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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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Chapter 2 

Evidence for an early wet Moon from experimental 
crystallization of the lunar magma ocean 
Published as: Lin, Y., Tronche, E.J., Steenstra, E.S., van Westrenen, W., (2017). Evidence for an 
early wet Moon from experimental crystallization of the lunar magma ocean. Nature Geoscience 
10, 14-18. 

 
Abstract 
The Moon is thought to have been covered initially by a deep magma ocean, its gradual 
solidification leading to the formation of the plagioclase-rich highland crust. We performed a 
high-pressure, high-temperature experimental study of lunar mineralogical and geochemical 
evolution during magma ocean solidification, yielding new constraints on the presence of water 
in the earliest lunar interior. Experiments show a deep layer containing both olivine and 
pyroxene is formed in the first ∼50% of crystallization, β-quartz forms towards the end of 
crystallization, and the last per cent of magma remaining is extremely iron-rich. In dry 
experiments, plagioclase appears after 68 vol.% solidification and yields a floatation crust with a 
thickness of ~68 km, far above the observed average of 34-43 km based on lunar gravity. Water-
bearing experiments show a major decrease in the volume of plagioclase formed during ocean 
crystallization. Using crustal thickness as a hygrometer and considering uncertainties in initial 
magma ocean depth, we conclude that the Moon contained at least 270–1650 ppm water at the 
time of magma ocean crystallization, indicating the Earth-Moon system was water-rich from the 
start.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: Lunar magma ocean, Experimental petrology, Lunar crust, Wet Moon 
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2.1. Introduction 
The magma ocean concept has been a cornerstone of lunar evolution models since the 

return of the first lunar samples (Warren, 1985; Snyder et al., 1992). A magma ocean stage is 
very likely if the Moon formed from the debris of a highly energetic collision between the Earth 
and another large planetary body (Cuk and Stewart, 2012; Canup, 2012). Studies of early 
metallic core segregation in the Moon also suggest very high initial temperatures consistent with 
a deep magma ocean (Rai and van Westrenen, 2014; Steenstra et al., 2016). Crystallization of the 
lunar magma ocean (LMO) is thought to create a series of concentric cumulate layers with 
different chemical compositions and mineralogical assemblages, including an anorthositic crust 
via floatation of low-density plagioclase-rich cumulates (Warren, 1985; Snyder et al., 1992; 
Shearer et al., 2006). The crystallization sequence and composition of cumulate layers drive 
subsequent events in lunar evolution, including the proposed buoyancy-driven overturn of the 
mantle leading to mare basalt volcanism, and prior studies have modelled magma ocean 
crystallization for a variety of ocean compositions and depths (Snyder et al., 1992; Longhi, 1980; 
Tonks and Melosh, 1990; Elardo et al., 2011). Most previous models (summarized in Fig. 2.1a–d) 
produce broadly similar cumulate assemblages, with Mg-rich olivine crystallizing first, followed 
by orthopyroxene, creating a dunite layered covered by harzburgite in the lower lunar mantle 
(Snyder et al., 1992; Elardo et al., 2011). Anorthitic plagioclase begins to crystallize late (after > 
70 per cent solidification by volume, PCS) floating to the surface to form the primary lunar crust. 
Corresponding mafic cumulates become more Fe-rich as crystallization proceeds and after > 95 
PCS a dense ilmenite-rich layer forms (Snyder et al., 1992). The final residual LMO dregs 
become enriched in potassium (K), rare earth elements (REE), and phosphorus (P), forming the 
source for KREEP-rich magmatic rocks (Snyder et al., 1992; Shearer et al., 2006; Warren and 
Wasson, 1979). 

These prior models were based on a limited set of high-pressure experiments, requiring 
numerical models to extrapolate to full magma ocean solidification. Most models ignored the 
effects of variable pressures within the molten ocean on crystallization. None of these models 
focused on the possible presence of water in the lunar interior at any stage of its evolution, as 
they predated the discovery of water in lunar samples. Since ~2008, the traditional view of a dry 
Moon (Taylor et al., 2006) has been challenged by the identification of water in lunar pyroclastic 
glasses (Saal et al., 2008), lunar minerals including apatite (McCubbin et al., 2010; Boyce et al., 
2010; Hui et al., 2013) and melt inclusions in lunar olivine (Hauri et al., 2011; Chen et al., 2015). 
Water could therefore play an important role in the evolution of the Moon, including during the 
crystallization of the LMO (Hui et al., 2013).  
      
4.2. High-pressure experiments to simulate magma solidification 

We performed high-pressure, high-temperature experiments to simulate LMO 
crystallization in dry and water-bearing conditions, in the system Ca-Fe-Mg-Al-Ti-Si-O 
(CFMATS). We assume an initial LMO depth of 700 km, in the middle of the range of current 
estimates between 400 and 1000 km (Elkins-Tanton et al., 2011). The starting composition, 
based on geophysical data for the Moon (Khan et al., 2007), is slightly lower in aluminium 
abundance and higher in iron abundance than the Lunar Primitive Upper Mantle (LPUM) 
composition used for the oft-cited LMO numerical model of Snyder et al. (1992), and has the 
same aluminium content as the Bulk Silicate Earth (McDonough and Sun, 1995) (Table S2.1). 
During each step of LMO crystallization, the effects of pressure in the molten ocean on magma 
crystallization were taken into account explicitly. We assume that due to convection, the lunar 
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magma ocean is isothermal. In each step, we performed several isothermal experiments at the 
range of pressures covering the depth of the ocean in that particular step. This mimics the 
behavior of a real-world magma ocean in that the deepest parts of the magma generally produce 
the highest proportion of crystallizing phases. Details of starting material synthesis and 
experimental conditions are given in the Methods and Supplementary Information, respectively. 

4.3. Solidification of a dry magma ocean 
Results of our crystallization experiments are summarized in Table 2.1 and 

Supplementary Table 2.2, and in Figure 2.1e–f. In a dry LMO (Fig. 2.1e), olivine (Fo97-88) and 
low-Ca pyroxene (En88-85Fs12-10Wo1-3; referred to as Opx hereafter) crystallize together as the 
first assemblage phase, with the Opx/olivine ratio decreasing at shallower levels in this initial 
LMO. As crystallization proceeds and the bottom of the remaining LMO shallows upon cooling, 
Opx is replaced by Ca-bearing pyroxene ((En76-49Fs39-18Wo6-12; referred to as Cpx hereafter). The 
appearance of Cpx is almost simultaneous with that of plagioclase at 1240 °C in a dry LMO. The 
crystallizing assemblage of co-existing olivine and Opx is replaced by olivine, Cpx and 
plagioclase from 68 to 83 PCS. Subsequently, olivine disappears. Ilmenite starts forming from 91 
PCS. We found β-quartz, a phase that was not observed in previous LMO crystallization models, 
starts forming at 1100 °C and 0.4 GPa. Due to its low density it is expected to float towards the 
bottom of the plagioclase crust. Ferroan anorthosites in the lunar sample collection are typically 
poor in quartz, instead containing significant proportions of olivine (Steele and Smith, 1973). In 
our experiments, early-formed plagioclase coexists with olivine. This suggests that older LMO 
plagioclase grains (including some olivine) form the top of the lunar crust, whereas younger 
quartz-rich plagioclase cumulates may be hidden in deeper crustal sections. Overall cumulate 
layer density increases with decreasing depth. This gravitationally unstable configuration 
eventually leads to an overturn of the lunar mantle after completion of LMO solidification 
(Snyder et al., 1992; De Vries et al., 2010).  

The MgO content and Mg# (molar Mg/(Mg+Fe)) of the residual magma decrease 
continuously as crystallization progresses (Table S2.2). SiO2 increases gradually with minor 
fluctuations until 96 PCS, and then decreases sharply with the occurrence of β-quartz. Magma 
CaO and Al2O3 increase steadily to maxima of 11.4 wt.% and 15.8 wt.% around 80 PCS, 
respectively, after which plagioclase and Cpx appear. The appearance of ilmenite at 91 PCS 
significantly affects the shape of the curves for the TiO2 and FeO concentrations. In sharp 
contrast to the calculations of Snyder et al. (1992), magma FeO shows extreme enrichment in the 
final crystallization steps, ending at > 26 wt.%. 
  Fig. 2.1e shows a comparison of the dry crystallization sequence of this study compared 
to the dry models of Snyder et al. (1992) and Elardo et al. (2011) (Fig. 2.2a–d). The Snyder et al. 
model did not consider the full range of applicable LMO pressure regimes and assumed a 78 
PCS equilibrium cutoff, and the Elardo model only gave experiment results up to 78 PCS with a 
50 PCS equilibrium cutoff under a limited set of pressure conditions. Because Elardo et al. (2011) 
focused on early LMO evolution, their study did not yield plagioclase, ilmenite or quartz. Fig. 
2.1 shows the significant differences in crystallized sequences with these previous studies, 
including a different deep cumulate mineralogy, earlier formation of plagioclase, and late 
formation of quartz.  
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Fig. 2.1. Comparison of LMO 
crystallization sequences from this 
study and literature.  
(a) Numerically determined 
crystallization sequence from Snyder 
et al. (1992); (b-d) experimentally 
determined crystallization sequences 
up to 78 PCS for the LPUM bulk 
Moon compositions at 1, 2 and 4 GPa 
from Elardo et al. (2011); (e) dry 
system experiments and (f) 
experiments in a system containing 
3150 ppm water in a LMO with initial 
depth of 700 km. Cpx = clinopyroxene; 
Opx = orthopyroxene. 

 
 
2.4. A clear discrepancy with observations 

The thickness of the lunar crust (consisting of plagioclase and quartz) resulting from the 
solidification of a dry LMO is 67.5 km at 99 PCS, assuming full segregation of both phases (Fig. 
2.2). This is far greater than observed based on the recent GRAIL gravity field mission to the 
Moon (Wieczorek et al., 2013) which constrains average crustal thickness to 34−43 km. 
Changing the assumed bulk composition of the LMO would affect the resulting crustal thickness. 
The aluminium content of our starting composition  (4.5 wt.% Al2O3) is close to that of the Bulk 
Silicate Earth (BSE, 4.4 wt.% Al2O3), and is mildly enriched in iron, conforming to current 
thinking about similarities in composition between the Moon and the BSE (Table S2.1). The 
large mismatch in crustal thickness between our experiments and gravity-based observations 
develops despite the fact that the aluminium content of our bulk composition, which correlates 
with the potential for plagioclase formation, is lower than most lunar composition models (Table 
S2.1). The Al2O3 concentration in the Moon required to yield a crustal thickness of less than 43 
km would be < 3.0 wt.%, a value that is far below all current lunar compositional models (Table 
2.1).  

Imperfect segregation of plagioclase and quartz to the lunar crust would yield a thinner 
crust (as part of the plagioclase and/or quartz produced would remain in the lunar mantle), but 
the efficiency of segregation would have to be unrealistically low to explain the large 
discrepancy. Finally, crustal thickness depends on the assumed initial depth of the magma ocean. 
Assuming no Al-rich phase solidifies at high pressure, total crustal thickness based on 
thermodynamic modeling (Davenport et al., 2014) is > 70 km if the initial dry LMO depth is 
1000 km, and ~52 km for a 400 km deep dry LMO. Overall, even when considering these 
uncertainties, it is clear that crystallization of a dry LMO leads to a lunar highland crust that is 
significantly thicker than observed.  
 
4.5. The effect of water on magma ocean solidification 

This major discrepancy can be solved by incorporating the effect of the presence of water 
in the Moon at the time of LMO crystallization. Experimental studies of terrestrial magmatism 
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have previously shown that water addition inhibits the crystallization of plagioclase with respect 
to crystallization of more mafic phases (pyroxene and olivine) (Sisson and Grove, 1993). The 
effect of water addition on lunar crustal thickness was quantified by performing fractional 
crystallization experiments of two wet LMO compositions by adding 0.5 and 1.0 wt.% H2O, 
respectively, to the melt composition that yielded the first plagioclase crystals in dry experiments 
(step LBS5, Table 2.1). This approach is equivalent to adding 1575 and 3150 ppm water to a 700 
km deep magma ocean, assuming water does not significantly affect the olivine/opx ratio during 
the earlier crystallization steps (Sisson and Grove, 1993). At our experimental conditions, the 
H2/(H2+H2O) ratio is small (0.1–0.3) as expected for the Moon (Hirschmann et al., 2012), and we 
report all water as H2O. In all subsequent crystallization steps, water loss from the LMO was 
assumed to be minimal (i.e., we assumed no significant degassing of water from the Moon 
occurred during LMO crystallization) leading to an increase in the water content of the residual 
magma with each crystallization step. Results of wet experiments are summarized in Table 2.1, 
and the mineralogy of a solidified LMO initially containing 3150 ppm water is shown in Fig. 1f. 
Consistent with data from terrestrial systems (Sisson and Grove, 1993), wet crystallization 
experiments show a delay in the appearance of plagioclase. At 1575 and 3150 ppm water, 
plagioclase appears after 71 and 73 PCS respectively, compared to 68 PCS in the dry system. 
The total amount of plagioclase also decreases with increasing water content, with Al 
substituting into pyroxene and spinel (Sisson and Grove, 1993). 
 
4.6. Water in the Earth-Moon system 

The net effect of adding water on the resulting crustal thickness at 99 PCS is non-linear, 
as summarized in Fig. 2.2. Adding 1575 ppm water to an initially 700 km deep LMO decreases 
final crustal thickness from 67.5 to 42 km, within the GRAIL range, while addition of 3150 ppm 
water addition yields a crust of 40 km. We estimated the effect of water addition to magma 
oceans of 400 or 1000 km initial depth assuming the same fractional decrease in plagioclase 
production with water content as measured in our experiments (Fig. 2.2). By combining our dry 
and wet results we estimate that the LMO must have contained at least 500 ppm water to yield 
the crustal thickness observed by GRAIL if the LMO was shallow, and >1800 ppm water if the 
LMO was deep (Fig. 2.2). This translates to water abundances in the whole Moon (assuming all 
rocks underneath the bottom of the magma ocean were devoid of water) of at least 270–1650 
ppm water at the time of LMO crystallization, with deeper initial magma oceans necessitating a 
wetter Moon. Additional experiments further quantifying the effects of LMO depth and LMO 
composition can improve these estimates. 
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Fig. 2.2. Average thickness of the 
lunar crust as a function of initial 
lunar magma ocean water content. 
Filled circles and solid line show 
experimental results from this 
study, triangles and squares 
connected by dotted lines show 
crustal thickness curves assuming 
different lunar magma ocean 
(LMO) depths calculated using 
thermodynamic modeling 
(Davenport et al., 2014). Grey bar 
shows observed average crustal 
thickness of 34–43 km based on 
GRAIL data (Wieczorek et al., 
2013). 

 
Inefficient segregation of 

plagioclase and quartz would yield a thinner crust (lowering the amount of water required). On 
the other hand, although we have taken utmost care to minimize the amount of water in our dry 
experiments (see Methods), our nominally anhydrous experiments could contain up to ~0.05 wt. % 
water (Médard et al., 2008), equivalent to having ~160 ppm water in the initial magma ocean. If 
this were the case, the minimum amount of water required to explain the observed lunar crustal 
thickness would increase by up to 20%. Finally, we reiterate that our wet experimental series 
assume no degassing took place during LMO crystallization. As a result, the water content of the 
magma increases with progressive crystallization. Interpretations of volatile contents of lunar 
samples often invoke (the possibility of) degassing (Saal et al., 2008; Tartèse et al., 2014). To 
first order, if the later stages of LMO crystallization occurred in a water-poor environment due to 
degassing, earlier stages must have been characterized by even higher water contents than 
estimated based on our experiments, to yield an overall crustal thickness consistent with 
observations. There may be multiple pathways to reach a final crustal thickness of 34–43 km, but 
all of them involve the presence of water during LMO crystallization.   

The estimated lower bound on lunar interior water content is consistent with a single 
study of the measured water content of plagioclase in lunar highland samples (Hui et al., 2013), 
but water contents of the lunar interior based on analyses of samples that postdate the LMO stage 
(Saal et al., 2008; McCubbin et al., 2010; Hauri et al., 2011) generally yield much lower values. 
This suggests that the Moon was wet from the start, and that significant water was subsequently 
lost from the lunar interior, through degassing either during or after the magma ocean stage. A 
wet start of the Moon, coupled with the strong similarities between the composition of the Moon 
and the composition of the silicate Earth, suggests that equally high concentrations of water were 
present in the Earth at the time of the Moon-forming event (Cuk and Stewart, 2012; Canup, 
2012). 
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Table 2.1. Summary of experimental results. 

 

Conditions

T (�C) Mineral assemblage 
(volume %) PCS

Floating 
crustal 

thickness 
(100% 

plagioclase) 
(km)

Mineral assemblage 
(volume %) PCS

Floating 
crustal 

thickness 
(100% 

plagioclase) 
(km)

Mineral assemblage 
(volume %) PCS

Floating 
crustal 

thickness 
(100% 

plagioclase) 
(km)

0 0

1550
83% Olivine (Fo97-88) + 
17% Pyroxene (En88-

85Fs12-10Wo1-3)

LBS1

1575 ppm water 3150 ppm water

Wet ExperimentDry 
Experiment

49.6 0

1400
36% Olivine (Fo88-86) + 

64% Pyroxene (En86-

85Fs13-11Wo2-3)

LBS2

LBS1

60.0 0

1340
92% Olivine (Fo87-86) + 

8% Pyroxene  

(En85Fs12Wo3)

LBS3

LBS2

63.8 0

1280
59% Olivine (Fo87-82) + 
41% Pyroxene (En82-

80Fs16-15Wo3-4)

LBS3

LBS4

68.5 0 68.5 0 68.5 0

1240

11% Olivine (Fo83) + 
55% Pyroxene (En75-

74Fs19Wo6) + 34% 
Plagioclase

10% Olivine (Fo83) + 
90% Pyroxene (En81-

80Fs17-16Wo4-3)

Olivine (Fo83)

76.1 12.3 71.6 0 69.6 0

1220

10% Olivine (Fo81) + 
60% Pyroxene (En76-

69Fs21-18Wo10-6) + 30% 
Plagioclase

32% Olivine (Fo80-78) + 
45% Pyroxene (En76-

73Fs20Wo7-4) + 23% 
Plagioclase

Pyroxene (En79-75Fs18-

17Wo7-4)

79.3 16.8 75.8 4.5 73.3 0

1200

10% Olivine (Fo79) + 
30% Pyroxene (En76-

75Fs19-18Wo6) + 60% 
Plagioclase

59% Pyroxene  (En73-

71Fs22-21Wo7-6) +41% 
Plagioclase

20% Olivine (Fo81) + 
60% Pyroxene  (En78-

77Fs19-18Wo4) + 20% 
Plagioclase

82.8 26.5 81.0 14.6 76.8 3.2

1180
42% Pyroxene 

(En71Fs22Wo7) + 58% 
Plagioclase

60% Pyroxene (En66-

63Fs25-24Wo12-10) + 40% 
Plagioclase

87.2 39.0 82.6 14.1

1160
50% Pyroxene 

(En70Fs24Wo6) + 50% 
Plagioclase

62% Pyroxene 

(En60Fs28Wo12) + 38% 
Plagioclase

91.1 48.0 88.5 24.9

1130

50% Pyroxene 
(En63Fs31Wo6) + 45% 
Plagioclase + 5% 

Ilmenite

56% Pyroxene 
(En35Fs31Wo34) + 9% 
Plagioclase + 7% 
Ilmenite + 17% 

Quartz + 11% Spinel

96.4 60.2 94.7 32.2�

1100

33% Pyroxene 
(En49Fs39Wo12) + 39% 
Plagioclase + 12% 

Ilmenite + 16% 
Quartz

99.0 67.5�
� including quartz; PCS, per cent solid by volume.
At PCS=99.0, the calculated crustal thickness is 42 km (SD=1.13) at 1575 ppm water, and 40 km (SD=1.28) at 3150 ppm water, respectively.

LBS10H

LBS5H

LBS6H

LBS7H

LBS8H

LBS9H

LBS4

LBS6

LBS5

LBS11

LBS10

LBS9

LBS8

LBS7



! 19!

METHODS 
Experimental design. The initial depth of the magma ocean was taken to be 700 km, well within 
the estimated range of 500–1000 km (Elkins-Tanton et al., 2011). Table S2.1 shows a 
comparison between the bulk composition of the LMO chosen for this study, other LMO 
crystallization studies, and the Bulk Silicate Earth (McDonough and Sun, 1995). The process of 
LMO crystallization was investigated by adopting a ‘two-stage’ model, with equilibrium 
crystallization persisting until 50 per cent solidification (PCS) based on calculations of the ability 
of suspending crystals in a cooling and convecting magma ocean (Tonks and Melosh, 1990). We 
used a stepwise experimental approach for fractional crystallization of the LMO (Table S2.2) 
with starting materials for the second step based on the composition of the residual liquid of the 
first crystallization step with removal of the corresponding crystals. 

The depth of the residual LMO is based on a calculation of the increasing radius of solid 
material accumulating on the bottom of the magma ocean. The volume and composition of the 
cumulate pile and residual LMO for each step are calculated and weighed proportionally. 
Because of the spherical shape of the Moon, crystallization occurring in deeper parts of the LMO 
contributes less volumetrically than crystallization at shallow levels. Each crystallization step 
was performed at 1 to 7 different pressures depending on the remaining depth of the magma 
ocean, and at as many temperatures as required to approach the targeted crystallization 
percentage. 
 
Starting materials. Dry and wet starting materials were prepared by mixing appropriate 
amounts of high purity (99.5–99.99%, Alfa Aesar) powdered (hydr)oxides (MgO, Mg(OH)2, 
Fe2O3, Al2O3, Al(OH)3, TiO2, SiO2) and CaCO3 (99.95–100.05%, Alfa Aesar). The oxides MgO, 
Al2O3, TiO2 and SiO2 were fired overnight at 1000 °C and then stored at 110 °C. The other 
oxides, hydroxides and calcium carbonate were dried at 110 °C overnight prior to use. After 
mixing nominally dry starting materials under ethanol in an agate mortar for 1 hour, they were 
dried in air and decarbonated in a Pt crucible in a box furnace by gradually raising the 
temperature from 650 to 1000 °C in approximately 7 hours. The Pt crucible had previously been 
iron-saturated to minimise iron loss. The resulting mixtures were melted for 20 mins at 1500 °C 
to promote homogeneity. They were quenched by immersing the bottom of Pt crucible in water. 
Small fragments of all resulting glasses were embedded in epoxy, polished, carbon-coated and 
analyzed for homogeneity by electron microprobe. The glasses were subsequently crushed, dried, 
and reground under ethanol in an agate mortar for 1 hour and then kept at 110 °C until use. For 
water-bearing experiments, water was added to dry glass using Mg(OH)2 or Al(OH)3. 
 
High-pressure experiments. High-pressure, high-temperature experiments were performed in a 
piston cylinder press using a half-inch (12.7 mm) diameter talc-pyrex cell assembly (van Kan 
Parker et al., 2011). For these experiments a hand-machined graphite bucket, with an ID of 0.7 
mm, OD of ∼1.7 mm and a length of 3–4 mm, was filled with starting material, closed with a 
graphite lid and inserted in a Pt capsule, with an ID of 1.7 mm, OD of 2 mm, and a length of 5–7 
mm. The bottom of the Pt capsule was triple crimped, flattened and welded shut at one end. After 
inserting the graphite capsule the other end was crimped and welded shut. For the dry 
experiments, capsules were held at 575 °C for ∼10 min before closing and welding shut, to drive 
off residual moisture. The oxygen fugacity is around 1.1 log units below the IW buffer in this 
assembly, so that iron is present in the 2+ valence state. Temperature was monitored using a 
W97Re3–W75Re25 (type D) thermocouple and Eurotherm 2404 or Omega CN76000 
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programmable controller. The center of the sample was located in the hotspot of the assembly, 2 
mm away from the thermocouple tip end, so that sample temperatures were within 10 °C of the 
thermocouple reading (Watson et al., 2002). Experiments were pressurized cold and then heated 
while maintaining pressure. Pressures range from 0.4 to 3 GPa and temperatures from 1100 to 
1550 °C. Experiments at 1 atm were run in a high-temperature box furnace (temperatures 
between 1200 and 1550 °C). Experiment duration varied between 2 and 100 hours depending on 
the melting degree and temperature. At completion of an experiment, runs were quenched by 
cutting power to the heater and the temperature typically dropped below the glass transition in < 
10 s. 

 
Analytical techniques. Experimental run products were mounted in epoxy and polished for 
back-scattered electron (BSE) imagery used to assess the texture and mineralogy, and then 
carbon coated for electron microprobe analysis (EMPA). The chemical composition of the run 
product phases (minerals and quenched melts) was determined using a JEOL JXA-8800M 
Electron Microprobe at Utrecht University, and checked for contamination and iron loss. 
Analysis were done using an accelerating voltage of 15 kV and a beam current of 20 nA for Si, 
Ti, Al, Fe, Mg and Ca. The mineral and melt proportions were determined by mass balance 
calculations and area percentage using an EDAX-EDS system in imaging mode. We used three 
different focused beams of 1, 10 and 20 µm diameter for the mineral phases, glassy quenched 
melts nearly free of quench crystals and quenched melts, respectively. Analyses were calibrated 
against primary standards of diopside (Ca, Si), fayalite (Fe), ilmenite (Ti), olivine (Mg) and 
orthoclase (Al). Peak areas were converted to concentrations using standard values. Peak count 
times were 20 seconds and background count time 10 seconds. Compositions reported here are 
based on the average of 5–10 analyses. EMPA analyses of all glasses in the water-bearing 
experiments show totals that are significantly smaller than 100 per cent, correlating with the 
expected abundance of water derived from mass balance calculations, indicating water was 
retained during the experiments.  
 
Demonstration of equilibrium. Texturally, mineral-melt contacts are straight without resorption 
textures. Low standard deviations for individual phase analyses in each experiment show that 
mineral grains are homogeneous in composition. Olivine–liquid Fe–Mg exchange coefficients, 
KD, corrected for the effects of temperature, pressure and composition (Toplis, 2005) vary from 
0.24 to 0.30, well within the equilibrium value range of 0.17–0.45 (Toplis, 2005). The average 
KD

Fe-Mg values for pyroxene ranges from 0.23 to 0.41 except for one experiment at 1100 °C 
(0.11), which is consistent with the equilibrium value range of 0.20−0.40 (Sisson and Grove, 
1993; Grove and Bryan, 1983; Kinzler and Grove, 1992).  
 
Calculation of crustal thickness at 99 PCS in water-bearing systems. In all three 
experimental series strong linear trends are observed when plotting crustal thicknesses (CT) 
derived from our experiments (based on the production of plagioclase + quartz) against LMO per 
cent solidification (PCS): 
In the nominally dry system, CT = 2.29 * PCS – 161 (R2=0.99); 
At 1575 ppm water in the initial LMO, CT = 1.57 * PCS – 113 (R2=0.98); 
At 3150 ppm water in the initial LMO, CT = 1.58 * PCS – 117 (R2=0.99); 
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Based on these trends, at 99 PCS CT is calculated to be 66 km in the dry system (in excellent 
agreement with the thickness of 67.5 km based on the 99 PCS dry experiments), 42 km at 1575 
ppm water, and 40 km at 3150 ppm water. These are the thicknesses plotted in Figure 2.2.  
 
Code availability. The code used to generate the thermodynamic models shown in Figure 2.2 is 
readily available at the Lunar and Planetary Institute website, 
http://www.lpi.usra.edu/lunar/tools/crystallizationcalculation/ 
 
Data availability. The authors declare that all relevant data supporting the findings of this study 
are available within the article and its Supplementary Information files, or available upon request 
from the corresponding author.  
 
 

Supplementary Information: 

Table S2.1: Compositional models for the bulk silicate Moon. 
  !

 
 
 
Table S2.2 (next page): Overview of experimental results of dry lunar magma ocean 
solidification. 

Tay32 RSW133 RSW233 WSI34 B�T635 J�D36 MHA37 O'N38 HAU39 SNY2 ELA11 BSE22> This>study
SiO2 43.50 43.20 44.20 46.00 48.40 43.50 43.30 44.60 45.00 48.40 45.90 44.90 45.49
TiO2 0.30 0.30 0.42 0.30 0.40 0.29 0.39 0.17 0.20 0.40 0.15 0.20 0.53
Al2O3 6.00 3.70 5.20 7.00 5.00 5.80 7.58 3.90 4.45 5.00 4.15 4.43 4.50
FeO 13.00 12.20 13.50 12.40 12.90 16.10 13.00 12.40 8.05 12.00 8.15 8.04 10.50
MnO 0.00 0.16 0.18 0.00 0.00 0.00 0.15 0.17 0.14 0.00 0.12 0.35 0.00
MgO 32.00 36.90 31.90 27.60 29.00 29.90 29.10 35.10 37.80 29.90 38.40 37.80 35.74
CaO 4.50 3.03 4.20 5.50 3.83 4.60 6.13 3.30 3.55 3.83 2.95 3.53 3.23
K2O 0.01 0.00 0.00 0.06 0.00 0.00 0.01 0.00 0.01 0.04 0.01 0.03 0.00
Na2O 0.09 0.06 0.08 0.60 0.15 0.00 0.10 0.05 0.12 0.13 0.10 0.36 0.00
Cr2O3 0.00 0.32 0.36 0.50 0.30 0.00 0.30 0.47 0.00 0.30 0.50 0.38 0.00
Mg# 81 84 81 80 78 77 80 83 89 82 89 89 86
All>values>except>Mg#>(molar>MgO/[MgO+FeO])>are>in>wt.%;>BSE,>bulk>silicate>Earth
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T"(⁰C) P"
(GPa)

Duration"
(h) Phase n SiO2 TiO2 Al2O3 FeO MgO CaO

Phase"
proportion"
(modal"%)

Olivine 10 40.25 0.02 0.16 11.39 47.97 0.22 45
Opx 9 55.10 0.12 3.76 7.35 32.26 1.40 30
Liquid 8 43.90 1.64 12.01 12.95 18.58 10.91 25
Olivine 10 40.47 0.01 0.13 10.49 48.72 0.18 45
Opx 8 55.10 0.15 3.92 7.80 31.50 1.51 30
Liquid 9 44.01 1.65 12.11 14.32 17.82 10.10 25
Olivine 10 40.97 0.01 0.10 8.44 50.35 0.12 40
Opx 7 56.78 0.08 1.84 7.03 33.43 0.84 10
Liquid 9 50.66 1.08 9.18 12.59 19.98 6.49 50
Olivine 10 40.67 0.01 0.07 10.23 48.88 0.13 45
Opx 8 56.88 0.11 1.63 7.08 33.56 0.74 10
Liquid 9 49.43 1.17 10.06 13.24 19.29 6.81 45
Olivine 10 40.67 0.01 0.07 10.23 48.88 0.13 45
Opx 7 56.88 0.11 1.63 7.08 33.56 0.74 10
Liquid 10 49.43 1.17 10.06 13.24 19.29 6.81 45
Olivine 10 41.07 0.01 0.08 8.34 50.36 0.13 45
Opx 7 56.69 0.12 2.19 6.98 33.01 1.00 10
Liquid 7 49.07 1.18 9.89 12.73 19.60 7.19 45
Olivine 9 40.56 0.02 0.06 9.02 50.22 0.13 40
Liquid 10 49.51 0.97 8.35 12.89 22.46 5.83 60
Olivine 8 40.56 0.02 0.06 9.02 50.22 0.13 40
Liquid 9 49.51 0.97 8.35 12.89 22.46 5.83 60
Olivine 7 41.60 0.01 0.09 3.18 55.02 0.10 30
Liquid 10 45.07 0.53 4.45 12.27 34.60 3.08 70
Olivine 7 39.86 0.03 0.09 11.19 48.54 0.24 15
Opx 9 55.52 0.17 2.84 7.50 32.77 1.34 30
Liquid 10 47.13 1.73 13.14 11.77 15.32 11.19 55
Olivine 8 39.83 0.03 0.08 13.55 46.16 0.23 20
Opx 8 55.37 0.20 2.43 8.44 31.81 1.17 20
Liquid 8 48.60 1.61 13.41 12.96 13.42 10.02 60
Olivine 7 37.94 0.03 0.08 13.73 47.88 0.22 10
Opx 8 53.98 0.22 2.28 8.79 32.98 1.16 20
Liquid 10 47.05 1.53 12.18 13.75 16.48 9.04 70
Olivine 5 37.94 0.03 0.08 13.73 47.88 0.22 10
Opx 7 53.98 0.22 2.28 8.79 32.98 1.16 20
Liquid 10 47.05 1.53 12.18 13.75 16.48 9.04 70

0 2 Liquid 10 47.44 1.08 8.86 12.98 23.02 6.59 100
Olivine 8 40.80 0.03 0.06 12.53 46.53 0.25 15
Opx 5 55.86 0.23 2.90 8.03 31.51 1.47 3
Liquid 10 48.73 1.54 13.19 12.85 14.31 9.62 82
Olivine 6 40.69 0.03 0.05 12.91 46.26 0.26 10
Liquid 10 48.31 1.47 12.77 13.35 15.05 9.29 90
Olivine 8 40.69 0.03 0.05 12.91 46.26 0.26 10
Liquid 9 48.31 1.47 12.77 13.35 15.05 9.29 90

0 2 Liquid 9 47.39 1.33 11.37 13.29 18.63 8.24 100
Olivine 5 40.80 0.03 0.06 12.53 46.53 0.25 5
Opx 8 53.97 0.43 5.68 10.46 28.08 2.06 20
Liquid 10 47.31 1.80 15.93 13.00 10.10 11.76 75
Olivine 9 39.41 0.07 0.82 16.54 42.70 0.70 13
Opx 5 56.25 0.36 3.03 9.80 29.70 1.59 2
Liquid 10 49.41 1.62 14.89 13.00 11.49 10.40 85
Olivine 8 39.41 0.07 0.82 16.54 42.70 0.70 13
Opx 5 56.25 0.36 3.03 9.80 29.70 1.59 2
Liquid 10 49.41 1.62 14.89 13.00 11.49 10.40 85

0 3 Liquid 10 48.17 1.45 12.50 13.22 15.81 9.10 100
Olivine 6 39.91 0.04 0.06 16.08 43.89 0.24 8
Cpx 8 53.37 0.45 4.88 11.83 26.72 2.94 15

Plagioclase 10 45.37 0.07 33.90 0.84 0.59 19.15 15
Liquid 10 49.89 2.59 14.64 13.96 7.55 11.57 62
Cpx 8 53.70 0.70 3.94 12.16 26.50 3.21 25

Plagioclase 8 46.70 0.08 32.61 0.96 0.87 18.71 10
Liquid 10 47.89 2.33 15.38 14.18 8.73 11.68 65

0 4 Liquid 10 49.02 1.57 14.58 12.39 12.22 10.37 100
Olivine 7 39.71 0.07 0.08 17.84 41.95 0.27 4
Cpx 7 54.15 0.54 3.81 11.47 26.83 2.91 4

Plagioclase 7 45.90 0.07 33.67 0.72 0.54 19.15 2
Liquid 10 48.14 2.70 14.73 12.75 7.97 11.86 90
Cpx 10 51.86 0.56 5.30 13.05 23.45 4.79 20

Plagioclase 9 45.80 0.06 33.57 0.74 0.51 19.13 10
Liquid 10 48.17 2.10 15.25 12.30 9.01 11.53 70

0 6 Liquid 10 47.62 2.09 14.66 12.29 9.88 10.92 100
Cpx 8 53.20 0.68 3.87 11.64 27.35 3.26 10

Plagioclase 9 45.63 0.06 33.78 0.58 0.50 19.45 20
Liquid 9 49.20 2.50 15.85 12.97 8.65 10.82 70
Olivine 7 38.71 0.06 0.19 19.38 41.33 0.33 5
Cpx 7 53.27 0.62 3.35 12.51 27.28 2.97 5

Plagioclase 7 45.33 0.17 33.56 0.98 0.77 19.19 10
Liquid 9 48.96 2.61 15.65 13.28 8.75 10.75 80

0 8 Liquid 10 48.80 2.43 15.77 12.93 9.25 10.81 100
Cpx 10 52.59 0.97 5.10 13.47 24.59 3.28 11

Plagioclase 10 46.23 0.10 33.44 0.85 0.57 18.81 15
Liquid 10 49.31 3.33 15.10 13.07 8.35 10.84 74
Cpx 10 53.65 0.96 3.05 14.85 24.73 2.76 15

Plagioclase 10 46.32 0.11 33.65 0.77 0.46 18.68 15
Liquid 10 49.19 4.53 13.57 15.18 7.12 10.42 70
Cpx 10 53.88 1.22 2.72 19.09 21.18 2.88 30

Plagioclase 10 46.82 0.13 32.04 0.92 0.41 19.13 27
Ilmenite 7 0.09 56.43 0.34 44.24 0.38 0.32 3
Liquid 10 49.89 6.58 11.11 17.70 4.47 10.56 40
Cpx 9 50.68 1.89 3.59 22.79 15.91 5.20 24

Plagioclase 10 47.56 0.19 31.15 1.63 0.39 19.17 28
Ilmenite 6 0.13 53.09 0.11 46.80 0.39 0.43 8.5
βQQuartz 5 99.04 0.02 0.22 0.43 0.04 0.16 11.5
Liquid 8 46.26 5.14 8.78 26.45 2.01 11.01 28

Olivine"KD
FeQMg"="KD[(XFeOQOlivine)(XMgOQLiquid)/(XFeOQLiquid)(XMgOQOlivine)];

Olivine"K'DFeQMg"="calculated"and"corrected"after"Toplis29;
n,"number"of"analyses;""Modal""abundances"in"wt%"calculated"using"least"squares"mass"balance;
Compositions"from"EMPA"in"wt.%"oxides"with"1σ,"S.D.≤"0.70%"based"on"multiple"analyses"for"each"phase."

24
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Chapter 3 

Experimental constraints on the solidification of a 
nominally dry lunar magma ocean 
Published as: Lin, Y., Tronche, E.J., Steenstra, E.S., van Westrenen, W., (2017). 
Experimental constraints on the solidification of a nominally dry lunar magma ocean. 
Earth and Planetary Science Letters 471, 104-116. 

 

Abstract 
The lunar magma ocean (LMO) concept has been used extensively for lunar evolution 
models for decades, but to date the full cooling and crystallization path of the LMO has 
not been studied experimentally. Here we present results of a high-pressure, high-
temperature experimental study of the mineralogical and geochemical evolution 
accompanying the full solidification of a nominally dry LMO. 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. As plagioclase crystallization can be 
suppressed by the presence of H2O, this implies that the lunar magma ocean was water-
bearing. 
 
Keywords: Lunar magma ocean, Experimental petrology, Lunar petrology, Lunar crust 
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3.1. Introduction 
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). 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 (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). 

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). Most previous models produce broadly similar cumulate 
assemblages despite differences in assumed bulk lunar composition and model 
parameters, with Mg-rich olivine crystallizing first, followed by orthopyroxene, 
combining to form a harzburgite layer in the lower lunar mantle (Snyder et al., 1992; 
Elardo et al., 2011; Elkins-Tanton et al., 2011). Anorthitic plagioclase begins to 
crystallize late (after > 70 per cent solid by volume, PCS) floating to the surface to form 
the primary lunar highland crust. The corresponding mafic cumulates become more Fe-
rich as crystallization proceeds and eventually (after > 95 PCS) a very dense ilmenite-rich 
layer is thought to form (Snyder et al., 1992). The final residual LMO dregs become 
enriched in potassium (K), rare earth elements (REE), and phosphorus (P), forming the 
source for the later-formed KREEP-rich magmatic rocks (Snyder et al., 1992, Warren and 
Wasson, 1979; Shearer et al., 2006). 

Surprisingly, 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. 

To better quantify the evolutionary history of the LMO, including its 
crystallization sequence, the chemical compositions of cumulates and corresponding 
residual LMO during progressive solidification, we performed a fully experimental 
model of lunar magma ocean solidification, based on anhydrous experiments at pressure-
temperature (P–T) conditions that are directly relevant for the evolution of the lunar 
interior. Parts of our results were previously reported in Lin et al. (2017).  

During each step of LMO crystallization, the effects of pressure in the molten 
ocean on crystallization of the magma were taken into account explicitly. Our results 
differ significantly from previous studies, in terms of the primary mineralogical 
composition of the Moon after LMO solidification, and in terms of the compositional 
evolution of the magma as solidification proceeds. We find that primary SiO2 formed in 
the Moon towards the end of LMO crystallization, predict the presence of extreme Fe-
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rich melts accompanying the formation of the KREEP reservoir. Finally, we show that a 
nominally dry Moon should have produced an anorthositic crust of ~68 km, far thicker 
than observed, and discuss possible reasons for this discrepancy. 
 
 
3.2. Methods 
3.2.1.  Experimental 
3.2.1.1.  Starting material composition 

High-pressure, high-temperature experiments were performed in the chemical 
system Ca-Fe-Mg-Al-Ti-Si-O (CFMATS), under nominally anhydrous conditions. The 
starting composition, based on geophysical data for the Moon (Khan et al., 2007), is 
slightly lower in aluminum abundance than the Lunar Primitive Upper Mantle (LPUM) 
composition used for the oft-cited LMO numerical model (Snyder et al., 1992), and has a 
composition that is similar to that of the Bulk Silicate Earth (BSE, McDonough and Sun, 
1995). Choosing a bulk composition that is close to the composition of the BSE is 
consistent with recent high-precision measurements of the chemical and isotopic 
composition of the Moon that show a very high degree of similarity between BSE and the 
Moon (e.g., Savage et al., 2010; Armytage et al., 2011; Zhang et al., 2012; Kruijer et al., 
2015; Touboul et al., 2015). Table 3.1 shows a comparison between the bulk composition 
of the LMO chosen for this study, other LMO compositional models, and the Bulk 
Silicate Earth (Lin et al., 2017a). 

 
 

Fig. 3.1. Cartoons (after Tonks and 
Melosh, 1990) illustrating the 
experimentally derived solidification 
evolution of a nominally dry lunar 
magma ocean. (a) Initial LMO. (b) 
Turbulently convecting, isothermal 
LMO at < 50 PCS (Per Cent 
Solidification by volume). Crystals 
nucleate at all depths and do not 
dissolve when carried to 
shallower/deeper depths in the LMO. 
(c) Compositions of the residual LMO 
and cumulate pile at 50 PCS, after 
suspended crystals have settled. (d) 
During fractional crystallization stage 
at > 50 PCS, dense crystals (Ol, Opx, 
Cpx and Ilm) sink and light crystals (Pl 
and Qz) float. (e) The location and 
composition of the residual 1% LMO 
and cumulates at 99 PCS. Ol = olivine; 
Opx = orthopyroxene; Cpx = clinopyroxene; Pl = plagioclase; Ilm = ilmenite; Qz = β-
quartz. 
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Starting materials were prepared by mixing appropriate amounts of high purity 
(99.5–99.99%, Alfa Aesar) powdered oxides (MgO, Fe2O3, Al2O3, TiO2, SiO2) and 
CaCO3 (99.95–100.05%, Alfa Aesar). The oxides MgO, Al2O3, TiO2 and SiO2 were fired 
overnight at 1000°C and then stored at 110°C. The other oxides and calcium carbonate 
were dried at 110°C overnight prior to use. After mixing the starting materials under 
ethanol in an agate mortar for 1 hour, they were dried in air and decarbonated in a Pt 
crucible in a box furnace by gradually raising the temperature from 650 to 1000°C in 
about 7 hours. The Pt crucible had previously been iron-saturated to minimise iron loss. 
The resulting mixtures were melted in air for 20 mins at 1550 °C to promote 
homogeneity, and to reduce most of the iron in the starting material to 2+. They were 
quenched by immersing the bottom of the Pt crucible in water. Small fragments of 
resulting glasses were embedded in epoxy, polished, carbon-coated and analyzed for 
homogeneity by electron microprobe to precisely constrain starting material compositions. 
The glasses were subsequently crushed, dried, and reground under ethanol in an agate 
mortar for 1 hour and then kept at 110 °C until use. 
 
3.2.1.2.  Experimental approach 

Our experiments assume an initial LMO depth of 700 km (Fig. 3.1a), in the range 
of current estimates between 400 and 1400 km (Elkins-Tanton et al., 2011; Elardo et al. 
2011; Rai and van Westrenen 2014; Steenstra et al., 2016). Similar to Snyder et al. (1992) 
and Elardo et al. (2011), the process of LMO crystallization was investigated by adopting 
a ‘two-stage’ model, with equilibrium crystallization persisting until 50 PCS based on 
calculations of the ability of suspending crystals in a cooling and convecting magma 
ocean (Tonks and Melosh, 1990; Hess, 2000; Fig. 3.1b,c). We did not investigate the 
evolution of a cooling LMO that is characterized by fractional crystallization throughout 
(Suckale et al., 2012). After 50 PCS, fractional crystallization takes over as crystals sink 
towards the bottom (or float towards the top) of the LMO even in the presence of 
convective currents.  

We used a stepwise experimental approach for fractional crystallization of the 
LMO after 50 PCS (Table 3.2), with starting materials for the second step based on the 
composition of the residual liquid of the first crystallization step with removal of the 
corresponding crystals (Table 3.3). During each step, we take explicit account of the 
effects of pressure in the ocean on crystallization. At any point during fractional 
crystallization, phase relations in the crystallizing magma ocean can be different at 
different depths. In many studies of the crystallization of magma chambers this effect is 
negligible as magma chambers can be considered near-isobaric, but in a global magma 
ocean that is not the case. We therefore assess which crystals are fractionating at which 
depth, and extract crystals from a range of depths during each crystallization step. For 
simplicity, we assume that due to vigorous convection, the lunar magma ocean is 
isothermal. In each crystallization step, we performed several experiments, all at the same 
temperature, at the range of pressures covering the depth of the ocean in that particular 
step. In our view this closely mimics the behavior of a real-world magma ocean in that 
the deepest parts of the magma generally produce the highest proportion of crystallizing 
phases.  

Calculations of the overall crystallising mineral assemblage in each step, and of 
the composition of the overall liquid remaining, take into account the different volumes 
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of material present at different depths in the Moon. Because of the spherical shape of the 
Moon, crystallization occurring in deeper parts of the LMO contributes less 
volumetrically than crystallization at shallow levels. Each crystallization step was 
performed at 1 to 7 different pressures depending on the remaining depth of the magma 
ocean, and at as many temperatures as required to ensure that the percentage of LMO 
crystallization in each step was small (between ~3 and ~10 per cent). The depth of the 
residual LMO after each step is based on a calculation of the increasing radius of dense 
solid material accumulating on the bottom of the magma ocean.  

High-pressure, high-temperature experiments were performed in a piston cylinder 
press using a half-inch (12.7 mm) diameter talc-pyrex cell assembly (van Kan Parker et 
al., 2011). For these experiments a hand-machined graphite bucket, with an ID of 0.7 mm, 
OD of ∼1.7 mm and a length of 3–4 mm, was filled with starting material, closed with a 
graphite lid and inserted in a Pt capsule, with an ID of 1.7 mm, OD of 2 mm, and a length 
of 5–7 mm. The bottom of the Pt capsule was triple crimped, flattened and welded shut at 
one end. After inserting the graphite capsule the other end was crimped and welded shut. 
Capsules were held at 575 °C for ∼10 min before closing and welding shut, to drive off 
residual moisture. It has been shown previously that nominally anhydrous experiments of 
this type can contain up to ~160–500 ppm water (Médard et al., 2008; Sarafian et al., 
2017). Assuming this maximum amount of water, our experiments would represent a 
Moon initially containing ~50–160 ppm water. The oxygen fugacity of this assembly is 
around 1.5 log units above the IW buffer (Médard et al., 2008), so that iron is present in 
the 2+ valence state. Temperature was monitored using a W97Re3–W75Re25 (type D) 
thermocouple and Eurotherm 2404 or Omega CN76000 programmable controller. The 
center of the sample was located in the hotspot of the assembly, 2 mm away from the 
thermocouple tip end, so that sample temperatures were within 10 °C of the 
thermocouple reading (Watson et al., 2002). Experiments were pressurized cold and then 
heated while maintaining pressure. Pressures range from 0.4 to 3 GPa and temperatures 
from 1100 to 1550 °C. Additional experiments at 1 atm (approaching conditions at the 
lunar surface) were run in a high-temperature box furnace (temperatures between 1200 
and 1550 °C). Experiment duration varied between 2 and 100 hours depending on the 
temperature and melting degree. At completion of an experiment, runs were quenched by 
cutting power to the heater and the temperature typically dropped below the glass 
transition in < 10 s. 

 
3.2.2. Analytical 

Experimental run products were mounted in epoxy and polished to a 1 micron 
finish and carbon coated for back-scattered electron (BSE) imagery used to assess the 
texture and mineralogy, and for electron microprobe analysis (EMPA). The chemical 
composition of the run product phases (minerals and quenched melts) was determined 
using a JEOL JXA-8800M Electron Microprobe at the National Geological Facility at 
Utrecht University. Analyses were done using an accelerating voltage of 15 kV and a 
beam current of 20 nA for Si, Ti, Al, Fe, Mg and Ca. The mineral and melt proportions 
were determined by mass balance calculations and area percentages using mapping of the 
charges with an EDAX-EDS system in imaging mode. We used three different focused 
beams of 1, 10 and 20 µm diameter for the mineral phases, glassy quenched melts nearly 
free of quench crystals and quenched melts, respectively. Analyses were calibrated 
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against primary standards of natural diopside (Ca, Si), fayalite (Fe), ilmenite (Ti), olivine 
(Mg) and orthoclase (Al). Peak count times were 20 seconds and background count time 
was 10 seconds. Compositions reported here 
are based on 5–20 analyses per phase.  

 
 

Fig. 3.2. A representative backscatter 
electron (BSE) image of the experiment at 
1130 °C and 0.4 GPa. Mineral abbreviations 
are given in the Figure 3.1 caption. 

 
3.3.  Results 
3.3.1.   Demonstration of equilibrium 

Table 3.2 provides an overview of 30 
experiments that together yield the 
solidification history up to 99 PCS of a 
nominally dry lunar magma ocean with an initial depth of 700 km. Phase compositions 
and phase proportions were previously reported by Lin et al. (2017). All these 
experiments contained quenched liquid with a glassy and/or quench lath texture 
depending on the melt composition, with most experiments containing in addition two or 
more mineral phases. Texturally, mineral-melt contacts are straight without resorption 
textures suggesting equilibrium (Fig. 3.2). Mineral grains and melt areas are 
homogeneous in composition, with typical standard deviations <2% (2 s.d.). Olivine–
liquid Fe–Mg exchange coefficients, KD[(XFeO-Olivine)(XMgO-Liquid)/(XFeO-Liquid)(XMgO-Olivine)], 
range from 0.09 to 0.34 in the olivine-bearing experiments (Table 3.2). These KD values 
were corrected for the effects of temperature, pressure and composition using the 
parametrization of Toplis (2005): 
K'D =!exp!([!!"!!!" − !!.!"

! ]+ ln 0.036! − 0.22 + !""" !!!!
!" + !.!"#(!!!)

!" ) 
where R is the gas constant, T is temperature in Kelvin, P is pressure in bars, X is the 
molar SiO2 percentage in the liquid and Y is the molar Mg/(Mg+Fe) fraction of olivine. 
The K'D values of this experiments vary from 0.31 to 0.38 (Table 3.2, Fig. 3.3), well 
within the equilibrium value range of 0.17–0.45 (Toplis, 2005). In the pyroxene-bearing 
experiments, the average KD

Fe-Mg values for pyroxene with different alumina contents 
(1.63−5.68 wt.%) range from 0.23 to 0.41 except for one experiment at 1100 °C (0.11) 
(Table 3.2), which is consistent with the equilibrium value range of 0.20−0.40 (e.g., 
Grove and Bryan, 1983; Kinzler and Grove, 1992; Sisson and Grove, 1993).  
 Fig. 3.4 shows the measured calcium and aluminium abundances in olivine from 
our experiments, compared to literature data (Sobolev et al., 2007). The Ca and Al 
abundances of olivines are very low (0.12–0.33 wt.% CaO and 0.05–0.19 wt.% Al2O3) 
and within the ranges found for terrestrial magmatic olivines, suggesting olivine-melt 
equilibrium in our experiments. We also observe an increase in olivine CaO content with 
decreasing olivine Mg# (Fig. 3.4), consistent with previous studies (e.g. Shi and Libourel, 
1991; Libourel, 1999). Taken together, textural and chemical evidence does not show 
evidence for significant disequilibrium in our experiments. 
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Fig. 3.3. Ranges of K(')Fe-Mg 
D(Sol-liq)  of 

olivine and pyroxene versus 
pressure and temperature. Grey 
bar shows the corrected 
equilibrium value range of 
olivine of 0.17–0.45 (Toplis, 
2005). 

 
 

 

 

Fig. 3.4. The CaO and Al2O3 
contents in olivine versus Mg# of 
olivine from our experiments. The 
yellow and grey bars represent the 
CaO and Al2O3 contents of ~17000 
olivine grains with Mg# of ~75–90 
from mid-oceanic ridges basalts, 
ocean islands, and large igneous 
provinces and show ~0.14–0.42 wt.% 
CaO and ~0.03–0.13 wt.% Al2O3 
(Sobolev et al., 2007). 

 
3.3.2.   Crystallization sequence 
and mineral compositions 

Figure 3.1 shows a cartoon illustrating the crystallization sequence in the LMO 
derived from our experiments. In the processes of equilibrium crystallization that 
characterizes the first 50 PCS of the LMO, we adopt a temperature of 1550°C and seven 
different pressures (Table 3.2, step LBS1). Olivine (Fo97-88) and low-Ca pyroxene (En88-

85Fs12-10Wo1-3; referred to as Opx hereafter) crystallize together as the first assemblage 
phase, and the Opx/olivine ratio increases at higher pressures. At a pressure within the 
LMO of between 1.7 and 1 GPa, Opx disappears from the crystallising assemblage, with 
only olivine crystallising at lower pressures. This explains why the oft-cited Snyder et al. 
(1992) model assumes only olivine crystallises during the first ~40 PCS of the LMO: 
their model was based on low-pressure crystallization only. 

Fractional crystallization for the second stage (50–99 PCS) is modeled using 
relevant P-T conditions based on the depth of the residual LMO. With decreasing P-T 
conditions, Opx is replaced by Ca-bearing pyroxene ((En76-49Fs39-18Wo6-12; referred to as 
Cpx hereafter; step LBS5). The appearance of Cpx is almost simultaneous with that of 
plagioclase at 1240°C (Table 3.2). The crystallising assemblage of olivine and Opx is 
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replaced by olivine, Cpx and plagioclase from 68 to 83 PCS. Subsequently, olivine 
disappears. Dense ilmenite starts forming from 91 PCS (step LBS10 in Table 3.2), 
together with the former assemblage of Cpx and plagioclase. In the final stage, β-quartz 
phenocrysts form at 1100°C and 0.4 GPa, together with ilmenite, Cpx and plagioclase. 

Olivine varies in composition from Fo97 to Fo79 between 0 and 83 PCS. Pyroxene 
shows a range of compositions En88-49Fs39-11Wo12-1 over the course of 99 PCS. Both show 
a gradual increase in FeO and TiO2 contents and decrease in MgO content (Table 3.2). 
Al2O3 and CaO contents of olivine gradually increase to maximum values of 0.19 and 
0.33 wt.%, respectively. The highest values of Al2O3 and CaO in olivine from the LBS7, 
in which olivine crystals were very small (< 5 micrometer in diameter) and hard to 
analyse, show relatively big error ranges (0.27 wt.% for Al2O3 and 0.16 wt.% for CaO), 
and that probably reflects contamination of the analyses by surrounding quenched melt 
(Fig. 3.4). The CaO content of pyroxene increases from 1.08 to 5.20 wt.% (Table 3.3). As 
for plagioclase, there is an increase of FeO from 0.72 to 1.63 wt.% and TiO2 from 0.06 to 
0.19 wt.% from 68 to 99 PCS, and its Mg# decreases simultaneously from 62 to 30 
(Table 3.2).  

As expected, the deeper parts of the ocean in general produce more crystals than 
the shallower parts at the same temperature in each crystallization step. There can of 
course be small variations due to the topology of the relevant phase diagrams, but in 
general within each step, the liquid/mineral ratio increases in the magma ocean as the 
surface of the ocean is approached. 
 
3.3.3.   Compositions of the residual LMO and corresponding cumulate pile 

The weighted compositions of residual LMO liquid and corresponding minerals 
and cumulate layers for every crystallization step (not previously reported) are listed in 
Table 3.3 and presented graphically in Figure 3.5. The evolution of the major oxide 
abundances and Mg# of the residual LMO are shown in Fig. 3.5a. It can be seen that 
MgO content and Mg# of the liquid decrease continuously from start (37.1 wt.%, 86) to 
end (2.01 wt.%, 12) as a whole. SiO2 slowly increases up to 49.9 wt.% at 96 PCS, and 
then decreases sharply to 46.6 wt.% with the occurrence of β-quartz. CaO and Al2O3 
increase steadily to a maximum of 11.4 wt.% and 15.8 wt.% around 80 PCS, respectively, 
to the point where the extent of plagioclase crystallization is the highest (∼60 vol% of the 
crystallising assemblage, LBS7) at 83 PCS. The appearance of ilmenite affects 
significantly the shape of the curves for the TiO2 and FeO content in the residual melts. 
Before crystallization of ilmenite at 91 PCS (LBS10), TiO2 and FeO increase gradually. 
From this stage onwards, FeO becomes extremely enriched in the melts up to 26.5 wt.%, 
while TiO2 increases up to 6.58 wt.% at 96 PCS, and then decreases to 5.14 wt.% in the 
last step. Although silicate liquid immiscibility in late-stage magma ocean melts is 
considered a possibility (e.g., Snyder et al., 1992; Charlier et al., 2012) we did not 
observe any immiscibility of silicate liquids accompanying the formation of these iron 
rich late-stage melts in our experiments. 

During LMO solidification, dense mafic cumulates precipitated and formed 
cumulate layers in the lunar mantle (Fig.3.1d,e), whereas in the later stages, low-density 
minerals plagioclase and quartz floated towards the surface of the Moon, forming the 
primitive highland crust. The bulk chemical composition of the cumulate layers sinking 
to the bottom of the magma ocean is presented in Fig. 3.5b (compositions of the floating 
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layers containing plagioclase ± SiO2 are not shown). In the first equilibrium fractionation 
stage, olivine and Opx precipitated together forming a harzburgite layer. The composition 
of this layer evolves smoothly up to 50 PCS, mirroring the compositional evolution of the 
LMO in Fig. 3.5a. Bulk mantle cumulate MgO and SiO2 gradually decrease and increase, 
respectively, with minor deviations when plagioclase appears around 68 PCS. When 
ilmenite appears at 91 PCS, both decrease sharply (Fig. 3.5b). As expected, the addition 
of ilmenite alters the cumulate bulk composition. TiO2 and FeO contents of the cumulates 
increase from 0.016 to 15.3 wt.% and from 6.52 to 29.1 wt.%, respectively. There is a 
significant drop in bulk mantle cumulate Mg# from 75 at 91 PCS to 42 at 99 PCS (Fig. 
3.5b). The Mg# in the mafic cumulate pile remains higher than that of corresponding 
residual magma during the complete evolution of the LMO. 

 
 

Fig. 3.5. Chemical evolution during 
LMO crystallization of (a) residual 
lunar magma ocean (LMO) and (b) 
mantle cumulate pile [excluding crustal 
layers]. Mineral abbreviations are 
given in the Figure 3.1 caption. 

 
3.4.  Discussion 
3.4.1.  Comparison with literature 
data 

The LMO crystallization model 
of Snyder et al. (1992) (“Snyder model” 
hereafter) remains very widely used in 
the lunar science community. They 
assumed a 400 km deep LMO with a 
starting composition that has an 
intermediate Al2O3 content (5 wt.%) 
and a slightly lower Mg# (82) than 
suggested by other lunar compositional 
models (e.g., Morgan et al., 1978; 
Buck and Toksoz, 1980; Taylor, 1982; 
Warren, 1986; Ringwood et al., 1987; 
Jones and Delano, 1989; O’Neill, 1991; 
Elardo et al., 2011; Hauri et al., 2015; 
Table 3.1). They modeled 

crystallization at only one pressure (0.6 GPa, corresponding to a depth of ∼120 km). 
Recently, Elardo et al. (2011) (“Elardo model” hereafter) reported experimental models 
focusing on the first three quarters of LMO solidification, presenting crystallization 
sequences up to 78 PCS at 1, 2 and 4 GPa and nor focusing on the formation of the 
highlands crust. Their study explored two starting compositions, both listed in Table 1. 
The first is enriched in Al2O3 (6.45 wt.%) and CaO (4.69 wt.%) and other refractory 
elements relative to BSE (Taylor Whole Moon, TWM), whereas the other is not enriched 
compared to Earth (Lunar Primitive Upper Mantle, LPUM). They further assumed an 
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initially completely molten Moon, corresponding to a LMO depth of 1400 km (Elardo et 
al., 2011). A potential issue with the Elardo model is that the experiments of the latter 
study were performed in graphite capsules only, without the use of an outer capsule. This 
is likely to have resulted in significant water contamination from dehydration of the talc-
pyrex assembly (e.g., vander Kaaden et al., 2015), questioning whether these data can be 
used to discuss the evolution of a nominally dry Moon.  

There are several significant differences between our work and the LPUM results 
of the Snyder and Elardo models. During the first stage of equilibrium crystallisation, 
olivine (0–40 PCS) and Opx (40–78 PCS) crystallized separately in the Snyder model. In 
contrast, the Elardo LPUM model shows that Opx has not entered the phase assemblage 
by 50 PCS at 1 and 2 GPa, yet it has at 4 GPa, and subsequently garnet joins the 
assemblage of olivine and Opx. This implies that P has an important effect on the LMO 
crystallization sequence, and our study clearly confirms this. By performing isothermal 
experiments at a range of pressures within the initial LMO, we find that olivine and Ca-
poor pyroxene crystallise together at the same time during the first 50 PCS, with the 
opx/olivine ratio increasing with increasing pressure (Table 3.2), yielding a harzburgitic 
cumulate layer. In the Snyder model, a harzburgitic layer is formed as well, but only 
because equilibrium crystallization is assumed during the first >50 PCS. In a purely 
fractional crystallization model of LMO evolution, the Snyder model would predict a 
dunitic first cumulate layer, whereas in our model a harzburgitic first cumulate layer 
would still form.   

Subsequently, an assemblage of Cpx, olivine and plagioclase occurs after 78 PCS 
until olivine disappears at 86 PCS, and ilmenite appears at 95 PCS, in the Snyder model. 
The Elardo results suggest that olivine continues to crystallize and then Opx joins in the 
phase assemblage from 60 to 78 PCS at 1 and 2 GPa, whereas garnet enters the crystal 
assemblage of olivine and Opx from 60 to 78 PCS at 4 GPa. Our stepwise experimental 
results show that plagioclase appears in the crystallizing assemblage with olivine and Cpx 
at 68 PCS, and olivine disappears at 83 PCS, with ilmenite starting to crystallize at 91 
PCS.  

In the final sequence at 96 PCS, β-quartz coexists with Cpx, plagioclase and 
ilmenite until the end of LMO solidification at 99 PCS. The Snyder and Elardo models do 
not find SiO2 in their models, but a recent abstract detailing an independent experimental 
study of magma ocean solidification also identifies SiO2 in late-stage LMO cumulates 
(Charlier et al., 2015). In the following sections, we discuss the implications of our 
findings for lunar evolution models, with a focus on the crust and the crust/mantle 
interface after solidification of the LMO is complete.  
 
3.4.2.  Ilmenite in late-stage LMO cumulates 

Gravitationally driven overturn of dense ilmenite-bearing cumulates is thought to 
be a main driving force for a large-scale overturn of the lunar mantle after LMO 
crystallization, leading to the formation of the lunar mare basalts by mixing and remelting 
of early- and late-stage LMO cumulates (e.g. Walker et al., 1975; Hess and Parmentier, 
1995; Elkins-Tanton et al. 2002; de Vries et al. 2010). Our study confirms the high 
density of late-stage cumulates. Ilmenite crystallizes from 91 PCS onwards, and the bulk 
composition of the ilmenite-bearing cumulates is enriched progressively in iron and 
titanium (6.24 wt.% TiO2 and 21.38 wt.% FeO between 91 and 96 PCS; 15.28 wt.% TiO2 



! 33!

and 29.07 wt.% FeO between 96 and 99 PCS; Table 3.3). This leads to a clear density 
stratification even within the two ilmenite-bearing layers produced in this study. 

The Elardo et al. (2011) study did not reach ilmenite saturation. In the Snyder 
model, ilmenite appears at 95 PCS and is modeled to form 11 per cent of the single last 
stage cumulate layer, with the FeO content of the cumulate pile seemingly increasing to 
approximately 40 wt.%. Part of the difference between our work and the Snyder model 
may be related to the slightly higher TiO2 content of our starting composition (0.53 wt.% 
versus 0.40 wt.%). The lower FeO contents of the last solid cumulates in our study 
compared to the Snyder model are due to the fact that in our model, the final LMO melts 
become much more iron rich than suggested in the Snyder model (see section 3.4.4 
below).  
 
3.4.3.  Quartz in the Moon 

The final crystallization step in our experiments (LBS11 in Tables 3.2 and 3.3) 
yielded β-quartz crystals in equilibrium with the final dregs of LMO liquids (Lin et al., 
2017). Apart from one mention in a recent abstract (Charlier et al., 2015), to our 
knowledge these experiments are the first to show primary magmatic SiO2 forms during 
the crystallization of the lunar magma ocean (Lin et al., 2017). The low density of β-
quartz suggests that it should float like plagioclase, and become part of the lower crust of 
the Moon. Although we have not studied in quantitative detail the petrological 
implications of the presence of β-quartz in the lower lunar crust, we do note that quartz-
bearing lower crustal cumulates could provide a hitherto unidentified source for the 
enigmatic highly silicic volcanic compositions on the Moon suggested by recent 
(chemical and morphological) remote sensing data (Glotch et al., 2010; Jolliff et al., 
2011), as well as for some of the evolved rocks similar to lunar granites in the Apollo 
samples.  

Previous studies (Warren et al., 1983; Hinton and Meyer, 1991) revealed that the 
content of quartz in Apollo 14 granite clasts is up to 40%. Recent studies, using data from 
the Diviner Lunar Radiometer Experiment and Lunar Reconnaissance Orbiter Camera 
Wide/Narrow Angle Camera images, show that four regions (Hansteen Alpha, the 
Gruithuisen Domes, the Lassell Massif, and Aristarchus Crater) of the Moon within the 
Procellarum KREEP Terrane (PKT) previously described as “red spots” exhibit mid-
infrared spectra best explained by the presence of quartz, silica-rich glass, or alkali 
feldspar (Glotch et al., 2010), and that the Compton-Belkovich thorium anomaly far 
removed from the PKT represents a rare occurrence of non-basaltic volcanism on the 
lunar farside, with volcanic features that may also be enriched in silica or alkali-feldspar 
(Jolliff et al., 2011). 

It has previously been proposed that large granitic plutons could have been 
produced within the lunar crust as a result of the slow crystallization of late-stage magma 
ocean residual melt (Jolliff, 1998). In this case, they would represent primary magma 
ocean cumulates. Slow cooling would preclude the formation of large volumes of 
extrusive lavas (Hagerty et al., 2006). A second mechanism that could produce large 
volumes of silicic melt is by melting through basaltic underplating, in which hot basaltic 
magma intrudes into the lunar crust, causing remelting of the primary lower crust and the 
generation of silicic magmas (Hagerty et al., 2006). Our experimental results suggest that 
the primary lower crust could consist of a mixture of plagioclase and quartz. This 
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observation cannot provide direct evidence in favour of or against one of the two 
formation mechanisms of lunar silicic compositions. Future experimental studies could 
focus on determining the melt compositions produced during partial remelting of these 
lower crustal cumulates. 
 
3.4.4.  Enrichment of iron in final dregs of LMO, and Mg# of the lunar crust 

Previous remote sensing studies of the iron abundance distribution on the lunar 
surface, as measured by the Lunar Prospector (LP) Gamma-Ray Spectrometer (GRS) and 
Neutron Spectrometer (NS), and Chang’e-3 Alpha Particle-induced X-ray Spectrometer 
(APXS) indicated that mare basalt regions can have very high iron abundances (average 
~18–19 wt.% FeO, with maximum values approaching 25 FeO wt.% (e.g., Haskin and 
Warren, 1991; Blewett et al., 1997; Staid and Pieters, 2001; Lawrence et al., 2002; Ling 
et al., 2015). Analysis of mare soils returned by Apollo and Luna contain significant 
quantities of highland debris, so that soil FeO contents (which dominate the remote 
sensing measurements) underestimate the FeO contents of the underlying mare basalts. 
Based on the compositional differences between rocks and soils (Haskin and Warren, 
1991), mare basalt FeO abundances may average 20–21 wt.% FeO (Lawrence et al., 
2002). Higher FeO contents are possible, as illustrated for example by Fagan et al. (2002), 
who show that the lunar meteorite Northwest Africa 032 (NWA032), an unbrecciated, 
crystalline mare basalt, has FeO abundances of 22–23 FeO wt.%, at the extreme high end 
of sampled mare basalts. The very high FeO abundance of some basalts on the Moon may 
indicate that LMO evolution led to significant FeO enrichment in parts of the lunar 
interior. 

In the past, FeO variations in LMO liquids were thought to be minor with 
contents of approximately 10 wt.% in the early stage melts, increasing to a peak around 
20 wt.% before ilmenite first appears. The crystallization of ilmenite was thought to 
cause a reduction of contents of FeO and TiO2 in the LMO, so that final stage melts (99.5 
PCS) had a FeO content of ~10 wt.% (Snyder et al., 1992). Our experiments show a very 
different evolution of LMO liquid compositions towards the end of crystallization (Fig. 
3.5b), with FeO contents increasing to 26.5 wt.% in the last 1 vol.% of crystallization - 
even though our starting composition is lower in FeO than in the Snyder model (Table 
3.1; Lin et al., 2017). A comparable enrichment in final LMO melts, up to 28 wt.% FeO, 
was recently reported in abstract form by Charlier et al. (2015). This suggests that the last 
dregs of LMO liquids are not only enriched in incompatible trace elements, but also in 
iron. 

These high iron contents would lead to a high melt density, making the 
foundering of these last dregs of trace element enriched reservoirs back into the mantle 
(as opposed to the attachment of these dregs to the bottom of the crust) easier than 
previously thought. Whatever the fate of these enriched iron-rich materials, they provide 
a possible link with the presence of iron-rich, trace element enriched basalts found on the 
lunar surface. 

Finally, as noted in section 3.3.2 our plagioclase compositional data indicate that 
its FeO content increases from 0.72 to 1.63 wt.% from 68 to 99 PCS, leading to a 
decrease in Mg# from 62 to 30 (Table 3.2). Assuming insignificant convection in the 
upper cumulate layers after their deposition, the plagioclase now found near the surface 
of the Moon was among the first plagioclase formed, i.e. near 68 PCS (step LBS5 in 
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Table 3.2). In this step, the plagioclase Mg# is between 55 and 62, with an average of 59 
(equivalent to ~0.9 wt.% FeO). This value is consistent with the average plagioclase Mg# 
value for the whole Moon based on remote sensing obtained by Ohtake et al. (2012). Our 
experimental plagioclase does not reach the very high Mg# found on the lunar far side 
(Mg# up to ~80, Ohtake et al., 2012). This could be explained by the fact that our starting 
composition (Table 3.1) contains more FeO than the Bulk Silicate Earth (BSE).      

 
 

Fig. 3.6. Evolution of thickness of 
the lunar crust and location of the 
bottom of the magma ocean during 
LMO solidification, showing final 
crustal thickness far exceeding 
GRAIL observations (blue band). 

 
3.4.5.  Thickness of the lunar crust  

Finally, as explored in Lin et 
al. (2017), our data can be used to 
predict the thickness of the lunar 
crust that would result from LMO 
crystallization. The thickness of the 

lunar crust provides crucial information for the Moon’s origin and subsequent evolution. 
Because the crust is composed mainly of anorthositic materials (Yamamoto et al., 2012; 
Donaldson Hanna et al., 2014), its average thickness is key to determining the bulk 
silicate composition of the Moon (Warren, 2005; Taylor et al., 2006; Taylor and 
Wieczorek, 2014). Using the latest results from the GRAIL mission, seismic constraints 
and models for the porosity of the topmost kilometers of the crust, Wieczorek et al. (2013) 
constrained the average lunar crustal thickness to 34−43 km. 

In the work presented here it can be seen that plagioclase and quartz start to 
crystallize after 68 PCS and 96 PCS, respectively, floating towards the surface because 
their densities are lower than the densities of the melts they crystallised from. The total 
volume of plagioclase and quartz produced in our experiments yields an anorthositic crust 
(with some quartz in the deepest levels) of 67.5 km thick at 99 PCS, assuming 100 per 
cent efficient extraction of these minerals from the magma ocean to the crust (Fig. 3.6). 
This is far above the observed thickness of 34−43 km based on the most recent lunar 
gravity data (Wieczorek et al., 2013).  

As previously suggested (e.g. Snyder et al. 1992) it is unlikely that segregation of 
plagioclase (± quartz) and liquid from the lunar mantle occurred with perfect efficiency, 
but the percentages of these entrained phases are low (e.g. ~1-2% trapped liquid and 1% 
plagioclase in the cumulates that form the high-Ti basalt source region, Snyder et al., 
1992). The equivalent reduction in crustal thickness by 3 wt.%. entrained minerals and 
liquids combined is ~2 km.  

Our starting composition did not contain chromium, and it could be argued that 
Cr-spinel as an aluminium-rich phase could be a missing sink for Al in our models. Cr-
spinel did not crystallize until 78 PCS in the Elardo model starting with the LPUM 
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composition that contains 0.5 wt.% Cr2O3 (Elardo et al., 2011). Table 3.2 of Elardo et al. 
(2011) shows 7.9 wt.% Al2O3 and 0.62 wt.% Cr2O3 in the LPUM 50% residual LMO. If 
we assume all Cr2O3 in the LMO is eventually locked up into Cr-spinel (which has a 
composition of ~42 wt.% Cr2O3 and ~26 wt.% Al2O3 based on EMPA data of Cr-spinel 
from Elardo et al. (2011)), we calculate that only ~0.4 wt.% Al2O3 would be removed 
from the magma ocean during spinel formation. This leads to a lunar crustal thickness 
reduction of just 5% (equivalent to ~3 km). Overall, we conclude that the inefficiency of 
phase segregation and the absence of Cr from our experiments cannot explain the 
discrepancy between predicted and observed crustal thickness. 

A large volume of plagioclase is formed in our experiments even though our bulk 
composition is not enriched in aluminium (Table 3.1). It is likely that a 700 km deep 
magma ocean using a more Al-rich and Ca-rich composition such as Taylor Whole Moon 
would have resulted in even more plagioclase production, although garnet (at high 
pressure) and spinel (at lower pressure) would have sequestered some Al into the mantle 
in that case (Elardo et al., 2011).  
 Initial magma ocean depth also affects prediction of final average crustal 
thickness (Lin et al., 2017). A full experimental assessment quantifying the effect of 
initial magma ocean depth on crustal thickness is not available – this would require 
several additional studies of the type we present here for a 700 km deep ocean. To 
quantify the effect of LMO initial depth on crustal thickness, we simulated LMO 
crystallization using the FXMOTR program (Longhi, 2006), part of the SPICEs 
Fractional and Equilibrium Crystallization Calculations package (Davenport et al., 2014). 
This program is based on a set of high-pressure experiments from the 1990s detailing 
phase relations in lunar compositions at low pressure (Longhi, 2006). 

The resulting calculations show that the effect of LMO initial depth on crustal 
thickness is substantial and non-linear. Assuming the bulk composition used in our 
experimental study, FXMOTR yields crustal thicknesses of 52, 80, 71.5, 60.6 and 61.6 
km at initial LMO depths of 400, 700, 1000, 1200 and 1350 km, respectively, with 
olivine, pyroxene, and plagioclase the only crystallising phases predicted to be present in 
all 5 models, irrespective of initial LMO depth. No garnet or spinel form in any of the 
models for our assumed LMO composition. Ilmenite only forms from LMOs that have an 
initial depth of 1000 km or less. Deeper oceans yield significantly higher Ti contents in 
olivine and orthopyroxene in these calculations, and no separate Ti-rich phase seems to 
form. Crustal thickness is predicted to be lowest when formed from a shallow LMO, and 
highest when formed from an intermediate depth LMO, with deep LMOs leading to 
intermediate crustal thicknesses. The non-linearity is caused by variations in the chemical 
composition (especially Al and Ca content) and modal abundances of pyroxene as a 
function of pressure.  

It is not surprising that there is a difference between experimentally determined 
(67.5 km) and modeled (80 km) crustal thickness for the 700 km initial LMO depth 
reference case. Although the FXMOTR program runs at a range of different pressures 
compared with the single pressure (0.6 GPa) that forms the basis of the Snyder model, it 
adopts one magma pressure for each step during LMO solidification. Initial solidification 
steps yield only olivine, which is not consistent with our observations that take variations 
in magma pressure into account explicitly. No quartz is formed in any of the FXMOTR 
models.  
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The model calculations show that variations in initial LMO depth have a 
substantial effect on crustal thickness, but that these variations cannot explain the 
discrepancy in crustal thickness between our results and observations. Even when 
applying a uniform scaling for deeper LMOs (>700 km) based on the ratio between 
experimentally observed and numerically predicted crustal thickness for a 700 km deep 
magma ocean, and incorporating the maximum effects of inefficient segregation of 
plagioclase, quartz and liquid from LMO cumulates, as well as assuming that some Al 
would be incorporated in Cr-spinel, a 1200 km deep LMO would yield a minimum 
crustal thickness of ~47 km. This indicates that none of the models reach the maximum 
thickness suggested from GRAIL data. Our conclusion is that solidification of a 
nominally dry lunar magma ocean of any reasonable depth and a composition similar to 
that of the Bulk Silicate Earth should have yielded a crust that is significantly thicker than 
observed. 

From experimental studies of terrestrial magmatic processes, it has long been 
known that the addition of water results in a significant change of the compositions and 
relative abundances of minerals that solidify during magma cooling (e.g., Sisson and 
Grove, 1993). A key observation is that water addition inhibits the crystallization of 
plagioclase with respect to the crystallization of more mafic phases such as pyroxene and 
olivine. As a result, the proportion of plagioclase in the crystallizing assemblage of a 
water-bearing melt is lower than the proportion of plagioclase in the crystallizing 
assemblage of a dry melt (Sisson and Grove, 1993). Additionally, producing a crustal 
thickness of less than 43 km by decreasing the Al2O3 content of the LMO to <3.0 wt.% is 
unrealistic, because this value is far below all current lunar compositional models (Lin et 
al., 2017). In our view, the low observed abundance of plagioclase in the Moon 
(Wieczorek et al., 2013), compared to predictions from cooling of a nominally dry 
magma ocean, could reflect the influence of the presence of significant amounts of water 
during LMO crystallisation. Several studies have suggested recently that water may have 
been present in the interior of the Moon (e.g., Saal et al., 2008; Hauri et al., 2011; 
McCubbin et al., 2010), including work based on the presence of a very small amount of 
hydrogen in lunar highland plagioclase crystals (Hui et al., 2013) and models of the 
measured deuterium/hydrogen ratio in lunar samples (Barnes et al., 2016). We have 
detailed the feasibility of using the observed lunar crustal thickness as a quantitative 
hygrometer for the early Moon elsewhere (Lin et al., 2017a). 
 
3.5.  Conclusions 

Our experimental study of the crystallization of a nominally dry, BSE-like, 700 
km deep LMO shows that the deepest cumulates in the Moon are bimineralic, consisting 
of harzburgite. Plagioclase and Ca-bearing pyroxene appear at 68 PCS. The mineral 
assemblage does not change until olivine disappears at 83 PCS, and then ilmenite and β-
quartz start crystallizing at 91 and 96 PCS, respectively. The final dregs of the LMO are 
extremely enriched FeO to 26.5 wt.% at 99 PCS. A nominally dry LMO with BSE-like 
composition and initial depth of 700 km produces an anorthositic crust (containing some 
quartz at the deepest levels) of 67.5 km at 99 PCS, far thicker than the lunar crustal 
thickness of 34−43 km based on lunar gravity. This may imply the presence of water 
during LMO crystallisation. Overall, the differences between this study and predictions 
from prior models illustrate the continued necessity of performing high-pressure 
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experiments to quantify the mineralogical and chemical evolution of planetary magma 
oceans. 
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Tables 

Table 3.1. Chemical composition of the LMO from this study, compared to previously 
proposed Bulk Silicate Moon, Bulk silicate Earth (BSE) compositions (after Lin et al., 
2017a). 

   

This%study Tay RSW1 RSW2 WSI B&T J&D MHA O'N HAU SNY ELA BSE
SiO2 45.49 43.50 43.20 44.20 46.00 48.40 43.50 43.30 44.60 45.00 48.40 45.90 44.90
TiO2 0.53 0.30 0.30 0.42 0.30 0.40 0.29 0.39 0.17 0.20 0.40 0.15 0.20
Al2O3 4.50 6.00 3.70 5.20 7.00 5.00 5.80 7.58 3.90 4.45 5.00 4.15 4.43
FeO 10.50 13.00 12.20 13.50 12.40 12.90 16.10 13.00 12.40 8.05 12.00 8.15 8.04
MnO 0.00 0.00 0.16 0.18 0.00 0.00 0.00 0.15 0.17 0.14 0.00 0.12 0.35
MgO 35.74 32.00 36.90 31.90 27.60 29.00 29.90 29.10 35.10 37.80 29.90 38.40 37.80
CaO 3.23 4.50 3.03 4.20 5.50 3.83 4.60 6.13 3.30 3.55 3.83 2.95 3.53
K2O 0.00 0.01 0.00 0.00 0.06 0.00 0.00 0.01 0.00 0.01 0.04 0.01 0.03
Na2O 0.00 0.09 0.06 0.08 0.60 0.15 0.00 0.10 0.05 0.12 0.13 0.10 0.36
Cr2O3 0.00 0.00 0.32 0.36 0.50 0.30 0.00 0.30 0.47 0.00 0.30 0.50 0.38
Mg# 86 81 84 81 80 78 77 80 83 89 82 89 89
All%values%except%Mg#%(molar%MgO/[MgO+FeO]x100)%are%in%wt.%;%BSE,%bulk%silicate%Earth
Tay:%Taylor,%1982;%RSW1%and%RSW2:%Ringwood%et%al.,%1987;%WSI:%Warren,%1986;%B&D:%Buck%and%Toksoz,%1980;
J&D:%Jonesand%Delano,%1989;%MHA:%Morgan%et%al.,%1978;%O'H:%O'Neill,%1991;%HAU:%Hauri%et%al.,%2015;%
SNY:%Snyder%et%al.,%1992;%ELA:%Elardo%et%al.,%2011;%BSE:%McDonough%and%Sun,%1995.
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Table 3.2. Summary of experimental conditions and results. 

 
  

T"(⁰C) P"
(GPa)

Duration"
(h) Phase n SiO2 TiO2 Al2O3 FeO MgO CaO

Phase"
proportion"
(modal"%)

Mg#
Olivine"
KD

FeDMg
Olivine"
K'DFeDMg

Pyroxene"
KD

FeDMg

Mineral"
assemblage"
(volume"%)

Global"
crystallization"
proportion"

PCS
Residual"

LMO"Depth"
(km)

Floating"crustal"
thickness"(100%"
plagioclase)"(km)

0 700 0
Olivine 10 40.25 0.02 0.16 11.39 47.97 0.22 45 88
Opx 9 55.10 0.12 3.76 7.35 32.26 1.40 30 89
Liquid 8 43.90 1.64 12.01 12.95 18.58 10.91 25 72
Olivine 10 40.47 0.01 0.13 10.49 48.72 0.18 45 89
Opx 8 55.10 0.15 3.92 7.80 31.50 1.51 30 88
Liquid 9 44.01 1.65 12.11 14.32 17.82 10.10 25 69
Olivine 13 40.97 0.01 0.10 8.44 50.35 0.12 40 91
Opx 9 56.78 0.08 1.84 7.03 33.43 0.84 10 89
Liquid 9 50.66 1.08 9.18 12.59 19.98 6.49 50 74
Olivine 7 40.67 0.01 0.07 10.23 48.88 0.13 45 89
Opx 5 56.88 0.11 1.63 7.08 33.56 0.74 10 89
Liquid 10 49.43 1.17 10.06 13.24 19.29 6.81 45 72
Olivine 7 40.67 0.01 0.07 10.23 48.88 0.13 45 89
Opx 5 56.88 0.11 1.63 7.08 33.56 0.74 10 89
Liquid 10 49.43 1.17 10.06 13.24 19.29 6.81 45 72
Olivine 12 41.07 0.01 0.08 8.34 50.36 0.13 45 91
Opx 7 56.69 0.12 2.19 6.98 33.01 1.00 10 89
Liquid 14 49.07 1.18 9.89 12.73 19.60 7.19 45 73
Olivine 6 40.56 0.02 0.06 9.02 50.22 0.13 40 91
Liquid 9 49.51 0.97 8.35 12.89 22.46 5.83 60 76
Olivine 6 40.56 0.02 0.06 9.02 50.22 0.13 40 91
Liquid 9 49.51 0.97 8.35 12.89 22.46 5.83 60 76
Olivine 7 41.60 0.01 0.09 3.18 55.02 0.10 30 97
Liquid 10 46.57 0.75 6.32 16.17 25.84 4.36 70 74

49.6 272 0
Olivine 8 39.86 0.03 0.09 11.19 48.54 0.24 15 89
Opx 10 55.52 0.17 2.84 7.50 32.77 1.34 30 89
Liquid 9 47.13 1.73 13.14 11.77 15.32 11.19 55 70
Olivine 8 39.83 0.03 0.08 13.55 46.16 0.23 20 86
Opx 9 55.37 0.20 2.43 8.44 31.81 1.17 20 87
Liquid 12 48.60 1.61 13.41 12.96 13.42 10.02 60 65
Olivine 6 37.94 0.03 0.08 13.73 47.88 0.22 10 86
Opx 6 53.98 0.22 2.28 8.79 32.98 1.16 20 87
Liquid 12 47.05 1.53 12.18 13.75 16.48 9.04 70 68
Olivine 6 37.94 0.03 0.08 13.73 47.88 0.22 10 86
Opx 6 53.98 0.22 2.28 8.79 32.98 1.16 20 87
Liquid 12 47.05 1.53 12.18 13.75 16.48 9.04 70 68

0 2 Liquid 9 47.44 1.08 8.86 12.98 23.02 6.59 100 76
60.0 207 0

Olivine 8 40.80 0.03 0.06 12.53 46.53 0.25 15 87
Opx 8 55.86 0.23 2.90 8.03 31.51 1.47 3 87
Liquid 11 48.73 1.54 13.19 12.85 14.31 9.62 82 66
Olivine 11 40.69 0.03 0.05 12.91 46.26 0.26 10 86
Liquid 11 48.31 1.47 12.77 13.35 15.05 9.29 90 67
Olivine 11 40.69 0.03 0.05 12.91 46.26 0.26 10 86
Liquid 11 48.31 1.47 12.77 13.35 15.05 9.29 90 67

0 2 Liquid 9 47.39 1.33 11.37 13.29 18.63 8.24 100 71
63.8 187 0

Olivine 5 40.80 0.03 0.06 12.53 46.53 0.25 5 87
Opx 8 53.97 0.43 5.68 10.46 28.08 2.06 20 83
Liquid 10 47.31 1.80 15.93 13.00 10.10 11.76 75 58
Olivine 11 39.52 0.03 0.12 15.39 44.70 0.24 13 84
Opx 5 56.25 0.36 3.03 9.80 29.70 1.59 2 84
Liquid 10 49.41 1.62 14.89 13.00 11.49 10.40 85 61
Olivine 11 39.52 0.03 0.12 15.39 44.70 0.24 13 84
Opx 5 56.25 0.36 3.03 9.80 29.70 1.59 2 84
Liquid 10 49.41 1.62 14.89 13.00 11.49 10.40 85 61

0 3 Liquid 10 48.17 1.45 12.50 13.22 15.81 9.10 100 68
68.5 162 0

Olivine 6 39.91 0.04 0.06 16.08 43.89 0.24 8 83
Cpx 12 53.37 0.45 4.88 11.83 26.72 2.94 15 80

Plagioclase 11 45.37 0.07 33.90 0.84 0.59 19.15 15 55
Liquid 19 49.89 2.59 14.64 13.96 7.55 11.57 62 49
Cpx 9 53.70 0.70 3.94 12.16 26.50 3.21 25 80

Plagioclase 11 46.70 0.08 32.61 0.96 0.87 18.71 10 62
Liquid 16 47.89 2.33 15.38 14.18 8.73 11.68 65 52

0 4 Liquid 10 49.02 1.57 14.58 12.39 12.22 10.37 100 64
76.1 132 12.3

Olivine 7 39.71 0.07 0.08 17.84 41.95 0.27 4 81
Cpx 7 54.15 0.54 3.81 11.47 26.83 2.91 4 81

Plagioclase 7 45.90 0.07 33.67 0.72 0.54 19.15 2 57
Liquid 10 48.14 2.70 14.73 12.75 7.97 11.86 90 53
Cpx 10 51.86 0.56 5.30 13.05 23.45 4.79 20 76

Plagioclase 9 45.80 0.06 33.57 0.74 0.51 19.13 10 55
Liquid 10 48.17 2.10 15.25 12.30 9.01 11.53 70 57

0 6 Liquid 10 47.62 2.09 14.66 12.29 9.88 10.92 100 59
79.3 119 16.8

Cpx 8 53.20 0.68 3.87 11.64 27.35 3.26 10 81
Plagioclase 9 45.63 0.06 33.78 0.58 0.50 19.45 20 61
Liquid 9 49.20 2.50 15.85 12.97 8.65 10.82 70 54
Olivine 7 38.71 0.06 0.19 19.38 41.33 0.33 5 79
Cpx 7 53.27 0.62 3.35 12.51 27.28 2.97 5 80

Plagioclase 7 45.33 0.17 33.56 0.98 0.77 19.19 10 58
Liquid 9 48.96 2.61 15.65 13.28 8.75 10.75 80 54

0 8 Liquid 10 48.80 2.43 15.77 12.93 9.25 10.81 100 56
82.8 112 26.5

Cpx 10 52.59 0.97 5.10 13.47 24.59 3.28 11 76
Plagioclase 10 46.23 0.10 33.44 0.85 0.57 18.81 15 54
Liquid 10 49.31 3.33 15.10 13.07 8.35 10.84 74 53

87.2 102 39
Cpx 8 53.65 0.96 3.05 14.85 24.73 2.76 15 75

Plagioclase 9 46.32 0.11 33.65 0.77 0.46 18.68 15 52
Liquid 10 49.19 4.53 13.57 15.18 7.12 10.42 70 46

91.1 94 48
Cpx 10 53.88 1.22 2.72 19.09 21.18 2.88 30 66

Plagioclase 10 46.82 0.13 32.04 0.92 0.41 19.13 27 44
Ilmenite 7 0.09 56.43 0.34 44.24 0.38 0.32 3 2
Liquid 10 49.89 6.58 11.11 17.70 4.47 10.56 40 31

96.4 79 60.2
Cpx 9 50.68 1.89 3.59 22.79 15.91 5.20 24 55

Plagioclase 10 47.56 0.19 31.15 1.63 0.39 19.17 28 30
Ilmenite 6 0.13 53.09 0.11 46.80 0.39 0.43 8.5 1
βDQuartz 5 99.04 0.02 0.22 0.43 0.04 0.16 11.5 14
Liquid 8 46.26 5.14 8.78 26.45 2.01 11.01 28 12

99.0 72 67.5�

Olivine"KD
FeDMg"="KD[(XFeODOlivine)(XMgODLiquid)/(XFeODLiquid)(XMgODOlivine)];"Olivine"K'DFeDMg"="calculated"and"corrected"after"Toplis,"2005

�"including"quartz."n,"number"of"analyses;"PCS,"per"cent"solid"by"volume."Phase"abundances"calculated"using"least"squares"mass"balance"and"area"percentage,"and
compositions"from"EMPA"in"wt.%"oxides,"previously"reported"in"Lin"et"al."(2017a)."Standard"deviations"based"on"multiple"analyses"for"each"phase"(not"previously"reported)
"are"shown"in"Supplementary"Table"2.1.
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Table 3.3. Weighted average chemical compositions of the residual LMO, mineral and 
cumulate pile with the LMO solidification. 
  

 

Table S1

T 
(�C)

P 
(GPa) Phase SiO2 TiO2 Al2O3 FeO MgO CaO

Olivine 0.40 0.01 0.06 0.09 0.41 0.01
Opx 0.50 0.01 0.20 0.09 0.19 0.12

Liquid 0.86 0.26 0.34 0.65 1.13 0.37
Olivine 0.99 0.01 0.07 0.18 0.39 0.01

Opx 0.91 0.01 0.45 0.08 0.26 0.07
Liquid 1.08 0.07 1.08 1.20 1.15 1.05
Olivine 0.25 0.01 0.01 0.47 0.40 0.01

Opx 0.19 0.01 0.19 0.20 0.27 0.06
Liquid 0.49 0.05 0.51 0.35 1.24 0.28
Olivine 0.10 0.01 0.01 0.18 0.11 0.01

Opx 0.14 0.01 0.16 0.12 0.19 0.02
Liquid 0.54 0.05 0.36 0.33 1.04 0.33
Olivine 0.10 0.01 0.01 0.18 0.11 0.01

Opx 0.14 0.01 0.16 0.12 0.19 0.02
Liquid 0.54 0.05 0.36 0.33 1.04 0.33
Olivine 0.50 0.01 0.06 0.08 0.38 0.01

Opx 0.64 0.04 0.53 0.23 0.69 0.37
Liquid 1.35 0.07 0.71 0.41 0.72 0.29
Olivine 0.29 0.01 0.01 0.14 0.38 0.01
Liquid 0.38 0.05 0.54 0.60 1.40 0.31
Olivine 0.29 0.01 0.01 0.14 0.38 0.01
Liquid 0.38 0.05 0.54 0.60 1.40 0.31
Olivine 0.24 0.01 0.01 0.11 0.42 0.03
Liquid 0.65 0.12 0.38 0.44 0.92 0.45
Olivine 0.30 0.01 0.01 0.07 0.27 0.02

Opx 0.38 0.02 0.40 0.20 0.32 0.12
Liquid 0.76 0.09 0.59 0.34 0.77 0.70
Olivine 0.28 0.01 0.02 0.59 0.45 0.02

Opx 0.47 0.02 0.30 0.27 0.33 0.11
Liquid 0.98 0.10 0.90 0.48 2.02 0.53
Olivine 0.44 0.01 0.04 0.38 0.75 0.03

Opx 0.36 0.02 0.28 0.14 0.58 0.12
Liquid 0.61 0.08 0.51 0.18 0.57 0.23
Olivine 0.44 0.01 0.04 0.38 0.75 0.03

Opx 0.36 0.02 0.28 0.14 0.58 0.12
Liquid 0.61 0.08 0.51 0.18 0.57 0.23

0 Liquid 0.68 0.03 0.06 0.26 0.29 0.07
Olivine 0.18 0.01 0.01 0.13 0.24 0.02

Opx 0.67 0.08 1.05 0.08 0.69 0.23
Liquid 0.27 0.06 0.45 0.19 0.90 0.33
Olivine 0.15 0.01 0.01 0.33 0.30 0.02
Liquid 0.14 0.02 0.25 0.15 0.43 0.18
Olivine 0.15 0.01 0.01 0.33 0.30 0.02
Liquid 0.14 0.02 0.25 0.15 0.43 0.18

0 Liquid 0.25 0.06 0.07 0.13 0.06 0.04
Olivine 0.26 0.01 0.01 0.21 0.25 0.01

Opx 0.61 0.08 0.83 0.34 0.90 0.33
Liquid 0.31 0.06 0.36 0.39 0.91 0.46
Olivine 0.41 0.02 0.04 1.54 1.18 0.07

Opx 1.47 0.01 0.17 0.49 1.61 0.06
Liquid 0.35 0.01 0.17 0.02 0.04 0.01
Olivine 0.41 0.02 0.04 1.54 1.18 0.07

Opx 1.47 0.01 0.17 0.49 1.61 0.06
Liquid 0.35 0.01 0.17 0.02 0.04 0.01

0 Liquid 0.31 0.05 0.42 0.20 0.88 0.26
Olivine 0.32 0.02 0.01 1.15 0.88 0.03

Cpx 0.63 0.09 0.77 0.65 1.20 0.93
Plagioclase 0.51 0.02 0.34 0.05 0.05 0.22

Liquid 0.94 0.70 1.23 1.99 0.79 0.24
Cpx 0.65 0.17 0.56 1.41 1.44 0.53

Plagioclase 0.23 0.03 0.14 0.17 0.04 0.18
Liquid 0.37 0.48 0.52 0.67 0.32 0.08

0 Liquid 0.48 0.06 0.30 0.20 0.09 0.11
Olivine 0.27 0.02 0.02 0.39 0.32 0.02

Cpx 0.93 0.11 1.15 0.20 1.45 0.66
Plagioclase 0.31 0.01 0.25 0.03 0.04 0.03

Liquid 0.31 0.56 0.50 0.23 0.40 0.29
Cpx 1.00 0.11 2.31 1.60 1.09 0.77

Plagioclase 0.47 0.01 0.18 0.07 0.02 0.13
Liquid 0.48 0.02 0.15 0.12 0.09 0.12

0 Liquid 0.30 0.04 0.28 0.14 0.07 0.05
Cpx 0.65 0.05 0.44 0.35 0.43 0.10

Plagioclase 0.54 0.01 0.41 0.03 0.01 0.13
Liquid 0.33 0.10 0.20 0.14 0.09 0.07
Olivine 0.36 0.04 0.27 0.40 0.58 0.16

Cpx 0.33 0.05 0.24 0.20 0.32 0.11
Plagioclase 0.41 0.10 0.73 0.37 0.24 0.34

Liquid 0.28 0.18 0.32 0.27 0.20 0.08
0 Liquid 0.21 0.01 0.11 0.17 0.10 0.09

Cpx 0.53 0.01 0.05 0.13 0.25 0.03
Plagioclase 0.46 0.00 0.33 0.01 0.01 0.19

Liquid 0.49 0.03 0.15 0.13 0.08 0.11
Cpx 0.35 0.10 0.93 1.07 0.45 0.30

Plagioclase 0.51 0.02 0.39 0.07 0.06 0.22
Liquid 0.23 0.22 0.13 0.12 0.06 0.04
Cpx 0.23 0.15 0.52 0.73 0.63 0.24

Plagioclase 0.49 0.02 0.49 0.11 0.04 0.15
Ilmenite 0.01 0.43 0.02 0.23 0.17 0.10
Liquid 0.55 0.26 0.23 0.35 0.24 0.11
Cpx 0.63 0.62 0.89 1.48 1.01 1.83

Plagioclase 0.86 0.04 0.68 0.20 0.08 0.29
Ilmenite 0.05 0.13 0.02 0.84 0.35 0.06
β-Quartz 0.88 0.15 0.13 0.07 0.06 0.12

Liquid 0.13 0.08 0.29 0.83 0.12 0.08
All values represent 1 sigma standard error (1σ s.d.).
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Chapter 4 

Early wet Moon evolution: Constraints from 
experiments on the solidification of a hydrous lunar 
magma ocean 
Revised manuscript to be submitted to Meteoritics & Planetary Science as: xxx 

 
 
 

Abstract: 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, we present details of 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) first reported in Lin et al. (2017a). 
Crystallization sequences and mineral and melt compositions during solidification of the 
two hydrous LMOs are significantly different from nominally dry systems with the same 
major element composition (Lin et al. 2017b). Water contents in the melt phases in 
selected hydrous run products were measured using secondary ion mass spectrometry 
(SIMS), and suggest that ~65% of the hydrogen originally added to the experiments was 
consistently lost during the experiments. This indicates that significantly less water was 
present in our experiments than originally estimated using semi-quantitative methods 
(Lin et al. 2017a). The volume of plagioclase formed during our crystallization 
experiments can be combined with the measured water contents and the observed crustal 
thickness on the Moon to provide an improved lunar hygrometer. Our data suggest that at 
least 48 to 375 ppm H2O equivalent was present in the Moon at the time of crust 
formation. These improved estimates confirm the Moon was wet during its magma ocean 
stage, with absolute water contents closer to estimates derived from the water content in a 
range of lunar samples than previously thought. 
 
 
 
 
 
 
 
 
 
Keywords: Magma ocean, Experimental petrology, Lunar crust, Hygrometer 
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4.1. Introduction 
The Moon is thought to have formed in a giant impact between a Mercury-to-

Earth sized object and an early-formed proto-Earth (Ćuk and Stewart, 2012; Canup, 2012; 
Lock et al., 2018). Its early differentiation was likely accompanied by the presence of a 
global silicate magma ocean, referred to as the lunar magma ocean (LMO) (e.g., Smith et 
al., 1970; Wood et al., 1970; Warren, 1985; Shearer et al., 2006). Estimates for the initial 
LMO depth range from 400 km based on Snyder et al. (1992) to 1350 km (equivalent to 
whole Moon melting) based on pressure-temperature conditions derived from models of 
core formation in the Moon (e.g., 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 in the lunar 
interior, and a ferroan anorthosite primary crust via flotation of low-density plagioclase-
rich cumulates (e.g., Warren, 1985; Snyder et al., 1992; Shearer et al., 2006; Elardo et al., 
2011; Elkins-Tanton et al., 2011).  

The crystallization sequence and composition of these cumulate layers are of 
primary importance for understanding subsequent events in lunar evolution, including a 
proposed density-driven overturn in the mantle (e.g., Hess and Parmentier, 1995; 
Stegman and Richards, 2003; Zhang et al., 2013; Zhao et al., 2017) leading to 
decompression melting and mare basalt volcanism. We recently published a fully 
experimentally-based crystallization sequence of a 700 km deep, nominally dry LMO 
(Lin et al., 2017b) and found that (1) the cumulates formed during the first ~50% of LMO 
crystallization were characterized by dense olivine and orthopyroxene, (2) plagioclase 
first appeared after 68 volume percent solidification (PCS), (3) ilmenite and β-quartz 
formed towards the end of crystallization, and (4) the last per cent of magma remaining is 
extremely iron-rich (> 26 wt.% FeO). Our study showed several differences with 
previous models of dry LMO crystallization (Snyder et al., 1992; Elardo et al., 2011; 
Elkins-Tanton et al., 2011), in part due to us incorporating explicitly the effect of variable 
pressure within a deep magma ocean on crystallization (Lin et al., 2017b). 

Over the past 10 years, the classical view of an anhydrous, volatile-poor Moon 
has been challenged by the discovery of water and other volatiles in lunar pyroclastic 
glass (Saal et al., 2008), apatites (e.g., McCubbin et al., 2010; Greenwood et al., 2011; 
Tartèse and Anand, 2013; Tartèse et al., 2013, 2014; Boyce et al., 2015; Barnes et al., 
2014, 2016), melt inclusions hosted in olivine (Hauri et al., 2011; Saal et al., 2013; Chen 
et al., 2015), and in the lunar magma ocean (Hui et al., 2013; Lin et al., 2017a). Water 
could therefore play an important role in the evolution of the Moon, including perhaps 
during the cooling and crystallization of an early LMO. The presence and abundance of 
water affect chemical and physical properties of both magma and minerals, including 
changing the liquid line of descent of melt, suppressing the crystallization of plagioclase 
relative to olivine and clinopyroxene in mid-ocean ridge basalts (Sisson and Grove, 1993; 
Danyushevsky, 2001), and changing mineral and melt viscosities (e.g., Hirth and 
Kohlstedt, 1996; Hui and Zhang, 2007; Giordano et al., 2008).  

Elkins-Tanton and Grove (2011) previously attempted to model the effect of 
water on the evolution of the Moon during and after a magma ocean stage, using a 
crystallization sequence based on models of a dry LMO and assuming water did not 
affect magma ocean crystallization. To better understand the evolutionary history of a 
water-bearing LMO, including its crystallization sequence, the chemical compositions of 
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cumulates, corresponding residual LMO during progressive solidification and the 
quantitative differences between dry and wet LMO solidification scenarios, we 
performed a series of experiments at high pressure-temperature (P–T) conditions that are 
directly relevant to the evolution of the lunar interior. The crystallization sequence of 
these experiments was previously described in Lin et al. (2017a), but the chemical 
compositions of minerals and melts were not discussed previously. In addition, the water 
contents in our experiments were not determined quantitatively by Lin et al. (2017a), but 
were estimated indirectly from deficiencies in the totals of electron microprobe analyses 
(which cannot detect water) of experimental melt phases, assuming these deficiencies 
were fully due to the presence of water. Here, we provide secondary ion mass 
spectrometry (SIMS) data for a subset of our experiments enabling quantitative 
assessment of the water content of our experiments. Our results are compared to results 
of the crystallization of a nominally dry LMO of the same major element composition 
(Lin et al. 2017b), to quantify the effect of water, and to provide constraints on the likely 
range of magma ocean water contents.  
 
4.2. Methods 
4.2.1. Experimental approach 

Our approach is based on the experimental approach outlined in our companion 
work focusing on the evolution of a nominally dry LMO (Lin et al., 2017b), adjusted to 
be able to quantify the effect of water. We assume water does not significantly affect the 
olivine/Opx ratio during the early LMO crystallization steps (Sisson and Grove, 1993). 
Water-bearing experiments were therefore performed starting from the fifth 
crystallization step of our nominally dry LMO solidification model (Lin et al., 2017b), 
which was the first step in which plagioclase formed, at 68 PCS. We simulated two 
hydrous LMO scenarios with different water contents by adding quantitative amounts of 
Mg(OH)2 to produce 1 and 2 wt.% OH (0.5 and 1 wt.% H2O equivalent) upon melting 
from the fourth step of the dry LMO solidification series (Lin et al., 2017b). This 
approach is equivalent to adding 1575 and 3150 ppm H2O equivalent in the initial LMO, 
neglecting the very small amounts of hydrogen incorporated in the nominally anhydrous 
minerals olivine and orthopyroxene. The water concentrations in subsequent starting 
materials are calculated based on mass-balance and the percentage of the residual liquid 
of the previous crystallization step after removal of the corresponding crystal assemblage. 
For simplicity, we assume that water is conserved fully in the crystallizing LMO system. 
This implies that the water content of residual magma continuously increases during 
progressive LMO crystallization.  
 
4.2.2. Starting materials 

The major element composition of our starting material was based on a model of 
lunar mantle composition derived from geophysical data (Khan et al., 2007) in the 
simplified chemical system Fe-Ca-Mg-Al-Ti-Si-O, as in our previous nominally 
anhydrous work (Lin et al., 2017b). Starting materials were prepared by mixing 
appropriate amounts of high purity (99.5–99.99%, Alfa Aesar) powdered (hydr)oxides 
(MgO, Mg(OH)2, Fe2O3, Al2O3, Al(OH)3, TiO2, SiO2) and CaCO3 (99.95–100.05%, Alfa 
Aesar). The oxides MgO, Al2O3, TiO2 and SiO2 were fired overnight at 1000 °C and then 
stored at 110 °C prior to use. The other oxides, hydroxides and calcium carbonate were 
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dried at 110 °C overnight prior to use. Starting material preparation involved two stages. 
In the first stage, after mixing nominally dry starting materials under ethanol in an agate 
mortar for 1 hour, they were dried in air and decarbonated in a Pt crucible in a box 
furnace by gradually raising the temperature from 650 to 1000 °C in approximately 7 h. 
The Pt crucible had previously been iron-saturated to minimize iron loss. The resulting 
mixtures were melted in air for 20 min at 1500 °C to promote homogeneity, and to reduce 
most of the iron in the starting material to 2+. They were quenched by immersing the 
bottom of Pt crucible in water. Small fragments of all resulting glasses were embedded in 
epoxy, polished, carbon-coated and analyzed for homogeneity by electron microprobe. 
The glasses were subsequently crushed, dried, and reground under ethanol in an agate 
mortar for 1 hour and then kept at 110 °C until use. In the second stage of starting 
material preparation, water was added to dry glass using Mg(OH)2 or Al(OH)3. In all 
starting material batches, the Mg or Al added as oxides in the first stage was adjusted (i.e. 
lowered) to quantitatively account for the Mg or Al added subsequently in hydroxide 
form in the second stage. 
 
4.2.3. High-pressure experiments 

As described in our previous work (Lin et al., 2017a,b), high-pressure, high-
temperature experiments were performed in a piston cylinder press using a half-inch 
(12.7 mm) diameter talc-pyrex cell assembly (van Kan Parker et al., 2011). For these 
experiments a hand-machined graphite bucket, with an ID of 0.7 mm, OD of ∼1.7 mm 
and a length of 3–4 mm, was filled with starting material, closed with a graphite lid and 
inserted in a gold-palladium (Au80Pd20) capsule, with an ID of 1.7 mm, OD of 2 mm, and 
a length of 5–7 mm. The bottom of the Au80Pd20 capsule was triple crimped, flattened 
and welded shut at one end. After inserting the graphite capsule the other end was 
crimped and welded shut. The oxygen fugacity is ~1‒3 log units above the IW buffer in 
this assembly (Lin et al., 2017c), so that iron is present in the 2+ valence state. 
Temperature was monitored using a W5Re–W26Re (type C) thermocouple and Omega 
CN76000 programmable controller. The center of the sample was located in the hotspot 
of the assembly, 2 mm away from the thermocouple tip end, so that sample temperatures 
were within 10 °C of the thermocouple reading (Watson et al., 2002). Experiments were 
pressurized cold and then heated while maintaining pressure. Pressures vary from 0.4 to 
0.8 GPa and temperatures from 1130 to 1240 °C. Additional experiments at 1 atm were 
run in a high-temperature box furnace (temperatures between 1180 and 1240 °C). 
Experiment duration varied between 4 and 48 h depending on the melting degree and 
temperature. At completion of an experiment, runs were quenched by cutting power to 
the heater and the temperature typically dropped below the glass transition in < 10 s. 

 
4.2.4. Analytical techniques 
4.2.4.1. Electron microprobe analysis (EMPA) 

Experimental run products were mounted in epoxy and polished to a <1 µm finish 
and carbon-coated. Back-scattered electron (BSE) imagery was used to assess the texture 
and mineralogy. The chemical composition of the run product phases (minerals and 
quenched melts) was determined with electron microprobe analysis (EMPA) using a 
JEOL JXA-8800M Electron Microprobe at Utrecht University, and checked for 
contamination and iron loss. Analyses were done using an accelerating voltage of 15 kV 



! 46!

and a beam current of 20 nA for Si, Ti, Al, Fe, Mg and Ca. Analyses were calibrated 
against primary standards of diopside (Ca, Si), fayalite (Fe), ilmenite (Ti), olivine (Mg) 
and orthoclase (Al). Peak areas were converted to concentrations using standard values. 
Peak count times were 20 seconds and background count time 10 seconds. We used three 
different beam diameters of 1, 10 and 20 µm for the mineral phases, glassy quenched 
melts nearly free of quench crystals and quenched melts, respectively. Compositions 
reported here are based on the average of 5–10 analyses. The mineral and melt 
proportions were determined by mass balance calculations and area percentage using an 
EDAX-EDS system in imaging mode.  

 
4.2.4.1. Secondary ion mass spectrometry (SIMS) 
 Experimental run products were taken out from epoxy and pressed into tin alloy, 
and polished again in an Al-metal disk. All mounts were dried in an oven for several days 
before coating with gold for ion probe analysis. The Cameca IMS 6f ion microprobe at 
the State Key Lab of Isotope Geochemistry, Guangzhou Institute of Geochemistry, was 
used for all of the SIMS measurements. We generally followed the previous analytical 
procedure (Hauri et al., 2002; Mosenfelder et al., 2011), with efforts on reducing the 
hydrogen background during analyses. To minimize hydrogen (and OH) backgrounds, 
the instrument was baked for 24 h and samples were kept in the sample storage chamber 
(< 5 × 10-9 torr) for several days prior to analysis. It is usually possible to obtain 
measurements at total sample chamber pressures < 5 × 10-9 Torr. 

 

4.3. Results 

4.3.1. Demonstration of equilibrium 
Tables 4.1 and 4.2 provides an overview of 

24 hydrous experiments: fourteen for an initial 
LMO nominally containing 3150 ppm H2O 
equivalent, and ten for an initial LMO with 1575 
ppm water equivalent, simulating a solidification 
history up to 95 and 84 PCS, respectively. All 
experiments contained quenched liquid with a 
glassy texture, with most experiments containing in 
addition two or more mineral phases. Typical 
examples of experimental charges are shown in Fig. 
4.1. Compositional measurements of all phases with 
errors are shown in Table 4.1. Texturally, mineral-
melt contacts are straight without resorption 
textures, suggesting equilibrium.  

 
Fig. 4.1. Representative backscatter electron (BSE) 
images of (a) LBS6H at 1220 °C and 0.4 GPa in the 
3150 ppm H2O equivalent system, and (b) LBS7H 
at 1200 °C and 0.4 GPa in the 1575 ppm H2O 
equivalent system. Opx = orthopyroxene; Cpx = clinopyroxene; Pl = plagioclase. 
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Mineral grains and melt areas are homogeneous in composition, as seen from the 

small 1 sigma standard deviations reported in Table 4.1. Olivine–liquid Fe–Mg exchange 
coefficients, KD[(XFeO-Olivine)(XMgO-Liquid)/(XFeO-Liquid)(XMgO-Olivine)], range from 0.27 to 
0.30 in the olivine-bearing experiments (Table 4.1). Correcting these values for the 
effects of temperature, pressure and composition using the parameterization of Toplis 
(2005) yields K'D values of 0.31–0.32 (Table 4.1), well within the equilibrium value 
range of 0.17–0.45 (Toplis, 2005; Fig. 4.2). Figure 4.3 shows the measured calcium and 
aluminium abundances in experimental olivines, compared to literature data (Sobolev et 
al., 2007). The Ca and Al abundances are very low (0.27–0.35 wt.% CaO and 0.07–0.22 
wt.% Al2O3) and within the ranges found for terrestrial magmatic olivines, suggesting 
olivine-melt equilibrium in our experiments.  

In the pyroxene-bearing experiments, average KD
Fe-Mg values for pyroxene with a 

wide range of aluminum contents (2.94−6.28 wt.% Al2O3) range from 0.24 to 0.31, with 
one experiment at 1130 °C showing the highest value (0.42) (Table 4.1). This is broadly 
consistent with the equilibrium value range of 0.20−0.40 (e.g., Grove and Bryan, 1983; 
Kinzler and Grove, 1992; Sisson and Grove, 1993) (Fig. 4.2). Taken together, textural 
and chemical evidence suggests equilibrium was closely approached in our experiments. 
 

Fig. 4.2. Ranges of K(‘)Fe-Mg 
D(Sol-liq)  of 

experimental olivine and 
pyroxene versus pressure and 
temperature. Blue and grey bars 
show the corrected equilibrium 
value ranges of olivine of 0.17–
0.45 (Toplis, 2005), and 
pyroxene of 0.2–0.4 (Grove and 
Bryan, 1983; Kinzler and Grove, 
1992; Sisson and Grove, 1993). 
 

 

 
Fig. 4.3. The CaO and Al2O3 contents 
in olivine versus Mg# of olivine from 
our experiments. The light green and 
grey bars represent the CaO and Al2O3 
contents of ~17000 olivine grains with 
Mg# of ~75–85 from terrestrial 
samples including mid-oceanic ridges 
basalts, ocean islands, and large 
igneous provinces, showing ~0.14–
0.42 wt.% CaO and ~0.03–0.13 wt.% 
Al2O3 (Sobolev et al., 2007). 
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4.3.2. Water contents in experiments 
High-temperature experiments can suffer from water loss, through the outer noble 

metal capsule, and/or through fast solid-state hydrogen diffusion (e.g., Truckenbrodt and 
Johannes, 1999; Freda et al., 2001). It is important to ascertain if significant and/or non-
systematic water loss occurred during our experiments. Qualitatively, EMPA analyses of 
glasses in all experiments shown in Table 4.1 yield totals that are significantly lower than 
100 per cent, consistent with the presence of water (that cannot be measured by EMPA) 
at the end of the experiments. Differences from perfect totals in EMPA analyses can be 
due to the presence of H2O and/or OH species, the presence of other volatiles such as 
CO2 or CH4, the presence of trivalent iron, and errors introduced in the microprobe 
calibration. The overall data set indicates that the amount of water in our experiments is 
approximately 92 per cent of the value suggested by the EMPA deficit (Fig. 4.4a). 

 
 

Fig. 4.4. Comparison between water 
content by EMPA deficit and water 
content measured by SIMS in 
experimental samples. 
 

In Table 4.3 and Fig. 4.4b, a 
comparison is provided between the 
measured water content of the 
experimentally produced melts, as 
derived from the SIMS-based calibration 
in Fig. 4a, and the water abundances 
expected on the basis of the nominal 
amount of water added to each starting 
material. The slope of the correlation 
line is 0.35, suggesting approximately 65 per cent of the water added was systematically 
lost during the experiments. In our previous paper on the effect of water on LMO 
crystallization (Lin et al. 2017a), we assumed no water loss occurred in our experiments. 
The true water contents in our hydrous experiments are therefore lower than assumed in 
Lin et al. (2017a). 

We do not observe a correlation between the fraction of water loss and 
experiment duration, consistent with previous observations made using the same 
experimental setup (Lin et al. 2017c).  

 
4.3.3. Crystallization sequence and mineral compositions 

Crystallization of a hydrous LMO, starting at 68 PCS is recreated using 
experiments to 95 PCS at 3150 ppm and to 84 PCS at 1575 ppm (Table 4.1) initial LMO 
H2O equivalent, using P-T conditions based on the depth of the residual LMO. The 
mineralogy of the crystallizing LMO is summarized graphically in Fig. 4.5. At 1575 and 
3150 ppm H2O equivalent, plagioclase appears after 71 and 73 PCS respectively, 
compared to 68 PCS in the dry system. Ca-bearing pyroxene (referred to as Cpx if its 
wollastonite (Wo) content is < 5 mol%, as Opx if Wo>5) starts crystallizing between 70 
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and 73 PCS in 3150 ppm H2O equivalent (72–76 PCS for 1575 ppm H2O equivalent). 
Olivine does not form beyond >77 PCS (>76 PCS for 1575 ppm H2O equivalent). 
Plagioclase starts crystallizing at 1200 and 1220 ºC under 3150 and 1575 ppm initial 
LMO H2O equivalent, 40 and 20 ºC lower than in the nominally dry system (Lin et al., 
2017b), respectively. From 89 to 95 PCS (step LBS10H in Table 4.1), spinel, ilmenite 
and quartz appear and coexist with plagioclase and Cpx.  

 

 
Fig. 4.5. Comparison of LMO crystallization sequences from this study after Lin et al. 
(2017a). (a) and (b) Experimentally determined crystallization sequence in a system 
containing 3150 ppm H2O equivalent and 1575 ppm H2O equivalent in a LMO with 
initial depth of 700 km; (c) Nominally dry experiments from Lin et al. (2017b). Ol = 
olivine; Opx = orthopyroxene; Cpx = clinopyroxene; Pl = plagioclase; Ilm = ilmenite;  
Qz = quartz; Sp = spinel. 

 
Olivine and pyroxene show a range of compositions Fo83-81 and En79-35Fs31-

17Wo34-4 between 68 and 95 PCS, and Fo83-78 and En81-68Fs25-16Wo7-3 from 68 to 84 PCS, 
under 3150 and 1575 ppm H2O equivalent conditions, respectively (Table 4.1). Both 
show a gradual increase in FeO and TiO2 contents and decrease in MgO content as 
crystallization progresses. In the 3150 ppm H2O equivalent system, Al2O3 and CaO 
contents of olivine increase to maximum values of 0.22 and 0.35 wt.%, respectively, at 
~73–77 PCS when plagioclase appears as a liquidus phase. The CaO content of pyroxene 
increases from 2.0 to 14.8 wt.%. As for plagioclase, there is a minor increase of FeO 
from 0.79 to 1.34 wt.% and TiO2 from 0.06 to 0.15 wt.% from 73 to 95 PCS. Spinel in 
step LBS10H has 61.0 wt.% Al2O3 and 23.5 wt.% FeO. In the 1575 ppm H2O equivalent 
system, pyroxene increases in CaO content from 1.60 to 3.71 wt.% between 69 and 84 
PCS. Plagioclase shows minor variation of FeO from 0.87 to 1.23 wt.% and TiO2 from 
0.05 to 0.15 wt.% between 72 and 84 PCS. 
 
4.3.4. Compositions of the residual LMO and corresponding cumulate pile 

The weighted compositions of the residual LMO liquids and corresponding 
minerals, and bulk cumulate layer compositions for every crystallization step are listed in 
Table 4.2. The evolution paths of the major oxide concentrations and Mg# of the residual 
LMO are shown in Fig. 4.6 for the 3150 ppm H2O equivalent system, and Fig. 4.7 for the 
1575 ppm H2O equivalent system. Melt MgO content and Mg# decrease continuously 
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from LBS5H (MgO = 12.52 wt.%, Mg# = 63) to LBS10H (4.24 wt.%, 32) for the 3150 
ppm H2O equivalent system (Fig. 4.6a). SiO2 is virtually constant at 48.0±1.0 wt.% in 
both experimental series. Al2O3 increases steadily to maxima of 15.74 wt.% (3150 ppm 
H2O equivalent system) and 16.15 wt.% (1575 ppm H2O equivalent system), to the stage 
where plagioclase starts crystallizing. Melt CaO increases progressively throughout the 
crystallization sequence reaching 13.7 wt.% at 95 PCS in the 3150 ppm H2O equivalent 
system and 12.0 wt.% at 84 PCS in the 1575 ppm H2O equivalent system. The 
appearance of ilmenite affects significantly the shape of the curves for the TiO2 and FeO 
content in the residual melts. Before crystallization of ilmenite at 89 PCS (LBS9H), TiO2 
gradually increases to 3.6 wt.%, and FeO increases with minor fluctuations to 14.3 wt.%. 
From this stage onwards, FeO continues to be enriched in the melts up to 16.2 wt.% at 95 
PCS, while TiO2 in the melt sharply decreases to 1.09 wt.%.  

 
 

Fig. 4.6. Chemical evolution during 
LMO crystallization of (a) residual 
lunar magma ocean (LMO) liquid 
and (b) the bulk mantle cumulate pile 
at 3150 ppm H2O equivalent in the 
initial LMO. Mineral abbreviations 
are given in the Figure 4.5 caption. 

 
The evolution of the bulk 

chemical composition of the mantle 
cumulates is presented in Figs. 4.6b 
and 4.7b for the two water-bearing 
systems (compositions of the floating 
layers containing plagioclase ± SiO2 
are not shown). There is a significant 
drop in bulk mantle cumulate Mg# 
from 68 at 89 PCS to 44 at 95 PCS 
in the 3150 ppm H2O equivalent 
system (Fig. 4.6b). The Mg# in the 
mafic cumulate pile remains higher 
than that of corresponding residual 
magma during LMO solidification 
(Figs. 4.6 and 4.7). When ilmenite 
appears at 89 PCS, both the MgO 

and SiO2 content of the cumulate layer decrease sharply (Fig. 4.6b). Simultaneously, 
TiO2 and FeO contents of the cumulates increase from 0.04 to 8.6 wt.% and from 12.8 to 
21.1 wt.% (Fig. 4.6b), respectively. There is a clear increase in the Al2O3 content of the 
bulk mantle cumulate when spinel forms (Fig. 4.6b). The formation of high-Ca pyroxene 
(En35Fs31Wo34) in step LBS10H raises the CaO content of the cumulate pile. 
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Fig. 4.7. Chemical evolution during 
LMO crystallization of (a) residual 
lunar magma ocean (LMO) liquid and 
(b) the bulk mantle cumulate pile at 
1575 ppm H2O equivalent in the initial 
LMO. Mineral abbreviations are given 
in the Figure 4.5 caption. 
 
4.4. Discussion 
4.4.1.  Comparison with a nominally 
dry Moon 

We first compare our results 
with data from our nominally dry 
LMO crystallization study using the 
same bulk composition (Lin et al., 
2017b), referred to as “Dry model” 
hereafter, with the corresponding 
mineralogy of the solidified LMO 
shown in Fig. 4.5c. 

The Dry model showed that 
plagioclase appears in a crystallizing 
assemblage with olivine and Cpx at 68 
PCS, with olivine disappearing at 83 
PCS, and ilmenite starting to 
crystallize at 91 PCS (Fig. 4.5c). In the 
final step considered by Lin et al. 

(2017b) at 96 PCS, β-quartz coexists with Cpx, plagioclase and ilmenite. In contrast, the 
hydrous models of this study show that only olivine ± pyroxene occurs at 68 PCS. 
Plagioclase does not crystallize until 71 and 73 PCS in the 1575 and 3150 ppm H2O 
equivalent systems, respectively. In the final step LBS10H from 89 to 95 PCS at 3150 
ppm H2O equivalent, β-quartz, spinel and high-Ca pyroxene coexist with plagioclase and 
ilmenite (Fig. 4.5a).  

These observations are consistent with prior experimental studies of terrestrial 
systems that showed that the addition of water delays crystallization of plagioclase 
relative to olivine and clinopyroxene in magmatic processes, inducing formation of high-
Ca pyroxene, and that Al can substitute into pyroxene and spinel in water-bearing 
crystallization experiments (e.g., Sisson and Grove, 1993). 

The implications of the presence of ilmenite and quartz are discussed in our Dry 
model paper (Lin et al., 2017b). High-Ca pyroxene (HCP) has been observed by remote 
sensing in lunar craters with diameters larger than ~40 km (e.g., Yamamoto et al., 2015 
and references therein), suggesting its presence in the shallow lunar crust. The presence 
of HCP is generally not linked to primary LMO crystallization processes, but this study 
shows that HCP with at least 14.8 wt.% CaO can form during late-stage crystallization in 
a hydrous Moon. Likewise, to date the formation of spinel has not been linked to primary 
LMO processes. So-called ‘pink spinel’ occurrences on the Moon, identified using 
remote sensing (Pieters et al., 2014), point to the presence of very magnesian spinels in 
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the crust of the Moon. Experiments have shown that such Mg-rich spinels are likely 
formed through the interaction between Mg suite parent magma and anorthositic crust 
(i.e., during processes that occur after completion of LMO solidification, Prissel et al., 
2014). Our experiments indicate that spinel (albeit of a more Fe-rich composition) can 
also be a product of LMO crystallization if water was present.  
 
4.4.2.  An improved lunar crust hygrometer 

As first discussed in Lin et al. (2017a), our data can be used to constrain the water 
content in the early Moon by comparing the thickness of the lunar crust produced during 
hydrous LMO crystallization with the observed 34−43 km average lunar crustal thickness 
(Wieczorek et al., 2013). Our SIMS measurements allow us to improve this lunar 
hygrometer.  

As discussed in section 4.4.1, in hydrous experiments plagioclase crystallizes later 
than in a nominally dry system with the same bulk major element composition, with 
higher amounts of water leading to later crystallization of plagioclase (Fig. 4.5). 
Simultaneously, the proportion of plagioclase in the crystallizing assemblage of a water-
bearing LMO is lower than the proportion of plagioclase in the crystallizing assemblage 
of a dry LMO. Our experiments show that, starting with a 700 km LMO, the crustal 
thickness assuming ideal segregation of plagioclase (± quartz) is 32.2 km at 95 PCS in 
the nominally 3150 ppm H2O equivalent system and 19 km at 84 PCS in the nominally 
1575 ppm H2O equivalent system (Table 4.1), which translates to 40 ± 1 and 42 ± 1 km at 
99 PCS, respectively (Lin et al., 2017a), consistent with the observed thickness of 34–43 
km based on the most recent lunar gravity data (Wieczorek et al., 2013). This contrasts 
with the much higher crustal thickness at 99 PCS of 68 km in a nominally dry 700 km 
deep LMO (Lin et al., 2017b), again assuming 100 per cent efficient extraction of low-
density plagioclase and quartz from the magma ocean to the crust.  

Four main factors affect the use of crustal thickness as a hygrometer, with the first 
three discussed below already assessed in Lin et al. (2017a,b).  

1. As previously suggested on the basis of trace element abundances (e.g., Snyder 
et al. 1992) a total ~5 wt.% plagioclase (± quartz) and liquid could have been trapped in 
early LMO cumulates because of inefficient crystal-melt segregation. Removal of crustal 
material to the mantle would decrease the crustal thickness by <4 km.  

2. None of our experiments contain chromium, whereas the actual LMO did. If we 
assume all Cr2O3 (starting with 0.5 wt.% according to Elardo et al. (2011)) in the LMO is 
eventually locked up in Cr-spinel, ~0.4 wt.% Al2O3 would be transferred into spinel (Lin 
et al., 2017b). This would lead to an additional lunar crustal thickness reduction of 5%.  

3. The effect of the initial depth of the LMO on crustal thickness can be modeled 
for a nominally dry magma ocean (Lin et al., 2017b), yielding crustal thicknesses of 52, 
71.5, 60.6 and 61.6 km at initial LMO depths of 400, 1000, 1200 and 1350 km, 
respectively. This shows that initial LMO depth has a substantial effect on crustal 
thickness, with the whole predicted thickness range (from 52 km for a 400 km deep LMO 
to 71.5 km for a 1000 km deep LMO) substantially larger than observed (Wieczorek et al., 
2013). 

4. A factor that was not addressed previously is that the water contents in our 
experiments (both the nominally dry and the nominally hydrous experiments) must be 
constrained accurately in order to quantitatively relate a given crustal thickness to a LMO 
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water concentration. Our SIMS data indicate that approximately 65 per cent of the water 
added to each experiment was lost (Fig. 4.4). It was also shown recently that nominally 
anhydrous experiments of the type we describe in Lin et al. (2017b) can contain ~160 
ppm water (Sarafian et al., 2017). Assuming this maximum amount of water, the 
nominally dry experiments of Lin et al. (2017b) would represent a Moon initially 
containing ~50 ppm water.  

  
 

Fig. 4.8. Average thickness of 
the lunar crust as a function of 
initial lunar magma ocean water 
content. Filled circles and solid 
line show experimental results 
from this study, hollow/filled 
triangles and squares connected 
by dotted lines show crustal 
thickness curves assuming 
different lunar magma ocean 
(LMO) depths calculated using 
thermodynamic modelling (Lin 
et al. 2017b). Grey bar shows 
observed average crustal 
thickness of 34–43 km based on 
GRAIL data (Wieczorek et al., 
2013). 

 
In Fig. 4.8, we use the above inferences to provide improved estimates of the 

effect of water to lunar magma oceans of 400, 1000, 1200 and 1350 km initial depth on 
crustal thickness. As previously, we assume the same fractional decrease in plagioclase 
production with water content as measured in our experiments. Fig. 4.8 shows that to 
yield the crustal thickness observed by GRAIL, we now estimate that the LMO must 
have contained at least 90, 325, 410, 220 and 240 ppm H2O equivalent if it had an initial 
depth of 400, 700, 1000, 1200 or 1350 km, respectively.  

Correcting for the effects of inefficient segregation and Cr-spinel consuming Al 
(equivalent to a combined ~10 wt.% reduction in crustal thickness), we conclude that the 
early Moon should have contained >~48–375 ppm water (Table 4.4). Given that LMO 
crystallization and crust formation are among the first major differentiation stages in the 
Moon, this analysis suggests that the Earth–Moon system was not anhydrous at the time 
of the Moon-forming event.  

 
4.5.  Conclusions 

This study provides crystallization sequences for the same lunar magma ocean 
composition that had two different initial water contents. Comparison with results from 
crystallization of a nominally dry system, shows that water suppresses crystallization of 
plagioclase relative to olivine and clinopyroxene, and affects both mineral and residual 
melt compositions. A hydrous LMO can lead to formation of high-Ca pyroxene and 
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spinel in the final crystallization steps. The relation between lunar water content and 
resulting crustal thickness can be used to calculate that the Moon contained at least 45 to 
370 ppm H2O equivalent during LMO crystallization, with the exact number depending 
on the initial depth of the LMO. This study illustrates the importance of incorporating the 
role of water in models of planetary magma oceans.  
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Tables: 

Table 4.1. Summary of experimental conditions and results. 

  

T 
(�C)

P 
(GPa)

Duration 
(h) Phase n SiO2 TiO2 Al2O3 FeO MgO CaO Total 

mass

Phase 
proportion 
(modal %)

Mg# Olivine 
KD

Fe-Mg
Olivine 
K'DFe-Mg

Pyroxene 
KD

Fe-Mg
Mineral assemblage 

(volume %)

Global 
crystallization 

proportion 
PCS

Residual 
LMO 

Depth 
(km)

Floating 
crustal 

thickness 
(100% 

plagioclas
e) (km)

Olivine 7 39.48 0.03 0.09 15.90 44.34 0.30 100.2 5 83
0.23 0.02 0.01 0.13 0.43 0.03 0.07

Liquid 9 48.05 1.67 14.80 12.81 10.59 10.60 98.5 95 60
0.22 0.04 0.22 0.15 0.44 0.17 0.24

Olivine 8 39.19 0.04 0.07 16.16 44.24 0.27 100.0 6 83
0.18 0.01 0.01 0.22 0.58 0.02 0.18

Liquid 8 48.05 1.62 15.10 12.80 10.26 10.65 98.5 94 59
0.11 0.02 0.14 0.11 0.26 0.12 0.13

Liquid 5 47.63 1.57 14.09 12.80 12.27 10.08 98.4 100 63
0.28 0.10 0.10 0.11 0.12 0.06 0.20

Cpx 7 51.66 0.33 5.69 11.59 27.09 3.36 99.7 21 81
0.38 0.04 0.59 0.28 0.55 0.14 0.62

Liquid 6 46.44 1.97 15.70 12.89 9.10 11.93 98.0 79 56
0.17 0.03 0.10 0.07 0.06 0.01 0.16

Opx 8 52.51 0.36 4.31 11.27 29.15 2.05 99.6 15 82
0.34 0.04 0.13 0.17 0.22 0.16 0.63

Liquid 8 47.83 1.74 15.35 12.29 9.53 11.08 97.8 85 58
0.36 0.03 0.32 0.05 0.22 0.16 0.16

Liquid 5 47.82 1.61 14.57 12.73 11.50 10.38 98.6 100 62
0.29 0.08 0.15 0.01 0.12 0.08 0.32

Opx 7 53.13 0.46 5.31 11.91 27.76 2.07 100.6 14 81
0.49 0.09 0.39 1.22 1.16 0.24 0.18

Liquid 6 47.32 2.02 16.45 12.34 8.15 11.97 98.3 86 54
0.22 0.03 0.05 0.08 0.26 0.14 0.25

Olivine 5 40.20 0.12 0.22 17.23 40.96 0.35 99.1 8 81
0.41 0.01 0.08 0.71 0.42 0.14 0.97

Opx 9 54.36 0.44 4.28 11.55 27.91 2.02 100.6 10 81
0.09 0.06 0.79 0.38 0.59 0.32 0.29

Plagioclase 6 44.97 0.07 34.51 0.83 0.67 19.21 100.3 8 59
0.23 0.03 0.23 0.17 0.25 0.21 0.24

Liquid 5 49.14 2.13 15.82 11.61 7.59 11.90 98.2 74 54
0.20 0.06 0.33 0.31 0.29 0.15 0.23

Liquid 5 47.15 1.75 15.08 12.57 10.09 11.01 97.6 100 59
0.41 0.13 0.09 0.17 0.15 0.11 0.06

Cpx 6 50.27 0.65 6.28 15.13 21.36 5.85 99.5 25 72
0.69 0.09 1.26 1.27 0.92 0.43 0.52

Plagioclase 5 44.65 0.07 33.88 0.80 0.46 19.38 99.2 15 50
0.63 0.01 0.44 0.11 0.07 0.15 0.58

Liquid 5 47.18 3.07 14.78 13.89 6.11 11.69 96.7 60 44
0.26 0.28 0.44 0.36 0.46 0.04 0.34

Cpx 8 51.57 0.64 4.48 15.09 23.01 4.70 99.5 20 73
0.51 0.09 0.58 0.36 0.47 0.24 0.27

Plagioclase 6 45.33 0.06 33.71 0.79 0.57 19.17 99.6 15 56
0.66 0.01 0.42 0.08 0.11 0.16 0.43

Liquid 6 47.23 2.90 14.56 14.36 6.33 11.71 97.1 65 44
0.23 0.45 0.71 0.63 0.51 0.11 0.21

Liquid 5 47.42 1.93 15.63 12.13 8.67 11.50 97.3 100 56
0.57 0.15 0.13 0.08 0.29 0.25 0.19

Cpx 8 49.89 1.03 4.85 17.12 20.80 5.92 99.6 21 68
1.09 0.06 0.22 0.54 0.89 0.67 0.70

Plagioclase 5 44.25 0.09 33.65 0.91 0.50 19.74 99.1 13 50
0.64 0.03 0.45 0.11 0.06 0.13 0.27

Liquid 5 47.07 3.58 14.37 14.34 5.13 11.71 96.2 66 39
0.16 0.06 0.15 0.05 0.08 0.05 0.06

Cpx 8 45.07 4.66 6.21 17.30 10.90 14.77 98.9 30 53
0.29 0.33 0.50 0.95 0.18 0.67 0.26

Spinel 6 5.66 0.54 61.03 23.49 6.94 2.24 99.9 6 34
0.02 0.09 1.53 1.90 0.69 0.08 0.34

Ilmenite 5 1.07 50.63 0.63 45.60 1.37 0.72 100.0 4 5
0.41 0.24 0.14 1.02 0.26 0.12 0.51

β-Quartz 7 96.92 0.30 0.28 0.59 0.04 0.12 98.2 9 12
0.87 0.30 0.44 0.22 0.08 0.41 1.13

Plagioclase 5 43.38 0.15 34.37 1.34 0.20 19.46 98.9 5 21
0.48 0.05 0.64 0.26 0.17 0.30 0.65

Liquid 6 48.01 1.09 13.57 16.16 4.24 13.65 96.7 46 32
0.38 0.11 0.07 0.13 0.08 0.07 0.28

Opx 7 53.48 0.36 5.15 10.81 29.04 1.84 100.7 17 83
0.33 0.05 0.42 0.43 0.41 0.19 0.16

Liquid 9 46.61 1.80 16.30 12.77 9.70 11.50 98.7 83 58
0.33 0.08 0.29 0.11 0.37 0.19 0.21

Olivine 8 39.39 0.05 0.08 16.40 44.15 0.29 100.4 3 83
0.20 0.01 0.01 0.03 0.19 0.03 0.39

Opx 7 53.97 0.36 3.82 10.66 29.84 1.60 100.3 10 83
0.60 0.12 0.46 0.08 0.48 0.37 0.20

Liquid 8 47.68 1.74 15.31 12.89 9.27 11.35 98.2 87 56
0.39 0.02 0.11 0.03 0.13 0.05 0.24

Liquid 5 48.11 1.59 14.29 12.93 12.30 10.22 99.4 100 63
0.32 0.11 0.07 0.03 0.14 0.14 0.23

Olivine 7 39.72 0.03 0.09 18.34 41.55 0.29 100.0 4 80
0.42 0.01 0.02 0.14 0.13 0.01 0.32

Cpx 5 52.65 0.54 4.81 12.37 25.93 3.51 99.8 10 79
0.47 0.08 0.44 0.39 0.33 0.10 0.46

Liquid 6 47.58 1.94 16.82 12.60 7.57 11.68 98.2 86 52
0.15 0.04 0.19 0.21 0.22 0.10 0.26

Olivine 8 39.40 0.04 0.08 19.88 40.37 0.34 100.1 10 78
0.47 0.01 0.01 0.78 0.60 0.02 0.29

Opx 7 54.64 0.40 2.94 12.62 27.07 2.08 99.8 10 79
0.50 0.06 0.59 0.11 0.35 0.11 0.09

Plagioclase 6 45.11 0.15 33.31 1.23 0.89 18.73 99.4 10 56
0.30 0.21 2.09 1.54 1.08 0.78 0.25

Liquid 8 48.72 2.33 16.62 12.68 7.26 11.44 99.1 70 51
0.16 0.09 0.32 0.16 0.22 0.08 0.18

Liquid 5 47.54 1.70 15.25 12.88 10.53 10.98 98.9 100 59
0.13 0.07 0.07 0.02 0.05 0.04 0.14

Cpx 7 52.87 0.45 5.08 13.74 25.14 3.29 100.6 18 77
0.65 0.09 0.80 0.04 0.20 0.13 0.19

Plagioclase 6 43.65 0.05 34.29 0.87 0.40 19.82 99.1 10 45
0.53 0.20 1.01 0.45 0.12 0.46 0.14

Liquid 6 47.24 2.69 15.68 14.11 6.39 12.00 98.1 72 45
0.22 0.04 0.26 0.34 0.37 0.14 0.14

Cpx 5 52.47 0.48 4.21 13.79 26.12 2.98 100.1 20 77
0.36 0.04 0.40 0.34 0.31 0.12 0.23

Plagioclase 6 44.57 0.07 34.08 0.89 0.43 19.63 99.7 17 46
0.49 0.02 0.37 0.12 0.14 0.16 0.23

Liquid 5 47.48 2.96 14.21 15.27 6.97 11.25 98.1 63 45
0.19 0.12 0.40 0.41 0.32 0.24 0.31

Liquid 5 47.88 1.96 16.15 12.73 8.64 11.34 98.7 100 55
0.46 0.03 0.15 0.07 0.56 0.11 0.31

Cpx 6 51.99 0.58 3.98 15.65 24.06 3.71 100.0 9 73
0.29 0.41 1.99 0.73 0.85 0.72 0.57

Plagioclase 5 40.52 0.13 37.84 0.89 0.53 20.59 100.5 5 52
0.64 0.17 1.39 0.33 0.15 0.35 0.46

Liquid 5 47.75 2.69 15.11 14.51 6.84 12.00 98.9 86 46
0.76 0.06 0.12 0.04 0.79 0.09 0.59

Olivine KD
Fe-Mg = KD[(XFeO-Olivine)(XMgO-Liquid)/(XFeO-Liquid)(XMgO-Olivine)]; Olivine K'DFe-Mg = calculated and corrected after Toplis, 2005

� including quartz. n, number of analyses; PCS, per cent solid by volume. Phase abundances calculated using least squares mass balance and area percentage. 
Compositions from EMPA in wt.% oxides. 1 sigma standard deviations (1σ S.D.) based on multiple analyses for each phase are shown in italic.
At PCS=99.0, the calculated crustal thickness is 42 km (s.d. = 1.13) at 1575 ppm H2O equivalent, and 40 km (s.d. =1.28) at 3150 ppm H2O equivalent, respectively.
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Table 4.2. Weighted average chemical compositions of the residual LMO, mineral and 
cumulate pile with the LMO solidification. 

 
 
  

Exp. Phase SiO2 TiO2 Al2O3 FeO MgO CaO Total

Olivine 39.32 0.04 0.08 16.04 44.29 0.28 100.06

Cumulate?(Ol) 39.32 0.04 0.08 16.04 44.29 0.28 100.06

Liquid?(LMO6H) 47.90 1.62 14.65 12.80 11.06 10.43 98.48

Cpx 52.01 0.34 5.12 11.46 27.95 2.81 99.68

Cumulate?(Cpx) 52.01 0.34 5.12 11.46 27.95 2.81 99.68

Liquid?(LMO7H) 47.41 1.76 15.16 12.64 10.15 11.07 98.19

Olivine 40.20 0.12 0.22 17.23 40.96 0.35 99.08

Cpx 53.64 0.45 4.88 11.76 27.82 2.05 100.60

Cumulate?(Ol+Cpx) 50.28 0.37 3.72 13.13 31.11 1.62 100.22

Plagioclase 44.97 0.07 34.51 0.83 0.67 19.21 100.25

Liquid?(LMO8H) 47.77 1.95 15.74 12.22 8.74 11.58 98.00

Cpx 50.85 0.64 5.48 15.11 22.09 5.34 99.52

Cumulates?(Cpx) 50.85 0.64 5.48 15.11 22.09 5.34 99.52

Plagioclase 44.99 0.06 33.79 0.80 0.51 19.27 99.43

Liquid?(LMO9H) 47.30 2.52 15.09 13.24 7.31 11.61 97.07

Cpx 49.89 1.03 4.85 17.12 20.80 5.92 99.61

Cumulates?(Cpx) 49.89 1.03 4.85 17.12 20.80 5.92 99.61

Plagioclase 44.25 0.09 33.65 0.91 0.50 19.74 99.14

Liquid?(LMO10H) 47.07 3.58 14.37 14.34 5.13 11.71 96.20

Cpx 45.07 4.66 6.21 17.30 10.90 14.77 98.92

Spinel 5.66 0.54 61.03 23.49 6.94 2.24 99.89

Ilmenite 1.07 50.63 0.63 45.60 1.37 0.72 100.01

Cumulates?(Cpx+Spinel+Ilm) 34.76 8.64 13.87 21.06 9.35 11.49 99.17

βOQuartz 96.92 0.30 0.28 0.59 0.04 0.12 98.24

Plagioclase 43.38 0.15 34.37 1.34 0.20 19.46 98.90

Liquid?(LMO11H) 48.01 1.09 13.57 16.16 4.24 13.65 96.72

Olivine 39.39 0.05 0.08 16.40 44.15 0.29 100.37

Opx 53.66 0.36 4.66 10.75 29.34 1.75 100.52

Cumulate?(Ol+Opx) 52.24 0.33 4.20 11.32 30.82 1.60 100.50

Liquid?(LMO6H) 47.51 1.70 15.24 12.87 10.52 10.98 98.82

Olivine 39.49 0.04 0.08 19.44 40.71 0.32 100.08

Opx+Cpx 53.65 0.47 3.88 12.50 26.50 2.80 99.79

Cumulate?(Ol+Opx+Cpx) 47.82 0.29 2.31 15.36 32.35 1.78 99.91

Plagioclase 45.11 0.15 33.31 1.23 0.89 18.73 99.42

Liquid?(LMO7H) 47.88 1.95 16.15 12.73 8.64 11.34 98.70

Cpx 52.66 0.47 4.62 13.77 25.66 3.13 100.30

Cumulate?(Cpx) 52.66 0.47 4.62 13.77 25.66 3.13 100.30

Plagioclase 44.23 0.06 34.16 0.88 0.42 19.70 99.46

Liquid?(LMO8H) 47.58 2.45 15.48 13.83 7.50 11.52 98.37

Cpx 51.99 0.58 3.98 15.65 24.06 3.71 99.96

Cumulates?(Cpx) 51.99 0.58 3.98 15.65 24.06 3.71 99.96

Plagioclase 40.52 0.13 37.84 0.89 0.53 20.59 100.50

Liquid?(LMO9H) 47.75 2.69 15.11 14.51 6.84 12.00 98.91

The?crystals?and?evolving?LMO?compositions?are?weighted?to?account?for?different?volumetric?

contributions from different pressure regimes during the different stage, respectively. 
All values except Mg# and PCS (per cent solid by volume) are in wt.%.

Nominal(3150(ppm(H2O(equivalent

LBS5H

LBS6H

LBS7H

LBS10H

LBS7H

LBS8H

LBS9H

LBS5H

LBS6H

LBS8H

Nominal(1575(ppm(H2O(equivalent
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Table 4.3. Summary of concentrations of water (H2O equivalent) in experimental melt.  

 

  

Nominal Nominal

0.8 Liquid 98.51 (0.24) 95 2.00 1.06 1.11 0.35 (0.018) 98.68 (0.21) 83 1.00 0.53 0.64
0.4 Liquid 98.48 (0.13) 94 2.00 1.06 1.13 98.24 (0.24) 87 1.00 0.53 0.61
0 Liquid 98.44 (0.20) 100 2.00 1.06 1.06 99.44 (0.23) 100 1.00 0.53 0.53

0.8 Liquid 98.03 (0.16) 79 2.08 1.10 1.39 98.19 (0.26) 86 1.11 0.59 0.68
0.4 Liquid 97.83 (0.16) 85 2.08 1.10 1.29 99.05 (0.18) 70 1.11 0.59 0.84 0.23
0 Liquid 98.61 (0.32) 100 2.08 1.10 1.10 98.89 (0.14) 100 1.11 0.59 0.59

0.7 Liquid 98.25 (0.25) 86 2.36 1.25 1.45 0.54 (0.050) 98.11 (0.14) 72 1.30 0.69 0.96
0.4 Liquid 98.20 (0.23) 74 2.36 1.25 1.69 0.61 (0.014) 98.14 (0.31) 63 1.30 0.69 1.09
0 Liquid 97.64 (0.06) 100 2.36 1.25 1.25 98.70 (0.31) 100 1.30 0.69 0.69

0.6 Liquid 96.72 (0.34) 60 2.72 1.44 2.40
0.4 Liquid 97.09 (0.21) 65 2.72 1.44 2.22 98.91 (0.59) 86 1.66 0.88 1.02
0 Liquid 97.28 (0.19) 100 2.72 1.44 1.44

LBS9H 1160 0.4 Liquid 96.20 (0.06) 66 3.63 1.92 2.91 0.53 (0.021)
LBS10H 1130 0.4 Liquid 96.72 (0.28) 46 5.50 2.91 6.33
All values except phase proportion are in wt.%. Values in#parentheses#are#1#σ#S.D.

P (GPa)

Exp. measured 
by SIMS

Total mass

Nominal 1575 ppm H2O equivalentNominal 3150 ppm H2O equivalent
Exp. measured 

by SIMS

Water (H2O) in the 
residual melt

LBS7H 1200

LBS8H 1180

Total mass
Phase 

proportion 
(modal %)

Wet exp. 
step

Conditions

PhaseT (�C)

Starting 
water 
(H2O) 

content
Water (H2O) in the 

residual melt

LBS5H 1240

LBS6H 1220

Phase 
proportion 
(modal %)

Starting 
OH 

content

Starting 
OH 

content

Starting 
water 
(H2O) 

content

(0.031)

Exp. measured 
by SIMS

Water (H2O) in the 
residual melt
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Table 4.4. Summary of crustal thicknesses and estimated water (H2O equivalent) 
contents in the Moon.  

  

Nominal dry 
(~50 ppm 

water)

Nominal 
1575 ppm 

water

Nominal 
3150 ppm 

water

In the LMO 
constrained 

at 43km thick

In the whole 
Moon

Corrected 
lunar water 
(y=0.35*x)

400 52 32.4 30.8 520 283
700 67.5 42.0 40.0 1400 1102

1000 71.5 44.5 42.4 1800 1663
1200 60.6 37.7 35.9 1030 1000
1350 61.6 38.3 36.5 1100 1088
400 52 29.1 27.7 250 136 48
700 67.5 37.8 36.0 930 732 256

1000 71.5 40.0 38.1 1160 1071 375
1200 60.6 33.9 32.3 640 621 217
1350 61.6 34.5 32.9 680 672 235

Ideal results 
(Lin et al., 
2017b)

Corrected 
results★

�Correcting for the effects of inefficient segregation and Cr-spinel consuming Al (equivalent to a combined ~10 wt.% 
reduction in crustal thickness)

Initial LMO 
depth (km)

Crust thickness (km) Water (H2O equivalent) content (ppm)
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Chapter 5 

Evidence for extensive degassing in the early Moon 
from a lunar hygrometer based on plagioclase-melt 
partitioning of water 

 
 
Currently being considered by Nature Communications as: …. 

 
ABSTRACT 

The Moon is thought to have been covered initially by a deep magma ocean that 
may have contained hydrogen. In principle, hydrogen detected in plagioclase of ferroan 
anorthosites, the only available samples directly crystallized from the lunar magma ocean 
(LMO), can be used to track the evolution of the LMO hydrogen content. This approach 
has been hampered by insufficient knowledge of water partitioning between plagioclase 
and silicate melt under lunar-relevant pressure-temperature-composition conditions. We 
performed a series of experiments on water partition coefficient 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 of water, Dplag-melt 

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

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

water  is approximately ten times higher than previously assumed. Using 
our newly calibrated partition coefficient in combination with the published water 
contents of lunar plagioclase, we conclude that ~100 ppm H2O may have been 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 crystallization of a 
closed-system LMO with the initial LMO water content constrained by laboratory high-
pressure experiments. This indicates >99 % hydrogen degassing may have occurred 
during LMO crystallization, suggesting a highly dynamic early volatile cycle on the 
Moon.  
 
 

 

 

 

Keywords: Plagioclase, Partition coefficient of water, Experimental petrology, FTIR  
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5.1. Introduction 
The canonical view of a dry lunar interior has been challenged by detections of 

hydrogen (H or OH, reported here as equivalent amounts of H2O in ppm by weight) in 
picritic glass beads (Saal et al., 2008), apatites (McCubbin et al., 2010; Greenwood et al., 
2011; Tartèse et al., 2014), olivine-hosted melt inclusions (Hauri et al., 2011) and 
feldspars (Hui et al., 2013; Mills et al., 2017). Sample-based discoveries about water in 
the Moon are complemented by experimental studies of lunar magma ocean (LMO) 
crystallization, that suggests the presence of water in an early Moon is required to explain 
the observed lunar crustal thickness (Lin et al., 2017a,b). Converting hydrogen 
abundance data measured in lunar samples or estimated from laboratory experiments to 
models of the temporal and spatial evolution of water in the Moon, however, is far from 
straightforward (McCubbin et al., 2015).  

Quantification of the evolution of the lunar interior volatile budget could provide 
insight into the thermal and magmatic evolution of the Moon. Experiments have shown 
that water, even with low concentrations, greatly affects the physical and chemical 
properties of silicate minerals and melts: it lowers the melt solidus by several hundred 
degrees (Kushiro et al., 1969), it lowers the viscosity and density of solid rocks and 
molten magmas (Hirth and Kohlstedt, 2003; Hui and Zhang, 2007; Jing and Karato, 
2012), and it changes the mineral phases crystallized from the magma and their modal 
abundances (Lin et al., 2017a). 

This study focuses on improving constraints on the water content in the Moon 
specifically during the LMO stage. Plagioclase is thought to have crystallized and floated 
to the surface during the late stages of LMO crystallization, forming the lunar primary 
feldspathic crust (Warren, 1985). This indicates that plagioclase in ferroan anorthosite 
could be our best candidate for estimating the water content of the LMO (Hui et al., 
2013). In addition, plagioclase could have formed continuously from ~70 all the way up 
to >99 % of LMO crystallization (Lin et al., 2017a). Therefore, the water content of 
plagioclase formed at different stages during LMO crystallization could in principle be 
used to track the LMO water content through time. 

While nominally anhydrous, plagioclase can incorporate trace amounts of H as 
structural OH and/or molecular H2O. In terrestrial magmatic feldspars, concentrations 
from less than a few to more than 1000 ppm H2O have been reported (Johnson and 
Rossman, 2003, 2004; Johnson, 2006; Mosenfelder et al., 2015). Only very few studies 
have measured water contents of lunar feldspars so far. Hui et al. (2013) determined ~3.4 
ppm H2O in plagioclase of ferroan anorthosite 60015 if a new infrared absorption 
coefficient determined for water in plagioclase by Mosenfelder et al. (2015) is used, 
while Mills et al. (2017) measured ~20 ppm H2O in lunar feldspars formed during 
magmatic processes significantly postdating the LMO stage. 

To link the water content in plagioclase to that in the melt from which the mineral 
crystallized, plagioclase-melt partition coefficients of water are required, with Dplag-melt 

water  = C
plag  
water/ Cmelt 

water. Literature values for Dplag-melt 
water  range between 0.002 ± 0.0004 and 0.006 ± 0.0009 

(recalculated using the plagioclase absorption coefficient determined by Mosenfelder et 
al., 2015) based on measurements carried out in both natural and experimental systems, 
which have focused solely on magmatism on Earth (Hamada et al., 2013). To date, no 
plagioclase-melt partition coefficient of water under lunar conditions has been published. 
This is important in particular in terms of oxygen fugacity, as it is known that fO2 can 
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affect the solubility of hydrogen in nominally anhydrous minerals (e.g., olivine (Bai and 
Kohlstedt, 1993) and pyroxene (Bromiley et al., 2004)). It has already been shown that 
ƒO2 is a dominant factor in determining hydrogen solubility in plagioclase, while 
plagioclase composition, temperature, and pressure play an insignificant role based on 
experiments conducted in a limited temperature-pressure range (Yang, 2012). The 
available Dplag-melt 

water  data which can typically be applied to Earth materials were obtained at 
relatively oxidizing conditions with oxygen fugacities varying between the fayalite-
magnetite-quartz (FMQ) and nickel-nickel oxide (NNO) buffers. The ƒO2 in the Moon is 
thought to be significantly lower, at ~IW to ~IW-2 (IW: iron-wustite) (Sato et al., 1973; 
Rutherford and Papale, 2009) based on sample analyses, with recent models of the redox 
gradient in the LMO suggesting even lower fO2 values, between IW-2 and IW-3.5 (Zhang 
et al., 2017). 

In this study, Dplag-melt 
water  was determined at lunar-relevant pressure-temperature-

composition conditions using high-pressure and high-temperature experiments and 
Fourier transform infrared (FTIR) spectroscopy. The main purposes of this paper are: (1) 
to quantify the effects of composition and ƒO2 on Dplag-melt 

water , and (2) to offer further 
constraints on the water content of the LMO at the time of plagioclase crystallization. 

 
5.2. Methods 

5.2.1. Starting Materials 

The compositions of our starting materials and the experimental pressure-
temperature conditions were based on an experimental study of LMO crystallization, 
which has shown that plagioclase starts to crystallize after approximately 75% 
solidification of a bulk silicate Earth-like lunar magma ocean in water-bearing 
experiments (Lin et al., 2017a). The water-bearing bulk compositions that yielded 
plagioclase (steps LBS6H, LBS7H, and LBS8H from Lin et al., 2017a) were chosen as 
starting compositions for our partitioning study. Starting materials were prepared by 
mixing appropriate amounts of high purity (99.5–99.99%, Alfa Aesar) powdered 
(hydr)oxides (MgO, Mg(OH)2, Fe2O3, Al2O3, Al(OH)3, TiO2, SiO2) and CaCO3 (99.95–
100.05%, Alfa Aesar). The oxides MgO, Al2O3, TiO2 and SiO2 were first fired overnight 
at 1000 °C and then stored at 110 °C until use. The other oxides, hydroxides and calcium 
carbonate were dried at 110 °C overnight prior to use. The nominally dry starting 
chemicals were mixed in ethanol using an agate mortar for 1 hour, and then the mixtures 
were dried in air and decarbonated in a Pt crucible in a box furnace by gradually raising 
the temperature from 650 to 1000 °C in approximately 7 hours. The Pt crucible had 
previously been iron-saturated to minimize iron loss. The mixtures were melted by 
heating to 1550 °C. The melts were kept at this high temperature for 20 minutes to 
promote homogeneity, and to reduce most of the iron in the starting material to Fe2+. The 
melts were quenched to glass by immersing the bottom of the Pt crucible in water. The 
glass samples were subsequently crushed, dried, and ground in ethanol using an agate 
mortar for 1 hour and then kept at 110 °C until use. Water was added to nominally dry 
glass using Mg(OH)2. The starting material compositions for water partitioning 
experiments, containing between 0.53 and 0.87 wt.% H2O, are presented in Table S5.1. 
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5.2.2. High-pressure Experiments 

High-pressure, high-temperature partition experiments were performed in a piston 
cylinder press using a half-inch (12.7 mm) diameter talc-pyrex cell assembly (van Kan 
Parker et al., 2011). For these experiments, a hand-machined graphite bucket with an 
inner diameter (ID) of 0.7 mm, outer diameter (OD) of ∼1.7 mm, and a length of 3–4 mm, 
was filled with starting material, closed with a graphite lid and inserted in a gold-
palladium (Au80Pd20) capsule, with an ID of 1.7 mm, OD of 2 mm, and a length of 5–7 
mm. The bottom end of the Au80Pd20 capsule was triple crimped, flattened and welded 
shut. After the graphite capsule was inserted, the other end of the Au80Pd20 capsule was 
crimped and welded shut. The use of a graphite inner capsule ensures that the oxygen 
fugacities of these experiments (Ulmer and Luth, 1991) are significantly lower than in 
previous studies focused on terrestrial conditions (see section 5.4 below). Temperatures 
were monitored using a W5Re–W26Re (type C) thermocouple and Omega® CN76000 
programmable controller. The sample center was located at the hotspot of the assembly, 2 
mm away from the thermocouple tip end, so that the sample temperatures were within 
10 °C of the thermocouple reading (Watson et al., 2002). Experiments were pressurized 
cold and then heated to a superliquidus temperature of 1280 °C in 20 minutes. 
Subsequently, samples were cooled to the temperature of interest at a rate of 10 °C per 
hour while maintaining target pressure, and kept for 14–24 hours at target temperature. 
Target pressures were 0.3 or 0.4 GPa for all experiments conducted in this study, and 
final target temperatures ranged from 1160 to 1200 °C. At completion of each experiment, 
the sample assembly was quenched by cutting power to the heater and the temperature 
dropped below the glass transition temperature in <10 s. 

 

5.2.3. Analytical Techniques and Procedures 

Experimental run products were mounted in epoxy and polished into thick 
sections. The sections were carbon coated for back-scattered electron (BSE) imagery to 
assess texture and mineralogy and subsequent electron microprobe analysis (EMPA). The 
chemical compositions of the run product phases (minerals and quenched glasses) were 
determined using a JEOL JXA-8800M Electron Microprobe at Guangzhou Institute of 
Geochemistry, Chinese Academy of Sciences calibrated with primary standards of 
diopside (Ca, Si), fayalite (Fe), ilmenite (Ti), olivine (Mg) and orthoclase (Al). Analyses 
were carried out using an accelerating voltage of 15 kV and a beam current of 20 nA. 
Focused beams with 1 and 10 µm diameter were used for the mineral phases and 
quenched glasses, respectively. Peak count times were 20 seconds and background count 
times were 10 seconds. Compositions reported here are based on the average of 5–10 
analyses. The modal abundances of all mineral and glass phases were determined using 
mass balance calculations, which agree well with the estimates derived from phase area 
percentages obtained using an EDAX-EDS system in imaging mode. 

After EMPA analyses, carbon coatings were removed and experimental samples 
were doubly polished into sections with thicknesses ranging from 50 to 180 µm 
(measured with Mitutoyo thickness gauge) using abrasive paper and aluminum oxide 
powder. Subsequently, doubly-polished samples were successively cleaned using acetone, 
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ethanol and deionized water in an ultrasonic cleaner, and then dried in air at room 
temperature. Finally, the dried sample sections were stored in a desiccator for 24 hours to 
eliminate potential water adsorbed on the surface of sample sections. 

Water concentrations in minerals and coexisting glass in our samples were 
obtained at the State Key Laboratory for Mineral Deposits Research, Nanjing University, 
using a Continuµm microscope attached to a Nicolet IS50 Fourier transform infrared 
(FTIR) spectrometer. A liquid nitrogen cooled MCT/A detector and KBr beam splitter 
were used during FTIR analyses. The infrared light pathway was flushed with dried N2 to 
minimize interference from atmospheric water vapor. Spectra (wavenumbers from 700 to 
7000 cm-1) with a resolution of 4 cm-1 were collected after 1024 scans for each FTIR 
analysis. Aperture sizes ranging from 50�50 �m to 15�15 �m were chosen on the basis 
of the dimensions of crystals and glass. Cracks were avoided to minimize possible 
contamination during FTIR measurements. 

Water concentrations in analyzed crystals and glass were calculated using the 
following equation according to the Beer-Lambert law: 

   !! wt.% = !.!"#·!!"!
!·!·! ,      (1) 

where c is the water concentration of the mineral (wt.%), Atot is the integral area under the 
absorption bands of interest on infrared spectra (cm-1), ρ is the mineral density (g·cm-3), t 
is the sample thickness (cm), and ε is the integral molar absorption coefficient (l·mol-

1·cm-2). Quantification of water concentrations in an anisotropic mineral normally 
requires analyses of oriented crystals using polarized light along the three principal 
optical directions. However, due to the difficulty of obtaining oriented plagioclase grains 
from the experimental charges, it was not possible to make measurements with a 
polarized infrared beam along the three principal axes of crystals. Therefore, the method 
using unpolarized infrared spectra on randomly oriented crystals (Kovács et al., 2008; 
Sambridge et al., 2008) was used to determine the water contents of our crystals. We 
have used the recently published water absorption coefficient for Ca-rich plagioclase of 
202600 ± 20260 l·mol-1·cm-2 (Mosenfelder et al., 2015) to convert infrared intensities to 
water contents in our anorthitic plagioclase crystals, and to enable comparison with 
previous work recalculated the previously published water concentrations of Ca-rich 
plagioclases from Hamada et al. (2013), in which an older estimate of the absorption 
coefficient of 107000 ± 5000 l·mol-1·cm-2 (Johnson and Rossman, 2003) was used. A 
density of 2760 kg·m-3 was used for plagioclase in Eqn. (1).  

 To calculate water concentrations in silicate glass, the total absorbance Atot is 
replaced by the peak height of the band at wavenumber ~3550 cm-1 on the unpolarized 
infrared spectra, and ρ is the density of basaltic glass (2819 kg·m-3 used in this study 
following Yamashita et al. (1997) and Hamada et al. (2013)). The molar absorption 
coefficient of 64 ± 1 l·mol-1·cm-1 (Yamashita et al., 1997) was used for basaltic glass. 
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5.3. Water partition coefficients 

Table 5.1 provides an overview of experimental P-T-fO2 conditions. Starting 
compositions and EMPA analyses of the major element concentrations in plagioclase and 
melt phases in the experimental samples are shown in Tables S5.1 and S5.2 of the 
Supplementary Information, respectively. All experimental charges contain plagioclase, 
pyroxene, and quenched glass (Fig. 5.1). One experiment contains Fe metal in addition, 
indicating an oxygen fugacity below that of the iron-wüstite buffer. Plagioclase and glass 
compositions are very similar to those reported in Lin et al. (2017a) in terms of major and 
minor elements. In the absence of sodium and potassium, plagioclases are near-pure 
anorthite containing minor amounts of titanium, iron, and magnesium (Table S2). Glasses 
contain 45 ~ 49 wt.% SiO2, typical for lunar magma ocean melts in equilibrium with 
plagioclase (Lin et al., 2017a). Lengths and widths of the cross-sections of analyzed 
plagioclase crystals range from 100 to 300 µm and from 50 to 150 µm, respectively (Fig. 
5.1). 

 

Figure 5.1. Backscattered electron (BSE) 
images of representative experimental 
run products (Pl2_LBS7H, 0.4 GPa – 
1200 ��; and 2018_Pl3_LBS7H, 0.3 
GPa – 1160 ��). Px = pyroxene; Plag 
= plagioclase. 

Representative unpolarized FTIR 
spectra of plagioclase are shown in Fig. 
5.2. All plagioclases show absorption 
bands (~3000–3600 cm-1) in the mid-
infrared region typical of structural OH 
(Johnson and Rossman, 2004). The 
water absorption peaks in all glass 
samples are also centered at a 
wavenumber of ~3570 cm-1, and no peak 
is observed at 5200 cm-1. At our 
experimental conditions, the 
OH/(OH+H2O) ratio should be at 
least >0.83 (Stolper, 1982; Newman and Lowenstern, 2002; Newcombe et al., 2017), 
consistent with these FTIR results. 

Because the water abundances in nominally anhydrous plagioclase are low, we 
collected evidence for the absence of contamination of plagioclase analyses by silicate 
glass (present as melt inclusions in grains or as melt pockets underneath the surface of 
exposed plagioclase grains). The band in Fig. 5.2 is interpreted as absorption of structural 
O-H bond vibration in plagioclase (and not by contaminant glass) for two reasons. First, 
the OH absorbance measured at a single location in each plagioclase grain changed 
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systematically with the rotation of the infrared polarizer relatively to the grain during 
FTIR measurements (Fig. S5.1). In contrast, the OH absorbance in each silicate glass 
analytical point remained constant with the rotation of the polarizer (Fig. S5.1). This 
suggests that the broad band in plagioclase is not caused by water in melt or by 
contamination during sample preparation. Secondly, repeat polishing and re-analyses of 
sample charges indicate that the OH absorbance in plagioclase and glass from our 
samples are in linear proportion to sample thickness (Fig. S5.2). This demonstrates that 
the plagioclase spectra are not affected by infrared absorption signals from glass in the 
light path.  

 

Figure 5.2. Representative 
unpolarized infrared spectra of 
plagioclase, normalized to 1 cm 
thickness. Spectra are shifted 
vertically for comparison. 

Hydrogen 
concentrations in plagioclase 
and coexisting melt are 
summarized in Table 5.1, along 
with the recalculated previous 
plagioclase-melt partitioning 
results of water from Hamada 
et al. (2013) and two data 
points by Caseres et al. (2017). 
The water concentrations of 
our samples range from 42±6 

to 99±36 ppm in plagioclase and 0.13±0.01 to 1.74±0.01 wt.% in glass. The 
corresponding partition coefficients range between 0.002±0.0004 and 0.046±0.0096.  

The H2O concentrations in our plagioclase crystals are significantly below water 
solubility at our experimental conditions. Sample 2018_Pl17_LBS8H, with glass 
containing the highest water concentration (1.74 wt.% H2O), has the lowest water 
concentration in plagioclase (42 ppm H2O) and hence the lowest partition coefficient (D
plag-melt 
water  = 0.002 ± 0.0004). This lowest value is at the lower end of the range of previously 
published partition coefficients (Dplag-melt 

water  = 0.002–0.006) by Hamada et al. (2013). Our 
highest partition coefficient is ~7–20 times higher than values from the Hamada et al.20 
data set. The water partition coefficients reported by Caseres et al. (2017) of experiments 
at oxygen fugacities lower than those in most of our experiments (Dplag-melt 

water  = 0.018–0.023 
at the IW buffer) overlap with our results. 

 

5.4. The effects of oxygen fugacity and water content in melt 

It has been shown that a number of parameters can affect water partition between 
nominally anhydrous minerals and silicate melts, including the presence and abundance 
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of chemical impurities and vacancies, the possibility of substitutions with charge-
balancing species, temperature, pressure, and oxygen fugacity (Bai and Kohlstedt, 1993; 
Bromiley et al., 2004; Yang, 2012; Keppler and Bolfan-Casanova, 2006). Previous work 
on water solubility in feldspar has shown that there is no obvious compositional 
dependence on the incorporation of H in the feldspar group except for a possible link 
with potassium content (Yang, 2012). This element, however, has very low 
concentrations in ferroan anorthositic plagioclase, <0.03 wt.% (Dixon and Papike, 1975) 
and is absent in our experiments. Pressure and temperature effects cannot be assessed on 
the basis of our experiments, and those of Hamada et al. (2013) and Caseres et al. (2107), 
due to the overall limited pressure (0.3–0.8 GPa) and temperature (1000–1230 ºC) range. 
Oxygen fugacity could be a major factor to cause the substantial difference between data 
obtained at lunar conditions, including our data and the data of Caseres et al. (2017), and 
those obtained at terrestrial conditions, i.e., the data of Hamada et al. (2013). Studies of H 
solubility in natural olivine (Mg1.8Fe0.2SiO4) (Bai and Kohlstedt, 1993) and Fe-bearing 
diopside (Bromiley et al., 2004) have yielded positive and negative dependencies on 
oxygen fugacity, respectively, explained by coupling of iron oxidation/reduction to the 
incorporation of H into the structure. It has been demonstrated that the H solubility in Fe-
poor plagioclase near the IW buffer is more than twice that determined at more oxidizing 
conditions (Yang, 2012).  

To calculate the oxygen fugacities in our experiments, based on our experimental 
assemblage with an outer-Au80Pd20 and inner graphite lining, we use Eqn. (2a) for the 
graphite–COH (C-COH) buffer (Ulmer and Luth, 1991) and Eqn. (2b) for the iron-
wustite (IW) buffer (Frost, 1991) systems for iron metal bearing experiments: 

 

log ƒO2 (C-COH buffer) = (-22324 + 189·P – 1.41·P2)/T + 4.62   (2a) 

log ƒO2 (IW buffer) = -27.489/T + 6.702 + 0.055·(1000·P – 1)/T   (2b) 

where T is the temperature (K), and P is the pressure (kbar).  For the Hamada et al. 
(2013) and Caseres et al. (2017) experiments, the log(fO2) was calculated using Frost 
(1991) for the NNO, FMQ, and IW systems. The calculated log(fO2) values are shown in 
Table 5.1. Our experimental log(ƒO2) values from eight samples at the C-COH buffer 
range from -10.0 to -10.4, which is ~2 log units above the IW buffer (Table 5.1), 
consistent with the absence of iron metal blebs in these experimental charges. The 
log(ƒO2) of the single sample at the IW buffer is about -12.4 (Table 5.1), consistent with 
the presence of iron metal blebs in this experimental charge. The experiments for run 
products containing Fe-metal from Caseres et al. (2017) were performed at the IW buffer, 
at log(fO2) = -12.3. The Hamada et al. (2013) experiments cover a range of log(fO2) 
between -5.8 and -4.7. The fO2 in our experiments is therefore ~6±2 log units lower than 
that in previous work focused on terrestrial compositions (Hamada et al., 2013), and 
overlaps with experimental data reported by Caseres et al. (2017) focusing on lunar crust 
formation. 
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Figure 5.3. Partition coefficients of water between plagioclase and melt from this study 
and literature data (Hamada et al., 2013; Yang, 2012), plotted versus (a) oxygen fugacity, 
and (b) water concentration in silicate melt. Melt inclusion data (Hamada et al., 2013) in 
the dotted box are not used in this study. 

There is no correlation between Dplag-melt 
water and fO2 in the overall data set (Figure 5.3a). 

It is true that the terrestrial data set at relatively oxidizing conditions yields lower Dplag-melt 
water  

than the lunar data sets obtained at lower fO2, generally similar to the trend between 
oxygen fugacity and hydrogen solubility in plagioclase (Yang, 2012). Although high 
values are found at low fO2, some low- fO2 experiments show low Dplag-melt 

water  (Fig. 5.3a). 
Oxygen fugacity therefore cannot be the only factor affecting Dplag-melt 

water . Instead, the 
experiments suggest that the water content of the silicate melt also plays a key role in 
determining the partition coefficient of water between plagioclase and melt (Fig. 5.3b). 
There is an inverse relationship between the measured Dplag-melt 

water and the water concentration 
in silicate melt. In the absence of a theoretical framework to guide the functional form 
used to describe these inverse relations, we provide the following best-fit equations:  

 

Dplag-melt 
water    = -6·10-2·x + 0.05  (x�0.7; R2=0.85),    (3a) 

Dplag-melt 
water    = -5·10-4·x + 0.005  (x>0.7; R2=0.60).   (3b) 

 

where x is the wt.% H2O in the silicate melt. Equations (3a) and (3b) can provide 
quantitative estimates of Dplag-melt 

water  given a range of the magma oxygen fugacity.  

The exact mechanism controlling the observed variations of Dplag-melt 
water  with ƒO2 and water 

content cannot be derived from our experiments. We speculate that changes in hydrogen 
speciation in magma must be involved. Water may dissolve in the melt dominantly as OH 
at the CCOH and IW buffers, but dominantly as H2Om at the NNO buffer (Newcombe et 
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al., 2017). Furthermore, at low H2O content (<1 wt.%), water dissolves in silicate melt 
dominantly as OH, not H2Om (Stolper, 1982). These speciation changes may have 
resulted in the contrast between low fO2 and high fO2 data and low-H2O and high-H2O 
data. It has been shown that water in silicate melt can lower mineral-melt partition 
coefficients by changing the activities of both major and trace elements in melt (Wood 
and Blundy, 2002), which may explain the negative slopes of the trends in Figure 5.3b. .  

 

5.5. Water content of the lunar magma ocean 

Equation (3a) can be used to constrain the water content of the LMO at lunar 
oxygen fugacity conditions. These calculations require estimates of (a) the abundance of 
water in lunar plagioclase; (b) the degree of crystallization of the LMO at the time of 
plagioclase formation. To translate LMO water contents to the bulk Moon water content, 
an estimate of initial magma ocean depth is required as well.  

The latest study published to date on the water content of lunar plagioclase 
reported ~5 ppm water (H2O) in ferroan anorthosite samples (Hui et al., 2017), thought to 
be a primary crystallization product of the LMO (Norman et al., 2003). We constrained 
the degree of crystallization of the LMO when this plagioclase was formed by comparing 
the Mg# (molar (MgO/MgO+FeO)*100) of sample 60015 (~37) (Dixon and Papike, 1975) 

to the Mg# of plagioclase formed at different stages from our recent experimental study 
of LMO crystallization (Lin et al., 2017a,b). The first plagioclase formed during LMO 
crystallization has a Mg# of ~60. This Mg# decreases with progressive crystallization. 
Plagioclase with Mg# as low as 37 forms at around ~95 % crystallization of the LMO. 

Based on the above constraints, the amount of water in the LMO residual after 
~95 % solidification of the initial magma ocean is calculated to be ~100 ppm by solving 
the equation of 5/Cmelt 

water = Dplag-melt 
water  = -6·10-2·(Cmelt 

water/10000)+0.05 (here, C melt 
water is in ppm by 

weight). The initial LMO could have contained at least 500-1800 ppm water(Lin et al., 
2017a) with the lower minimum linked to a shallow (400 km) magma ocean and the 
higher minimum linked to a deep (1000 km) magma ocean. If we assume there was no 
outgassing during the LMO crystallization, the minimum amounts of water in the 
residual LMO could be more than 1.0–3.6 wt.%, far more than ~100 ppm estimated using 
the plagioclase hygrometer in this study. This suggests that the early Moon experienced 
extensive degassing, with >99 percent of the initial LMO water budget lost during LMO 
crystallization. This high degree of degassing is consistent with observations based on the 
hydrogen and chlorine isotopic compositions of lunar samples (Hui et al., 2017; Boyce et 
al., 2015), and points to a highly dynamic volatile cycle during early lunar evolution.  
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Table 5.1. Summary of experimental conditions and water contents of run products in 

our experiments and literature data.     

  
  

P 
(GPa) T (°С) Duration 

(h)
OH (ppm 

H2O) n S.D.
OH (wt.% 

H2O) n S.D. Dplag-melt S.D. Oxygen buffer Log (ƒO2)

This study
Pl1_LBS6H 1160 14 58.2 11 17.9 1.03 9 0.16 0.006 0.0017 -10.4
Pl2_LBS7H 1200 16 63.2 9 32.8 0.35 10 0.02 0.018 0.0092 -10.0
Pl3_LBS8H_1 1160 22 96.0 4 28.8 0.24 12 0.09 0.040 0.0120 -10.4
Pl4_LBS8H_2 1180 14 85.5 5 33.8 0.63 8 0.04 0.014 0.0054 -10.2
Pl5_LBS8H_3 1180 18 99.1 6 36.4 0.32 10 0.01 0.030 0.0112 -10.2
2018_Pl2_LBS8H 1170 24 73.4 7 17.0 0.22 8 0.02 0.034 0.0083 -10.3
2018_Pl17_LBS8H 1180 24 42.2 8 6.64 1.74 9 0.01 0.002 0.0004 -10.2
2018_Pl21_LBS5H 1190 24 54.2 6 14.2 0.13 8 0.01 0.043 0.0116 -10.1

2018_Pl3_LBS7H 0.3 1160 24 61.1 7 12.6 0.13 11 0.004 0.046 0.0096 Iron-Wustite 
(IW) -12.4

Caseres et al. (2017)
1# 82 11 0.36 0.003 0.023 0.003 -12.3
2# 118 6 0.65 0.008 0.018 0.001 -12.3
Hamada et al. (2013)
MTL04 1130 24 89.8 13.5 3.70 0.56 0.002 0.0004
MTL05 1170 24 80.8 12.1 2.50 0.38 0.003 0.0005
MTL17 1220 24 35.9 5.4 0.90 0.14 0.004 0.0006
MTL22 1130 24 36.0 5.4 2.30 0.35 0.002 0.0002 -4.7
MTL26 1160 24 30.1 4.5 0.70 0.11 0.004 0.0006
MTL29 1170 24 45.4 6.8 0.90 0.14 0.005 0.0008 -5.2
MTL33 1230 24 44.4 6.7 1.00 0.15 0.004 0.0007 -5.8
MTL37 1070 24 111 16.6 4.70 0.71 0.002 0.0004 -5.2
MTL39 1100 24 82.9 12.4 3.50 0.53 0.002 0.0004
MTL40 1100 24 121 18.2 4.60 0.69 0.003 0.0004 -4.7
MTL41 1050 24 119 17.8 6.00 0.90 0.002 0.0003
Melt Inclusion
Pl19-MI 15.3 2.3 0.32 0.05 0.005 0.0007 -8.1
Pl21-MI 10.6 1.6 0.24 0.04 0.004 0.0007 -8.1
Pl22-MI 16.4 2.5 0.26 0.04 0.006 0.0009 -8.1
Note: n, number of analyzed plagioclases; Melt inclusion data not used in this study;
Log ƒO2(buffer) corrected by Ulmer and Luth 28, and Frost 39; 
The latest infrared absorption coefficient 19 was used for calibrating water contents of all plagioclases.

0.8 1150

Sample
Conditions Plagioclase Glass Water partition 

coefficient Oxygen fugacity

Graphite–COH 
(C–COH)0.4

Iron-Wustite 
(IW)

0.35 > Ni–NiO 
(NNO)

~0,3 ~1200
Fe2SiO4–Fe3O4

–SiO2 (FMQ)
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Supplementary Table S5.1. Nominal compositions of starting materials.

Experiment SiO2 TiO2 Al2O3 FeO MgO CaO
Water 
(H2O) Total

Pl1_LBS6H 47.54 1.70 15.25 12.88 10.53 10.98 0.59 99.99
Pl2_LBS7H 47.96 1.88 15.68 12.52 9.53 11.19 0.66 100.01
Pl3_LBS8H_1 47.57 2.45 15.48 13.83 7.50 11.52 0.87 99.99
Pl4_LBS8H_2 47.57 2.45 15.48 13.83 7.50 11.52 0.87 99.99
Pl5_LBS8H_3 47.57 2.45 15.48 13.83 7.50 11.52 0.87 99.99
2018_Pl2_LBS8H 47.57 2.45 15.48 13.83 7.50 11.52 0.87 99.99
2018_Pl3_LBS7H 47.96 1.88 15.68 12.52 9.53 11.19 0.66 100.01
2018_Pl17_LBS8H 47.57 2.45 15.48 13.83 7.50 11.52 0.87 99.99
2018_Pl21_LBS5H 48.60 1.60 14.38 13.07 12.52 10.28 0.53 100.45
Compositions in wt.% oxides. 
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Supplementary Table S5.2. EMPA data of plagioclase and glass in experimental 
samples.  

Phase n SiO2 TiO2 Al2O3 FeO MgO CaO Total
Plagioclase 7 45.59 0.15 33.31 1.23 0.89 18.73 99.9

(0.51) (0.01) (0.29) (0.08) (0.07) (0.34)
Glass 9 48.11 1.75 17.05 11.70 7.70 12.38 98.7

(0.82) (0.04) (0.19) (0.39) (0.16) (0.17)
Plagioclase 6 44.77 0.07 34.08 0.89 0.43 19.63 99.9

(0.44) (0.01) (0.32) (0.07) (0.03) (0.37)
Glass 10 47.35 1.82 17.54 11.96 7.48 13.24 99.4

(0.61) (0.03) (0.22) (0.41) (0.37) (0.11)
Plagioclase 5 46.07 0.08 33.38 0.81 0.46 19.04 99.8

(0.34) (0.02) (0.31) (0.23) (0.05) (0.65)
Glass 10 49.03 3.67 14.90 13.96 5.58 12.28 99.4

(0.75) (0.05) (0.17) (0.35) (0.18) (0.31)
Plagioclase 5 46.51 0.01 33.27 0.70 0.49 18.89 99.9

(0.49) (0.01) (0.65) (0.16) (0.06) (0.44)
Glass 10 49.45 3.19 15.23 13.49 5.52 12.40 99.3

(0.73) (0.05) (0.26) (0.17) (0.26) (0.21)
Plagioclase 8 46.11 0.03 33.46 0.66 0.41 18.89 99.6

(0.22) (0.01) (0.36) (0.09) (0.02) (0.12)
Glass 10 48.99 3.23 15.02 13.75 5.74 12.71 99.4

(0.46) (0.04) (0.13) (0.48) (0.33) (0.22)
Plagioclase 5 45.96 0.01 33.91 0.58 0.59 18.86 99.9

(0.33) (0.01) (0.35) (0.06) (0.03) (0.32)
Glass 6 49.25 3.08 15.43 13.29 5.73 12.88 99.7

(0.51) (0.03) (0.24) (0.38) (0.34) (0.10)
Plagioclase 6 44.79 0.11 34.42 0.73 0.55 19.40 100.0

(0.38) (0.02) (0.41) (0.21) (0.05) (0.35)
Glass 7 49.45 4.25 13.28 14.90 6.69 11.44 100.0

(0.55) (0.05) (0.13) (0.30) (0.14) (0.29)
Plagioclase 7 45.89 0.02 33.81 0.56 0.48 18.79 99.6

(0.42) (0.01) (0.26) (0.07) (0.02) (0.19)
Glass 9 48.69 3.73 15.24 13.21 5.82 12.83 99.5

(0.42) (0.03) (0.23) (0.44) (0.31) (0.20)
Plagioclase 7 45.90 0.08 33.39 0.89 0.70 18.97 99.9

(0.59) (0.01) (0.55) (0.17) (0.06) (0.42)
Glass 8 48.94 2.06 14.83 13.33 9.95 11.07 100.2

(0.53) (0.08) (0.21) (0.15) (0.16) (0.25)
n, number of analyses; Compositions from EMPA in wt.% oxides with 1σ S.D. in parentheses.

2018_Pl2_LBS8H

2018_Pl3_LBS7H

2018_Pl21_LBS5H

2018_Pl17_LBS8H

Results

Pl1_LBS6H

Experiment

Pl4_LBS8H_2

Pl5_LBS8H_3

Pl2_LBS7H

Pl3_LBS8H_1
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Supplementary Figure S5.1. Variation in OH absorbance area in plagioclase (a, 
b) and constant OH absorbance peak height in glass (c, d) normalized to 1 cm 
with the angle of the infrared polarizer. No grain was oriented relative to any major 
axis and the orientation was fixed during each series of measurements. FTIR 
measurements were conducted at a single location on each grain of plagioclase or 
glass by rotating the polarizer relative to the grain orientation. Filled circles show the 
absorbance calculated as the area beneath the OH bands (~3600 to ~3000 cm-1) for 
plagioclase and the absorbance expressed as the OH peak height for glass. Error bar 
represents ±10% of the calculated absorbance. 
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Supplementary Figure S5.2. Proportional correlation between OH absorbance 
area in plagioclase (a,b) / peak height in glass (c,d) and grain thickness. FTIR 
measurements were conducted at a single location on each grain with the same 
orientation but different thickness. Error bar represents ±10% of the absorbance. 
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Chapter 6 

Isotopic evidence for volatile replenishment of the 
Moon during Late Accretion 
Currently under review at Chemical Geology as: xxx 

 

ABSTRACT 

Water and other volatiles have been detected in a wide range of lunar samples, but delivery 
time(s), source(s) and temporal evolution of the lunar volatile budget remain poorly 
constrained. Here we combine a compilation of > 260 H and > 90 Cl isotopic and abundance 
measurements in lunar apatite grains and a compilation of the ages of the rocks in which these 
apatites grew. We show that hydrogen and chlorine isotopic ratios in lunar apatite appear to 
change 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. 
Although mechanisms have been proposed that can explain the observed changes in either 
D/H or δ37Cl, such mechanisms cannot be invoked to explain both changes occurring 
simultaneously. Instead, we propose that these observations are consistent with an influx of 
ordinary-chondrite (OC) material during LA, with high isotopic variability during this period 
reflecting variable mixing between lunar indigenous and OC exogenous sources. Inferred 
lunar interior water contents just prior to LA are significantly lower than lunar initial values 
suggesting significant degassing during the Moon’s magma ocean stage, followed by an 
increase during LA. These trends are consistent with dynamic models of Solar System 
evolution, suggesting that the Moon’s initial volatiles were replenished ~0.5 Ga after their 
formation, with their post-LA budgets reflecting a mixture of sources and delivery times. 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: Hydrogen and chlorine isotopes, Lunar apatite, Volatile replenishment, Late 
Accretion   
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6.1. Introduction 

The abundance and isotopic composition of hydrogen and chlorine in apatite provide 
one of a limited set of windows into the origin and history of the volatile budget of the Moon. 
Many studies have reported high-precision apatite volatile abundance (H, Cl, F) and isotopic 
measurements (D/H, δ37Cl) from both lunar meteorites (Boyce et al., 2015; Tartèse et al., 
2013a) and Apollo samples (Barnes et al., 2014, 2016a,b; Boyce et al., 2010, 2015; Tartèse 
and Anand, 2013; Tartèse et al., 2013a, 2014a; McCubbin et al., 2010a,b, 2015a; Sharp et al., 
2010; Greenwood et al., 2011; Robinson et al., 2016). Typically these studies focus on 
identifying and explaining variations among and between distinct petrological groups (e.g., 
low-titanium and high-titanium mare basalts, KREEP (enriched in potassium (K), rare earth 
elements (REE) and phosphorus (P)) basalts, and highland samples), in terms of igneous 
processes including fractional crystallization, degassing, and mixing. Here, we present a 
compilation of measurement performed to date, and show unexpectedly clear variations in 
apatite isotopic values as a function of the age of the rocks in which the apatites formed. 
These variations are used to provide new constraints on the lunar volatile cycle.  

 

6.2. Materials  

We have compiled all lunar apatite volatile abundance and isotopic measurements 
published over the past 8 years (Tables 6.1 and 6.2; the descriptions for samples in the 
Supplementary material). For most samples, either hydrogen or chlorine isotopes were 
measured. Deuterium/hydrogen (D/H) ratios are reported using δD values, with δD = 
{[(D/H)sample/(D/H)VSMOW] – 1} × 1,000 (VSMOW: Vienna standard mean ocean water). 
37Cl/35Cl ratios, reported using δ37Cl values, with δ37Cl = {[(37Cl/35Cl)sample/(37Cl/35Cl)SMOC] – 1} 
× 1,000 (SMOC: standard mean ocean chloride). We have also collected measured ages for 
the samples in which the apatites were found. Sample ages are predominantly whole rock 
ages, and we assume that these are representative for the ages of the apatites themselves (see 
section 6.1 for a discussion of the validity of this assumption). Figures 6.1 and 6.2 show our 
resulting data set for H and Cl, respectively. 

 

6.3.  Results 

6.3.1. Hydrogen isotopic shifts during Late Accretion 

Plotting all individual measured isotopic compositions of samples as a function of 
their independently determined formation age (Figs. 6.1b and 6.2b) reveals previously 
undetected and striking changes in apatite isotopic composition through time, centered around 
the second stage of the Late Heavy Bombardment at ~4.1–3.8 Ga (termed Late Accretion, LA) 
(Bottke and Norman, 2017; Bottke et al., 2012; Cohen et al., 2000; Hopkins and Mojzsis, 
2015; Kring and Cohen, 2002; Morbidelli et al., 2000, 2012; Norman and Nemchin, 2014). 
Pre-LA δD values in apatite are uniformly negative, with a δD value of -151 ± 74 ‰ (based 
on the three oldest Mg-Suite samples shown in Fig 6.1b). As shown in Fig. 6.1c, this value is 
indistinguishable from the terrestrial (Hallis et al., 2015) and carbonaceous chondrites 
(Alexander et al., 2012) values, and slightly higher than the hydrogen isotopic compositions 
of enstatite chondrites (Javoy, 1997). Post-LA apatites from high-Ti mare basalts record 
average δD of +763 ± 47 ‰, followed by a minor decrease around ~3.2 Ga. During LA, 
variability in apatite δD is high, and varies between pre-LA and post-LA averages. The 
process of hydrogen isotope fractionation during late-stage hydrogen degassing has been 
proposed to interpret high δD values in apatites (Tartèse et al., 2013a; 2014a). As discussed 
by previous studies (Greenwood et al., 2011), the absence of a negative correlation between 
OH abundances in apatite and their δD (Fig. 6.1a) shows that degassing is not the source of 
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the trend seen in Fig. 6.1a. As discussed in the following section, late-stage degassing is also 
inconsistent with Cl isotopic data.  

 

Fig. 6.1. Compilation of hydrogen isotopic composition, water content and crystallization 
ages in lunar apatite. Deuterium/hydrogen (D/H) ratios, reported using δD values, with δD = 
{[(D/H)sample/(D/H)VSMOW] – 1} × 1,000 (VSMOW: Vienna standard mean ocean water), are 
shown versus measured OH abundances in ppm (a) and versus sample crystallization age (b). 
LA = Late Accretion. Panel (c) shows the hydrogen isotopic composition of major solar 
system reservoirs including Earth samples; model early Earth at the time of Moon formation; 
Mars, Jupiter (J), Saturn (S), Uranus (U) and Neptune (N); Saturn’s Moon Enceladus; 
chondrite groups carbonaceous chondrites groups CI, CM, CR, CO and CV; Tagish Lake 
samples 11i, 11h and 5b (TL); Oort Cloud Comets 1P/Halley, Hyakutake, Hale-Bopp, C/2002 
T7 (LINEAR), 8P Tuttle and 153P/Ikeya-Zhang, respectively; and JFC, Jupiter-family comet. 
Arrows indicate δD values beyond the maximum or minimum of the Y axis scale. Error bars 
are 2σ. See Tables 6.1 and 6.3 for all data and references. 

Alternatively, this increase can be explained by the addition of deuterium-rich 
material to the Moon during LA. Addition of both ordinary chondrites and comets could lead 
to an increase in δD (Fig. 6.1c) from pre-LA to post-LA values, the large variability during 
LA reflecting variable mixing between the indigenous and added reservoirs. The positive 
correlation of δD in apatite vs. pyroxene Mg#max/Mg#min for lunar basalts, previously ascribed 
to hydrogen incorporation from the regolith (Treiman et al., 2016), could also be explained in 
this way. This correlation is consistent with δD values representing mixing between 
isotopically heavy and isotopically light components, rather than representing degassing 
trends.  

 Lunar siderophile element abundances (Gros et al., 1976; Kring and Cohen, 2002) as 
well as Solar System dynamical models describing sudden changes in the orbits of the giant 
planets at the time of LA (Gomes et al., 2005; Tsiganis et al., 2005) suggest that asteroids (as 
opposed to comets) dominated the LA impactor population, with Kring and Cohen (2002) 
claiming ordinary chondrites (OC) and/or enstatite chondrites (EC) could provide the main 
source of LA impacts. Fig. 1 shows that water addition by EC with a low-δD value of -460‰ 
(Javoy, 1997) cannot explain the observed shift in δD. Fig. 6.1 therefore suggests that OC, 
with high-δD (~1620‰) (Alexander et al., 2012) and relatively low water content (~1.1 wt.%) 
(Alexander et al., 2012) were the dominant impactors during LA. 

 

6.3.2. Chlorine isotopic shifts during Late Accretion 
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Pre-LA Cl isotopic measurements are also uniform, with δ37Cl = 30 ± 1 ‰. These 
values are significantly higher than the range of -4 to 0 ‰ found in the Earth and chondritic 
meteorites (Fig. 6.2c). This could reflect significant Cl degassing in the period between the 
formation of the Moon and the formation of the oldest apatite sample for which Cl isotope 
data are available. The LA period is characterized by large variations in Cl isotopic 
composition, transitioning down to ~8 ± 2 ‰ (from 4 samples formed close to the end of LA). 
Boyce et al. (2015) observed a correlation between the δ37Cl in apatites from a set of post-LA 
lunar basalts and enrichment through addition of a KREEP component, characterized by 
elevated La/Lu ratios and Th contents of the bulk rocks in which these apatites formed. Their 
model suggests that degassing during the (pre-LA) lunar magma ocean (LMO) stage led to 
the formation of an isotopically heavy KREEP reservoir, that is tapped to various degrees by 
the post-LA samples. However, when pre-LA Mg-suite data are added, there is no clear 
correlation between δ37Cl and KREEP signature: pre-LA samples show the highest δ37Cl but 
have low Th and only moderately elevated La/Lu ratios (Fig. S6.1 in Supplementary material). 
The Boyce et al. (2015) model cannot explain the high pre-LA δ37Cl data seen in Fig. 6.2b 
and is also inconsistent with D/H ratios, which show a decrease with increasing KREEP 
influence as opposed to the expected increase. Instead, the data support the addition of 
chondritic material to the Moon during LA, with variability during LA attributed to variable 
mixing between the indigenous and added sources.  

 

Fig. 6.2. Compilation of chlorine isotopic composition, chlorine content and 
crystallization ages in lunar apatite. 37Cl/35Cl ratios, reported using δ37Cl values, with δ37Cl = 
{[(37Cl/35Cl)sample/(37Cl/35Cl)SMOC] – 1} × 1,000 (SMOC: standard mean ocean chloride), are 
shown versus measured Cl abundances in ppm (a) and versus sample crystallization age (b). 
LA = Late Accretion. Panel (c) shows the chlorine isotopic composition of major solar system 
reservoirs including Earth; average of carbonaceous chondrite groups CI, CM, CR, CO, and 
CV (CC); enstatite chondrites (EC) and ordinary chondrites (OC). Error bars are 2σ. See 
Tables 2 and 3 for all data and references. 

 Our interpretation is not at odds with studies of volatile abundances and isotopic 
ratios in lunar volcanic glass beads (Füri et al., 2014; Saal et al., 2013). Such beads are hugely 
degassed (up to 98 per cent or more for water) (Saal et al., 2013) during eruption (i.e. during 
transport of individual small blobs of melt through space). After correcting for degassing, 
these studies conclude that the sources of post-LA glass beads (amongst the most primitive 
samples on the Moon) have terrestrial (low) D/H ratios (Füri et al., 2014; Saal et al., 2013). 
This is not inconsistent with our model, because we invoke the presence of two sources of 
volatiles in the Moon – one indigenous, the other added during LA. The LA stage is reflected 
isotopically most clearly in samples formed during and shortly after LA, but we do not 
propose that the later source mixed fully with the original pre-LA source throughout the 
Moon. After LA, both hydrogen and chlorine isotopic data seem to show a trend towards pre-
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LA values, reflecting melting from a source that is more dominated by the pre-LA values 
(more in line with the primitive LMO-processed mantle without the addition of external 
components). We reiterate that invoking degassing to explain all elevated D/H ratios shown in 
Fig. 6.1b severely complicates explanations for the coeval change to lighter Cl isotopic ratios 
shown in Fig. 6.2b. 

 Combined, Figs. 6.1 and 6.2 thus provide isotopic evidence for the addition of OC 
material to the Moon during late accretion. The fact that this OC component is measurable in 
volcanic samples implies LA impactors were capable of breaching the primitive lunar crust 
and mixing (albeit certainly not perfectly) with the lunar mantle source of the volcanics, 
consistent with the Barnes et al. model (Barnes et al., 2016a).  

 

6.3.3. N isotopic evidence 

Additional evidence for the addition of volatiles to the Moon during LA comes from 
lunar indigenous N isotope measurements. Isotope ratios of nitrogen (15N/14N) are expressed 
in the delta (δ) notation, where δ15N = {[(15N/14N)sample/(15N/14N)std] – 1} × 1,000, in ‰, and 
the standard is terrestrial atmospheric N2 with 15N/14N = 0.003676. Recent studies show that 
several lunar samples formed during and after LA contain an indigenous heavy nitrogen 
isotopic reservoir with a range of δ15N from -7.6±4.1 to 43.9±2.8 giving an average of 13 ± 7‰ 
(Füri and Marty, 2015; Füri et al., 2015; Mortimer et al., 2015). This is isotopically heavier 
than nitrogen in Earth’s depleted mantle (δ15Nmantle ≤ -30 to -5‰) (Marty, 2012). Although 
this has previously been explained through degassing processes, it is also in agreement with 
the notion that 15N-rich materials provided volatiles to the Moon during LA. EC can be 
excluded as a major source of LA impactors in this scenario, based on their δ15N of -29.2 ± 
0.6‰ (Thirmens and Clayton, 1983; Wasson and Kallemeyn, 1988). Saal et al. (2013) 
previously pointed out that the nitrogen budgets of comets, quite distinct from the Moon, 
greatly limit the possible cometary contribution to the Moon. In contrast, OC (with a 
published δ15N of -18 – +95‰, Hashizume and Sugiura, 1995) again provides a realistic LA 
material source.  

 

6.4. Discussion 

6.4.1. Effect of shock-induced resetting of ages and/or isotopic compositions 

Partial or complete resetting of isotopic compositions is a potential issue for all data 
shown in Figures 6.1 and 6.2, through the combination of the old ages involved (leaving a lot 
of time for alteration through shock-induced metamorphism to occur) and the relatively 
mobile properties of the elements involved (H, Cl). We note that none of the publications 
presenting D/H or Cl isotopic values for the lunar apatites those are used in our compilation 
indicate that significant resetting occurred. Some studies explicitly address the perceived 
absence of any significant post-formation alteration (e.g., Greenwood et al. 2011 in the 
discussion of their D/H ratios). We also note that if any or all of the isotopic data presented in 
Figures 6.1 and 6.2 suffered from substantial resetting, any and all inferences made about 
these data in the original publications could be incorrect. Of course, it is also possible that the 
(predominantly whole-rock) ages that we assigned to the apatites are incorrect, and that all 
apatite ages are much younger than whole-rock ages (implying again that all data shown in 
Figures 6.1 and 6.2 suffer from alteration effects). We cannot exclude this possibility, simply 
because to date none of the individual apatite grains for which H or Cl isotopic data have been 
obtained have been dated. Individual lunar phosphate grains have been dated using U-Pb and 
Pb-Pb systematics (e.g., Anand et al. 2006; Terada et al., 2007), generally yielding ages that 
are indistinguishable from the crystallization age of the basaltic samples they formed in. This 
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suggests that the Pb system in these grains was not disturbed significantly by post-formation 
shocks from impacts. This is also the case in the one sample (meteorite Kalahari 009, even 
though this sample most certainly shows effects of having been shocked) for which both a 
phosphate age and apatite isotopic values (D/H in this case) are available (although not from 
the same grain). In the absence of evidence to the contrary, we therefore conclude that (1) 
whole rock ages are a good indicator of phosphate ages, and (2) none of the H and Cl isotopic 
compositions of lunar apatite that we compiled were significantly affected by post-formation 
alteration processes.  

 

6.4.2. Constraining the size of the added reservoir 

The H2O and Cl concentrations in apatite shown in Figs. 6.1 and 6.2 can be used to 
quantify lunar interior H2O and Cl contents. Quantification requires assumptions about (1) the 
partitioning of H2O and Cl between apatite and melt (2) a mantle melting model leading to the 
crystallization of apatite. Quantifying apatite-melt partitioning of volatiles is not 
straightforward (McCubbin et al., 2015b), and a comprehensive model of apatite-melt 
partition coefficients (D values, with Da the ratio in concentration by weight of element a in 
apatite and co-existing melt) for Cl and H2O is not available at present. Unlike the D values, 
the apatite-melt volatile exchange coefficient Kd for OH–Cl (KAp-Melt 

dOH-Cl
= 
!"!"#$∗!"!"
!"!"#$∗!"!"

) is constant 

at 0.06±0.02 (McCubbin et al., 2015b). This exchange coefficient can be used to estimate 
quantitatively the water content of the mantle source if Cl contents in apatite and the 
corresponding parent melt are known (McCubbin et al., 2015b). We derived the Cl content of 
parent melt !!"!"#$%&!!"#$ by combining measured lunar whole-rock Nd and Ba contents with 
the constant Cl/Nd and Cl/Ba ratios observed in primitive lunar magmatic samples (Hauri et 
al., 2015). Parent melts were estimated to have formed by partially melting a mantle source to 
a melt fraction of 15 per cent. Together, this leads to the following equation to derive the 
water content of mantle sources: 

!
Water!"#$%&!!"#$%& =

!!"#$%&
!"#$%"&!!"#$%&'∗!!!!

!" ∗!!"!"#$%&!!"#$

!!!"–!"
!"!!"#$∗!!"

!"   (1) 

 

Where !!"#$%&
!"#$%"&!!"#$%&'  = 0.15, !!!"–!"

!"!!"#$  = 0.06, !!!!
!"  is the H2O content of the 

apatite, !!"
!" and !!"!"#$%&!!"#$ represent the Cl contents of apatite and parent melt, respectively. 

Combining published bulk rock Nd and Ba contents of pre-LA KREEP basalt 72275 (Meyer, 
2009) and three post-LA high-Ti mare basalts (75055 (Meyer, 2008), 10058 (Meyer, 2011) 
and 10044 (Neal, 2001)), average values of Cl/Nd (0.216) and Cl/Ba (0.031) (Hauri et al., 
2015), and the above equation, the abundances of water in their mantle source are estimated 
to be 1.3, 35.6, 24.4, and 38.5 ppm by the Nd-based calculations, and 2.7, 49, 39.7 and 45.5 
ppm by Ba-based estimates, respectively. This suggests an increase from pre-LA source rock 
water contents of ~1 ppm to post-LA source rock water contents of ~33 ppm based on Cl/Nd. 
Cl/Ba-based calculations indicate ~3 ppm water in the lunar interior pre-LA versus ~45 ppm 
water post-LA, consistent with the Nd-based estimates.  

Experiments simulating the solidification of the lunar magma ocean in the presence 
of water, combined with observations of lunar crustal thickness, suggest the Moon contained 
at least 270 ppm water during the crystallization of its magma ocean (Lin et al., 2017), i.e. 
before any of the apatites considered in our compilation formed. Our compilation suggests 
that by the time the oldest apatites shown in Figures 6.1 and 6.2 formed, the lunar interior 
only contained ~1-3 ppm water, pointing to significant degassing of the Moon in the period 
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before the formation of the apatites in the current database. The increase in water content 
from ~1-3 ppm pre-LA to 33-45 ppm post-LA again suggests that significant amounts of 
volatiles were added to the Moon during LA. 

Using average pre-LA δD values of ~ -150 ‰ and post-LA δD values of ~ +760 ‰ 
based on our data compilation, and an average OC composition containing 1.1 wt.% H2O and 
a δD value of ~ +1620 ‰ (Alexander et al., 2012), a simple two-component mixing model 
based on mass balance can be used to constrain the OC mass added during LA. Equations (2) 
and (3) below describe the relationship between lunar interior water content and hydrogen 
isotopic composition δD before and after LA, assuming 100 per cent efficient addition of 
water to the Moon (no degassing) during LA.  

 

δD!"#$!!! ∗Water!"#$!!" = δD!"#!!" ∗Water!"#!!" ∗ 1 − Y  

+δD!" ∗Water!"*Y  (2) 

 

where 

Y = δD!"#$!!" ∗Water!"#$!!" − δD!"#!!" ∗Water!"#!!"
δD!" ∗Water!" − δD!"#!!" ∗Water!"#!!"

 

= !!!"#$!!"∗!"#$%!"#$!!"!!!!"##$∗!"#$%!"##$
!!!"∗!"#$%!"!!!!"##$∗!"#$%!"##$

    (3) 

 

In equation (3), High-Ti, KREEP and OC are high-Ti mare basalts (75055, 10058 and 10044), 
KREEP basalt (72275) and ordinary chondrite, respectively. 

Ignoring loss through degassing on impact, addition of 0.09–0.17 wt.% lunar mass is 
required to explain the hydrogen isotopic shift. Here, the lower bound assumes the post-LA 
water content is representative of the top 400 kilometers of the lunar interior (Barnes et al., 
2016b; Tartèse and Anand, 2011), and the upper bound assumes the post-LA water content 
represents the whole silicate Moon. The result is essentially independent of the pre-LA lunar 
interior water content, because of the strong leverage provided by the OC composition. This 
0.09–0.17 wt.% addition in terms of mass is 4–8 times larger than currently estimated from 
highly siderophile element (HSE) abundances in the lunar mantle (Day and Walker, 2015; 
Day et al., 2010), >10 times lower than expected based on scaling current estimates of the late 
mass addition to the Earth (Morbidelli and Wood, 2015), and overlaps with estimates (0.1–0.4 
wt.% (Hauri et al., 2015) and <0.02–0.4 wt.% (Barnes et al., 2016b) of the lunar mass) based 
on previous models of lunar volatile abundances. Because OC contain < 200 ppm Cl 
(Garrison et al., 2000) the increase in lunar mantle source Cl due to the addition of 0.09–0.17 
wt.% lunar mass OC material during LA would be on the order of 0.3 ppm only. 

     

6.4.3. A low D/H ratio in the early Earth and the young Moon? 

Before LA, the oldest samples for which data are available show low D/H ratios, 
close to those found in terrestrial samples (Fig. 6.1b,c). This appears to be at odds with the 
suggestion of early significant water and chlorine losses accompanying extensive degassing 
during the Moon’s magma ocean stage. If extensive degassing occurred during the magma 
ocean stages, this implies that the Moon, when it formed, should have been characterized by a 
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D/H ratio that is significantly lower than that found in lunar or terrestrial samples. This lends 
support to the recent model of Sharp (2017) who proposes that the early Earth could have 
been characterized by a significantly lower D/H ratio than that of the present-day Earth, 
because of early ingressing into the Earth of solar (extremely low) D/H ratio hydrogen (Fig. 
6.1c). Although the exact D/H ratio of Earth at the time of Moon formation remains 
unquantified, this provides a viable explanation for Earth-like D/H combined with heavy Cl 
isotopic composition for the old Mg-suite samples in Figs. 6.1 and 6.2: both can be explained 
by degassing in the early Moon during the magma ocean stage. In this process D/H is elevated 
back to terrestrial-like values from an initial low δD, at the same time elevating δ37Cl of the 
Moon.  

 

6.5.  Conclusions 

Our analysis indicates that the lunar interior volatile cycle is not characterized solely 
by progressive volatile loss from an initially volatile-rich body. Our analysis suggests that the 
initially substantial water content of the Moon decreased significantly between the time of its 
formation and the start of late accretion, after which increases in D/H ratio and lowering of Cl 
isotopic composition occurred, accompanied by an increase in water content. This suggests 
that the Moon’s (and by extension the Earth’s) initial volatiles were replenished ~0.5 Ga after 
their formation, with final budgets reflecting a mixture of sources and delivery times. These 
findings are consistent with dynamic models that predict influxes of chemically and 
isotopically distinct asteroid populations at different times during the first ~700 million years 
of solar system evolution (Morbidelli et al., 2000; Bouvier and Wadlhwa, 2010; Walsh et al., 
2011, 2012; O’Brien et al., 2014; Sarafian et al., 2014). Future grain-scale age dating of lunar 
apatites combined with isotopic analyses on the same grains could further refine the timing of 
volatile fluxes to the Moon and the Earth during late accretion. 
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Table 6.1. Compilation of literature data on H2O contents and D/H ratios of lunar apatites and crystallization ages for their host rocks. 
 

Sample (Ref.) H2O 
(ppm) 2σ 

Weighted 
average* 
(ppm) 

2σ* δD (‰) 2σ 
Weighted 
average* 
(‰) 

2σ* Age (Ga) (Ref.) 

Mg-Suite 

  
       

78235 (Barnes et al., 
2014) 

  

      

4.426 ± 0.065; 
U–Pb (Premo 
and Tatsumoto, 
1991) 

,43_Ap1#1_1 209 3 

768 550 

203 238 

-27 98 

,43_Ap1#1b_1 319 4 -152 159 

,43_Ap5_1 552 6 18 107 

,43_Ap5#2_1 1636 19 -14 125 

,43_Ap5#4_1 1121 13 -52 79 

77215 (Barnes et al., 
2014)         

4.30 ± 0.02; 
Sm–Nd 
(Carlson et al., 
2013) 

,202_Ap2_1 453 14 

896 520 

-205 163 

-281 49 

,202_Ap4_1 1801 56 -299 84 

,202_Ap5_1 227 7 -234 203 

,202_Ap6_1 1482 46 -271 95 

,202_Ap9_1 904 28 -264 132 

,202_Ap8_1 512 16 -384 175 
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76535 (Barnes et al., 
2014)         

4.195 ± 0.024; 
Ar–Ar (Borg et 
al., 2013) 

,51_Ap1#1_1 9 0.3 

11.0 8.0 

3720 +1011/-1131 

1734 1600 

,51_Ap1#2_1 13 0.3 2055 +689/-783 

,51_Ap1#3_1 8 0.3 3503 +1042/-1166 

,51_Ap3#1_1 29 0.5 763 +440/-477 

,51_Ap3#2_1 5 0.2 2336 +1733/-1897 

,51_Ap3#3_1 3 0.2 11130 +3953/-3699 

76535 (Robinson et al., 
2016)         
,52_apt1 75 7 

74 16 

639 93 

458 210 ,56_#1 62 6 388 106 

,56_#2 86 8 342 103 

,56_#3 (Boyce et al., 
2013) ~200 

   
~170 

   

14303  (Barnes et al., 
2014) 

  

      
~4.1 ± 0.2; U–
Pb, Rb–Sr and 
Ar–Ar (Kirsten 
et al., 1972; 
Meyer, 2009; 
Meyer et al., 
1996; Shih et 
al., 1994) 

,205_Ap1_1 90 3 

400 440 

-184 375 

-106 130 
,205_Ap2a_16 547 17 35 216 

,205_Ap2b_1 68 2 -321 390 

,205_Ap2c_1 1186 37 -139 97 
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,205_Ap2d_1 110 4 110 295 

79215 (Treiman et al., 
2016)         

3.9 ± 0.1; Ar–
Ar (Hudgins et 
al., 2008) 

AP2_6 

25 8 
  

1082 93 

1055 190 
AP4_1 1234 104 

AP4_2 811 78 

AP4_3 1101 78 

14305(Robinson et al., 
2016; Greenwood et al., 
2011)         

3.95 ± 0.17; 
Sm–Nd (Shih 
et al., 1986) 

,303_#390 80 10 
80 7 

238 72 

236 200 

,303_#391 80 10 341 53 

,94_#322 -0.009 -0.001 
  

-96 60 

,656_apt1 
    

735 652 

,656_apt3 #2 
    

481 320 

,656_apt3 #3 
    

-65 528 

,656_apt3 #4 
    

934 514 

,656_apt4 
    

-107 459 

,656_apt5 
    

-34 481 

,656_apt6 
    

608 418 

,656_apt7         -168 420 
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14161 (Robinson et al., 
2016)          

,7069_triapt#1 162 49 

174 30 

114 66 

200 140 
- 

,7069_triapt#2 189 57 165 62 

,7373_apt3 174 52 323 70 - 

15403 (Robinson et al., 
2016)          

,71_apt1 #1 77 9 

128 68 

-597 79 

-712 170 - ,71_apt1 #2 181 20 -724 48 

,71_apt1 #3 129 14 -754 57 

15404 (Robinson et al., 
2016)          

,51_apt6 #1 58 6 

106 50 

-438 138 

-581 96 

- 
,51_apt6 #2 46 6 -653 82 

,55_apt1 #1 134 4 -592 432 

- 

,55_apt1 #2 267 9 -346 319 

,55_apt2 #1 76 2 -352 492 

,55_apt2 #2 99 3 -689 491 

,55_apt2 #3 99 3 -547 491 

,55_apt2 #4 69 2 -514 523 

High-Al Mare basalt 
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14053 (Greenwood et al., 
2011; Pernet-Fisher et 
al., 2014)         

~3.95 ± 0.04; 
Rb–Sr, Ar–Ar 
(Papanastassiou 
and 
Wasserburg, 
1971a; Stettler 
et al., 1973)  

,256_#315 860 140 

713 150 

-172 24 

-111 57 

,256_#318 640 100 -215 96 

,256_#387 870 140 -175 37 

,256_#388 930 150 -202 23 

,257_#320 670 110 -202 31 

,257_#321 570 100 -179 40 

Pocket 1_Apt1 679 10 

1190 700 

-15 47 

Pocket 2_Apt1 692 12 -23 47 

Pocket 3_Apt1 2409 10 -86 36 

Pocket 3_Apt3 1447 10 -14 36 

Pocket 4_Apt2 721 11 53 49 

KREEP Basalt 

  

              

72275 (Tartèse et al., 
2014a)         

4.091 ± 0.049; 
Rb–Sr and Sm–
Nd (Tartèse et 
al., 2014a) 

,469_Ap2#1 50 2 

270 130 

184 316 

-113 78 
,469_Ap3#1 46 2 -105 293 

,469_Ap4#1 160 6 -139 249 

,469_Ap5#1 80 3 15 228 
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,469_Ap6#1 123 5 -81 460 

,469_Ap6#2 249 10 -118 386 

,469_Ap7#1 262 11 -129 213 

,469_Ap8#1 174 7 187 254 

,469_Ap9#1 368 14 -143 162 

,469_Ap10#1 536 21 -180 172 

,469_Ap10#2 858 34 -157 133 

,469_Ap12#1 344 14 -277 211 

15386 (Tartèse et al., 
2014a)         

3.912 ± 0.025; 
Rb–Sr and Sm–
Nd (Tartèse et 
al., 2014a) 

,45_Ap1#1 265 11 

350 110 

595 144 

400 140 

,45_Ap2#1 265 11 538 151 

,45_Ap4#1 302 12 778 123 

,45_Ap5#1 775 31 89 99 

,45_Ap6#1 218 8 413 170 

,45_Ap7#1 583 23 296 127 

,45_Ap10#1 454 18 465 118 

,45_Ap11#1 296 12 321 149 

,45_Ap12#1 114 5 615 217 

,45_Ap13#1 461 18 140 180 
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,45_Ap14#1 120 5 311 234 

,45_Ap15#1 345 14 426 135 

QMDs  
         

14321 (Robinson et al., 
2016)          

,1047_apt1 #3 82 2 

91 25 

231 415 

382 680 

~3.98 ± 0.14; 
Sm–Nd, Rb–Sr 
and Ar-Ar 
(Meyer, 1996; 
Turner et al., 
1971; York et 
al., 1972) 

,1047_apt2 #2 137 3 -118 364 

,1047_apt4 93 2 -327 439 

,1047_apt6 #1 66 2 925 356 

,1047_apt6 #2 76 2 790 317 

77538 (Robinson et al., 
2016)          

apt1 175 55 
182 38 

304 74 
344 500 - 

apt2 188 55 383 74 

High-Ti Mare Basalt 
    

          

75055 (Boyce et al., 
2015)         3.82 ± 0.05; 

Rb–Sr and Ar–
Ar (Huneke et 
al., 1973; 
Kirsten et al., 
1973; Tartèse 
et al., 2013b) 

,55_Ap1#1 604 23 

1125 380 

621 35 

795 150 
,55_Ap1#2 1225 35 794 26 

,55_Ap1#3 1241 30 968 27 

,55_Ap1#4 1430 34 794 26 
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10058 (Tartèse et al., 
2013a)         

3.71 ± 0.04; 
Ar–Ar 
(Guggisberg et 
al., 1979) 

,46_Ap1#1 1595 9 

1351 130 

724 74 

823 100 

,46_Ap1#2 1333 8 949 80 

,46_Ap1#3 1118 7 1098 79 

,46_Ap4#1 1387 8 678 84 

,46_Ap4#2 1649 10 648 82 

,46_Ap7#1 1111 7 735 86 

,46_Ap3#1 1127 7 965 84 

,46_Ap2#1 1338 8 929 79 

,46_Ap2#2 1287 8 884 85 

,46_Ap5#1 1568 9 618 77 

10044 (Barnes et al., 
2013; Boyce et al., 2015; 
Treiman et al., 2016)         

3.722 ± 0.011; 
U–Pb (Tartèse 
et al., 2013b) 

Ap5_Pt1_1 1176 68 

1178 100 

622 48 

734 56 

Ap5_Pt3_1 1455 84 623 49 

Ap5_Pt3_2 1379 79 657 63 

Ap5_Pt2_1 1622 94 682 46 

Ap6b_Pt2_1 1088 63 1005 46 

Ap6b_Pt2_2 1073 62 1013 58 
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Ap11_Pt1_1 1078 62 697 49 

Ap5#2_1 1043 28 631 66 

Ap1#1_1 1161 32 617 64 

Ap1#2_1 1578 43 796 56 

Ap1#3_1 1394 38 710 61 

Ap1#5_1 1727 47 772 54 

Ap1b#1_1 1195 32 697 69 

Ap5#4_1 1424 37 675 63 

Ap7#1_1 837 22 533 85 

Ap7#2_1 1029 26 635 77 

Ap8#1_1 917 24 818 70 

Ap6b#3_1 1204 31 891 63 

,12_#10 1105 29 932 31 

,12_#1a 728 27 954 27 

,12_#1c 1220 30 781 23 

,644_#2 877 26 536 57 

,644_#4a 826 25 605 33 

,644_#4b 1155 29 702 28 

Low-Ti Mare Basalt 
  

              

15058 (Tartèse et al.,         3.40 ± 0.05; 
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2013a) Ar–Ar and Rb–
Sr (Birck et al., 
1975; Husain, 
1974; Meyer, 
2010) 

,20_Ap1#1 474 50 

373 130 

565 73 

582 50 

,20_Ap1#2 464 50 637 73 

,20_Ap1#3 217 44 637 103 

,20_Ap1#4 202 44 611 109 

,20_Ap1#5 267 46 483 125 

,20_Ap7#1 232 45 556 106 

,20_Ap4#1 377 48 647 87 

,20_Ap3#1 751 56 510 69 

15555 (Tartèse et al., 
2013a)     

580.75 62 
  

~3.35 ± 0.05; 
Ar–Ar and Rb–
Sr (Meyer, 
2009; Tartèse 
et al., 2013a) 

,991_Ap5#1 1202 57 

2416 850 

454 145 

597 77 

,991_Ap5#2 1405 60 682 115 

,991_Ap2#1 3619 100 520 76 

,991_Ap1#1 3188 92 578 56 

,991_Ap1#2 3147 92 715 102 

,991_Ap1#3 1940 70 632 63 

12064 (Barnes et al., 
2013)     

596.833 64 
  

3.18 ± 0.09; 
Rb–Sr 
(Papanastassiou 
and 
Wasserburg, 

Ap1_23 906 212 
1183 310 

880 72 
887 43 

Ap1_23 783 184 831 74 
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Ap2_Ap3_23 1274 299 1009 72 1971b) 

Ap2_Ap3_23 1293 303 854 72 

Ap2_Ap3_23 1272 298 1008 71 

Ap2_Ap3_23 1048 246 960 73 

Ap2_Ap3_23 1323 310 849 72 

Ap2_Ap3_23 877 205 940 75 

App4_22 657 38 786 62 

App5_23 1219 70 955 45 

App5_23 125 73 947 45 

App6_23 1274 74 911 45 

App6abc_23 2320 134 798 47 

App7_23 2204 127 811 38 

12039 (Boyce et al., 
2015; Greenwood et al., 
2011; Tartèse et al., 
2013a) 

        

3.20 ± 0.05; 
Sm–Nd 
(Nyquist et al., 
1979) 

,42_#286 2810 420 

2982 480 

680 30 

776 54 

,42_#287 2570 390 730 31 

,42_#289 6050 740 672 35 

,42_#309 5540 700 792 38 

,42_#343 3040 440 472 63 
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,42_#344 3040 440 542 65 

,42_#345 3590 510 391 62 

,42_#347 5590 710 655 74 

,42_#359 960 160 498 83 

,42_#377 5450 700 875 40 

,42_#378 5820 720 747 50 

,42_#379 2740 410 1010 47 

,42_#380 2960 430 892 45 

,42_#4 1996 43 720 30 

,42_#6 2379 47 830 31 

,42_#17a 2784 95 729 28 

,42_#17b 2916 57 698 28 

,44_Ap2#1 2082 14 904 67 

,44_Ap2#2 2410 16 967 65 

,44_Ap1#1 2218 15 880 66 

,44_Ap1#2 2968 19 767 63 

,44_Ap1#3 1993 13 785 68 

,44_Ap1#4 3798 23 812 60 

,44_Ap1#5 1670 12 860 69 

,44_Ap3#1 1930 13 889 67 
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,44_Ap3#2 1468 11 875 72 

,44_Ap5#1 2378 15 822 65 

,44_Ap6#1 1055 8 882 79 

,44_Ap6#2 3180 20 991 61 

,44_Ap8#1 3003 19 915 62 

12040*** (Boyce et al., 
2015; Greenwood et al., 
2011)         

3.21 ± 0.10; 
Ar–Ar 
(Compston et 
al., 1971) 

,211_#324 
    

27 91 

-120 88 

,211_#324_crack 
    

-53 135 

,211_#1 105 21 

41 73 

9 163 

,211_#2 3 20 14 84 

,211_#3 16 20 -150 26 

Meteorite 
  

              

MIL05035 (Tartèse et al., 
2013a)         

3.85 ± 0.10;  
Rb–Sr and Sm–
Nd (Nyquist et 
al., 2007) 

,30_Ap11#1 4894 40 

3990 990 

237 39 

311 87 

,30_Ap11#3 4073 34 388 71 

,30_Ap11#4 2719 24 417 99 

,30_Ap1#1 3009 26 283 117 

,30_Ap1#2 3107 26 157 47 
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,30_Ap1#3 2541 22 93 75 

,30_Ap1#4 2044 19 157 101 

,37_Ap7#1 7529 197 317 29 

,37_Ap7#2 3337 110 443 32 

,37_Ap3#1 4593 136 574 47 

,37_Ap3#2 6061 166 341 49 

LAP 04841** (Tartèse et 
al., 2013a)          

,19_Ap1#1 5717 196 

5586 870 

340 40 

401 57 
3.00 ± 0.02; 
(Tartèse et al., 
2013a) 

,19_Ap1#2 7364 251 278 72 

,19_Ap1#3 7638 260 485 46 

,19_Ap2#1 5735 196 403 55 

,19_Ap2#2 6646 227 389 29 

,19_Ap5#1 3745 130 515 38 

,19_Ap5#2 3481 121 557 64 

,19_Ap3#1 4765 164 385 61 

,19_Ap3#2 5118 176 317 60 

,19_Ap4#1 5686 195 329 53 

NWA 773 (Tartèse et al., 
2014a, 2014b)          

Ap6#1 1642 15 4755 1900 -169 113 82 71 2.993 ± 0.032; 
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Ap6#2 2852 26 -273 139 Sm–Nd (Borg 
et al., 2009) 

Ap14#1 708 6 184 140 

Ap14#2 1210 11 23 90 

Ap9#1 1486 14 -44 125 

Ap15#1 1568 14 -54 124 

Ap16#1 517 5 -64 145 

Ap16#2 1619 15 3 92 

Ap11#1 1132 11 38 98 

Ap2_1 1937 18 -47 108 

Ap3#1 10528 96 224 60 

Ap3#2 9738 88 282 60 

Ap8#1 723 7 -83 119 

Ap13#1 856 8 104 148 

Ap13#2 2535 23 -105 79 

Ap13#3 1170 11 -33 96 

Ap17#1 9442 86 309 59 

Ap17#2 16744 152 217 62 

Ap17#3 11390 103 294 61 

Ap17#4 11892 108 189 75 

Ap22#1 5383 49 319 64 
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Ap22#2 6889 63 144 63 

Ap21#1 7418 67 288 65 

NWA 4472 (Tartèse et 
al., 2014b)          

KREEP_ROI1_Ap1#1 2862 158 

4298 710 

9 92 

126 190 
3.936 ± 0.018; 
U–Pb (Joy et 
al., 2011) 

KREEP_ROI1_Ap1#2 2849 157 -8 113 

KREEP_ROI1_Ap1#3 4298 237 -103 91 

KREEP_ROI1_Ap2#1 5458 302 -95 69 

KREEP_ROI1_Ap2#2 3789 209 -88 81 

KREEP_ROI1_Ap3#1 5145 284 -92 64 

Matrix2_ROI5_Ap1#1 5338 295 -176 72 

Matrix2_ROI5_Ap1#2 3387 187 -12 84 

Matrix2_ROI5_Ap1#3 4523 250 -243 150 

Matrix1_ROI6_Ap1#1 5282 292 741 54 

Matrix1_ROI6_Ap1#2 6438 356 486 62 

Matrix1_ROI6_Ap1#3 5759 318 579 58 

Matrix1_ROI6_Ap1#4 5349 295 904 44 

Matrix3_ROI11_Ap1#1 2305 127 -66 99 

Matrix3_ROI11_Ap1#2 1775 98 26 140 

Kalahari 009 (Tartèse et 
al., 2014b)        
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Section 1_Ap3#1 1105 5 

1191 440 

-27 221 

-7 53 
4.286 ± 0.095; 
Lu–Hf (Sokol 
et al., 2008) 

Section 1_Ap4#1 525 3 451 213 

Section 1_Ap4#2 1245 6 51 239 

Section 1_Ap5#1 710 4 149 360 

Section 2_Ap1#1 1576 152 -24 108 

Section 2_Ap1#2 1974 191 -95 118 

Section 2_Ap1#3 645 62 54 160 

Section 2_Ap3#1 613 59 85 164 

Section 2_Ap5#2 2389 231 -3 110 

Sayh al Uhaymir 169 
(Tartèse et al., 2014b)          

ROI7_Ap1#1 1713 41 

1957 640 

138 96 

61 160 
3.92 ± 0.01; U–
Pb (Liu et al., 
2012) 

ROI7_Ap1#2 2147 51 162 97 

ROI14_Ap1#1 1654 40 165 120 

ROI15_Ap1#1 1603 38 -49 125 

ROI21_Ap1#1 3418 82 -148 91 

ROI21_Ap1#2 1214 29 201 156 

Note: Data given in italics are for information only. As detailed in the Supplementary Information section, these data were not used to 
make scientific interpretations in the manuscript. 

* Values for weighted average ± error (2σ; 95% confidence level) calculated by the Isoplot/Ex_ver3 software (Ludwig, 2003) are given at 
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assigned internal errors when MSWD<10, otherwise, they are given as assigned errors ± constant external errors. 

** Exposure ages have not been determined for these samples. 

*** Sample may suffer from terrestrial contamination as mentioned in Greenwood et al. (2011). 
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Table 6.2. Compilation of Cl contents and  δ37Cl ratios of lunar apatites and crystallization ages for their host rocks.   

 

Sample (Ref.) Cl 
(ppm) 2σ 

Weighted 
average* 
(ppm) 

2σ* δ37Cl 
(‰) 2σ 

Weighted 
average* 
(‰) 

2σ* Age (Ga) 
(Ref.) 

Mg-Suite 
         

78235 (Barnes et al., 
2016)         

4.43 ± 0.05; 
Sm–Nd 
(Premo and 
Tatsumoto, 
1991) 

Ap7a 13689 205 

11782 1000 

31.2 1.6 

31 1.7 

Ap7b 13301 199 28.9 1.6 

Ap5a 12322 185 29.6 1.6 

Ap5b 10110 152 28.9 1.7 

Ap3a 11435 171 29.1 1.2 

Ap3b 10757 161 32.8 1.2 

Ap5c 10897 163 33.8 1.2 

76535 (Barnes et al., 
2016; Boyce et al., 
2013)         

4.195 ± 0.024; 
Ar–Ar (Borg 
et al., 2013) 

,56 ~18000 
   

~27.8 
   

Ap3aCl 13163 164 
13293 230 

31.1 1.2 
32 1.7 

Ap3bCl 13428 167 32.1 1.3 

79215 (Barnes et al., 
2016; Boyce et al.,         

3.9 ± 0.1; Ar–
Ar (Hudgins 
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2013; Treiman et al., 
2016) 

et al., 2008) 

,51 ~7800 
   

~32.5 
   

,51_#1 8253 
   

32.7 1.6 
  

Ap13a 7165 523 7303 

 

 

 

 

 

 

 

 

 

 

 

 

 

170 

29.3 0.9 

29.7 2 

Ap13b 7331 535 26.6 0.9 

Ap13c 7036 514 26.9 0.9 

Ap13d 7209 526 28.1 0.9 

Ap13e 7293 533 27.6 0.9 

Ap1 6349 464 25.1 1.8 

Ap1 7561 552 31.7 1.6 

Ap3aCl 7241 123 34.8 2 

Ap3b 7345 124 36.3 2 

Ap2aCl 7605 94 30 2 

Ap12Cl 7169 89 33.8 2 

12013 (Boyce et al., 
2013)         

~4.0 ± 0.1; U–
Pb (Haines et 
al., 1971; ,148_#1 ~22000 

   
~24,5 

 
25 
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,148_#2 ~16000 
   

~26 
 

Meyer, 2009) 

14305 (Boyce et al., 
2013)         3.95 ± 0.17; 

Sm–Nd (Shih 
et al., 1986) ,94_#1 ~2100 

   
~27.5 

 30 
 ,94_#2 ~1900 

   
~32.5 

 
KREEP Basalt                   

72275,491 (Sharp et al., 
2010) ~12200 

   
~24.5 

   

4.091 ± 0.049; 
Rb–Sr and 
Sm–Nd 
(Tartèse et al., 
2014a) 

15386 (Barnes et al., 
2016)         3.912 ± 0.025; 

Rb–Sr and 
Sm–Nd 
(Tartèse et al., 
2014a) 

Ap5a 3764 55 

2489 1800 

30.8 1.3 

23 11 Ap10a 2720 40 22.5 1.5 

Ap2a 987 14 14.1 2.2 

VHK basalt  
         

14304 (Barnes et al., 
2016) 

 

       

~4.0 ± 0.05; 
Sm–Nd and 
Rb–Sr (Shih 
et al., 1987) 

Ap1a 2862 66 

4038 600 

28.1 1.5 

28 1.3 
Ap1b 4084 94 29.4 1.4 

Ap2a 4100 94 24.5 2.8 

Ap4a 2453 56 27.9 2.5 
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Ap4b 4148 95 25.9 2.5 

Ap4c 5878 88 27.8 2.4 

Ap4d 4940 74 29 2.4 

Ap5a 3779 57 31.7 2.5 

Ap5b 3815 57 28.8 2.5 

Ap8 4331 65 28.5 2.5 

High-Ti Mare Basalt                   

10044 (Barnes et al., 
2016; Boyce et al., 
2015)         

3.722 ± 0.011; 
U–Pb (Tartèse 
et al., 2013b) 

,12_#1 365 104 

296 15 

9 3 

6 3.7 ,12_#2 292 11 6 3 

,12_#3 300 11 2 4 

,644_#1 250 10 

1227 1900 

11 3 

13 2.9 
,644_#2 3976 122 15 3 

,644_#3 219 10 12 3 

,644_#4 479 16 12 3 

Ap5b 258 4 

487 400 

16.1 4 

9 6.1 Ap6Da 209 3 6.8 4.5 

Ap6Ca 375 5 10 3.3 
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Ap6Cb 1109 16 6.5 2 

10058 (Barnes et al., 
2016)         

3.71 ± 0.04; 
Ar–Ar 
(Guggisberg 
et al., 1979) 

Ap5 493 14 

914 550 

4.9 3.7 

6 2.1 

Ap4a 643 19 2.2 2.6 

Ap4b 421 12 5.3 3 

Ap6a 2478 57 9.8 2.4 

Ap6b 1139 26 5 2.7 

Ap3 594 14 5.6 3.1 

Ap3b 632 14 9.9 3 

70035 (Barnes et al., 
2016) 

 

       3.75 ± 0.07; 
Ar–Ar 
(Stettler et al., 
1973) 

Ap17 968 14 

1030 420 

14.4 2.1 

13 2.4 Ap17 1379 50 13.4 1.8 

Ap15 746 13 10.8 2.5 

75055 (Boyce et al., 
2015)         

3.82 ± 0.05; 
Rb–Sr and 
Ar–Ar 
(Huneke et al., 
1973; Kirsten 
et al., 1973; 
Tartèse et al., 
2013b) 

,55_#1 398 14 

407 66 

8 3 

8.5 6 
,55_#2 485 16 6 3 

,55_#3 334 12 14 3 

,55_#4 410 14 6 3 
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Low-Ti Mare Basalt                   

12040 (Boyce et al., 
2015; Sharp et al., 
2010)         

3.21 ± 0.10; 
Ar–Ar 
(Compston et 
al., 1971) 

,211_#1 15884 489 

7291 7600 

17 3 

15 3.7 ,211_#2 2689 83 13 3 

,211_#3 3388 104 14 4 

,46 ~8300 
   

~17.2 
   

12039 (Boyce et al., 
2013)         

3.20 ± 0.05; 
Sm–Nd 
(Nyquist et 
al., 1979) 

,42_#1 928 29 

805 320 

18 3 

17 2.9 
,42_#2 477 16 17 3 

,42_#3 1157 36 17 3 

,42_#4 665 21 16 3 

15555 (Barnes et al., 
2016; Sharp et al., 
2010)         

~3.35 ± 0.05; 
Ar–Ar 
(Meyer, 2009; 
Tartèse et al., 
2013a) 

Ap1a 3143 47 

2431 1800 

12.8 1.5 

13 1.9 Ap1b 3306 50 13.8 1.5 

Ap5b 847 13 12.7 2.1 

,207 ~5600 
   

~13.1 
   

Meteorite                   
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MIL05035 (Boyce et 
al., 2015; Wang et al., 
2012)         

3.85 ± 0.10; 
Rb–Sr and 
Sm–Nd 
(Nyquist et 
al., 2007) 

#1  
    

-4 2 
  

#2 
    

~6 
   

NWA 4472 (Tartèse et 
al., 2014b) 

    

    

3.936 ± 0.018; 
U–Pb (Joy et 
al., 2011) 

KREEP_ROI1_Ap1#1 3939 50 

3378 570 

19.7 2.5 

15.7 3 

KREEP_ROI1_Ap1#2 4166 53 17.2 2.4 

KREEP_ROI1_Ap1#3 2509 33 19.3 3.5 

KREEP_ROI1_Ap1#4 4017 68 18.1 3.2 

KREEP_ROI1_Ap1#5 3597 60 18.8 3 

KREEP_ROI1_Ap2#1 2946 38 18.5 3.1 

Matrix1_ROI6_Ap1#1 2280 29 15.3 3.3 

Matrix1_ROI6_Ap1#2 2420 31 7.1 3.1 

Matrix1_ROI6_Ap1#3 2992 50 6.8 3.3 

Matrix1_ROI6_Ap1#4 2848 48 12.5 3.5 

Matrix3_ROI11_Ap1#1 5451 70 15.4 2.4 

Sayh al Uhaymir 169 
(Tartèse et al., 2014b) 

    

    
3.92 ± 0.01; 
U–Pb (Liu et 
al., 2012) ROI7_Ap1#1 8078 118 8411 1000 8.4 2.4 9.2 1.8 
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ROI7_Ap1#2 6268 91 9.2 2.5 

ROI7_Ap1#3 7687 112 8.9 2.5 

ROI7_Ap1#4 10051 129 5.3 2.2 

ROI7_Ap1#5 6464 83 6.6 2.4 

ROI14_Ap1#1 9842 143 10.9 2.4 

ROI14_Ap1#2 9828 126 11.5 2.3 

ROI14_Ap1#3 10014 146 10.9 2.4 

ROI21_Ap1#1 7476 109 12.2 2.5 

*Values for weighted average ± error (2σ; 95% confidence level) calculated by the Isoplot/Ex_ver3 software (Ludwig, 
2003) are given at assigned internal errors when MSWD<10, otherwise, they are given as assigned errors ± constant 
external errors. 
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Table 6.3. Compilation of δD and δ37Cl values for major chemical reservoirs in the solar system used in Figs. 1c and 2c. 
Object δ D (‰) Ref. δ 37Cl (‰) Ref. 

VSMOW 0 (De Laeter et 
al., 2003) 

 

 

Protosolar -865 ± 32 
(Geiss and 
Gloeckler, 
1998) 

 

 

Model early Earth -815 – -300 (Sharp, 2017) 

 
 

Earth samples  -218 – -44±19 

(Hallis et al., 
2015; 
Lécuyer et 
al., 1998) 

-0.35 – +0.02 
(Sharp 
et al., 
2013) 

Mars -180 – 5079 (Usui et al., 
2012) -3.8 – +8.6 

(Sharp 
et al., 
2016) 

CC 

CI* 79 ± 6*** 

(Alexander et 
al., 2012) 

-0.78 – +1.21 
(Sharp 
et al., 
2013) 

CM -230 – 335*** 

CR 264 – 765*** 

CO** -50*** 

CV** 14*** 

Tagish Lake - 11i 540*** 

 
 

Tagish Lake - 11h 560*** 

 
 

Tagish Lake - 5b 508*** 
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OC** 1619*** -3.61 – +0.52 
(Sharp 
et al., 
2013) 

EC -460 (Javoy, 1997) -0.5 – +0.79 
(Sharp 
et al., 
2013) 

Jupiter -856 ± 22 (Lellouch et 
al., 2001)  

 
Saturn -891 (+48

-29) 

 
 

Uranus -647 (+225
-96) (Feuchtgruber 

et al., 1999)  
 

Neptune -711 ± 64 

 
 

Saturn icy moon 
  

 
 

Enceladus 861 (+963
-449) 

(Waite et al., 
2009) 

 

 

Oort Cloud Comets 
  

 
 

1P/Halley 1028 ± 71 (Eberhardt et 
al., 1995) 

 

 

Hyakutake 861 ± 642 
(Bockelée-
Morvan et al., 
1998) 

 

 

Hale-Bopp 1118 ± 513 (Meier et al., 
1998) 

 

 

C/2002 T7 (LINEAR) 605 ± 257 (Hutsemékers 
et al., 2008) 

 

 

8P Tuttle 1625 ± 931 (Villanueva 
et al., 2009) 
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153P/Ikeya-Zhang < 605 (Biver et al., 
2006) 

 

 

Jupiter family Comet 
  

 
 

103P/Hartley 2 33 ± 154 (Hartogh et 
al., 2011) 

 

 

45P HMP < 284 (Lis et al., 
2013) 

 

 

Comet 67P/CG 2403 ± 450 (Altwegg et 
al, 2015)     

* The range is based on two samples of Orgueil and one of Ivuna. 
 

** There values are for the most primitive members of their groups. 
 

*** Bulk δD for objects used in Fig. 1c. 

  
 

 

  



!

!

!
!

113!

Supplementary material 

 

Isotopic evidence for volatile replenishment of the Moon during Late Accretion 
Yanhao Lin*, Wim van Westrenen* 

 

Department of Earth Sciences, Faculty of Science, Vrije Universiteit Amsterdam, De Boelelaan 1085, 1081 HV Amsterdam, The Netherlands 

*Corresponding author: email address: y.lin@vu.nl; w.van.westrenen@vu.nl 

 

This supplementary material file contains one figure, one Supplementary Note and a reference section. 

  



!

!

!
!

114!

  

 

Supplementary Figure 1: Bulk rock Th (a) and La/Lu (b) versus δ37Cl of apatites.   
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Supplementary Note: 

Overview of samples including age information 
Mg-Suite samples: 

Sample 78235: 

This is a coarse-grained, heavily shocked norite composed of ∼51 vol.% orthopyroxene, 
∼48 vol.% plagioclase, with accessory phases including phosphates, glasses and glass veins 
(McCallum and Mathez, 1975; Meyer, 2010). Although 78235 has experienced shock-induced 
deformation (Dymek et al., 1975), it is thought to be one of the oldest highlands samples (Meyer, 
2010). Recent age determinations seem to indicate a crystallization age around ∼4.35–4.44 Ga 
(Andreasen et al., 2013; Edmunson et al., 2009), making 78235 one of the oldest lunar samples. 
One of the youngest dates for this sample comes from 40Ar/39Ar dating, which yielded an age of 
4.11 ± 0.02 Ga (Aeschlimann et al., 1982). These results are consistent with work of Premo and 
Tatsumoto12 who reported a U–Pb crystallization age of 4.426 ± 0.065 Ga, with a disturbance 
event dated at 3.93 ± 0.21 Ga. The younger 40Ar/39Ar and U–Pb dates likely record one or 
several impact events that affected this sample. In this study we use the U–Pb crystallization age 
of 4.426 ± 0.065 Ga (Premo and Tatsumoto, 1991) as a best estimate for the age of the apatites in 
78235. 

 

Sample 77215: 

This is a brecciated norite with several lithic clasts which retain their primary igneous 
textures. Its modal mineralogy is approximately 41% orthopyroxene and 54% plagioclase with 
trace amounts of phosphates, ilmenite, spinel, and other minerals (Meyer, 2011). Apatite was 
analyzed in section 202 of sample 77215. Plagioclase in this sample has only partially been 
converted to maskelynite (Barnes et al., 2014). The sample contains low abundances of Ir and Ni 
attesting to its pristine nature (Chao et al., 1976). Carlson et al. (2013) define a crystallization 
age of 4.30 ± 0.02 Ga by Sm–Nd of minerals and whole rock, which is consistent with a previous 
Sm–Nd age determination (Nakamura et al., 1976). We use this newly Sm–Nd age of 4.30 ± 0.02 
Ga as a best estimate for the age of apatite in 77215. 

 

Sample 76535: 

Troctolite 76535 is a chemically pristine, un-shocked, coarse-grained plutonic rock 
(Warren, 1993). It contains ∼40 to 50 vol.% plagioclase, ∼40 to 50 vol.% olivine, ∼4 vol.% 
orthopyroxene, accessory minerals and mesostasis (Dymek et al., 1975; McCallum and Schwartz, 
2001; Warren, 1993). This rock has a cumulate texture thought to be the result of slow cooling in 
a plutonic environment. It subsequently underwent a long period of sub-solidus re-equilibration 
and annealing, during which it was possibly affected by melt metasomatism creating symplectite 
assemblages (Elardo et al., 2012; Neal and Taylor, 1991), before being excavated by an impact 
which brought it onto the lunar surface. Sample 76535 can be considered as an end-member of 
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the Mg-suite plutonic rocks. Crystallisation age estimates include a Pb–Pb age at ∼4.35 Ga (Borg 
et al., 2013). Other published isotopic ages using the Sm–Nd, Rb–Sr and Ar–Ar systems show 
4.295 ± 0.030, 4.308 ± 0.045 and 4.195 ± 0.024 Ga, respectively (summarized in Borg et al. 
(2013)), because of different closure temperatures for these isotopic systems. Here we choose the 
recalculated Ar–Ar age of 4.195 ± 0.024 Ga (Borg et al., 2013) as the most likely age for apatite 
crystallization. 

This sample may have been altered by post-crystallization and infiltrating exogenous 
metasomatism, which could have altered the primitive magmatic volatile contents of these 
apatites (Barnes et al., 2014; Elardo et al., 2012). Apatites in troctolite 76535 display very low 
OH contents (< 50 ppm) and an extreme range in δD values between 763 +440/-477 ‰ and 
11130 +3953/-3699 ‰ after spallation correction (Barnes et al., 2014). At such low OH contents, 
corrections for instrumental background and for spallation (including uncertainties in production 
rates of H and D) introduce large uncertainties, severely compromising the usefulness of these 
final data (see detailed explanation in the Supplementary Material of Barnes et al. (2014)). For 
this reason, we show data for this sample in Supplementary Table 1 in italics, but we do not plot 
the data on Fig. 1.  

 

Sample 14303: 

This has been classified as a crystalline-matrix breccia, and identified as a strongly 
annealed clast-rich breccia from Fra Mauro in the lunar highlands (Chao et al., 1972). It contains 
a large granite clast originally identified in section 14303,204 by Warren et al. (1983), which is 
also represented in sample thin section 14303,205. Geochemically, the granite clast is pristine 
and mineralogically composed of ∼33 vol.% plagioclase, 32 vol.% K-feldspar, ∼23 vol.% silica, 
∼11 vol.% pyroxene, and <1 vol.% ilmenite, with trace amounts of apatite, zircon, Fe–Ni metal, 
troilite, and olivine(Warren et al., 1983). The coarseness of the graphic intergrowths and 
pyroxene exsolution lamellae supports an intrusive origin for the granite clast (Warren et al., 
1983). Estimates of sample age are summarized in the Lunar Sample Compendium (Meyer, 
2009). Shih et al. (1993, 1994) dated the granite clast using bulk-rock K–Ca and Rb–Sr methods 
and obtained an age of 3.95 ± 0.38 Ga, initially interpreted as a crystallisation age. This age is 
similar to a bulk-rock 40Ar/39Ar plateau age of 3.91 ± 0.04 Ga obtained by Kirsten et al. (1972). 
However, Meyer et al. (1996) analyzed zircons in the granite clast and found U–Pb dates as old 
as 4.308 ± 0.004 Ga. This date therefore represents a minimum crystallisation age for the granite, 
with the younger K–Ca, Rb–Sr and 40Ar/39Ar ages at ∼3.9 Ga interpreted as the age of an impact 
event that formed the breccia. Here we use an average value of these ages of 4.1 ± 0.2 Ga. 

 

Sample 79215: 

This was found on the surface near Van Serg Crater as a feldspathic granulitic impactite, 
and was collected at the Apollo 17 site. It is holocrystalline, feldspar-rich with a granoblastic 
texture that was formed by a high-temperature metamorphic process of unknown origin (Meyer, 
2008). On average the sample contains about 80 % plagioclase, 10 % olivine and 8 % pyroxene. 
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The sample is low in KREEP element abundances, but high in meteoritic siderophiles. It is 
apparently an annealed aggregate of relict anorthositic and troctolitic cumulates, with an added 
meteoritic component. Recently, Hudgins et al. (2008) used the bulk-rock Ar–Ar method and 
obtained a date of 3.9 ± 0.1 Ga, which is consistent with previous dating results (McGee et al., 
1978; Meyer, 2008). In this study, we assume an apatite crystallization age of 3.9 ± 0.1 Ga. 

 

Sample 14305: 

This is a Fra Mauro breccia with a ~70% crystalline matrix breccia and ~30% clasts. 
14305,303 is a whitlockite-bearing alkali anorthosite clast (Warren et al., 1983). Texturally, it is 
considered a slightly annealed, but probably monomict breccia. The apatite is intergrown with 
whitlockite in this sample. One apatite grain fragment in the late-stage matrix brecciated region 
of 14305,94 was analyzed in Greenwood et al. (2011). The crystallization age of 14305 was 
suggested to be 3.92 Ga by the Ar–Ar releasing method (Meyer, 2009). However, various clasts 
in this breccia are older, and zircons are found to be extremely old (4.35 Ga). As for U–Pb dating 
of zircon (3.97–4.35 Ga, Nemchin et al., 2008), there were about 3-group ages from three 
different genesis zircons, such as 4.35–4.26 Ga from Type-4 (fragmented grain with some of the 
original faces preserved) representing pristine crystallized age before impact, 4.22–4.30 Ga 
(zircon in a plagioclase grain) representing a same crystallization age with plagioclase, and 4.02–
3.97 Ga from Type-3 (euhedral zircon with equal development of none of the original faces 
visible) showing recrystallization age after impact. Additionally, there was no apatite in 
14305,17/103 with a U–Pb zircon age of 4.2 Ga. As noted by Greenwood et al. (2011), apatite is 
the grain terminus, and could have formed later in the crystallization sequence resulting from 
impact remelting. Therefore, the crystallization age of apatite should be after 4.02 ± 0.01 – 3.97 
± 0.07 Ga, which is consistent with the whole-rock Sm–Nd isotopic age of 3.95 ± 0.17 Ga (Shih 
et al., 1986) and Ar releasing age of 3.92 ± 0.03 Ga (Eugster et al., 1984) within error. Here, a 
whole-rock Sm–Nd age of 3.95 ± 0.17 Ga (Shih et al., 1986), consistent within error with an 
average value of these age data, is used. 

   

Sample 12013: 

This is a complex mixture of two polymict breccias. One is black and aphanitic and the 
other is mottled gray and white. The groundmass of the black breccia is a fine-grained 
intergrowth of plagioclase, pyroxene, ilmenite and phosphate minerals. The clast population is 
dominated by fragments of plagioclase, quartzofeldspathic rocks and norite. These clasts have 
not equilibrated with the groundmass. The chemical composition of the black breccia lithology is 
similar to KREEP. For further petrographic information, see the Lunar Sample Compendium 
(Meyer, 2009). Haines et al. (1971) determined the age of various U–Th-rich minerals, including 
whitlockite, apatite, and zircon, by electron probe analysis at 4.0 ± 0.1 Ga. Subsequent 
radiogenic age dating summarized in Meyer (2009) confirmed that the crystallization age of 
breccia 12013 is ~4 Ga, with whole rock measurements yielding 4.03 Ga by 39Ar–40Ar and 3.99 
Ga by Rb–Sr. We assume 4.0 ± 0.1 Ga is a realistic age for the apatites in this sample. 
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High-Al mare basalts 

Sample 14053: 

14053 is an Al-rich mare basalt found perched on the side of a boulder at station C2 
(Swann, 1977). Petrographic information is summarized in Meyer (2011). 14053 has been dated 
with good precision by Rb–Sr (3.96 ± 0.04 Ga, Papanastassiou and Wasserburg, 1971) and Ar–
Ar (3.94 ± 0.04 Ga, Stettler et al., 1973). We use the average of these measurements, 3.95 ± 0.04 
Ga, in this study. 

 

KREEP basalts 

Samples 72275 and 15386: 

72275 is a friable feldspathic breccia with an aphanitic matrix and several clasts (Meyer, 
2009). It has a high abundance of KREEPy non-mare basalt. The matrix and many of the clasts 
contain significant Ir and Au abundances indicating meteorite contamination. 15386 is the largest 
sample of pristine KREEP basalt in the collection (Meyer, 2011). Crystallization ages of samples 
72275 and 15386 are recalculated to be 4.091 ± 0.049 and 3.912 ± 0.025 Ga, respectively 
(weighted average calculated by combining Rb–Sr and Sm–Nd isochron dates using the Isoplot 
3.0 add-in for Excel (Ludwig, 2003) and the revised 87Rb decay constant of 1.3968 x 10-11 a-1 
(Rotenberg et al., 2012), from data of Carlson and Lugmair (1979), Nyquist et al. (1975) and 
Shih et al. (1992)) (Tartèse et al., 2014a). These recalculated ages are used in this study. 

 

Clast-rich, Crystalline Matrix Breccia / Felsite 

Sample 14321: 

This, collected from the Fra Mauro Formation, is a clastic rock with a variety of lithic and 
microbreccia clasts (Meyer, 2009). Felsite sample 14321,1047 is well-known, consisting of 
clasts of graphically-intergrown quartz and K-feldspar, and resides in clast-rich impact breccia 
14321 (Warren et al., 1983). Sm–Nd, Rb–Sr and Ar–Ar whole-rock isotopic ages show a range 
from 4.12 to 3.83 Ga (Meyer, 2009; Turner et al., 1971; York et al., 1972). The age of the Fra 
Mauro Formation and Imbrium Event is about 3.85 ± 0.02 Ga (Stöffler and Ryder, 2001). The 
clasts in Apollo 14 breccias must necessarily be older than the event that created the breccias 
(Meyer, 2009). Therefore, we choose an average of the Sm–Nd, Rb–Sr and Ar–Ar ages (3.98 ± 
0.14 Ga) as an estimate for the age of apatites from this sample. 

 

High-Ti mare basalts 

Sample 75055:  
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This sample consists of three pieces chipped from the side of a large boulder on the rim 
of Camelot Crater. This is a medium-grained ilmenite basalt that is slightly more aluminous and 
less titanium rich than other Apollo 17 basalts (Rhodes et al., 1976). On the basis of its texture, 
the sample has been described as subophitic (Dymek et al., 1975; McGee et al., 1977) with 
tabular plagioclase intergrown with subhedral to anhedral pyroxene and ilmenite laths. For 
further petrographic information, see the Lunar Sample Compendium (Meyer, 2008). Huneke et 
al. (1973) and Kirsten et al. (1973) showed a crystallization age of 3.82 ± 0.05 Ga based on Rb–
Sr and Ar–Ar, which is consistent with a recent 207Pb/206Pb age of ~3.77 Ga (Tartèse et al., 
2013a). Here we choose 3.82 ± 0.05 Ga as the crystallization age of sample 75055. 

 

Sample 10058: 

This is a low-K ilmenite basalt with a relatively coarse texture (Meyer, 2011). Here we 
use the Ar–Ar age of 3.71 ± 0.04 Ga (Guggisberg et al., 1979). 

 

Sample 10044: 

This is a low-K ilmenite basalt that has a Ti content lower than typical ilmenite basalts 
from Apollo 11. On the basis of its texture, it was classified as coarse-grained porphyritic basalt 
(McGee et al., 1977) and microgabbro, which consists of subhedral to anhedral pyroxene, set in a 
matrix of plagioclase, anhedral pyroxene, and ilmenite, with minor apatite, spinel, silica, and 
symplectitic intergrowth (Meyer, 2011). Tartèse et al. (2013a) report a crystallization age of 
3.722 ± 0.011 Ga from 207Pb/206Pb dating, consistent with a crystallization age of ~3.7 Ga 
reported by Meyer (2011) based on older age determinations. We assume apatite crystallised at 
3.722 ± 0.011 Ga.  

 

Sample 70035: 

This is a vesicular, medium-grained, high-Ti basalt, with reported ages varying from 
~3.73 to ~3.82 Ga (Meyer, 2008). Here we assume the Ar–Ar age of 3.75 ± 0.07 Ga (Stettler et 
al., 1973), consistent with the average of all reported ages. 

 

Low-Ti mare basalts 

Sample 15058: 

This is a quartz-normative mare basalt with abundant elongate pyroxene crystals (De 
Laeter et al., 2003). Its age is estimated at ~3.4 Ga (Meyer, 2010). We use an average age of 3.40 
± 0.05 Ga based on Ar–Ar age of 3.358 ± 0.025 Ga (Husain, 1974) and Rb–Sr age of 3.46 ± 0.04 
Ga (Birck et al., 1975). 
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Sample 15555: 

This contains olivine and pyroxene phenocrysts and is olivine-normative in composition. 
The sample has a subophitic, basaltic texture and there is little evidence for shock in the minerals 
(Meyer, 2009). Following Tartèse et al. (2013b) we assume the sample age is 3.35 ± 0.05 Ga 
based on the average or reported ages summarized in Meyer (2009).  

 

Sample 12064: 

This is a coarse-grained ilmenite basalt characterized by anhedral pyroxene crystals 
intergrown with anhedral plagioclase and rare subhedral plagioclase tablets, with sample ages 
clustering close to 3.2 Ga (Meyer, 2010). We adopted the Rb–Sr age of 3.18 ± 0.09 Ga 
(Papanastassiou and Wasserburg, 1971) for this study. 

 

Sample 12039: 

This is a medium-grained pigeonite basalt/microgabbro, mainly composed of plagioclase 
and pyroxene with long needles of ilmenite and tridymite cutting across the plagioclase and 
pyroxene. Texturally, the sample ranges from porphyritic to subophitic to granular (Meyer, 
2011). Consistent with the average of age determinations summarized in Meyer (Aeschlimann et 
al., 1982), we consider a Sm–Nd age of 3.20 ± 0.05 Ga (Nyquist et al., 1979) for this sample. 

 

Sample 12040: 

This is a coarse-grained olivine basalt with a high proportion of mafic minerals. 
Texturally, it is equigranular with an average grain size of 1 mm and the largest crystals being 3–
4 mm in length (Compton et al., 1971). It is mainly composed of olivine and pyroxene with 
minor plagioclase, ilmenite, chromite, troilite, metal, phosphates, and alkali feldspar (French et 
al., 1972). For further petrographic information, see the Lunar Sample Compendium (Meyer, 
2011). It has been successfully dated at about 3.2 Ga as summarized in Meyer (Meyer, 2011). 
Here we employ the Ar–Ar age of 3.21 ± 0.1 Ga reported by Compston et al. (1971). 

 

Sample 14304: 

This is a clast-rich impact-melt breccia characterized by a wide range of mineral and 
lithic clast types in a recrystallized matrix (Meyer, 2007). The very high-K aluminous mare 
basalt clasts from 14304 yield an Ar–Ar age of ~3.95 Ga and Sm–Nd age of ~4.04 Ga (Shih et 
al., 1987). Here we choose their average (4.0 ± 0.05 Ga). 
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Meteorites: 

Detailed petrographic, mineralogical, chemical and geochronological information of the 
lunar meteorites used for this study, including MIL 05035, LAP 04841, NWA 773, NWA 4472, 
Kalahari 009 and Sayh al Uhaymir 169, is summarized in Tartèse et al. (2014b) and the Lunar 
Meteorite Compendium (Righter, 2010).  

For MIL 05035, Rb–Sr and Sm–Nd internal isochron ages of MIL 05035 range from 3.9 
± 0.04 to 3.8 ± 0.01 Ga (Nyquist et al., 2007). The average of 3.85 ± 0.10 Ga is used in Fig. 1. 

Most of the ages obtained on LAP samples are in the range 3.04–2.93 Ga by 207Pb/206Pb, 
U–Pb 40Ar–39Ar, Rb–Sr and Sm–Nd isochron methods, and a weighted mean age of 3.00 ± 0.02 
Ga for LAP samples was summarized in Tartèse et al. (2013b). Therefore, we assumed 3.00 ± 
0.02 Ga as the crystallization age of LAP 04841.  

NWA 773 shows a consistent crystallization age of ~3.0 Ga within error by different 
dating methods, including Ar–Ar, Sm–Nd and Pb/Pb isochron dating as summarized in Tartèse 
et al. (2014b). Here we use a whole-rock and mineral separate age of 2.993 ± 0.032 Ga obtained 
by Borg et al. (2009). 

In meteorite NWA 4472, apatite chronology shows ~4.0–3.9 Ga by U–Pb dating, with the 
exception of one older matrix apatite grain dated at ~4.34 Ga (Joy et al., 2011). Merrillite 
chronology of NWA 4472 yields 3.93–3.99 Ga. Arai et al. (2010) found similarly young 3.929–
3.933 Ga zircon ages in the paired NWA 4485 stone, which they interpreted to indicate a thermal 
resetting event happened at ~3.93 Ga. Therefore, we choose 3.94 ± 0.018 Ga from apatite U–Pb 
dating (Joy et al., 2011) for this study. 

In Kalahari 009, phosphate Lu–Hf dating yielded a crystallization age of 4.286 ± 0.095 
Ga (Sokol et al., 2008). This crystallization age is used in this study. 

In Sayh al Uhaymir 169, zircon U–Pb dating results yield two peak ages at 3.920 ± 0.013 
Ga and 3.914 ± 0.007 Ga (Liu et al., 2012). We assumed 3.92 ± 0.01 Ga as an appropriate 
crystallization age for this study. 

 

Samples 77538, 14161, 15403 and 15404: 

To date, to our knowledge no age information is available for Apollo samples 77538, 
14161, 15403 and 15404. We list apatite measurements in italics in the subsequent tables, but 
cannot discuss these samples further in this particular manuscript.  

 
 
 
  



!

!

!
!

122!

References: 
Aeschlimann, U., Eberhardt, P., Geiss, J., Grogler, N., Kurtz, J. and Marti, K., 1982. On the age of 

cumulate norite 78236: an 39Ar-40Ar study. Lunar Planet. Sci. Conf. 13, 1–2. 
Alexander, C.O.D., Bowden, R., Fogel, M.L., Howard, K.T., Herd, C.D.K. and Nittler, L.R., 2012. The 

provenances of asteroids, and their contributions to the volatile inventories of the terrestrial 
planets. Science 337, 721-723. 

Altwegg, K., Balsiger, H., Bar-Nun, A., Berthelier, J.J., Bieler, A., Bochsler, P., Briois, C., Calmonte, U., 
Combi, M., De Keyser, J. and Eberhardt, P., 2015. 67P/Churyumov-Gerasimenko, a Jupiter 
family comet with a high D/H ratio. Science 347 (6220), 1261952. 

Anand, M., et al., 2006. Petrology and geochemistry of LaPaz Icefield 02205: A new unique low-Ti 
mare-basalt meteorite. Geochim. Cosmochim. Acta 70, 246–264. 

Andreasen, R., Simmons, S.T., Righter, M. and Lapen, T.J., 2013. Lutetium–hafnium and samarium–
neodymium systematics of Apollo 17 sample 78235: Age and the importance of thermal neutron 
fluence on the lutetium–hafnium system. Lunar Planet. Sci. Conf. 44, abstr. 2887. 

Arai, T., Yoshitake, M., Tomiyama, T., Niihara, T., Yokoyama, T., Kaiden, H., Misawa, K. and Irving, 
A.J., 2010. Support for a prolonged KREEP magmatism: U–Pb age dating of zircon and 
baddeleyite in lunar meteorite NWA 4485. Lunar Planet. Sci. Conf. 41, abstr. 2379. 

Armytage, R.M.G., Georg, R.B., Savage, P.S., Williams, H.M. and Halliday, A.N., 2011. Silicon 
isotopes in meteorites and planetary core formation. Geochim. Cosmochim. Acta 75, 3662–3676. 

Aubaud C, Hirschmann M. M., Withers A. C. and Hervig R. L., 2008. Hydrogen partitioning between 
melt, clinopyroxene, and garnet at 3 GPa in a hydrous MORB with 6 wt. % H2O. Contrib. 
Mineral. Petrol. 156, 607–625. 

Bai, Q. and Kohlstedt, D. L., 1993. Effects of chemical environment on the solubility and incorporation 
mechanism for hydrogen in olivine. Phys. Chem. Miner. 19, 460–471. 

Barnes, J.J., Franchi, I.A., Anand, M., Tartèse, R., Starkey, N.A., Koike, M., Sano, Y. and Russell, S.S., 
2013. Accurate and precise measurements of the D/H ratio and hydroxyl content in lunar apatites 
using NanoSIMS. Chem. Geol. 337–338, 48–55. 

Barnes J. J., Tartèse R., Anand M., McCubbin F. M., Franchi I. A., Starkey N. A. and Russell S. S., 
2014. The origin of water in the primitive Moon as revealed by the lunar highlands samples. 
Earth Planet. Sci. Lett. 390, 244–252. 

Barnes J. J., Tartèse R., Anand M., McCubbin F. M., Neal C. R. and Franchi I. A., 2016a. Early 
degassing of lunar urKREEP by crust-breaching impact(s). Earth Planet. Sci. Lett. 447, 84–94. 

Barnes, J.J., Kring, D.A., Tartèse, R., Franchi, I.A., Anand, M. and Russell, S.S., 2016b. An asteroidal 
origin for water in the Moon. Nat. Commun. 7, 11684. 

Blewett, D.T., Lucey, P.G., Hawke, B.R. and Jolliff, B.L., 1997. Clementine images of the lunar sample-
return stations: Refinement of FeO and TiO2 mapping techniques. J. Geophys. Res. Planets 102, 
16319–16325. 

Birck, J.L., Fourcade, S. and Allègre, C.J., 1975. 87Rb–86Sr age of rocks from the Apollo 15 landing site 
and significance of internal isochrones. Earth Planet. Sci. Lett. 26, 29–35. 

Biver, N., et al., 2006. Radio wavelength molecular observations of comets C/1999 T1 (McNaught-
Hartley), C/2001 A2 (LINEAR), C/2000 WM1 (LINEAR) and 153P/Ikeya-Zhang. A&A 449, 
1255. 

Bockelée-Morvan, D., et al., 1998. Deuterated water in comet C/1996 B2 (Hyakutake) and its 
implications for the origin of comets. Icarus 133, 147–162. 



!

!

!
!

123!

Borg, L.E., Gaffney, A.M., Shearer, C.K., DePaolo, D.J., Hutcheon, I.D., Owens, T.L., Ramon, E. and 
Brennecka, G., 2009. Mechanisms for incompatible-element enrichment on the Moon deduced 
from the lunar basaltic meteorite Northwest Africa 032. Geochim. Cosmochim. Acta 73, 3963–
3980. 

Borg L. et al., 2013. Evidence for widespread magmatic activity at 4.36 Ga in the lunar highlands from 
young ages determined on troctolite 76535. Lunar Planet. Sci. Conf. 44, abstr. 1563. 

Bottke, W.F., Vokrouhlický, D., Minton, D., Nesvorný, D., Morbidelli, A., Brasser, R., Simonson, B. 
and Levison, H.F., 2012. An Archaean heavy bombardment from a destabilized extension of the 
asteroid belt. Nature 485, 78-81. 

Bottke, W.F. and Norman, M.D., 2017. The Late Heavy Bombardment. Annu. Rev. Earth Planet. Sci. 
45(1), 619-647. 

Bouvier, A. and Wadhwa, M., 2010. The age of the Solar System redefined by the oldest Pb–Pb age of a 
meteoritic inclusion. Nat. Geosci. 3, 637-641.  

Boyce, J.W., Liu, Y., Rossman, G.R., Guan, Y., Eiler, J.M., Stolper, E.M., and Taylor, L.A., 2010. 
Lunar apatite with terrestrial volatile abundances. Nature 466, 466-469. 

Boyce, J.W., Guan, Y., Treiman, A.H., Greenwood, J.P., Eiler, J.M. and Ma, C., 2013. Volatile 
components in the moon; Abundances and isotope ratios of Cl and H in lunar apatites. Lunar 
Planet. Sci. Conf. 44, abstr. 2851. 

Boyce J. W., Treiman A. H., Guan Y., Ma C., Eiler J. M., Gross J., Greenwood J. P. and Stolper E. M., 
2015. The chlorine isotope fingerprint of the lunar magma ocean. Sci. Adv. 1, 1–8.  

Bromiley, G. D., Keppler, H., McCammon, C., Bromiley, F. A. and Jacobsen, S. D., 2004. Hydrogen 
solubility an speciation in natural, gem-quality chromian diopside. Am. Min. 89, 941–949. 

Buck, W.R. and Toksoz, M.,N., 1980. The bulk composition of the moon based on geophysical 
constraints. Proc. Lunar Planet. Sci. Conf. 11, 2043–2058. 

Canup, R.M. and Asphaug, E., 2001. Origin of the Moon in a giant impact near the end of the Earth’s 
formation. Nature 412, 708–712. 

Canup R. M., 2012. Forming a Moon with an Earth-like Composition via a Giant Impact. Science 338, 
1052–1055. 

Carlson, R.W. and Lugmair, G.W., 1979. Sm–Nd constraints on early lunar differentiation and the 
evolution of KREEP. Earth Planet. Sci. Lett. 45, 123–132. 

Carlson, R.W., Borg, L., Gaffney, A. and Boyet, M., 2013. Rb–Sr, Sm–Nd, Lu–Hf isotope systematics 
of norite 77215: Refining the age and duration of lunar crust formation. Lunar Planet. Sci. Conf. 
44, abstr. 1621. 

Caseres, J. R., Mosenfelder, J. L. and Hirschmann, M. M., 2017. Partitioning of hydrogen and fluorine 
between feldspar and melt under the conditions of lunar crust formation. 48th Lun. Plan. Sci. 
Conf. 48, 2303. 

Charlier, B. and Grove, T.L., 2012. Experiments on liquid immiscibility along tholeiitic liquid lines of 
descent. Contrib. Mineral. Petrol. 164, 27–44. 

Charlier, B., Grove, T., Namur, O. and Holtz, F., 2015. Crystallization of the lunar magma ocean and the 
primordial differentiation of the Moon. Lunar Planet. Sci. Conf. 46, 1168. 

Chen Y., Zhang Y., Liu Y., Guan Y., Eiler J. and Stolper E. M., 2015. Water, fluorine, and sulfur 
concentrations in the lunar mantle. Earth Planet. Sci. Lett. 427, 37–46. 

Cohen, B.A., Swindle, T.D. and Kring, D.A., 2000. Support for the lunar cataclysm hypothesis from 
lunar meteorite impact melt ages. Science 290, 1754–1756. 



!

!

!
!

124!

Compston, W., Berry, H., Vernon, M.J., Chappell, B.W. and Kaye, M.J., 1971. Rubidium-strontium 
chronology and chemistry of lunar material from the Ocean of Stroms. Proc. Lunar Planet. Sci. 
Conf. 2, 1471–1485. 

Chao, E.C.T., Minkin, J.A. and Best, J.B., 1972. Apollo 14 breccias: General characteristics and 
classification. Proceedings Lunar and Planetary Science Conference 3, 645–659. 

Chao, E.C.T., Minkin, J.A. and Thompson, C.L., 1976. The petrology of 77215, a noritic impact ejecta 
breccia. Proc. Lunar Planet. Sci. Conf. 7, 2287–2308. 

Ćuk M. and Stewart S. T., 2012. Making the Moon from a Fast-222 Spinning Earth: A Giant Impact 
Followed by Resonant Despinning. Science 338, 1047–1052. 

Danyushevsky, L. V., 2001. The effect of small amounts of H2O on crystallisation of mid-ocean ridge 
and backarc basin magmas. J. Volcanol. Geotherm. Res. 110 (3), 265–280. 

Davenport, J.D., Longhi, J., Neal, C.R., Jolliff, B.J. and Bolster, D., 2014. Simulating planetary igneous 
crystallization environments (SPICEs): a suite of igneous crystallization programs. Lunar Planet. 
Sci. Conf. 45, 1111. 

Day, J.M., Walker, R.J., James, O.B. and Puchtel, I.S., 2010. Osmium isotope and highly siderophile 
element systematics of the lunar crust. Earth Planet. Sci. Lett. 289, 595–605. 

Day, J.M. and Walker, R.J., 2015. Highly siderophile element depletion in the Moon. Earth Planet. Sci. 
Lett. 423, 114–124.  

De Laeter, J.R., Böhlke, J.K., De Bièvre, P., Hidaka, H., Peiser, H.S., Rosman, K.J.R. and Taylor, P.D.P., 
2003. Atomic weights of the elements: review 2000, (IUPAC Technical report). Pure Appl. 
Chem. 75, 683–800. 

de Vries, J., van den Berg, A. and van Westrenen, W., 2010. The formation and evolution of a lunar core 
from ilmenite-rich magma ocean cumulates. Earth Planet. Sci. Lett. 292, 139–147. 

Devine J, Gardner J. E., Brack H. P., Layne G. D. and Rutherford M. J., 1995. Comparison of 
microanalytical methods for estimating H2O contents of silicic volcanic glasses. Am. Mineral. 80, 
319–328.   

Dixon, J. R. and Papike, J. J., 1975. Petrology of anorthosites from the Descartes region of the Moon: 
Apollo 16. Proc. Lunar Sci. Conf. 6, 263–291. 

Donaldson Hanna, K.L., Cheek, L.C., Pieters, C.M., Mustard, J.F., Greenhagen, B.T., Thomas, I.R. and 
Bowles, N.E., 2014. Global assessment of pure crystalline plagioclase across the Moon and 
implications for the evolution of the primary crust. J. Geophys. Res. Planets 119, 1516–1545. 

Dymek, R.F., Albee, A.L. and Chodos, A.A., 1975. Comparative petrology of lunar cumulate rocks of 
possible primary origin: Dunite 72415, troctolite 76535, norite 78235, and anorthosite 62237. 
Proc. Lunar Planet. Sci. Conf. 6, 301–341. 

Eberhardt, P., Reber, M., Krankowsky, D. and Hedges, R.R., 1995. The D/H and 18O/16O ratios in water 
from comet Halley. A&A 302, 301. 

Edmunson, J., Borg, L.E., Nyquist, L.E. and Asmerom, Y., 2009. A combined Sm–Nd, Rb–Sr, and U–
Pb isotopic study of Mg-suite norite 78238: Further evidence for early differentiation of the 
Moon. Geochim. Cosmochim. Acta 73, 514–527. 

Elardo S. M., Draper D. S. and Shearer Jr C. K., 2011. Lunar Magma Ocean crystallization revisited: 
Bulk composition, early cumulate mineralogy, and the source regions of the highlands Mg-suite. 
Geochim. Cosmochim. Acta 75, 3024–3045. 

Elardo, S.M., McCubbin, F.M. and Sheare, J.C.K., 2012. Chromite symplectites in Mg-suite troctolite 
76535 as evidence for infiltration metasomatism of a lunar layered intrusion. Geochim. 
Cosmochim. Acta 87, 154–177. 



!

!

!
!

125!

Elkins Tanton, L.T., Van Orman, J.A., Hager, B.H. and Grove, T.L., 2002. Re-examination of the lunar 
magma ocean cumulate overturn hypothesis: Melting or mixing is required. Earth Planet. Sci. 
Lett. 196, 239–249. 

Elkins-Tanton L. T., Burgess S. and Yin Q. Z., 2011. The lunar magma ocean: Reconciling the 
solidification process with lunar petrology and geochronology. Earth Planet. Sci. Lett. 304, 326–
336. 

Elkins-Tanton L. T. and Grove T. L., 2011. Water (hydrogen) in the lunar mantle: Results from 
petrology and magma ocean modeling. Earth Planet. Sci. Lett. 307, 173–179. 

Eugster O., Eberhardt, P., Geiss, J., Grögler, N., Jungck, M., Meier, F., Mörgeli, M. and Niederer, F., 
1984. Cosmic ray exposure histories of Apollo 14, Apollo 15 and Apollo 16 rocks. Proc. Lunar 
Planet. Sci. Conf. 14, B498–B512. 

Fagan, T.J., et al., 2002. Northwest Africa 032: Product of lunar volcanism. Meteorit. Planet. Sci. 37, 
371–394. 

Feuchtgruber, H., Lellouch, E., Bézard, B., Encrenaz, T., de Graauw, T. and Davis, G.R., 1999. 
Detection of HD in the atmospheres of Uranus and Neptune: a new determination of the D/H 
ratio. A&A 341, L17–L21. 

Freda C., Baker D. R. and Ottolini L., 2001. Reduction of water loss from gold-palladium capsules 
during piston-cylinder experiments by use of pyrophyllite powder. Am. Mineral. 86, 234–237. 

French, B.M., Walter, L.S., Heinrich, K.F.J., Lowman, P.D.Jr., Doan, A.S.Jr. and Adler, I., 1972. 
Compositions of Major and Minor Minerals in Five Apollo 12 Crystalline Rocks (NASA, 
Greenbelt, MD). 

Frost, B. R., 1991. Introduction to oxygen fugacity and its petrologic importance. Washington, D.C., 
Mineralogical Society of America, 25(1), 1–9. 

Füri, E., Deloule, E., Gurenko, A. and Marty, B., 2014. New evidence for chondritic lunar water from 
combined D/H and noble gas analyses of single Apollo 17 volcanic glasses. Icarus 229, 109–120. 

Füri, E. and Marty, B., 2015. Nitrogen isotope variations in the Solar System. Nat. Geosci.  8, 515–522. 
Füri, E., Barry, P.H., Taylor, L.A. and Marty, B., 2015. Indigenous nitrogen in the Moon: Constraints 

from coupled nitrogen-noble gas analyses of mare basalts. Earth Planet. Sci. Lett. 431, 195–205. 
Garrison, D., Hamlin, S. and Bogard, D., 2000. Chlorine abundances in meteorites. Meteorit. Planet. Sci. 

35, 419–429.  
Geiss, J. and Gloeckler, G., 1998. Abundances of deuterium and helium-3 in the protosolar cloud. Space 

Sci. Rev. 84, 239. 
Giordano D., Russell J. K. and Dingwell D. B., 2008. Viscosity of magmatic liquids: A model. Earth 

Planet. Sci. Lett. 271, 123–134. 
Glotch, T.D. et al., 2010. Identification of highly silicic features on the Moon. Science 329, 1510–1513. 
Gomes, R., Levison, H.F., Tsiganis, K. and Morbidelli, A., 2005. Origin of the cataclysmic Late Heavy 

Bombardment period of the terrestrial planets. Nature 435, 466–469. 
Grant K. J., Kohn S. C. and Brooker R. A., 2007. The partitioning of water between olivine, 

orthopyroxene and melt synthesized in the syste, albite-forsterite-H2O. Earth Planet. Sci. Lett. 
260, 227–241. 

Greenwood J. P., Itoh S., Sakamoto N., Warren P., Taylor L. and Yurimoto H., 2011. Hydrogen isotope 
ratios in lunar rocks indicate delivery of cometary water to the Moon. Nat. Geosci. 4, 79–82. 

Grove T. L. and Bryan W. B., 1983. Fractionation of pyroxene-phyric MORB at low-pressure: an 
experimental study. Contrib. Mineral. Petrol. 84, 293–309. 

Gros, J., Takahashi, H., Hertogen, J., Morgan, J.W. and Anders, E., 1976. Composition of the projectiles 
that bombarded the lunar highlands. Proc. Lunar Planet. Sci. Conf. 7, 2403–2425. 



!

!

!
!

126!

Guggisberg, S., Eberhardt, P., Geiss, J., Grögler, N. and Stettler, A., 1979. Classification of the Apollo-
11 mare basalts according to 39Ar–40Ar ages and petrological properties. Proc. Lunar Planet. Sci. 
Conf. 10, 1–39. 

Hagerty, J.J., Lawrence, D.J., Hawke, B.R., Vaniman, D.T., Elphic, R.C. and Feldman, W.C., 2006. 
Refined thorium abundances for lunar red spots: Implications for evolved, nonmare volcanism 
on the Moon. J. Geophys. Res. Planets 111, 1–20. 

Haines, E.L., Albee, A.L., Chodos, A.A. and Wasserburg, G.J., 1971. Uranium-bearing minerals of 
lunar rock 12013. Earth Planet. Sci. Lett. 12, 145–154. 

Hallis, L.J., Huss, G.R., Nagashima, K., Taylor, G.J., Halldórsson, S.A., Hilton, D.R., Mottl, M.J. and 
Meech, K.J., 2015. Evidence for primordial water in Earth’s deep mantle. Science 350, 336–339. 

Hamada, M., Ushioda, M., Fujii, T. and Takahashi, E., 2013. Hydrogen concentration in plagioclase as a 
hygrometer of arc basaltic melts: Approaches from melt inclusion analyses and hydrous melting 
experiments. Earth Planet. Sci. Lett. 365, 253–262. 

Hartogh, P., et al., 2011. Ocean-like water in the Jupiter-family comet 103P/Hartley 2. Nature 478, 218–
220. 

Hauri, E.H., Saal, A.E., Rutherford, M.J. and Van Orman, J. A., 2015. Water in the moon’s interior: 
Truth and consequences. Earth Planet. Sci. Lett. 409, 252–264. 

Hauri E. H., Weinreich T., Saal A. E., Rutherford M. C. and Van Orman J. A., 2011. High pre-eruptive 
water contents preserved in lunar melt inclusions. Science 333, 213–215. 

Hashizume, K. and Sugiura, N., 1995. Nitrogen isotopes in bulk ordinary chondrites. Geochim. 
Cosmochim. Acta 59, 4057–4069. 

Haskin, L.A. and Warren, P., 1991. Lunar chemistry, in Lunar Source book, edited by G. H. Heiken et 
al., pp. 357–474. 

Hess P. C. and Parmentier E. M., 1995. A model for the thermal and chemical evolution of the Moon's 
interior: implications for the onset of mare volcanism. Earth Planet. Sci. Lett. 134, 501–514. 

Hess, P.C., 2000. On the source regions for mare picrite glasses. J. Geophys. Res. 105, 4347–4360. 
Hinton, R.W. and Meyer, C., 1991. Ion probe analysis of zircon and yttrobetafite in a lunar granite. 

Lunar Planet Sci 22, 575–576. 
Hirschmann, M. M., Withers, A. C., Ardia, P. and Foley, N. T., 2012. Solubility of molecular hydrogen 

in silicate melts and consequences for volatile evolution of terrestrial planets. Earth Planet. Sci. 
Lett. 345–348, 38–48. 

Hirth G. and Kohlstedt D. L., 1996. Water in the oceanic upper mantle: implications for rheology, melt 
extraction and the evolution of the lithosphere. Earth Planet. Sci. Lett. 144, 93–108. 

Hirth, G. and Kohlstedt, D. L., 2003. Rheology of the upper mantle and the mantle wedge: A view from 
the experimentalists. Inside the Subduction Factory (the American Geophysical Union) 83–105. 

Hopkins, M.D. and Mojzsis, S.J., 2015. A protracted timeline for lunar bombardment from mineral 
chemistry, Ti thermometry and U–Pb geochronology of Apollo 14 melt breccia zircons. Contrib. 
Mineral. Petrol. 169, 30.  

Hui H., et al., 2017. A heterogeneous lunar interior for hydrogen isotopes as revealed by the lunar 
highlands samples. Earth Planet. Sci. Lett. 473, 14–23. 

Hui H., Peslier A. H., Zhang Y. and Neal C. R., 2013. Water in lunar anorthosites and evidence for a wet 
early Moon. Nat. Geosci. 6, 177–180. 

Hui H. and Zhang Y., 2007. Toward a general viscosity equation for natural anhydrous and hydrous 
silicate melts. Geochim. Cosmochim. Acta 71, 403–416. 



!

!

!
!

127!

Hudgins, J.A., Spray, J.G., Kelley, S.P., Korotev, R.L. and Sherlock, S.C., 2008. A laser probe Ar/Ar 
and INAA investigation of four Apollo granulitic breccias. Geochim. Cosmochim. Acta 72, 
5781–5798. 

Huneke, J.C., Jessberger, E.K., Podosek, F.A. and Wasserburg, G.J., 1973. Ar/Ar measurements in 
Apollo 16 and 17 samples and the chronology of metamorphic and volcanic activity in the 
Taurus-Littrow region. Proc. Lunar Planet. Sci. Conf. 2, 1725–1756. 

Husain, L., 1974. 40Ar–39Ar chronology and cosmic-ray exposure age of the Apollo 15 sample. J. 
Geophys. Res. 79, 2588–2606. 

Hutsemékers, D., Manfroid, J., Jehin, E., Zucconi, J.-M. and Arpigny, C., 2008. The 16OH/18OH and 
OD/OH isotope ratios in comet C/2002 T7 (LINEAR). A&A 490, L31. 

Javoy, M., 1997. The major volatile elements of the Earth: Their origin, behavior, and fate. Geophys. 
Res. Lett. 24, 177–180. 

Jing, Z. and Karato, S., 2012. Effect of H2O on the density of silicate melts at high pressures: Static 
experiments and the application of a modified hard-sphere model of equation of state. Geochim. 
Cosmochim. Acta 85, 357–372. 

Johnson, E. A. and Rossman, G. R., 2003. The concentration and speciation of hydrogen in feldspars 
using FTIR and 1H MAS NMR spectroscopy. Am. Min. 88, 901–911. 

Johnson, E. A. and Rossman, G. R., 2004. A survey of hydrous species and concentrations in igneous 
feldspars. Am. Min. 89, 586–600. 

Johnson, E. A., 2006. Water in nominally anhydrous crustal minerals: speciation, concentration, and 
geologic significance. Rev. Mineral. Geochem. 62, 117–154. 

Jolliff, B.L., et al., 2011. Non-mare silicic volcanism on the lunar farside at Compton–Belkovich. Nat. 
Geosci. 4, 566–571. 

Jones, J.H. and Delano, J.W., 1989. A three-component model for the bulk composition of the Moon. 
Geochim. Cosmochim. Acta 53, 513–527. 

Joy, K.H., Burgess, R., Hinton, R., Fernandes, V.A., Crawford, I.A., Kearsley, A.T. and Irving, A.J., 
2011. Petrogenesis and chronology of lunar meteorite Northwest Africa 4472: A KREEPy 
regolith breccia from the Moon. Geochim. Cosmochim. Acta 75, 2420–2452. 

Keppler, H. and Bolfan-casanova, N., 2006. Thermodynamics of Water Solubility and Partitioning. Rev. 
Mineral. Geochem. 62, 193–230. 

Khan A., Connolly J. A. D., Maclennan J. and Mosegaard K., 2007. Joint inversion of seismic and 
gravity data for lunar composition and thermal state. Geophys. J. Int. 168, 243–258. 

Kinzler R. J. and Grove T. L., 1992. Primary magmas of mid-ocean ridge basalts 1. Experiments and 
methods. J. Geophys. Res. 97, 6885. 

Kirsten T., Deubner, J., Horn, P., Kaneoka, I., Kiko, J., Schaeffer, O.A. and Thio, S.K., 1972. The rare 
gas record of Apollo 14 and 15 samples. Proc. Lunar Planet. Sci. Conf. 3, 1865–1889. 

Kirsten, T., Horn, P. and Heymann, D., 1973. Chronology of the Taurus-Littrow region 1: Ages of two 
major rock types from the Apollo 17 site. Earth Planet. Sci. Lett. 20, 125–130. 

Kring, D.A. and Cohen, B.A., 2002. Cataclysmic bombardment throughout the inner solar system 3.9–
4.0 Ga. J. Geophys. Res. Planets 107. 

Kovács, I., et al., 2008. Quantitative absorbance spectroscopy with unpolarized light: Part II. 
Experimental evaluation and development of a protocol for quantitative analysis of mineral IR 
spectra. Am. Min. 93, 765–778. 

Kruijer, T., Kleine, T., Fischer-Gödde, M. and Sprung, P., 2015. Lunar tungsten isotopic evidence for 
the late veneer. Nature 520, 534–537. 



!

!

!
!

128!

Kushiro, I., et al., 1969. The system forsterite-diopside-silica with and without water at high pressures. 
Am. J. Sci. 267-A, 269–294. 

Lawrence, D.J., 2002. Iron abundances on the lunar surface as measured by the Lunar Prospector 
gamma-ray and neutron spectrometers. J. Geophys. Res. 107. 

Lécuyer, C., Gillet, P. and Robert, F., 1998. The hydrogen isotope composition of seawater and the 
global water cycle. Chem. Geol. 145, 249. 

Lellouch, E., Bézard, B., Fouchet, T., Feuchtgruber, H., Encrenaz, T. and de Graauw, T., 2001. The 
deuterium abundance in Jupiter and Saturn from ISO-SWS observations. A&A 670, 610–622. 

Libourel, G., 1999. Systematics of calcium partitioning between olivine and silicate melt: implications 
for melt structure and calcium content of magmatic olivines. Contrib. Mineral. Petrol. 136, 63–
80. 

Lin Y. H., Tronche E. J., Steenstra E. S. and van Westrenen W., 2017a. Evidence for an early wet Moon 
from experimental crystallization of the lunar magma ocean. Nat. Geosci. 10, 14–18. 

Lin Y. H., Tronche E. J., Steenstra E. S. and van Westrenen W., 2017b. Experimental constraints on the 
solidification of a nominally dry lunar magma ocean. Earth Planet. Sci. Lett. 471, 104–116. 

Ling, Z., et al., 2015. Correlated compositional and mineralogical investigations at the Chang’e-3 
landing site. Nat. Commun. 6, 1–9. 

Lis, D.C., et al., 2013. A herschel study of D/H in water in the Jupiter-family Comet 45P/Honda-Mroks-
Pajdušáková and prospects for D/H measurements with CCAT. Earth Planet. Astrophys. 774:L3. 

Liu, D., Jolliff, B.L., Zeigler, R.A., Korotev, R.L., Wan, Y.S., Xie, H.Q., Zhang, Y.H., Dong, C.Y. and 
Wang, W., 2012. Comparative zircon U–Pb geochronology of impact melt breccias from Apollo 
12 and lunar meteorite SaU 169, and implications for the age of the Imbrium impact. Earth 
Planet. Sci. Lett. 319–320, 277–286. 

Lock, S.J., et al., 2018. The origin of the Moon within a terrestrial synestia. J. Geophys. Res. 
doi.org/10.1002/2017JE005333. 

Longhi, J.A., 1980. model of early lunar differentiation. Proc. Lunar Planet. Sci. Conf. 11, 289–315. 
Longhi, J., 2003. A new view of lunar ferroan anorthosites: Postmagma ocean petrogenesis. J. Geophys. 

Res. 108, 5083. 
Longhi, J., 2006. Petrogenesis of picritic mare magmas: Constraints on the extent of early lunar 

differentation. Geochim. Cosmochim. Acta 70, 5919–5934.  
Longhi, J., Durand, S.R. and Walker, D., 2010. The pattern of Ni and Co abundances in lunar olivines. 

Geochim. Cosmochim. Acta 74, 784–798. 
Ludwig, K.R., 2003. ISOPLOT 3.00: A Geochronological Toolkit for Microsoft Excel. Berkeley 

Geochronology Center, Berkeley, CA. 
Mortimer, J., Verchovsky, A.B., Anand, M., Gilmour, I. and Pillinger, C.T., 2015. Simultaneous 

analysis of abundance and isotopic composition of nitrogen, carbon, and noble gases in lunar 
basalts: Insights into interior and surface processes on the Moon. Icarus 255, 3–17. 

Marty, B., 2012. The origins and concentrations of water, carbon, nitrogen and noble gases on Earth. 
Earth Planet. Sci. Lett. 313–314, 56–66. 

McCallum, I.S. and Mathez, E.A., 1975. Petrology of noritic cumulates and a partial melting model for 
the genesis of Fra Mauro basalts. Proc. Lunar Planet. Sci. Conf. 6, 395–414. 

McCallum, I.S. and Schwartz, J.M., 2001. Lunar Mg suite: Thermobarometry and petrogenesis of 
parental magmas. J. Geophys. Res. 106, 27969–27983. 

McCubbin, F.M., Steele, A., Nekvasil, H., Schnieders, A., Rose, T., Fries, M., Carpenter, P.K. and 
Jolliff, B.L., 2010a. Detection of structurally bound hydroxyl in fluorapatite from Apollo Mare 
basalt 15058, 128 using TOF-SIMS. Am. Mineral. 95, 1141–1150.  



!

!

!
!

129!

McCubbin, F.M., Steele, A., Hauri, E.H., Nekvasil, H., Yamashita, S. and Hemley, R.J., 2010b. 
Nominally hydrous magmatism on the Moon. Proc. Natl Acad. Sci. USA 107, 11223–11228. 

McCubbin, F.M., et al., 2015a. Magmatic volatiles (H, C, N, F, S, Cl) in the lunar mantle, crust, and 
regolith: Abundances, distributions, processes, and reservoirs. Am. Mineral. 100, 1668–1707.  

McCubbin, F.M., Kaaden, K.E.V., Tartèse, R., Boyce, J.W., Mikhail, S., Whitson, E.S., Bell, A.S., 
Anand, M., Franchi, I.A., Wang, J. and Hauri, E.H., 2015b. Experimental investigation of F, Cl, 
and OH partitioning between apatite and Fe-rich basaltic melt at 1.0–1.2 GPa and 950–1000 °C. 
Am. Mineral. 100, 1790–1802. 

McDonough, W.F. and Sun, S.S., 1995. The composition of the Earth. Chem. Geol., 120, 223–253. 
McGee, P.E., Warner, J.L. and Simonds, C.H., 1977. Introduction to the Apollo Collections. Part 1: 

Lunar Igneous Rocks (NASA, Washington, DC). 
McGee, J.J., Bence, A.E., Eichhorn, G. and Schaeffer, O.A., 1978. Feldspathic granulite 79215: 

Limitations on T-ƒO2 conditions and time of metamorphism. Proc. Lunar Planet. Sci. Conf. 9, 
743–772. 

Médard, E., McCammon, C.A., Barr, J.A. and Grove, T.L., 2008. Oxygen fugacity, temperature 
reproducibility, and H2O contents of nominally anhydrous piston-cylinder experiments using 
graphite capsules. Am. Mineral. 93, 1838–1844. 

Meier, R., Owen, T.C., Matthews, H.E., Jewitt, D.C., Bockelée-Morvan, D., Biver, N., Crovisier, J. and 
Gautier, D., 1998. A determination of the HDO/H2O ratio in comet C/1995 O1 (Hale-Bopp). 
Science 279, 842. 

Meyer, C., Williams, I.S. and Compston, W., 1996. Uranium-lead ages for lunar zircons: Evidence for a 
prolonged period of granophyre formation from 4.32 to 3.88 Ga. Meteorit. Planet. Sci. 31, 370–
387. 

Meyer, C., 2007. Lunar Sample Compendium. 
Meyer, C., 2008. Lunar sample compendium. 
Meyer, C., 2009. Lunar sample compendium. 
Meyer, C., 2010. Lunar Sample Compendium. 
Meyer, C., 2011. Lunar sample compendium. 
Mills, R. D., Simon, J. I., Alexander, C. M. O’D., Wang, J. and Hauri, E.H., 2017. Water in alkali 

feldspar: The effect of rhyolite generation on the lunar hydrogen budget. Geochemical 
Perspectives Letters 3, 115–123. 

Morbidelli, A., Chambers, J., Lunine, J.I., Petit, J.M., Robert, F., Valsecchi, G.B. and Cyr, K.E., 2000. 
Source regions and timescales for the delivery of water to the Earth. Meteorit. Planet. Sci. 35, 
1309–1320. 

Morbidelli, A., Marchi, S., Bottke, W.F. and Kring, D.A., 2012. A sawtooth-like timeline for the first 
billion years of lunar bombardment. Earth Planet. Sci. Lett. 355, 144–151. 

Morbidelli, A. and Wood, B.J., 2015. Late accretion and the late veneer. The Early Earth: Accretion and 
Differentiation, pp. 71–82. 

Morgan, J.W., Hertogen, J. and Anders, E., 1978. The moon: Composition determined by nebular 
processes. Moon Planets 18, 465–478. 

Mosenfelder, J. L., Rossman, G. R. and Johnson, E. A., 2015. Hydrous species in feldspars: A 
reassessment based on FTIR and SIMS. Am. Min. 100, 1209–1221. 

Nakamura N., Tatsumoto, M., Nunes, P.D., Unruh, D.M., Schwab, A.P. and Wildeman, T.R., 1976. 4.4 
b.y.-old clast in Boulder 7, Apollo 17: A comprehensive chronological study by U–Pb, Rb–Sr, 
and Sm–Nd methods. Proc. Lunar Planet. Sci. Conf. 7, 2309–2333. 



!

!

!
!

130!

Neal, C.R., and Taylor, L.A., 1991. Evidence for metasomatism of the lunar highlands and the origin of 
whitlockite. Geochim. Cosmochim. Acta 55, 2965–2980. 

Neal, C.R., 2001. Interior of the Moon: The presence of garnet in the primitive deep lunar mantle. J. 
Geophys. Res. Planets 106, 27865–27885. 

Nemchin, A.A., Pidgeon, R.T., Whitehouse, M.J., Vaughan, J.P. and Meyer, C., 2008. SIMS study of 
zircons from Apollo 14 and 17 breccias: Implications for the evolution of lunar KREEP. 
Geochim. Cosmochim. Acta 72, 668–689. 

Newcombe M. E., Brett A., Bechett J. R., Baker M. B., Newman S., Guan Y., Eiler J. M. and Stolper E. 
M., 2017. Solubility of water in lunar basalt at low pH2O. Geochim. Cosmochim. Acta, 200, 
330–352. 

Newman, S. and Lowenstern, J. B., 2002. VolatileCalc: a silicate melt–H2O–CO2 solution model written 
in Visual Basic for excel. Comput. Geosci. 8, 597–604. 

Norman, M. D., Borg, L. E., Nyquist, L. E. and Bogard, D. D., 2003. Chronology, geochemistry, and 
petrology of a ferroan noritic anorthosite clast from Descartes breccia 67215: Clues to the age, 
origin, structure, and impact history of the lunar crust. Meteorit. Planet. Sci. 661, 645–661. 

Norman, M.D. and Nemchin, A.A., 2014. A 4.2 billion year old impact basin on the Moon: U–Pb dating 
of zirconolite and apatite in lunar melt rock 67955. Earth Planet. Sci. Lett. 388, 387–398. 

Nyquist, L.E., Bansal, B.M. and Wiesmann, H., 1975. Rb–Sr ages and initial 87Sr/86Sr for Apollo 17 
basalts and KREEP basalt 15386. Proc. Lunar Planet. Sci. Conf. 6, 1445–1465. 

Nyquist, L.E., Shih, C.–Y., Wooden, J.L., Bansal, B.M. and Wiesmann, H., 1979. The Sr and Nd 
isotopic record of Apollo 12 basalts: Implications for lunar geochemical evolution. Proc. Lunar 
Planet. Sci. Conf. 10, 77–114. 

Nyquist, L.E., Shih, C.Y., Reese, Y. and Bogard, D.D., 2007. Sm–Nd and Rb–Sr ages for MIL 05035: 
Implications for surface and mantle sources. Lunar Planet. Sci. Conf. 38, abstr. 1702. 

Oberli, F., Huneke, J.C. and Wasserburg, G.J., 1979. U–Pb and K–Ar systematics of cataclysm and 
precataclysm lunar impactites. Lunar Planet. Sci. Conf. 10, abstr. 940–942. 

O’Brien, D.P., Walsh, K.J., Morbidelli, A., Raymond, S.N. and Mandell, A.M., 2014. Water delivery 
and giant impacts in the “Grand Tack” scenario. Icarus 239, 74–84.  

Ohtake, M. et al., 2012. Asymmetric crustal growth on the Moon indicated by primitive farside highland 
materials. Nat. Geosci. 5, 384–388. 

O’Neill, H.S.C., 1991. The origin of the Moon and the early history of the Earth - A chemical model. I - 
The Moon. Geochim. Cosmochim. Acta 55, 1135–1157. 

Papanastassiou, D.A. and Wasserburg, G.J., 1971a. Lunar chronology and evolution from Rb–Sr studies 
of Apollo 11 and 12 samples. Earth Planet. Sci. Lett. 11, 37–62. 

Papanastassiou, D.A. and Wasserburg, G.J., 1971b. Rb–Sr ages of igneous rocks from the Apollo 14 
mission and the age of the Fra Mauro formation. Earth Planet. Sci. Lett. 12, 36–48.  

Pernet-Fisher, J.F., Howarth, G.H., Liu, Y., Chen, Y. and Taylor, L.A., 2014. Estimating the lunar 
mantle water budget from phosphates: Complications associated with silicate-liquid-
immiscibility. Geochim. Cosmochim. Acta 144, 326–341. 

Pieters, C. M., 2009. Character and spatial distribution of OH/H2O on the surface of the Moon seen by 
M3 on Chandrayaan-1. Science 326, 568–572. 

Pieters C. M., Donaldson Hanna K., Cheek L., Dhingra D., Prissel T., Jackson C., Moriarty D., Parman 
S. and Taylor L. A., 2014. The distribution of Mg-spinel across the Moon and constraints on 
crustal origin. Am. Mineral. 99, 1893–1910.  

Premo, W.R. and Tatsumoto, M., 1991. U–Th–Pb isotopic systematics of lunar norite 78235. Lunar 
Planet. Sci. Conf. 21, 89–100. 



!

!

!
!

131!

Prissel  T. C., Parman S. W., Jackson C. R. M., Rutherford M. J., Hess P. C., Head J. W., Cheek L., 
Dhingra D. and Pieters C. M., 2014. Pink Moon: The petrogenesis of pink spinel anorthosites 
and implications concerning Mg-suite magmatism. Earth Planet. Sci. Lett. 403, 144–156. 

Rai N. and Van Westrenen W., 2014. Lunar core formation: New constraints from metal-silicate 
partitioning of siderophile elements. Earth Planet. Sci. Lett. 388, 343–352. 

Rhodes, J.M., Wiesmann, H., Rodgers, K.V., Brannon, J.C., Bansal, B.M. and Hubbard, N.J., 1976. 
Chemistry, classification, and petrogenesis of Apollo 17 mare basalts. Proc. Lunar Planet. Sci. 
Conf. 7, 1467–1489. 

Righter, K., 2010. Lunar Meteorite Compendium. 
Ringwood, A.E., Seifert, S. and Wänke, H., 1987. A komatiite component in Apollo 16 highland 

breccias: implications for the nickel-cobalt systematics and bulk composition of the moon. Earth 
Planet. Sci. Lett. 81, 105–117. 

Robinson, K.L., Barnes, J.J., Nagashima, K., Thomen, A., Franchi, I.A., Huss, G.R., Anand, M. and 
Taylor, G.J., 2016. Water in evolved lunar rocks: evidence for multiple reservoirs. Geochim. 
Cosmochim. Acta 188, 244–260. 

Rotenberg, E., Davis, D.W., Amelin, Y., Ghosha, S. and Bergquist, B.A., 2012. Determination of the 
decay-constant of 87Rb by laboratory accumulation of 87Sr: Geochim. Cosmochim. Acta 85, 41–
57. 

Rutherford, M. J. and Papale, P., 2009. Origin of basalt fire-fountain eruptions on Earth versus the Moon. 
Geology 37, 219–222. 

Saal A. E., Hauri E. H., Cascio M. L., Van Orman J. A., Rutherford M. C. and Cooper R. F. 2008. 
Volatile content of lunar volcanic glasses and the presence of water in the Moon’s interior. 
Nature 454, 192–195. 

Saal A. E., Hauri E. H., van Orman J. A. and Rutherford M. J., 2013. Hydrogen isotopes in lunar 
volcanic glasses and melt inclusions reveal a carbonaceous chondrite heritage. Science 340, 
1317–1320. 

Sambridge, M., Gerald, J. F., Kovács, I. and O’Neill, H. S. C., 2008. Quantitative absorbance 
spectroscopy with unpolarized light: Part I. Physical and mathematical development. Am. Min. 
93, 751–764. 

Sarafian E., Gaetani G. A., Hauri E. H. and Sarafian A. R., 2017. Experimental constraints on the damp 
peridotite solidus and oceanic mantle potential temperature. Science 355, 942–945. 

Sarafian, A.R., Nielsen, S.G., Marschall, H.R., McCubbin, F.M. and Monteleone, B.D., 2014. Early 
accretion of water in the inner solar system from a carbonaceous chondrite–like source. Science 
346, 623–626. 

Sato, M., Hickling, N. L. and McLane, J. E., 1973. Oxygen fugacity values of Apollo 12, 14, and 15 
lunar samples and reduced state of lunar magmas. Proc. Lunar Planet. Sci. Conf. 1, 1061–1079. 

Savage, P.S., Georg, R.B., Armytage, R.M.G., Williams, H.M. and Halliday, A.N., 2010. Silicon isotope 
homogeneity in the mantle. Earth Planet. Sci. Lett. 295, 139–146. 

Sharp, Z.D., Shearer, C.K., Mckeegan, K.D., Barnes, J.D. and Wang, Y.Q., 2010. The chlorine isotope 
composition of the Moon and implications for an anhydrous mantle. Science 329, 1050–1053. 

Sharp,!Z.D.,!McCubbin,!F.M.!and!Shearer,!C.K.,!2013.!The!chlorine!isotope!composition!of!chondrites!and!Earth.!
Geochim.!Cosmochim.!Acta!107,!189–204.!

Sharp, Z., Williams, J., Shearer, C., Agee, C. and McKeegan, K., 2016. The chlorine isotope 
composition of Martian meteorites 2. Implications for the early solar system and the formation of 
Mars. Meteorit. Planet. Sci. 51, 2111–2126. 



!

!

!
!

132!

Sharp, Z.D., 2017. Nebular ingassing as a source of volatiles to the Terrestrial planets. Chem. Geol. 448, 
137–150. 

Shearer C. K., Hess P. C., Wieczorek M. A., Pritchard M. E., Parmentier E. M., Borg L. E., Longhi J., 
Elkins-Tanton L. T., Neal C. R., Antonenko I., Canup R. M., Halliday A. N., Grove T. L., Hager 
B. H., Lee D. C., Wiechert U. and Jolliff B. L., 2006. Thermal and Magmatic evolution of the 
Moon. Rev. Mineral. Geochem. 60, 365–518.!

Shih C.Y., Nyquist, L.E., Bogard, D.D., Bansal, B.M., Wiesmann, H., Johnson, P., Shervais, J.W. and 
Taylor, L.A., 1986. Geochronology and petrogenesis of Apollo 14 very high potassium mare 
basalts. Proc. Lunar Planet. Sci. Conf. 16, D214–D228. 

Shih, C-Y., Nyquist, L.E., Bogard, D.D., Dasch, E.J., Bansal, B.M. and Wiesmann, H., 1987. 
Geochronology of high-K aluminous mare basalt clasts from Apollo 14 breccia 14304. Geochim. 
Cosmochim. Acta 51, 3255–3271. 

Shih, C.Y., Nyquist, L.E., Bansal, B.M.,and Wiesmann, H., 1992. Rb–Sr and Sm–Nd chronology of an 
Apollo 17 KREEP basalt. Earth Planet. Sci. Lett. 108, 203–215. 

Shih, C.Y., Nyquist,  L.E. and Wiesmann, H., 1993. K–Ca chronology of lunar granites. Geochim. 
Cosmochim. Acta 57, 4827–4841. 

Shih, C.Y., Nyquist, L.E., Bogard, D.D. and Wiesmann, H., 1994. K–Ca and Rb–Sr dating of two lunar 
granites: Relative chronometer resetting. Geochim. Cosmochim. Acta 58, 3101–3116. 

Shi, P. and Libourel, G., 1991. The effects of FeO on the system CMAS at low pressure and 
implications for basalt crystallization processes. Contrib. Mineral. Petrol. 108, 129–145. 

Sisson T. W. and Grove T. L., 1993. Experimental investigations of the role of H2O in calc-alkaline 
differentiation and subduction zone magmatism. Contrib. Mineral. Petrol. 113, 143–166. 

Smith J. V., Anderson A. T., Newton R. C., Olsen E. J., Wyllie P. J., Crewe A. V., Isaacson M. S. and 
Johnson D., 1970. Petrologic history of the Moon inferred from petrography, mineralogy, and 
petro-genesis of Apollo 11 rocks. Proc. Apollo 11 Lunar Sci. Conf., 897–925. 

Snyder G. A., Taylor L. A. and Neal C. R., 1992. A chemical model for generating the sources of mare 
basalts: Combined equilibrium and fractional crystallization of the lunar magmasphere. Geochim. 
Cosmochim. Acta 56, 3809–3823. 

Sobolev A. V. et al., 2007. The amount of recycled crust in sources of mantle-derived melts. Science 
316, 412–417. 

Sokol, A.K., et al., 2008. Geochemistry, petrology and ages of the lunar meteorites Kalahari 008 and 
009: New constraints on early lunar evolution. Geochim. Cosmochim. Acta 72, 4845–4873. 

Staid, M.I. and Pieters, C., 2001. Mineralogy of the last lunar basalts: Results Solid-State. J. Geophys. 
Res. 106, 27887–27900. 

Stettler, A., Eberhardt, P., Geiss, J., Grogler, N. and Maurer, P., 1973. 39Ar–40Ar ages and 37Ar–38Ar 
exposure ages of lunar rocks. Proc. Lunar Planet. Sci. Conf. 4, 1865–1888. 

Steele, I. M. and Smith, J. V., 1973. Mineralogy and petrology of some Apollo 16 rocks and fines: 
General petrologic model of Moon. Proc. 4th Lunar Sci. Conf., 519–536. 

Steenstra E. S., Rai N., Knibbe J. S., Lin Y. H. and van Westrenen W., 2016. New geochemical models 
of core formation in the Moon from metal–silicate partitioning of 15 siderophile elements. Earth 
Planet. Sci. Lett. 441, 1–9. 

Stegman D. R. and Richards M. A., 2003. An early lunar core dynamo driven by thermochemical mantle 
convection. Nature, 421, 143–146. 

Stöffler, D. and Ryder, G., 2001. Stratigraphy and isotopic ages of lunar geologic units: Chronological 
standard for the inner solar system. Space Sci. Rev. 96, 9–54. 



!

!

!
!

133!

Stolper, E., 1982. Water in silicate glasses: An infrared spectroscopic study. Contrib. Mineral. Petrol. 81, 
1–17. 

Suckale, J., Elkins-Tanton, L.T. and Sethian, J.A., 2012. Crystals stirred up: 2. Numerical insights into 
the formation of the earliest crust on the Moon. J. Geophys. Res. 117, E08005, 
doi:10.1029/2012JE004067. 

Swann, G.A., 1977. Geology of the Apollo 14 landing site in the Fra Mauro Highlands. U.S.G.S. Prof. 
Paper 880. 

Tartèse R. and Anand M., 2013. Late delivery of chondritic hydrogen into the lunar mantle: Insights 
from mare basalts. Earth Planet. Sci. Lett. 361, 480–486. 

Tartèse R., Anand M., Barnes J. J., Starkey N. A., Franchi I. A. and Sano Y., 2013a. The abundance, 
distribution, and isotopic composition of Hydrogen in the Moon as revealed by basaltic lunar 
samples: Implications for the volatile inventory of the Moon. Geochim. Cosmochim. Acta 122, 
58–74. 

Tartèse, R., Anand, M. and Delhaye, T., 2013b. NanoSIMS Pb/Pb dating of tranquillityite in high-Ti 
lunar basalts: Implications for the chronology of high-Ti volcanism on the Moon. Am. Mineral. 
98, 1477–1486. 

Tartèse R., Anand M., McCubbin F. M., Elardo S. M., Shearer C. K. and Franchi I. A., 2014a. Apatites 
in lunar KREEP basalts: The missing link to understanding the H isotope systematics of the 
Moon. Geology 42, 363–366. 

Tartèse, R., Anand, M., Joy, K.H. and Franchi, I.A., 2014b. H and Cl isotope systematics of apatite in 
brecciated lunar meteorites Northwest Africa 4472, Northwest Africa 773, Sayh al Uhaymir 169, 
and Kalahari 009. Meteorit. Planet. Sci. 49, 2266–2289. 

Taylor, G.J. and Wieczorek, M. a., 2014. Lunar bulk chemical composition: a post-Gravity Recovery 
and Interior Laboratory reassessment. Philos. Trans. A. Math. Phys. Eng. Sci. 372, 20130242. 

Taylor, S.R. and Jakeš, P., 1974. The geochemical evolution of the Moon. Proc Lunar Sci Conf. 5, 
1287–1305. 

Taylor, S.R., 1982. Planetary science: A lunar perspective. Planet. Space Sci. 45, 481. 
Taylor, S.R., Taylor, G.J. and Taylor, L.A., 2006. The Moon: A Taylor perspective. Geochim. 

Cosmochim. Acta 70, 5904–5918. 
Terada, K., Anand, M., Sokol, A.K., Bischoff, A. and Sano, Y., 2007. Cryptomare magmatism 4.35 Gyr 

ago recorded in lunar meteorite Kalahari 009. Nature 450, 849–852. 
Thiemens, M.H. and Clayton, R.N., 1983. Nitrogen contents and isotopic ratios of clasts from the 

enstatite chondrite Abee. Earth Planet. Sci. Lett. 62, 165–168. 
Tonks, W.B. and Melosh, H.J., 1990. The physics of crystal settling and suspension in a turbulent 

magma ocean. See Newsom & Jones 1990, pp. 151–74 
Toplis M. J., 2005. The thermodynamics of iron and magnesium partitioning between olivine and liquid: 

Criteria for assessing and predicting equilibrium in natural and experimental systems. Contrib. 
Mineral. Petrol. 149, 22–39. 

Touboul, M., Puchtel, I.S. and Walker, R.J., 2015. Tungsten isotopic evidence for disproportional late 
accretion to the Earth and Moon. Nature 520, 530–533. 

Treiman, A.H., Boyce, J.W., Greenwood, J.P., Eiler, J.M., Gross, J., Guan, Y., Ma, C. and Stolper, E.M., 
2016. D-poor hydrogen in lunar mare basalts assimilated from lunar regolith. Am. Mineral. 101, 
1596–1603. 

Truckenbrodt J. and Johannes w., 1999. H2O loss during piston-cylinder experiments. Am. Mineral. 84, 
1333–1335. !



!

!

!
!

134!

Tsiganis, K., Gomes, R., Morbidelli, A. and Levison, H.F., 2005. Origin of the orbital architecture of the 
giant planets of the Solar System. Nature 435, 459–461. 

Turner, G., Huneke, J.C., Podosek, F.A. and Wasserburg, G.J., 1971. 40Ar–39Ar ages and cosmic ray 
exposure ages of Apollo 14 samples. Earth Planet. Sci. Lett. 12, 19–35. 

Ulmer, P. and Luth, R. W., 1991. The graphite-COH fluid equilibrium in P, T, fO2 space: An 
experimental determination to 30 kbar and 1600 ºC. Contrib. Mineral. Petrol. 106, 265–272. 

Usui, T., Alexander, C.M.O’D., Wang, J., Simon, J.I. and Jones, J.H., 2012. Origin of water and mantle-
crust interactions on Mars inferred from hydrogen isotopes and volatile element abundances of 
olivine-hosted melt inclusions of primitive shergottites. Earth Planet. Sci. Lett. 357–358, 119–
129. 

Van Kan Parker M., Mason P. R. D. and van Westrenen W., 2011. Experimental study of trace element 
partitioning between lunar orthopyroxene and anhydrous silicate melt: Effects of lithium and iron. 
Chem. Geol. 285, 1–14. 

Vander Kaaden, K.E., Agee, C.B. and McCubbin, F.M., 2015. Density and compressibility of the molten 
lunar picritic glasses: Implications for the roles of Ti and Fe in the structures of silicate melts. 
Geochim. Cosmochim. Acta 149, 1–20. 

Villanueva, G.L., Mumma, M.J., Bonev, B.P., DiSanti, M.A., Gibb, E.L., Böhnhardt, H. and Lippi, M., 
2009. A sensitive search for deuterated water in comet 8P/Tuttle. Astrophys. J. 690, L5. 

Walker, D., Longhi, J., Stolper, E.M., Grove, T.L. and Hays, J.F., 1975. Origin of titaniferous lunar 
basalts. Geochim. Cosmochim. Acta 39, 1219–1235. 

Walsh, K.J., Morbidelli, A., Raymond, S.N., O'brien, D.P. and Mandell, A.M., 2011. A low mass for 
Mars from Jupiter’s early gas-driven migration. Nature 475, 206–209. 

Walsh, K.J., Morbidelli, A., Raymond, S.N., O’brien, D.P. and Mandell, A.M., 2012. Populating the 
asteroid belt from two parent source regions due to the migration of giant planets—“The Grand 
Tack”. Meteorit. Planet. Sci. 47, 1941–1947. 

Wang, Y., Guan, Y., Hsu, W. and Eiler, J.M., 2012. Water content, chlorine and hydrogen isotope 
compositions of lunar apatite. Annual Meteoritical Society Meeting 75, 5170. 

Waite Jr, J.H., et al., 2009. Liquid water on Enceladus from observations of ammonia and 40Ar in the 
plume. Nature 460, 487–490. 

Warren, P. H. and Wasson, J. T., 1979. The origin of KREEP. Rev. Geophys. Space Phys. 17, 73–88. 
Warren P. H., 1985. The magma ocean concept and lunar evolution. Annu. Rev. Earth Planet. Sci. 13, 

201–40. 
Warren, P.H., 1993. A concise compilation of petrologic information on possibly pristine nonmare 

Moon rocks. Am. Mineral. 78, 360–376. 
Warren, P.H., 1986. The bulk-moon MgO/FeO ratio: A highlands perspective. In Origin of the Moon 

(Hartmann, W. K. et al.). Lunar Planet. Inst. 279–310. 
Warren, P.H., 2005. “New” lunar meteorites: Implications for composition of the global lunar surface, 

lunar crust, and the bulk Moon. Meteorit. Planet. Sci. 40, 477–506.  
Warren, P.H., Taylor, G.J., Keil, K., Kallemeyn, G.W., Shirley, D.N. and Wasson, J.T., 1983. Seventh 

foray: Whitlockite-rich lithologies, a diopside-bearing troctolitic anorthosite, ferroan anorthosites, 
and KREEP: Proc. Lunar Planet. Sci. Conf., 14th, in Jour. Geophys. Res., 88, B151–B164. 

Warren, P.H., Taylor, G.J., Keil, K., Shirley, D.N. and Wasson, J.T., 1983. Petrology and geochemistry 
of two large granite clasts from the Moon. Earth Planet. Sci. Lett. 64, 175–185.  

Wasson, J.T. and Kallemeyn, G.W., 1988. Compositions of chondrites. Philosophical Transactions of 
the Royal Society of London A: Mathematical, Physical and Engineering Sciences 325, 535–544. 

Watson E. B., Wark D., Price J. D. and Van Orman J. A., 2002. Mapping the thermal structure of solid-



!

!

!
!

135!

media pressure assemblies. Contrib. Mineral. Petrol. 142, 640–652. 
Wieczorek M. A., Neumann G. A., Nimmo F., Kiefer W. S., Taylor G. J., Melosh H. J., Phillips R. J., 

Solomon S. C., Andrews-Hanna J. C., Asmar S. W., Konopliv A. S., Lemoine F. G., Smith D. E., 
Watkins M. M., Williams J. G. and Zuber M., 2013. The crust of the Moon as seen by GRAIL. 
Science 339, 671–675. 

Wood J. A., Dickey J. S., Marvin U. B. and Powell B. N., 1970. Lunar anorthosites and a geophysical 
model of the Moon. Proc. Apollo 11 Lunar Sci. Conf., 965–88. 

Wood, B. J. and  Blundy, J. D., 2002. The effect of H2O on crystal-melt partitioning of trace elements. 
Geochim. Cosmochim. Acta 66, 3647-3656. 

Yamamoto, S., et al., 2012. Massive layer of pure anorthosite on the Moon. Geophys. Res. Lett. 39, 1–6. 
Yamamoto S., Nakamura R., Matsunaga T., Ogawa Y., Ishihara Y., Morota T., Hirata N., Ohtake M., 

Hiroi T., Yokota Y. and Haruyama J., 2015. Global occurrence trend of high-Ca pyroxene on 
lunar highlands and its implications. J. Geophys. Res. E: Planets 120, 831–848. 

Yamashita, S., Kitamura, T. and Kusakabe, M., 1997. Infrared spectroscopy of hydrous glasses of arc 
magma compositions. Geochem. J. 31, 169–174. 

Yang, X., 1012. An experimental study of H solubility in feldspars: Effect of composition, oxygen 
fugacity, temperature and pressure and implications for crustal processes. Geochim. Cosmochim. 
Acta 97, 46–57. 

York, D., Kenyon, W.J. and Doyle, R.J., 1972. 40Ar–39Ar ages of Apollo 14 and 15 samples. Proc. Lunar 
Planet. Sci. Conf. 3, 1613–1622. 

Zhang, H. L, Hirschmann, M. M., Cottrell, E. and Withers, A. C., 2017. Effect of pressure on Fe3+/ΣFe 
in a mafic magma and consequences for magma ocean redox gradients. Geochim. Cosmochim. 
Acta 204, 83-103. 

Zhang, J., Dauphas, N., Davis, A.M., Leya, I., and Fedkin, A., 2012. The proto-Earth as a significant 
source of lunar material. Nat. Geosci. 5, 251–255. 

Zhang N., Parmentier E. M. and Liang Y., 2013. A 3-D numerical study of the thermal evolution of the 
Moon after cumulate mantle overturn: The importance of rheology and core solidification. J. 
Geophys. Res.: Planets 118, 1789–1804. 

Zhao Y., van den Berg A. P. and van Westrenen W., 2017. On the participation of ilmenite-bearing 
cumulates in lunar mantle overturn: A parameter study. Lunar Planet. Sci. Conf. 48, 2216. 
  

  



!

!

!
!

136!

Acknowledgements 
Although various chapters in this thesis have acknowledgement sections, I would like to 

take this opportunity to thank others who contributed to the success of my Ph.D. project.  
Many thanks to Prof. Wim van Westrenen for believing in me through this program for 

four years. Through the long hours spent in the office, conferences, video meetings, and writing 
papers, I sincerely say thanks Wim! 

I would like to thank my co-promoter Prof. Hejiu Hui from Nanjing University. Thank 
you for your support and great interest in the project. I appreciate the many hours spent on 
discussing ideas and proposals with me.  

To Profs. Yingwei Fei and Ho-Kwang Mao, thank you for your support and 
encouragement while I was in the United States, researching at the Carnegie Institute for 
Science.  

I would also like to thank my reading committee for actually reading my whole thesis 
(and approving it)! 

I would like to express my deep gratitude to my wife, Ms. Meredith K. Stewart, who 
provided me with lots of patience and words of encouragement. 

Finally, I would like to thank my VU colleagues, as well as my family and friends who 
supported me in my decision to move to the Netherlands to pursue my dream of earning a Ph.D. 
in Planetary Geology.  
  



!

!

!
!

137!

Curriculum Vitae 
Yanhao was born in China. He passed his bachelor education at China University of 

Geosciences, Wuhan in 2011, and was the first PhD candidate in metamorphic geology from 
2011 to 2014 at China University of Geosciences, and Chinese Academy of Geological Sciences. 
In 2013, he noticed that planetary science is a new promising field, and showed an interest in it. 
Therefore, he changed his previous research direction to study planetary science by high-
pressure experimental petrology as a new PhD student working with Prof.dr. Wim van 
Westrenen at VU University Amsterdam and Prof.dr. Hejiu Hui at Nanjing University. 



!

!

!
!

2!

 
 


