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Abstract

The thesis reports the results of an investigation into the geochemistry and petrology of lunar
meteorites and synthesises this knowledge with research into the calibration and interpretation

of lunar X-ray spectroscopy from the D-CIXS instrument.

[ present the mineralogy, bulk composition and petrography of two lunar regolith breccia
meteorites (DaG 400 and MET 01210), and a launch paired group of mare basalt meteorites
(LAP 02205/02224/02226/02436/03632). Individual sample geochemistry is interpreted and
geological models proposed to account for the meteorites’ formation histories and subsequent
impact related processes. These are compared to previously studied Apollo, Luna and meteorite
lunar samples in order to understand how these new samples fit within the context of existing
theories of lunar evolution. I have also utilised currently available geochemical remote sensing
datasets to try and constrain possible meteorite launch localities, thus relating the microscopic
perspective of lunar geological processes from the sample collection back to the ‘big-picture’ of

global remotely sensed datasets.

[ review the scientific findings of the UK-built D-CIXS X-ray spectrometer, which flew to the
Moon on the SMART-1 mission between 2003 and 2006. 1 present an overview of the
instrument and discuss various hardware and software problems the mission encountered.
Results of laboratory calibration work and of theoretical X-ray fluorescence modelling are also
presented. This thesis introduces the first detailed examination and interpretation of D-CIXS
data recorded by the instrument during lunar science phase activities in 2005. These datasets
focus on X-ray flux recorded during periods of strong solar activity (i.e. solar flare associated
events), with particular attention to an observation of the lunar far-side feldspathic highlands
and the South Pole-Aitkin Basin, which records an X-ray flux difference between the two

lithological terrains indicative of a marked variation in surface composition.

This work will help to lay the groundwork for understanding and interpreting data from the new
C1XS instrument, which will fly to the Moon in 2008 aboard the Indian Chandrayaan-1

mission.
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Chapter 1 Introduction

1.1 Introduction to Lunar Geology and Lunar Evolution

The Moon is our closest planetary neighbour (Fig. 1.1). It is the only place in the solar system,
other than our own planet, that human-kind has visited, marking the first exciting steps in

exploring the solar system.

The scientific importance of the Moon arises from the fact that it has an extremely ancient
surface, mostly older than 3 billion years, with some areas extending almost all the way back to
the origin of the Moon at ~4.5 billion years ago. It therefore preserves a record of the inner
Solar System environment from billions of years ago that bodies such as the other ‘terrestrial’
planets like the Earth, Venus and Mars have long lost by virtue of their subsequent geological,
atmospheric or biological activity. With the possible exception of the much less accessible
surface of Mercury, this record is unlikely to be preserved anywhere else in the Solar System.
Studies of the Moon are therefore important for improving our understanding of the early

history of the Earth-Moon system, as well as the Solar System as a whole.

)

ollo 15
B0y Apollo 17 '
. 4 Luna 24

Apollo 11 +Luna 20
Apollo 12  Apollo 14 %

, 'Luna 16
Apollo 16

Fig. 1.1. The Moon: an old view and a new perspective. Lunar albedo maps compiled from 750 nm
waveband from the Clementine mission (USGS images). The left image shows the well known view of
the near-side of the Moon, with the Apollo mission and Luna landing sites illustrated. The right image
shows the far-side of the Moon, unseen to the human eye before 1959. By comparison to the near-side,
the lunar far-side has very few outcrops of dark (low-albedo) mare basalt deposits.

Lunar Sample Analysis. The NASA ‘Apollo’ manned missions and Russian ‘Luna’ sample
return missions from 1969-1976 retrieved ~382 kg of lunar rock and soil samples (Vaniman et
al. 1991) from a total of nine landing sites situated in broadly equatorial areas of the lunar near-
side (Fig. 1.1). These samples have provided valuable first-order information about the age and

composition of the Moon. Understanding the geological history of the Moon requires a
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synthesis of many different disciplines. Integration of geochemical, isotopic, seismic and
geophysical datasets has helped answer many questions about its formation, differentiation and
subsequent history, but many questions remain to satisfy a coherent model of the lunar
evolution. In this chapter, after introducing the fundamentals of lunar geology, I will present
the latest theories about lunar evolution and subsequent modification processes by impact
events. I will also review what research from the study lunar meteorites has contributed to our
understanding of the Moon, and what new insights have arisen from the interpretations of data

taken from remote sensing missions.

Lunar Geology. At first glance the Moon can be broadly divided into two geological units: the
high albedo ancient, heavily cratered, lunar ‘terrae’ or highlands, and the low-albedo, younger,
less heavily cratered basaltic ‘maria’ plains that have infilled rounded impact basins and
topographic lows, predominantly on the lunar nearside (Fig. 1.1). The original naming of terra
and mare relates back to early astronomical interpretations of basaltic plains being seas, or

maria, and the highlands being the land, or terra.

25 hand
specimen. (b) Plane polarised light (ppl) thin section microphotograph of 60025. (c) Cross polarised light
(cpl) thin section microphotograph of 60025. (d) Mare basalt sample 12046 from the Apollo 12 landing
site. Sample is 7 cm across. (e) ppl of thin section of 12046. (f) cpl of thin section of 12046. (g) Hand
specimen of norite sample 78235 from the Apollo 17 landing site. Sample is 5 cm across. (h) ppl of thin
section of 78235. (i) cpl of thin section of 78235. Field of view in all thin section images is ~3 mm.



Chapter 1 Introduction

Sample return allowed a detailed study of these geological regions. The lunar highlands were
found to be generally anorthositic in composition (Fig. 1.2 a,b,c); they are dominated by
lithologies rich in the pale-whitish mineral calcium-plagioclase (CaAl,Si,Og). These are crustal
rocks that have been radiometrically dated to ~4.5 Ga (i.e. 4.5 billion years) and are thought to
represent some of the earliest products of lunar differentiation. Samples from the lunar
highlands are often referred to as the ferroan anorthosite or FAN suite, as in addition to
plagioclase phases samples contain a minor proportion of mafic (Mg/Fe-rich) phases such as
olivine ([Mg,Fe],SiO,) and pyroxene ([Ca,Mg,Fe],Si,O). The ‘ferroan’ part of the FAN name
arises from the mafic mineral phases having somewhat Fe-richer compositions relative to the
most Mg-rich pyroxenes or olivines found on the Moon. FAN rocks are generally comprised of
a combination of these three principal mineral phases (Fig. 1.3), but always dominated by
anorthitic plagioclase.

(a) pisgiociase (b)

1 anorthosite
2 nontic or gabbroic
anorthosite
3 troctoltic anorthosite
4 anorthositic
norite or gabbro
5 anorthositic troctoite

1 anorthosite

2 noritic anorthosite

3 gabbroic anorthasite
4 anorthoswic norite
5 anorthositic gabbro
6 norte

8 7 gabbroic nonte
6 norke or gabbro 8 norttic gabbro
7 olivine norite or gabbro 9 gabbro
8 troctolitite 10 pyroxenite
9 pyroxenite
10 pendotite

11 dunite

/ \ s
A\ X 10 10

pyrexens olivine orthepyrexene clinopyrexene

Fig. 1.3. Classification scheme for igneous rocks in the lunar highlands (Stoffler et al. 1980). (a) Ternary
classification based on the plagioclase (CaAl,Si,Og) — pyroxene ([Ca,Mg,Fe],Si,O¢) — olivine ([Mg,Fe}]
-Si04) system. (b) Ternary classification based on the plagioclase (CaAl,Si,Os) — orthopyroxene
([Mg,Fe];Si,04) — clinopyroxene ([Ca,Mg,Fe],Si,0¢) system.

The dark lunar plains or ‘maria’ are composed of basaltic lava deposits (Fig. 1.2d,e,f). These
maria are the product of partial melting of the lunar mantle that were erupted onto the lunar
surface between ~3.8 and 2.9 Ga ago (e.g. Nyquist and Shih, 1992; Stéffler and Ryder, 2001;
Fagen et al. 2002; Borg et al. 2004). They are exposed over 17% of the lunar surface (~30% of
the near-side and ~2% of the far-side: Wilhelms, 1982), but are believed to have only
contributed to <1% of the lunar crustal volume (Shultz and Spudis, 1983; Head and Wilson,
1992). Estimates of relative age dating using the crater counting statistic technique (e.g.
Hiesinger and Head, 2006), suggests that some flows may have been erupted as recently as 1.1
Ga ago in Oceanus Procellarum. Mineralogically, mare basalts are primarily composed of
pyroxenes, plagioclase, olivine and ilmenite (FeTiO;; which is the dominant carrier of titanium
on the Moon), with minor contributions of spinel ([Fe,Mg][Cr,AlFe,Ti],O,), silica (Si0,) and
accessory troilite (FeS), native FeNi metal, whitlockite/merrillite (Ca;([REE],[Mg,Fe},[PO4]i4),



Chapter 1 Introduction

apatite  (Cas[PO,];[OH,F,Cl]), tranqillityite  ([Fe,Cals[Y.Zr],Ti;Si;O.),  armalcolite
[(FeosMgo 5)Ti,0s], baddeleyite (ZrO,) and rutile (TiO,) (Papike et al. 1998).

Other Major Lithologies. In addition to the lunar FAN and mare basalt suites other lunar rocks
are generally classified as belonging to the Magnesian-Suite (Mg-Suite or HMS), the High
Alkali-Suite (HAS) and the KREEP Basaltic Suite (KREEP standing for potassium [K], REE
elements and phosphorus [P]). Outcrops of these suites seem to be concentrated on the lunar
near-side and are likely related to early plutonic intrusion events (see section 1.1.1). The HMS
group of rocks includes a range of magnesian mafic mineral-rich norites (Fig. 1.2g,h,i), gabbros
and troctolites (see Fig. 1.3 for the mineralogical classification). The HAS group is comprised
of small fragments of evolved granites/felsites and alkali-anorthosites (rich in alkali-feldspar

[NaAlSi;Os] and incompatible elements).

Fig. 1.4. The changing view of the lunar surface. (a) Frame 35 returned from the Luna 3 mission taken in
1959 showing the first grainy views of the farside of the Moon (Website 1.1). (b) Frame from SMART-
1’s AMIE camera image (Josset, 1999) taken in 2005 of the lunar farside highlands with a resolution of
124 m per pixel.

Remote Sensing. “Remote sensing is the determination of the physical or compositional state of
a surface without physical contact™ (Lucey et al. 2006). Observations and mapping of the near-
side of the Moon from Earth based telescopes initiated much of the drive to study the Moon as
an exciting planetary object. The first scientific description and the first detailed maps of the
lunar surface were made as early as 1609 by Galileo Galilei. Other early astronomers mapped
the near-side surface using progressively more advanced telescopes, naming many of the
features as we know them today. The middle part of the twentieth century heralded the rocket
age where the Moon was closely explored for the first time. The first investigation of the lunar
surface by an orbiting spacecraft occurred in 1959 when the Russian Luna 2 craft flew past the

Moon. Luna 3, flown later the same year, successfully returned the first photographs of the

10
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lunar farside (Fig. 1.4a) revealing a high albedo landscape nearly devoid of basaltic mare. Since
this ground-breaking achievement progressively more sophisticated camera technology (on the
Zond, Ranger, Lunar Orbiter, Luna, Clementine and SMART-1 [Fig 1.4b] spacecrafts) has
imaged the Moon in a range of wavelengths, and X-ray and Gamma-ray experiments have made

direct measurements of the composition of the lunar surface (Vaniman et al. 1991).

Geochemical Observations. Prior to the return of geological samples by the Apollo and Luna
missions, scientists could only theorise about what the Moon was made of, how it was formed
and how it has evolved as a planetary body. Interpretation of the returned samples and analysis
of surface-based experiments allowed huge advances to be made in understanding the
composition of different geological terranes and their relationship to lunar geological history.
However, these samples were collected from localised geographical horizons (from only a few
centimetres in the case of Luna return lander missions, to ~8 km traverses at Apollo 17) within
broadly equatorial latitudes on the near-side of the Moon (Fig. 1.1). Thus, from the returned
Apollo and Luna sample collection alone we actually have a rather restricted perspective of

lunar geological variability.

Global geochemical information is thus a requirement for understanding the complex and
diverse nature of a differentiated planetary body. Through the understanding of the composition
and variation of the lunar surface environment, a detailed view of lunar heterogeneity and
geological variability is better understood. In the words of Lucey et al. (2006) “our
understanding of the interior of the Moon is derived from surficial, but not superficial,
information, coupled with geologic reasoning™. Geochemical and other remote sensing data
obtained by the Apollo, Galileo, Clementine and Lunar Prospector missions therefore have
significantly contributed to the current understanding of the distribution of specific rock types,

and what they tell us about the Moon’s geological history and evolution.

11
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1.1.1 Formation of the Moon and Early Differentiation

A better understanding of how the Moon formed, differentiated and evolved has been born out
of the detailed petrological, isotopic and geochemical studies of the rocks and remote sensing
data discussed above. Models have been formulated to account for accretionary and
differentiation processes, and to explain similarities and differences between the major

lithological suites.

Theories of Lunar Formation. There are four prominent theories of how the Moon came to
exist. (1) Rotational fission: George Darwin (1880) first proposed that the Moon was formed, or
indeed ‘spun-off’, from an early rapidly spinning Earth. (2) Binary accretion: that the Moon was
formed from the ‘left-overs’ of Earth’s proto-planetary material. (3) Capture: that the Moon
formed in an orbit similar to the Earth and was ‘captured’ by its gravity into a stable orbit. (4)
Giant Impact: that the Moon was formed in a catastrophic impact event between a large (Mars-
sized?) body and an early Earth (Hartmann and Davis, 1975; Canup and Agnor, 2000)
approximately 50 million years after the start of the solar system (Halliday and Lee, 1999). It is
most widely (although not unanimously) accepted that the giant impact scenario best accounts
for a diverse range of geochemical, geophysical and orbital dynamic evidence. This model
hypothesises that the rock fragments that formed the Moon would have coalesced over a
relatively short period of time (e.g. on the scale of 1 month to 100 years depending on the
model: Shearer et al. 2006 and references therein), and theoretically formed a large molten body

of magma encompassing at least the outer layers, and possibly all of the proto-Moon.

Magma Ocean Models. Models of lunar primordial differentiation focus around the subsequent
history of the Moon after this formation event. Early theories favoured the idea that the rapid
accretion of the Moon gave rise to a magma ocean (MO) that encompassed the whole (or at
least the vast majority) of the lunar interior. Observations of crustal heterogeneity and
modelling of ferroan anorthosite (FAN) rock systems suggest a complex differentiation history
(e.g. Jolliff and Haskin, 1995; Snyder et al. 1995, Shearer and Floss, 2000; Longhi, 2003,
Shearer et al. 2006 and Fig. 1.5, 1.6). Petrological studies indicate that a MO would have a
crystallisation sequence similar to that of terrestrial layered igneous intrusions: olivine —
opxztolivine — olivinetcpxtplag — cpx+plag — cpx+plagtilmenite (p. 394, Shearer et al.
2006). From this it has been theorised that an early, anhydrous, MO rapidly fractionally
crystallised a Moon-wide series of mafic/ultramafic cumulate piles that ‘sank’ to form a deep
lunar mantle (Taylor, 1982; Warren, 1985, 1990; Papike et al. 1998; Shearer and Papike, 1999;

Shearer et al. 2006), with plagioclase floating to form an anorthositic crust (Fig. 1.5)

12
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Anorthositic crust

Plagioclase
crystals rise

Mafic cumulates Maﬁc minerals
form mantle sink

Fig. 1.5. Simplistic cartoon of lunar plagioclase flotation from a magma ocean, with dense mafic phases
sinking to form a mafic mantle. Adapted from Walker (1983).

In a manner similar to those in terrestrial igneous systems, Rare Earth Elements (REE) in the
lunar MO melt should have existed in a trivalent state, making them behave as incompatible
trace elements (ITE) that do not easily substitute into mineral phases. Europium, however,
under such low oxygen fugacity conditions, is present in a divalent state (Eu’") and so is easily

accepted into the plagioclase crystal structure in place of Ca** (p 188, Taylor et al. 1991).

It has been calculated by Snyder et al. (1995) that depending on the original MO Al-content,
plagioclase would become a liquidus phase (i.e. started to crystailise) after between 57% (if
initial ALO; was 7%) to 80% (if initial Al,O; was <5%) of total MO crystallisation. Upon
formation, this plagioclase overcame a density contrast with dense comagmatically crystallising
mafic phases by buoyantly rising and migrating towards the lunar surface. Plagioclase thus
accumulated to form a crust 30 to 150 km thick. This crystal separation also removed Eu from
the MO melt, and provided the anorthositic crust with a positive chondrite normalised (.,) Eu-

anomaly (Eu, / \f(Smc,, + Gd,,) >1.0), and a composition low in ITE.
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LUNAR MANTLE

Fig. 1.6. Three models of early lunar evolution taken from Shearer and Papike (1999): (a) A crust formed
from the accumulation of cosmic sediment (e.g. Walker, 1983) protecting and overlying an
undifferentiated lunar mantle. (b) Lunar differentiation processing caused a process of serial magmatism
where multiple episodic melting occurred in the lunar mantle (e.g. Longhi and Ashwal, 1984; Walker
1983). (c) Magma ocean differentiation model in which crystallising plagioclase diapirs buoyantly rise to
form a thick lunar crust (e.g. Taylor, 1982; Warren, 1985).

Alternative crustal evolution models. According to a magma ocean model the lunar crust
should form a comagmatic, monogenetic suite of rocks (Walker, 1983). However, many
petrological and remote sensing observations have identified that the lunar highlands are
actually composed of a heterogeneous suite of lithologies that cannot be petrologically related,
and therefore cannot have been emplaced co-magmatically. Alternative models of early lunar
evolution must therefore account for the contribution of other magmatic products to the lunar

crust (Fig, 1.6). Several of the principal MO alternative models theories are outlined below:

Wetherill (1975) proposed that after lunar accretion, primordial differentiation took place in
regional magma chambers all over the Moon, as there was not enough accretional heating to
trigger a Moon-wide melting event forming a MO. Large-scale impacts would have been very
common throughout early lunar evolution and he argued that these would have formed several
(up to ~60) localised, near-surface differentiated plutons, each forming layered intrusions with
plagioclase floatation and mafic mineral sinking. Weaknesses in this model have been identified
by Warren (1985) and Shearer et al. (2006), who point out that this type of localised melting
would not produce the diversity of mantle source cumulates to account for the compositional

variation of mare basalts seen in the sample collection. Additionally, when comparing this
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model with terrestrial analogues, most of the large layered intrusions found on Earth do not

have such thick anorthosite units.

The observation that the majority of rocks from the lunar highlands have a positive Eu-anomaly
(and that the lunar mare basalts have a corresponding negative Eu-anomaly) supports the lunar
MO model. This argument has been criticised by investigators such as Walker (1983) and
O’Hara (2000a,b) who argue that the lunar highlands actually have a negligible Eu-anomaly
based on estimates of bulk crust composition and remote sensing evidence. Walker (1983) uses
this evidence to invoke an early crust that was formed by episodic serial magmatism, although
does not completely exclude the possibility of a global MO event. O’Hara however is very
critical of the total Moon-wide anhydrous melting model, and prefers a history purely involving
serial volcanism to explain the crust’s formation. He advocates that early lunar evolution was
driven by partial melting in the presence of water, with hydrated mineral phases being
massively dehydrated as they are violently erupted into a vacuum environment. This model
involving a hydrous mantle does seem somewhat implausible, however, as no investigator has
reported a meaningful abundance of hydrous minerals or high concentrations of highly volatile
elements in any lunar sample (water concentrations in lunar samples have been recently

discussed by Saal et al. 2007).

Longhi (2003) presents an argument for post-MO melting to account for lunar ferroan
anorthosite crustal formation, using evidence from Sm-Nd isotopes in FAN samples. He
theorises that primitive accreted materials would have likely formed a magma ocean topped by
an insulating impact breccia crust (Fig. 1.7: left). This would have led to a scenario of
crystallised mafic and ultramafic cumulates experiencing density instability, triggering two-
layer convection. This convection advected the heat necessary for partial melting, generating
FAN-like plagioclase saturated liquids. It was from these melts (and not the original MO
products) that crystallising plagioclase buoyantly rose from the residual crystal mush to form
upwelling anorthositic diapirs (Fig. 1.7: centre). Evidence for this model is apparently provided
by Sm/Nd isotopic systematics in Apollo 16 ferroan anorthosites. The isotope systematics in
these primitive samples suggests that they crystallised at ~4.56 Ga from a melt source that was
light REE-depleted (with positive eNd values i.e. {["*Nd/"**Nd i te sampie] / ["**Nd/"**Nd iy e
chondrite uniform reservoir]~ 1§ X 10* ). This LREE-depletion is inconsistent with the Moon having an
initial chondritic composition (e.g. Rankenburg et al. 2006) as the MO would not have
dramatically fractionated Sm/Nd ratios throughout crystallisation. Therefore, according to this
argument a secondary partial melt had to be responsible for the fractionation and crystallisation
of the FAN-suite.
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t <80 (?) Ma

Fig. 1.7. Longhi (2003) model of lunar ferroan anorthosite evolution in which a fractionally crystallising
magma ocean forms a thin, insulting crust (possibly composed of mafic/ultramafic impact melt breccias
[Longhi and Ashwal, 1984]) overlying mafic (MZ) and ultra-mafic (UZ) zones (left). There was an
unstable density contrast between the MZ and UZ zones because of the upwards decrease in Mg# which
resulted in two-layer convection. Heating of the mafic cumulate piles resulted in large-scale partial
melting and the formation of FAN-like melts (central). Plagioclase crystallising from these melts
buoyantly rises as diapirs and slowly forms a thickened crust. Finally conductive heating from above or
radioactive decay causes plumes to partially melt large areas of the mantle, generating upwelling Mg-
suite diapirs that are serially, and co-magmatically, intruded into the FAN highlands. Time (t) is given in
million years from Moon formation.

Lunar Crust Formation. Whatever differentiation process occurred it is likely to have formed
a thick pile of anorthositic-noritic plutons, or ‘rockbergs’, in the upper crust, displacing and
assimilating any original MO products and forming the lunar crust as we observe today. These
plutons potentially would have consisted of cumulus plagioclase and an intercumulus melt
phase. Upon isolation from the MO system these also experienced fractionation, mineral
separation and settling to an extent that they formed small scale cumulate piles of increasing
mafic content and Mg# (molar Mg/Mg+Fe) with depth. Jolliff and Haskin (1995) estimated that
the isolated diapir intercumulus melt associated with cumulus plagioclase phases had ~7 to 9
times chondritic REE abundances and a small positive Eu-anomaly (compositions similar to the
lunar meteorite MAC 88104/88105: Jolliff and Haskin, 1995).
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1.1.2 Late Stage Crystallisation

The development of a thick anorthosite crust would have likely caused a large thermal
blanketing effect on the lunar interior (Shearer et al. 2006). The rate of cooling in the remaining
molten lunar interior (be it the dregs of a magma ocean, more localised melt environments or
Moon-wide partial melts) would have rapidly slowed, and the melt itself would have become
increasingly FeO-rich and dense (Warren, 1990). As the crust and mafic cumulate zones
continued to grow, and the residual magma became denser, localised episodes of mafic
cumulate floatation could have occurred into the base of the crust (Wieczorek and Zuber, 2001)

causing localised compositional heterogeneities in crustal stratigraphy.

Very late-stage residual melt products (after 90 to 95% of crystallisation) would have ponded
and crystallised in the intermediate regions between the ‘buoyantly risen’ anorthosite rich crust
and the ‘sunken’ mafic cumulate mantle. These phases would be the global scale equivalent to
late stage crystallisation products in normal magmatic systems. Lunar residual lithologies
included ilmenite-bearing cumulates and extremely fractionated KREEP phases, rich in ITE and

heat-producing elements like U and Th.

1.1.3 The Formation of the Plutonic Suite

The lunar near-side highlands, as sampled by the Apollo missions, are rich in a range of
endogenic igneous plutonic lithologies. These have been classified into the petrologic
subgroups: Magnesian-Suite (Mg-Suite or HMS) rocks and alkali-rich plutonic rocks (HAS) and
KREEP-basalts (Section 1.1 and Fig. 1.8a). All of these lithologies are ancient (radiometrically
dated to be 4.5 Ga to 3.85 Ga), and are believed to have been emplaced by contemporaneously
serial magmatism, probably derived from a common petrologic source. Several lunar
feldspathic meteorites (Section 1.1.5) that may have been derived from the lunar farside, are
notably lacking in these HMS lithologies — suggesting that the HMS rocks are derivatives of

KREEP-related near-side magmatism.

Compared with estimated FAN parental melt composition, HMS parental magmas have typical
KREEPy geochemical signatures suggesting that Mg-Suite cumulates must have been formed
after the formation of KREEP, and therefore after MO closure. A range of models has been
postulated to account for the petrological range of plutonic rocks in the sample collection (see
Shearer et al. 2006 for a discussion). Geochemical modelling requires that the plutonic suite was

generated by the melting of deep, early-crystallised, magma ocean mafic cumulates and the
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assimilation of KREEP. To account for the very magnesian olivines identified in some HMS
troctolites (Foy,), Hess (1994) proposed either that the melted mantle had to be heterogeneous in
composition (variable Mg#), or that cumulate source regions would have had to have
experienced large (>25%) amounts of fractional melting to generate Mg-melts in equilibrium

with crystallising Mg#-rich olivine phases.

The cause of this mantle melting is somewhat disputed. It is possible that it coﬁld have been
caused by radioactive decay (Hess, 1994) or by decompression melting as a result of cumulate
overturn (Hess and Parmentier, 1995), or possibly by a combination of both mechanisms.
Longhi (2003) proposed that the HMS parental melts could have been generated by mantle
plume processes, triggered as a consequence of density instabilities and melting from
radioactive decay (Fig. 1.7: right). On the other hand, O’Hara (2000a) has argued that lunar
plume processes are unlikely to be a cause of early mantle melting as there is no evidence of
large-scale surface crustal deformation; however, it is possible that any surface expressions may
have been completed removed by subsequent basin generation. Whatever the cause, these melts
would have been transported up through the mantle, possibly melting and reacting with
KREEP-rich lithologies at intermediate stratigraphic horizons, to gain a range of ITE

enrichment.
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Fig. 1.8. (a) Mg# in all mafic silicates vs. coexisting plagioclase An-content for intrusive highland
igneous rock suites and eruptive KREEP basalts. Crystallisation trends (arrows) depict the petrological
relationships between the Mg-Suite and Alkali-Suite rocks, and petrological variations between specific
groups (norites, gabbronorites, troctolites) within the Mg-Suite. Diagram taken from Fig. 3.2 in
Wieczorek et al. (2006) using the data complied by Warren (1993) and Papike et al. (1998). (b) Bulk rock
compositions exhibit a similar trend in Mg# vs. bulk Eu/Al content (data complied from Papike et al.
1998 and Wieczorek et al. 2006).

The presence of a KREEPy-ITE signature and isotopic systematics suggest that there is a
petrologic link between the HMS rocks and other plutonic samples (Shearer and Floss, 2000;
Shearer et al. 2006). They are either likely to represent a continuum of crystallised products
(Fig. 1.8) of parental magmas with compositions similar to the KREEP basalts (Snyder et al.

1995), or to represent a more complex scenario with KREEP magmas assimilating different
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amounts of crustal ferroan anorthosites and/or magma mixing (Shervais and McGee, 1998,
1999).

In accordance with isotopic dating of highland lithologies (Nyquist and Shih, 1992; and see
Papike et al. 1998 and Shearer et al. 2006 for a discussion) magmas representing the plutonic
magmatic suite were periodically intruded into the overlying crust (Fig. 1.9), where they
crystallised at depths of ~10 to 50 km (Herzberg and Baker, 1979; Schwartz and McCallum,
1999).
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Fig. 1.9. A proposed model for the structure of the lunar near-side crust from an integrated study of
Apollo samples and the geochemical remote sensing experiments (Figure 4 of Spudis and Davis, 1985.
Ryder and Wood, 1977). From this study the upper lunar crust is estimated to have a bulk composition of
anorthositic norite (24 to 25% Al,O;). Other studies suggest that the lunar bulk-upper has an even greater
Al,O; content (24.6 wt. %: Taylor, 1982; 28.5 wt. %: Wieczorek and Zuber, 2001). These authors argue
that a crust this aluminous would be difficult to form through serial magmatism alone and is likely to be
evidence of large-scale lunar magma ocean plagioclase formation.

1.1.4 Mare Basalt Generation

Existing petrogenesis models. After 90 to 95% of magma ocean crystallisation, FeO-rich
silicate (fayalite, Fe-pyroxenes etc.) and TiO,-oxide mineral phases (ilmenite, ulvispinel-spinel)
began to be precipitated. These phases have a high density and will sink, piling up on Mg-rich
phases (olivine and pyroxene-bearing cumulates) already settled out at depth. A situation of
dense mineral phases overlying less dense mineral phases is intrinsically gravitationally
unstable and it has been theorised that a large-scale mantle overturn occurred, sinking the FeO
and TiO, phases to deep mantle horizons (Neal and Taylor, 1992; Shearer et al. 2006). It is
possible that an overturn would have entrained very late stage KREEPy residual material,
sinking heat-producing elements down into the mantte. This concentration of Th and U buried at

depth therefore provides a plausible heat-source for subsequent melting of now buried
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gravitationally stable, and compositionally heterogeneous, mantle cumulates (p. 467, Shearer et
al. 2006). It is debatable whether this down-welling of KREEP material occurred on a global
scale, or was concentrated in mantle regions on the lunar near-side (Wieczorek and Philips,

2000). This later scenario could be used to account for the preferential eruption of lunar mare

basalts in near-side rather than far-side basins.

Fig. 1.10. Wall of the Hadley Rille collapsed lava channel photographed on the Apollo 15 mission (A 15
frame H-12115: NASA). Possible thin, gently dipping, layers of flood mare basalts (~a few metres thick)
can be seen in the centre of the image. These layers are the only bedrock outcrops to be identified at
Apollo landing sites.

Mare basalts are the erupted volcanic products (Fig. 1.10) of the partial melting of these mantle
cumulates from depths estimated to be 100 to 500 km (Shearer and Papike, 1993; Shearer et al.
2006). Basalts were preferentially erupted into large basins and low-topographic features on the
lunar near-side (Fig. 1.1a) with some minor outcrops occurring in younger basins and craters on
the lunar farside (Fig. 1.1b). Although mare deposits are typically associated with these large
impact structures, it is not thought that the basin generation itself directly gave rise to significant
partial melting to cause mare basalt generation (Hiesinger and Head, 2006). The principal
evidence for this is that there is often a significant period of time (several hundred millions
years) between the basin generation event and the age of infilling mare basalt deposits.
Moreover, the South Pole Aitkin Basin, the largest and most ancient impact basin on the Moon,
contains only a small quantity of mare basalt outcrops; this is not consistent with long-lived,

localised decompression mantle melting (Shearer et al. 2006). The asymmetry of mare basalt
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volcanism is therefore not related solely to crustal thickness, but is perhaps more importantly

related to the heterogeneous extent of heat-producing elements in the lunar mantle.

FARSIDE NEARSIDE

CRUST

® ® .

MANTLE

Fig. 1.11. Magma transport from ponded reserves in neutral buoyancy zones (Head and Wilson, 1992).
Diapirs of mantle partial melts pond at the base of the lunar crust (1), (2). Partial melts may also be
generated from deeper mantle horizons (4). If melt is generated on the lunar farside, it could potentially
be retarded by thick crustal units and so may become trapped at depth in dykes (2) with only minor
infilling of the largest and deepest basins (3). As basins are infilled lavas preferentially erupt at rim (5).
Cooling of the lunar interior over time reduces melt availability from deeper mantle reserves. As a
consequence lava effusion rate falls causing more localised young eruptions (6).

The large geographical extent of near-side basalt outcrops, and the sustained time scale on
which they were erupted, suggests that mare basalts were probably erupted in highly effusive
eruptions with some occasional fire-fountain events (Head and Wilson, 1992, Wieczorek et al.
2006 and references therein). Evidence of this fire-fountaining comes from the findings of
spherical pyroclastic glass beads in the Apollo samples (Shearer and Papike, 1993), and from
remote sensing observations of dark mantling deposits and possible fissure vent sites (Wilhelms,
1982; Head and Wilson, 1992, 2002). Lava was transported from sub-crustal magma-chambers
to these eruptive centres by a network of feeder dykes (Fig. 1.11) that probably in many cases
exploited sub-basin fracture/fault structures. Upon eruption, low-viscosity lavas flooded
topographically low horizons forming thick sequences of thin flood basalt flows (Fig. 1.10).
Less frequent episodes of higher viscosity basaltic lava created lobate flows (up to 40 m in
height: Wilthelms, 1982) that flowed for up to as much as 1200 km in some maria (Wilhelms,
1982). Volumetrically, most of the basalts were erupted in the Late Imbrium Period between
~3.7 and 3.3 Ga with effusion rates diminishing after this period as the lunar interior cooled and

mantle melting slowed (Fig. 1.11).
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