated by multiplying each mineral partition 

coefficient by the percentage of that mineral in the source. For example, for a source with 

50 % olivine, 40 % pigeonite and 10 % augite, Do = (O.5 x olivine partition coefficient) + 

(0.4 x pigeonite partition coefficient) + (0.1 x augite partition coefficient). Fractional 

melting can be represented by equation 4.2, again assuming each mineral phase melts in 

proportion to its modal abundance (vol %) in the source: 

Cr/Co = (1lDo) x (1 _ F)«llDO)-l) (4.2) 

Using the depleted Moon as an approximation of the mare-basalt source (Co) (McKenzie 

and O'Nions, 1991), the modal mineralogies (vol %) of the high and low-Ti mare-basalt 

source regions as calculated by Snyder et al. (1992a), and the mineral partition coefficients 

of Drake and Weill (1975) and those compiled by Snyder et al. (1995) (Do), the weight 

concentration of REE in the liquid (Cd can be calculated for increasing melt fractions (F). 

Snyder et al. (1997) state that mare-basalt partial melting would have been non-modal, as 

the trapped KREEPy liquid would have been the first phase to melt. However, as this 

liquid is not a mineral phase it cannot be included in these calculations, hence the 

calculated REE abundances may be lower than those actually produced for each partial 

melt. 
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Figure 4.17 displays the results of these calculations alongside the various parental melt 

REE abundances (from Table 4.3). For small amounts of partial melting (0.5 - 5 %) 

LREE's are enriched in the melt compared to the original depleted Moon source 

composition, because the values of the LREE partition coefficients are smaller than those 

of the HREE's (10 to 1000 times smaller depending on the mineral). As the amount of 

partial melting increases the REE trend of the melt increasingly begins to mirror that of the 

source, until at ~ 15 % partial melting the trends are only distinguishable by an increased 

REE abundances in the melt. For small amounts of fractional melting, the overall REE 

abundances in the melt are higher than for the same percentage of batch melting, especially 

for LREE's. As the percentage of melting increases this difference decreases, until at ~ 30 

% melting the two end-member processes produce very similar REE trends and 

abundances in the melt. 

Figure 4.17a shows that the low-Ti mare-basalt parental melts contain similar europium 

anomalies and HREE trends to the depleted Moon source, but less LREE depletion. A 

depleted-Moon partial melt from 5 % batch melting, or 7 % fractional melting, would 

yield approximately similar REE abundances to those observed in the pigeonite and olivine 

basalt parental melts, but with a more convex upwards trend. The ilmenite basalts contain 

slightly higher REE abundances, creating a better match with 3 % batch melting, or 5 % 

fractional melting. However, the MREE's and HREE's of the calculated partial melts show 

much similar trends to the flatter Apollo 12 parental melt trends for 10 % partial melting of 

the depleted-Moon source. Between 5 and 10 % partial melting is in agreement with 

Snyder et al. (1997), who calculated the olivine and pigeonite basalts could be produced by 

9-7 % partial melting of an olivine (48 %), clinopyroxene (30 %), pigeonite (22 %) and 

trapped residual liquid (0.3-0.5 %) source, while the ilmenite basalts could be produced by 

7-5 % partial melting of an olivine (45.5 %), pigeonite (42.5 %) and clinopyroxene (11.5 

%) source, with very little trapped residual liquid « 0.15 %). Nyquist et al. (1977, 1979) 
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Figure 4.1 7: Chondrite-normalised REE abundance plots showing partial melts of the depleted Moon source 

of McKenzie and O'Nions ( 1991). These plots show increasing melt proportions for both fractional and batch 

melting, compared with REE abundances in: (a) low-Ti Apollo 12 ilmenite and pigeonite basalt, Apollo 15 

olivine-normative basalt and Apollo 14 high-AI basalt parental melts, (b) high-Ti Apollo II low- and high-K 

and Apollo 17 type B and type A basalt parental melts. 

also concluded that the Apollo 12 basalts formed as a result of 2-10 % partial melting of 

cumulate sources, composed of varying proportions of olivine, orthopyroxene and 

clinopyroxene. However, as the depleted-Moon source of McKenzie and O'Nions (1991) 

displays greater La and Ce depletion than the low-Ti Apollo 12 basalts even at 5 % partial 
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melting, neither fractional nor batch melting REE trends fit the measured REE trends 

perfectly. These discrepancies can be attributed to variations in source region composition 

for each basalt group (as taken into account in Neal et al. (1994b) and Snyder et al. (1997» 

and the probability of non-modal melting. In fact Nyquist et al. (1977, 1979) state that the 

cumulate source regions of the Apollo 12 basalts must have had LREE-enriched profiles. 

The Apollo 15 olivine-normative parental melt contains lower abundances of REE's than 

the Apollo 12 parental melts, showing similar abundances to 7 % batch melts, or 9 % 

fractional melts, of the depleted Moon source of McKenzie and O'Nions (1991). The 

LREE's are again enriched in the parental melt compared to the calculated partial melts, 

and the HREE's are slightly depleted compared to both the partial melt REE trends and 

those of the Apollo 12 parental melts. The experimental models of Hughes et al. (1988) 

suggest the Apollo 15 olivine-normative basalts could have been produced by as little as 3 

% partial melting of an olivine and orthopyroxene (98.5 %), clinopyroxene (0.37 %), 

plagioclase (0.79 %), ilmenite (0.16 %) and trapped residual liquid (0.13 %) cumulate 

source. This source was clearly REE depleted compared to the depleted Moon source of 

McKenzie and 0 'Nions (1991), as a 3 % partial melt of the latter produces REE 

abundances too high for even the LREE's of the Apollo 15 olivine-normative parental 

melt. 

The high-Ti Apollo 17 and Apollo 11 low-K parental melts show relatively similar REE 

trends to the depleted Moon source of McKenzie and O'Nions (1991), with LREE 

depletion and relatively constant HREE abundance (Figure 4.17b). For calculations using 

this source the Apollo 17 type A and B parental melts are most comparable to the 

calculated REE abundances in 2 % and 4 % batch melting, or 3 % and 5 % fractional 

melting, respectively. REE's are more abundant in Apollo 11 low-K and Apollo 17 type C 

parental melts, therefore 1-2 % batch melting or 2-3 % fractional melting of the McKenzie 
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and O'Nions' (1991) depleted-Moon source show the closest match to their REE 

compositions. For the high-Ti basalts fractional melting matches the parental melt LREE 

trends slightly better than batch melting. 

Because of the small amounts of partial melting required to match the parental melt and 

calculated REE abundances, especially for the high-Ti basalts, LREE's in the calculated 

trends are enriched, and HREE' s depleted, compared to the measured parental 

compositions. Therefore, a number of the high-Ti partial-melting estimates are based 

solely on one or two of the MREE's (8m and Gd) - where these elements differ 

considerably, determination of the single most accurate partial melting estimate becomes 

difficult (hence the variation for high-Ti parental melt estimates). For the calculated and 

parental melt REE compositions fro high-Ti basalts to show a similar trend, at least 10 % 

partial melting of the McKenzie and 0 'Nions (1991) depleted Moon source is required. At 

this melting proportion, the REE trend of fractional melting matches that of the high-Ti 

parental melts better than the REE trend of the batch melting calculations, as the HREE' s 

are slightly more enriched in the fractional melting trends. These estimates are supported 

by previous data indicating the Apollo 17 high-Ti basalts were produced by < 20 % partial 

melting (Duncan et aI., 1976) and the Apollo 11 low-K basalts were produced by - 3 % 

partial melting (Ringwood and Essene, 1970). Trace-element constraints on the modelled 

high-Ti source of8nyder et al. (1992) also suggest the high-Ti basalts were produced by 1-

3 % partial melting. 

The europium anomalies of the high-Ti parental melts and the partial melts derived from 

the depleted-Moon source are not well matched, with the former containing more strongly 

negative anomalies. As neither partial melting, fractional crystallisation (excepting 

fractionation of plagioclase, which isn't observed in these samples), nor crystal 

accumulation can significantly increase the europium anomalies, this discrepancy suggests 
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Figure 4.18: Chondrite-normalised REE abundance plots showing partial melts of the depleted Moon source 

(McKenzie and O'Nions, 1991) with europium anomaly modifications. These plots show increasing melt 

proportions of both fractional and batch melting, compared with mare-basalt parental melt REE abundances 

of: (a) the high-Ti Apollo II low- and high-K basalts (where samp le 10017 is assumed to be representative 

of the latter), and (b) the high-Ti Apollo 17 type A and B basalts. The strength of the negative europium 

anomaly is increased by 29 % (a) and 14 % (b) based on average observed europium anomalies for each 

sample group. 

that the sources of the high-Ti basalts had stronger europium anomalies than those of the 

low-Ti basalts (which are well matched with the europium anomaly of the partial melts 
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derived from the depleted-Moon source). This is in agreement with the ilmenite cumulate 

mixing model of high-Ti mare-basalt source formation, as late stage ilmenite cumulates 

would be expected to have strongly negative europium anomalies (similar to KREEPy 

material). The magnitude of the europium anomaly in the partial melts derived from the 

depleted-Moon source can only be matched to those of the high-Ti parental melts by 

subtraction of a certain percentage of Eu. McKenzie and O'Nions (1991) estimated the 

depleted-Moon Eu abundance based on the fact that the Moon's reduced nature would 

increase the plagioclase partition coefficient for Eu (as the Eu2+lEu3+ ratio correlates 

inversely with oxygen fugacity). These authors estimated that this partition coefficient 

would increase from the Earth's mantle value of 0.73 to a lunar mantle value of 1.1, 

creating a negative europium anomaly in the depleted-Moon source, similar to those 

observed in the low-Ti mare basalts. However, the average negative europium anomaly of 

the low-Ti basalts within our sample set (Apollo 12 and Apollo 15 sample 15016) is 14 % 

weaker than that of the Apollo 17 samples, and 29 % weaker than that of the Apollo 11 

low-K samples. When these percentages were taken into account, the revised Eu 

composition in the depleted-Moon source matched closely with those of the high-Ti 

samples (Figure 4.18; see appendix F for calculations). 

Figure 4.19 compares the REE trends of the basalts in our sample set and the calculated 

partial melts, on a plot showing LalYb vs. Dy/Yb ratios and LaiSm vs. SmIYb ratios. 

Crystal fractionation and accumulation do not affect these ratios, so basalts from the same 

parental melt should cluster together at a point along the calculated partial melting curves. 

The Apollo 1210w-Ti basalts plot close to the curve indicating that they were derived from 

10-13 % batch melting or 10-12 % fractional melting of the depleted-Moon source. These 

partial melting estimates are only slightly higher than those of Snyder et al. (1997), 

Nyquist et al. (1977, 1979) and those in Figure 4.17a, all of which indicate the Apollo 12 

mare basalts were produced by :s 10 % partial melting. Apollo 15 low-Ti olivine-normative 
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Figure 4.19: Comparative REE ratio plots for Apollo basalt samples and for calculated partial melts based on 

the depleted Moon source of McKenzie and O 'Nions (1991). The modelled variations in low-Ti and high-Ti 

partial melts for batch and fractional melting are shown as pink and black solid and dashed lines in both plots 

of (a) La/Yb vs. DylYb and (b) La/Sm vs . SmlYb. Overall the ratios decrease with increasing proportions of 

partial melting, as the LREE 's become more depleted in the melt. The trend of increasing KREEP addition to 

the depleted Moon source is shown as a solid grey line. The solid red line shows the trend of KREEP 

addition to a melt with the composition of Apollo I I low-K basalt 10020. This sample is the most primitive 

Apollo II basalt within our sample set, showing similar REE abundances to the Apollo 11 B3 parental melt. 
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basalt 15016 seem to be derived from - 4 % batch melting or - 6 % fractional melting on 

both plots. These estimates are intermediate between those of Figure 4.17a (7-9 %) and 

Hughes et al. (1988) (3 %). High-Ti, low-K Apollo 11 B3 basalt 10020 shows similar REE 

ratios corresponding to 15-19 % batch melting or - 12 % fractional melting of a depleted

Moon source. The remaining two Apollo 11 low-K samples compare more favourably with 

9-12 % batch melting or 8-9 % fractional melting. The high-Ti Apollo 17 samples show a 

wide spread, from 13-35 % batch melting, or 11-17 % fractional melting. These high-Ti 

mare-basalt partial melting estimates are higher than previously published estimates 

(Ringwood and Essene, 1970; Shih et al., 1975; Duncan et al., 1976) and those modelled 

using the batch and fractional melting calculations (Figure 4.17b). As previously discussed, 

the depleted Moon source of McKenzie and O'Nions (1991) is only an approximation of 

the mare-basalt source region compositions. However, the general agreement of low-Ti 

mare-basalt melting estimates based on these partial melting curves, Figure 4.17a, and 

previously published data indicate McKenzie and O'Nions' (1991) depleted-Moon source 

is a fair estimate of the low-Ti mare-basalt source. In contrast, the large variation between 

the high-Ti mare-basalt partial melting estimates of Figure 4.19 and Figure 4.17b indicates 

modification of the depleted-Moon source is required to produce an adequate estimate of 

the high-Ti mare-basalt source composition. Overall the high-Ti basalts plot closest to the 

fractional melting line, whereas the low-Ti basalts are closest to the batch melting line. 

This may be an indication of the dominant melting processes for the two main basalt types. 

Sample 10017 is the most primitive Apollo 11 high-K basalt within our sample set. It 

contains abundant REE's, requiring < 1 % depleted-Moon source partial melting to match 

the observed abundance (Figure 4.17b). Even with this small proportion of melting, the 

calculated MREE and HREE abundances are depleted compared to those observed in the 

sample. As with the other high-Ti mare basalts/parental melts within our sample set, the 

minimum partial melting required to produce a REE trend similar to that of the sample is 
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10 %. However, the difference in abundance between the calculated REE's at this melting 

proportion and the REE abundance in the sample is too great to be accounted for by crystal 

fractionation. The Apollo 11 high-K samples also display strongly negative europium 

anomalies, on average 54 % stronger than the average of the low-Ti samples. Figure 4.19 

shows how LaIYb, DylYb, La/Sm and SmIYb ratios would alter with the addition of 

increasing percentages of KREEP (REE composition of sample 15386) to a melt with the 

REE composition of low-K Apollo 11 B3 basalt 10020. The high-K Apollo 11 basalts plot 

close to this line at ~ 10 % addition of KREEP material to the melt. Apollo 14 high-AI 

basalt 14053 also shows high REE abundances and a deeper europium anomaly than the 

other low-Ti samples within our sample set. If KREEP is added in increasing proportions 

to a melt with the REE composition of the depleted Moon source, Apollo 14 low-Ti, high

Al basalt 14053 plots closest to the line at ~ 1.5 % KREEP addition. 

4.4.4. Fractional Crystallisation. Fractional crystallisation is best approximated by 

Rayleigh fractionation (equation 4.3), the extreme case where crystals are effectively 

removed from a melt the instant they are formed. 

CJCo = F(D-I) 

where; Co = the weight concentration of a trace-element in the parental liquid 

CL = the weight concentration of a trace-element in the evolving liquid 

D = the bulk distribution coefficient of the fractionating assemblage 

F = the fraction of melt remaining 

(4.3) 

For our samples, the weight concentration of REE in the parental liquid is governed by the 

choice of partial melting type, and the melting proportion, of the original depleted-Moon 

source. As the dominant type of partial melting cannot be determined conclusively, both 

are calculated. The modified Eu concentrations of Figure 4.18 were utilised for the high-Ti 
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basalt fractional crystallisation calculations. From Figures 4.6 and 4.15, it is clear that 

Apollo 12 olivine basalt 12040, Apollo 15 olivine-normative basalt 15016, and Apollo 17 

type A and C basalts 75055 and 74275 have undergone crystal accumulation. Therefore, 

these samples will not be included in the fractional crystallisation calculations. As 

discussed above, assuming a depleted Moon source composition (McKenzie and O'Nions, 

1991) for all samples the Apollo 12 low-Ti parental melt REE abundances appear to be 

most comparable to 5-7 % (for pigeonite basalts) and 3-5 % (for ilmenite basalts) partial 

melting. The parental melt of high-Ti Apollo 11 low-K type B3 basalts has REE 

abundances approximately equivalent to 2-3 % fractional melting, or 1-2 % batch melting, 

whereas high-Ti Apollo 17 type B basalt parental melt is equivalent to 4 % batch melting, 

or 5 % fractional melting of the depleted-Moon source. Where necessary, these values 

were averaged for the crystal fractionation calculations (e.g., high-Ti Apollo 11 type B3 

fractional melting was averaged from 2-3 % to 2.5 %). 

Figure 4.20 highlights the fractionating assemblages and proportions required to create 

REE abundances similar to each mare-basalt group, both from the calculated partial melts 

(Figure 4.20aa, ab, etc.) and from the parental melt compositions (Figure 4.20ba, bb, etc.). 

Although the calculated REE trends are commonly not accurate representations of those 

shown within the samples, focusing on the MREE' s allows the percentage of crystal 

fractionation required for the two trends to match to be estimated. Experiments from 

numerous laboratories have shown that the high-Ti basalts are multi-saturated with silicate 

and Ti-oxide within 25°C of their liquidi, and several are multi-saturated within 10°C 

(O'Hara et aI., 1970; Longhi et al., 1974; Walker et aI., 1975; Green et al., 1975). Other 

experimental investigations have shown that olivine (± minor Cr-spinel) is the major 

liquidus phase for the more Mg-rich low-Ti mare basalts (AI2: Green et aI., 1971; Bigger 

et al., 1971; Kushiro et aI., 1971; Grove et al., 1973; Rhodes et al., 1979; A14: Walker et 

al., 1972; A15: Kesson and Lindsley, 1975; Walker et al., 1977). Therefore, the 

259 



100~------~----------------------~ 
_ 5 % Frac. Mell OMS 
_ 3 % Balch Mell OMS 

10·~--------~--------------------~ 

Aa 
...... ProgressMt fractionation from 3 % balch melt 
_ Progre~ve fradtonatton from 5 % frae. melt 

12051 

Ab - Progressive Fractionation of A1211m. PM 

12051 

Fractionating assemblage: 100 % olivine 
10~~~~-T~--~~~~~-T~--~ 

Fractionating assemblage: 100 % olivine 
10~~~~-T~--~~~~~-T~--~ 

La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu 

100r-----,---__ ------------------__, 
- 7 % Free. Melt OMS 

100~------_r--------------------~ 

1

- A 12 Pig. basalt PM Ba - 5 % Batch Melt DMS 
...... Progressive fractionation from 5 % batch melt 
- Progressive fractionation from 7 % frae. melt 

- 12052 

$ 
~ 

L----------------------------4 g 
.:::; 

<.? 
U 
G; 
Q. 
E 
'" en 

Bb - Progressive Fractionation of A12 Pig. PM 

- 12052 

Fractionating assemblage: 100 % olivine 
10+-__ ~~~-T~~~~~~~ __ ~~ 

Fractionating assemblage: 100 % olivine 
10~~~-T~ __ ~r_~~~_T~ __ --~ 

La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu 

1000 Ca _ 2.5 % Frac. Melt OMS 100IOy-C--b--------r-_---A-11- T-Y-pe- B-3-b-asa- lt -p-M----...... 
- 1.5 % Batch Melt OMS _ Progressive Fractionation of A 11 6 3 PM 

~ 
~ 
c: 
o 
.:::; 

<.? 
U 
G; 
Q. 
E 
'" en 

10 

...... Progressive fractionation from 1.5 % batch melt - 10020 
- Progressive fractionation from 2.5 % frae. melt ~ _ 10058 

- 10020 i3 
- 10058 g 

Fractionating assemblage : 30 % ilmenite, 
30 % augite, 20 % pigeonite and 20 % plagioclase 

La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu 

.:::; 

<.? 
U 
G; 
Q. 
E 
'" en 

Fractionating assemblage: 30 % ilmenite, 
30 % augite, 20 % pigeonite and 20 % plagioclase 

10~~~ __ ~~~~~~~~~~~ 
La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu 

1 00~----~------------------------, _ 5 % Frac. Melt OMS 
100r---------.---------------____ ~ 

.l!! 
~ 
C o 

.:::; 

<.? 
Q ., 
Q. 
E 
'" en 

Da _ 4 % Balch Melt OMS 
__ Progressive fractionation from 4 % batch melt .!! = ~~r;sslve fractionahon from 5 % frac . melt ~ 

C 
o 

.:::; 

:: :~". 
10% 

<.? 
Q ., 
Q. 
E 
'" en 

Fractionating assemblage: 50 % ilmenite 

Db - A1 7 Type 8 basalt PM 
- ProgressIve Fractionation of A 17 8 PM 
- 70215 

and 50 % olivine 
10~~~~~~~~~~~ __ ~~~~ 

Fractionating assemblage: 50 % ilmenite 
and 50 % olivine 

10~~~~~~~~~ __ ~r_~~~~ 

La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Vb Lu La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu 

Figure 4.20: Chondrite-normalised REE abundance plots showing increasing amounts of fractional 

crystallisation, from both the depleted Moon source (McKenzie and O'Nions, 199 1) and parental melt 

compositions, compared with the measured REE trends of mare-basalt samples. Plots (aa), (ba), (ca) and 

(da) show crystal fractionation from the calculated depleted Moon source partial melts that show the best 

match with the parental melt REE abundances for each basalt type. Plots (ab), (bb), (cb), and (db) show 

crystal fractionation from the parental melt of each basalt type. Fractionating assemblages are shown on each 

plot. The europium anomaly is modified for the high-Ti basalts as in Figure 4.18. 
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fractionating assemblages of the low-Ti basalts should be dominated by olivine, whereas 

those of the high-Ti basalts will include multiple phases. These investigations support the 

petrological interpretations from this study (e.g., sections 4.1.2, 4.1.3, 4.2.3). Fractionating 

assemblages were therefore chosen for each sample based on our petrological 

interpretations, previously published data, and the best match for the calculated and 

measured REE trends. 

Reconstruction of the approximate REE abundances of low-Ti Apollo 12 ilmenite basalt 

12051 from the calculated partial melts requires 5-10 % olivine fractionation (depending 

on the dominant partial melting end-member). This amount of fractionation is supported by 

the data of Neal et al. (l994b), which indicates that all Apollo 12 ilmenite basalts were 

produced by less than 30 % olivine fractionation. It is also supported by calculations of 

fractional crystallisation from the Apollo 12 ilmenite basalt parental melt, showing 10 % 

olivine fractionation increases the REE abundances to match well with those of sample 

12051 (Figure 4.20aa and ab). The calculated REE abundances of Apollo 12 pigeonite 

basalt 12052 require 20 % olivine fractionation. The pigeonite basalt parental melt (based 

on sample 12011) is LREE enriched compared to sample 12052, therefore, although 

parental melt HREE's are in line with the calculated data, the LREE's only require 5 % 

olivine fractionation to match those of sample 12052 (Figure 4.20ba and bb). Neal et al. 

(1994b) suggested that the Apollo 12 pigeonite basalts did not form in a closed system, but 

assimilated ~ 3 % of an anorthositic material while fractionating::; 10 % olivine (with some 

Cr-spinel). This assimilation would have caused an increase in LREE abundances in the 

melt, as anorthite is strongly LREE-enriched. Therefore, the difference in LREE 

abundances between these two pigeonite basalt samples may be explained if sample 12052 

did not assimilate as much anorthositic material, or assimilated a material less LREE 

enriched, than sample 12011. 
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Sample 10020 is the most primitive Apollo 11 low-K basalt in our sample set. It shows 

similar REE abundances to its parental melt composition (type B3 parental melt, Figure 

4.20cb), indicating this sample has not undergone large amounts of crystal fractionation « 

10 %). The Sm abundances calculated from 1.5-2.5 % partial melts of the depleted-Moon 

source also indicate little to no crystal fractionation occurred in this sample (Figure 

4.20ca), although the calculated REE trend is so different to the measured trend that the 

abundances of the other REE's cannot be compared. Snyder et al. (l992b, 1993) and Jerde 

et al. (1994) suggested that the BI basalts (including sample 10058) may be linked to the 

B3 basalts through later melting of the same source region. The isotopic systematics 

described by Snyder et al. (1992b, 1993) indicate that the BI basalts are approximately 

three ENd units higher than the B3 basalts (where one epsilon unit represents a one part per 

10,000 deviation from the chondritic uniform reservoir (CHUR) composition). These 

differences for the B3 and BI basalt groups were interpreted as resulting from melting of a 

source region with variable amounts of KREEPy trapped liquid. In this model, melting of 

the source at 3.71 Ga resulted in the B3 basalts with ENd ~ +4. Later melting (at 3.67 Ga) 

of a portion of the same source region with slightly less trapped liquid component resulted 

in B3-like basalts which fractionated to B 1 compositions. Snyder et al. (l992b and 1993) 

suggested the occurrence of 40 % fractionation of an olivine, pyroxene, plagioclase and 

ilmenite assemblage would produce the most evolved B 1 composition, in agreement with 

our crystal fractionation calculations (Figure 4.20 ca, cb). 

Apollo 17 type B2 basalt 70215 appears to have been produced by ~ 10 % fractionation, 

the REE trends show the best match for a 50 % ilmenite and 50 % olivine fractionating 

assemblage from the parental melt (Figure 4.20db). However, as with the Apollo 11 low-K 

basalts (and to a lesser extent the Apollo 12 ilmenite basalts), the HREE's of the calculated 

REE trends are too low, and the LREE's are too high. As explained in section 4.4.3 the 

smaller the amount of melting the more the LREE's are enriched in the melt. Every mafic 
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mineral phase which could plausibly have been present in the high-Ti mare-basalt source 

has LREE-depleted patterns, therefore, the source must have been LREE-depleted. 

However, the preservation of LREE depletion at the low degrees of partial melting 

suggested by the above calculations would require extreme LREE depletion in the source. 

Because of the formation of the anorthositic primary crust the mare-basalt source regions 

would be expected to be LREE depleted, therefore, it may be that the McKenzie and 

O'Nions (1991) depleted Moon source is still LREE enriched compared to the true mare

basalt sources. Alternatively, greater degrees of partial melting of the depleted Moon 

source would produce REE trends more in line with those measured in the parental melts 

and the basalt samples. As previously discussed, Snyder et al. (1997) suggested that the 

mare basalts were produced by non-modal melting, with the KREEPy trapped liquid being 

the first phase to melt (so if trapped liquid made up 2 % of the source, a 1 % melt would 

contain 100 % trapped liquid). Non-modal melting of this kind would result in partial melts 

more enriched in REE's than those calculated above, therefore, greater degrees of partial 

melting would be required to produce REE abundances similar to the mare-basalt parental 

melts. This effect would be greatest in the high-Ti basalts, as the trapped KREEPy liquid 

within these source regions would be more abundant in REE. On the basis of this 

information, high-Ti basalt REE abundances can be modelled more accurately by greater 

degrees of partial melting of a source enriched in REE's compared to the depleted Moon 

source of McKenzie and O'Nions (1991). 

A 10 % partial melt (batch or fractional) is the minimum amount of melting of the 

depleted-Moon source required to produce a REE trend similar to those measured in the 

high-Ti samples. However, the levels of fractionation required to elevate the REE 

abundances to match those of the high-Ti samples from a 10 % partial melt are improbable 

(> 80 %). As no sample is present in the Apollo or meteorite collection which represents 

the composition of the pure ilmenite cumulates, a straight forward mixture of this 
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Figure 4.21: Chondrite-normalised REE abundance plots, comparing increasing proportions of fractional 

crystallisation from 10 % partial melts of a REE enriched depleted Moon source (l30 % extra REE), with the 

REE trends of high-Ti mare-basalt samples. (a) Plot showing the Apollo II high-Ti, low-K basalts 10020 

and 10058. (b) Plot showing Apollo 17 high-Ti type 82 basalt 70215. Other than the addition of 130 % REE 

abundance to the original depleted Moon composition of McKenzie and O-Nions (l991) europium is not 

modified, therefore the europium anomaly is constant in both plots. 
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component with the depleted-Moon source to create the high-Ti source cannot be achieved. 

Therefore, the simplest way to enrich the depleted Moon source in REE's is to 

proportionally increase the abundances. 130 % extra REE abundance (1 x REE abundance 

+ 1.3 x REE abundance) appears to be the minimum amount of enrichment required to 

bring a 10 % partial melt within reach of the samples' measured REE abundances. For the 

Apollo 11 low-K basalt 10020 (type B3), 30 % or 40 % fractionation, respectively, of a 10 

% fractional or batch partial melt of this REE-enriched source is required to produce 

similar measured and calculated REE abundances and trends (Figure 4.21). For Apollo 11 

low-K type Bl basalt 10058, the amount of fractionation increases to 60 % (fractional 

melting) and 70 % (batch melting) - the former end-member appears to fit best with the 

trends of Apollo 11 low-K basalts. However, Snyder et al. (1992b, 1993) suggest the most 

evolved Apollo 11 Bl basalts only show 40 % crystal fractionation. The HREE's and 

LREE's of Apollo 17 type B2 basalt 70215 show the best match with 5 % fractionation of 

a 10 % fractional melt - a 10 % batch melt of the depleted-Moon source shows a more 

negative gradient less in line with sample 70215. 

Greater degrees of partial melting require larger proportions of clinopyroxene within the 

source region to produce the Sm abundances and LaiSmn ratios observed in the samples 

(Snyder et al., 1992). The presence of this clinopyroxene in the high-Ti basalt source 

regions is supported by the Sr isotopic modelling of Nyquist et al. (1976) and the Nd-Hf 

isotopic modelling of Unruh et aI. (1984). However, Snyder et a1. (1992) suggest that the 

high-Ti basalts were produced by less than 5 % partial melting, and the clinopyroxene 

abundance required in the source for larger degrees of partial melting would be too high. 

Even the amount of clinopyroxene required for a 5 % melt is not suggested by the 

modelling of Neal et aI. (1990a) and Paces et a1. (1991), who state that clinopyroxene 

should be exhausted in the source residue after melting. Beyond 5 % partial melting no 

more KREEPy trapped liquid would be added to the melt, but more ilmenite would melt 
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(which is REE-poor), therefore, beginning to lower the REE content. At 5 % partial 

melting the REE-enriched depleted Moon source and the Apollo 11 B3 parental melt have 

similar REE abundances (though the trend of the former still contains less abundant 

HREE's). However, the parental melt of Apollo 17 type B2 basalts contains lower REE 

abundances than a 5 % partial melt of this source. Assuming the ilmenite cumulates were 

homogeneous with respect to REE's, at the same amount of partial melting, the parental 

melt of the Apollo 17 basalts would be expected to contain higher abundances of REE than 

those of the Apollo 11 basalts, as the former contain more Ti02 (hence originate from a 

source more enriched in ilmenite cumulates). As this is not the case, it may be that the 

Apollo 17 type B2 basalts are the result of higher degrees of partial melting - a 10 % partial 

melt of the 130 % REE enriched depleted Moon source could produce similar REE 

abundances to those measured in sample 70215 after - 10 % crystal fractionation. 

Alternatively, the ilmenite cumulate mixture which made up the Apollo 17 type B2 source 

region may have contained lower abundances of REE than that which produced the Apollo 

11 type B3 and Bl basalts. Only 30 % REE enrichment of the McKenzie and O'Nions 

(1991) depleted Moon source is required for a 5 % partial melt to contain similar REE 

abundances to the Apollo 17 type B2 parental melt. An additional complication arises 

when we consider that Paces et al. (1991) suggested that, based on the scatter of Sm-Nd 

and Rb-Sr isotopic analyses, the Apollo 17 type B2 basalts assimilated several crustal 

components. As neither the composition of the assimilants, nor that of the source region, 

has yet been defined, a more in-depth study of this basalt group is required to determine 

their melt evolution. 

4.4.5. Hybrid Source Compositions. As previously stated, the Apollo 11 high-K basalts 

contain excessively high amounts of REE, and strongly negative europium anomalies, 

compared to the other high-Ti samples. Apollo 14 high-AI basalt 14053 also shows higher 

REE abundances and LREE enrichment compared to the other low-Ti basalts within our 
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The effect of KREEP addition to the depleted Moon source compositions prior to partial 

melting. The plots show increasing degrees of partial melts from a depleted Moon source (Mckenzie and 

O'Nions, 1991), (a) with 130 % extra REE and 10 % added KREEP, (b) 1.5 % added KREEP and (c) 0.75 % 

added KREEP and 0.75 % added granitic component (Neal and Kramer, 2006). The first is compared to the 

bulk-rock REE abundances of Apollo 11 high-K samples, whereas the latter two plots are compared to the 

bulk-rock REE abundances of Apollo 14 high-AI basalt 14053. The high-Ti source modal abundances of 

Snyder et al. (1992) were used in the calculations for the first plot, whereas the low-Ti modal abundances 

were used in those of the latter two plots. 
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sample set. As discussed in section 4.3.2 Paces et al. (1991) and Neal and Taylor 

(1992) stated that lack of LREE enrichment in Apollo 11 high-K basalts suggests the 

incompatible-element rich contaminant was added to this mare-basalt groups source 

cumulates during partial melting, rather than assimilated after melt production. To test this 

theory, we initially added 10 % ofa KREEPy material (sample 15386) to the high-Ti, REE 

enriched (+ 130 %) depleted-Moon source in an attempt to model the production of Apollo 

11 high-K basalts via partial melting. Figure 4.22a shows the results of partial melting 

from this reconstructed source composition. While the europium anomaly of both modelled 

and observed REE trends match well with a 20 % fractional melt of this source, the 

LREE's are enriched in both the calculated source and partial melts, in contrast to the 

strong LREE depletion observed in the Apollo 11 high-K samples. For the LREE's of both 

the calculated and observed trends to match, the addition of only 1 % KREEPy material to 

the source is required, but this results in a weaker europium anomaly than that observed in 

the samples. Jerde et al. (1994) argue that the high-K basalt compositions are consistent 

with formation from a parental liquid with the composition of Apollo 11 orange glass (in 

agreement with the fractionation calculations of Longhi, 1987), coupled with 7.5-15 % 

assimilation of a KREEPy material. These calculations are also in agreement with Hughes 

et al. (1989) and Figure 4.19, both of which suggest a 10 % KREEP contaminant for the 

Apollo 11 high-K basalts. Therefore, we attempted to model the REE abundances 

produced by KREEP assimilation using assimilation and fractional crystallisation (AFC) 

calculations. DePaolo (1981) and Powell (1984) first derived the equations describing 

trace-element concentration in a melt, relative to the original magma composition, in terms 

of AFC processes: 

CJCo =1'+ (r/(r - 1 + D)) x «CA/Co) x (1 -1')) (4.4) 

where; CL, Co, D and F represent the same factors as in equation 4.3, 
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r is the ratio of the assimilation rate to the fractional crystallisation rate, 

CA is the concentration of the trace-element in the assimilated wallrock, 

and f' is represented by the equation; 

f' = F -(r - 1 + D)/(r - I) (4.5) 

The results of these calculations show that for a 15 % fractionally-melted depleted-Moon 

source (with or without the addition of 130 % REE abundance) the europium anomaly and 

HREE's show a similar trend to the Apollo 11 high-K basalts when r = 0.7 and the 

fractionating assemblage is the same as that predicted for the Apollo 11 low-K basalts. 

However, the use of this source produces modelled data with LREE enrichment compared 

to the samples (Figure 4.23a). If melt with the composition of Apollo 11 orange glass is 

used in the AFC calculations, along with the same fractionating assemblage and a ratio (r) 

of 0.8, the modelled and observed trends are found to match well for the europium 

anomaly, HREE's and LREE's. Therefore, Apollo 11 orange glass is a good approximation 

for the parental melt of the Apollo 11 high-K basalts. A similar REE trend to that found 

within the Apollo 11 orange glass can be produced by 5 % fractional melting of the 

depleted-Moon source (or - 10 % fractional melting of a REE-enriched depleted Moon 

source with 130 % extra REE). However, the measured and modelled europium anomalies 

are slightly different (measured = 0.67 (where 8m is substituted for Gd in the Eu· 

calculation) and modelled = 0.51) This suggests that the Apollo 11 high-K basalt source 

was less depleted in Eu than the our adapted McKenzie and O'Nions (1991) depleted 

Moon source (McKenzie and O'Nions' (1991) source - 29 % of its Eu). This may be an 

indication that the Apollo 11 high-K basalt source was more oxidising than the Apollo 

low-K basalt sources, because the Eu3
+ lEu2

+ ratio would be higher (and therefore the 

negative europium anomaly would be weaker) in a more oxidised source. 
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Figure 4,23: Chondrite-normalised REE abundance plots, comparing increasing proportions of AFC 

crystallisation with the Apollo II high-K and Apollo 14 high-AI group C mare-basalts. (a) Comparison of 

the measured REE' s of the Apollo 11 high-K basalt samples to a 15 % fractional melt of a depleted Moon 

source, with the progressive addition of a KREEP assimilant. (b) Comparison of the measured REE' s of the 

Apollo I I high-K basalt samples to a melt with the composition of the Apollo 11 orange glasses, with 

progressive KREEP assimilation. (c) Comparison of Apollo 14 high-AI basalt 14053 to the REE abundance 

of a 10 % batch melt of a depleted Moon source, with progressive KREEP/granite mix assimilation (75 % 

KREEP and 25 % granite). Assemblage and ratio of the rate of assimilation to the rate of crystal fractionation 

(r) are shown on each individual plot. 
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While most authors agree that the production of the Apollo 14 high-AI basalts included a 

certain proportion of assimilation, only Neal and Kramer (2006) indicate the inclusion of a 

granitic component. These authors state that the Apollo 14 high-AI basalts of groups Band 

C (the latter containing sample 14053) gained elevated LREE abundances through < 5 % 

assimilation of a mixture of KREEP and granitic material. To exclude the possibility of 

Source region contamination, and confirm an assimilation origin for these basalts, we 

initially experimented with the addition of various KREEP (sample 15386) and granite 

(sample 14303,204 - Neal and Kramer, 2006) mixes to the low-Ti depleted-Moon source 

prior to partial melting (Figure 4.22b and c). 1.5 % assimilant was added to the depleted

Moon source composition, based on the REE ratio plots of Figure 4.19. The best match for 

Apollo 14 high-AI sample 14053 using this model requires 15 % batch melting, followed 

by 40 % olivine fractionation. However, even for this situation the modelled europium 

anomaly is stronger than that observed in the sample (0.14 and 0.49 respectively), and the 

HREE's are depleted. Discrepancies in REE abundance for both a pure KREEP 

contaminant and granitelKREEP mix contaminant at the source region support the 

conclusion of Neal and Kramer (2006) that Apollo 14 group C basalts gained their high 

LREE content through assimilation. AFC calculations indicate that the production of these 

basalts involved a 75 % KREEP (sample 15386) and 25 % granite (sample 14303,204) 

assimilant, where r = 0.25 for 30 % fractionation of a purely olivine assemblage, from a 10 

% batch melt of a depleted-Moon source (Figure 4.23b). Under these conditions the 

modelled data and observed REE abundances match well. 

4.5. Conclusions 

• Bulk-rock major-element data highlights the dichotomy in Ti02 content between 

the low- and high-Ti mare basalts in our sample set (1.14-4.94 and 8.40-13.03 wt % 

respectively). 
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Table 4.6: Summary of chemical modelling results. 

Type Samnle Evolution 
10017 

High-K 
10049 10 % modal melt of All orange glass source, with - 10 % KREEP assimilation 
l00s7 

Apollo 11 10072 
10020 low % melting « 20 %) of a mixed source, composed of depleted Moon and REB 

Low-K l00s0 
l00S8 

rich ilmenite cumulate sources. 

Olivine 12040 
S % batch, or 7 % fractional melting, of the McKenzie and O'Nions (1991) 
deDleted Moon source, followed by olivine accumulation. 

12016 
3 % batch, or S % fractional melting, of the McKenzie and O'Nions (1991) 
depleted Moon sowce, followed by a small amount of olivine accumulation. 

12047 
4 % batch, or S % fractional melting, of the McKenzie and O'Nions (1991) 
deoleted Moon sowce followed by S-10 % olivine fmctionation. 

Apollo 12 
Dmenite S % batch, or S % fractional melting, of the McKenzie and O'Nions (1991) 12051 

denleted Moon source followed bv S-IO % olivine fractionation. 
6 % batch, or S % fractional melting, of the McKenzie and O'Nions (1991) 

12064 depleted Moon source, followed by a small amount of clinopyroxene (and 
IOOSSlblv trvimite) accumulation. 
S % batch, or 7 % fractional melting, of the McKenzie and O'Nions (1991) 

Pigconite 12052 depleted Moon source, followed by 20 % olivine fmctionation possible 
anorthosite assimilation (few %), 
10 % batch melting of the McKenzie and O'Nions (1991) depleted Moon source, 

ApoUo 14 High-AI 14053 along with - I.S % assimilation of a KREEP (75 %) and granite (25 %) mix 
duriru!: 30 % olivine fractionation. 

ApoUo 15 Olivine Normative 
15016 7 % batch, or 9 % fractional, melting of the McKenzie and O'Nions (1991) 
15555 ldeoeleted Moon source, followed by olivine accumulation. 

Type A 75055 low % melting « 20 %) of a mixed source, composed of depleted Moon and REB 
Apollo 17 TypeD 70215 

Typee 74275 
rich ilmenite cumulate sources. 

• Bulk-rock major- and trace-element abundances indicate that the Apollo 12 and 15 

mare basalts originate from source regions with similar compositions. The Apollo 

15 olivine-normative basalts appear to be particularly similar to the Apollo 12 

ilmenite basalts. 

• The Apollo 11 and 17 basalts share fewer similarities than the Apollo 12 and 15 

basalts, probably because of their more varied source compositions. However, the 

Apollo 11 high-K basalts are all very closely related in terms of chemical 

composition, suggesting they originated from the same melt, in agreement with 

previous authors (Paces et aI., 1991; Neal and Taylor, 1992). Apollo 17 type A 

basalt 75055 shows a number of chemical similarities to Apollo 11 type B3 basalt 

10020, indicating they originated from similar sources. The close relationship 

suggested by Snyder et ai. (1990) between Apollo 17 type C basalts and Apollo 11 

type B3 basalts is not obvious from our dataset. 
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• The higher MELTS liquidus temperature and low CaO, Ah03, Na20, Si02 and 

REE content of Apollo 12 olivine basalt 12040, and the low forsterite content of 

olivines in this sample in relation to bulk-rock Mg#, indicate that it is a product of 

open system evolution as a result of olivine accumulation. This is in agreement 

with previous studies (Meyer and Wilshire, 1974; Baldridge et ai., 1979). Parental 

melt calculations based on early pyroxene REE abundances (see also chapter 3) 

indicate that the original melt composition of the olivine basalts was REE enriched 

compared to that of the ilmenite and pigeonite basalts. 

• The above factors, along with parental melt REE abundance comparisons indicate 

that a number of other basalts within our sample set were produced by lesser 

amounts of crystal accumulation (mostly olivine, though samples 12064 and 75055 

show signs of pyroxene accumulation). 

• Compatible-element abundance variations with decreasing Mg# indicate olivine 

fractionation occurred in Apollo 12 and 14 mare basalts, ilmenite fractionation 

occurred in the high-Ti basalts, and Cr-spinel fractionation occurred in the Apollo 

12 and 17 basalts. 

• The high-Ti basalts generally contain higher incompatible-element abundances than 

the low-Ti basalts. This can be explained by the LMO overturn model (e.g., 

Ringwood and Kesson, 1976; Ryder et aI., 1991), whereby late-stage, 

incompatible-element-enriched ilmenite cumulates mixed with the olivine

pyroxene cumulates of the low-Ti mare-basalt source to produce the source of the 

high-Ti basalts. 

• The relatively high incompatible-element abundances of the Apollo 11 high-K and 

Apollo 14 high-AI basalts in our sample set, along with other REE characteristics, 
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indicate that these samples (and by extension the basalt groups to which they 

belong) have undergone some form of KREEP contamination. 

• The REE composition of the depleted-Moon source of McKenzie and O'Nions 

(1991) was found to be a fair approximation for the low-Ti mare-basalt source 

regions. Partial melting calculations show that the Apollo 12 pigeonite and olivine 

basalt REE abundances can be produced from a 5 % batch melt, or 7 % fractional 

melt, of this source, whereas Apollo 12 ilmenite basalts require 3 % batch or 5 % 

fractional melting. This is followed by 5-10 % olivine fractionation for ilmenite 

basalt 12051 and 20 % olivine fractionation (and possible anorthite assimilation) 

for pigeonite basalt 12052. The Apollo 15 olivine-normative basalts require 7 % 

batch or 9 % fractional melting of the depleted Moon source, followed by olivine 

accumulation in sample 15016. 

• The depleted-Moon REE source composition of McKenzie and O'Nions (1991) is 

not suitable for high-Ti basalts. As the high-Ti basalt source regions are believed to 

be a mixture of the olivine-pyroxene cumulates found in the low-Ti basalt source 

regions and ilmenite cumulates which formed towards the end of LMO 

crystallisation, they should contain more REE's (as suggested by the higher REE 

abundances measured in the samples). REE enrichment of the depleted-Moon 

source produced some possible models for high-Ti basalt formation (e.g., a 10 % 

partial melt of the depleted-Moon source, with 130 % extra REE abundance, could 

produce REE abundances similar to the Apollo 11 B3 basalt parental melt after 30-

70 % crystal fractionation), but these models were not in line with previously 

published isotopic evidence (Neal et aI., 1990a; Paces et aI., 1991; Snyder et aI., 

1992b, 1993). 

• REE ratios in low-Ti samples are closer to those produced by batch melting than 

fractional melting (Figure 4.19), indicating the former was dominant in these 
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samples. As ratio variation along the calculated curves is minimal, this 

interpretation is open ended, but it does agree with the experimental data of Longhi 

et al. (2006). The REE ratios in high-Ti basalts plot closer to the fractional melting 

curves (Figure 4.19), and REE abundance trends share more characteristics with 

fractional melting calculations (Figure 4.17 and 4.18), indicating that fractional 

melting may have been a dominant process in the case of high-Ti basalts. 

• REE ratios and AFC calculations indicate that the Apollo 11 high-K basalts formed 

from the assimilation of approximately 10 % KREEPy material into a partial melt 

with the composition of the Apollo 11 orange glasses, in agreement with Longhi 

(1987), Hughes et al. (1989) and Jerde et al. (1994). These glasses contain similar 

REE abundances to a 5 % fractional melt of McKenzie and O'Nions (1991) 

depleted Moon source (or a 10 % fractional melt of a 130 % REE enriched source). 

• REE ratios and AFC calculations for the Apollo 14 high-AI group C basalt 

14053,260 suggest this group of basalts originated from a 10 % batch melt of a 

depleted-Moon source which assimilated - 1.5 % of a 75 % KREEP and 25 % 

granite mix during 30 % fractionation of an olivine assemblage. The presence of a 

KREEP/granite mixed assimilant within the group B and C Apollo 14 high-AI 

basalts was also suggested by Neal and Kramer (2006). 

While the above calculations give an idea of the conditions each basalt group formed 

under, they also highlight the variety of different ways the mare basalts evolved. The REE 

composition of McKenzie and O'Nions (1991) depleted-Moon source appears to be a fair 

estimate of the low-Ti mare-basalt olivine-pyroxene cumulate source, but simple REE 

enrichment did not produce accurate REE abundances for the high-Ti basalts. The high-Ti 

basalt source regions appear to be more complex, with each basalt group evolving from 

sources with different proportions of late-stage crystallisation products enriched in REE's. 
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This heterogeneity is an indication of the incomplete mixing of ilmenite, pyroxene and 

olivine rich cumulates, and KREEPy, granitic and other plutonic components within the 

source regions. The different degrees and types of partial melting, along with crystal 

fractionation and possible assimilation, further contribute towards the diversity of mare

basalts in terms of trace- and rare-earth-element compositions. 
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5. OXYGEN ISOTOPES 

A manuscript based on the results presented in this chapter has been submitted to 

Geochimica et Cosmochimica Acta (Hallis et al., 2010), and is currently under review. 

~1. An Introduction to Oxygen Isotopes 

5.1.1. Oxygen Isotopes and the Giant-Impact Theory. As discussed in section 1.1, the 

formation of the Moon is widely considered to have been the result of a large scale 

Collision in the early solar system, between the proto-Earth and a Mars-sized planetesimal 

(Hartmann and Davis, 1975; Cameron and Ward, 1976). Similarities between the inferred 

lunar and silicate Earth compositions (Ringwood, 1979), lack of a large lunar iron core, 

short-lived radionuclide dating of lunar fonnation (e.g., Touboul et al., 2007), combined 

with the abnormally high angular momentum in the Earth-Moon system (Cameron and 

Ward, 1976) have been cited as evidence in support of this theory. Recent smooth-particle 

hydrodynamic (SPH) impact simulations suggest that 70-90 % of Moon forming material 

Was derived from the impacting body (Cameron, 2000; Canup and Asphaug, 2001; Canup, 

2004a). These results imply that even relatively small isotopic differences between the 

impacting planetesimal and the proto-Earth should have left an observable difference 

between the Earth and the Moon. However, previous high-precision oxygen isotope studies 

have been unable to distinguish between the terrestrial and lunar fractionation lines 

(Wiechert et al., 2001; Spicuzza et al., 2007). It has been suggested that this isotopic 

homogeneity may be the result of post-impact isotopic mixing between the Earth's silicate 

mantle and the lunar forming magma disk (Pahlevan and Stevenson, 2007). However, more 

recent studies indicate that the high level of mixing needed to achieve homogenisation 

would equilibrate the angular-momentum of the Earth-Moon system, rendering the current 

dynamics of this system implausible (Melosh, 2009). Conversely, some authors have 
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suggested that the impactor and the Earth had virtually identical oxygen isotope 

compositions (Belbruno and Gott, 2005; Taylor et aI., 2006). 

5.1.2. Oxygen Isotopes in the Mare-Basalt Source Regions. Previous high-precision 

oxygen isptope studies have been used successfully to identify important processes that 

operated during the evolution of the LMO. Wiechert et aI. (2001) found a systematic 0 ISO 

difference of 0.4 %0 between the anorthositic rocks of the primary crust and mare-basalts, 

an offset explained via equilibrium fractionation between feldspar and the silicate melt 

during LMO crystallisation. In addition, both Wiechert et aI. (2001) and Spicuzza et aI. 

(2007) found an offset of 0.2-0.25 %0 for bulk-rock 81S0 between the low and the high-Ti 

mare-basalts, which the latter suggested was a direct consequence of lunar mantle-source 

heterogeneity. 

In order to improve understanding of the evolution of the lunar magma ocean, we have 

undertaken a high-precision oxygen isotope study of our sample set. Only three other 

studies report oxygen three-isotope measurements eSO/160 and 170/160) of mare basalts at 

similarly high precision (Wiechert et aI., 2001; Spicuzza et aI., 2007; Liu et aI., 2009). Of 

the twenty-two Apollo basalts within our sample set, twelve samples have been analysed 

for oxygen isotopes in these other studies, thus enabling useful comparisons with our 

measurements. Liu et al. (2009) analysed a single Apollo 11 mare basalt (sample 10044), 

but apart from this no other studies have reported the oxygen isotopic composition of 

Apollo 11 mare basalts - a group which partially bridges the gap between the low-Ti basalts 

of Apollo 12, 15 and 14 and the high-Ti basalts of Apollo 17. 
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5.1.3. Oxygen Isotope Notation. The data are reported using the usual 0 notation, as per mil 

(%0) variations from the Vienna standard mean ocean water (VSMOW) reference: 

(1) 

and similarly for 8170 using the 170/160 ratio. 

We report ~170 as the ordinate deviation from a reference (mass-dependent) fractionation 

line (Figure 5.1) on the logarithmic form of the oxygen three-isotope plot (Miller, 2002): 

(2) 

For nearly all ~ 170 values encountered in nature, equation (2) is a very close approximation 

of the 'exact' linear relationship, given by 

which may also be expressed as in equation 4, where A represents the slope of the line. 

(4) 

The assignment of a reference value for A is necessarily somewhat arbitrary. A value of 

0.524 was obtained independently in two studies which reported high-precision 

measurements of many terrestrial silicates from various origins (Miller, 2002; Pack et aI., 

2007); the same result was also reported by Rumble et aI. (2007) to be characteristic of 

natural silicas (although the associated fractionation line is slightly offset from VSMOW). 

A A value of 0.524 (and with no offset) is probably a representative average of numerous 
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Figure 5.1 : Bulk-rock oxygen isotope composition of various meteorite groups relative to the terrestirial 

fractionation line (TFL). Inset covers area the of the light grey box. The main groups of chondritic and 

achondritic meteorites, covering the range of values displayed by these types, are shown. TFL = terrestrial 

fractionation line, which is shown for reference; H, Land LL are all types of ordinary chondrites; R = R 

chondrites; CR, CV and CM are carbonaceous chondrites; E = enstatite chondrites and aubrites; SNC = 

shergottites, nakhlites and Chassigny; HED = howardites, eucrites and dioginites; Ure = ureilites ; CAIs = 

calcium-aluminium-rich inclusions. Diagram from Franchi et al. (2001). 

terrestrial geological fractionation processes, rather than being applicable specifically to 

basalts of either terrestrial or lunar origin. Furthermore, we recognise that eclogitic garnets 

(Rumble et aI., 2007) and fractionation lines formed from some specific combinations of 

silicates (e.g. , the four point line reported by Spicuzza et al., 2007) give values of A that are 

significantly hjgher than 0.524. It is also important to recognise that the assigned reference 

fractionation line may not necessarily pass through VSMOW on the logarithmic foml of 
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the oxygen three-isotope plot. For example, the line formed from eclogitic garnets (Rumble 

et aI., 2007) is offset by -0.026 per mil, as determined using the same experimental facility 

and 'working standard' 02 gas used for the present investigation of lunar basalts. The effect 

of the choice of A for the present work (and any associated ordinate axis offset of the 

fractionation line on the logarithmic form of the oxygen three-isotope plot) is discussed 

further in section 5.2.1. 

International standards UWG-2 (Valley et aI., 1995) and San Carlos olivine (Kusakabe and 

Matsuhisa, 200S, and references therein) and an in-house standard, PSSRI obsidian (Miller 

et ai. 1999) were analysed along with the lunar samples in order to monitor system 

performance. A minimum of two replicates per lunar sample were run and the results 

averaged to give a single value per sample. Published system precision (20-), based on 

replicate analyses of international (NBS-2S quartz, UWG-2 garnet) and internal standards, 

is approximately ± O.OS %0 for (5 170; ± 0.16 %0 for (5
IS

0; ± 0.05 %0 for ~170 (Miller et aI., 

1999). The quoted precision (20-) for the lunar samples is based on 2 or more replicate 

analyses . 

.s:2. Oxygen Isotope Data 

5.2.1. Comparison of Lunar and Terrestrial .1170 values. Table 5.1 shows the ~170 results 

as calculated from (5 170 and (5
IS0 for lunar samples in conjunction with an assigned A value 

of 0.524 and with no ordinate axis offset. On this basis, the average ~ 170 of our lunar 

sample suite is -O.OOS ± 0.021 %0. The comparable mean ~170 value from thirty-seven 

replicate analyses of the UWG-2 garnet standard (as obtained during a period of one year 

that fully encompassed the interval in which the lunar samples were run) is -0.017 ± 0.034 

%0, which is clearly indistinguishable from the lunar samples, on the basis of the associated 

analytical precision. Wiechert et al. (2001) and Spicuzza et ai. (2007) were also unable to 

detect any difference between lunar and terrestrial ~ 170 values. 
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Table 5.1: Lunar and terrestrial 8P O, 8180 and L1170. 
I I 
I Sample I Basalt Type n 
I Apollo 11: 10017 I High-Ti, Low-AI, High-K 3 
i Apollo II: 10020 High-Ti, Low-AI, Low-K (B3) 2 
I Apollo 11: 10049 High-Ti, Low-AI, High-K 2 
i Apollo 11: 10050 High-Ti, Low-AI, Low-K (Unclassified) 2 
I Apollo 11: 10057 

I 
High-Ti, Low-AI, High-K 2 

I Apollo 11: 10058 High-Ti, Low-AI, Low-K (Bl) 2 
AJl<>Jlo 11: 10072 High-Ti, Low-AI, High-K 2 
Apollo 12: 12016 Low-Ti, LOW-AI, Low-K (ilmenite basalt) 2 
Apollo 12: 12040 Low-Ti, LOW-AI, Low-K (olivine basalt) 3 
Apollo 12: 12047 Low-Ti, LOW-AI, Low-K (ilmenite basalt) 2 
Apollo 12: 12051 Low-Ti, Low-AI, Low-K (ilmenite basalt) 2 
Apollo 12: 12052 Low-Ti, Low-AI, Low-K (pigeonite basalt) 2 
Apollo 12: 12064 Low-Ti, Low-AI, Low-K (ilmenite basalt) 3 
Apollo 14: 14053 Low-Ti, High-AI, Low-K (group C) 2 
Apollo 15: 15016 Low-Ti, Low-AI, Low-K (olivine nonnative) 5 
Apollo 15: 15386 KREEP basalt 2 

I Apollo 15: 15555 Low-Ti, Low-AI, Low-K (olivine nonnative) 2 
Apollo 17: 70017 High-Ti, Low-AI, Low-K (unclassified) 4 
Apollo 17: 70035 High-Ti, LOW-AI, Low-K (unclassified) 2 
Apollo 17: 70215 High-Ti, Low-AI, Low-K (type B2) 2 
Apollo 17: 74275 High-Ti, Low-AI, Low-K (type C) 2 
AJl9110 17: 75055 High-Ti, Low-AI, Low-K (type A) 2 
Average Lunar 52 

--- - -

I Terrestrial Samples Rock Type I n 8170%0 2cr 

I UWG-2 Gamet Gamet i 37 2.% 0.080 

8170%-

I 
2.99 
2.95 
2.95 i 
2.95 
2.% 

2.99 
2.92 

2.88 
2.87 
2.97 
3.03 
2.95 
2.% 

3.03 
2.97 
3.11 
2.% 
2.85 
2.84 
2.88 
2.89 
2.90 
2.94 

8180%0 

5.68 

2cr 8180%0 2cr ~1'0"" 2cr TiO, Mg# 

0.060 5.68 0.079 0.017 '0.019 11.01 40.9 
0.042 5.63 0.061 0.002 0.011 10.34 42.1 
0.031 5.65 0.020 -0.010 0.021 10.59 38.9 
0.088 5.65 0.156 -0.004 0.006 11.30 42.8 
0.055 5.66 0.075 -0.006 0.016 11.01 40.2 i 

: 

0.083 5.70 0.177 0.003 0.009 8.40 41.1 , 

0.071 5.61 0.110 -0.019 0.013 11.36 37.6 ; 

0.096 5.53 0.106 -0.014 0.041 3.65 51.8 
0.122 5.49 0.179 0.000 0.028 2.65 56.9 

i 
0.030 5.69 0.042 -0.015 0.008 4.94 37.0 i 
0.023 5.76 0.041 0.009 0.001 4.43 36.5 

I 

0.083 5.70 0.017 -0.031 0.074 3.25 41.0 
: 

i 
0.212 5.66 0.369 -0.004 0.061 3.64 37.9 I 

0.004 5.81 0.095 -0.016 0.045 2.56 46.6 I 
! 

0.131 5.66 0.282 0.003 0.054 2.11 48.5 
I 

0.035 5.95 0.061 -0.007 0.004 2.10 59.3 i 

0.126 5.70 0.100 -0.022 0.073 1.14 54.4 ! 
0.164 5.46 0.285 -0.012 0.037 12.86 48.7 

I 0.023 5.45 0.057 -0.015 0.052 13.03 44.7 
0.037 5.51 0.049 -0.005 0.011 12.71 44.2 I 

I 

0.017 5.54 0.031 -0.012 0.001 12.57 50.1 I 
I 

0.059 5.56 0.219 -0.013 0.055 12.22 45.8 

0.128 5.64 0.237 -0.008 0.021 

2cr ~170"" 2cr 

0.146 -0.017 0.034 



We eliminated from the UWG-2 garnet dataset any analyses that were run first in a tray, as 

these often produce elevated blank levels. Furthermore, we consider that UWG-2 is a better 

standard for this study than are alternative silicates commonly used as oxygen isotope 

standards, as it has been well characterised (Valley et aI., 1995) and has a 8180 value close 

to that of the lunar samples (Table 5.1). The average 8
18

0 value obtained from thirty-seven 

UWG-2 garnet measurements was 5.68 %0, which is close to the value of 5.8 %0 

recommended by Valley et aI. (1995). 

If, instead of assigning A to be 0.524 and with no ordinate axis offset (Miller, 2002), we use 

the fractionation line reported by Rumble et aI. (2007) for ec10gitic garnets, A becomes 

0.5262 ± 0.0010 (95 % confidence level) and the ordinate axis offset becomes -0.026 ± 

0.0007. Again, this is on the basis of measurements made using the same analytical facility 

and using the same O2 'working standard' gas as for our measurements on the lunar 

samples. In this case, the mean ~170 value for the lunar basalts becomes 0.006 %0 and the 

mean of the thirty-seven measurements of UWG-2 becomes -0.003 %0. Clearly, the 

reference fractionation line given by the ec10gitic garnets appears to be better matched to 

the lunar basalts and to the UWG-2 garnet, which is not surprising. Alternatively, if we 

Were to use the fractionation line given by natural silicas (Rumble et aI., 2007), which has a 

A value of 0.524 but an ordinate axis offset of +0.020 %0 as measured on the same mass 

spectrometer and with the same 'working standard' O2 gas as for the lunar basalt analyses 

reported in this study, the corresponding ~ 170 values are changed accordingly but there is 

again no detectable difference between the ~ 170 of terrestrial and lunar silicates. The effect 

of switching between these two reference fractionation lines (silicas versus ec10gitic 

garnets) is illustrated in Figure 5.2. The lack of detectable difference in ~170 (within error) 

between low- and high-Ti basalts is in agreement with previous suggestions that the source 

regions for these basalts were in oxygen isotopic equilibrium (Spicuzza et aI., 2007). 
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Figure 5.2: The effect of changing reference fractionation line for calculating the a170 data. In (a), A is 

assigned as 0.524 and the associated ordinate axis offset on the logarithmic form of the oxygen three-isotope 

plot is 0.020. These values were as obtained from terrestrial silicas, using the same experimental facility and 

'working standard' O2 gas as for our measurements on the lunar basalts. Changing to A = 0.5262 and offset of 

-0.026 (as given by eclogitic garnets in the same laboratory) produces the plot illustrated in (b). In both cases, 

terrestrial samples are represented by UWG-2 garnet (a single point, representing the average of thirty-seven 

replicate analyses) and by a sample of MORB (designated RD32). Lunar basalts data are shown as filled 

diamonds, UWG-2 as a simple cross and MORB as a star. The mean of the lunar basalt a170 data is shown by 

the dashed line, in both (a) and (b). 

5.2.2. Comparison of 880 in High and Low-Ti Mare Basalts. Measured 8180 values for 

our set of Apollo basalts are presented in Table 5.1. Low-Ti mare basalts generally exhibit 

higher 8180 than high-Ti basalts, with the exception of two low-Ti Apollo 12 olivine rich 

basalts (samples 12016 and 12040, discussed below). The average 8180 for the high-Ti 

basalts is 5.59 ± 0.17 and the average of the low-Ti basalts excluding the above mentioned 

samples and KREEP basalt 15386 is 5.71 ± 0.11. Apollo 15 KREEP basalt 15386 shows 
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the heaviest 8180 (5.95 ± 0.06). Apollo 14 high-AI basalt 14053 plots between the KREEP 

basalt and other mare-basalts (5.81 ± 0.10). Of the high-Ti basalts Apollo 11 samples have 

heavier bulk-rock 8180 whereas Apollo 17 samples display lighter values. There is no clear 

difference between the 8180 of Apollo 11 high-K and low-K basalts. 

Figure 5.3 shows measured bulk-rock 8180 vs. bulk-rock Mg# for each sample (where Mg# 

== (MgI(Fe+Mg))* 100, using bulk-rock atomic % values). The fields for high-Ti and low-Ti 

lunar basalts defined by Spicuzza et al. (2007) are also shown on Figure 5.3 5.2 for 

reference. At first glance there appears to be no relationship between Mg# and 8180. 

Apollo 11 and 17 high-Ti basalts show little 8180 variation with Mg# while Apollo 14 and 

15 low-Ti basalts were not analysed in great enough numbers to display any meaningful 

relationship. The Apollo 12 basalts do show a slight increase in 8180 with decreasing Mg# 

(sample 12040 Mg# = 56.93 and 8180 = 5.49, whereas sample 12051 Mg# = 36.52 and 

8180 = 5.76), but it is important to note that as sample 12040 is known to be an olivine

cumulate (chapter 4, Baldridge et aI., 1979), its bulk-rock Mg# is not representative of the 

melt from which it crystallised. A trend of decreasing 8
18

0 with increasing Mg# for low-Ti 

samples was also reported by Spicuzza et aI. (2007) (their low-Ti field in Figure 5.3). 

The data of Spicuzza et aI. (2007) show a clear difference between the bulk-rock 8180 of 

low- and high-Ti samples. However, only Apollo 17 high-Ti mare basalts were analysed in 

their study. Our Apollo 17 data agree well with those of Spicuzza et aI. (2007), but our 

Apollo 11 high-Ti basalt data stretch well into the low-Ti 8 180 region. Although Apollo 11 

basalts generally contain lower abundances of ilmenite than Apollo 17 basalts, they still 

have much higher ilmenite content than any of the low-Ti basalts (Table 5.2). The bimodal 

high- and low-Ti 8180 variation reported by Spicuzza et aI. (2007) turns out to be 

continuous when the Apollo 11 samples measured in the present study are included. 
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Figure 5.3: Measured &180 vs. Mg# for each basalt sample. Shadows represent the data of Spicuzza et a\. 

(2007), light grey for low-Ti and dark grey for high-Ti. 

Figure 5.4 shows the 8180 value of each sample vs. bulk-rock Ti02 content. Ti02 was 

measured from the powdered rock-chips, therefore, it can be used to check sample 

heterogeneity by comparison with recalculated bulk-rock Ti02 content based on ilmenite 

modal abtmdance (estimated from the thin sections - Figure 5.5a) and microprobe data. 

High-Ti basalts show an inverse relationship between bulk-rock Ti02 content and 8180, but 

this relationship is not obvious for the low-Ti basalts. The same trend is visible when the 

ilmenite modal abundance of each sample is plotted against 8180 (Figure 5.5a), indicating 

that mineral modes in our thin-sections are broadly representative of the bulk-rock. There is 

one exception, however, the thin-section of Apollo 17 type A basalt 75055 contains 10 

modal % ilmenite, which is anomalously low compared to previous data (12-20 modal % -

Kriedelbaugh and Weill, 1973; Brown et aI., 1975; Dymek et aI., 1975; McGee et aI., 

1977). Because ofth1s low modal ilmenite value, sample 75055 plots away from the high-

Ti basalt trend in Figure 5.4a. In contrast, the measured bulk-rock Ti02 value (12.22 wt %) 
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is comparable to previous data (10.4-11.41 wt % - Boynton et aI., 1975; Rhodes et aI., 

1978) and plots alongside data points of other Apollo 17 basalts in Figure 5.4. The ilmenite 

abundance in rock chip 75055,120 is therefore more representative of the bulk-rock 

compared to the modal ilmenite data from the thin section. As 0180 is measured from rock 

chip 75055,120 and not thin-section 75055,49 the value is considered to be representative 

of the bulk-rock oxygen isotope composition. 

Differing ilmenite content can at least partially explain the difference in 0180 between low-

and high-Ti basalts. Ilmenite has low 0180 values (4.55 to 3.85 0/00 - Onuma et aI., 1970; 

Taylor and Epstein, 1970). Therefore, high modal abundance of ilmenite decreases bulk-

rock 0180. However, the trend of the high-Ti basalts in Figure 5.5 indicates that as ilmenite 

abundance in a sample decreases, its effect on bulk-rock 0
180 lessens until (as appears to 

Table 5.2: Mineral modal abundances (excluding minor minerals). 

I 
A15 15016 I 60.6 23.4 12.3 0.9 2.8 I 100 
A1515386, 38.4 56.4 2.6 2.7 I 100 

I Al515555 I 55.9 30.9 
AI770017 53.1 28.3 
A 1770035 51.8 28.6 
A1770215 63.2 12.5 
A1774275 51.0 21.8 
AI775055 54.9 31.3 

10.7 
1.0 

7.0 
9.2 

1.3 
17.1 
17.8 
17.1 
15.1 
10.2 

0.6 
0.1 
0.2 
0.1 
1.9 

0.2 
0.2 
0.1 
0.9 

0.5 
n.3 
1.4 

<0.1 

0.3 
3.6 

IOU 
100 
100 
100 
100 
100 

*A11, A12 etc denotes polio mission. Where vol % of certain minerals are vastly different from those reported in Table 3.1 
the sample contains high amounts of mesostasis and minor minerals, which are excluded from these calculations (the 
remaining minerals are normalised). 
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Figure 5.4: Measured 8 180 vs. Ti02 wt % for each basa lt sample. The high-Ti basalts show a clear linear 

relationship, as Ti02 decreases, 8 180 increases. No such relationship is visible for the low-Ti basalts. Apollo 

12 olivine-cumulate basalt 12040 shows the lowest 8 180 of all the low-Ti basa lts. Key as i.n Figure 5.3. The 

d 180 difference between the Apo llo 17 and Apollo 12, 14 and 15 basa lts is clearer when anomalous results 

are excluded from samples 12064 and 150 16 (see smaller error bars in red). 

be the case for the low-Ti basalts) ilmenite abundance is no longer a significant factor. 

Apollo 12 olivine-rich basalts 12016 and 12040 display 8 180 similar to Apollo 17 basalts, 

despite their low ilmenite modal abundance. Olivine also has relatively low 8 180 values 

(5.24 to 4.99 %0) (Clayton et al. , 1971 , 1973), so the high modal abundance of olivine 

appears to have lowered the bulk-rock 8 180 of these samples in comparison to the other 

low-Ti basalts. Plagioclase tends to have high 8 180 values (6.31 to 5.67 %0) (Mayeda et aI. , 

1975; Onuma et aI., 1970), therefore, samples with high plagioclase abundance, such as 

Apollo 14 high-AI basalt 14053 and Apollo 15 KREEP basalt 15386 refl ect this in their 

bulk-rock 8180 values. 
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5.2.3. Recollstructioll of Bulk-rock 880. To check our 8 180 values were accurate for each 

sample we used modal abundance data based on thin section analyses (Table 5.2), along 

with previously measured mineral-separate 8180 from lunar samples (Table 5.3), to 

reconstruct bulk-rock 8 180 values (Table 5.4). Using this method we aimed to further 

investigate how individual minerals may have influenced the bulk-rock 8 180 of mare 

basalts. Table 5.3 shows the extent of variation between published mare-basalt mineral -

+ Calculated Values 
5.9· <> A11 High-Ti II A14 Low-Ti 

A A17 High-Ti &J A15 Low-Ti - • c A12 Low-Ti IB A15 KREEP 

l5.7 +IDI c ac • • 0 -fIB • , A<> •• co Cc <> • .... IB 
t.O A <>-

5.5· IjI 
<> A • 6t 12040 

A A 

5.3 
0 5 10 15 20 

5.9 + 

X - • l5~7 + • • • • 0 + c· • ,. 
co (12040 no olivine) • .... 
t.O A 

5.5 · • A 

• A 

A A 

5.3 
0 5 10 15 20 

Ilmenite Modal Abundance (0/0) 

Figure 5.5: Ilmenite modal abundance vs. 8 '80 . (a) Where solid symbols represent measured data (as in 

Figures 5.3 and 5.4) and open symbols represent calculated data (see key) . (b) When olivine is removed from 

the modal abundance of Apollo 12 olivine cumulate basalt 12040, 8 180 becomes similar to other Apollo 12 

and 15 low-Ti mare basa lts. Key as in Figure 5.3. 
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separate data. As there appears to be no systematic difference between the values in low-

and high-Ti basalts, we decided to calculate the average value for each mineral. Figure 5.5a 

shows the ilmenite modal abundance in each sample vs. measured bulk-rock 3180 and 

calculated values based on mineral-separate data. Measured and calculated bulk-rock 3180 

values agree to within 0.13 0/00 for all samples, demonstrating that the difference in 3180 

between basalts with high- and low-Ti content is real rather than an analysis artefact. The 

small discrepancies that are present may be ascribed to a number of factors. For example, 

Table 5.3: Mare basalt mineral separates 180 data (%0) 

Minerai 

Sample· Pla2lodase Ca-pyroxene Plgeonlte Olivine ilmenite Silica 

All Low_Ka 
6.31 5.71 4.55 

All Low_Ka 
6.17 5.72 4.47 

All High_K
a 

6.16 5.81 4.51 
All High_K a 

6.18 5.77 4.35 

All High-K· 6.20 5.76 4.29 

All High-K· 6.00 5.53 4.24 7.09 

Average • 6.17:t 0.2 S.72:t 0.2 4.40:t 0.25 7.09 

All 10058 (Low-K) • 6.07 5.75 3.94 
b 

6.06 5.67 3.85 AI I 10044 (Low-K) 7.16 
AI I 10003 (Low-K) b 6.09 5.86 4.10 
All 10017 (High-K) b 6.33 5.95 4.02 

All 10057 (High-K) b 6.30 5.83 4.12 

Average b 6.17:t 0.27 S.81:t 0.21 4.01:t 0.23 7.16 
All Average 6.17:t 0.22 5.76:t 0.22 4.22:t 0.47 7.13 
AI7 72155 • 5.78 5.22 3.97 7.02 
A17 70017' 5.82 5.27 3.99 
AI7 71055 • 5.82 5.36 4.01 6.75 
AI775075 

c 
5.70 5.39 3.95 

AI7 79155 • 5.88 5.47 403 6.71 
AI7 75055 c 5.67 5.47 3.98 6.86 
Average < 5.78:t 0.16 5.36:t 0.21 3.99:t 0.06 6.84:t 0.28 
Hlgh-TI Average 6.03:t 0.43 5.62:t 0.44 U4:t 0.44 6.93:t 0.37 
A12 12008 d 5.05 
A12 12009 d 5.20 
AI2 12018 d 5.92 5.63 5.16 4.15 
AI2 12021 d 5.96 5.58 5.76 406 
AI2 12038 d 6.19 5.67 4.08 
AI2 12040 d 5.93 5.61 5.87 5.09 4.10 
A12 12052 d 5.89 5.41 4.00 
AI2 12063 d 5.98 5.64 5.24 4.22 
A12 12064 d 5.97 5.56 3.90 7.15 
Average d 5.98:t 0.20 5.59:t 0.17 S.82:t 0.16 5.15:t 0.16 4.07:t 0.21 7.15 
AI5 15058 c 6.\3 5.73 
AI5 15016 f 5.81 5.42 5.56 5.00 4.04 
A 15 15065 f 5.84 5.47 5.60 4.08 6.72 
AI5 15495 f 5.74 5.34 3.92 

f 
5.88 AI5 15556 5.68 4.99 4.01 

Average r S.82:t 0.30 5A5:t 0.33 S.SS:t 0.29 5.00:t 0.01 4.01:t 0.14 6.72 
Low-TiAveratte S.94:t 0.2S 5.57:t 0.21 S.64:t 0.37 S.10:t 0.20 4.0S:t 0.19 6.94:t 0.61 
.Q:v.e~_IIAvera~ ___ S.99:t 0.38 S.60:t 0.37 S.64:t 0.37 S.IO:t 0.20 4.10:t 0.37 6.93:t 0.39 

"'AI I, A12 etc denotes Apollo mission. 'Onuma et aI., 1970. bTaylor and Epstein, 1970. 'Mayeda 
et a!., 1975. 'Clayton et a!., 1971. 'Epstein and Taylor, 1972. 'Clayton ct a!., 1973. 
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Table 5.4: Measured and calculated a180 (%0) 

Mineral Separates (Overall Averages) 
Clinopyroxene Plas;ociase Olivine Dmenite ArmaicoliteU Spinelu Silica 

I 818
0 5.62* 5.99 5.10 4.11 4.11 4.11 6.93 

Sample Calculated 5
1b Measured a180 Difference Relative Dift'erencet 

10017 5.59 5.68 0.09 1.52 

10020 5.50 5.63 0.13 2.36 
10049 5.54 5.65 0.11 1.96 

10050 5.55 5.65 0.10 1.81 

10057 5.63 5.66 0.03 0.47 

10058 5.64 5.70 0.06 1.13 

10072 5.54 5.61 0.07 1.30 

12016 5.60 5.53 -0.06 -1.13 

12040 5.53 5.49 -0.03 -0.60 

12047 5.70 5.69 -0.01 -0.13 

12051 5.67 5.76 0.10 1.71 

12052 5.62 5.70 0.08 1.47 

12064 5.69 5.66 -0.03 -0.60 

14053 5.70 5.81 0.11 1.91 

15016 5.59 5.66 0.08 1.38 

15386 5.83 5.95 0.12 2.07 

15555 5.66 5.70 0.05 0.82 

70017 5.46 5.46 0.00 0.01 

70035 5.47 5.45 -0.02 -0.39 

70215 5.37 5.51 0.14 2.59 

74275 5.39 5.54 0.15 2.82 

75055 5.63 5.56 -0.07 -1.22 

With Olivine Removed 
18 18 

Difference Relative DitTerencet 
Samnle Calculated 5 0 Measured5 0 

12040 5.645 5.492 -0.153 -2.709 

*Ca-pyroxene and pigeonite overalllnineral separate values (Table 3 averaged). ** Assumed to 
be the same as ilmenite. tWhere relative difference = (measured/calculated* 100) - 100 

slightly unrepresentative modal data, sample heterogeneity and/or impurities within the 

mineral separates could all contribute to slight variations. As with Figure 5.4, Figure 5.5a 

highlights the strong relationship between decreasing bulk-rock (5
180 and increasing 

ilmenite content within the highest high-Ti basalts, and the lack of such a relationship in 

the low-Ti basalts. The calculated bulk-rock (5
180 value for Apollo 15 KREEP basalt 15386 

agrees with the measured (5 180 to within 0.12 0/00 despite the fact that mare-basalt mineral-

separate data were used for this calculation. 
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A simple test to remove the effects of olivine accumulation in Apollo 12 basalt 12040 (e.g., 

Baldridge et aI., 1979) was performed by subtracting olivine from the modal abundance of 

this sample. Though Champness et al. (1971) suggested the presence of two olivine 

popUlations (based on Cr content) only accumulated olivine was observed in thin section 

12040,44, ·therefore 100 % of the olivine mode was subtracted from this sample. This 

yields a slightly higher bulk-rock 8180 than the "true" bulk-rock value for sample 12040, 

indicating the possible presence of a small percentage of phenocrystic olivine. 

Nevertheless, the calculation is still meaningful and relevant for the purposes of this study. 

Removal of olivine from sample 12040 increased the bulk-rock 8180 by 0.11 %0, bringing 

this sample more in line with the other low-Ti basalts, specifically Apollo 12 ilmenite 

basalt 12064 (Table 5.4, Figure 5.5b). 

Apollo 12 ilmenite basalt 12016 also contains a high modal abundance of olivine, but 

unlike olivine basalt 12040 these olivine grains were in equilibrium with the melt (chapter 

4, Dungan and Brown, 1977; Neal et aI., 1994a). Although Neal et aI. (1994a) reported 

heterogeneous olivine distribution in sample 12016, our measured modal abundance (14.21 

modal %) and previously reported modes (Dungan and Brown (1977) and Neal et ai. 

(l994a) both report 12 modal %), demonstrate the olivine-rich nature of 12016 compared 

to the other Apollo 12 basalts within our sample set « 2 modal % olivine). High bulk-rock 

Mg# and phenocrystic olivine, along with low REE abundance (e.g., Rhodes et aI., 1977; 

Neal et aI., 1994a) are consistent with sample 12016 being the most primitive of the four 

Apollo 12 ilmenite basalts analysed in our study. 

5.3. Discussion 

5.3.1. The Giant Impact. The lack of a distinguishable difference in ~ 170 between 

terrestrial and lunar samples, as shown by this and previous studies (Spicuzza et aI., 2007; 

Wiechert et aI., 2001), is consistent with the post-impact equilibration, volatile mixing 
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model of Pahlevan and Stevenson (2007). However, Melosh (2009) highlighted some 

shortcomings in this model, and argued for a more refined modelling which more 

accurately reproduces the present day angular momentum of the Earth-Moon system. 

Melosh (2009) theorises that the solution may lie in a partial return to the Darwin fission 

model (Darwin, 1875), but with a much hotter initial Earth than originally suggested. If the 

Moon-forming impact was more central then hot silicate gas may have spun out to form the 

Moon after complete mixing with the proto-Earth. 

Alternatively, the oxygen isotope compositions can be understood within the framework of 

current smooth particle hydrodynamic (SPH) impact models provided the early Earth and 

the impacting body had ~170 values to within about 0.03 0/00 of each other (Wiechert et aI., 

2001). Chambers (2004) suggested that the size of planetary accretion zones during 

oligarchic growth of the terrestrial planets is relatively small (0.01 AU). Therefore, 

assuming radial distribution of oxygen within the solar system at the time of the giant

impact, the two bodies would have to form at very similar heliocentric distances from the 

Sun to produce the current ~170 of the Earth and Moon. Until recently the presence of two 

bodies of that size occupying such similar orbits around the Sun for a long period of time 

without colliding was not thought plausible. However, Belbruno and Gott (2005) showed 

that a Mars-sized body could grow within the L4 or L5 Lagrange points of Earth's orbit 

and subsequently be thrown into an eccentric orbit via collisions with other planetesimals. 

If this occurred, they reasoned that the body would very probably collide with the Earth. 

There are examples of this type of growth within the current solar system, e.g., the 

Saturnian moons Helene, Telesto and Calypso, although the mass ratio between these 

bodies and Saturn is much larger than would have been the case for the giant-impact 

involving the Earth. But can a radial distribution of oxygen in the early solar system be 

assumed? Recent measurements of the ~170 of Mars (+0.30 %o) and Vesta (-0.24 o/oo) 

suggest oxygen isotope ratios do not have a radial distribution within the current solar 
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system (Greenwood et al., 2005; Wiechert et al., 2004). However, it does not necessarily 

follow that such a distribution was absent in the early solar system. It should also be 

acknowledged that not all other bodies within the solar system have different oxygen 

compositions to the Earth and Moon. Thus, the enstatite chondrites show ~170 mostly 

within error of the terrestrial fractionation line (Newton et al., 2000). Current models of 

terrestrial planet formation suggest planetesimals must endure a series of growth stages 

before they mature into a planet. The first two stages, known as runaway and oligarchic 

growth, are restricted to the relatively small feeding zone suggested by Chambers et al. 

(2004), but during the last stage - known as chaotic growth - planetesimals that formed in 

widely different orbits may collide and merge (Kenyon and Bromley, 2006 - and references 

therein). The final planets are therefore a mixture of material from a broad region of the 

inner solar system, although each planet accreted more material from its own locale than 

elsewhere, giving each a unique mixture. As a result of this chaotic growth primordial 

chemical and isotopic gradients became less distinct. The giant impact is thought to have 

occurred during this last period of growth (Canup and Asphaug, 2001; Chambers, 2004). 

Therefore, the impacting body could have formed anywhere within the inner solar system, 

but equally an increase in chaotic collisions may have given a Mars-sized body in Earth's 

L4 or L5 points the push it needed to finally collide with Earth. However, by definition this 

chaotic growth may have produced oxygen isotopic compositions with greater than 0.03 %0 

difference between the impacting body and the proto-Earth. The delicacy of such a binary 

system may also pose a problem; it is believed that the Earth accreted from a dozen or more 

planetary embryos during the chaotic growth period before the giant impact occurred. Any 

one of those collisions could have disturbed or destroyed a second smaller body so close to 

Earth. Ultimately further work is needed to aid our understanding of isotopic 

homogenisation in the early solar system before a definite model for Earth-Moon system 

formation can be proposed. The evidence from this and previous studies (Spicuzza et al., 

2007; Wiechert et aI., 2001), indicating that lunar and terrestrial rocks have 
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indistinguishable ~ 170 values, while not excluding the possibility of a giant impact model 

for the origin of the Earth-Moon system, strongly suggests that alternative scenarios merit 

further consideration. 

5.3.2. Petrogenesis of Mare Basalts. In contrast to previous studies (Wiechert et aI., 2001 

and Spicuzza et aI., 2007) our bulk-rock 8180 data show no clear separation between the 

low-Ti and high-Ti basalt suites. This can most easily be ascribed to the restricted sample 

set used in previous studies, where no moderate-Ti samples (Apollo 11) were analysed. 

Close agreement between our measured and calculated bulk-rock 8180 values indicates that 

the observed 8180 variation between samples is real and not an analytical artefact. 

Variation in mineral modal abundances can account for bulk-rock 8180 variations both 

between and within different groups of mare basalts. The causes of this variation are 

discussed below. 

When the bulk-rock 8180 values of the highest high-Ti samples (Apollo 17) are compared 

to those of the low-Ti samples the former display lighter bulk-rock 8180 values than the 

latter (Table 5.1). As discussed in previous chapters, it is thought the low-Ti partial melts 

originate from olivine-pyroxene cumulate source regions at depths of -100-300 km in the 

lunar interior, whereas the high-Ti basalts originate from mixtures of these cumulates and 

ilmenite-rich cumulates at similar depths (Ryder 1991; Van Orman and Grove, 2000; 

Elkins-Tanton et aI., 2002; Shearer et aI., 2006). Mineralogical differences in the cumulate 

Source regions can also explain the significant Li-Sr-Nd-Hf isotope variations within the 

mare basalts (Beard et aI., 1998; Day et aI., 2006; Magna et aI., 2006). Snyder et aI. (1992a) 

proposed that the modal mineralogy of the ilmenite cumulate mix required to produce high

Ti mare basalts was 46 % pigeonite, 43 % olivine, 7 % augite, 3 % ilmenite, 1 % 

plagioclase and a small amount of trapped KREEPy liquid. In contrast, the olivine-
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pyroxene cumulate source of the low-Ti basalts contains no ilmenite but more augite (10 

%). As ilmenite 8180 is lighter than that of augite, the low-Ti basalt sources would 

consequently have inherently heavier bulk-rock .s180 than the ilmenite enriched high-Ti 

sources (5.41 %0 and 5.36 %0 respectively, based on the average mineral-separate values 

shown in Table 5.3, and excluding any trapped KREEPy liquid). 

Experimental studies have shown the mare magmas are produced via small amounts of 

non-modal partial melting of the source regions « 20 % - e.g., Ringwood and Essene, 

1970; Duncan et aI., 1974, 1976; Shih et aI., 1975; Walker et aI, 1975; Nyquist, 1977; 

Nyquist et aI., 1979; Hughes et aI., 1988, 1989; Shearer and Papike, 1993, 1999; Snyder et 

aI., 1997; Beard et aI., 1998). The experimental work of Hess and Finnila (1997) suggests, 

in agreement with phase-equilibria studies of pieri tic mare-glasses (Longhi 1992a), that 

many high-Ti mare basalts are significantly under-saturated with respect to ilmenite. This 

implies that, during the melting event which produced the high-Ti basalt partial melts, 

ilmenite is totally removed from the source. Hess and Finnila (1997) show that these high

Ti basalts are generally saturated in both olivine and orthopyroxene, hence olivine and 

orthopyroxene will be left in the source after melt removal. This suggests that Ti02 would 

be concentrated in the mare-basalt partial melts and that the difference in oxygen isotope 

composition between the low- and high-Ti source types should increase upon cumulate 

source re-melting (as the low-Ti basalt source would become devoid of Ti02 after a very 

small amount of partial melting, well before the high-Ti source). 

Unfortunately, there is a lack of high-pressure experimental data that can be used to model 

the influence of various lunar mantle source compositions on the bulk 8180 of mare-basalt 

melts. However, these data do exist for the picritic glasses (Longhi 1992a, 1996). Most 

authors agree that there is no direct parent-daughter relationship between the melts that 

produced the picritic glasses and the mare basalts (e.g., Longhi 1992a, Shearer and Papike 
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1993, Papike et al., 1998) - although Shearer and Papike (1993) do suggest that one 

possible relationship is that both are derived from a single common picritic parent melt. 

The picritic glasses do show similar trends to the mare basalts in terms of their Ti02 

contents and there is general agreement that the glasses are better candidates for primary 

melts than even the most primitive mare basalts (Hess and Finnila, 1997; Papike et al., 

1998). Therefore, it seems reasonable to use the experimental data that exist for the glasses 

to try and understand how partial melting of potential lunar-mantle source compositions 

influences the oxygen isotope composition of lunar basalts. Longhi (1992a) provides two 

possible low-Ti mantle sources, the first is a modification of Taylor's (1982) lunar-mantle 

composition and the second the author's own calculated green-glass magma source. These 

sources have relatively low Ti02 contents (hence low modal ilmenite at - 0.4 %) and 

slightly differing calculated 8 180 values (5.36 0/00 and 5.29 0/00 respectively, Table 5.5). 

Partial melting of these sources at 25 kbar (500 km depth according to the steep 

depth/pressure gradient of 20 kmlkbar in the outer portion of the Moon (Longhi, 1992b) 

yield liquids with higher Ti0 2 (1.89 and 3.34 wt %) values and slightly heavier 8180 values 

(5.59 %0 and 5.50 %0 respectively) than their potential sources. It should be noted that all 

the picritic glasses give slightly lower calculated 8
18

0 values than the mare basalts because 

they have less normative plagioclase and more normative olivine. Longhi (1996) provides 

experimental results relevant to the high Ti02 pi critic glasses. This author's model suggests 

a source composition containing 2.7 wt % Ti02 (3.7 % ilmenite) with a calculated 8180 

value of 5.25 %0 (Table 5.5) - only slightly lower than the low-Ti02 sources of the green 

picritic glass. Longhi (1996) gives compositions for a number of high-Ti liquids produced 

during high-pressure melting of this source. Using these compositions we calculated that 

the 8180 value for a very high-Ti melt (19.7 wt % Ti02), produced at 25 kbar and 1435 °C, 

is 5.19 %0. Therefore, these high-Ti melts can have lower 8180 values than their sources, 

and significantly lower values than melts produced by partial melting of a low-Ti source 
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Table 5.5: Possible mare-basalt source region and partial melt compositions. 

Prlcrltlc GG" Source Prieritie GG Partial Melts VHTSouree . VHT Partial Melt A14 RPG' 
TS GGMS' 2.4 %TS 2.4%GGMS 1435 DC 

SIO, 44.30 43.50 43.90 42.00 41.70 31.15 34.14 

TiO, 0.28 0.27 1.89 3.34 2.70 19.70 17.01 
AI,O, 4.10 1.43 12.80 8.96 1.48 5.00 3.80 
Cr,O, 0.67 0.72 0.45 0.59 0.66 0.30 0.74 
FeO 11.40 16.00 13.60 17.80 17.90 28.60 23.48 
MgO 35.60 36.00 15.30 14.20 33.00 7.01 13.60 
MnO 0.15 0.18 0.23 0.27 0.19 0.28 0.35 
CaO 3.36 1.84 10.90 12.00 2.41 6.81 6.39 
K,O <0.00 <0.00 0.11 0.11 <0.00 0.60 0.20 
Na,O 0.05 0.03 0.80 0.59 0.32 1.00 0.45 
Total 99.91 99.97 99.98 99.86 100.36 100.45 100.16 

MI I I 1M d nera oglea o e 
Plag 13.70 5.00 44.90 32.70 6.80 26.60 17.10 
cpx 4.60 4.50 18.00 31.10 7.90 23.70 21.30 
Opx 21.50 23.40 5.10 0.00 16.50 5.40 23.00 
01 59.80 66.80 29.60 31.80 65.10 15.50 13.90 
11m 0.40 0.40 2.40 4.40 3.70 28.70 24.70 
Total 99.97 99.99 100.00 100.00 100.02 99.99 100.00 
31'0 5.36 5.29 5.59 5.50 5.25 5.19 5.24 

'GG = green glass. ~S = green glass source of Taylor (1982). 'GGMS = green glass magma source of Longhi et aI. 
(l992b). dGG 2.4 % partial melts at 25 kbar. 'VHTsource = very high-Ti source of Longhi et a1. (1996). fVHT partial 
melt at 25 kbar and 1435 DC. "A14 RPG = Apollo 14 red picritic glass. 

(i.e. those that produced the green picritic glasses). This behaviour is very similar to that 

seen in our mare-basalt 8180 dataset. Longhi (1996) points out that these very high Ti02-

rich liquids would be relatively dense and in fact slightly denser than the source 

composition. However, picritic glasses close to this composition have reached the lunar 

surface (e.g., the red Apollo 14 picritic glass, Table 5.5). If the possibility of ilmenite 

assimilation can be excluded on the basis of LulHf and SmlNd ratios (Beard et at, 1998) 

then our oxygen isotope data support the proposition that the high and low-Ti basalts were 

produced by melting of sources with differing ilmenite contents (in agreement with 

Spicuzza et at, 2007). 

The fact that experimental and measured data indicate there is a continuum In Ti02 

contents in both the picritic glasses and mare basalts has important implications for the 

distribution of ilmenite in the source rocks. Rather than two discrete sources, one high- and 

one low-Ti, these data indicates that ilmenite is heterogeneously distributed in the source 

regions. The experimental data of Longhi (1992b) indicate that primitive mare basalts show 
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multiple saturation in the range 5 to 12.5 kbars (100 to 250 km), whereas picritic glasses 

are in the range 18 to 25 kbars (360 to 500 km). There is also experimental evidence to 

support the possibility that melting may initiate at depths > 1 000 km (Longhi, 1992b). In 

view of these data, ilmenite heterogeneity must be present over an extremely wide depth 

range within the lunar mantle. Thus, our oxygen isotope data agree with the results of a 

recent study of the stability of ilmenite/armalcolite in the lunar mantle (Thacker et al. 

2009), which suggests that the postulated late overturn of the mantle during crystallisation 

of the lunar magma ocean extended to great depths, but that mixing was inefficient, with 

Ti02-bearing phases being heterogeneously distributed. Because of the heterogeneity of the 

mantle at mare-basalt source region depths, subsequent re-melting and mixing of the lunar

mantle cumulates led to the formation of mare-magmas with a range of Ti02 abundances 

rather than purely low- and high-Ti basalts (e.g., Elkins-Tanton et aI., 2002; Shearer et aI., 

2006). The moderate ilmenite abundance and 0180 values within the Apollo 11 mare-basalt 

suite can therefore be explained if the source region of these mare-magmas contained less 

ilmenite-rich cumulate than the source of the highest-Ti mare-basalts of Apollo 17, but 

more ilmenite than the sources of the low-Ti mare-basalts. This inference is supported by 

remote sensing observations of mare basalts with a range of Ti02 abundances on the lunar 

surface (Giguere et aI., 2000). 

Bulk-rock 0180 variations within mare-basalt groups suggest further 0180 modification via 

fractional crystallisation processes. The effect of ilmenite fractional crystallisation is most 

pronounced in the highest-Ti Apollo 17 basalts within our sample set, where a strong 

correlation exists between the bulk-rock 0180 value and Ti02 content (Figure 5.4 5.3). 

Fractional crystallisation of ilmenite has a less pronounced effect on the Apollo 11 basalts 

and no apparent influence on the 0180 values of the low-Ti basalts within our sample set. 

Shallow level, dominantly olivine, crystal fractionation is known to have occurred during 

the formation of the low-Ti basalts (chapter 4; Rhodes et aI., 1977; Ryder, 1991; Neal et aI., 
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1994b; Neal and Taylor, 1992; Schnare et aI., 2008), and the presence of a weak inverse 

relationship between 3180 and Mg# in these samples appears to indicate that this process 

may also have had some influence on bulk-rock 3180 values (Figure 5.3). This relationship 

is most apparent for the four Apollo 12 ilmenite-basalts within our sample set. The Apollo 

12 ilmenite-basalts are all thought to originate from the same parental melt (chapter 4; 

James and Wright, 1972; Rhodes et aI., 1977; Walker et aI., 1976; Baldridge et aI., 1979; 

Neal et aI., 1994a). Bulk-rock Mg# and bulk-rock REE abundance indicate sample 12016 is 

the most primitive basalt within this group, and sample 12051 is the most evolved. The 

value of 3180 increases with increasing basalt evolution (and decreasing bulk-rock Mg#) -

from 5.53 0/00 in sample 12016 to 5.76 %0 in sample 12051. Therefore, olivine fractional 

crystallisation clearly had an effect on bulk-rock 3180 within the low-Ti basalt group. 

Apollo 12 olivine mare basalt 12040 can not be included in the fractional crystallisation 

evolutionary trend as it crystallised in an open system (chapter 4; Baldridge et aI., 1979). 

Olivine accumulation within this sample produced an inaccurately high bulk-rock Mg# and 

a low 3180 value unrelated to that of original parental melt. Once the effect of accumulated 

olivine is removed in sample 12040, it shows a bulk-rock 3180 value similar to the low 

olivine Apollo 12 samples, specifically ilmenite basalt 12064 (Table 5.4, Figure 5.5b). This 

illustrates the effect of olivine modal abundance on the value of 3180 in low-Ti mare 

basalts. It also indicates that the major-element chemistry of the original Apollo 12 olivine 

basalt melt was similar to that of the Apollo 12 ilmenite-basalts, although the possible 

presence of a small native olivine population within the olivine basalts does add uncertainty 

to the 3180 value of sample 12040 (Champness et aI., 1971). 

Our modal calculations show that the comparatively heavy 3180 value of Apollo 15 

KREEP basalt 15386 is because of its high plagioclase content. Spudis and Hawke (1986) 
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stated that KREEP basalts typically contain 40-50 % plagioclase, 30-40 % low-Ca 

pyroxene, and minor cristobalite, ilmenite, apatite, REE-merillite and Si- and K-rich glass. 

This high-plagioclase content relative to the mare-basalts within our sample set (13-39 

modal % plagioclase) indicates that the KREEP source region was comparatively 

plagioclase-rich. As plagioclase has a heavy alSO value (5.99 ± 0.38 0/00 - Onuma et al., 

1970; Taylor and Epstein, 1970; Clayton et al., 1971; Epstein and Taylor, 1972; Clayton et 

al., 1973; Mayeda et al., 1975) the KREEP source region is also likely to have had a heavy 

~IS 
u 0 value compared to the mare-cumulate sources. 

Apollo 14 low-Ti, high-AI group C mare-basalt 14053 contains the next heaviest alSO 

value after Apollo 15 KREEP basalt 15386. This heavy alSO value is produced by high

plagioclase modal abundance (plagioclase alSO = 5.99 ± 0.38 %0 - Onuma et al., 1970; 

Taylor and Epstein, 1970; Clayton et al., 1971; Epstein and Taylor, 1972; Clayton et al., 

1973; Mayeda et al., 1975). As only one Apollo 14 high-AI sample was analysed the 

effects of crystal fractionation within this basalt group cannot be detected. However, AFC 

calculations (section 4.4.5; Neal and Kramer, 2006) indicate Apollo 14 high-AI group C 

mare-basalts were produced by 40 % crystal fractionation along with < 5 % assimilation of 

a granitelKREEP mixture. The fractionating assembledge is dominated by olivine until the 

late stages of crystallisation, therefore future analysis of other Apollo 14 group C samples 

should reveal bulk-rock 0180 variation controlled by olivine content. The effect of this 

amount of KREEP assimilation on bulk-rock alSO appears to be minimal, as no consistant 

alSO difference is visible between the Apollo 11 low-K and high-K basalts. The latter are 

thought to have assimilated 10 % KREEPy material (section 4.4.5; Longhi et al.; 1987; 

Hughes et al.,1989; Jerde et al., 1994) while the low-K basalts are not believed to contain a 

KREEP component (chapter 4; Beaty and Albee, 1978; Beaty et al., 1979a,b; Rhodes and 

Blanchard, 1980). As granite is by definition more abundant in silica and feldspar than 
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basalt, and these phases are enriched in 180, granite assimilation may be expected to 

increase the 0180 value of the Apollo 14 group C mare-basalt melt, but whether this small 

amount of assimilation would produce a measureable difference in the 0180 value of 

Apollo 14 high-AI basalts has not yet been studied. 

5.4. Conclusions 

• We have employed a high-precision laser fluorination technique to analyse the 

oxygen isotope composition of a suite of lunar Apollo basalts. Using mineral 

separates and modal mineralogy data for each sample we were able to calculate 

bulk-rock 0180 to within 0.13 %0 of measured values. 

• The excellent agreement between calculated and analysed 0180 values demonstrates 

that the observed differences in 0180 values between basalts with high- and low-Ti 

content are real. 

• Our results, combined with evidence from experimental investigations, indicate that 

the main control on bulk-rock 0180 variation between different mare-basalt groups 

(low, high and higher-Ti) primarily reflects source region heterogeneity. However, 

we suggest that rather than a bi-modal variation in bulk-rock 0180 between high and 

low-Ti basalts a continuum of values exists, reflecting highly heterogeneous 

ilmenite contents in the source region. This is in agreement with the mineralogical 

and chemical evidence of chapters 3 and 4. 

• In conjunction with the results of previous studies, our data suggest that this 

ilmenite heterogeneity probably developed during the later stages of the 

crystallisation of the lunar magma ocean and may be present to depths of at least 

1000 km within the lunar mantle. 
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• Bulk-rock (5
180 variation within mare-basalt groups is also controlled by fractional 

crystallisation, for example, our Apollo 17 samples show a strong correlation 

between decreasing ilmenite modal abundance/Ti02 wt % and increasing bulk-rock 

(5
180. In contrast, the low-Ti basalts show no systematic variation with ilmenite 

content. However, these samples do show increasing bulk-rock (5180 with 

decreasing Mg#, indicating olivine fractional crystallisation was a major control on 

low-Ti mare-basalt bulk-rock (5
180 variation. Fractional crystallisation of olivine 

and ilmenite within the low- and high-Ti mare basalts is in agreement with our 

petrogenetic and chemical evidence (chapters 3 and 4). 

• Within Apollo 12 sample 12040, when the effect of this accumulation is removed, 

the sample displays a similar bulk-rock (5
180 value to the majority of the other low

Ti, Apollo 12 samples. 

• The heavy bulk-rock (5 180 value of Apollo 15 KREEP basalt 15386 is caused by 

this sample's high plagioclase abundance, as all KREEP basalts appear to share this 

characteristic (Spudis and Hawke, 1986), it probably reflects high plagioclase 

abundance in the KREEP source region. 

• In agreement with previous studies, our data reveal no difference between the 8 170 

of the Earth and Moon. SPH models predict the Giant Impact would produce a 

Moon made up of 70-90 % impactor. Assuming these models are correct there is 

now a wealth of oxygen isotopic evidence indicating the Giant Impact Model for 

the formation ofthe Earth-Moon system is not viable in its present form. 

• Recent doubts raised by Melosh (2009) concerning the mechanism of Pahlevan and 

Stevenson's (2007) post-impact volatile mixing model suggest that this model also 

requires further refinements to account for the current dynamics of the Earth-Moon 

system. 
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• Possible alternative models which may explain the observed homogeneous oxygen 

isotopic composition of the Earth and Moon include an altered Darwin fission 

model (Melsoh, 2009) and the double planet growth model of Belbruno and Gott 

(2005). The possibility of these models has yet to be fully explored but it is clear 

that the Giant Impact theory is in need of re-assessment. 
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6. AGES OF MARE-BASALTS 

As discussed in chapter one, the crater counting evidence from remote sensing images of 

mare-basalt flows does not support the positively correlated relationship between age and 

Ti02 content measured in the Apollo sample collection. In fact, a number of remote sensing 

studies have found that the low-Ti basalts are, in general, older than the high-Ti basalts. For 

example, Bugiolacchi and Guest (2008) suggested that the Imbrium basin was filled with 

increasingly Ti-rich mare basalts over a period of 800 million years, from 3.3-2.5 Ga. 

Combining previously published age data on mare-basalts with the new age data obtained 

in this study, we aim to provide additional constraints on the relationship between mare-

basalt type and crystallisation age. 

6.1. Previous Age Data 

Previously published age data for our sample set is shown in Table 6.1. The Arl Ar and 

Rb87 _Sr87 geochronometers appear to have been most exclusively applied to date mare

basalts, with only a handful of studies reporting Pb-Pb data (e.g., Andersen and Hinthorne, 

1973). All of these data were collected between 1970 and 1979, excepting the Sm147_Nd143 

data by Nyquist et al. (1991). During the 1970's the SHRIMP technique was in its infancy, 

therefore, at this time, in-situ age dating was not an established methodology. 

Contemporary Pb-Pb and U-Pb dating involved the separation of minor incompatible

element-rich phases (e.g., phosphates or zircons) from a sample, followed by destructive 

analysis via mass spectrometry (e.g., Tera and Wasserburg, 1974). In contrast, Ar40_Ar39 

and Rb87 _Sr87 techniques relied on the separation of more abundant mineral phases in lunar 

basalts (feldspar and pyroxene), and therefore produced more extensive datasets. 
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Table 6.1: Previously published age data. 

Age! (Gal 
Sample Ar"-Ar- Error Rb"-Sr" Error K"-Ar" Error Sm'4'·NdIU Error Pb-Pb Error Averalle 10" 

3.94' 0.04 3.96 0.04 
14OS3 3.94' 0,05 3.94 0.03 

3.92' 0,08 
15386 3,94' 0.01 3.85 0.08 3.90 0.20 

7427!1 
3.SI' 0.32 
3.S5' 0,08 

3.83 (1.06 

3.82 0.05 3.83 0.10 

7S0SS 
3.7S' 0.02 3,77" 0.06 
3.76' 0.05 

3.80 0.06 

3..82' 0.05 

70215 
3.84' 0.04 
3.74' 0.11 

3,79 0.14 

7003S 
3.75' 0.07 3.82" 0,06 3.77 

3.73' (1.11 
0.09 

toO!lO 
3.75' 0.03 3.75 
3.75' 0,03 

10017 
3.67' 0.12 3.67' O.IS 3.71 0.15 
3.S0' 0,03 

100S8 3.71' 0,04 3.63" 0.20 3,67 (1.11 

3.52' 0.05 3.64" 0.05 3.57" 0.03 
10072 3.62' 0.05 3.78' 0.10 3.63 O.IS 

3.57' 0.04 3.71' (1.11 

IOOS7 3.63' 0,01 3.63 

10010 3.77' 0,04 3.36' O.Q2 3.57 0.58 

10011 
3,23' 0.06 3.59" OM 3.58' 0,20 

3.53 
3.71' 0.11 

0,41 

1!l016 3.38 O.OS 3,29' 0.05 3.75- 0.27 3.47 0,49 

10049 3.45' 0.04 3.45 
3.33 ' 0.05 3.54 o.n 3.32' 0.04 3.36" 0,06 
3,22" 0.03 3,32" O,U6 3.23" U.02 3.46" O.U,) 

IS!!!!!! 
3.2S" 0.()6 3.30· O.OS 
3.31- 0.05 3.34" 

3.33 0.16 

3.31- 0.03 3.32" 0.04 
3.34- 0.09 

3,16' OM 3.19" O.!)6 

\lOS I 
3,32- O'!)6 3.26- 0.10 
3.15' 0.07 3,52· 0.30 3.31 0.32 

3.27" 0.05 3.SS" (UO 

3.30 0.04 

12040 3,21~ 0.10 3.22 O,IS 
),15· 0.10 

12064 
3,18 0.01 3,18 0.Q9 

3,20' 0.04 
3.19 0.02 

2,92- 0,18 

\lO!ll 3.28" 0.19 3,14 0.39 
3,22· 0.19 

'Stettler et ai, (1973), 'Tumer, (1971 l. 'Husain et ai, (1972), 'Papanastassiou and WasseJburg (I 971b),"Nyquist et aI,(l975), Carlson and Lu mair (1979 , 'N ., g) yq uistet 
a!. (1976). 'Munhy and Coscio (I 977),'Huncke eta!. (1973), 'Tumeretal. (1973), Kirstcneta!. (1973), Tatsumotoeta!. (1973), ''Teraetal, (1974), "Kirsten and Hom 
(1914). 'Schacffcreta!. (1977), 'Evensenet ai, (1973), 'Nyquist ctal, (1974), 'Geissetal, (1977), 'Guggisberg Cl aI. (1979), 'Phinney et aI. (1975), "Papanastassiou et 
a!. (1910), "Turner (1970), 'Papanastassiou et a!. (1977), 'Compston et al. (1970), 'DeLaeter et al. (1973), 'Gopalan et al. (1970),· Anderson and Hinthorne (1913), 
... Alexandercl aI. (1971), 'Podoscketal, (1971). '''Husainel aI. (1971), i'orkctal. (1972), 'Chappell elal. (1972), "WasseJburg andPapanastassiou (1971). "Murthy 
et al. (1971), 'ClifT et al. (1972), 'Papanastassiou and WasseJburg (1973), *Birek et a!. (1975), 'Nyquist el al. (1991), - Alexanderet ai, (1972), "Nyquist et al. (1979)_ 
~Papamstassiou and Wasscrburg (1970)_ ~Nyquist(1977) (recalculated), ''Compstonetal, (1971), "Horn ct aI. (1975). 

Calculating the average age of each sample clarifies the chronology of our sample set 

(Table 6.1). Apollo 14 low-Ti, high-AI basalt 14053 appears to be the oldest basalt among 

our samples at 3.94 ± 0.03 Ga. Apollo 15 KREEP basalt 15386 shows a slightly younger 

average age at 3.90 ± 0.20 Ga, but a relatively large uncertainty produces an overlap with 

sample 14053. The high-Ti Apollo 11 and 17 basalts are the next oldest samples, with 

average ages ranging from 3.80 to 3.71 Ga for the Apollo 17 samples, and 3,75 to 3.45 Ga 

for the Apollo 11 samples. The Apollo 11 low-K basalts are thought to be older than the 

high-K basalts from the same site (Papike et aI., 1998). Because of the anomalously low 
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average age of sample 10020 (suggested by the K40 _Ar40 data of Guggisberg et al. (1979», 

no significant difference between the ages of these two groups is observed in our sample 

set. However, if the K40_Ar40 age is ignored, the ages of the high-Ti basalts can be 

constrained to 3.77 to 3.63 Ga, a time period which only slightly overlaps (including 20 

error) with the age of the high-K basalts at 3.63 to 3.45 Ga. Apollo 17 basalts show very 

similar ages, with only 0.04 Ga between type C basalt 74275 and type B basalt 70215, the 

age of type A basalt 75055 lies between the two. Apollo 17 unclassified basalts 70035 and 

70017 exhibit slightly younger average ages, but these samples are still within 20 error of 

the other Apollo 17 samples. The low-Ti basalts of Apollo 15 and 12 display the lowest 

average ages, at 3.47 to 3.33 Ga and 3.31 to 3.14 Ga, respectively. The anomalously low 

Rb-Sr age data of Murthy et al. (1971) for pigeonite basalt 12052, and the anomalously 

high Rb87_Sr87 age data of Compston et al. (1971) for ilmenite basalt 12051, were excluded 

from the average age calculations of the Apollo 12 basalts. It should also be noted that the 

data of Compston et al. (1971) were recalculated by Nyquist (1977), giving a slightly lower 

age estimation of 3.52 Ga, which was also excluded on the basis of its high value. The 

refined dataset gives ages ranging from 3.25 ± 0.09 Ga for pigeonite basalt 12052 to 3.19 ± 

0.02 Ga for ilmenite basalt 12064, illustrating that the Apollo 12 low-Ti basalt ages are 

indistinguishable. Apollo 12 ilmenite basalts 12016 and 12047 have never previously been 

dated. 

Previously published age data for the wider Apollo sample collection can be used to 

indicate whether the basalts within our sample set have typical ages for their basalt type. 

Radiometric ages of the Apollo 11 high-K basalts not represented within our sample set are 

similar to the ages of our Apollo 11 high-K samples (3.48-3.68 Ga - Papanastassiou et al., 

1970; Turner et al., 1970; Papanastassiou and Wasserburg, 1971a; Stettler et al., 1973; 

Geiss et aI., 1977; Guggisburg et al., 1979). The only sample that does not fit 

chronologically with this group is sample 10062 (not within our sample set) which appears 
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to be older (4.01-3.82, Turner et aI., 1970; Papanastassiou et aI., 1977). Previous data for 

the low-K type Bl and B3 basalts are consistent with data for these basalt types within our 

sample set (3.71-3.75 Ga - Papanastassiou et aI., 1970; Turner et aI., 1970; Stettler et aI., 

1974; Geiss et aI., 1977; Papanastassiou et aI., 1977; Guggisburg et aI., 1979; Hinthorne et 

aI., 1979~ Rassmussen et aI., 2008). Apollo 11 low-K B2 basalts (not represented in our 

sample set) are older than the Bl and B3 basalts (3.92-3.84 Ga - Turner et aI., 1970; Stettler 

et aI., 1974; Papanastassiou and Wasserburg, 1975). The full Apollo 17 basalt collection 

has a wider range of ages than the samples we studied (3.84-3.64 Ga - Tera et aI., 1974; 

Turner and Cadogen, 1974; Murthy and Coscio, 1976; Nyquist et aI., 1976; Schaeffer and 

Schaeffer, 1977), whereas the full Apollo 12 and 15 basalt collections have the same range 

as our sample set (3.40-3.34 Ga and 3.l6-3.36 Ga, respectively - Papanastassiou and 

Wasserburg, 1970; Alexander et aI., 1971; Papanastassiou and Wasserburg, 1971 a; Turner, 

1971; Alexander et aI., 1972; Hom et aI., 1975; Nyquist et aI., 1977; Nyquist et aI., 1979). 

Therefore, all our samples have ages representative of their basalt groups within the Apollo 

collection. 

6.2. Pb-Pb data 

6.2.1. Ph-Ph Isochron Calculations. Using the Isoplot/Ex v. 2.49 program (Ludwig, 2000) 

to plot 207PbP06Pb vs. 204PbP06Pb, a Pb-Pb isochron was created for each sample. The line 

of best fit was determined using the weighted least squares regression method (York et aI., 

1969). This calculation is the most precise way to determine the isochron as it allows for 

the individual weighting of different data points, a useful technique for a dataset such as 

. . . ( ) M d 206 d 207 b this where data points have dIfferent uncertamtIes cr errors. easure Pb an P 

both consist of radiogenic and initial components. In contrast, because 204Pb is not a 

radiogenic isotope, its measured value only reflects the initial amount present in the 

mineral structure at the time of crystallisation. In order to calculate Pb-Pb age the 

radiogenic ratio of 207Pb*p06Pb* must be known, therefore, the initial Pb components must 
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equals zero 204Pb must be zero. Therefore, at this point the initial Pb is zero and the 

intercept on the y-axis shows the value of the radiogenic 207PbP06Pb ratio e07Pb* P06Pb*). 

As the two separate decay constants of 207Pb and 206Pb are known (equations 1 and 2) 

207pb*P06Pb* can be used to determine Pb-Pb age (equation 3). 

238U _ 206Pb = 0.155125 x 10-9 yr-l (~238) 

235U _ 207Pb = 0.98485 x 10-9 yr-l (~235) 

Pb(t) = U(t) [(e\3/ -1)/( i'mt -1)] 

= 11137.88* [(i'mt -1)/( eh13/ -1)] 

where; U(t) = the present day ratio of 238U;235U (11137.88) 

Pb(t) = value of the Pb-Pb isochron intercept on the y-axis e0
7
Pb*p°6pb*) 

fU235 d U238 ( . ~235 and ~238 = the separate decay constants 0 an equatIons I and 2) 

t = the age ofthe sample 

(1) 

(2) 

(3) 

This method of Pb-Pb age calculation does not require the assumption of a value for the 

initial Pb content within the sample, as is the case with conventional 207PbP04Pb vs. 

6.2.2. MSWD Calculations. It is important that the isochron regression calculations 

provide a realistic measure of uncertainty in the age and initial ratios. The mean square 

weighted deviation (MSWD) is a measure of the fit of the line to the data within the limits 

of analytical error. Ideally, an isochron should have a MSWD value of ~ 1 - anything 

greater than this is not strictly an isochron, as the data scatter cannot be explained solely by 
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experimental error. However, an MSWD value of ::;; 1 is only applicable to isochrons 

involving infinitely large numbers of samples, therefore, 2.5 is generally taken as the cut 

off point for the definition of an isochron (Brooks et aI., 1972). The origin of scatter on an 

isochron with an MSWD value ::;; 2.5 can be assumed to be analytical. The weighted 

MSWD is. calculated as follows: 

1V 
Li=l W'i. 

11' = ---:"'rv:-----'---l\";";·:-----:-? 

(Ei=l Wi)2 - Ei~l Wi MSWD 

where; xi = the measured value 

wi = the weighting of that value 

ax; = the associated error for that value 

N = number of data points 

The weighted mean is calculated as follows: 

N ( -"')? ~Wi..X'i-J; -

L.-J ( ')? , (7", -'1=1 J •• (4) 

(5) 

The MSWD value can be reduced by excluding unrepresentative data points from the 

isochron calculations. This is done in two stages. Firstly any obviously anomalous points 

are excluded - anomalous results frequently occur during the first few analyses of an 

analytical run, as machine conditions are less stable at this time. Occasionally, they can 

also be produced by electrostatic field and/or magnetic field drift during the analyses, 

which required careful monitoring and appropriate corrections. Secondly, once the obvious 

anomalous points have been excluded from the dataset, a statistical f-test is applied to the 

remaining data. In very basic terms, the [-test can be defined for our dataset as the 
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observed variance of a data point from the isochron divided by the expected variance from 

the isochron based on the data point weighting. 

6.2.3. Sample Ages. Table 6.2 shows the 204PbPo6Pb and 207PbP°6pb ratios for the three 

mare-basalt samples dated during this study. Low-Ti Apollo 12 ilmenite basalts 12047 and 

12064, and high-Ti Apollo 17 unclassified basalt 70035, were selected on the basis of their 

phosphate abundance and grain size, basalt type, and the quality of previous datasets. Both 

phosphates and plagioclase feldspar were analysed in samples 12064 and 70035 (Table 

6.3) to obtain a spread of data along the isochron (plagioclase contains lower radiogenic Pb 

values than phosphate). Both apatite and whitlockite were analysed in sample 70035, but 

there is no large variation between the Pb-Pb ratios of these phases. The remaining samples 

only contain apatite. As mentioned above sample 12047 had never been dated previously. 

204PbP06Pb ratios are relatively similar within all three samples, ranging from 0.0859-

0.0003 (errors in Table 6.2). As expected, plagioclase grains show higher 204PbPo6Pb ratios 

than phosphates, at 0.049-0.086 and 0.314-9.945 x 10-3, respectively. 207PbPo6Pb ratios 

show more variation, though there is still substantial overlap between samples. Sample 

12047 contains the lowest 207PbPo6Pb (0.2556-0.8505), followed by sample 12064 (0.2633-

0.9215), and finally sample 70035 (0.3615-0.9775). Of the 16 spot analyses performed on 

sample 12047, five were excluded on the basis of the statistical f-test. These exclusions 

reduced the MSWD value from 2.1 to 1.1 (Figure 6.1). In addition, one point was excluded 

from the isochron calculations of both samples 12064 and 70035, producing MSWD 

values of 0.082 and 0.47 respectively (Figure 6.2). From these calculations, sample 12064 

was determined to be the youngest at 3.24 ± 0.11 Ga, well within error of all preceding 

data. Sample 12047 is shown to be slightly older (3.32 ± 0.07 Ga), while sample 70035 is 

by far the oldest (3.79 ± 0.27 Ga) in agreement with previous data. These ages all show 2cr 

error. 
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Table 6.2: Ph-Ph data for samples 12047, 12064 and 70035. 

~U4Pb/2()6Pb Error (20') 207 Pb/206Pb Error (20') 

12047-phos I 0.001295 0.000333 0.306290 0.033560 

12047-phos 2 0.006054 0.000816 0.332060 0.006481 

12047-phos 3 0.000642 0.000099 0.266590 0.010509 

12047-phos 5* 0.003401 0.000218 0.298980 0.017310 

12047 -phos 6 0.005335 0.000295 0.310500 0.017293 

1204?-phos 7 0.001874 0.000353 0.255630 0.025568 

12047-phos 8 0.001014 0.001045 0.310290 0.032978 

12047-plag I 0.058602 0.006478 0.850450 0.043403 

12047-plag 2 0.070254 0.011980 0.779000 OJ)42832 

12047-plag 6 ...... 0.072658 0.005983 0.778730 0.032095 

12047-plag 7 0.055735 0.012237 0.753440 0.159990 

12064-plag I 0.069646 0.007161 0.877320 0.035697 

12064-plag 2 0.066916 0.006970 0.921500 0.046950 

12064-plag 4* 0.053104 0.007712 0.751700 0.068439 

120M-plag 5 0.049091 0.009883 0.710780 0.113360 

12064-plag 6 0.069801 0.009467 0.909050 0.040214 

12064-phos I 0.001135 0.000169 0.269190 0.011713 

12064-phos 2 0.000314 0.000035 0.263330 0.014222 

70035-phos 2* 0.002519 0.000370 0.361490 0.063473 

70035-phos 3 0.008194 0.001489 0.393480 0.070225 

70035-phos 4 0.009945 0.000964 0.462220 0.075631 

70035-phos 5 0.006866 0.001241 0.478590 0.094975 
70035-phos 6 0.006138 0.002162 0.438940 0.050604 

70035-p1ag I 0.066829 0.006060 0.879300 0.055360 

70035-plag 2 0.085901 0.019116 0.977530 0.071694 

70035-plag 3 0.060093 0.006413 0.956980 0.055616 

70035-plag 4 0.069871 0.007061 0.938040 0.052983 

70035-plag 5 0.078012 0.011714 0.863910 0.133250 

70035-plag 6 0.059194 0.004671 0.874710 0.038157 

70035-plag 7 0.065439 0.003022 0.873620 0.024000 

*Previous point has been masked ....... Previous three points have been masked. 

Adding these ages to the data in Table 6.1 increases the average age of sample 12064 by 

0.01 Ga to 3.20 Ga, but does not change the average age of sample 70035 (3.77 Ga). 

Sample 12047 is younger than low-Ti Apollo 15 olivine-normative basalt 15555 (3.33 Ga), 

but older than low-Ti Apollo 12 olivine basalt 12040 (3.22 Ga). Including this new data, 

the average age of the low-Ti basalts is 3.28 ± 0.28 Ga and the average age of the high-Ti 

basalts is 3.67 ± 0.42 Ga. 

6.2.4. Analytical Limitations and Challenges. The biggest limitation for successful 

SHRIMP analysis was the size and quality of the target grains. Phosphates form towards 
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Table 6.3: Typical phosphate and plagioclase major element data for samples 12047, 12064 and 70035. 

Sample MJaend F Nap MgO SlOI P10s eaO SOl el FeO SrO Laz~ ~~ Prl~ 
12047 apatite 3.16 -0.06 0.02 1.09 39.23 53.SO 0.06 0.09 1.04 0.21 0.12 0.36 
12064 apatite 2.67 -0.04 0.00 0.83 40.47 53.39 0.06 0.26 1.14 0.13 0.12 0.37 
70035 apatite 3.06 0.05 -0.01 1.55 39.83 51.62 0.14 0.45 0.31 0.30 0.86 0.12 
70035 whitloekite -0.14 0.02 1.63 0.74 42.01 38.17 0.00 3.34 0.17 0.65 2.20 0.37 

Sample MIDeraI NazO MaO ~Ol SlOl KzO eaO Ti01 CrzOl MIlO FeO CoO NIO I ToUI I 
12064 plagioclase 0.73 0.20 33.61 45.62 0.02 19.34 0.07 0.00 0.03 0.44 0.01 0.00 I 100.08 I 
70035 plagioclase _ !-~ __ ----,!.~_3J.88_ 48.~ ___ O.lL_16.l5 __ ~ -O.02_iOI ___ 0.84 __ 0.00 

-
~.01 _99.23 

"Where the final total includes subtraction of the extra oxygen incorrectly added to F and CI by the electron microprobe software during the 
calculation of the original total. 
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Figure 6.1: 207Pb!206Pb vs. 204PbP06Pb isochrons, illustrating the change in MSWD with the exclusion of 

certain anomalous values. (a) Isochron calculated using all data points. (b) Isochron calculated with the 

exclusion of three plagioclase data points . (c) Isochron calculated with the exclusion of three plagioclase and 

two apatite data points, showing the lowest MSWD. 
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. fi 207 b/206 Pb 204 b/206 . FIgure 6.2: Our fina l Pb-Pb sample ages. T he mal P VS. P Pb Isochrons for (a) sample 12047 

(the same as Figure 6. lc), (b) sample 12064 and (c) sample 70035. 
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the very end of mare-basalt crystallisation, so they contain relatively higher amounts of 

incompatible-elements, such as U and Th. For this reason phosphates are ideal targets for 

U-Pb dating. However, most phosphates in mare-basalts occur as small grains (mostly 5-50 

J.lm), associated with mesostasis areas. These grains often have cracks, and in some cases 

contain inclusions of other minerals (e.g., ilmenite, plagioclase and sulphides - Figure 6.3). 

Analysis of these small grains in our samples could only be performed with a 4 J.lm beam 

size rather than the usual 10 J.lm beam. , 

The 10 J.lm beam creates a spot on the sample surface of 10 by 14 J.lm - slightly elliptical 

because of the 45 0 angle at which the beam hits the surface. A smaller beam reduces the 

spot size, but also weakens the signal strength reaching the detector by approximately four 

times, thus increasing the error on individual data points and the isochron as a whole. The 

size of the error on isochron age is also dependent on phosphate composition. If a sample 

contains both whitlockite and apatite, it is likely that Pb-Pb ratios will vary within these 

two phases, thereby creating sufficient spread to allow a meaningful isochron to be 

defined. If only one of these phases is analysed the Pb-Pb ratios of all grains will be very 

similar and the data points usually cluster together, increasing the uncertainty on isochron 

age determination. In this case, another end-member mineral must be analysed to define 

the isochron, preferably a phase with a very different Pb-Pb content (e.g., plagioclase). 

The SHRIMP facility at Hiroshima University encountered some major technical issues 

leading to significant machine downtime during the last two years. Because of the logistical 

requirements, laboratory visits had to be planned several months in advance, and, therefore, 

a successful outcome for a trip could not be guaranteed. Since it takes approximately 72 

hours of machine time to age date one sample, the restricted availability allowed dating of 

far fewer samples than originally planned. 

316 



Figure 6.3: Backscatter electron images of apatite grains within sample 12047. These images illustrate the 

cracked (a) and included (b) nature of phosphate grains within all our samples. 
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6.3. Discussion 

6.3.1. Geochronological Data. Our Pb-Pb results confirm that the high-Ti basalts of Apollo 

11 and 17 are older than the low-Ii basalts of Apollo 12 and 15, in agreement with 

previous geochronological studies of these two main mare-basalt groups. These age 

relationships are consistent with the suggestion of Head and Wilson (1992) and Head et al. 

(1997) that although a variety of magma types erupted in nearside mare basins during the 

period 3.8 to 3.2 Ga, the early and intermediate phases of eruption within individual basins 

were dominated by high-Ti basalts. Later periods of eruption within a basin were 

predominantly low-Ti. These studies suggested that this may be the result of increasing 

depth of mantle sources for various magma types, but this conclusion is not consistent with 

high pressure experimental results for mare-basalts (Stopler, 1974; Green et al., 1975; 

Delano, 1980, 1986; Chen et aI., 1982; Chen and Lindsley, 1983; Longhi, 1987, 1992). 

Although the sample record implies the high Ti-basalts of the Apollo 11 site are at least 

3.37 Ga (see Table 6.1), high-Ti volcanic activity as young as 1 Ga has been suggested by 

Schultz and Spudis (1983) based on photogeologic evidence. In addition, VLT basalt 

fragments in Apollo 17 soils were located within a breccia with a melt-rich matrix older 

than 4 Ga (Taylor et aI., 1991). The oldest mare basalt discovered to date is also a VLT 

basalt, fragmental meteorite Kalahari 009, which is believed to be a sample of cryptomare 

(a mare basalt flow covered by subsequent flows/regolith an therefore hidden from direct 

view) that crystallised around 4.35 Ga (Terada et al., 2007). This evidence, along with the 

fact that the oldest sample within our sample set is low-Ti basalt 14053, further raises 

doubts on the hypothesis that the mare-basalts became globally Ti-depleted over time. 

Although the low-Ti Apollo 12 olivine, pigeonite and ilmenite basalts cannot be 

discriminated in terms of their age, the geology of the Apollo 12 site indicates that the 

ilmenite basalts overlie the pigeonite basalts, which in turn overlie the olivine basalts 

(Rhodes et aI., 1977). As the ilmenite basalts contain more Ii02 than the pigeonite basalts, 
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and these contain more than the olivine basalts, this stratagraphic sequence suggests the 

mare flows in this area became Ti-enriched over time. This enrichment is in direct contrast 

to the observed Ti-depletion of the Apollo collection as a whole, indicating the Ti

composition of mare basalts may be more dependant on local conditions than was initially 

recognised. The mantle overturn model of Ringwood and Kesson (1976) suggested that 

shallow formed ilmenite-rich cumulates sank deeper into the Moon's mantle over time, 

because of density instability. However, it is believed that this overturn was not complete, 

and as a result a heterogeneous mare-basalt source region was produced (VanOrman and 

Grove, Elkins-Tanton et aI., 2002). This heterogeneous source would explain why basalts 

of different Ti-contents appear to have erupted from similar depths on to the lunar surface 

(Stopler, 1974; Green et aI., 1975; Delano, 1980, 1986; Chen et aI., 1982; Chen and 

Lindsley, 1983; Longhi, 1987, 1992). 

6.3.2. Remote Sensing Data. As the samples returned by the Apollo missions present an 

incomplete picture of the relationship between magma composition and time (Papike et aI., 

1976), many authors have relied on remote sensing methods to gain a more global picture 

of mare-basalt evolution. Using crater size frequency ages on well defined volcanic units 

Hiesinger et aI. (2000) concluded that the main phase of mare volcanism on the lunar near 

side spanned from approximately 4 to 2 Ga. However, the patches of youngest mare-basalt 

areas are low-Ti extrusions found within the Procell arum and Imbrium basins, which 

appear to be as young as 1.1 Ga (Hiesinger et aI., 2002, 2003). As the eruptive flux was not 

constant, separate basins show different phases of mare eruption. For example, older 

regions such as the Tranquillitatis basin (containing the Apollo 11 site) show a single phase 

of mare volcanism, from 3.3 to 3.9 Ga, whereas the younger multi-ring basins exhibit a 

second weaker phase of eruption, from 3.3 to 3.5 Ga (Shearer et aI., 2006). Following this 

phase, volcanic eruptions became low volume and episodic, accounting for < 5 % of the 

total volume of mare basalts (Schaber, 1973; Schultz and Spudis, 1983; Head and Wilson, 
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1992; Head et aI., 1997). Mare-basalt eruption on the far side, though comparatively sparse, 

was also a long lived process (Pieters et aI., 2001; Harkyama et at, 2009). 

The most extensive remote-sensing studies of nearside mare basaltic units to date were 

performed by Hiesinger et at, (2000, 2002, 2003). These authors used crater size 

frequency age calculations, along with Clementine and Lunar Prospector compositional 

data (e.g., Lucey et aI., 2000; Lawrence et aI., 2000; Elphic et aI., 2000; Feldman et aI., 

2002), to recreate the volcanic history of Oceanus Procellarum, Mare Nubium, Cognitum, 

Insularum, Humorum, Imbrium, Serenitatis, Tranquillitatis, Humboldtianum, Australe, 

Frigoris, Nectaris, Vaporum, Smythii, and Marginis. These investigations revealed no link 

between the Ti-content and age of mare basalts, and in many cases a single basin was 

found to contain high- and low-Ti mare units of the same age (Hiesinger et aI., 2002). 

These observations support the heterogeneous source model of Elkins-Tanton et ai. (2002) 

mentioned above. 

However, in some cases, major basins analysed in detail usmg the remote sensmg 

algorithms of Lucey et ai. (1998, 2000) show mare-basalt evolution from low-Ti to high-Ti 

compositions. For example, the investigations of Bugiolacchi and Guest (2008) and Otake 

and Mizutani (2006) both indicate the basaltic units of Mare Imbrium evolve to high-Ti 

compositions, as does the study of Mare Nubium and Mare Cognitum by Bugiolacchi et ai. 

(2006). Otake and Mizutani (2006) produced a model in which the low-Ti mare-basalts are 

the product of primitive magma generated in the undifferentiated interior of the Moon, and 

the high-Ti basalts are the product of this primitive magma being assimilated by a late 

stage Ti-rich magma. These authors used the impact associated thermal model of Arkani

Hamed, 1974 and Strangway and Sharpe (1975) to argue that the high-Ti hybrid sources 

re-melted more extensively hundreds of million years after Imbrium basin formation to 

produce relatively young high-Ti mare-basalts. The impact associated thermal model 
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proposes that radiogenic heat from the deep undifferentiated interior is accumulated under 

the rims of giant impact craters, where it has the maximum insulation effect of thick, low

thermal conductivity ejecta blankets. Arkani-Hamed (1974), and Strangway and Sharpe 

(1975), estimated that this heat is adequate to allow delayed re-heating and re-melting of 

materials in these region hundreds of million years after the basin forming impact event. 

Otake and Mizutani (2006) claimed that this model explains the variation in chemical 

composition, the change of eruption volume with time, and the long period of volcanic 

activity within the Imbrium basin. However, the model does not specify that the high-Ti 

basalts must erupt later than the low-Ti basalts, it simply gives a possible explanation as to 

why they did. 

6.4. Conclusions 

• Our radiogenic Pb-Pb dating of Apollo 12 low-Ti mare-basalts 12047 and 12064, 

and Apollo 17 high-Ti basalt 70035, indicate the latter is older than the former 

(12047 = 3.32 ± 0.07 Ga, 12064 = 3.24 ± 0.11 Ga, and 70035 = 3.79 ± 0.27 Ga. 

• These ages support previously recorded ages for these individual samples, and the 

mare-basalt groups to which they belong. 

• Both geochronological and remote sensing data show that there is no unifying 

model linking the global composition and age of mare basalts, but rather indicate 

that composition is dependant on the heterogeneity of the cumulate source regions 

at a more localised level. 
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7. DISCUSSION 

7.1. Mare Basalt Petrogenesis 

7.1.1. Origins. Analysis of the data collected in this study has shown that the high and low

Ti mare basalts form two distinct groups, both mineralogically and chemically. SEM 

images, mineral compositions, major- and trace-element data, combined with oxygen 

isotopes, indicate that the Apollo 12 and 15 low-Ti basalts were produced from similar 

source regions, whereas the Apollo 11 and 17 basalts show greater source-region 

compositional variation. Chemical modelling suggests that the low-Ti mare basalts formed 

from < 10 % partial melting of sources with similar REE abundances to McKenzie and 

O'Nions' (1991) depleted-Moon source, followed by olivine fractionation or accumulation. 

REE abundance estimations of the high-Ti mare-basalt source-regions were not as 

straightforward, as the McKenzie and O'Nions' (1991) depleted-Moon source was not an 

accurate representation of the REE content within these source regions. However, the high

Ti basalts were probably formed as a result of < 15 % partial melting of comparatively 

incompatible-element enriched source regions, followed by multi-phase crystal 

fractionation and/or accumulation (including ilmenite, olivine, augite, pigeonite and 

plagioclase) (sections 4.43- 4.45). Trace-element data also indicate that the low-Ti basaltic 

melts were dominantly produced by batch melting, whereas high-Ti basalt melt production 

was dominated by fractional melting (section 4.43, Figures 4.19 and 7.1). The REE content 

of Apollo 14low-Ti, high-AI basalt 14053 can be reproduced by ~ 10 % partial melting of 

the depleted-Moon source, followed by olivine fractionation and 1.5 % simultaneous 

assimilation of a crustal component, probably a mixture of KREEPy and granitic material. 

The Apollo 11 high-Ti, high-K basalt samples' REE contents match well with 10 % pure 

KREEP assimilation, along with ilmenite, augite, pigeonite and plagioclase fractionation 

from a parental melt with the same composition as Apollo 11 orange glass (section 4.4.5; 
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Figure 7.1: Batch vs . fractional partial melting in the mare-basalt source regions . (a) The possible evolution of Apollo 12, 14 and 15 low-Ti basalts from dominantly batch melted 

source regions . (b) The possible evolution of the Apollo 1 I and 17 high-Ti basalts from source regions dominated by fractional partial melting. 

324 



I 

.~aSin Forming Impact ! 

° () 0/ : 
o~ ° \q o/P 0; 

A 

~- : 
I 

Anorthosite Primary Crust : High-Ti basalt 
: source 
I 

Low-Ti basalt 
source 

I 

I 
I 
I 
I 

Basin forming impact event 
causes the formation of 33 % 
ilmenite liquid below 20-80 km 
depth, producing a density 
instability. ......i.+ 

Over;nme 
I 
I 
I 

• Region of ilmenite/ 
cllnopyroxene-rich 
cumUlates and olivine/ 
orthopyroxene-rich 
cumulates? 

Heterogeneous region 
of ilmenite/olivine-rich 
cumulates and 
olivine/orthopyroxene-rich 
cumulates 

B 

I 
I 
I 

Anorthosite Prim~ry Crust High-Ti basa~ 
source 

Low-Ti basalt 
source 

\ \ 
\ _.' 

". 

Shallow, late stage Ti-rich 
liqUid assimilates 10-20 % 
olivine from the underlying 
cumulates, causing viscosity 
to decrease by a factor of 30. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

--+ 
Solidifies 

I 
I 
I 

KREEP 

Heterogeneous region 
of spineUollvine-rich 

(J cumulates and 
olivine/orthopyroxene-rich • 
cumulates 

Figure 7.2: The mare-basalt heterogeneous source region model of Elkins-Tanton (2002). (a) The possible 

formation of the heterogeneous source regions via shallow level ilmenite-cumulate melting and subsequent 

diapir formation. (b) An alternative model , involving the assimilation of 10-20 % olivine by shallow level Ti-

rich liquids. 

The second plausible model of Elkins-Tanton et al. (2002) requires the late stage Ti-rich 

liquid to assimilate 10-20 % of the underlying olivine-rich cumulates, The change in bulk-

composition would subsequently alter liquidus relations, causing spinel rather than 

ilmenite cumulates to crystallise at these shallow levels, The solidus temperature of this 

material would be higher, allowing a negatively buoyant cumulate layer to form while the 
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layer remained hot, and had lower viscosity. The MELTS calculations of Ghiorso and Sack 

(1995) predict that the solidus of this spinel-rich cumulate would be ~ 115°C higher than 

the original ilmenite-clinopyroxene cumulate, leading to a reduction in viscosity by a 

factor of ~ 30. This spinel cumulate could, therefore, travel deeper into the lunar interior as 

a solid due to density instabilities (Figure 7.2b). In possible support of this model, Wagner 

and Grove (1997) found orthopyroxene, olivine and spinel, not ilmenite, on the liquidus of 

the Ti-rich Apollo 14 black glass. 

In conclusion, Elkins-Tanton et aI. (2002) state that both mechanisms may have occurred, 

but that only early solid spinel cumulates could have sunk into the lunar interior as the 

model requires that they were hot (therefore less viscous). Which ever way mare-basalt 

source heterogeneity was caused, its presence indicates that the separation of the Apollo 

basalts into high and low-Ti groups may not be justified - source heterogeneity suggests 

the eruption of basalts with a wide spectrum of Ti02 contents, as implied by remote 

sensing data (e.g., Giguere et al., 2000; Elphic et al., 2002; Gillis et al., 2003). Our 8\80 

data also suggest an oxygen isotope compositional continuum rather than the previously 

reported bi-modal system (Wiechert et aI., 2001; Spicuzza et aI., 2007) - from the light 

0180 values of the highest-Ti Apollo 17 basalts through the moderate values of Apollo 11 

to the heaviest values of the Apollo 12 and 15 low-Ti basalts. This Ti02 spectrum can be 

best explained by the mixing of two end-member source compositions, where one contains 

a significant amount of Ti02• Based on geochemical modelling Snyder et al. (1992a) 

suggested the source region of the low-Ti basalts contained 46 % pigeonite, 43 % olivine, 

10 % clinopyroxene, 1 % plagioclase and 1-2 % trapped KREEPy liquid. These authors 

calculated the probable source of the high-Ti basalts was a 80:20 % mix of the low-Ti 

mafic cumulates and late-stage ilmenite cumulates, yielding a high-Ti basalt source with 3 

% ilmenite and less clinopyroxene than the low-Ti source (7 %). The Lu-Hf-Sm-Nd data of 

Beard et al. (1998) indicate similar high- and low-Ti mare-basalt source mineralogies. 
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The presence of these small scale reversals in Ti02 content evolution within the Imbrium 

region reflect the Apollo sample collection's localised Ti02 variability. Both Otake and 

Mizutani (2006) and Bugiolacchi and Guest (2008) focused on the Imbrium region -

studies of other regions do not share the same conclusions. The most extensive studies of 

nearside mare basaltic units to date revealed no link between the Ti-content and age of 

mare basalts (Hiesinger et al., 2000, 2002, 2003). These authors used crater-size-frequency 

age calculations along side Clementine and Lunar Prospector compositional data (Lucey et 

al., 2000; Lawrence et al., 2000; Elpbic et al., 2000; Feldman et al., 2000) to recreate the 

volcanic history of Oceanus Procellarum, Mare Nubium, Cognitum, Insularum, Humorum, 

Imbrium, Serenitatis, Tranquillitatis, Humboldtianum, Australe, Frigoris, Nectaris, 

Vaporum, Smythii, and Marginis (Figure 7.3). In many cases, a single basin was found to 

contain high- and low-Ti mare-basalt units of the same age (Hiesinger et al., 2002). Neither 

do these authors report any link between unit Ti content and size, although the youngest 

eruptions are less numerous. These observations support the heterogeneous source model 

of Elkins-Tanton et al. (2002) mentioned above, as this model would not require global 

scale Ti content evolution over time, and would allow localised variability. On the smaller 

scale of a single magma chamber/source region the units may be expected to become Ti

richer over time, as dense ilmenite crystals accumulate at the bottom of the magma body, 

and, therefore, produce late stage ilmenite-rich units. This may account for the small scale 

reversals in Ti02 enrichment visible in the Imbrium region. 

7.1.3. Origin of the Moon. In agreement with previous studies (Wiechert et al., 2001; 

Spicuzza et al., 2007), our data reveal no detectable difference between the ~ 170 of the 

Earth and Moon. The recent doubts raised by Melosh (2009), concerning the mechanism 

of Pahlevan and Stevenson's (2007) post-Giant-Impact volatile mixing model, suggest 

that this model requires further refinements to account for the current dynamics of the 
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Figure 7.3: Global map of mare basalts, coloured according to age (after Hiesinger et aI. , 2003). 
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Figure 4.23). Setting aside the different parental melt evolutions, bulk-rock elemental 

evidence clearly indicates that the high- and low-Ti mare-basalts were produced by 

compositionally separate source regions. This is supported by different oxygen isotope 

compositions of the high- and low-Ti basalts. However, this data implies that rather than a 

bi-modal system a mare-basalt compositional continuum exists, where the Apollo 11 

basalts show compositions between those of the other high-Ti basalts and the low-Ti 

basalts (both in terms of oxygen isotopes and Ti02 abundance). 

The differing oxygen isotope compositions and Ti02 contents between the high- and low

Ti mare-basalts can best be explained by the lunar cumulate overturn model (Ringwood 

and Kesson, 1976). A number of authors have investigated the possibility of ilmenite 

assimilation at the base of the lunar crust as an alternative to the lunar mantle overturn 

hypothesis (e.g., Hubbard and Minear, 1975; Wagner and Grove, 1997; Elkins et aI., 2000; 

Thacker et aI., 2009), but mare basalt Hf-Nd ratios (e.g., Beard et al. 1998) argue against 

ilmenite assimilation as the cause of Ti variation in mare basalts. As ilmenite is not thought 

to have crystallised a depths below 100-150 km within the lunar interior (Ryder, 1991; 

Hess and Parmentier, 1995; Van Orman and Grove, 2000), its crystallisation is believed to 

have formed a shallow region of relatively dense material compared to the underlying 

olivine-pyroxene cumulates (e.g., Snyder et aI., 1992; Hess and Parmentier, 1995). 

Ringwood and Kesson (1976) argued that this density instability was dissipated by 

cumulate overturn, whereby the ilmenite cumulates form diapirs into the olivine-pyroxene 

cumulates and vice-versa. However, this mixing is unlikely to have completely 

homogenised the cumulate region, leaving some areas more enriched in ilmenite than 

others at mare-basalt source depths (200-300 km - Elkins-Tanton et aI., 2002). Based on 

viscosity constraints, Elkins-Tanton et al. (2002) suggested that the traditional view of 

ilmenite-rich cumulate solids sinking deeper into the lunar interior during mantle overturn 

(e.g., Ringwood and Kesson, 1976; Hess and Parmentier, 1995; Zhong et al., 2000) is 
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improbable. Various alternative scenarios were examined by Elkins-Tanton et al (2002) via 

numerical modelling, only two were found to be plausible. The first involves re-melting of 

shallow level (60-100 km) ilmenite and clinopyroxene cumulates to form a liquid denser 

than the underlying cumulates. This liquid would have had a maximum of 33 % ilmenite 

content (as ilmenite and clinopyroxene melt with a 1:2 ratio), making it negatively buoyant 

below depths of 20-80 km, depending on the assumed mantle composition. Shallow level 

re-melting could have been caused by basin forming impact events or radiogenic heating 

from nearby KREEP-rich materials. The steep liquidus of this ilmenite-clinopyroxene 

liquid indicates the downward percolating liquid would begin to crystallise ilmenite at < 

200 km depth and - 1200 °C (Hess et aI., 1978; Van Orman and Grove, 2000). This model 

also indicates that at shallow depths, the liquid will probably crystallise olivine and 

dissolve pyroxene, whereas at greater depths it will be in its pyroxene primary phase 

volume, and will dissolve olivine and crystallise pyroxene. This makes the formation of a 

heterogeneous, hybrid mantle possible, where clinopyroxene cumulates are more abundant 

than olivine cumulates at deeper levels (Figure 7.2a). However, the clinopyroxene within 

these cumulates would be mostly low-Ca pigeonite (Elkins-Tanton, personal 

communication), so the depth of mare-basalt origin cannot be constrained by Ca-content -

no difference is visible between the bulk rock CaD content of high and low-Ti Apollo 

mare-basalts (Figure 4.3c; section 4.1.1), therefore, both appear to have originated from 

source regions with similar CaD contents. The Lu-Hf and Sm-Nd data of Beard et ai. 

(1998) suggest that low-Ti basalts were probably produced from cumulate sources rich in 

orthopyroxene and olivine with small amounts of clinopyroxene (2 %) and trapped liquid 

« 10 %). These authors argued that the production ofhigh-Ti basalts would only require 

the addition of a small amount of ilmenite « 2 %) to this mixture. These mineral 

proportions are in close agreement with those produced by the chemical modelling of 

Snyder et al. (1992). 
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Ilmenite does not contain significant amounts of REE, therefore if this was the only 

difference in source region mineralogy, and if modal partial melting proportions were 

similar for the high and low-Ti basalt sources, the high-Ti source would be expected to 

produce melts with lower REE contents than the low-Ti melts (as the latter contain 3 % 

more clinopyroxene - a REE-rich phase). However, our bulk rock REE data indicate the 

opposite relationship is found in the Apollo mare-basalts (in agreement with previous 

studies - chapter 4). Snyder et aI. (1997) stated that partial melting was non-modal in the 

mare-basalt source regions, and that the first phase to melt would be REE-rich trapped 

KREEPy liquid. Therefore, the high REE contents of the high-Ti basalts could be 

explained if these basalts are products of smaller proportions of partial melting than the 

low-Ti mare basalts (as a 1 % melt would contain 100 % trapped KREEPy liquid, whereas 

a 10 % melt would only contain 10 % of his phase). However, neither our data, nor that of 

previously published work (e.g., Nyquist et aI., 1977, 1979; Hughes et aI., 1988; Snyder et 

aI., 1992, 1997) suggests there is a significant difference in the proportion of partial 

melting which produced the high- and low-Ti mare basalts. Alternatively, the melting 

proportions in source regions for both types could have been similar if the high-Ti sources 

trapped KREEPy liquid contained higher REE abundances than that within the low-Ti 

sources (as may be expected from source regions containing late-stage cumulates). Our 

measured 8180 values, alongside those calculated from mineral separates data and modal 

mineralogies, show how oxygen isotopic composition evolves from the cumulate source 

region to the parental partial-melt and finally (after melt evolution, including crystal 

fractionation/accumulation) to the mare-basalt samples. In some cases, assimilation of 

KREEPy andlor granitic material further expand the possible mare basalt major-, minor

and trace-element compositions, of which the Apollo collection probably only represent a 

small fraction. However, the samples which were collected have allowed the complex 

nature of the lunar interior to be investigated and used as a possible analogy for other small 

planetary bodies. 
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7.1.2. Type, Age and Distribution. Our mineral and bulk-rock major- and trace-element 

data, and that of other authors (e.g., Rhodes et aI., 1976; Beaty and Albee, 1978; Beaty et 

aI., 1979a,b; Warner et aI., 1979; Ma et aI., 1980; Rhodes and Blanchard, 1980), show that 
. 

at least five separate high-Ti parental melt compositions were sampled at the Apollo 11 site 

(type A, B 1, B2, B3 and unclassified basalt 10050), and five separate Apollo 17 high-Ti 

melts are represented in our sample set alone (types A, Band C, and unclassified basalts 

70017 and 70035). In contrast, only three melts are represented from the Apollo 12 site 

(the low-Ti olivine, ilmenite and pigeonite basalts - e.g., Rhodes et aI., 1977; Neal et aI., 

1994a), and the Apollo 15 low-Ti olivine-normative and quartz-normative basalts appear to 

all have originated from the same source (Schnare et aI., 2008). Therefore, the Apollo 

sample collection suggests that basaltic eruptions at sites dominated by high-Ti mare-

basalts are more numerous than those at the low-Ti sites. This apparent difference may 

have been produced by sampling bias, as remote sensing observations do not support the 

sampling evidence (e.g., Hiesinger et aI., 2000, 2002, 2003; Otake and Mizutani, 2006; 

Bugiolacchi and Guest, 2008). However, the nature of remote sensing studies only allows 

large scale investigation, therefore, the analysis of individual basalt flows is not currently 

possible. Radiogenic age dating of these samples (including those measured during this 

study) also indicates a difference in age between the two main basalt types, where the high-

Ti basalts are older than the low-Ti basalts (3.92-3.48 Ga for the high-Ti basalts of Apollo 

11 and 17 and 3.40-2.92 Ga for the low-Ti basalts of Apollo 12 and 15 - chapter 6). 

Otake and Mizutani (2006), and Bugiolacchi and Guest (2008) employed Clementine 

remotely-sensed data to derive the Ti02 abundance of mare-basalt units within the 

Imbrium region of the lunar nearside. Both studies show the opposite relationship to the 

Apollo basalt sample suite. Low-Ti mare-units tend to be older than the high-Ti basalts 

within this region. However, Bugiolacchi and Guest (2008) reported localised variations in 

Ti02 evolution, with some small areas showing older Ti-rich and younger Ti-poor units. 
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Earth-Moon system. This may be taken as an indication that the Giant-Impact model 

cannot plausibly explain the isotopic and dynamic components within the Earth-Moon 

system. Possible alternative models, which may explain the observed homogeneous 

oxygen isotopic composition of the Earth and Moon, include a modified version of the 

Darwin fission model (Mel soh, 2009) and the double planet growth model of Belbruno 

and Gott (2005). This latter model suggests that a body the size of Mars could have grown 

within the L4 or L5 Lagrange points of Earth's orbit, and subsequently been thrown into 

an eccentric orbit via collisions with other planetesimals. If this occurred, Belbruno and 

Gott (2005) reasoned that the body would very probably have collided with the Earth, 

causing a giant impact and the subsequent formation of the Moon. However, this model 

assumes the impacting body would have had the same oxygen isotope composition as the 

Earth, simply because it formed in the same region of space. Although it does not 

necessarily follow that the oxygen isotopic distribution of the current solar system is the 

same as that of the early solar system, recent measurements of the 11170 of Mars (+0.30 

0/00) and Vesta (-0.24 0/00) suggest oxygen isotope ratios do not have a radial distribution 

within the current solar system (Greenwood et aI., 2005; Wiechert et aI., 2004). This, 

along with the chaotic planetary growth model (Kenyon and Bromley, 2006 - and 

references therein), argue against Belbruno and Gott's (2005) double planet model of 

lunar formation. The possibility of alternative models has yet to be fully explored, but it is 

clear that the Giant-Impact theory is in need ofre-assessment. 

7.2.40 Years after Apollo - What's left to Achieve? 

7.2.1. The Importance of Apollo Scientific Results to Subsequent Lunar Exploration. 

Not only did the Apollo and Luna missions return the only lunar samples from known 

locations, but they also made photographic, geophysical and spectral observations and 

measurements of the Moon (Metzger et aI., 1977; Haines et aI., 1978; Andre et aI., 1979; 

Andre and EI-Baz, 1981; Hawke and Bell, 1981; Taylor, 1982). One of the most significant 
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discoveries made through these observations and measurements was the detection of the 

thicker lunar farside crust based on iron concentrations which are directly related to density 

(e.g., Bills and Ferrari, 1977; Haines and Metzger, 1980; Wieczorek et aI., 2006). Another 

significant discovery from the Apollo orbital data was that the Moon's centre of mass was 

offset from the centre by - 2.5 km (Kaula et aI., 1972; 1974; Haines and Metzger, 1980). 

Wieczorek et aI. (2006) refined this estimate based on global datasets from post-Apollo 

missions to -1.9 km. Integrating sample analysis with orbital data to provide ground truth 

made the remote sensing datasets of the Clementine and Lunar Prospector missions much 

more important. These missions extended the Apollo datasets and allowed global maps of 

FeO, Ti02, Th and H abundances to be produced (Lucey et aI., 1995, 1998, 2000; Elphic et 

aI., 1998,2002; Feldmann et aI., 1998a, 2000; Lawerence et aI., 1998,2000). These global 

maps highlighted a number of features: 

1. The Apollo and Luna mare-basalt samples were not fully representative of the 

compositional diversity on the lunar surface, which appears to show a mare-basalt 

Ti-content continuum rather than the bi-modal separation visible in the sample suite 

(e.g., Giguere et aI., 2000). 

2. There is a Th 'hotspot' centred on mare Imbrium on the lunar nearside (Lawrence 

et aI., 1998, 2000), interpreted as a concentration of KREEP-rich material exposed 

by the Imbrium basin forming impact. 

3. There is only a mmor positive Th anomaly at the South Pole-Aitken basin, 

indicating KREEP is heterogeneously distributed at global scale (Lawrence et aI., 

1998, 2000). 

4. The polar regions are enriched in H (Feldman et aI., 1998b, 2000, 2004) and the 

enriched areas are at least partly correlated with permanently shadowed areas. 
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Preliminary data from the Lunar Crater Observation and Sensing Satellite 

(LCROSS) indicates that the mission successfully detected water in the 

permanently shadowed region of Cabeus crater near the Moon's south pole, during 

the 9th October 2009 impact. 

5. Recognition of evolved lithologies in the sample collection and high Th areas on 

the lunar surface (Metzger et aI., 1977; Lawrence et aI., 1998) has allowed 

Lawrence et al. (2005, 2007) to define the locations of potential outcrops of these 

rocks on the surface by reinterpreting the Th abundances derived from Lunar 

Prospector gamma-ray spectrometer data. Establishing the abundance of these 

lithologies on the Moon will aid in understanding the growth and evolution of the 

lunar crust. 

7.2.2. Why go back to the Moon? Since the last Apollo mission there have been a number 

of publications and reports stating the reasons why the moon is still important both 

scientifically and for exploration purposes (e.g., Mendell, 1986; Spudis et aI., 1986; Taylor 

and Spudis, 1990; Spudis, 2003). President Bush summarised these reasons in his speech 

'A Renewed Spirit of Discovery' (Bush, 2004); 

"Returning to the Moon is an important step for our space program. Establishing 

an extended human presence on the Moon could vastly reduce the cost of further space 

exploration, making possible ever more ambitious missions. Also the Moon is home to 

abundant resources. Its soil contains raw materials that might be harvested and processed 

into rocket fuel or breathable air. We can use our time on the Moon to develop and test 

new approaches and technologies and systems that will allow us to function in other, more 

challenging, environments. The Moon is a logical step towards further progress and 

achievement. With the experience and knowledge gained on the Moon, we will then be 

ready to take the next steps of space exploration: human missions to Mars and to worlds 

beyond. " 
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In terms ofthe geological evolution of the Moon we have still to discover: 

1. If a substantial record is available for events prior to ~ 4 Ga or if this history has 

been masked by later impact events. The presence of such early lithologies could 

help elucidate the events of the early solar system. 

2. What is the full extent of lithological variation within the mare basalt/anorthositic 

highlands and KREEP terrains; the Apollo and lunar sample collections do not 

appear to fully represent any of these regions (e.g., Giguere et aI., 2000; Korotev, 

2005). 

3. What is the structure of the lunar interior - Apollo and subsequent orbital missions 

have told us very little about the deep interior of the Moon or the heterogeneity 

within the lunar crust and mantle. 

4. How abundant are volatile elements on the Moon, and how are they distributed? 

This knowledge is important for future manned missions to the Moon (e.g., are 

there large enough quantities of accessible H20?) and also for the confirmation or 

rejection of the giant impact hypothesis (which requires that the Moon be depleted 

in volatile elements). 

These questions demonstrate the limited lunar sampling and exploration that has been 

undertaken. This is reflected in the small number of impact craters that have been sampled 

(and accurately dated), leaving questions regarding the possible late-heavy-bombardment 

(-3.9 Ga). It is evident, therefore, that there is plenty of science which still needs to be 

conducted on the Moon, requiring robotic and human exploration. Robotic exploration 

includes both orbital and surface systems, as well as networked monitoring stations for 

geophysics (seismic stations, heat flow, magnetism), solar wind, and lunar exosphere 

studies. This research should be conducted prior to or during the next human exploration of 
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the Moon (so the natural lunar exosphere can be studied and seismic and radiation hazards 

evaluated etc (Joosten and Guerra, 1993). Once humans have returned to the lunar surface 

exploration could continue robotically or by human-robotic partnerships (e.g., telepresence 

operations - Cooper et aI., 2005). Not only could future human return to the Moon enhance 

our understanding of the Moon itself, a lunar base would provide the perfect low gravity, 

uncontaminated environment for clean laboratory and high precision science. A base at the 

South Pole-Aitken basin would also allow for telescopic observations of deep space 

without atmospheric and radio wave 'noise' from the Earth. In addition, in situ resource 

utilization (lSRU) can reduce the risk and cost of maintaining a lunar outpost. Products of 

ISRU could be used for life support (02, H20)' or as propellants (H2, O2), construction 

materials, metals and energy (ilmenite ore, Helium-3, solar power) (e.g., Cameron, 1987, 

1991; Allen et aI., 1992, 1994a,b, 1996; McCullogh and Hall, 2001; Schmitt, 2006). 

However, at the end of January 2010 NASA's plans to build a permanent base on the 

Moon via the proposed Constellation missions were put on hold by the American 

government, who propose to significantly reduce funding for these missions. Instead they 

propose NASA would invest in space technology research and spend $6 billion to pay 

private space groups to develop and build new rockets to take astronauts into orbit (Sutter, 

2010). Under the proposed plan, NASA eventually will return to the Moon but it leaves 

many open questions about the future of U.S. space travel, including if and when NASA 

will ever build rockets of its own again, when astronauts will return to the Moon and in 

what kind of spacecraft. Despite this set back the next two decades should see numerous 

spacecraft heading to the Moon in order to answer at least some of the questions the Apollo 

missions left unanswered. The major difference between this new age of lunar exploration 

and the space race of the 1960's and 70's is that it is broader in scope and is a 

multinational effort. It will therefore require international co-operation at a level not before 

seen in space exploration. 
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