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Direct measurement of hydroxyl in the lunar

regolith and the origin of lunar surface water
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Remote sensing discoveries of hydroxyl and water on the
lunar surface have reshaped our view of the distribution of
water and related compounds on airless bodies such as the
Moon1–3. The origin of this surface water is unclear4, but it has
been suggested that hydroxyl in the lunar regolith can result
from the implantation of hydrogen ions by the solar wind1,5.
Here we present Fourier transform infrared spectroscopy and
secondary ion mass spectrometry analyses of Apollo samples
that reveal the presence of significant amounts of hydroxyl in
glasses formed in the lunar regolith bymicrometeorite impacts.
Hydrogen isotope compositions of these glasses suggest that
some of the observed hydroxyl is derived from solar wind
sources. Our findings imply that ice in polar cold traps could
contain hydrogen atoms ultimately derived from the solarwind,
as predicted by early theoretical models of water stability
on the lunar surface6. We suggest that a similar mechanism
may contribute to hydroxyl on the surfaces of other airless
terrestrial bodies where the solar wind directly interacts with
the surface, such asMercury and the asteroid 4-Vesta.

The past few years have witnessed a paradigm shift in our
view of ‘no water’ on the Moon. This revolution started with
the report of significant H in lunar volcanic glasses7 and was
followed by finds of high H contents of lunar apatite8–10 and melt
inclusions11. These measurements were made by secondary ion
mass spectrometry (SIMS), which cannot distinguish H species,
but the measured H was suggested to be most likely OH. Equally
important are the discoveries of OH/H2O in the top millimetres
of the lunar regolith, as revealed by reflectance spectra1–3, which
can distinguish various forms of H. Subsequently, the National
Aeronautics and Space Administration (NASA) Lunar Crater
Observation and Sensing Satellite (LCROSS) mission delivered an
impactor into a permanently shadowed lunar crater and observed
the resulting plume. Results are consistent with the presence of H2O
ice in cold traps at the lunar poles12 and support observations of
hydrogen by Lunar Prospector’s neutron spectrometer13. Despite
these discoveries of H/OH/H2O on the Moon, there has been
no direct proof of OH/H2O in specific lunar regolith phases.
Although measurements on bulk samples of the lunar regolith
have demonstrated the presence of solar-wind H, C, N and noble
gases14, it is unknown whether the solar-wind H was bounded
as OH or H2O (or is present in some other less common
form). As a result, the contribution of solar-wind protons to
polar ice is debated13,15. Answers to these debates are important
to understanding the development of the lunar regolith and
space weathering on other airless bodies in the solar system (for
example, 4-Vesta, Mercury).
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Lunar regolith typically refers to all the crushed materials
that cover the lunar surface, whereas lunar soils refer to the
fraction of particles <1 cm in size. The lunar regolith is produced
by space weathering, a term referring to physical and chemical
alteration caused by meteorite and micro-meteorite (<1mm
in size) impacts, solar-wind, solar-flare and galactic-cosmic-ray
particle bombardments. For the past 3 billion years, micro-
meteorite impacts have been the main mechanism altering the
regolith by comminution, melting, and vaporization. The solar
wind consists of low-energy particles (∼1 keV amu

−1, mainly H+)
and only affects the top micrometre of exposed grains by sputtering
and implantation16. Higher-energy particles in solar-flare and
galactic-cosmic rays (1MeV amu

−1 to 10GeV amu
−1) penetrate to

centimetre to metre depth and cause nuclear reactions in the lunar
regolith. The OH observed in the lunar regolith by reflectance
infrared was ascribed to neutralized solar-wind protons in the top
50–100 nm of soil grains (or solar-wind implantation)1,2,4. Recent
irradiation experiments using ∼1 keVH+ and D+ produced OH
and OD on the outer surfaces of lunar soils, proving the feasibility
of solar-wind implantation5.

Agglutinates are unique products of space weathering in the
lunar regolith. They are collections of regolith grains cemented
by quenched melts (hereafter referred to as agglutinitic glasses)
generated by micro-meteorite impacts into the solar-wind-rich
regolith. The agglutinitic glasses are vesicle-rich and contain
metallic iron particles from nm to µm size. It has been postulated
that solar-wind-inducedOHmay be transferred from grain surfaces
into lunar agglutinitic glasses17. However, former searches for this
hydrogen using infrared spectroscopy have provided inconclusive
results18,19. Here, we re-examine agglutinitic glasses with Fourier
transform infrared spectroscopy (FTIR) and SIMS. Combined,
these two methods determine the chemical form of H, its abun-
dances and its isotopic compositions, with a high spatial resolution.

We selected individual grains from Apollo 11 mare soil 10084,
Apollo 16 highland soil 64501, and Apollo 17 mare soil 70051. The
grains include agglutinates and impact glasses. They were doubly
polished and measured for abundance of OH and H2O using FTIR.
These grains, and further singly polished agglutinate grains, were
embedded in an indium disc and then analysed using SIMS. The
abundances, regardless of the chemical form of H, are expressed
as parts per million H2O by weight (ppmw H2O) by convention.
The hydrogen isotope compositions of these samples were also
determined by SIMS to fingerprint the possible sources ofH.

Five polished agglutinates from lunar soils 10084 and 70051
exhibit noticeable FTIR absorption in the 3,500–3,125 cm−1 range,
typical for OH groups (Fig. 1). The estimated OH contents from
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Figure 1 | FTIR spectra and SIMS data of two agglutinates. Each coloured

square box on a sample corresponds to a spectrum of the same color. The

dashed lines are the linear fit of the continuum (background) of the

spectrum. Concentration estimates using FTIR absorbance are labelled

next to the spectra. The sharp absorption peaks at ∼2,900 cm−1 for C–H

bands are possibly organic contamination attached to exposed vesicle

walls, although it cannot be ruled out that the C–H bands represent genuine

lunar signatures. The 2σ uncertainties for SIMS H contents and D/H

compositions are estimated based on repeated analyses of standards,

fitting errors and counting statistics. Samples come from Apollo 17 soil

70051 (a) and Apollo 11 soil 10084 (b).

FTIR spectra range from 70 to 170 ppmw H2O, with uncertainties
up to 30% relative (Supplementary Information). The SIMS
analyses of these five samples exhibit H abundances equivalent to
160–200 ppmw H2O, consistent with the FTIR data (Fig. 1 and
Supplementary Table S1). The similarity of results using these two
methods suggests almost all of the H in the agglutinates analysed by
SIMS is in the form of OH. Other forms, such as H2 or C–H species,
if present at all, are apparently minor.

SIMS results of 13 agglutinates indicate that the agglutinitic
glasses contain H equivalent to 27 ± 14 to 470 ± 18 ppmw
H2O (Fig. 2 and Supplementary Table S1). Mineral fragments
(plagioclase and pyroxene) in these agglutinates contain trace
amounts of H that are similar to or slightly above that measured in
a nominally anhydrous standard (<1 ppmwH2O, Supplementary
Information). We also examined impact glasses that are free of
vesicles, and sometimes free of inclusions, which were possibly
formed by meteorite impacts into rock fragments. These impact
glasses are as poor in H as the H-free standard. Our results
demonstrate that agglutinitic glasses, not minerals, host the
majority of the H in the samples, contain it mostly as OH, and
that only those glasses formed from soil precursors (as opposed to
rock fragments) contain this H. For 21 analyses on Apollo 10084

agglutinitic glasses, themean- andmedian-OH contents are similar,
177 versus 174 ppmw H2O respectively. Using the mean value, and
the amount of agglutinitic glasses in the bulk soil (∼40wt%; ref. 20),
our data suggest ∼70 ppmw H2O in soil sample 10084, lower than
earlier reports of 9.5–25.4×10−6 molH2 g

−1 (171–458 ppmwH2O)
in bulk sample 10084 (ref. 21).

The D/H values of eight agglutinates range from δDSMOW of
−844± 40h to +4,206± 134h (2SD) (Fig. 2). The majority of
our data (6 agglutinates) lie below δD of −550h. Two agglutinates
(10084agg2; 10084agg8ir) exhibit positive δD values (+191±99h
to 4,206±134h). TheH isotope compositions of these agglutinates
significantly differ from the visible contaminants in vesicles and
cracks with δD of about −50 to −200h. On this basis, we infer
that the measured D/H compositions of lunar agglutinates largely
reflect components intrinsic to the returned lunar soils, rather than
terrestrial contamination. Furthermore, if terrestrial contamination
produced the observed OH, we would expect D/H values and 1/H
follow amixing line between the Earth and solar wind. Such a trend
is not evident in Fig. 3.

Three sources have been suggested for OH in the lunar regolith,
including redistribution of implanted solar-wind hydrogen1–3,
trapped volcanic gas11, and redistribution of H introduced to the
lunar surface through comet or meteor impacts3,12,13. Hydrogen
isotope ratios potentially discriminate among these sources. The
incorporation and reworking of implanted OH into the agglutinitic
glasses through impactmelting could have increased theD/H values
because H diffuses more rapidly than D. However, agglutinitic
glasses are apparently very heterogeneous in D/H ratio at the scale
of individual samples. This implies they never spent significant time
hot and molten, or the H isotopes would have homogenized by
diffusion. Rather, they must be products of very brief flash heating
and immediate quenching back to glass.

The present-day solar wind is highly depleted in D (D/H <

10−7 or δD ≈ −1,000h; ref. 22), which is much lower than
all agglutinates analysed in this study. Nevertheless, all other
plausible sources of H are significantly higher in D/H ratio than
we measure in most agglutinate glasses, so our data strongly
suggest that a large fraction (perhaps half or more) of the H
we observe is ultimately derived from solar-wind protons. It is
possible that D in these samples was generated by cosmic-ray
spallation21. A simple calculation suggests D in five agglutinates
we analysed can be explained by spallation generation (details in
the Supplementary Information). The most important implication
of our results is that hydrogen can be implanted into lunar
soils from the solar wind and subsequently transferred to
agglutinitic glass throughmicrometeorite gardening andmelting of
solar-wind-rich soils.

Three grains of Apollo 11 soil 10084 (10084agg2, 10084agg3,
10084agg8ir) seem to contain too much D to be the result of
spallation alone. If D in these grainswere all derived from spallation,
their exposure ages would be 0.6Gyr (10084agg3), 1.3–1.5Gyr
(10084agg8ir) and 14 Gyr (10084agg2) assuming the same D
production rate (Supplementary Information). Considering the
poorly constrained production rate, the lower end of this range is
possible, but the upper end is not. Thus, either production rates of
D through spallation are strongly underestimated in prior studies,
or grain 10084agg2 contains D from some other source.

Although solar wind and spallation seem capable of explaining
the sources of H in most agglutinates, we consider several
alternative hypotheses. If the measured H in agglutinates is trapped
volcanic gas, we expect it should be in equilibrium with that
remaining in volcanic glass beads. The δD values for volcanic
glass beads were previously measured to be +340h for the most
volatile rich sample23. The hydrogen isotope composition of the
vapour in equilibrium with such melts is δD ≈ +280 to +330h
(Supplementary Information). Trapping of such vapour obviously
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could not explain the majority of agglutinates with δD< −500h,
but might contribute, directly or indirectly, to the higher overall D
content of 10084agg2.

If OH in the lunar agglutinates is ultimately derived from
meteoritic impactors, it should be similar in D/H ratio to known
cometary and meteoritic materials. Because some meteorites and
comets have δD values higher than 5,400h (Fig. 2), they provide
a viable source for the very high δD values in the agglutinate
10084agg2 observed in this study. Although it is suspected that
addition of H (in some form) from cometary and meteoritic
impacts dominated the formation of ice in the permanently
shadowed regions of the Moon13, our study provides the first
evidence that such a source could contribute to at least some
components of the lunar regolith.

Overall, the hydrogen isotope compositions show that OH in
lunar agglutinates is derived from solar-wind protons, but is either
modified by subsequent fractionation or admixed with another
non-solar-wind source. This conclusion is consistent with mixing
between solar-wind and non-solar-wind sources, observed from
nitrogen and noble-gas isotope compositions of lunar soils24. The
majority of agglutinates investigated in this study contains OH
derived from solar wind, somewhat more than the 50% to 30%
contribution suggested by nitrogen isotopes for Luna 24 soils24.
This difference could reflect different efficiencies of trapping solar-
wind H and N, or different retention rates for different exposure
ages (100Myr for Apollo 10084 versus 500Myr for Luna 24), or
hydrogen isotope fractionation that preferentially elevates the D/H
ratio of the component trapped in agglutinates.

Our study identified a new reservoir of OH on the Moon, in
addition to those recognized in previous studies ofmagmatic glasses
and apatites. Because agglutinates make up a major proportion of
lunar soils, often reaching 50 vol% of a mature soil20,25, the detected
OH in agglutinates represents an unanticipated, abundant reservoir
of OH/H2O in lunar regolith. The exposure age of a soil at the
lunar surface is proportional to its agglutinate content25. Therefore,
our results indicate that older lunar soils might contain higher OH
than younger lunar soils.

Lunar soils used in this study were all collected in the equatorial
region of the near side of the Moon, where the solar-wind
fluence is smaller than other regions and the degassing rate is
faster14,26. The retention of solar-wind-produced OH in these
samples supports solar-wind as a viable source for water-ice in polar
cold-traps. Confirmation of a solar-wind and a non-solar-wind
source for OH in agglutinates provides further information about
the formation of surface OH/H2O on other airless bodies, such as
Mercury and 4 Vesta.

Methods
Analytical methods. Sample and full methods can be found in the Supplementary
Information. Transmitted infrared spectra were collected on the doubly-polished
grains using a Perkin–Elmer Spectrum FTIR GX microscope at the University of
Michigan. The OH content can be estimated using the 3,500-cm−1 band-intensity,
relative to the continuum-baseline (Fig. 1). These estimates show large
uncertainties, mostly because of the small peaks, which introduce difficulty in
subtracting a sloping baseline, but also because of uncertainties in sample thickness
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and in absorption coefficient. As a result of these factors, the uncertainty in the
estimated OH contents is 20–30% relative.

Agglutinates used for FTIR analyses as well as further ones were then imaged
and analysed with a Cameca SX-100 Electron Microprobe at the University
of Tennessee. Back scattered electron (BSE) images were collected on these
agglutinates. The compositions of the glass and minerals were acquired with the
following analytical conditions, including a voltage of 15 keV, a current of 10 nA,
and 5–10 µm diameter beam. Natural and synthetic standards were used for
calibration andmeasured periodically within analytical sessions to ensure optimum
data quality. Detection limits are typically <0.05wt% for SiO2, Al2O3, MgO, CaO,
Na2O, K2Oand P2O5; 0.06–0.1 wt% for FeO, TiO2, SO2 and P2O5.

Analyses for H abundances and D/H values were conducted in two sessions
with a Cameca IMS-7f GEO ion probe at Caltech. For both sessions, the areas of
interest were examined carefully using ion imaging to avoid C and H hotspots
(cracks, vesicles). Spots chosen for SIMS analyses are near Electron Microprobe
measurement points. Following a ∼3min sputtering, glassy regions were measured
for 20 cycles through the mass sequence of 12C−, 16O1H−, [18O−], 12C16N−, 30Si−,
[31P−], 32S−, and 35Cl−, where the masses in brackets were only measured in the
second session. A mass resolving power (M/1M ) of 5,500 was used to separate
the 16O1H peak from 17O. The 2σ uncertainties (Supplementary Table S1) of the
H measurements were estimated based on the external errors of the standards
(repeated measurements of the standards, the errors associated with them, both in
their slopes and intercepts) and the internal errors.

D/H measurements were conducted on the same spots where H abundances
were obtained. The mass sequence of 1H−, 2H−, and 16O− was measured for 15–20
cycles each with 1, 15 and 1 s counting times. The analyses of the rhyolitic glass
yielded an instrument mass fractionation (IMF) of +30h. All reported values
were corrected for the IMF. The 4σ uncertainties (Fig. 2 and Supplementary Table
S1) include both external errors (repeated analyses of the rhyolitic standard) and
internal errors (counting statistics).
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Supplementary Information

1. Samples 

Agglutinates were picked from three soil samples.  Apollo 11 soil 10084 is a mature soil, 

whereas Apollo 16 soil 64501 is a sub-mature one.  Sample 70051 was collected from the 

surface of the lunar rover at the conclusion of the Apollo 17 mission, and is considered to be 

immature
1
.

2. Analytical methods

All reported FTIR data were collected using a microscope of a Perkin-Elmer Spectrum FTIR 

GX at the University of Michigan.  Transmitted IR spectra were collected using a visible source, 

a CaF2 beamsplitter, a liquid-N2 cooled MCT detector, a rectangle aperture (100 by 80-100 µm), 

512 scans, resolution of 4 cm
-1

, and a gain of 1 to 4.  To minimize the interference of

atmospheric H2O, samples were shielded in a compartment purged with a constant N2 flow, and 

a new background scan was collected just before the sample scan.  The total H2O contents were 

© 2012 M acmillan Publishers Limited.  All rights reserved. © 2012 M acmillan Publishers Limited.  All rights reserved. 



2 
 

estimated following the Beer-Lambert law: c = 18.02 × Abs/(d × ρ × ε), where Abs is the 

absorbance at ~3480 cm-1 (peak value) corrected for the baseline, d is the thickness of the sample, 

ε is the molar absorption coefficient and is 61 l/mol/cm for the basaltic glass2, ρ is the density of 

the glass assuming a constant value of 3000 kg/m3.  The ε values differ by <6% among different 

basalts3.  Detection limit of the FTIR spectrometer is ~10 ppmw H2O.  However, owing to the 

small size of the peak at ~3500 cm-1 and the uncertainty in sample thickness and in the baseline 

fitting, the estimated OH contents are much larger (20 to 30%).   

Back scattered electron (BSE) images and the composition of the glasses and minerals were 

acquired using a Cameca SX-100 electron microprobe (EMP) at the University of Tennessee.  

Analytical conditions include a voltage of 15 KeV, a current of 10 nA, and a 10 µm beam 

diameter.  Natural and synthetic minerals are used as standards.  Detection limits are typically 

<0.05 wt% for SiO2, Al2O3, MgO, CaO, Na2O and K2O; 0.06-0.1 wt% for FeO, TiO2, Cr2O3, 

MnO, P2O5 and S.  Major and minor element contents of glass and minerals are shown in 

Supplementary Table 1 and Supplementary Figure 1. 

Analyses for H abundances and D/H values were conducted in two sessions with a Cameca 

ims-7f GEO ion probe at Caltech.  For both sessions, the areas of interest were examined 

carefully using ion imaging to avoid C and H hotspots (cracks, vesicles).  Spots chosen for SIMS 

analyses are near EMP points.  Following a ~3 min sputtering, glassy regions were measured for 

20 cycles through the mass sequence of 12C-, 16O1H-, [18O-], 12C16N-, 30Si-, [31P-], 32S-, and 35Cl-, 

where the masses in brackets were only measured in the second session.  A mass resolving 

power (∆M/M) of 5500 was used to separate the 16O1H peak from 17O.  Terrestrial basaltic 

glasses with 150 and 260 ppmw H2O
4 were used as standards for H abundances (Supplementary 

Figure 2).  Supplementary Figure 3 shows an example of the SIMS spectra for OH 
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measurements.  The instrument H backgrounds of the two sessions were monitored with a dry 

olivine standard (GRR1017, <<1 ppmw H2O
5).  The background 16O1H-/30Si- values were 

subtracted from those of standards and samples.  Using the method in Mosenfelder et al.5, the 

detection limit of SIMS is estimated to be 7 and 5 ppmw H2O for two sessions, respectively.  The 

uncertainties (2σ in Supplementary Table 1) of the OH measurements were estimated based on 

the external errors of the standards (repeated measurements of the standards, the errors 

associated with them, both in their slopes and intercepts) and the internal errors.   

D/H measurements were conducted on the same spots where H abundances were obtained.  

The mass sequence of 1H-, 2H-, and 16O- was measured for 15-20 cycles each with 1 s, 15 s and 1 

s counting times.  One terrestrial rhyolitic glass containing 0.69 wt% H2O with δD = -69‰VSMOW 

(MC84-df6) was used to evaluate the instrument mass fractionation (IMF) of D/H.  Given the 

small OH contents, the matrix effect between basaltic and rhyolitic glasses7 is insignificant for 

the results presented in this study.  The analyses of the rhyolitic glass yielded an IMF of +30‰.  

All reported values were corrected for the IMF.  The 2σ uncertainties (Fig. 2 and 3, 

Supplementary Table 1) include both external errors (two analyses of the rhyolitic standard) and 

internal errors (counting statistics).  The analytical spots corresponding to Supplementary Table 

1 are shown on the BSE images of the agglutinates (Supplementary Figure 4). 

 

3. Calculation of spallation-generated deuterium 

 For this calculation, we assume hydrogen was derived from solar-wind and deuterium 

was generated by cosmic-ray and solar-flare spallation.  Using a spallation production rate of D 

at the surface (1.5 × 10-12 mole D2/g/Myr)8, and a solar-flare exposure age of 10084 (100 Ma9), 

we obtained 6 × 10-10 g of spallation-D per gram of the regolith, similar to that estimated by 
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Epstein and Taylor10.  The spallation-D (molar) was divided by measured H (molar) in each 

agglutinates and then compared to measured D/H values (Supplementary Figure 5).  Five 

agglutinates lie on the 1:1 line considering the uncertainties in the calculated D/H values 

(Supplementary Figure 5).  Three grains of Apollo 11 soil 10084 (10084agg2, 10084agg3, 

10084agg8ir) appear to contain D higher than that from spallation.  If D in these grains were all 

derived from spallation, their exposure ages would be 0.6 Ga (10084agg3), 1.3-1.5 Ga 

(10084agg8ir) and 14 Ga (10084agg2) assuming the same D production rate.  The spallation   

production rate is poorly constrained.  If we assume the rate is 10 times more than the estimated 

value, the exposure ages decrease to 60 Ma (10084agg3), 130-150 Ma (10084agg8ir), and 1.4 Ga 

(10084agg2).  The lower end of this range is possible, but the upper end is not. Thus, either 

production rates of D through spallation are strongly under estimated in prior studies, or grain 

10084agg2 contains D from some other source.   

 

4. Calculation hydrogen isotope composition of vapor from volcanic degassing 

At the oxygen fugacity of IW-2 to IW, the vapor contains H2 and H2O.  Let R=D/H and x = 

XH2,v.  Thus, for the hydrogen isotope composition of the vapor (v), we have: 

Rv = (1-x) * RH2Ov + x *RH2,v 

=(1-x) * RH2Ov + x / αH2Ov - H2v  RH2Ov 

= (1-x + x / αH2Ov - H2v ) RH2Ov. 

The mole fraction of H2 in the vapor is approximated by the fugacity ratio of H2/H2O (10:1 at log 

fO2 = IW-2 to 1:1 at log fO2 = IW)11. The fractionation factor αH2Ov – H2v is 1.0875 at 1300 °C12.   

For the melt, dissolved H2 and molecular H2O are insignificant compared to OH11.  It is thus 

reasonable to assume there is no fractionation between H2 in the vapor and that in the melt, and 
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H2 in the melt and OH in the melt.  Therefore the exchange reactions between vapor and melt 

follow: 

H2O (v) + HDO (m) = HDO (v) + H2O (m) 

H2O (m) + 2 OH (m) = HDO (m) + OH (m) + OD (m) 

RH2Ov/ ROH, melt = α H2Ov - H2Om * α H2Om – OHm 

Using values for rhyolite6, α H2Ov - H2Om = 0.9857 and α H2Om – OHm = 1.049, we have α H2Ov - melt = 

1.034.  Thus,  

Rv = (1-x + x/αH2Ov - H2v) RH2Ov 

= (1-x + x/1.087)* ROH, melt*1.034 

For δDmelt = + 340 ‰ for glass beads corrected for spallation13, the δDv in equilibrium with the 

melt is ~+284 to +330 ‰ for IW-2 to IW, respectively.   
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Supplementary Figures and Table 

Supplementary Figure 1.  Compositions of agglutinitic glasses in this study.  Filled fields 

represent bulk compositions of lunar soils, and open fields show average compositions of 

agglutinitic glasses14-16.  Sample 10084agg2 plots together with other agglutinates. 
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Supplementary Figure 2.  Calibration lines for two analytical sessions.  The 16O1H/30Si 

values have been background corrected.  The 2σ uncertainties of 16O1H/30Si and H2O content are 

shown if larger than the symbols.  Linear regressions were conducted by weighting the 

16O1H/30Si and H2O content with their 2σ uncertainties.   
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Supplementary Figure 3.  SIMS spectrum for OH analysis. 
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Supplementary Figure 4.  Backscattered electron images of lunar agglutinates showing 

SIMS analytical spots. The SIMS spots for H abundances are labeled according to dates.  The 

spots for D/H ratios are labeled with DH_###.  Sample names containing ‘ir’ indicate that 

transmitted FTIR analyses had been conducted.  Examples of SIMS time-lapsed spectra are 

plotted for two analyses. 
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Supplementary Figure 5. Measured versus modeled D/H values.  The modeled D/H assumes 

all H was derived by solar-wind protons and D was from spallation.  The large uncertainties in 

δDmodel are due to the uncertainties in H contents. 
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Supplementary Table 1. Composition of agglutinates and their OH contents (in ppmw H2O).   

sample spot # 

H2O 

FTIR 

H2O 

SIMS 2σ 

δD 

(‰) 2σ P2O5 1σ SiO2 1σ TiO2 1σ Al2O3 1σ Cr2O3 1σ MgO 1σ CaO 1σ MnO 1σ FeO 1σ Na2O 1σ K2O 1σ S 1σ Total 

impact glasses
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44.0 

 

5.05 

 

10.5 

 

0.52 

 

11.9 

 

14.1 

 

0.17 

 

13.2 

 

0.16 

   

0.61 

 

100.4 

70051agg2ir 1215@1 120 200 40 -711 58 0.15 0.03 38.2 0.4 6.89 0.16 13.9 0.2 0.42 0.05 10.0 0.23 11.0 0.1 0.19 0.02 18.3 0.7 0.22 0.02 <d.l. 0.03 0.40 0.41 99.7 

                                
70051agg3ir 1215@1 90 209 40 -844 40 0.19 

 

41.3 

 

7.30 

 

12.0 

 

0.36 

 

9.43 

 

13.5 

 

0.22 

 

15.3 

 

0.39 

 

<d.l. 

 

0.08 

 

100 

70051agg3ir 1215@2 70 203 40 -781 97 0.15 

 

40.6 

 

8.12 

 

12.4 

 

0.40 

 

9.94 

 

11.3 

 

0.22 

 

16.4 

 

0.38 

 

0.06 

 

<d.l. 

 

100.0 

Apollo 16 soil 64501 

                              
64501agg3 0901@3 

 

203 16 

  

0.23 0.01 43.5 0.9 0.92 0.14 27.0 1.2 0.11 0.02 7.38 1.18 15.5 0.4 0.08 0.03 5.25 0.53 0.40 0.07 

  

0.23 0.12 100.3 

64501agg3 0901@4 

 

269 50 

  

0.23 0.00 44.2 0.4 0.30 0.26 35.4 0.2 

  

0.10 0.06 18.9 0.4 <d.l. 

 

0.23 0.01 0.60 0.22 

  

0.44 0.27 100.5 

64501agg3 1215@2 

 

79 40 -558 85 0.17 

 

44.2 

 

0.14 

 

27.7 

 

0.06 

 

6.55 

 

16.0 

 

0.07 

 

4.15 

 

0.47 

   

<d.l. 

 

99.5 

Mineral fragments in agglutinates
3
 

                            
10084agg1ir 1215@1 pl <d.l. 

   

0.29 

 

43.4 

 

<d.l. 

 

36.2 

 

<d.l. 

 

0.05 

 

20.0 

 

<d.l. 

 

0.19 

 

0.36 

 

<d.l. 

 

<d.l. 

 

100 

10084agg3 0830@1 pl 43 14 

  

0.22 0.03 44.4 0.3 0.42 0.18 30.5 0.9 0.05 0.02 3.68 0.59 17.4 0.3 <d.l. 

 

3.17 0.48 0.47 0.03 

  

0.13 0.24 100.4 
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DH_plag@1 

  

2018 351 

                         
10084agg5ir 0830@1 px <d.l. 

   

0.19 0.07 47.9 0.6 4.19 0.46 4.50 0.68 0.78 0.03 14.8 0.0 16.5 0.3 0.24 0.02 10.9 0.2 0.12 0.01 

  

0.16 0.22 100.3 

10084agg8 1215@3 pl 15 40 952 208 0.22 0.01 43.8 0.0 0.07 0.01 35.7 0.1 

  

0.17 0.02 19.8 0.0 <d.l. 

 

0.37 0.10 0.35 0.02 <d.l. 

 

0.08 0.05 100.6 

10084agg9 1215@2 px <d.l. 

   

0.12 

 

51.7 

 

0.87 

 

1.04 

 

0.27 

 

18.7 

 

6.21 

 

0.37 

 

21.8 

 

<d.l. 

 

<d.l. 

 

<d.l. 

 

101.1 

10084agg10 1215@1 px <d.l. 

   

0.23 0.01 48.5 0.6 3.34 0.2 3.89 0.50 0.74 0.11 14.9 0.8 17.9 0.7 0.19 0.01 10.4 0.28 0.11 0.02 <d.l. 

 

<d.l. 

 

100.4 

64501agg3 0901@1 ol 46 14 

  

0.09 

 

38.8 

 

0.37 

 

1.80 

 

0.05 

 

36.1 

 

1.11 

 

0.20 

 

22.7 

 

<d.l. 

   

<d.l. 

 

101.2 

64501agg3 1215@1 px <d.l. 

   

0.16 

 

44.0 

 

0.44 

 

20.9 

 

0.12 

 

11.9 

 

11.8 

 

0.15 

 

13.0 

 

0.35 

   

0.24 

 

103.1 
1
OH contents from FTIR were calculated using the OH band height at ~2350 cm-1 and a molar absorption coefficient of basaltic glass (Danyushevsky

  
et al.

2
). 

The 2σ uncertainties for SIMS measurements are based on repeated analyses of standards, fitting errors, and counting statistics.   Italic numbers indicate possible terrestrial contaminations in the H abundances by SIMS because their 

vicinities to H hot spots (contaminates).  The 1σ uncertainties for oxides are standard deviation of > 3 analyses near the same spots.  d. l.:  detection limit; nd, not determined. 
2 

Errors of these D/H measurements are only from counting statistics.
 

3
 These D/H measurements on mineral fragments contain larger uncertainties than those from counting statistics owing to the low H contents in these minerals.  pl: plagioclase; px: pyroxene; ol: olivine.   
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