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M A lunar hygrometer based on plagioclase-melt
partitioning of water

Y.H. Lin'*, H. Hui?3*, Y. Li%, Y. Xu?, W. van Westrenen'*

I Abstract doi: 10.7185/geochemlet.1908
1.0 The Moon was initially covered by a magma ocean. Hydrogen detected in
. plagioclase of ferroan anorthosites, the only available samples directly crystal-
= 15 _? lised from the lunar magma ocean (LMO), can be used to quantify LMO hydrogen
g , content. We performed experiments to determine plagioclase-melt partition coef-
g% T ficients of water under LMO conditions with water contents of co-existing
EQB 2.0 plagioclase and melt quantified using Fourier-Transform Infrared Spectroscopy.
o ’Ei Results indicate lunar plagioclase can incorporate approximately one order of
S .5l = magnitude more water than previously assumed. Using measured water contents
¢ " of lunar plagioclase, this suggests that ~100 ug/g H,O equivalent was present in
. W 'I"" L the residual magma when 95 % of the initial LMO had crystallised. Our results

10  constrain initial LMO water contents to ~ 5 ug/g H>O equivalent if water was
conserved throughout LMO evolution. If on the other hand the initial LMO
contained >1000 ug/g water as suggested by experiments on LMO crystallisation,
>99 % hydrogen degassing occurred during the evolution of the LMO.
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¥ Introduction

The canonical view of a dry lunar interior has been challenged
by detections of hydrogen (H or OH, reported here as equiv-
alent amounts of H,O in ug/g) in picritic glass beads (Saal
et al., 2008), apatites (e.g., McCubbin et al., 2010; Lin and van
Westrenen, 2019), olivine-hosted melt inclusions (e.g, Hauri
et al,, 2011) and plagioclases (Hui et al., 2013). Sample-based
inferences about water in the Moon have been complemented
by experimental and modelling studies of lunar magma ocean
(LMO) crystallisation (Elkins-Tanton and Grove, 2011; Lin
et al., 2017a,b; Charlier ef al., 2018; Rapp and Draper, 2018).
Quantification of the evolution of the lunar interior vola-
tile budget would provide further insight into the thermal
and magmatic evolution of the Moon. However, converting
hydrogen abundance data measured in lunar samples or esti-
mated from laboratory experiments to models of the temporal
and spatial evolution of water in the Moon, is far from straight-
forward (McCubbin et al., 2015a).

This study focuses on improving constraints on the
water content in the Moon specifically during the LMO
stage. Plagioclase is thought to have crystallised and floated
to the surface during the late stages of LMO crystallisation,
forming the lunar primary feldspathic crust (Warren, 1985).

This indicates that plagioclase in lunar ferroan anorthosite
could be our best candidate for estimating the water content
of the LMO (Hui ef al., 2013, 2017). In addition, plagioclase
could have formed continuously from ~70 % all the way up to
>99 % of LMO crystallisation (Lin et al., 2017a; Charlier et al.,
2018; Rapp and Draper, 2018). Therefore, the water content of
plagioclase formed at different stages during LMO crystallisa-
tion could in principle be used to track and quantify the LMO
water content through time.

While nominally anhydrous, terrestrial plagioclase
can incorporate trace amounts of H as structural OH and/
or molecular H,O. In magmatic feldspars, concentrations
from less than a few to more than 1000 ug/g H,O have been
reported (Johnson and Rossman, 2003, 2004; Johnson, 2006;
Mosenfelder ef al., 2015). Only very few studies have measured
water contents of lunar feldspars from a primary crystallisation
product of the LMO so far (Hui et al., 2013; 2017).

To link the water content in plagioclase to that in
the melt from which the mineral crystallised, plagioclase-
melt partition coefficients D of water are reqluired, with
prlagmelt _ cplag /cmelt T jrerature values for DP28. ™! 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
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Backscattered electron (BSE) images of representative experimental run products (PI2_LBS7H, 0.4 GPa - 1200 °C; and

2018_PI3_LBS7H, 0.3 GPa - 1160 °C). Px = pyroxene; Plag = plagioclase.

in both natural and experimental systems, which have focused
solely on magmatism on Earth (e.g, Hamada et al., 2013). To
date, no plagioclase-melt partition coefficient of water under
lunar conditions has been published. This is problematic, for
example in terms of oxygen fugacity, as it has previously been
suggested that fO, can affect hydrogen solubility in plagioclase
(Yang, 2012). The available D228 ™! data, which are applied
to terrestrial systems, were obtained at relatively oxidising
conditions. The fO, 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. In
addition, although Yang (2012) suggests plagioclase compo-
sition, temperature and pressure have insignificant effects on
DPE8 el this suggestion was based on experiments conducted

water
in a limited temperature-pressure range.

In this study, DP26. ™! was determined at pressure-tem-
perature-composition conditions occurring in the lunar magma
ocean using high pressure and high temperature experi-
ments and Fourier-Transform Infrared Spectroscopy (FTIR).
The pressures (0.4-0.6 GPa) and temperatures (1130-1220
°C) were chosen to be consistent with plagioclase formation
during crystallisation of a water-bearing lunar magma ocean

(Lin et al., 2017a). The main purposes of this paper are: (1) to

quantify the effects of composition and fO, on DP%& ™!t ang

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

§ Water Partition Coefficients

Details of high pressure, high temperature, plagioclase-melt
partitioning experiments are given in the Supplementary
Information. Table 1 provides a summary of experimental
P-T-fO, conditions. Starting compositions, EMPA analyses
of the major element concentrations in plagioclase and melt
phases in the experimental run products, and log(fO,) calcu-
lations are shown in Tables S-1 and S-2 of the Supplementary
Information. All experimental charges contain plagioclase,
pyroxene, and quenched glass (Fig. 1). One experimental
charge contains Fe metal in addition, indicating an oxygen
fugacity at or below that of the iron-wiistite buffer. Repre-
sentative unpolarised FTIR spectra of plagioclase are shown
in Figure 2. All plagioclases show absorption bands (~3000-
3600 cm™) in the mid-infrared region typical of O-H bonds
(Johnson and Rossman, 2004). No H, bands have been
observed in our plagioclase spectra. Further descriptions are
shown in the Supplementary Information.
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Table 1 gives FTIR-derived H,O concentrations in
plagioclase and glass from our work, Hamada et al. (2013)
and Caseres et al. (2017). The H,O equivalent concentrations
in our samples range from 42 + 6 to 99 + 36 ug/g in plagioclase
and 0.13 + 0.01 to 1.74 + 0.01 wt. % in silicate glass. The corre-
sponding partition coefficients range between 0.0020 + 0.0004
and 0.0460 + 0.0096.

The H,O concentrations in our plagioclase crystals
are significantly below water solubility at our experimental
conditions (Yang, 2012). Sample 2018_PI117_LBS8H, with
glass containing the highest water concentration (1.74 wt. %
H,0), has the lowest water concentration in plagioclase
(42 ugl/g H>O) and hence the lowest partition coefficient
(DPRg™et — 0.0020 + 0.0004). This lowest value is at the lower
end of the range of previously published partition coefficients
(DPRE ™ — 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. (2013) data set. The water partition coefficients
reported by Caseres et al. (2017; DP2&. ™! = 0,018-0.023 at the
IW buffer) overlap with our results.
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Figure 2 Representative unpolarised infrared spectra of

plagioclase, normalised to 1 cm thickness. Spectra are shifted
vertically to facilitate comparison.

Table 1 Summary of experimental conditions and water contents of run products in our experiments and literature data.
- q Water partition .
Conditions Plagioclase Glass coefficient Oxygen fugacity
Sample
P o~ | Duration | OH (pg/g OH (wt.% bl
(GPa) T°C ) H,0) n |[1s.d. H,0) n (1sd.|D 1s.d. | Oxygen buffer |Log (fO,)
This study
PI1_LBS6H 0.4 | 1160 14 58.2 11 17.9 1.03 9 0.16 0.006 0.002 -10.4
PI12_LBS7H 1200 16 63.2 9 32.8 0.35 10 | 0.02 0.018 0.009 -10.0
PI3_LBS8H_1 1160 22 96.0 4 28.8 0.24 12 | 0.09 0.040 0.012 -10.4
Pl4_LBS8H_2 1180 14 85.5 5 33.8 0.63 8 0.04 0.014 0.005 | Graphite-COH | -10.2
PI5_LBS8H_3 1180 18 99.1 6 36.4 0.32 10 | 0.01 0.030 0.011 (C-CcoH) -10.2
2018_PI12_LBS8H 1170 24 73.4 7 17.0 0.22 8 0.02 0.034 0.008 -10.3
2018_P117_LBS8H 1180 24 42.2 8 6.64 1.74 9 0.01 0.002 0.000 -10.2
2018_PI21_LBS5H 1190 24 54.2 6 14.2 0.13 8 0.01 0.043 0.012 -10.1
2018_PI3_LBS7H 03 [1160 | 24 61.1 7 [12.602] 013 | 11 [0.004| 0046 | 0.010 Iro“i%s’ﬁte 124
Caseres et al. (2017)
1# 0.8 | 1150 82 1 | 036 0.003| 0.023 | 0.003 | [onWustite | 123
2# 118 6 0.65 0.008 | 0.018 0.001 (W) -12.3
Hamada et al. (2013)
MTLO04 0.35 | 1130 24 89.8 13.5 3.70 0.56 0.002 0.000
MTLO05 1170 24 80.8 121 2.50 0.38 0.003 0.000
MTL17 1220 24 35.9 5.4 0.90 0.14 0.004 0.001
MTL22 1130 24 36.0 5.4 2.30 0.35 0.002 0.000 -4.7
MTL26 1160 24 30.1 4.5 0.70 0.11 0.004 0.001
MTL29 1170 | 24 454 68 | 0.90 014 | 0.005 | 0.001 > EK%O 52
MTL33 1230 24 444 6.7 1.00 0.15 0.004 0.001 ( ) -5.8
MTL37 1070 24 111 16.6 4.70 0.71 0.002 0.000 -5.2
MTL39 1100 24 82.9 12.4 3.50 0.53 0.002 0.000
MTL40 1100 24 121 18.2 4.60 0.69 0.003 0.000 -4.7
MTL41 1050 24 119 17.8 6.00 0.90 0.002 0.000
Melt Inclusion
PI19-MI 15.3 23 | 032 005 | 0005 | 0.001
PI21-MI 10.6 16 | 024 0.04 | 0.004 | 0.001 Feé_séoglf\isor
P122-MI 16.4 2.5 0.26 0.04 0.006 0.001 0, (FMQ)

Note: n, number of analysed plagioclases; s.d., 1 sigma standard deviation; Log fO,(buffer) corrected in the Supplementary Information;
Melt inclusion data not used in this study because we do not know exact T, P, and whether there was any water loss from the inclusions after formation;
The latest infrared absorption coefficient (Mosenfelder et al., 2015) was used for calibrating water contents of all plagioclases.
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The Effects of Oxygen Fugacity and
Water Content in Melt

It has been shown that a number of parameters can affect
water partitioning between nominally anhydrous minerals
and silicate melts, including the presence and abundance of
chemical impurities and vacancies, the possibility of substi-
tutions with charge-balancing species, temperature, pressure,
and oxygen fugacity (e.g, Yang, 2012 and references therein).
Previous work on water solubility in feldspar has shown that
there is no obvious compositional dependence on the incor-
poration of H in the feldspar group except for a possible link
with potassium content or sodium-hydrogen diffusion during
heating (Yang, 2012; Johnson and Rossman, 2013). Potas-
sium, however, has very low concentrations in ferroan anor-
thositic 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. (2017), due to
the overall limited pressure (0.3-0.8 GPa) and temperature
(1000-1230 °C) range.

The H solubility in Fe-poor plagioclase near the IW
buffer was demonstrated to be more than twice that deter-
mined at more oxidising conditions (Yang, 2012), leading to
the hypothesis that oxygen fugacity could cause the differ-
ence 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).
However, Figure 3a shows that there is no correlation between
pPagmelt and fO, in the overall data set. The terrestrial data

water
set at relatively oxidising conditions yields lower D% ™! than
the lunar data sets obtained at lower fO,, similar to the trend
between oxygen fugacity and hydrogen solubility in plagioclase
(Yang, 2012). One possibility is that the number of vacancies
available for hydrogen incorporation is increased at low fO,,
for example due to the enhanced incorporation of divalent
iron in Al sites (Mosenfelder et al., 2019). However, although

high values are found at low fO,, some low-fO, experiments

show low DPgmelt (Rig 34). Oxy%en fugacity is therefore not
the main factor affecting D28 ™ Instead, the experiments
suggest that the water content of the silicate melt plays a key
role in determining the partition coefficient of water between
plagioclase and melt (Fig. 3b). There is an inverse relationship
between the measured D28 ™" 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:
pRagmelt - _6.102x + 0.05 (v < 0.7; R2=0.85), Eq.1la
priagmelt — _5.90-4.x + 0.005 (x > 0.7, R%= 0.60), Eq. 1b

water

where x is wt. % H,O in the silicate melt. Equations 1a and
1b provide quantitative estimates of DP%8 ™! given ranges of

the magma oxygen fugacity and water content in silicate melt.

The exact mechanism controlling the observed varia-
tions of DPR& ™! with fO, and water content cannot be derived
from our experiments, and it is not feasible to construct a
thermodynamics-based predictive model of DP28 ™! vyith the
currently available data sets. Clearly water partitioning shows
strong non-Henrian behaviour in our experiments, pointing
to non-ideal behaviour of the relevant hydrogen-bearing
species in mineral and/or melt. Previous work has suggested
that changes in the OH site in plagioclases occur as a func-
tion of plagioclase OH content (Hamada et al., 2013), but we
cannot identify variations in the shape of the FTIR spectra
that would be consistent with such a change in our experi-
ments. It therefore seems more likely that the non-Henrian
behaviour is caused by water activity coefficient changes in
the melt. The dominant hydrogen-bearing species in hydrous
melts at the hydrogen levels in our experiments could be OH
(Stolper, 1982; Newcombe et al., 2017), but non-linear increases
in the H,O/OH ratio with increasing silicate melt hydrogen
content have previously been observed (Stolper, 1982). These
speciation changes affect the OH activity in the silicate melts,
consistent with the observed trend in DP2&™! valyes, though

water
future work is needed to quantify this correlation.
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Figure 3  Partition coefficients of water between plagioclase and melt from this study and literature data (Hamada et al., 2013;

Caseres et al., 2017), 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 because the formation temperature of these inclusions and the degree of

water loss from inclusions after formation are uncertain.
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Water Content of the Lunar Magma
Ocean

Equation 1a can be used to calculate the water content of the
LMO at lunar oxygen fugacity conditions. This calculation
requires estimates of (a) the abundance of water in lunar
plagioclase, and (b) the degree of crystallisation of the LMO
at the time of plagioclase formation.

The latest study published to date on the water content
of lunar plagioclase from a primary crystallisation product of
the LMO reported ~5 ug/g water (H,O) in ferroan anorthosite
samples including Apollo sample 60015 (Hui et al., 2017). We
constrained the degree of crystallisation of the LMO when this
plagioclase was formed by comparing the Mg# (molar (MgO/
MgO + FeO) x 100) of plagioclase from sample 60015 (Mg#
of 17-47) (Dixon and Papike, 1975) to the Mg# of plagioclase
formed at different stages from our recent experimental study
of LMO crystallisation (Lin et al., 2017a,b). The first plagioclase
formed during LMO crystallisation has a Mg# of ~60. This
Mg# decreases with progressive crystallisation. Plagioclase
with Mg# as low as 17-47 forms after ~95 % crystallisation
of the LMO.

Based on the above constraints, the amount of H,O
equivalent in the residual LMO after ~95 % solidification of the
initial magma ocean is calculated to be ~100 ug/g by solving
the equation DPR&.™elt — 5/cmelt — _6.10-2.(C™I /10000) + 0.05

(here, ™! isin ug/g). If the LMO hydrogen budget remained
constant throughout LMO solidification, this implies a very
low initial LMO water content of just 5 ug/g H,O equivalent,
consistent with inferences from petrology and magma ocean
modelling (Elkins-Tanton and Grove, 2011), lunar sample
measurements (McCubbin et al., 2015b), and the experimental
LMO solidification studies of Rapp and Draper (2018) and
Charlier et al. (2018). In contrast, if the initial LMO contained
>500-1800 ug/g water as suggested by the experimental LMO
solidification study of Lin et al. (2017a) the minimum amount
of water in the residual LMO at the time of lunar plagioclase
formation would have exceeded 1 wt. %, far exceeding the
~100 ug/g estimated using the plagioclase hygrometer in this
study. In this case, the early Moon experienced extensive
degassing, with >99 % of the initial LMO water budget lost
during LMO crystallisation. Such a high degree of degassing
is consistent with observations based on the isotopic composi-
tions of hydrogen of lunar plagioclase (Hui ef al., 2017) and of
chlorine in lunar apatites (Sharp et al., 2010) if degassing of Cl
occurred primarily through metal chlorides (e.g,, Schaefer and
Fegley, 2004; Sarafian et al., 2017), and would point to a highly
dynamic volatile cycle during early lunar evolution.
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1. Experimental and Analytical Methods

Starting Materials

The compositions of our starting materials and the experimental pressure-temperature conditions were based on an experimental
study of LMO crystallisation, which has shown that plagioclase starts to crystallise 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 LBSS8H 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), Fe20s, Al20s, AI(OH)s, TiOz, SiO2) and CaCOs (99.95-100.05 %, Alfa Aesar). The oxides
MgO, ALOs, TiO:z and SiO:2 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 minimise 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 Fe?. 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)..
The starting material compositions for water partitioning experiments, containing between 0.53 and 0.87 wt. % H-O, are presented
in Table S-1.

@ Geochem. Persp. Let. (2019) 10, 14-19 | doi: 10.7185/geochemlet.1908 SI-1



Geochemical Perspectives Letters — Supplementary Information

High-pressure Experiments

High-pressure, high-temperature partitioning 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 (AusoPdzo) capsule, with an ID of 1.7 mm, OD of 2 mm, and a length of 5-7 mm.
The bottom end of the AusoPd2o capsule was triple crimped, flattened and welded shut. After the graphite capsule was inserted, the
other end of the AusoPdz capsule was crimped and welded shut. The use of a graphite inner capsule ensures that the oxygen
fugacities of these experiments are significantly lower than in previous studies focused on terrestrial conditions (Ulmer and Luth,
1991; see section 3 below). Temperatures were monitored using a WsRe-WzxRe (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 pressurised
cold and then heated to a superliquidus temperature of 1280 °C for 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.

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 pm 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 pm (measured with Mitutoyo thickness gauge) using abrasive paper and aluminum oxide
powder. Subsequently, doubly-polished samples were successively cleaned using acetone, ethanol and deionised 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 Continupm 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 minimise interference from atmospheric water vapor. Spectra (wavenumbers from 700 to
7000 cm?) with a resolution of 4 cm! were collected after 1024 scans for each FTIR analysis. Aperture sizes ranging from 50x50 pm
to 15x15 pm were chosen on the basis of the dimensions of crystals and glass. Visible cracks were avoided to minimise possible
contamination during FTIR measurements.

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

c (wt.%) =
p-t-e Eq. S5-1

where c is the water concentration of the mineral (wt. %), Awt is the integral area under the absorption bands of interest on infrared
spectra (cm), p is the mineral density (g-cm-), t is the sample thickness (cm), and ¢ is the integral molar absorption coefficient
(I'mol-cm?). 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 polarised infrared beam along the three principal
axes of crystals. Therefore, the method using unpolarized infrared spectra of randomly oriented crystals (Kovacs et al., 2008;
Sambridge et al., 2008) was used to determine the water contents of our crystals. We have used the recently published water
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absorption coefficient for Ca-rich plagioclase of 202600 + 20260 1 mol' cm? (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 1 mol! cm? (Johnson and Rossman, 2003) was used. A density of 2760 kg m? was used for plagioclase in
Equation S-1.

To calculate water concentrations in silicate glass, the total absorbance At is replaced by the peak height of the band at
wavenumber ~3550 cm on the unpolarised infrared spectra, and p is the density of basaltic glass (2819 kg-m™3 used in this study
following Yamashita et al. (1997) and Hamada ef al. (2013)). The molar absorption coefficient of 64 + 1 1'mol--cm™ (Yamashita ef al.,
1997) was used for basaltic glass.

2. Accuracy of Partition Coefficients

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 S-2), and there is no obvious relationship between these elements and water content in our data. Glasses contain
45 ~ 49 wt. % SiO, typical for lunar magma ocean melts in equilibrium with plagioclase (Lin et al., 2017a). Lengths and widths of
the cross-sections of analysed plagioclase crystals range from 100 to 300 pm and from 50 to 150 um, respectively (Fig. 1).

The plagioclase FTIR spectra in Fig. 2 are very similar to published spectra of natural plagioclase grains containing OH (Yang
et al., 2015; Liu ef al., 2018), in particular spectra of grains that were heated to high temperatures. The water absorption peaks in all
glass samples are also centered at a wavenumber of ~3570 cm'. Furthermore, the H2 bands, shown in the spectra of Yang et al.
(2016), were not observed in our plagioclase spectra.

Because the water abundances in nominally anhydrous plagioclase are low, we performed multiple tests to confirm the
absence of contamination of plagioclase analyses by silicate glass (that could be present as melt inclusions in grains or as melt
pockets in micro-cracks underneath the surface of exposed plagioclase grains). The bands in Fig. 2 of the main manuscript are
interpreted as absorption of structural O-H bond vibrations in plagioclase as opposed to vibrations in contaminant glass for two
reasons. First, the OH absorbance measured at a single location in plagioclase grains changes systematically with the rotation of the
infrared polariser relatively to the grain during FTIR measurements (Fig. S-1a,c.e). This is inconsistent with the sampling of
amorphous glass contamination. In contrast, the OH absorbance in silicate glasses in our experiments remains constant with the
rotation of the polariser (Fig. S-1b,d,f). This suggests that the broad band in plagioclase is not caused by contamination. Second,
progressive thinning of the samples by repolishing, followed by re-analyses of the thinned samples, indicates that the OH
absorbance in plagioclase and glass from our samples is always in linear proportion to sample thickness (Fig. S-2). This
demonstrates that the plagioclase spectra are not affected by infrared absorption signals from heterogeneously distributed glass in
the light path, nor can they represent combinations of spectra from multiple grains covering each other in the light path through
the sample. The similarity between our spectra and previously published work (Johnson and Rossman, 2013; Yang et al., 2015; Liu
et al., 2018), combined with the systematic variations in spectra taken at different polarisation angles and sample thicknesses,
indicates that our plagioclase data are not affected by glass contamination.

In addition, the water partition coefficients reported by Caseres et al. (2017) of experiments at oxygen fugacities lower than
those in most of our experiments (Dhae™" = 0.018-0.023 at the IW buffer) overlap with our results. The latter study used secondary
ion mass spectrometry (SIMS), a time-resolved technique that excels at detecting inhomogeneities, to measure hydrogen
abundances in plagioclase and melt. The excellent agreement between our results and these two literature studies lends further
support to our conclusion that our plagioclase FTIR data do not suffer from contamination by glass.

3. Oxygen fugacity calculation

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

log fO2 (C-COH bulffer) = (22324 + 189-P — 1.41-P?)/T + 4.62 Eq. S-2a

log fO2 (IW buffer) = -27.489/T + 6.702 + 0.055-(1000-P — 1)/T Eq. S-2b
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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(fO:) values are shown in Table 1.
Our experimental log(fO2) 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 1), consistent with the absence of iron metal blebs in these experimental charges. The log(fO:) of the single sample
at the IW buffer is approximately -12.4 (Table 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 bulffer, at log(fO2) = -12.3.
The Hamada et al. (2013) experiments cover a range of log(fO2z) between -5.8 and -4.7. The fO: 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.

@ Geochem. Persp. Let. (2019) 10, 14-19 | doi: 10.7185/geochemlet.1908 Sl-4



Geochemical Perspectives Letters — Supplementary Information

Supplementary Tables

Table S-1 Nominal compositions of starting materials.

Experiment Si0: TiO: AlL:0; FeO Mg0 Ca0 ‘E\l,:zt(()e; Total
P11_LBS6H 47.54 1.70 15.25 12.88 10.53 10.98 0.59 99.99
P12_LBS7H 47.96 1.88 15.68 12.52 9.53 11.19 0.66 100.01
PI13_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
P15_LBS8H_3 47.57 2.45 15.48 13.83 7.50 11.52 0.87 99.99
2018_PI2_LBS8H 47.57 2.45 15.48 13.83 7.50 11.52 0.87 99.99
2018_PI3_LBS7H 47.96 1.88 15.68 12.52 9.53 11.19 0.66 100.01
2018_PI17_LBS8H 47.57 2.45 15.48 13.83 7.50 11.52 0.87 99.99
2018_PI21_LBS5H 48.60 1.60 14.38 13.07 12.52 10.28 0.53 100.45
Compositions in wt. % oxides.
Table S-2 EMPA data of plagioclase and glass in experimental samples.
Results
Experiment
Phase n Si0: TiO: Alz03 FeO Mg0 Ca0 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
P11 LBS6H (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 0.89 043 19.63 99.9
0.44 0.01 0.32 0.07 0.03 0.37
Pl2_ LBS7H (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
PI3_LBSSH. 1 (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
Pl4_LBSSH 2 (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 0.66 041 18.89 99.6
0.22 0.01 0.36 0.09 0.02 0.12
PI5. LBSSH. 3 (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)
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Plagioclase 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
2018_P12. LBSSH (0.33) (0.01) (0.35) (0.06) (0.03) (0.32)
Glass 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 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
2018_PI3 LBS7H (0.38) (0.02) (0.41) (0.21) (0.05) (0.35)
Glass 49.35 4.24 13.25 14.87 6.68 11.42 99.8
(0.55) (0.05) (0.13) (0.30) (0.14) (0.29)
Plagioclase 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
2018_P117_LBS8H (042 .on 0.26) (0.07) (002 ©.19)
Glass 48.25 3.70 15.10 13.09 5.77 12.72 98.6
(0.42) (0.03) (0.23) (0.44) (0.31) (0.20)
Plagioclase 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)
2018_PI21_LBS5H
Glass 48.79 2.05 14.79 13.29 9.92 11.04 99.9
(0.53) (0.08) (0.21) (0.15) (0.16) (0.25)
n, number of analyses; Compositions from EMPA in wt. % oxides with 10 s.d. in parentheses.
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Supplementary Figures
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Figure S-1 Systematic variation in OH absorbance (area) of plagioclase (a, ¢, €) and constant OH absorbance (peak height) in glass (b, d, f) normalised to
sample thickness of 1 cm with the angle of rotation of the infrared polariser, shown together with corresponding raw FTIR spectra. No grain was oriented
relative to any major axis and the grain 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 polariser relative to the grain orientation. Background measurements were taken in between each of the
individual sample measurements. Filled circles show the absorbance calculated as the area beneath the O—H bands (~3600 to ~3000 cm) for plagioclase and the
absorbance expressed as the OH peak height for glass. Error bars represent +10 % of the calculated absorbance. The narrow peaks (3000 to 2800 cm™) most
probably come from residual organics on the grain surface during sample preparation.
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Figure S-2  Linear correlation between OH absorbance area in plagioclase (a, c) / peak height in glass (b, d) and grain thickness, with corresponding FTIR
spectra. FTIR measurements were conducted at a single location on each grain / glass spot with the same orientation of the polarizer but different sample
thickness. Error bars represent £10 % of the absorbance.
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