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Abstract

In this detailed geochemical, petrological, and microstructural study of felsite clast materials contained in Apollo breccia
samples 12013, 14321, and 15405, little evidence was found for relatively enriched reservoirs of endogenic lunar volatiles.
NanoSIMS measurements have revealed very low volatile abundances (�2–18 ppm hydrogen) in nominally anhydrous min-
erals (NAMS) plagioclase, potassic alkali feldspar, and SiO2 that make up a majority of these felsic lithologies. Yet these min-
eral assemblages and clast geochemistries on Earth would normally yield relatively high volatiles contents in their NAMS
(�20 to �80 ppm hydrogen). This difference is particularly notable in felsite 14321,1062 that exhibits extremely low volatile
abundances (�2 ppm hydrogen) and a relatively low amount of microstructural evidence for shock metamorphism given that
it is a clast of the most evolved (�74 wt.% SiO2) rock-type returned from the Moon. If taken at face value, ‘wet’ felsic magmas
(�1.2–1.7 wt.% water) are implied by the relatively high hydrogen contents of feldspar in felsite clasts in Apollo samples 12013
and 15405, but these results are likely misleading. These felsic clasts have microstructural features indicative of significantly
higher shock stress than 14321,1062. These crustal lithologies likely obtained no more water from the lunar interior than the
magma body producing 14321,1062. Rather, we suggest hydrogen was enriched in samples 12013 and 15405 by impact
induced exchange, and/or partial assimilation of volatiles added to the surface of the Moon by a hydrated impactor (asteroid
or comet) or the solar wind. Thus, the best estimate for magmatic water contents of felsic lunar magmas comes from
14321,1062 that leads to a calculated magmatic water content of �0.2 wt.%. This dry felsic magma has a slightly greater,
but comparable water content to the ancient mafic magmas implied by the other lithologies that we have studied. Based
on this and expanding evidence for a significantly dry ancient or early degassed Moon it is likely that some recent estimates
(100’s ppm) of the water abundances in the lunar parental magma ocean have been overestimated.
Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. INTRODUCTION

The long-standing anhydrous view of the Moon’s inte-
rior has been challenged recently by a growing number of
sample and remote sensing studies (Saal et al., 2008;
ons.org/licenses/by/4.0/).
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McCubbin et al., 2010; Boyce et al., 2010; Hauri et al.,
2011; Greenwood et al., 2011; Jolliff et al., 2011;
Bhattacharya et al., 2013; Hui et al., 2013; Klima et al.,
2013; Barnes et al., 2014; Tartese et al., 2014; Milliken
and Li, 2017; Mills et al., 2017; Petro et al., 2013). Under-
standing the volatile budget of the Moon is important for
understanding the distribution of volatiles in the Solar Sys-
tem, how their distribution changed as the Solar System
evolved, and because volatiles control the physiochemical
properties of magmas, including degassing, which can have
significant effects for both local and planetary scale differen-
tiation (Albarede, 2009). Although the interior of the Moon
can no longer be considered anhydrous, the lack of hydrous
mineral phases in Apollo samples and the reduced miner-
alogies of many lunar rocks, complicate recent estimates
for high magmatic water contents (Mills et al., 2017), and
moderate to Earth-like amounts of hydrogen for the bulk
Moon (Hauri et al., 2011, 2015; Hui et al., 2013, 2017).
Given that nearly all petrogenetic processes enrich incom-
patible elements and molecular species (including water)
during formation of chemically differentiated melts on
Earth (i.e., felsic melts), investigating the abundances of
volatiles in lunar felsic rocks provides an obvious point of
reference to test the possibility of Earth-like volatile abun-
dances in the Moon’s interior.

Silicic volcanic features on the surface of the Moon exhi-
bit a range of landforms and are generally found within the
Porcellarum KREEP Terrane (PKT), the exception is the
Compton-Belkovich complex (CBC) (Jolliff et al., 2011).
Greater recognition of their size, abundance, and wide dis-
tribution by recent remote sensing studies (Jolliff et al.,
2000; Hagerty et al., 2006; Glotch et al., 2010), has gener-
ated renewed interest in the role that silicic magmatism
has played in the evolution of the Moon. Understanding
the formation processes of felsic rocks will contribute sig-
nificantly to our expanding knowledge of ‘‘major” lunar
magma types. Furthermore, because felsic magmas ought
to concentrate volatiles during their formation and carry
them to the surface, never to be recycled back into the inte-
rior, their generation potentially represents a critical global
volatile differentiation process as well as in situ resource for
future missions. ‘‘Evolved” (i.e., silica-rich with high Th
content) volcanic features identified in lunar remote sensing
data sets indicate the existence of moderately large and
widespread silicic centers, akin to those found in Earth’s
continental crust. However, silicic clasts contained in com-
plex impact breccias and found in regolith are rare and typ-
ically small in samples from Apollo sites (Ryder, 1976;
Warner et al., 1978; Quick et al., 1981; Warren et al.,
1983; Marvin et al., 1991; Ryder and Martinez, 1991).

Glasses and clasts of evolved silicic material (�68–80 wt.
% SiO2 and �4–7 wt.% K2O) are present in minor amounts
in a number of Apollo samples and some lunar meteorites
(Roedder and Weiblen, 1970; Stoeser et al., 1974; Ryder
et al., 1975; Ryder, 1976, Warner et al., 1978; Quick
et al., 1981; Warren et al., 1983; Seddio et al., 2013). In this
study, we focus on fragmental crystalline rock clasts as
opposed to material contained in the mesostasis of lunar
basalt. The latter may represent evidence of local silicate
liquid immiscibility or SLI (Rutherford et al., 1976),
whereas the fragments are more likely to be samples of vol-
umetrically significant evolved rock units. Various possible
origins for such units, including fractional crystallization/-
partial melting of more mafic precursor magmas/rocks have
been proposed (Seddio et al., 2013), but no models for their
formation are widely accepted as of yet.

The modal compositions of the felsic rocks investigated
in this study are dominated by potassic alkali feldspar and a
silica phase (either quartz or a higher temperature poly-
morph). Variable modal amounts of intermediate plagio-
clase also occur, however, across our sample assemblages.
The alkali feldspar itself also can contain enough albite
and anorthite component to make it deviate substantially
away from nominal end-member K-feldspar. Because all
of these compositional variations along with the associated
sample microstructures have the potential to provide
important petrogenetic clues to correlate with measured
volatile abundances, we have documented these through
detailed coordinated analyses using a range of techniques
and at a range of imaging and analytical scales.

Although they are nominally anhydrous minerals
(NAMS), the feldspars, including alkali feldspar, and the sil-
ica polymorphs are known from terrestrial igneous rocks to
contain trace structurally bound hydrogen-related defects,
dominantly in the form of OH– and/or H2O (Johnson,
2006). Terrestrial feldspars in particular can contain up to
1500 ppm ‘‘water”, that is typically speciated as OH– and/
or molecular H2O, with variations across the feldspar group
with regard to the detailed spectroscopic signature of the
accommodating H-related defect (Kronenberg, et al., 1996;
Johnson andRossman, 2003, 2004;Mosenfelder et al., 2015).

For feldspars in lunar rocks, the initial focus has been on
trace water contents in plagioclase making up the earliest,
least evolved, crustal rocks from the lunar magma ocean
(Hui et al., 2013, 2017). This work first explored the feasi-
bility of using feldspar, together with relevant H partition
coefficients, to measure the water and other volatile con-
tents of lunar magmas. Here we have made use of feldspar,
and to a lesser extent quartz, as probes for water contents in
rocks at the other end of the lunar petrogenetic spectrum
expanding our initial first-of-its-kind work (Mills et al.,
2017). As previously noted, among the diverse elements of
importance of these rocks to lunar petrogenesis is their pos-
sible use as upper limit indicators for overall volatile con-
tent of the Moon. In line with this our initial hypotheses
were that felsic rocks would contain some of the highest
water contents among lunar materials and that any that
did not would have strong physical evidence for distur-
bance, i.e., impact processing. It turns out that neither of
these expectations were substantiated, in fact the opposite
was observed. In order to address the petrogenesis and
shock history of the studied clasts, coordinated micro-
structural investigations of the host minerals of each vola-
tile measurement were conducted, and expanded miner-
alogical and textural studies of related materials have
been undertaken. We present volatile abundances measured
in a variety of ancient lunar materials and generally find
evidence for only nominal amounts of water in most of
the studied materials including some felsic materials.
Notable exceptions are found in some felsic materials that
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have textures that indicate complex impact histories, imply-
ing that this ‘‘abundant” water is potentially exogenous to
the early Moon. It would therefore seem that exogeneous
water was locally added to the Moon through impacts from
the time before complete crystallization of the lunar magma
ocean (Greenwood et al., 2011; Svetsov and Shuvalov,
2015; Barnes et al., 2016a; Daly and Schultz, 2018), until
at least the formation of the early lunar crust (�4.3 Ga)
(Tartèse and Anand, 2013; this work), and possibly even
more recently (Joy et al., 2012; Kayama et al., 2018).

2. SAMPLES

This study utilized NanoSIMS methods to measure H
and other trace volatile contents predominantly in feldspars
in mm-size rock chips from Apollo lunar breccias 12013,
14303, and 15405, and in feldspar and SiO2-quartz mineral
separates from breccia 14321. The specific allocation num-
bers, relevant parent material, and curatorial processing
information for the measured samples are listed in Table 1.
The parent breccias are known hosts for complexly dis-
tributed assemblages with either granite or granite-affinity
mineralogies (all here referred to as felsite). The samples
used are all derived from these assemblages. Apollo sample
12013 is a complex mixture of two polymict breccias (both
clast-rich with crystalline matrices) in which the felsic mate-
rial occurs both as distinct clasts in regions of ‘‘black” brec-
cia, and as more complexly distributed patchy regions in a
‘‘gray” breccia that also contains other, less-evolved, clast
types (Quick et al., 1981). The gray breccia material domi-
nated the rock chips utilized here. Most of the gray breccia
felsite has a fine-grained granophyric (here referred to as
microgranophyric) microstructure in which branching net-
works of the SiO2 phase are intimately intergrown with
feldspar in semi-skeletal, trellis-like arrangements (Quick
et al., 1981). Volatile abundances were determined in feld-
spars within the microgranophyre, as well as in other felsic
intergrowths described below that are associated with the
microgranophyre patches.

Apollo sample 14321 is a fragmental crystalline matrix
breccia with a diversity of lithic and microbreccia clasts that
include felsite (Simonds et al., 1977; Meyer, 2016). Our
trace volatile analyses were performed on feldspar and
SiO2 (quartz) mineral separates originally prepared by
Shih et al. (1985) from rock chip allocation 14321,1062
derived from the granite clast 14321,1027 studied by
Warren et al. (1983) (Table 1). Supporting analytical
field-emission scanning electron microscope (FE-SEM)
and electron-probe microanalysis (EPMA) work was also
performed using 14321 thin sections 1493, 1494, and 993
that contain fragments of the 14321,1027 granitic clast
(Table 1). Although described by Warren et al. (1983) as
having a granophyric microstructure broadly similar to that
of the 12013 gray breccia felsite, the 14321,1027 intergrowth
has a coarser (100–150 mm), more uniform grain size. It is
also modally less diverse, being a true K-feldspar granite
consisting of nearly 98% SiO2 (quartz) and K-rich alkali
feldspar, with no second feldspar and only traces of ferro-
magnesian phases. The crystalline feldspar-quartz assem-
blage is converted to shock-melted glass in localized
areas, where the granite assemblage is preserved it shows
minimal other shock effects, except for widely spaced
fractures.

The third felsic clast type studied here comes from the
Apollo 15405 breccia (Ryder, 1976; Marvin et al., 1991;
Ryder and Martinez, 1991). 15405 is described as a clast-
bearing impact melt rock with an igneous-textured crys-
talline matrix (Meyer, 2016). Ryder (1976) described it as
containing a ‘‘distinctive and limited” lithic fragment pop-
ulation, including coarse grained granite, KREEP-rich
quartz-monzodiorite (QMD), and KREEP basalt (Ryder,
1976). Here we investigate in more detail the microgra-
nophyre clasts in 15405,78 studied recently by Mills et al.
(2017), as well as other felsic clasts from material allocated
to us extracted from this breccia. Ryder (1976) showed
polarized light images of crystalline alkali feldspar-SiO2

granophyric intergrowths, in thin sections of 15405 felsite
clasts, in which the SiO2 phase is dark while alkali feldspar
exhibits its expected birefringence. The large clast frag-
ments consist mainly of plagioclase, clinopyroxene, SiO2

phase, and alkali feldspar, with accessory ilmenite, troilite,
Fe-metal, chromite, and phosphate (Ryder, 1976). The
intergrowth of alkali feldspar and silica are relatively fine
grained, as compared to those seen in the 14321 clast mate-
rials, and more like those in the 12013 microgranophyre.

To provide a comparison to our work on the 12013,
14321, and 15405 felsite assemblages, we also studied mafic
igneous clasts from crystalline-matrix breccia 14303
(Meyer, 2016), and 15405, including examples of a trocto-
lite (14303,363), and an alkali-rich ‘‘KREEP basalt”
(15405,255). Olivine and plagioclase dominate the compar-
atively coarse-grained troctolite. The medium-grained
KREEP basalt has an equigranular texture and a similar
mineralogy (abundant plagioclase and orthopyroxene and
more minor clinopyroxene and olivine) to that of QMD
from 15405 (Ryder, 1976), with the exception that it lacks
an obvious silica phase.

3. METHODS

3.1. Low-contamination Indium Sample Mounting

Use of conventional epoxy resin sample mounting meth-
ods for NanoSIMS analyses can result in analytical arti-
facts when making low abundance volatile measurements
(e.g., Boctor et al., 2003). Brecciated materials are fractured
and resins penetrate into these fractures that cannot be
removed. Clast material extracted from lunar breccias also
tends to be relatively small in terms of the typical ion micro-
probe sample mounts, i.e., �1 inch or 1 cm-rounds. In
order to minimize contamination of the sample materials
as well as volatile background related to sample mount out-
gassing, we employed a sample preparation method using
indium metal instead of organic resin (Hauri et al., 2002;
Koga et al., 2003; Usui et al., 2012, 2015). The method uses
sample mounts prepared by first pressing heat-softened
indium metal into round openings a few mm in diameter
that were drilled into the center of 1 inch or 1 cm-
diameter aluminum holders. The surface of the indium is
then gently flattened with a hydraulic press using a clean



Table 1
Parent materials, processing history and specific numbers of samples used for trace volatile measurements and supporting characterizations.

Parent
Apollo
rock
sample
number

Specific number
of allocated
sample used in
current study

Description Sample principal
lithology

Parent samples, description,
sample number(s)

References

12013 12013,141 mm to sub-mm rock
fragments hand-selected
from allocated chip

fragment group

12013,141

Microgranophyric

felsite with other

felsite assemblages

Chip fragment group

12013,141 from disaggregated
piece of ‘‘gray breccia”
derived from rock slab
fragments 12013,8

Quick et al. (1981),
petrology; Shih et al.
(1993), geochronology;
Meyer (2016), curatorial

12013,167 0.4–0.5 mm gray breccia
rock fragments hand-
selected from allocated
chip fragment group

12013,156

Microgranophyric

felsite with other

felsite assemblages

Chip fragment group

12013,156 produced as by-
product of wire saw
processing that made whole
rock slab 12013,11 (displays
abundant gray breccia on cut
face)

14303 14303,363 mm to sub-mm rock
fragments hand-selected
from allocated chip

fragment group

14303,363

Troctolite Chip fragment group

14303,363 removed from
butt-end piece 14303,288 by
chip processing

Warren et al. (1983),
petrology; Shih et al.
(1993), geochronology;
Meyer (2016), curatorial

14321 14321,1062 149–44 mm grain size
separate processed by
Shih et al. (1985) from
150 mg allocation desig-
nated chip fragment

group 14321,1062

Microgranophyric

felsite

Chip fragment group

14321,1062 sub-selected from
chip fragment group

14321,1061 removed from
lunar clast 14321,1027 visible
on W1 face of whole-rock slab
sample 14321,46. (Clast
14321,1027 has additional
designation c4 in Meyer
(2016))

Warren et al. (1983),
Meyer and Yang (1988)
mineralogy-petrology;
Shih et al. (1985), Shih
et al. (1993), Meyer et al.
(1996), geochronology;
Meyer (2016), curatorial

14321,1493

14321,1494

14321,993

3 thin sections, (particle
mount type) made from
lunar clast 14321,1027

processed as described
above

Microgranophyric

felsite

3 thin sections, (particle
mount type) made from lunar

clast 14321,1027 processed as
described above

15405 15405,78 mm- to sub-mm rock
fragments hand-selected
from allocated chip

fragment group 15405,78

Microgranophyric

felsite (as sub-mm

clasts in dark melt

breccia matrix)

Chip fragment group 15405,78

derived from fragment
15405,64 chip-processed from
parent rock fragment 15405,7

Ryder (1976), Marvin
et al. (1991), Mills et al.
(2017), mineralogy-
petrology; Meyer (2016),
curatorial15405,255 mm- to sub-mm rock

fragments hand-selected
from pieces of allocated
rock chip 15405,255

Mafic/basaltic rock

assemblage

Rock chip 15405,255 hand-
selected from fragments of
light colored clast 15405,93
that separated from slab piece
15405,92 during (wire) sawing
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glass microscope slide as a spacer to keep the indium sur-
face clean. Rock chips and/or grains are then gently
hand-pressed into the prepared mounts with the glass slide
spacer, with the indium re-softened below the melting point
by slight heating as needed. Finally, the mounts are dry-
polished using a sequence of 10–1 mm alumina-in-polymer
lapping films.

Allocated rock chips from the 12013, 14303, and 15405
breccias were selected for processing into indium mounts
based on their presumed content of either distinct felsic
clasts or distributed felsic material. For the 14321 mineral
separate prepared by Shih et al. (1985), a mixture of grains
from the 100–200 lm size fraction containing feldspar and
silica were hand-pressed using a clean glass slide into a
1 mm-thick layer of smooth-pressed indium on a 1 cm-
diameter aluminum mount, then polished using the same
method as the other samples.

3.2. Analytical FE-SEM and EPMA

After receiving a carbon coat (�15 nm thick), the
indium sample mounts were studied using the imaging
and analytical capabilities of the JEOL 7600 FE-SEM
and JEOL JXA-8530F EPMA at NASA JSC. The standard
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analytical protocols employed can be found in Righter et al.
(2015) and Han et al. (2020). This work was carried out to
select and characterize regions before as well as after Nano-
SIMS analyses, and to build an on-going imaging and ana-
lytical dataset from the larger suite of mounted samples for
understanding their comparative microstructures and phase
compositions. In addition to the wavelength-dispersive
X-ray (WDS) microanalysis capabilities of the JXA-8530F
EPMA, both the SEM and EMPA are equipped for semi-
quantitative analyses and compositional spectrum imaging
(element mapping) using Thermo System 7 energy-
dispersive (EDS) silicon drift X-ray spectrometer systems.
EPMA WDS analyses of feldspars used a beam current of
15 nA and a beam diameter of 3 mm in order to reduce
beam-damage and alkali element loss/volatilization. Mafic
phases, such as pyroxene were analyzed with a more
focused 1–2 mm beam at a beam current of 30 nA. FE-
SEM imaging and EDS element mapping was performed
using a 15 kV beam and 30 nA beam current.

3.3. NanoSIMS

Measurements of volatile elements including H in nom-
inally anhydrous minerals were performed with a Cameca
NanoSIMS 50L at the Carnegie Institution of Washing-
ton’s Department of Terrestrial Magnetism (DTM), using
methods developed by Saal et al. (2008), Hauri et al.
(2011), and Mills et al. (2017). The indium sample mounts
selected for NanoSIMS analysis based on electron beam
pre-characterization were sputter coated with gold
(�3–5 nm thick) after being briefly repolished with a dry
1 mm alumina-in-polymer lapping film to remove the car-
bon coat used for the initial SEM work. The samples were
dried in a vacuum oven at �50 �C before being coated with
gold for NanoSIMS analysis. The samples and standards
were stored for at least a day in the NanoSIMS airlock
(at �10�8 torr) before being transferred into the analysis
chamber. Furthermore, prior to and between the Nano-
SIMS sessions, the Au coated samples and standards were
stored in a vacuum oven at �50 �C in order to reduce
potentially adsorbed volatiles. The abundance of H and
other volatiles was then measured with the NanoSIMS in
grains of nominally anhydrous minerals (alkali feldspar,
plagioclase, pyroxene, and SiO2 phases) within felsic as well
as selected less-evolved assemblages. For each analysis spot,
we first performed a pre-sputtering step on a 15x15 lm area
for 200 seconds. For the analyses, a 2 nA primary beam of
Cs+ was rastered in a 7x7 lm area, and negatively charged
ions of the isotopes 12C, 16OH, 19F, 30Si, 32S, and 35Cl were
measured simultaneously on six electron multipliers using
ion counting. Mass resolving power of the mass spectrom-
eter was set to �8000 in order to clearly separate 16OH�

from 17O� as well as other isobaric interferences; average
30Si� counts for the reference ion beam were on the order
of 300,000 cps. Data was acquired from the center
2.6 � 2.6 lm through beam blanking. A series of well char-
acterized standards (n = 11) were used to determine the rel-
ative sensitivity factors for C, OH–, F, S, and Cl (Hauri
et al., 2011). A normal incident electron gun was applied
to mitigate charging of the rastered area.
Using indium mounts we obtained extremely low sample
chamber pressures (�4.5 � 10�10 torr). Initially, we used
the nominally anhydrous synthetic silica glass Suprasil stan-
dard to monitor the detection limits for these elements, as
described in Koga et al. (2003) and Hauri et al. (2006a,b).
Ultimately, we found that the Suprasil standard consis-
tently had a greater OH–/Si� signal than the natural silica
in lunar granite 14321,1067, equivalent to water contents
of Suprasil = 2.9 ± 0.6 (2r) ppm; granite silica = 1.5 ± 0.4
(2r) ppm. Hence, for the instrument background we use
the levels determined on the natural SiO2 phase and this
was subtracted from all analyses (Tables 2 and 3). The
water content of 14321,1067 silica is therefore lower than
that reported previously for lunar silica; Mills et al.
(2017) found that the water content of 15405,78 silica and
the Suparsil standard were indistinguishable. Qualitatively,
as reported below, the difference in water content between
the lunar silica phases is consistent with the difference seen
in the feldspars in the two samples.

Two natural, well-characterized feldspars, adularia from
Kristallina, Switzerland (Kronenberg et al., 1996), and sani-
dine from the Late Bishop Tuff (LV51), Long Valley, CA
(Simon et al., 2008) were also measured as a check of the
Relative Sensitivity Factor (RSF) curves defined by the pri-
mary standards (Table 2). The average measured water con-
tent determined for the adularia of 84 ± 2 ppm (2r, n = 6)
closely matches its known value of 79 ± 8 ppm (2r, n = 9)
and thus we see no evidence of a secondary SIMS matrix
effect (e.g., Mosenfelder et al., 2015). The average measured
water content for the Late Bishop Tuff sanidine (LV51) is
32.6 ± 0.9 ppm (2r, n = 3) that has not been measured pre-
viously has a reasonable value for a terrestrial rhyolite
(Johnson and Rossman, 2004).

The abundances of C, F, S, and Cl were measured along
with OH–. Similar to water (OH–), the C, F, S, and Cl con-
tents were found to be near or lower in the natural
14321,1062 SiO2 phase (detection of C = 0.4 ppm;
F = 0.1 ppm; S = 0.0 ppm; and Cl = 0.0 ppm) than in the
Suprasil (detection of C = 0.2 ppm; F = 0.1 ppm;
S = 0.0 ppm; and Cl � 1300 ppm). Ideally, the reported C
values represent the intrinsic abundances in the unknown
samples. However, C can also be found in cracks and grain
boundaries at unreasonable concentrations and was there-
fore used in this work to identify likely analytical artifacts.

3.4. FIB-Supported FE-STEM

The regions analyzed by NanoSIMS were subsequently
analyzed with field-emission scanning transmission electron
microscopy (FE-STEM) to look for evidence of solid-state
shock effects or shock melting in and around the
NanoSIMS analysis spots, to identify the mineralogies of
the SiO2 polymorphs, and to generally characterize at the
sub-micrometer scale the compositional and microstruc-
tural variations in the clasts. FE-STEM samples were
prepared using lift-out focused ion beam (FIB) cross-
sectioning techniques performed using a FEI Quanta dual
electron/focused ion beam instrument at NASA JSC.
FE-STEM imaging, nanoscale analyses, and element map-
ping was performed at 200 kV using the JEOL 2500SE



Table 2
Volatile abundances measured in secondary standards by NanoSIMS.

Sample C (ppm) H (ppm)# F (ppm) S (ppm)* Cl (ppm) Cl/F Material Magmatic H2O (wt.%)**

RY-79-17 83.3 0.42 0.04 0.00 0.01 adularia
RY-79-17 0.7 82.8 0.42 0.03 0.01 0.01 adularia
RY-79-17 86.9 0.42 0.44 0.20 0.49 adularia
RY-79-17 0.7 87.3 0.39 0.03 0.02 0.06 adularia
RY-79-17 0.6 81.0 0.42 0.03 0.00 0.01 adularia
RY-79-17 83.6 0.40 32.86 0.04 0.09 adularia
Average 0.6 84.2 0.41 0.11 0.05 0.11

LV51 0.4 31.3 0.95 0.03 0.01 0.01 sanidine 2.78
LV51 0.4 34.2 0.96 0.04 0.01 0.01 sanidine 3.04
LV51 0.4 32.3 0.96 0.05 0.02 0.02 sanidine 2.88
Average 0.4 32.6 0.96 0.04 0.01 0.01

JSC std mount 0.0 2.1 0.10 0.02 1324 12809 Suprasil (SiO2)
DTM std mount 0.2 1.7 0.08 0.02 Suprasil (SiO2)
JSC sample mount 0.2 0.9 0.11 0.02 1301 11787 Suprasil (SiO2)
JSC sample mount 0.2 1.8 0.11 0.02 1265 11069 Suprasil (SiO2)
JSC sample mount 0.2 1.5 0.12 0.02 1400 12026 Suprasil (SiO2)
JSC sample mount 0.4 1.4 0.11 0.03 1298 11913 Suprasil (SiO2)
DTM std mount 0.1 1.1 0.08 0.03 1603 20555 Suprasil (SiO2)
Average 0.2 1.5 0.10 0.02 1365 13360

* S variabiliy likely reflects contribution from mineral impurities.
** Computed magmatic H2O content based on empirically derived distribution coefficient given by average H2O of quartz bearing melt
inclusions in LV51 (Schmitt and Simon, 2004).
# Natural SiO2 is used to define the baseline.
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FE-STEM at NASA JSC. The element mapping used a
50 mm2 Thermo SiLi EDS detector system. Details on the
protocols used can be found in Berger and Keller (2015)
and Righter et al. (2015).

4. RESULTS

4.1. Volatile Abundances

The measured H abundances in our lunar feldspar sam-
ples vary from �2 ppm to �18 ppm (Table 3, this work and
Mills et al., 2017), and are significantly less than those mea-
sured in the terrestrial adularia (�84 ppm) and sanidine
(�33 ppm). The alkali feldspars measured in 14321,1062
have H contents (1.9 ± 0.6 ppm 2r, n = 9) that are slightly
less than the �3–5 ppm in the mafic samples (troctolite clast
from 14303, 363 and KREEP basalt from 15405, 255), and
as discussed above, the abundances of H in its SiO2 phase
are so low their average was used to define the analytical
background. The feldspar in the other two felsites
(12013,141 and 15405,78) have H abundances that are sig-
nificantly higher than feldspars in 14321,1062 and the mafic
samples. Both plagioclase (6.9 ± 2.2 ppm 2r, n = 3) and
alkali feldspar (14.1 ± 0.8 ppm 2r, n = 2) in 12013,141
and alkali feldspar (�18 ppm) in 15405,78 reported by
Mills et al. (2017) are higher (Table 3). The clinopyroxene
in the KREEP basalt (15405,255) yielded H abundances
that are indistinguishable from the associated feldspars
(both 3.6 ± 1.0 ppm 2r, n = 3), while the orthopyroxene
in the troctolite (14303,363) has abundances that are
slightly higher (5.8 ± 0.6 ppm 2r, n = 3) than its corre-
sponding plagioclase (2.9 ± 1.0 ppm 2r, n = 3) (Table 3).

The C abundances in the lunar feldspar are only slightly
above background levels, except perhaps in alkali-feldspar
in 12013,141 (Table 3). The F abundances in the lunar feld-
spars (0.2–1.4 ppm) are similar to those measured in the ter-
restrial feldspars. The F abundances in pyroxenes are
roughly three times higher than their corresponding feld-
spars. The S abundances in all minerals are generally low,
and the few analyses with relatively high abundances are
likely due to mineral impurities. Chlorine in the lunar feld-
spars is also generally low and where it is relatively high it
seems to be correlated with S, but these low abundance
measurements are susceptible to unresolved mass interfer-
ences and further investigation is warranted.

5. COMPOSITIONAL AND MICROSTRUCTURAL

RELATIONS IN NANOSIMS SAMPLES

5.1. Microgranophyre and related assemblages in 12013,141

The trace H and other volatile abundances reported for
sample 12013,141 in Table 3 are from K-feldspar grains in a
microgranophyre assemblage and from plagioclase grains
that form an intergrowth with minor K-feldspar in contact
with the microgranophyre in the same rock chip (Fig. 1). As
shown in the back-scattered electron (BSE) image and RGB
three-channel K-Ca-Na X-ray EDS element map in Fig. 1,
the microgranophyre is modally 50 area % K-rich alkali
feldspar intergrown with 50 area % of a SiO2 phase that
FE-STEM observations confirmed to be a-quartz. The
quartz contains a uniform distribution of elongate-
lenticular voids less than 1 mm in size that give it a
‘‘spongy” appearance in BSE images. The unfilled voids
are characteristic of much of the quartz component of the
12013 microgranophyre and have also been described by
Quick et al. (1981) and Seddio et al. (2015). A few pyroxene
grains 10–20 mm in size occur around the outer margin of



Table 3
Volatile abundances measured in lunar mineral phases by NanoSIMS.

Sample C (ppm) H (ppm)# F (ppm) S (ppm)* Cl (ppm) Cl/F Material Magmatic H2O (wt%)**

15405,255 0.6 4.5 0.85 0.03 0.01 0.01 plagioclase 0.11
15405,255 0.8 4.3 0.84 0.08 0.06 0.07 plagioclase 0.11
15405,255 2.1 5.4 0.74 0.03 0.01 0.02 plagioclase 0.14
15405,255 1.1 3.8 0.87 0.04 0.03 0.04 plagioclase 0.10
Average 1.2 4.5 0.83 0.05 0.03 0.03 0.11

14321,1062 0.5 2.0 0.38 3.19 2.26 6.01 alkali feldspar 0.20
14321,1062 0.4 1.8 0.60 0.03 0.02 0.03 alkali feldspar 0.18
14321,1062 0.4 1.9 0.41 0.03 0.06 0.14 alkali feldspar 0.19
14321,1062 1.4 2.5 0.58 0.08 0.04 0.07 alkali feldspar 0.25
14321,1062 0.4 1.9 1.32 0.06 0.30 0.22 alkali feldspar 0.19
14321,1062 0.8 1.6 0.58 0.03 0.02 0.04 alkali feldspar 0.16
14321,1062 0.7 1.5 1.00 2.96 3.27 3.26 alkali feldspar 0.15
14321,1062 0.7 1.5 1.05 11.85 4.67 4.46 alkali feldspar 0.15
14321,1062 0.8 2.1 0.58 0.03 0.05 0.09 alkali feldspar 0.21
Average 0.7 1.9 0.72 2.03 1.19 1.59 0.19

14321,1062 0.3 0.1 0.09 0.03 0.00 0.04 SiO2

14321,1062 0.6 0.3 0.10 0.02 0.06 0.61 SiO2

14321,1062 0.3 �0.1 0.12 0.02 0.00 0.02 SiO2

14321,1062 0.2 �0.2 0.11 0.03 0.00 0.04 SiO2

Average# 0.3 0.0 0.10 0.02 0.02 0.18

15405,255 1.7 3.0 3.48 0.31 0.01 0.00 clinopyroxene
15405,255 1.8 3.6 3.91 0.70 0.01 0.00 clinopyroxene
15405,255 0.7 4.0 1.86 0.14 0.14 0.08 orthopyroxene
Average 1.4 3.6 3.08 0.38 0.05 0.03

14303,363 0.6 3.5 1.35 0.19 0.61 0.45 plagioclase 0.09
14303,363 0.7 2.7 1.73 0.06 1.61 0.93 plagioclase 0.07
14303,363 0.6 2.4 1.10 0.37 1.54 1.40 plagioclase 0.06
Average 0.6 2.9 1.39 0.2 1.3 0.9 0.07

14303,363 1.2 5.5 4.38 0.10 0.30 0.07 orthopyroxene
14303,363 1.3 5.9 3.68 2.09 0.13 0.03 orthopyroxene
14303,363 1.1 6.1 3.58 0.04 0.01 0.00 orthopyroxene
Average 1.2 5.8 3.88 0.74 0.15 0.04

12013,141 Clast 11 0.6 6.7 0.13 0.08 0.11 0.87 plagioclase 0.67
12013,141 Clast 11 0.5 5.9 0.76 0.04 0.45 0.59 plagioclase 0.59
12013,141 Clast 11 0.5 8.1 0.14 0.09 0.14 1.01 plagioclase 0.81
Average 0.5 6.9 0.34 0.07 0.24 0.83 0.69

12013,141 Clast 11 4.4 14.7 0.16 0.08 0.14 0.87 alkali feldspar 1.47
12013,141 Clast 11 3.8 13.5 0.18 0.09 0.08 0.46 alkali feldspar 1.35
Average^ 4.1 14.1 0.17 0.09 0.11 0.67 1.41

* S variabiliy likely reflects contribution from mineral impurities.
** Computed range of magmatic H2O content assuming D = 0.001 (evolved melt) and 0.004 (primitive melt), respectively.
# Natural SiO2 is used to define the baseline.
^ C is high in these alkali-feldspar analyses, SEM imagery shows no evidence that ion beam hit cracks or grain boundaries.
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the microgranophyre (Fig. 1). Looking at the microstruc-
tural relations of the pyroxene relative to the microgra-
nophyre, however, it is unclear whether the pyroxene is
part of the primary microgranophyre assemblage, or
whether they represent juxtaposed components from the
surrounding breccia matrix.

The microgranophyre has the ‘‘trellis” or ‘‘herringbone”
microstructure of interlocking semi-skeletal quartz and
feldspar grains that typifies the patchy microgranophyre
regions in the 12013 gray breccia (Quick et al., 1981).
EPMA analyses plotted in Fig. 2a show that the normalized
compositions of the microgranophyre alkali feldspar varies
from Or73Ab22An2 with 1.6 wt.% BaO to Or60Ab26An14
with 1.4 wt.% BaO. These compositions are consistent with
the trends shown in the larger dataset of microgranophyre
alkali feldspar composition that we acquired for compara-
tive purposes from other areas of microgranophyre in our
available 12013 sample suite (Fig. 2a). Full details of this
larger dataset are discussed below.

The plagioclase/K-feldspar intergrowth features seen in
contact with the microgranophyre represent a polycrys-
talline assemblage modally dominated by 95 area % plagio-
clase of varying An content with approximately 5 area %
K-feldspar. Similar to the microgranophyre, pyroxene
grains occur around the intergrowth’s outer margin but
are not clearly interpretable as part of the intergrowth
assemblage itself. Composite K-Ca-Na EDS X-ray maps
show higher- and lower-An content regions inside the pla-
gioclase, with K-feldspar occurring in irregularly shaped
enclaves mostly in the interior portions of the assemblage



Fig. 1. FE-SEM back-scatter electron image (a) and X-ray EDS three-channel composite K, Ca and Na element map (b) of rock fragment
from lunar breccia sample 12013,141. NanoSIMS trace volatile data were obtained on K-feldspar within the granite microgranophyre making
up the left side of the fragment, and on plagioclase from the intergrowth of plagioclase with minor K-feldspar that occurs on the right side of
the fragment. Yellow lines show the locations of FIB lift-out cross section prepared for FE-STEM characterization.
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(but some areas are around the aggregate margin) (Fig. 1a,
b). EPMA compositions for the higher- and lower-An pla-
gioclase areas are plotted in Fig. 2a, and correspond to
average compositions of An74 and An52, respectively. The
K-feldspar enclaves are too small and microstructurally
complex to measure reliably by EPMA, but a grain within
the enclave was determined to have a normalized composi-
tion of Or78Ab15An7 (with �3.0 wt.% BaO) based on FE-
STEM EDS analyses discussed below (Fig. 2a). From the
relatively brighter BSE contrast of the An74 plagioclase
grains (distinctly brighter green color in the composite
EDS map; Fig. 1a,b), the intergrowth exhibits an overall
microstructure characterized by what looks to reflect relict,
more chemically homogeneous, individual grains of �An74
plagioclase, enclosed in a finer-grained, less-homogeneous,
assemblage made up of the �An52 plagioclase and the
minor �Or78 K-feldspar in the enclaves.

FIB samples for FE-STEM characterization were pre-
pared along one cross-section in the microgranophyre and
another in the plagioclase/K-feldspar intergrowth as indi-
cated in Fig. 1. In the BSE image of the microgranophyre
FIB sample in Fig. 3a, the quartz and K-feldspar exhibit
a geometrically complex interpenetrating microstructure
with elongate and curving-to-bulging grain boundaries.
The bright-field conventional TEM image in Fig. 3b shows
additional details about the size and shape of the
previously-described voids in the quartz. This and other
TEM images did not reveal any secondary phases filling
the voids or lining their walls (Fig. 3b). Selected-area elec-
tron diffraction patterns of the quartz regions consistently
indexed with an exact match for a-quartz. The quartz
regions are polycrystalline and made up of sub-grains
0.50–0.75 mm in size that generally have low densities of dis-
locations or other defects associated with structural strain
(Fig. 3). A few quartz grains were found that exhibit local-
ized lamellar defects that are likely twins (Fig. 3). Fig. 3 also
shows that as with the quartz, the K-feldspar in the micro-
granophyre assemblage has a low defect density and is fully
crystalline. FE-STEM quantified EDS scanned-probe anal-
yses of the K-feldspar yield compositions that plot along
the same ternary composition trend as the EPMA analyses
acquired on other alkali feldspars from the 12013 microgra-
nophyre (Fig. 2b).

Conventional bright-field TEM images of the
plagioclase/K-feldspar intergrowth show that it is made
up of grains with complex curvilinear-to-embayed shapes



Fig. 2. Feldspar compositions in felsite clasts from lunar breccia 12013. All analyses by EPMA except as noted. (a) Color symbols show
compositions of feldspars in microgranophyre and plagioclase/K-feldspar intergrowths in sample 12013,141 (diamonds, squares, triangles) for
which NanoSIMS trace volatile measurements are reported. Black symbols show entire compositional dataset of 12013 feldspars measured in
current study for comparison. (b) Feldspars in patchy microgranophyre regions and surrounding breccia matrix in 12013,167 rock chip
samples. (c) Compositions for fractured plagioclase and associated fracture-filling assemblage of alkali feldspar and intermediate plagioclase
in 12013,167 rock chip samples. All feldspar compositions are reported in Table S1-Supplemental Materials.
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that are similar to those found in the microgranophyre
(Fig. 4). Compared to the microgranophyre, however, the
grains in the plagioclase/K-feldspar assemblage have a
much higher concentrations of strain-related defects,
including dislocations and low-angle subgrain boundaries
(Fig. 4). Details of this defect substructure are particularly
visible in Fig. 4b, which was acquired with the sample tilted
into a maximum strain contrast diffraction orientation. The
plagioclase contains regions with variable dislocation densi-
ties that are in turn separated by both low- and high-angle
grain boundaries. The K-feldspar grain with the embayed
shape in Fig. 4a and b is part of one of the small enclave-
like K-feldspar regions transected by the FIB section line
in Fig. 1. Quantified FE-STEM scanned beam EDS



Fig. 3. SEM back-scattered electron image of FIB cross-section
(prior to final ion milling) extracted from FIB-A location in
12013,141 microgranophyre shown in Fig. 1(a). Arrows show
locations corresponding to the conventional TEM bright field
images in (b) and (c). In (b) the grain in dark diffraction contrast is
identified as a-quartz based on the selected-area electron diffraction
pattern (inset) aquired from region outlined by white circle (pattern
indexing based on trigonal unit cell). In both the SEM image in (a)
and the TEM image in (b), the quartz exhibits the vermiform-
lenticular voids characteristics of much of the quartz occurring in
the 12013,141 microgranophyre intergrowths. The TEM bright-
field image in (c) details the complex re-entrant morphology of
grain boundaries between quartz and K-feldspar in the
microgranophyre.
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analyses of this grain yield a normalized composition of
Or78Ab15An7 (with �3.0 wt.% BaO) as plotted in Fig. 2a.
The plagioclase grains in contact with the K-feldspar in
Fig. 4 are similar to one another in composition, averaging
An70Ab30 as measured by FE-STEM EDS. This composi-
tion agrees with the compositions of the calcic plagioclase
in the intergrowth determined by EPMA (Fig. 2a).

5.2. Microgranophyre 14321,1027

The H and other trace volatile abundances reported for
sample 14321,1062 in Table 3 were measured on multiple
K-feldspar grains and SiO2 grains from the 14321,1062
mineral separate prepared by Shih et al. (1985) using chips
from the parent granite clast 14321,1027 (Warren et al.,
1983) (Table 1). A FE-SEM BSE image and EDS K and
Al element maps for one of the analyzed K-feldspars
(1.5–1.6 ppm H, Table 3) is shown in Fig. 5. The FE-
SEM imaging and analytical results show that, on the
micrometer scale at least, the grain is a single-phase with
a high degree of compositional homogeneity (i.e., no zon-
ing). A quantified EDS spectrum extracted for the bulk
grain from an SEM EDS compositional spectrum image
yielded a normalized composition of Or92.5Ab5.5An2.1 with
0.60 wt.% BaO (Fig. 6). Additional quantified EDS spot
analyses yielded varying intra-grain compositions of Or88-
92 (Fig. 6). This range of compositions overlaps with the lar-
ger set of EPMA analyses we obtained on K-feldspars in
thin sections containing other fragments of the
14321,1027 granitic clast (Fig. 6). To investigate the
microstructure of the Fig. 5 K-feldspar grain to look for
sub-micrometer structural defects possibly associated with
shock, a FIB lift-out section was prepared for FE-STEM
characterization (Fig. 7). The section was made after the
NanoSIMS analyses were performed and was removed
from an area of the grain separated by at least 10–20
micrometers from the edges of the sputtered NanoSIMS
pits. Conventional bright-field TEM imaging confirmed
that the sectioned portion of the grain was a single crystal
with relatively featureless bright-field electron diffraction
contrast except for local microcracks directly below the
sample’s original polished surface (Fig. 7). Selected-area
electron diffraction patterns in several different zone axis
orientations indexed consistently with an exact match for
end-member K-feldspar. These patterns were not, however,
diagnostic as to the degree of structural state Al-Si ordering
in the sample due to inherent limitations in electron diffrac-
tion for assessing this parameter compared to X-rays. Dis-
tortional strain contrast effects in conventional and high-
resolution TEM imaging, as compared to electron diffrac-
tion, have been used to find evidence of partial Al-Si order
in some intermediate structural state K-feldspars
(McConnell, 1965, 1971). These effects were looked for in
the current samples in zone axis orientations for which they
have been reported, but were not observed.

A FE-STEM characterization study was also performed
after NanoSIMS analysis on one of the 14321,1062 SiO2

grains (�0.2 ppm H, Table 3). Multiple selected-area elec-
tron diffraction patterns of the grain confirmed it to be
single-crystalline a-quartz. Similar to the 14321 K-feldspar



Fig. 4. Bright-field STEM (a) and conventional TEM (b) images of area within FIB-B cross section taken from polycrystalline plagioclase
+ K-feldspar intergrowth in 12013,141 (see Fig. 1). The K-feldspar grain (ksp) marked in (a) is part of one of the small K-feldspar enclaves
that show up as reddish patches in Fig. 1b. Image (b) shows a region slightly to the right of (a) with arrows marking the same spots in both
images. Image (b) was taken in conventional TEM bright-field imaging mode with the sample diffraction orientation adjusted to increase
visibility of low-angle grain boundaries, dislocations and other defects.

Fig. 5. SEM BSE image of NanoSIMS-analyzed K-feldspar grain from 14321,1062 grain separate taken prior to NanoSIMS analysis for trace
volatiles (a). SEM EDS X-ray count element maps for K (b) and Al (c) of grain in (a). Pixel intensity versus X-ray count scaling identical in
both element maps.
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grain (Fig. 7a), conventional bright-field TEM images
showed featureless diffraction contrast, with no dislocations
or other defects (Fig. 7b).

5.3. Glassy microgranophyre 15405,78

For comparison to the current set of trace H and other
volatile measurements, Table 3 includes the average value
for H data previously reported by Mills et al. (2017) for
measurements in several microgranophyre clasts in a mm-
size rock chip from lunar breccia 15405,78. To optimize
our understanding of the context of the Mills et al. (2017)
data relative to our new results, we carried out an expanded
EPMA, FE-SEM and FE-STEM study of the clasts from
Mills et al. (2017), as well as of other similar microgra-
nophyre clasts in the 15405,78 sample chip. An FE-SEM
BSE image and RGB three-channel K-Ca-Na X-ray EDS
element map for the main Mills et al. (2017) clast are shown
in Fig. 8. The clast is modally 40 area % SiO2 that forms a
lamellar/irregular microgranophyric intergrowth with 60
area % of a K-rich feldspathic phase. EPMA analyses of
the feldspathic phase in the Fig. 8 clast, and several
other similar clasts in the 15405,78 rock chip, consistently
yielded feldspar 8-oxygen formula totals significantly less
than 1 for the A-site cations (Na + K + Ca + Ba), despite
near 100 wt.% oxide totals and T-site (Si + Al) cation totals
near 4. Variation in the A- to T-site cation proportions
for the analyses as plotted along a stoichiometric
anorthite + celsian versus albite + K-feldspar join is shown
in Fig. 9.

For general characterization purposes as well as to
resolve the non-stoichiometry problem in the EPMA anal-
yses, a FIB section for FE-STEM characterization was pre-
pared from the Mills et al. (2017) clasts along the transect
shown in Fig. 8, which contained a lamellar SiO2 region
bounded on both sides by feldspathic material (Fig. 8). In



Fig. 6. Ternary compositions of K-feldspars in granitic clasts in lunar breccia 14321 as measured in this study (red and green symbols) and
compared to the average composition reported for K-feldspar in 14321,1027 granite clasts by Warren et al. (1983) (yellow symbol). Green
diamond symbol is the bulk composition of the 14321,1062 K-feldspar grain shown in Fig. 5, and for which the trace H content is reported in
Table 3. Red symbols plot compositions measured by EPMA in the current study for K-feldspars in granite clasts within lunar 14321 thin
sections 14321,149; 14321,1494 and 14321,993.

Fig. 7. Conventional TEM bright-field images and corresponding selected-area electron diffraction patterns of FIB-sectioned K-feldspar (a)
and a-quartz (b) grains from sample 14321,1062. Both grains were prepared for NanoSIMS analysis from the Shih et al. (1985) 14321,1062
mineral separate sample (see text). The ppm H contents indicated on each figure correspond to values listed in Table 1. The FIB sections were
prepared after NanoSIMS analyses were performed, but were taken from areas well separated from sputtered regions. The dark band
designated by the arrow in (a) is a bend contour diffraction contrast feature not associated with any type of crystalline defect. The arrow in (b)
points to the boundary between the grain and the protective carbon FIB strap layer. The electron diffraction patterns corresponding to each
image list the measured d-spacings for the indexed reflections. Three-axis (trigonal) indexing is used for the a-quartz diffraction pattern.
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the BSE images of the FIB section prior to final ion milling,
the feldspathic regions appear as bright contrast ‘‘feathery”
materials intergrown with a darker-contrast matrix
(Fig. 10). TEM images, EDS analyses, and electron diffrac-
tion confirm that the darker-contrast matrix is feldspathic
glass, whereas the brighter material is composed of skeletal
crystallites of SiO2-tridymite 50–250 nm in size hosted in
10–20 area % feldspathic glass (Fig. 10). In addition to
the tridymite crystallites, electron diffraction confirmed that
the SiO2 lamellar region in the center of the transect is also
made up of tridymite, in the form of lath-shaped crystals
0.5–0.7 mm in size (Fig. 10).



Fig. 8. FE-SEM BSE image (a) and corresponding RGB three-channel K-Ca-Na EDS X-ray element map (b) of 15405,78 microgranophyre
clast whose trace volatile contents were previously measured by Mills et al. (2017). Previous ion probe analysis pits can be seen. RGB color
channel pixel intensity versus X-ray count scaling is identical for all three elements. Arrows point to location of FIB cross-section transect.

Fig. 9. Compositions of feldspathic regions in microgranophyric clasts within lunar breccia 15405,78 measured in the current study by EPMA
and plotted with respect to the atomic percentages of the cation components (Ca + Ba), (Si + Al) and (Na + K). Dashed line is the
compositional join expected for stoichiometric feldspar. Green squares are compositions of feldspathic regions in the larger of two clasts
previously measured by Mills et al. (2017) that contain �18 ppm H2O. Red circles are compositions of feldspathic regions in additional clasts
in the 15405,78 rock fragment studied by Mills et al. (2017).
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Fig. 10. BSE image of FIB cross-section extracted along the FIB transect 15405,78 shown in Fig. 8 and taken before final ion milling (a). BSE
image showing exact positioning of the FIB section protective ‘‘strap” layer in relation to SiO2 and feldspathic ‘‘fsp” phases across the FIB
transect (b). The left-to-right orientation of images (a) and (b) are the same, with a white arrow used to show the position of the same grain
boundary in both images. Conventional TEM bright-field image (c) of the region outlined by the white inset box in image (a).
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5.4. Mafic clasts 15405,255 and 14303,363

Table 3 reports additional trace volatile measurements
made on plagioclase, pyroxenes, and olivine in lithic clasts
with less-evolved affinities from parent breccias 15405 and
14303. Sample 15405,255 consisted of mm-sized chip frag-
ments derived from a parent clast (15405,93) that was orig-
inally allocated to the 1976 Imbrium Consortium (Adams
et al., 1976) but never studied in detail. It was only macro-
scopically described by them as a ‘‘large white clast” that
had separated from the parent breccia during sawing.
Despite the clast’s white color, our FE-SEM study of the
15405,255 fragments showed them to be a homogenous
mafic assemblage containing roughly 50 area % plagioclase
(An85-88), 30 area % orthopyroxene (Di3-5, En80-82, Fs20-23),
and a total remaining modal percentage of 5–10 area %
composed of olivine (Fo75-76) and clinopyroxene (Fig. 11).
K-feldspar (Or85-95 with 2.0–3.0 wt.% BaO) also occurs as
a minor phase in intergrowths with the matrix plagioclase
(Fig. 11). The assemblage has a distinctive fine-grained
(<100 mm) equigranular texture (Fig. 11). Although the
15405,255 assemblage is overall basaltic in character, its
texture, modal composition and mineral chemistries distin-
guish it from the majority of 15405 lithic clasts described in
the literature (Ryder, 1976; Ryder and Martinez, 1991). The
latter are dominated by variously textured KREEP basalts
with no resemblance to the current 15405,93,255 material,
and QMD/granite felsite clasts, of which the 15045,78
microgranophyres described in the current study are one
set of examples. The possibility that 15405 might contain
a heretofore un-documented population of light-colored
but mafic clasts possibly related to 15405,93,255 is sug-
gested by descriptions in Ryder (1976), in the Imbrium
Consortium report (Adams et al., 1976), and by
Lindstrom et al. (1988), but will require further work to
confirm.

Sample 14303,363 derives from an allocation of white-
to-light-colored rock chips produced during a wire saw
cut of parent rock 14303,7 (Table 1; Meyer, 2016). The
14303,363 data in Table 3 are for olivine and plagioclase
grains that dominate the assemblage of one of these chips
after it was disaggregated by further chipping and



Fig. 11. Analytical FE-SEM composite element map (a) and BSE image (b) of mafic igneous assemblage from sample 15405,255 for which
plagioclase and pyroxene trace volatile contents are reported in Table 2. (a) RGB color composite EDS X-ray element map with R = Ca
counts, G =Mg counts and B = Si counts. Linear scaling of color channel pixel intensities (0–255) versus X-ray counts is the same for all three
elements. (b) Gray scale BSE image overlaid with K (potassium) X-ray counts in red color channel showing occurrence of minor K-feldspar in
a mesostasis-like intergrowth with plagioclase.
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transferred to a polished indium grain mount. The mount
assemblage consists of approximately 60 area % plagioclase
and 40 area % olivine grains, both having a comparatively
coarse grain size of 100–500 mm. No isolated grains of
pyroxene of comparable grain size to the olivine and plagio-
clase were found. A minor amount (<5 area %) of much
finer grained basaltic lithic fragment material was also iden-
tified. Although the plagioclase and olivine largely occur as
separated grains on the mount, some attached grains were
identified, suggesting that the grains are from a shared par-
ent assemblage, most likely a troctolite. Quantified EDS
analyses showed the olivine compositions to be in a rela-
tively narrow range between Fo87-85, which agrees well with
the range of olivine compositions reported for troctolite
clasts in 14303 and other Apollo 14 breccias by Warren
and Wasson (1980). The analyzed plagioclase compositions
of An85-95 are slightly more sodic and variable than the
Warren and Wasson (1980) troctolite plagioclases, but are
still in agreement within analytical error.

6. EXPANDED CHARACTERIZATION OF FELSITE

MATERIAL

The highest measured H abundances for the felsite sam-
ples in the current study are for the feldspathic domains in
the 15405,78 microgranophyre (�18 ppm, Mills et al.,
2017), followed by feldspars in the microgranophyre and
neighboring plagioclase/K-feldspar intergrowth in
12013,141 (6.9–14.1 ppm H), and finally by K-feldspar
from the 14321,1062 granitic clast sample (1.9 ppm H).
As previously noted, our FE-STEM results have confirmed
that the feldspathic domains in the 15405,78 microgra-
nophyre studied by Mills et al. (2017) are in fact not crys-
talline feldspar, but feldspathic glass that deviates
substantially from normal feldspar stoichiometry, averag-
ing only 0.75 atoms of (Ca + Ba + Na + K) per 4 of
(Si + Al). This characteristic sets 15405,78 uniquely apart
from the crystalline felsite assemblages in the other samples,
and the implication of this difference for interpreting the H
content of the 15405,78 assemblage is discussed in full detail
in a later section.

Additional samples of the 14321,1062 and 12013,141 fel-
site assemblages, which are wholly crystalline but signifi-
cantly different in microstructure and feldspar
composition, were studied to expand our understanding
of their differences beyond descriptions already available
in the literature (e.g., Quick et al., 1981; Warren et al.,
1983). For 14321,1062 this additional work involved FE-
SEM and EPMA characterization of 14321,1062 granitic
clasts contained in thin section 14321,993 previously stud-
ied by Warren et al. (1983) and thin sections 14321,1493
and 14321,1494 previously studied by Meyer and Yang
(1988). For 12013 we studied felsite-containing rock chips
0.4–0.5 mm in size from an allocated group of rock frag-
ments designated 12013,167 (Table 1). Similar to the
12013,141 NanoSIMS sample, these chips were identified
as coming from gray as opposed to dark breccia areas on
the walls of a saw cut piece (Table 1).

EPMA analyses of K-feldspars in thin sections of the
14321,1493 and ,1494 granite clasts yielded a narrow range
of compositions between Or89-92 with 0.3–0.5 wt.% BaO
(Fig. 6). The quantified FE-SEM EDS analysis for the
14321,1062 mineral separate grain, measured by Nano-
SIMS, plots close to this range within error (Fig. 6). The
average 14321,1027 K-feldspar composition reported by
Warren et al. (1983) is slightly less sodic, but this may
reflect relative difference in Na volatilization between the
EPMA analytical procedures (Fig. 6). Our EPMA results
are, however, in overall good agreement with previous stud-
ies in showing relatively limited compositional variation in
the 14321,1062 K-feldspar, including a lack of rim-to-core
compositional zoning in individual grains. As imaged in
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FE-SEM, individual intact granitic clasts in the ,1493 ,1494
and ,993 thin sections are 0.2–0.3 mm in size (with some as
large as 1.3 mm) and are composed of approximately 60
area % K-feldspar, 40% area quartz with traces of other
phases as described by Warren et al. (1983) (A representa-
tive BSE image of the ,1494 thin section is shown in
Meyer and Yang, 1988 and is not reproduced here). The
K-feldspar and quartz share curvilinear, re-entrant/
interpenetrating grain boundaries, e.g., a ‘‘micrographic”
texture as described by Warren et al. (1983) and have sim-
ilar grain sizes in the range of 0.2–0.5 mm. Whereas previ-
ous studies of the 14321,1062 granitic clast material have
tended to emphasized the characteristics of larger, intact
clasts, it should be noted that these made up only 20–30%
of the clast population in the thin sections we studied, with
the rest being individual K-feldspar and quartz grains sur-
rounded by matrix. In FE-SEM BSE images the matrix
has a uniform < 5 mm grain size, and is (micro) crystalline
with a modal composition and texture as described by
Lally et al. (1972).

FE-SEM and EPMA characterization of the two
12013,167 rock chips were directed at locating and studying
Fig. 12. Analytical FE-SEM EDS X-ray count composite K, Ca and
12013,167. RGB 8-bit color channels have R = K counts, G = Ca counts,
to enhance visibility of regions of intermediate plagioclase (blue) relative
size, shape and distribution of microgranophyre patches (pink/red) rel
(a). Interior detail of microgranophyre patches in (b-d) shows alkali feldsp
well as isolated grains of intermediate and calcic plagioclase. (For interpr
referred to the web version of this article.)
larger additional areas of material similar to the samples
used for the NanoSIMS measurements, specifically areas
of microgranophyre as well as any regions that might show
similarities to the K-feldspar + plagioclase intergrowth. As
revealed by composite Na-Ca-K X-ray element maps, both
chips were found to contain approximately 20–25 area % of
irregularly distributed patches of microgranophyre 10–
50 mm in size, enclosed in more mafic, wholly-crystalline,
host material modally dominated by plagioclase and pyrox-
ene (Fig. 12a). The mafic host matrix material is a
microstructurally diverse assemblage of mostly angular
fragmental mineral clasts of pyroxene and plagioclase, with
some igneous-textured mafic lithic clasts. The matrix pla-
gioclase is predominantly An80-90 in composition, but a sig-
nificant 10–20 area % of single grains and texturally-diverse
aggregates of intermediate plagioclase An50-65 also occur.

The microgranophyre patches in the 12013,167 chips
display the same trellis/herringbone-like intergrowth of
quartz with semi-skeletal, compositionally inhomogeneous
alkali feldspar as in the 12013,141 NanoSIMS sample
(Figs. 1 and 12). The 10–20 lm grain-size of the alkali feld-
spar within these fine-grained intergrowths was large
Na element maps of patchy microgranophyre regions in sample
and B = Na counts. Scaling of B = Na channel is slightly increased
to alkali feldspar (red) and more calcic plagioclase (green). Typical
ative to breccia matrix assemblages (green and blue) is shown in
ar microphenocrysts, some with cores of intermediate plagioclase as
etation of the references to colour in this figure legend, the reader is
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enough for reliable quantitative EPMA analysis to be
obtained (Fig. 2a and b). On the feldspar ternary composi-
tion plot in Fig. 2b, the data show a well-defined continu-
ous trend extending from Or75-85 with little or no
anorthite (An) component, to ternary compositions
enriched in both albite (Ab) and An components up to
the range of Or50Ab25An25. As previously noted, analyses
obtained for the alkali feldspars in the 12013,141 Nano-
SIMS sample fall within this trend (Fig. 2a and b).

Although there is an essential resemblance in
microstructure, modal mineralogy and mineral composi-
tions between the microgranophyre region in the
12013,141 NanoSIMS sample, and microgranophyre
patches in the larger 12013,167 breccia chips, the larger
microgranophyre patches in the 12013,167 chips contain
additional features of note not seen in the (smaller)
12013,141 fragment. These include the presence, in most
microgranophyre patches, of scattered subhedral to euhe-
dral phenocryst-like alkali feldspar grains with larger grain
size (100–200 lm) than the enclosing assemblage (Fig. 12).
Several of these microphenocrysts (as they will be referred
to here) have compositionally distinct interior cores made
up of An50-65 plagioclase containing little or no K
(Fig. 12c and d). Aside from these grain cores, however,
EDS mapping and EPMA analyses show the microphe-
nocrysts have intra-grain and inter-grain compositional
trends overlapping that of the finer-grain alkali feldspars
in the microgranophyre matrix (Fig. 2b).

In addition to the microphenocrysts, the microgra-
nophyre patches also contain 2–5 area % scattered grains
of two distinct compositional populations of plagioclase
(Fig. 12). The first set of these are anhedral grains 20–
100 lm in size typically found interstitial to the microgra-
nophyre matrix grains. They have the same An50-65 range
of composition as the plagioclase cores in the alkali feldspar
microphenocrysts. The second set of grains are of similar
size, anhedral in shape and also interstitial to the matrix
Fig. 13. Analytical FE-SEM EDS false color RGB composite K, Ca and
from sample 12013,167 (a, b). RGB 8-bit color channels have R = K coun
slightly enhanced to show distribution of intermediate plagioclase (blu
plagioclase (green). Inset (b) shows detail of adjacent matrix contain
overgrowths of intermediate-composition plagioclase (blue). (For interpre
referred to the web version of this article.)
feldspar and quartz grains, but have an An80-90 range of
composition that is distinctly more calcic (Fig. 12d). This
latter range matches that of the predominant plagioclase
composition occurring with pyroxene in the host breccia
matrix surrounding the microgranophyre patches.

A key overall attribute of the microgranophyre patches
is the complex way the feldspathic material of a given patch
interpenetrates adjacent intergranular spaces of surround-
ing breccia matrix. Fig. 12b shows a typical area next to
a microgranophyre patch where Na- and/or K-enriched
material forms lm-scale vein-like structures associated with
fractures and/or irregular void spaces. Although the
smaller-scale examples of these features generally do not
contain a silica phase, wider fractures or voids (e.g., 30–
50 mm) may also contain silica. In addition, we character-
ized multiple examples where fractured areas of matrix
not visibly connected to microgranophyre patches also con-
tained interpenetrating feldspathic material. Many of these
involve fracture networks in single grains or grain aggre-
gates of coarser-grained, calcic matrix plagioclase in which
the fracture space is filled by a K-feldspar + plagioclase
+ minor silica assemblages that is similar to material found
inside fracture networks within the breccia matrix (Fig. 13).
EPMA analyses confirm a stoichiometric range of composi-
tions for the K-rich feldspar that is similar to that of alkali
feldspar in the microgranophyre patches (Fig. 2). The pla-
gioclase has an intermediate composition overlapping that
of intermediate plagioclase grains occurring in the breccia
matrix, and inside the microgranophyre patches (Fig. 2).
Similar to relationships observed in matrix surrounding
the microgranophyre patches, feldspathic material associ-
ated with fracture networks in plagioclase grains can extend
beyond the fractured host grain into adjacent fractured
areas of matrix.

In the 12013,161 chip samples, FE-SEM imaging and
EDS element mapping of matrix regions containing inter-
penetrating feldspathic material uncovered a number of
Na element map of fracture network in breccia matrix plagioclase
ts, G = Ca counts, and B = Na counts. Scaling of B = Na channel is
e) compositions relative to alkali feldspar (red) and more calcic
ing small (5–10 lm) calcic plagioclase grains (green) with rims/
tation of the references to colour in this figure legend, the reader is
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feldspathic mineral intergrowths with overall characteristics
similar to the 12013,141 plagioclase/K-feldspar inter-
growth. EDS composite K-Ca-Na element maps showing
examples of two of these intergrowths are shown in
Fig. 14. In these and other similar intergrowths, a key char-
acteristic that is similar to the 12013,141 plagioclase/K-
feldspar is the tendency for the more calcic plagioclase to
occur as grain cores mantled or rimmed by more sodic,
intermediate plagioclase, together with enclosed domains
of K-feldspar.

7. DISCUSSION

7.1. Petrogenetic origins and ages of felsic rocks on the Moon

Recent studies utilizing remote sensing data report com-
pelling evidence for relatively abundant sometimes large
silicic non-mare volcanism on the Moon (Lawrence et al.,
1998, 2003; Chevrel et al., 1999; Hagerty et al., 2006;
Glotch et al., 2010; Jolliff et al., 2011; Wilson et al.,
2015). On Earth, silicic (or felsic) magmatic centers are
some of the largest volcanic landforms. These centers are
multi-vent long-lived complexes found atop mantle-
derived hotspots or related to extensional tectonic settings
in grabens and marginal basins of continents. The primary
eruptive products that characterize rhyolite volcanoes are
large explosive ignimbrites and relatively small-volume rhy-
olite lavas and domes (e.g., Long Valley Caldera, USA).
Underpinning these centers are typically long-lived, incre-
mentally emplaced granitoid intrusions (Coleman et al.,
2016). The silicic magmatic centers are periodically replen-
ished by mantle-derived mafic magmas that produce silicic
melt by partial crustal melting, crustal assimilation-
fractional crystallization differentiation (AFC), or a combi-
Fig. 14. Analytical FE-SEM EDS false color RGB composite K, Ca
12013,167 breccia matrix, adjacent to microgranophyre patches (a, b). R
B = Na counts. Scaling of B = Na channel is slightly enhanced to show dis
alkali feldspar (red) and more calcic plagioclase (green). (For interpreta
referred to the web version of this article.)
nation of both (DePaolo, 1981; Davies et al., 1994; Simon
et al., 2007, 2014).

To first order, understanding the generation of evolved
lunar lithologies can be understood from basic petrological
and geochemical principles, i.e., phase equilibria leading to
a typical feldspathic mineralogy and element melt-mineral
partitioning leading to incompatible element enrichment—
including volatile species. It is difficult to distinguish
whether the heating required to produce these melts was
purely due to endothermic heating (i.e., radiogenic) or
whether there are felsic clast materials in the Apollo collec-
tion that come from solidified silicic magma bodies that
were produced by impact events, i.e., decompression-
induced partial melting of crust (Hagerty et al., 2006;
Johnson et al., 2018). Additionally, impact processes may
metamorphose felsic precursor materials, as discussed
herein.

Except for a few studies (e.g., Ryder, 1976), conven-
tional terrestrial models of rhyolitic melt generation by pro-
cesses of fractional crystallization and/or partial melting
have not been called upon to explain the silicic lithologies
returned by the Apollo astronauts. For decades silica liquid
immiscibility (SLI), where a single chemically evolved melt
separates into two co-existing melts (silica-rich and Fe-rich)
has been the primary mechanism invoked (Hess et al., 1975;
Rutherford et al., 1976; Warner et al., 1978; Taylor et al.,
1980; Neal and Taylor, 1989). Although evidence for SLI
has been found for some lunar samples (e.g., Jolliff et al.,
1999), it is not an efficient method to generate silicic melt,
(see Petford, 1996) and, therefore, has difficulty explaining
the wide-spread and relatively large silicic surface features
observed (Hagerty et al., 2006). This is because the magma
distilling process must reflect extensive crystallization,
which makes silicic melt segregation and extraction
and Na element map of plagioclase + K-feldpar intergrowths in
GB 8-bit color channels have R = K counts, G = Ca counts, and
tribution of intermediate plagioclase (blue) compositions relative to
tion of the references to colour in this figure legend, the reader is
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physically difficult (Marsh, 2002). Moreover, little or no
evidence has been seen of the required volumes of the asso-
ciated Fe-rich melts nor can SLI explain why felsic lunar
clasts (or surface features) have high Th and U; during
SLI these and high field strength elements would be signif-
icantly partitioned into the Fe-rich mafic melt, not into the
silica-rich melts (Gullikson et al., 2016).

Lunar felsites reported in the literature can be broken into
two groups based on their Rare Earth Element (REE) abun-
dance patterns: older �4.2 Ga samples that exhibit elevated
trace element abundances, i.e., KREEP-like, and less
KREEPy materials with characteristic ‘‘V”-shaped patterns
derived from younger �4.0 Ga magma(s) (Ryder, 1976;
Warren et al., 1983; Marvin et al., 1991; Ryder and
Martinez, 1991). Many lunar felsites contain petrographic
and chemical features that are consistent with magmatic his-
tories despite experiencing shock metamorphism to varying
degrees. These include the �4.32 Ga felsic materials from
12013 (Quick et al., 1981, recently dated by Thiessen et al.,
2018) and a clast from 12032,366–19 recently reported by
Seddio et al. (2013).Warren et al. (1983) concluded that both
�4.31 Ga 14303,209 (Shih et al., 1993; Meyer et al., 1996;
Nemchin et al., 2008) and �4.03 Ga 14321,1062 (Shih
et al., 1993; Shih et al., 1994; Meyer et al., 1996; Simon
et al., 2011) felsic clasts, before brecciation, were part of
medium-grained intrusions (�1–2 mm, coarse by lunar stan-
dards). Likewise, Ryder (1976) showed that the lithic frag-
ment population: coarse-grained granite, KREEP-rich
quart-monzodiorite, and KREEP basalt in �4.28 Ga
(Meyer et al., 1996) 15405 were produced by plutonic differ-
entiation and/or eruption of a KREEP basalt magma.

It should be noted that all of the studied materials
appear to be older than the common ‘‘Late Heavy Bom-
bardment” age of �3.9 Ga measured in many lunar rocks
(Turner et al., 1973; Tera et al., 1974). Secondary ion mass
spectrometry measurements by Grange et al. (2013),
Nemchin et al. (2017), Thiessen et al. (2018), and Bellucci
et al. (2019) in these breccias indicate significant distur-
bance of the U-Pb isotope system and homogenization of
Pb among accessory and major mineral phases, presumably
by �3.9 Ga impact processes. These later resetting events
that in some cases appear to be much younger (�1.9 Ga
and 1.4 Ga) have heated materials in the studied breccia
samples. It is expected that the population of older materi-
als, e.g., clasts contained in 15405, should have experienced
more impact reprocessing than the materials contained in
the younger samples, e.g., clasts in 12013 and 14321,
although locally the effects could vary. The impact history
of the Moon (and Earth-Moon system) remains an on-
going field of study (see Cohen et al., 2000).

Silicic lunar surface features exhibit a crater count age
range from 4.07 to 3.38 Ga. Hansteen Alpha, the largest of
the silicic domes, is composed of several distinct units with
surfaces emplaced between �3.74 Ga and 3.5 Ga (Boyce
et al., 2017). The Gruithuisen Delta and Gamma domes are
slightly older, with ages of �3.8 Ga. The Compton-
Belkovich Complex (CBC) was active around the same time
as the Mairan Domes, with the earliest possible onset of vol-
canism at�3.8 Ga (Shirley et al., 2016). The extrusion of the
Lassell Massif, the oldest of the lunar silicic domes, occurred
between 3.95 Ga and 4.07 Ga (Ashley et al., 2016). It is nota-
ble, therefore, that nearly all isotopically dated felsites are
significantly older than the crater count dated silicic surface
features (Simon, 2018). Given the apparent age differences,
it is unlikely that the silicic features observed on the lunar sur-
face are the source regions for the silicic lithologies contained
in the Apollo collection. Rather, the samples likely represent
more ancient lithologies that have been destroyed or
obscured by younger events, complicating our ability to
study their petrogenetic origins.

7.2. Magmatic water estimates

An increasing number of sample-based studies have
reported magmatic water contents from lunar materials
(see review by McCubbin et al., 2015). In fact, volatile mea-
surements in apatite contained in felsic samples (14303,205;
14321,1047; and 15404,51 ,55), which might be cogenetic
with two of the clast samples studied herein (14321,1062
and 15405,78), have been made previously. Apatite grains
in all of these ancient intrusive rocks indicate low magmatic
water contents (<0.04 wt%) (Barnes et al., 2014; Robinson
et al., 2016; and references therein). Notably, the inferred
magmatic water contents based solely on OH– measured
in lunar apatite have been shown to be unreliable due to
the co-dependent compatibilities of F, Cl, and OH–

(Boyce et al., 2014). Additionally, even when other volatile
species are measured and site occupancy can be properly
assessed, as is typical of current apatite studies, evolved
magmas with high Cl/F can crystallize apatite that gener-
ally excludes OH–, regardless of the water content of the
magma (McCubbin et al., 2011; Boyce et al., 2014). This
might explain the much higher estimates (�1 wt.%)
reported by Mills et al. (2017) for felsic clasts in 15405.
Alternatively, the difference between the apatite and feld-
spar water measurements from different samples may be
real and related, at least in part, to the diverse mixture
and/or history of materials in 15405, a complex lunar
breccia.

Following the approach of Mills et al. (2017), the volatile
distribution coefficients (D) between feldspar and host melts,
and theHabundancesmeasured in lunar feldspar can beused
to estimate the magmatic water contents of the studied felsic
clast materials. Accounting for corrections to FTIR absorp-
tion coefficients (when necessary) compiled literature D val-
ues range from �0.001 to 0.004 for alkali-rich to calcium-
rich feldspar, respectively (see Mosenfelder et al., 2015 and
references therein). In addition to providing a frame of refer-
ence for the lunar feldspar measurements, our measurements
of the terrestrial volcanic feldspar (Bishop Tuff, Long Valley,
USA) can be used to refine existing estimates of volatile dis-
tribution between alkali feldspar and their host melts
(Johnson and Rossman, 2004). The Bishop Tuff sanidines
measured come from the Late Bishop Tuff sample LV51 in
which quartz hostedmelt inclusions have beenmeasured pre-
viously and exhibit average H2O contents of 2.9 ± 0.4 wt.%
(2r) and CO2 of 140 ± 80 ppm (2r) (Schmitt and Simon,
2004). Combining the feldspar and melt volatile abundances

yields DH2O and DCO2
values of 0:0011þ0:0002

�0:0002 and 0:010þ0:017
�0:004,

respectively.
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At face value the measured H contents in the lunar feld-
spar imply a significant range of magmatic water contents,
from �0.08–1.68 wt.% H2O, and the measured felsite clasts
nearly span this entire range from �0.17–1.68 wt.% H2O
(see Table 3). Estimates of magmatic water contents involve
assumptions of closed system behavior (i.e., no degassing or
addition) and the use of appropriate distribution coeffi-
cients. If generation of the lunar melts followed standard
melt differentiation processes one might expect their volatile
abundances to generally correlate positively with other
incompatible trace element abundances (i.e., KREEP).
The plots of H-in-feldspar (and estimated H2O melt) versus
K2O/CaO of the clasts in Fig. 15a and b prove inconsistent
with this expectation. In fact, among the felsite materials
the inverse relationship is observed, possibly implying water
may have progressively degassed with increasing differenti-
ation. The varying magmatic water estimates also appear to
drop significantly over time (Simon et al., 2017). Such a
temporal planetary-scale degassing history would be
remarkable and could be tested by additional volatile-
focused felsic clasts studies in which their crystallization
ages and later heating events were also accurately dated.
Next, we discuss micro-textural evidence that can be used
to address petrogenetically which of the aforementioned
models and/or assumptions are valid and that were used
to support our preferred interpretations.

7.3. Felsite assemblages: Contrasting water abundances,

formation histories, and the role of impacts

The expanding studies on volatile evolution in lunar
magmatic systems have all applied a variety of sample char-
Fig. 15. Hydrogen-in-feldspar measurements (a) and estimated magmati
and mafic (black symbols) samples. Secondary ion microprobe data for
samples measured herein. K2O and CaO data from Haskin et al. (1974);
Wasson (1980); Warren et al. (1983). Hydrogen abundances (and estima
uncertainties. The H2O wt.% melt estimated from 12013 plagioclase (pl) i
of the range of reported volatile distribution coefficients (Hamada e
measurements of alkali feldspar (ksp) from 12013 granophyre material and
distinct (see text). Composition of the ksp intergrown with the An50-70 p
reported by Quick et al. likely represents averaging among these disti
plagioclase + alkali feldspar material, the latter of which appears to rep
melt). (For interpretation of the references to colour in this figure legend
acterization techniques to place measured volatile contents
into context with the formation conditions (e.g., tempera-
ture, crystallization sequence) of the host samples (e.g.,
Saal et al., 2008; McCubbin et al., 2010; Hauri et al.,
2011). In adopting this same approach, we have added
the novel use of FIB-supported FE-STEM observations
of defect substructures and compositional variations at
the sub-micrometer to nanometer scale. Integrating the
FE-STEM data with our other sample characterization
results supports our ability to interpret: (1) whether a given
volatile measurement corresponds to a phase occurring in-

situ with other co-crystallized phases (as opposed to being
an isolated single-grain clast), (2) the nature of the parent
material for the co-crystallized assemblage (wholly molten,
partially molten, or with some role for solid-state recrystal-
lization), and (3) if occurring from a wholly or partially
molten parent, whether crystallization occurred within a
larger volcanic- or intrusive-scale magmatic system, or on
a much smaller local scale, as might occur in shock melting
due to impact. Finally, a key additional evaluation is the
extent to which post-crystallization, overprinting effects
from shock (or other thermal events) may have substan-
tially modified a melt-derived assemblage, including its
volatile content.

For the 15405 microgranophyre assemblage whose vola-
tile content was measured by Mills et al. (2017), our FE-
STEM observations have confirmed that the feldspathic
portion of this assemblage, which in all probability was ini-
tially crystalline, is amorphous. Amorphization probably
occurred by some combination of direct shock amorphiza-
tion/melting, or heating likely associated with shock. The
tridymite coexisting with the glass may have been part of
c water contents (b) compared to K2O/CaO in felsic (red symbols)
two FAN samples from Hui et al. (2017) included with the mafic
Wänke et al. (1975); Quick et al. (1977); Ryder (1976); Warren and
ted H2O wt.% melt values) are means with their associated 2 SD
s the exception in which the larger uncertainties reflect propagation
t al., 2013; Mosenfelder and Hirschmann, 2016; this study). H
pl from adjacent 12013 ‘‘plagioclase + alkali feldspar”material are
lagioclase is �Or50. Bulk felsite K2O/CaO of 12013 clast material
nct more local melt compositions (i.e., granophyre material and
resent a mixture between assimilated xenocrysts and a more felsic
, the reader is referred to the web version of this article.)
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the original crystalline microgranophyre assemblage, but
evidence at the FE-STEM image scale suggests that it more
likely transformed from quartz in the solid-state or directly
crystallized from the melt at temperatures in excess of the
quartz-tridymite transition at �860 �C (Heaney, 1994).
From the peak temperature the assemblage attained, it evi-
dently cooled slowly enough to undergo open-system cation
exchange resulting in a significant net loss of alkalis (or
alternatively gain of Si + Al). It is unclear whether during
this open system behavior other volatiles would have been
driven out of the feldspar (suggesting it initially had a
higher H content), or if H was added from the local enclos-
ing breccia matrix. The matrix may have acquired volatiles
from a more extended wet reservoir that possibly got that
way from addition of near surface volatiles (Kayama
et al., 2018; Stopar et al., 2018).

The microstructure, phase assemblage, and H content
(Mills et al., 2017) of the glassy microgranophyre stands
out in contrast to the 14321 and 12013 felsites, whose feld-
spars both have lower H contents, are wholly crystalline,
occur with a lower-temperature silica phase (quartz) and
have minimal solid-state shock effects based on FE-STEM
observations (e.g., Figs. 3 and 4). Although the H contents
of the 14321 and 12013 crystalline feldspars are both signif-
icantly lower than the 15405 glassy feldspathic assemblages,
it is notable that they are still measurably different from one
another. The 14321 K-feldspars have H contents that fall in
the same range as mafic assemblage feldspars measured
here and in previous studies (Hui et al., 2017;
Mosenfelder et al., 2017). The 12013 feldspars have higher
H concentrations, both in the plagioclase/K-feldspar inter-
growth and the microgranophyre, which establishes them as
some of the highest H content crystalline lunar feldspars so
far reported (Fig. 15). In addition, in 12013 the H contents
for feldspars in the two adjacent, contrasting, host assem-
blages, are also measurably different.

The coordinated sample characterization that we have
performed on the 14321 and 12013 samples, together with
the results of previous studies, suggests that despite sharing
attributes that point to a melt-derived origin, the host
assemblages for the feldspars we have studied from these
samples are very different in their microstructures, modal
mineralogies, and feldspar compositions on a range of
scales. These differences in turn argue for substantially dif-
ferent origins for the parent melts, the environment of crys-
tallization of those melts, and potentially provide a way to
account for the different H contents of the constituent
feldspars.

For the 14321 felsite clasts, our FE-SEM and EPMA
results align with previous studies in finding consistent
chemical homogeneity in the near end-member K-
feldspars, which occur with quartz in a relatively simple
bimodal assemblage containing no other feldspar composi-
tions and few other phases. Although similar to the nomen-
clature used by Warren et al. (1983), we have added the pre-
fix ‘‘micro” to our descriptions of the 14321 granophyric
texture, the sizes of the individual grains, at consistently
just below 1 mm, are nevertheless much coarser than the
vast majority of lunar felsites (the 14303 felsite clasts also
described by Warren et al., 1983, being one possible excep-
tion). By comparison the patchy microgranophyre in 12013,
with an order of magnitude smaller grain size, is more truly
‘‘micro”.

Our characterization of the well-known 14321 felsite
clasts, and their constituent feldspars, are in line with previ-
ous work, and provide few options to diverge from the
baseline interpretation that the 14321 clasts likely sample
a volumetrically significant unit of relatively homogeneous,
moderately fine-grained, granitic igneous rock (i.e., a
magma body as opposed to a localized partial melt). More-
over, to previous studies we have added FE-STEM results
showing that, although the 14321 rock fragments ended
up being disaggregated and dispersed in an impact melt
breccia, the feldspars in these fragments, whose volatile
content we have measured, survived the breccia formation
event without significant degrees of shock metamorphism
that may have altered their intrinsic volatile contents. With
final regard to recent suggestions that the parent igneous
unit for the 14321 felsite may be from Earth and partially
exchanged with lunar chemical reservoirs near the time it
formed �4.0 Ga, i.e., homogenizing the Pb isotope signa-
tures in feldspar (Bellucci et al., 2019), our mineral and tex-
tural findings do not support nor rule out these claims.
However, it is noteworthy that the H content of feldspar
and quartz in this sample is lower than any terrestrial felsic
rock. In fact, the H abundance in 14321,1062 quartz is
lower than any natural SiO2-phase ever reported. Addition-
ally, clast material from this granite lithology exhibits per-
haps the most robust crystallization age of any lunar
material (e.g., concordant Sm-Nd, Rb-Sr, K-Ca mineral
isochron and U-Pb zircon crystallization ages, Shih et al.,
1985, 1993; Bogard et al., 1994; Meyer et al., 1996; Simon
et al., 2011).

Felsite in 12013 has significant differences in microstruc-
tures and compositions compared to the 14321 clasts, and
suggests an origin related to impact effects from the breccia
formation process itself. Suggestions that a significant frac-
tion of the felsite material in 12013 was derived from a felsic
precursor assemblage that underwent whole or partial
impact melting when the parent breccia was formed appear
surprisingly early in the initial studies on 12013 (Drake
et al., 1970, Albee et al., 1970, Quick et al., 1981). All of
these proposals were based on a key observation that,
although made with earlier-generation analytical tools,
matches what we have reported here in greater detail: the
intimate interpenetration of the 12013 microgranophyre fel-
site assemblage within the intergranular spaces of the host
breccia matrix. These observations include the report by
Drake et al. (1970) of felsite assemblages forming veinlets
in fractured mineral grains that also match one of our
findings.

The earlier studies all arrived at slightly different ver-
sions of an explanation in which a parent melt, partial melt,
or ‘‘fluid” of granitic composition infiltrated the host brec-
cia’s intergranular spaces in response to an impact event
that most likely melted (or mechanically fluidized) a pre-
existing felsite assemblage during the breccia formation
process (Albee et al., 1970, Drake et al., 1970, Quick
et al., 1981). The compositional and microstructural details
obtained in this study, which greatly expand on what was
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possible in the earlier work, have ended up supporting the
general tenets of this early explanation, and have not
pointed strongly towards petrogenetic alternatives. In line
with earlier work, we have documented multiple, pervasive
examples of felsic material distributed in fractures or inter-
granular void space that connect with microgranophyre
patches in a reservoir-conduit-type arrangement. We have
also documented, in greater detail than previous studies,
that the microgranophyre patches themselves contain a dis-
equilibrium assemblage of calcic and intermediate composi-
tion plagioclase occurring with alkali feldspar that is
compositionally heterogeneous at the micrometer scale
along a well-defined Ca + Na enrichment trend. These rela-
tions are consistent with crystallization of an impact-
derived melt in which sub-mm scale compositional hetero-
geneity occurred because of small scale variations in the
fused fraction of different shock-melted phases (in this case
primarily different feldspars). The limited and localized
scale of shock melting would be expected to produce melt
patches that would cool relatively quickly because of the
thermal heterogeneities intrinsic to clast-rich, partially
melted impact breccias. The net result would be insufficient
time to homogenize a compositionally heterogeneous shock
melt that was either not hot enough, or slowly cooled
enough, to finish digesting grains of plagioclase that it
had incorporated as xenocryts from the breccia matrix.
The fact that the microgranophyre patches contain relic
un-melted plagioclase, but not relic K-feldspar or silica pre-
served from what was likely a felsic target material may
explain the apparent eutectic preference for shock melting
these phases compared to plagioclase.

When taken as a whole, the microstructural and compo-
sitional relationships described by current and previous
studies of 12013 microgranophyre patches clearly do not
reflect crystallization within an intrusive felsic melt body
of any appreciable size. The possibility that the microgra-
nophyre patches are simply shock-deformed clasts that
retain a primary assemblage from a larger igneous unit is
inconsistent with multiple lines of evidence, including our
FE-STEM imaging results showing no appreciable solid-
state shock effects in the constituent quartz and feldspar
assemblage.

In an additional expansion on previous work, we have
learned more about the mineralogical details, melt-solid
reactions and re-crystallization effects relating to the
conduit-like distribution of felsic material throughout the
intergranular spaces of the host breccia matrix assemblage.
In and around the felsic assemblages occurring inside frac-
ture spaces and intergranular voids in the breccia matrix we
have found multiple examples of melt-solid reactions
between matrix grains of calcic plagioclase and the inter-
penetrating melt phase. As previously described and shown
in Figs. 13 and 14, the reactions are typified by the forma-
tion of intermediate-composition plagioclase as a reaction
product between felsic melt that contacts or surrounds
grains of more calcic plagioclase. In the most common
and less complex example, the reaction produces simple
rim-type overgrowths of intermediate plagioclase around
single grain cores of calcic plagioclase. Other more complex
examples, however, include the plagioclase/K-feldspar
intergrowth in which we measured H contents of �7 ppm
and �14 ppm, respectively. This intergrowth shows evi-
dence of having formed when a relatively fine-grained
aggregate of calcic plagioclase grains reacted with interpen-
etrating melt containing K and Na, and re-crystallized to a
three-phase feldspar assemblage made up of relic grain
cores of calcic plagioclase enclosed in an assemblage of
intermediate, plagioclase and minor K-feldspar.

Given the evidence that a distributed, interpenetrating,
impact-generated silicate melt drove the melt-solid recrys-
tallization that formed the plagioclase/K-feldspar inter-
growth, we consider it likely that interaction with this
melt affected the H content of the plagioclase. Of greater
interest, however, is the direction of the effect: The
plagioclase/K-feldspar assemblage in 12013, shows sub-
stantial re-crystallization effects directly caused by interac-
tion with impact-generated melt, and the plagioclase
inside it has a measurably higher H content than K-
feldspar from the 14321 microgranophyre. The latter
assemblage, although making up clasts enclosed in crystal-
lized impact melt, shows no evidence of impact-generated
recrystallization, and retains a microstructure and mineral
composition characteristic of crystallization inside a volu-
metrically significant unit of relatively homogeneous grani-
tic magma. Our preferred interpretation, therefore, is that
the higher H content of the 12013 plagioclase reflects inter-
action with an impact melt carrying significant volatiles,
available for transfer to any grains the melt substantially
interacted with or directly caused to crystallized. The latter
case would apply to the K-feldspar from the 12013,141
microgranophyre assemblage, which also show evidence
of an elevated H content compared to the 14321 feldspar,
but crystallized directly from the distributed, impact-
generated melt, as opposed to simply interacting with it
through a melt-solid reaction.

8. CASE FOR A SIGNIFICANTLY DRY/DEGASSED

MOON LOCALLY HYDRATED BY IMPACTS

Based on negative correlation between measured feld-
spar H contents and both K2O/CaO ratios and extent of
shock microstructures in the studied felsites, a case can be
made that their volatiles do not simply reflect incompatible
element enrichment of an indigenous source. It is possible
that all of the felsites originally had higher intrinsic/mag-
matic water contents and that the low to background level
H abundance measured in 14321,1062 is in line with exten-
sively degassed volcanic rocks on Earth (e.g., Moussallam
et al., 2014). In fact, degassing would likely be enhanced
at the low pressure conditions at the surface of the Moon.
It should be noted, however, that many evolved volcanic
rocks that have experienced degassing contain minerals
and melt inclusions that retain a record of their magmatic
volatile contents (e.g., Westrich et al., 1988; Hervig et al.,
1989; Schmitt, 2001; Schmitt and Simon, 2004; this study).
More to the point, the water content indicative of most
granitic rocks from Earth show that magmatic degassing
is much more limited. Although it is not totally clear how
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the felsite material in 12013,141 originated, the clast mate-
rial studied in 14321,1062 and 15405,78 come from plutonic
sources, rather than volcanic extrusions (Quick et al., 1981;
Warren et al., 1983).

The measured water contents in the studied materials
may also not represent their primary signatures because
most of the lunar surface has been heating to some degree
from impact events (e.g., Grange et al., 2013). However,
we suggest that because 14321,1062 reflects the sample stud-
ied with the least amount of shock modification, whereas
the ‘‘water-rich” felsites 12013 and 15405 exhibit signifi-
cantly more shock features, the water measurements more
likely reflect volatile addition to the disturbed felsites rather
than water removed from the more pristine one. It is worth
noting that with further clast investigations we might find
that this preliminary water content-shock level correlation
Fig. 16. Diagram showing Rayleigh fractionation model curves used to
based on feldspar H measurements of primordial materials (FANs and tro
assuming a H melt-plagioclase distribution coefficient of 0.004 (Hamada
(2013) for FAN 60015. The reported parental magma H abundance drops
2017) have been applied to their FTIR data. Points A-C indicate possible
based on feldspar measurements for FAN 60015 and troctolites 14303, 3
from the lowest H measurement reported (1.4 ppm for plagioclase in 7653
parental magma H of the LMO may exist, but will not be observed until lo
constant time integrated distribution coefficients for olivine and pyroxen
magma (F > 0.2). The ‘wet’ melts and high bulk silicate Moon estimated b
assumption that the feldspars measured were the ‘‘first” to form from th
is oversimplified, and that other felsic magmas on the
Moon have different histories and water contents. There
might be some ‘‘wet” felsic magmas based on the timing,
location, and source of the magmas. Nevertheless, if the
measured volatiles represent magmatic abundances, it
remains an open question as to why the older felsites con-
tain no volatile-bearing silicate phases and why the young-
est, most evolved felsite, with little shock metamorphism
and minimal isotopic disturbance (e.g., well-behaved con-
cordant isochron ages) is extremely water-poor (Fig. 15a
and b).

McCubbin et al. (2015) coupled mass balance calcula-
tions with the partitioning behavior of volatiles between
LMO melts and nominally anhydrous minerals to demon-
strate how various volatile species could be fractionated
during LMO crystallization. They showed how evolution
place constraints on parental magma water composition of LMO
ctolites). Curves derived from residual melt compositions computed
et al., 2013). Dashed curve indicates the original model of Hui et al.
from �320 ppm to �170 ppm after corrections (Mosenfelder et al.,
melt H abundances and degree of differentiation of primordial melts
63 and 76535, assuming an initial LMO value of 75 ppm computed
5). Samples with lower H values potentially recording an even lower
wer H detection limits are routinely achieved. Model curves assume
e prior to plagioclase saturation at 80% crystallization of parental
y Hui et al. were likely also overestimated because of the unrealistic
e lunar magma ocean.
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of the LMO would produce reservoirs with heterogeneous
distributions of volatiles and how later mantle dynamics
(i.e., overturn and melting) could further localize mantle
volatile sources. Some such process is needed to explain
the heterogeneous distributions of magmatic volatiles in
the lunar materials, namely those derived from the rela-
tively dry or degassed ancient highlands (and secondary
crustal lithologies in this study) as compared to the rela-
tively hydrated mantle source regions invoked to explain
picritic glasses and mare basalts (Saal et al., 2008; Hauri
et al., 2011; McCubbin et al., 2011; Robinson and Taylor,
2014; Robinson et al., 2016). Finally, it is unclear how effec-
tive volatile addition via impacts might be into the deeper
parts of the interior of the Moon. Perhaps, crust-
breaching impacts, i.e., Barnes et al. (2016a,b), could trans-
port water into the interior producing heterogeneously dis-
tributed volatile reservoirs in the lunar mantle while at the
same time degas the crust?

Based on the microtextural observations described
above, it appears that the volatiles in 12013 and 15405 fel-
site clasts were exogenous to the Moon and added directly
through the impact of ‘‘hydrous” asteroidal and/or come-
tary bodies (Greenwood et al., 2011; Svetsov and
Shuvalov, 2015; Barnes et al., 2016a,b; Daly and Schultz,
2018; Tartèse and Anand, 2013) or indirectly by impact-
induced water-rock reactions on the lunar surface
(Kayama et al., 2018; Stopar et al., 2018). These impacts
would have either produced the felsites through large scale
melting of lunar rocks and hydrous bolides followed by
fractional crystallization of these melt mixtures or partial
melting and mixing of hydrous impactors with preexisting
evolved materials. In both cases, the negligibly elevated
14321,1062 magmatic water content that is similar to or just
slightly higher than that computed for the more mafic mate-
rials studied herein (Fig. 15b) likely reflects enrichment of
the endogenous volatiles of an appreciably dry or previ-
ously degassed lunar interior. It is possible that the dry
14321,1062 felsite represents degassing due to impact heat-
ing at the lunar surface that escaped further rehydration by
younger impact processes. If true, then this degassing must
have been a localized phenomenon because the water con-
tents of the older 12013 and 15405 clasts must have escaped
significant degassing as their water contents imply Earth-
like wet granitic magmas.

A dry or previously degassed source locally hydrated by
impact can explain the felsites and is consistent with the evi-
dence for low water abundances among the range of ancient
magnesian suite, alkali suite, KREEP-rich, FANs, and
troctolitic lithologies, e.g., Sharp et al. (2010), Hui et al.
(2013, 2017), Barnes et al. (2014, 2016a,b), Boyce et al.
(2015), Robinson et al. (2016), and Mosenfelder et al.
(2017). This preferred interpretation does not support a
‘wet’ magma ocean ? urKREEP scenario (Hui et al.,
2013). However, corrections to the H contents of the mate-
rials studied by Hui et al. 2013 (see Mosenfelder et al., 2015)
and more realistic assumptions related to the percent crys-
tallization shown in Fig. 16 demonstrate that the water
abundance in the parental magma (i.e., initial LMO)
required to explain the measurements (1000s ppm) reported
by Hui et al. (2013) is overestimated.
9. CONCLUSIONS

The Moon accreted dry or degassed early. Lunar felsic
material, with its high concentrations of incompatible ele-
ments, should have some of the highest concentrations of
hydrogen on the Moon. However, results herein suggest fel-
sic magmas on the Moon were quite dry. The ‘wet’ felsic
magmas tentatively ascribed to felsite clast materials in
Apollo samples 12013 and 15405 likely obtained little water
from the lunar interior, but rather incorporated volatiles
during impact of volatile-bearing bolides locally at the sur-
face of the Moon. The extremely dry felsite material in
14321,1062, given its relatively low amount of microstruc-
tural evidence for shock metamorphism, gives the best esti-
mate for the water content (�0.2 wt.% H2O) of the felsic
endmember of differentiation of the bulk Moon. Future
missions that sample silicic dome materials would allow
us to resolve whether lunar felsic magmatism is primarily
impact generated and how much water occurs in these
potential surface reservoirs. At the same time, targeting sili-
cic volcanism for sample return would help to resolve the
apparent age paradox between the isotopically dated felsic
samples and crater-counting dated silicic features dis-
tributed over relatively wide areas of the lunar surface.
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The reported nomenclature for hydrogen concentration in Tables 2 and 3 & Figs. 15 and 16 of
Simon et al. (2020) has been modified for clarity.

Hydrous components were measured in nominally anhydrous minerals, primarily lunar feldspar,
and reported by Simon et al. (2020). In the feldspar mineral structure, these components are contained
in the form of OH, H2O, and/or NH4

+ molecules (Johnson, 2006 and references therein). The advan-
tages of the ion microprobe technique employed by Simon et al. (2020) include high spatial resolution,
apparent insensitivity to crystal orientation, high precision, and low detection limits, but unlike com-
plementary spectroscopy techniques (i.e., FTIR) they preclude assignment of molecular species
(Mosenfelder et al., 2015). Convention in the lunar sample community is to report major elemental
abundances and hydrogen as oxides, H2O is the oxide for H. This convention was not followed by
Simon et al. (2020), but rather the measured hydrogen component was reported as H to avoid the
appearance of assigning the measured hydrogen concentration to a specific molecular species. The
speciation of the hydrous component in terrestrial feldspars varies predominantly between OH and
H2O, with no apparent correlation to feldspar composition, and only slight correlation to volcanic-
to-plutonic igneous rock type (Johnson and Rossman, 2004).
Planetary Sciences, The University of Tennessee, Knoxville, TN 37996, USA.

Standards by NanoSIMS.

H2O (ppm) F (ppm) S (ppm)* Cl (ppm) Cl/F Material Magmatic
H2O (wt%)**

83.3 0.42 0.04 0.00 0.01 Adularia
82.8 0.42 0.03 0.01 0.01 Adularia
86.9 0.42 0.44 0.20 0.49 Adularia
87.3 0.39 0.03 0.02 0.06 Adularia
81.0 0.42 0.03 0.00 0.01 Adularia
83.6 0.40 32.86 0.04 0.09 Adularia

84.2 0.41 0.11 0.05 0.11

31.3 0.95 0.03 0.01 0.01 Sanidine 2.78
34.2 0.96 0.04 0.01 0.01 Sanidine 3.04
32.3 0.96 0.05 0.02 0.02 Sanidine 2.88

32.6 0.96 0.04 0.01 0.01

2.1 0.10 0.02 1324 12,809 Suprasil (SiO2)
1.7 0.08 0.02 Suprasil (SiO2)
0.9 0.11 0.02 1301 11,787 Suprasil (SiO2)
1.8 0.11 0.02 1265 11,069 Suprasil (SiO2)
1.5 0.12 0.02 1400 12,026 Suprasil (SiO2)
1.4 0.11 0.03 1298 11,913 Suprasil (SiO2)
1.1 0.08 0.03 1603 20,555 Suprasil (SiO2)

1.5 0.10 0.02 1365 13,360

s H and H2O mass fractions for clarity.
mineral impurities.

on empirically derived distribution coefficient given by average H2O of quartz bearing melt
).



Table 3
Volatile Abundances Measured in Lunar Mineral Phases by NanoSIMS.

Sample C (ppm) H (ppm) H2O (ppm) F (ppm) S (ppm)* Cl (ppm) Cl/F Material Magmatic
H2O (wt%)**

15405,255 0.6 0.5 4.5 0.85 0.03 0.01 0.01 Plagioclase 0.11
15405,255 0.8 0.5 4.3 0.84 0.08 0.06 0.07 Plagioclase 0.11
15405,255 2.1 0.6 5.4 0.74 0.03 0.01 0.02 Plagioclase 0.14
15405,255 1.1 0.4 3.8 0.87 0.04 0.03 0.04 Plagioclase 0.10

Average 1.2 0.5 4.5 0.83 0.05 0.03 0.03 0.11

14321,1062 0.5 0.2 2.0 0.38 3.19 2.26 6.01 Alkali-feldspar 0.20
14321,1062 0.4 0.2 1.8 0.60 0.03 0.02 0.03 Alkali-feldspar 0.18
14321,1062 0.4 0.2 1.9 0.41 0.03 0.06 0.14 Alkali-feldspar 0.19
14321,1062 1.4 0.3 2.5 0.58 0.08 0.04 0.07 Alkali-feldspar 0.25
14321,1062 0.4 0.2 1.9 1.32 0.06 0.30 0.22 Alkali-feldspar 0.19
14321,1062 0.8 0.2 1.6 0.58 0.03 0.02 0.04 Alkali-feldspar 0.16
14321,1062 0.7 0.2 1.5 1.00 2.96 3.27 3.26 Alkali-feldspar 0.15
14321,1062 0.7 0.2 1.5 1.05 11.85 4.67 4.46 Alkali-feldspar 0.15
14321,1062 0.8 0.2 2.1 0.58 0.03 0.05 0.09 Alkali-feldspar 0.21

Average 0.7 0.2 1.9 0.72 2.03 1.19 1.59 0.19

14321,1062 0.3 0.0 0.1 0.09 0.03 0.00 0.04 SiO2

14321,1062 0.6 0.0 0.3 0.10 0.02 0.06 0.61 SiO2

14321,1062 0.3 0.0 �0.1 0.12 0.02 0.00 0.02 SiO2

14321,1062 0.2 0.0 �0.2 0.11 0.03 0.00 0.04 SiO2

Average# 0.3 0.0 0.0 0.10 0.02 0.02 0.18

15405,255 1.7 0.3 3.0 3.48 0.31 0.01 0.00 Clinopyroxene
15405,255 1.8 0.4 3.6 3.91 0.70 0.01 0.00 Clinopyroxene
15405,255 0.7 0.5 4.0 1.86 0.14 0.14 0.08 Orthopyroxene

Average 1.4 0.4 3.6 3.08 0.38 0.05 0.03

14303,363 0.6 0.4 3.5 1.35 0.19 0.61 0.45 Plagioclase 0.09
14303,363 0.7 0.3 2.7 1.73 0.06 1.61 0.93 Plagioclase 0.07
14303,363 0.6 0.3 2.4 1.10 0.37 1.54 1.40 Plagioclase 0.06

Average 0.6 0.3 2.9 1.39 0.2 1.3 0.9 0.07

14303,363 1.2 0.6 5.5 4.38 0.10 0.30 0.07 Orthopyroxene
14303,363 1.3 0.7 5.9 3.68 2.09 0.13 0.03 Orthopyroxene
14303,363 1.1 0.7 6.1 3.58 0.04 0.01 0.00 Orthopyroxene

Average 1.2 0.7 5.8 3.88 0.74 0.15 0.04

12013,141 Clast 11 0.6 0.8 6.7 0.13 0.08 0.11 0.87 Plagioclase 0.67
12013,141 Clast 11 0.5 0.7 5.9 0.76 0.04 0.45 0.59 Plagioclase 0.59
12013,141 Clast 11 0.5 0.9 8.1 0.14 0.09 0.14 1.01 Plagioclase 0.81

Average 0.5 0.8 6.9 0.34 0.07 0.24 0.83 0.69

12013,141 Clast 11 4.4 1.6 14.7 0.16 0.08 0.14 0.87 Alkali-feldspar 1.47
12013,141 Clast 11 3.8 1.5 13.5 0.18 0.09 0.08 0.46 Alkali-feldspar 1.35

Average^ 4.1 1.6 14.1 0.17 0.09 0.11 0.67 1.41

Measured hydrogen component represented as H and H2O mass fractions for clarity.
* S variability likely reflects contribution from mineral impurities.

** Computed range of magmatic H2O content assuming D = 0.001 (evolved melt) and 0.004 (primitive melt), respectively.
# natural SiO2 is used to define the baseline.
^ C is high in these alkali-feldspar analyses, SEM imagery shows no evidence that ion beam hit cracks or grain boundaries.
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The use of this generic H ‘‘water content” has led to confusion and this corrigendum is intended to
clarify this. The reported hydrogen abundances in Simon et al. (2020) in Tables 2 and 3, Figs. 15 and
16, and throughout the text are all the mass fraction of H2O (ppm), not the mass fraction of H (ppm).



Fig. 15. (Modified after Fig. 15 in Simon et al., 2020). Inferred H2O-in-feldspar based on secondary ion microprobe measurements (a) and
estimated magmatic water contents (b) compared to K2O/CaO in felsic (red symbols) and mafic (black symbols) samples. Secondary ion
microprobe data for two FAN samples from Hui et al. (2017) included with the mafic samples measured herein. K2O and CaO data from
Haskin et al. (1974), Wänke et al. (1975), Quick et al. (1977), Ryder (1976), Warren and Wasson (1980) and Warren et al. (1983). Inferred
H2O-in-feldspar abundances (and estimated H2O wt.% melt values) are means with their associated 2 SD uncertainties. The H2O wt.% melt
estimated from 12013 plagioclase (pl) is the exception in which the larger uncertainties reflect propagation of the range of reported volatile
distribution coefficients (Hamada et al., 2013; Mosenfelder et al., 2016; Simon et al., 2020). The measurements used to infer H2O in alkali
feldspar (ksp) from 12013 granophyre material and plagioclase from adjacent 12013 ‘‘plagioclase + alkali feldspar” material are distinct (see
Simon et al., 2020). Composition of the ksp intergrown with the An50-70 plagioclase is �Or50. Bulk felsite K2O/CaO of 12013 clast material
reported by Quick et al. likely represents averaging among these distinct more local melt compositions (i.e., granophyre material and
plagioclase + alkali feldspar material, the latter of which appears to represent a mixture between assimilated xenocrysts and a more felsic
melt).

Fig. 16. (Modified after Fig. 16 in Simon et al., 2020). Diagram showing Rayleigh fractionation model curves used to place constraints on
parental magma water composition of LMO based on inferred H2O-in-feldspar contents of primordial materials (FANs and troctolites).
Curves derived from residual melt compositions computed assuming a H2O melt-plagioclase distribution coefficient of 0.004 (Hamada et al.,
2013). Dashed curve indicates the original model of Hui et al. (2013) for FAN 60015. The reported parental magma H2O abundance drops
from �320 ppm to �170 ppm after corrections (Mosenfelder et al., 2017) have been applied to their FTIR data. Points A–C indicate possible
melt H2O abundances and degree of differentiation of primordial melts based on feldspar measurements for FAN 60015 and troctolites 14303,
363 and 76535, assuming an initial LMO value of 75 ppm computed from the lowest inferred H2O-in-feldspar contents (1.4 ppm for
plagioclase in 76535). Samples with lower inferred H2O values potentially recording an even lower parental magma H2O of the LMO may
exist, but will not be observed until lower hydrogen component detection limits are routinely achieved. Model curves assume constant time
integrated distribution coefficients for olivine and pyroxene prior to plagioclase saturation at 80% crystallization of parental magma (F > 0.2).
The ‘wet’ melts and high bulk silicate Moon estimated by Hui et al. were likely also overestimated because of the unrealistic assumption that
the feldspars measured were the ‘‘first” to form from the lunar magma ocean.
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There is no need to convert from H to H2O, accounting for their different mass fractions, in order to
directly compare the reported concentrations to other H2O measurements that use the oxide conven-
tion, see revised Tables 2 and 3. Except for the potentially misleading axis labels in Figs. 15 and 16
(Simon et al., 2020) the findings and our interpretations of these data remain unchanged. The left
panel of Fig. 1 modified after Fig. 15 of Simon et al. (2020) shown with the oxide nomenclature illus-
trates the inferred H2O content in feldspar, based on secondary ion microprobe measurements of
16OH- in feldspar, plotted against the K2O/CaO ratio of the samples. The diagram constructed in
Fig. 2 modified after Fig. 16 of Simon et al. (2020) shown with the oxide nomenclature illustrates
how computed Rayleigh fractionation model curves compare to the residual water inferred by feld-
spar measurements reported by Hui et al. (2013), Mosenfelder et al. (2017), and Simon et al.
(2020) in terms mass fraction of H2O.

Likewise, the interpretations and conclusions of the original contribution remain unchanged,
including as follows: The Moon accreted dry or degassed early as demonstrated by the ubiquitous evi-
dence of extremely low inferred water content in ancient lunar igneous materials. The extremely dry,
granitic clast material in 14321,1062, given its relatively low amount of microstructural evidence for
shock metamorphism, gives the best estimate for the inferred water content (�0.2 wt.% H2O) of the
felsic endmember of differentiation of the bulk Moon. The ‘wet’ felsic melts tentatively ascribed to
felsite clast materials in Apollo samples 12,013 and 15,405 (i.e., Mills et al., 2017) are in assemblages
that exhibit significant microstructural evidence of shock. They likely obtained little hydrogen from
the lunar interior, but rather incorporated volatiles during an impact event involving a volatile-bear-
ing impactor. It will be important to test the conclusions of this work by studying additional ancient
felsic materials to evaluate further whether there is any lunar silicic magmatism that exhibits evidence
for terrestrial abundances of magmatic water.
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