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INTRODUCTION 
1.1  Water in the Moon 

The Moon (Fig. 1.1) is Earth’s only satellite with a radius of 1738 km and a bulk density of 
3.34·103kg m-3 (Konopliv et al., 1998). At a present-day average distance of 3.845·105 km, the 
Moon is Earth’s nearest neighbor. For a long time, it was thought the Moon was drier than the 
driest desert on Earth, perhaps with the exception of water ice deposits in permanently shadowed 
regions on the floors of polar craters. The discovery of water in magma (e.g. Saal et al., 2008; 
Hauri et al., 2011) and minerals (e.g. McCubbin et al., 2010; Greenwood et al., 2010; Tartèse et 
al., 2014a,b; Barnes et al., 2016a; Hui et al., 2013) from the ancient interior of the Moon, 
together with the identification of water on many parts of the surface (Pieters, 2009) is one of the 
most spectacular recent findings in planetary science, but the origin and abundance of lunar 
water are all strongly debated. Because of the close links in time and space between the early 
Moon and the early Earth, studies of this unexpected lunar water cycle could provide new 
boundary conditions for water delivery to, and water loss from our own planet - a crucial factor 
in the evolution of life. This thesis attempts to provide new insights into the Moon’s interior 
water cycle, with emphasis on quantifying the amount of water in the Moon during the so-called 
lunar magma ocean (LMO) stage. 

 
1.2  The lunar magma ocean 

The Moon is thought to have formed by accretion of materials ejected during a giant impact 
of a large impactor with the Earth (e.g., Canup and Asphaug, 2001; Canup, 2012; Ćuk and 
Stewart, 2012; Lock et al. 2018, JGR Planets). This collision would have resulted in the 
generation of significant heat, leading to hot lunar formation conditions. As a result, the young 
Moon is thought to have been covered by a global magma ocean, referred to as the lunar magma 
ocean (LMO, e.g., Smith et al., 1970; Wood et al., 1970; Warren, 1985; Rai and van Westrenen, 
2014; Steenstra et al., 2016). Crystallization of the LMO is thought to have created a series of 
concentric cumulate layers with different chemical compositions and mineralogical assemblages, 
and a ferroan anorthosite primary crust via flotation of less-dense plagioclase-rich cumulates 
(e.g., Warren, 1985; Snyder et al., 1992; Shearer et al., 2006; Elkins-Tanton et al., 2011). 

 
 

 
Fig. 1.1. Lunar magma ocean 
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Because the crystallization sequence and composition of these cumulate layers are of primary 
importance for understanding subsequent key events in lunar evolution, including the formation 
of a plagioclase-rich crust and an overturn in the mantle leading to mare basalt volcanism, 
numerous authors have attempted to model the crystallization of the lunar magma ocean (e.g., 
Longhi, 1980, 2003, 2006; Taylor and Jakeš, 1974; Tonks and Melosh, 1990; Snyder et al., 1992; 
Longhi et al., 2010; Elardo et al., 2011; Elkins-Tanton et al., 2011).  

However, these models were based on a limited set of high-pressure, high-temperature 
experiments, requiring theoretical models of phase stability to extrapolate to full magma ocean 
solidification conditions. Most models ignored the possible effect of variable pressures within 
the molten ocean on crystallization. What’s more, the discovery of water in the ancient interior 
of the Moon requires a reassessment of lunar evolution models. Experiments have shown that 
water, even at low concentrations, greatly affects the physical and chemical properties of Earth 
minerals and magmas. For example, a key observation is that water addition inhibits the 
crystallisation of plagioclase with respect to the crystallisation of more mafic phases such as 
pyroxene and olivine. 

To better quantify the evolutionary history of the LMO, including its crystallization sequence, 
the chemical compositions of cumulates, corresponding residual LMO during progressive 
solidification and the quantitative differences between dry and wet LMO solidification scenarios, 
fully experimental models of lunar magma ocean solidification, based on anhydrous and hydrous 
experiments at pressure-temperature (P–T) conditions that are directly relevant for the evolution 
of the lunar interior, are essential. 
 

1.3  Objectives and thesis structure 

This study has three main objectives: 1) to contrast lunar magma ocean (LMO) crystallization 
sequences in dry and wet systems, 2) to provide new quantitative estimates for the water budget 
of the LMO and 3) to assess lunar interior water evolution through time from the LMO stage 
until the end of Late Accretion. The first two objectives are met by performing a set of high-
pressure, high-temperature experiments, whereas the third objective combines experimental data 
with a compilation of literature data on the volatile abundances and isotopic compositions of 
lunar apatite crystals.  
 

1.4   Synthesis 

This thesis is divided into two parts, focusing on LMO solidification and lunar water 
evolution, respectively. The chapters are all written in manuscript format, and have all been 
published in peer-reviewed journals or are currently being assessed for publication. As a result, 
there is overlap between the introductions, methodology, and discussion between some of the 
individual chapters. The first part of this thesis (chapters 2, 3 and 4) LMO crystallization 
sequences are constrained in dry and wet conditions by high pressure and high temperature 
experiments. 

Chapter 2, published in Nature Geoscience, provides a summary of the results presented in 
more detail in Chapters 3 and 4. 

Chapter 3 presents results of a high-pressure, high-temperature experimental study of the 
mineralogical and geochemical evolution accompanying the full solidification of a nominally dry 
LMO. The LMO concept has been used extensively for lunar evolution models for decades, but 
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to date the full cooling and crystallization path of the LMO had not been studied experimentally. 
Experiments used a bulk composition based on geophysical data, and assumed an initial LMO 
depth of 700 km. The effect of pressure within a deep magma ocean on solidification at different 
levels in the ocean was explicitly taken into account, by performing experiments at multiple 
pressures and constant temperature during each solidification step. Results show formation of a 
deep harzburgite (olivine + low-Ca pyroxene) layer in the first ∼50% of equilibrium 
crystallization. The crystallising mineral assemblage does not change until plagioclase and 
clinopyroxene appear at 68 PCS (per cent solid by volume), while low-Ca pyroxene stops 
forming. Olivine disappears at 83 PCS, and ilmenite and β-quartz start crystallizing at 91 and 96 
PCS, respectively. At 99 PCS, we observe an extremely iron-rich (26.5 wt.% FeO) residual LMO 
liquid. Our results differ substantially from the oft-cited LMO solidification study of Snyder et al. 
(1992), which was based on a limited number of experiments at a single pressure. Differences 
include the mineralogy of the deepest sections of the solidified LMO (harzburgitic instead of 
dunitic), the formation of SiO2 in the lunar interior, and the development of extreme iron 
enrichment in the last remaining dregs of the LMO. Our findings shed new light on several 
aspects of lunar petrology, including the formation of felsic and iron-rich magmas in the Moon. 
Finally, based on our experiments the lunar crust, consisting of the light minerals plagioclase and 
quartz, would reach a thickness of ∼67.5 km. This is far greater than crustal thickness estimates 
from recent GRAIL mission gravitational data (34–43 km, Wieczorek et al., 2013). Although the 
initial depth of the LMO has an effect on the thickness of crust produced, this effect is not large 
enough to explain this discrepancy. Inefficient plagioclase segregation, trapping of magma in 
cumulate reservoirs, and Al sequestration in spinel cannot explain the discrepancy either.  

The proportion of plagioclase in the crystallising assemblage of a water-bearing melt is lower 
than the proportion of plagioclase in the crystallising assemblage of a dry melt (Sisson and 
Grove, 1993). This result has the potential to explain the low observed abundance of plagioclase 
in the Moon, compared to predictions from cooling a dry magma ocean. 

Also, the identification of hydrogen in a range of lunar samples, and the similarity of its 
abundance and isotopic composition with terrestrial values, suggest that water could have been 
present in the Moon since its formation. To quantify the effect of water on early lunar 
differentiation, Chapter 4 shows a high-pressure, high-temperature experimental study of the 
mineralogical and geochemical evolution of the solidification of two 700 km deep lunar magma 
oceans (LMO) nominally containing ~1600 and ~3200 ppm H2O equivalent by weight, 
respectively. Crystallization sequences of hydrous LMOs display significant differences with 
those previously determined for nominally dry systems with the same major element 
composition (Chapter 3). Results indicate that plagioclase crystallization is delayed from 68 PCS 
(per cent solidification) in a dry LMO to 71 and 73 PCS at low and high water contents, 
respectively, and that spinel and high-Ca pyroxene form from water-bearing LMOs. Assuming 
complete density driven segregation of crystals from magma, hydrous LMO crystallization at 99 
PCS yields crustal thicknesses of 40–42 km, significantly lower than thicknesses resulting from 
anhydrous LMO crystallization, and within the range of current estimates based on lunar gravity 
data.  

Chapter 4 thus points to a systematic relationship between magma water content and the 
resulting crustal thickness. Considering uncertainties in initial lunar magma ocean depth and 
about the amounts of water loss during wet experiments (was not considered in Chapter 2), I re-
estimate that the Moon may have contained at least 45 to 370 ppm water at the time of magma 
ocean crystallization, suggesting the Earth–Moon system was water-rich from the start.  
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The second part of the thesis (Chapters 5 and 6) aims to assess the early lunar water cycle by 

combining a lunar crust hygrometer from high pressure-temperature experiments with an 
extensive literature review of water and chlorine contents and isotopic ratios in lunar apatites. 

 
Chapter 5 presents an alternative method of estimating the water content in the early Moon, 

using the small amounts of water that have been detected in plagioclase grains from Apollo-era 
lunar highland samples. In principle, hydrogen detected in plagioclase of ferroan anorthosites, 
the only available samples directly crystallized from the lunar magma ocean, can be used to track 
the evolution of the LMO hydrogen content. To date, this approach has been hampered by a lack 
of knowledge of water partitioning between plagioclase and silicate melt under lunar-relevant 
pressure-temperature-composition conditions. I designed and performed a series of high-pressure, 
high-temperature experiments under LMO conditions, quantifying the water contents of 
plagioclase and co-existing silicate melt using Fourier-transform infrared spectroscopy. Our 
results show a strong dependence of the plagioclase-melt partition coefficient for water, Dplag-melt 

water , 
on water concentration in the melt (x, wt.%) at relatively low oxygen fugacities (logƒO2 < -10): 
Dplag-melt 

water  = -6·10-2·x + 0.05 (x≤0.7; R2=0.85). As a result, at the relatively low water contents in the 
lunar interior, Dplag-melt 

water  is approximately ten times higher than previously assumed based on data 
from terrestrial plagioclase-melt systems. Using our newly calibrated partition coefficient in 
combination with the published water content measurements of lunar plagioclase, we conclude 
that the equivalent of ~100 ppm H2O was present in the residual magma when 95 % of the initial 
LMO had crystallized. This is significantly lower than the water content of the residual LMO 
calculated from closed-system LMO crystallization based on the independent estimates of the 
initial LMO water content derived in the first part of this thesis. This indicates >99 % hydrogen 
degassing occurred during lunar magma ocean crystallization. 

Chapter 6 further assesses the early lunar water cycle based on an extensive literature review 
of water and chlorine contents and isotopic ratios in lunar apatites. I show that hydrogen and 
chlorine isotopic ratios in lunar apatite changed significantly during Late Accretion (LA, 4.1–3.8 
billion years ago). Pre-LA carbonaceous chondrite-like D/H ratios in the Moon transition to 
higher post-LA values, whereas pre-LA elevated δ37Cl values transition towards lower chondrite-
like values. These observations are consistent with an influx of ordinary-chondrite (OC) material 
during the LA, with high isotopic variability during this period reflecting variable mixing 
between the indigenous and OC sources. Inferred pre-LA lunar interior water contents are 
significantly lower than pristine values suggesting degassing, followed by an increase during the 
LA. These trends are consistent with dynamic models of Solar System evolution, suggesting that 
the Moon’s (and the Earth’s) initial volatiles were replenished ~0.5 Ga after their formation, with 
their final budgets reflecting a mixture of sources and delivery times. 

The synthesis of this work is summarized graphically in Figure 1.2, showing the water 
content in the interior of the Moon (in terms of OH equivalent concentrations in ppm) as a 
function of time during the first 1.5 billion years of lunar history. The early lunar water cycle 
was highly dynamic, with a wet start followed by extensive degassing and replenishment during 
late accretion. 
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Fig. 1.2. Lunar water evolution 
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