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Remote sensing data revealed that the presence of water (OH/H,0) on the Moon is
latitude-dependent and probably time-of-day variation, suggesting a solar wind (SW)-
originated water with a high degassing loss rate on the lunar surface. However, it is
unknown whether or not the SW-derived water in lunar soil grains can be preserved
beneath the surface. We report ion microprobe analyses of hydrogen abundances, and
deuterium/hydrogen ratios of the lunar soil grains returned by the Chang’e-5 mission
from a higher latitude than previous missions. Most of the grain rims (topmost ~100
nm) show high abundances of hydrogen (1,116 to 2,516 ppm) with extremely low
8D values (-908 to -992%o), implying nearly exclusively a SW origin. The hydro-
gen-content depth distribution in the grain rims is phase-dependent, either bell-shaped
for glass or monotonic decrease for mineral grains. This reveals the dynamic equilib-
rium between implantation and outgassing of SW-hydrogen in soil grains on the lunar
surface. Heating experiments on a subset of the grains further demonstrate that the
SW-implanted hydrogen could be preserved after burial. By comparing with the Apollo
data, both observations and simulations provide constraints on the governing role of
temperature (latitude) on hydrogen implantation/migration in lunar soils. We predict
an even higher abundance of hydrogen in the grain rims in the lunar polar regions
(average ~9,500 ppm), which corresponds to an estimation of the bulk water content
of ~560 ppm in the polar soils assuming the same grain size distribution as Apollo soils,
consistent with the orbit remote sensing result.
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The global Moon is covered by a layer of soil-like fine-grained materials, up to ~12 to 15
m in thickness (1-3), called the lunar regolith and produced mainly by asteroid/comet
impacts (4). During their formation, lunar soils accumulated hydrogen (in the form of
H, H,, OH, and H,0) mainly via asteroid/comet impacts (5, 6), volcanic outgassing
(7-9), and solar wind (SW) implantation (6, 10—13). The exploration of the lunar surface
by orbital near-infrared spectroscopy led to the discovery of water (OH/H,0) absorption
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The latitude-dependent and
probably time-of-day variations
of water (OH/H,0) on the Moon
surface have previously been
explored by reflectance
spectroscopy. The lunar soils
returned by the Chang'e-5
mission from a middle latitude,
significantly higher than Apollo
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latitude-dependent implantation
and retention of solar wind
(SW)-derived water in lunar soils.
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NanoSIMS-FIB-TEM analysis of
the CE-5 soil grains,
complemented by the heating
experiments. The high
abundance of SW-derived
hydrogen in the rims of the
grains provides a significant
constraint on the preservation of
SW-derived water in lunar soils.

features, which exhibit latitude-dependent (14, 15) and time-of-day variations (15, 16).
However, due to the limited optical sensitivity of this technique, these signals cannot be
extended to depths below ~1 mm. In fact, observations of diurnal water-abundance
changes of up to 200 ppm (15) suggest a very fast desorption rate from the lunar surface.
In this case, SW-derived water could be largely lost from the surface soils via tempera-
ture-dependent diffusion and outgassing when SW implantation is stopped by shielding
with only a single micron-sized grain layer or turn-over caused by impacts. In addition,
hydrogen migration on the surface of the Moon was indicated by neutron spectrometry,
which can probe hydrogen up to ~0.5 m in depth and found high hydrogen concentrations
at lunar poles, suggestive of the presence of water frost/ice in the permanently shadowed
craters (17). There was no correlation between the hydration feature in the reflectance
spectra and the hydrogen abundance determined by neutron spectrometry, demonstrating
that the formation and temporary retention of OH/H,O are most likely ongoing surficial
processes (14). These processes may also lead to migration of water toward the poles and
then accumulation in the permanently shadowed regions of the Moon (14, 18, 19).
However, the hydration and dehydration processes of SW-implanted OH/H,O taking
place on the topmost surface of individual lunar soil grains, and the possible changes when
buried at depth, remain largely unknown.

The studies of Apollo samples revealed that SW-H was a major contributor to the
surficial water of the Moon (6, 10—13). The main occurrences of lunar surficial water
include adsorbed and/or vapor-deposited OH/H,O on grain surfaces, SW-produced OH/
H,O in the grain rims, and OH/H,0 in shock-induced melts. While water is stable in
the shock-induced melts, the directly implanted SW-H, when not chemically bonded to

The predicted water contents of
bulk soils in the lunar polar
regions are consistent with the
remote sensing data.
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oxygen to form OH/H,0O, could be largely lost from lunar soil
grains by diffusion and outgassing (20-22). The outgassing could
be more significant for the Apollo lunar soils due to high surface
temperatures at low latitudes on the Moon. Different from all six
Apollo and three Luna missions, which landed at low latitudes
(8.97°S to 26.13°N), the Change-5 (hereafter CE-5) mission
returned soil samples from the top layer within a few centimeters
beneath the surface at a middle latitude location (43.06°N) (23).
The CE-5 samples were collected from (i) the youngest known
lunar basalts (2.0 Ga) (24-26), thus minimizing perturbations by
impact cratering, and (ii) from the driest basaltic basement
(7 + 3 ppm H,0) (27, 28), thus minimizing any possible contri-
bution from lunar magmatic water. Therefore, CE-5 samples are
key to addressing the spatial-temporal distribution and retention
of the SW-derived water in the lunar regolith.

Seventeen soil grains with few adhering splashed melts were
selected from two lunar soil sample fractions (Materials and Methods),
which were scooped from the topmost layer (<3 cm in thickness)
of the lunar regolith at the landing site (29). After cleaning the grain
surfaces with adhesive tape to avoid using water or other liquids,
the grains were pressed into indium metal mounts and then coated
with gold (Fig. 1). The grains studied include seven olivine, one
pyroxene, four plagioclase, and five glass, which were identified and
confirmed by both the energy dispersive x-ray spectroscopy (EDS)
and Raman spectra (S Appendix, Fig. S1 and Table S1). The hydro-
gen abundances, and deuterium/hydrogen ratios were obtained from
ion microprobe analysis (Materials and Methods). Though the ion
microprobe analysis cannot discriminate the species of hydrogen,
which could be presentas H, H,, OH, H,0O, and other compounds
in lunar soil grains (30-33), the measured hydrogen concentrations
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largely reflect the amounts of the OH/H,O and were usually
expressed as “water” in previous studies (6, 13). The hydrogen iso-
topes were also determined to address its sources.

Results

A total of 20 depth profiles (‘"H™, *D", and '°O" intensity versus
duration of sputtering, i.e., depth) have been analyzed on the 17
grains using a nanoscale secondary ion mass spectrometer
(NanoSIMS) (Fig. 2 and ST Appendix, Fig. S2) (see Materials and
Methods for details). Since D counts in every single measurement
cgrcle (one cycle consists of 0.54-s counting of 'H, *D", and
'O intensities) are too low to precisely determine the D/H ratio,
only the bulk D/H ratio of the topmost 100 cycles (-100 nm in
depth, see below) was calculated and expressed in %o as 8D value
(8D (%0) = [(D/H) ympte/ (D/Hspiony — 11X 1,000; SMOW:
standard mean ocean water) with a statistical uncertainty (16)
derived from counting statistics (SI Appendix, Table S2). The
depths of the NanoSIMS-sputtered craters in representative grains
were measured using an atomic force microscope (AFM)
(SI Appendix, Fig. S3), and the sputtering rate was estimated to
be ~1 nm per rastering cycle (SI Appendix, Table S3). After the
NanoSIMS analysis, ~100-nm-ultrathin slices were prepared from
four of the crystals and two of the glass grains using focused ion
beam (FIB), and examined using a transmission electron micro-
scope (TEM) (Fig. 1 and ST Appendix, Figs. S4-S8) (Materials and
Methods).

All the silicate crystal grains, including olivine, pyroxene, and
plagioclase, show a SW-damaged zone with a thickness of 60 to
85 nm. The presence of nanophase Fe particles was observed in

yroxene (S08-10)

Glass

NanoSIMS & TEM

100 nm

Secondary electron images and TEM images of four CE-5 lunar soil grains. (A-D) The yellow squares marked on the grains are the areas for NanoSIMS

and TEM analyses. The SW-damaged zone (60 to 85 nm in thickness) can be clearly observed in olivine, pyroxene, and plagioclase, but not in glass grain. The
damaged zone is amorphous in pyroxene and plagioclase, but retains crystalline structure in olivine. Nanophase Fe (npFe®) particles can be observed in the
damaged zones of olivine and pyroxene. In addition, a very thin layer, probably vapor deposit, can be seen on the topmost surface of plagioclase.
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Fig. 2. The H-content depth profiles in the CE-5 soil grains. (A-D) Two types of H-content depth profiles were observed. The depth profiles in the glass grains
show a bell-shaped distribution (A) with peak depths ranging from 18 to 38 nm, while those in the silicate crystals (B-D) display a monotonically decreasing
trend. The gray areas represent the SW-damaged zone measured by TEM. Seventeen silicate grains were analyzed, including seven olivine, one pyroxene, four
plagioclase, and five glass. Note that only the first 300 nm of the depth profiles are presented due to the nearly stable contents after that.

the SW-damaged zone in olivine and pyroxene but not in plagi-
oclase (Fig. 1 A-C and SI Appendix, Figs. S4-S7). In addition, a
thin (<10 nm) vapor deposit layer was observed on the topmost
surface of the plagioclase grain (Fig. 1 Cand SI Appendix;, Fig. S7).
‘These space weathering features were not found in the glass grains
(Fig. 1D and SI Appendix, Fig. S8), probably because of their
amorphous nature. Solar flare tracks were recognized beneath the
damaged zone of the crystalline grains (S Appendix, Figs. S4-S7),
as reported in Apollo lunar soil grains (34-36). The TEM-
measured solar track densities of the CE-5 grains yield a range of
exposure times from 0.12 Ma to 1.95 Ma (SI Appendix, Table $4),
based on a track production rate of 4.4 + 0.4 x 10* tracks cm *yr”’
for a 21 exposure at 1 AU estimated from the solar flare track
density in pyroxene (36). It is important to emphasize that solar
flare tracks are produced mainly by solar energetic particles, pen-
etrating a few millimeters into the soils (36, 37). Hence the
SW-irradiation time could be much shorter than the solar ener-
getic particle exposure age because of possible shielding of the
overlying grains from SW that penetrates only ~100 nm. Simply
assuming a random exposure of a soil grain with a cubic form and
an average size of ~50 pm within the topmost ~2-mm layer of
lunar regolith (37) in a period of 0.1 to 2.0 Ma, the average
SW-irradiation time was estimated to be ~410 to 8,300 y.

All the ion probe profiles show a H-enriched zone in the first
<100-nm depth below the surface with hydrogen contents decreas-
ing sharply (Fig. 2 and S/ Appendix, Fig. S2), where the zero-depth
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position of the H-content depth profile was defined as the onset
of steady-state sputtering at cycles 10 to 20 based on the O-count
profile. The H-enriched zone in the silicate crystals overlaps the
SW-damaged zone. The maximum hydrogen contents in the top-
most surface zone are always high (1,116 to 2,516 ppm), except
for four grains (196 to 942 ppm) (S Appendix, Table S2). The
H-content depth profiles are of two types (Fig. 2). All glass grains
display bell-shaped H-content depth profiles with peaks at a depth
of 18 to 38 nm (average of 26 + 7 nm) (Fig. 24 and S/ Appendix,
Table S2). In contrast, the silicate crystals exhibit a monotonically
decreasing trend without any peak, except for one plagioclase grain
(807-16) showing a inflection point (Fig. 2 B-D). The topmost
~100-nm H-enriched zone of the grains is always highly
D-depleted, with the bulk 8D values ranging from -908 + 12%o
to =992 + 6%eo, except for three grains, which are slightly less
D-depleted (one glass grain probably resulting from impact melt-
ing of lunar soil because of the significant presence of hydrogen,
~210 ppm at depth of 900 nm; two plagioclase grains with low
hydrogen contents of 196 and 637 ppm in the topmost surface
zone) (SI Appendix, Table S2).

The extremely low 8D values of the topmost ~100-nm zone in
both the silicate crystals and glass grains imply that the hydrogen
present in CE-5 grains is nearly exclusively of SW origin. In fact,
the D-depletion is a fingerprint of SW-H because the Sun is
devoid of deuterium due to nuclear burning in the protosun (38).
This signature is clearly different from the 8D values of chondrites
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(=230 to +1,000%o0) (39, 40), comets (-100 to +3,175%o0) (39,
41), and the lunar interior reservoir (0 + 200%o0) (42—44). It is
worth noting that the vapor deposit contributes little, if anything,
to the 8D values, as indicated by the fact that the same bulk 8D
values are obtained for the topmost 100-nm zone, whether or not
excluding the first 10 nm (S Appendix, Table S2). The consistent
lowest 8D values of ~990 to -992%o observed for five grains are
identical to the present-day SW collected by the Genesis mission
(<=997%o) (45), indicating a nearly pure SW component in these
grains. This can probably be related to the low endogenic water
in the host basalts (27): there is essentially no contribution of
hydrogen from a source other than the SW. These implanted
SW-H could be trapped in the defect sites or by forming new
molecular species with lattice atoms (30), and H, molecules are
likely formed when the concentrations of unreacted H atoms are
high (32). Based on the average hydrogen contents of the topmost
100-nm zone in the CE-5 soil grains and the grain size distribu-
tion as Apollo soils (Materials and Methods), the bulk abundance
of SW-derived water (assuming hydrogen all as water) of the CE-5
soils was estimated at ~46 ppm, consistent with the remote sens-
ing measurements at CE-5 landing site (15, 46). This estimated
value could be regarded as an upper limit, since the implanted

A 2000 —— ,
1Simulation after burial
1 — SIMS, S07-31, Initial value
’g |Glass ---- SIMS, 450K, 28 hours
s 1 — — Model, 450K, 28 hours
S 1500~ ---- Model, 380K, 1 year
- i --=- Model, 360K, 10 years
g - - - Model, 330K, 1,000 years
€ Model, 300K, 100,000 years
Q
3]
c
)
o))
o)
—
°
>
I i
O T T T T T T T T T T T T
0 100 200 300
Depth (nm)
2500 1Simulation on surface 0703 1
— |Class — 50703 2
€ 2000 Model, 360K, 5 years
o ] - - - Model, 360K, 10 years
- : ---- Model, 360K, 20 years
§ 1500 --- Model, 380K, 20 years
ey
Q
3]
C
(o)
(o))
e
3 500-
I 4 Apollo samples
0""I""I""I""I""
0 20 40 60 80 100

Depth (nm)

B 1500 —— :
|Simulation after burial
: — SIMS, S07-26, Initial value
a {Mineral ---- SIMS, 450K, 28 hours
s — — Model, 450K, 28 hours
& 1 ---- Model, 380K, 1 year
— . —-=- Model, 360K, 10 years
GC) 1000 1N - - - Model, 330K, 1,000 years
= Ny e Model, 300K, 100,000 years
5 "
o
o
o') -
g 500
—
©
>
I
0
0
Depth (nm)
D 30001 -
1Simulation on surface S07-02 1
= 2500 Mineral —507-02 2
g - Model, 360K, 5 years
o - - - Model, 360K, 10 years
~ ] ---- Model, 360K, 20 years
£ 2000\ -~ Model, 380K, 20 years
QL
5
S 15001
qc) i
2 10001
~ 4
S e
T 5007 Apolosamples -
O-""I""I""I""I' ==
0 20 40 60 80 100

SW-H is usually considered not to be all bonded with O in the
lunar soils (11, 47).

Discussion

Note that the CE-5 soil grains were in fact not from the very
surface of the lunar regolith but have been buried, since the top-
most dust has been blown off by the lander exhaust. The relatively
constant maximum hydrogen contents (1,116 to 2,516 ppm) in
the topmost ~100-nm zone of the soil grains reveal an efficient
preservation of the SW-derived hydrogen after burial. This is sup-
ported by the heating experiments that we performed on a subset
of the CE-5 soil grains at a higher temperature (-450 K) than the
noon temperature at the CE-5 landing site (Materials and
Methods). The heating experiments are used to estimate the pos-
sible maximum loss of hydrogen and the diffusion rate of hydrogen
in the SW-damaged zone. The H-content depth profiles in the
heated grains still kept their original types. In addition, the max-
imum hydrogen contents in the grain rims were reduced by less
than 20% after heating at 450 K for 28 h, except for one grain
with a H-content reduction of -40% (Fig. 3 A and Band
SI Appendix, Table S5). However, this significant reduction could

Depth (nm)

Fig. 3. Simulation results of the H-content depth profiles in glass and silicate crystal grains. (A and B) Simulations of diffusion after burial. The changes in
H-content depth profiles during heating experiments on one glass (S07-31) and one olivine (S07-26) were taken to compare with the computing simulation
results. The heated grains show a systematic decrease in their maximum hydrogen contents in the surface zone (with a slight variability in glass S07-31) and a
flattening of the profile inward, e.g., hydrogen contents are higher than initial in the interior for olivine S07-26 (38 ppm vs. <2 ppm at 300 nm depth). (C and D)
Computing simulation of dynamic equilibrium on the surface. The dynamical equilibrium of implantation and diffusion in glass and minerals were calculated
for a maximum temperature of 360 K (at the CE-5 landing site) and compared with the H-content depth profiles for one glass (S07-03) and one olivine (S07-
02). The maximum hydrogen contents in the surface zone of the depth profiles could be achieved within 10 to 20 y of SW-H implantation. The simulation for a
higher temperature of 380 K was taken to compare with the Apollo samples (gray areas) measured by SIMS (50, 51) and NRA "H("°F, ay)'®0 technique (52, 53).
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be at least partially attributed to the heterogeneous hydrogen dis-
tribution in the grains as indicated by the duplicated analyses on
three of the grains (Fig. 2 4 and B and SI Appendix, Table S2).
The heating results demonstrate the high stability of the
SW-implanted hydrogen in the soil grains. Therefore, the distri-
bution of SW-derived hydrogen in the CE-5 lunar grains was
mainly established during the dynamic equilibrium processes
between implantation and outgassing of SW-H on the topmost
surface of the Moon. The diffusion loss of hydrogen after burial to
a few centimeter depth is minor. Modeling of the heating experi-
ments (Fig. 3 Aand B) results in a diffusion rate of -3 x 10" cm?/s
at450 K with a high activation energy of 1.3 eV in the SW-damaged
rims of the CE-5 soil grains. Because the species of hydrogen
cannot be known in the ion microprobe analysis, the calculated
diffusion rates through modeling the heating experiments actually
refer to the average value of different H species. This high activa-
tion energy is similar to the value estimated for hindered diffusion
in irradiated silica (48). With these parameter constraints, it was
found that the observed H-content depth profiles of the CE-5
grains can be preserved for 10 to 10° y after burial to a few
centimeters below the surface (Fig. 3 A and B and SI Appendix,
Table S6), where the maximum temperature is in the range of
360 to 300 K (49). By contrast, the Apollo soils, situated at a
higher temperature by ~-20 K relative to the CE-5 soils, could
have experienced significant diffusion loss of the SW-derived
hydrogen, whereas the soils in the polar regions (-300 K at a
latitude of 75°) could be almost completely preserved from
diffusion loss.

Thus, the observed H-content depth distributions in the CE-5
soil grains have preserved the results of the on-going surficial pro-
cesses before burial. In agreement with the SW-origin, the bell-
shaped H-content depth profiles in the glass grains peak at the
same depth (26 = 7 nm) as the one simulated for the implantation
of 1 keV H" (peak at ~-22 nm in depth) (20) and the SW-H-
implanted curves recorded in the Genesis collectors (45). At var-
iance with the glass grains, the silicate crystals exhibit a
monotonically decreasing distribution of hydrogen with depth
(Fig. 2 B-D). The heated grains display the same types of depth
profiles as the preheating ones, supporting that the H-content
peak observed in the glass grains would not be the result of simple
hydrogen diffusion after burial. Thus, simulations were conducted
to explore whether the observed two types of hydrogen depth
distributions could be produced when considering the dynamic
processes that affect SW-H in soil grains exposed on the lunar
surface (Materials and Methods). The SW-H dynamic equilibrium
processes involve implantation and diffusion in the SW-damaged
zone, and outgassing from the grain surface. The implanted hydro-
gen depth distributions were assumed to be nearly the same for
all silicate phases with a theoretical SW-H implantation peak
depth of ~22 nm (depending on the energy of SW-H). Based on
the observed depth distribution, the simulations reveal that the
formation of these two types of H-content depth profiles requires
different outgassing rates of SW-H from the grain surface between
silicate crystals and glass. One scenario is that some mechanism
inhibits the outgassing of H from the surface of silicate crystals
relative to glass, resulting in the accumulation of SW-H just
beneath the crystal surface, which likely leads to the disappearance
of the H peak (Fig. 3 Cand D). Further studies will try to unveil
the nature of this mechanism. Furthermore, the simulations show
that the observed two types of H-content depth distributions,
with maximum hydrogen contents (1,116 to 2,516 ppm) in the
rims of the grains, could be achieved within 10 to 20 y of SW-H
implantation. This minimum equilibrium exposure time is much
shorter than the aforementioned SW-irradiation time (~410 to

PNAS 2022 Vol.119 No.51 2214395119

8,300 y), suggesting that some saturation level of the SW-derived
hydrogen in the lunar soil grains was reached rapidly. This is also
supported by the relatively constant maximum hydrogen contents
(1,116 to 2,516 ppm) in the topmost surface zone of the CE-5
grains.

The parameters used to model the SW-H dynamic equilibrium
between implantation, diffusion, and outgassing in the grains were
constrained by the H-content depth profiles observed for the CE-5
soil grains (maximum temperature of ~360 K at the landing site)
and those for the Apollo returned samples (maximum temperature
of ~380 K at the Apollo 11 landing site) (Fig. 3 C and D and
Materials and Methods). The H-content depth profiles of Apollo
samples were previously analyzed, several grains by resonant
nuclear reaction (NRA) "H(’F, (xy)lGO technique (52, 53), one
Apollo-17 silicate grain (79035) by SIMS (50), and nine Apollo
11 soil grains by NanoSIMS (51). Similarly to SIMS, NRA cannot
discriminate the species of hydrogen. The maximum H-contents
in the topmost surface zone of the Apollo grains measured by both
SIMS and NRA are systematically lower than the values of the
CE-5 soil grains (Fig. 4). Furthermore, the dynamic equilibrium
model, established by fitting the H-content depth profiles in CE-5
and Apollo soil grains, is used to predict the H-content in lunar
soil in the polar region. The model predicts very high maximum
H-contents in the topmost ~100-nm zone of soil grains in the
lunar polar regions, where the maximum temperature is only ~300
K, up to ~15,000 ppm for glass and ~-38,900 ppm for silicate
crystals, respectively (SI Appendix, Fig. S9). These predicted max-
imum H-contents in silicate crystals appear too high, nearly
requiring every O to be bonded to a H. Conservatively, the pre-
dicted hydrogen depth distribution in the topmost surface zone
of glass was used to estimate the bulk abundance of SW-derived
water in lunar polar regions. Based on the predicted H-content
depth profile in ST Appendix, Fig. S9A, the calculated average of
the H content in the topmost 100-nm zone of the glass is 9,500
ppm. Taking this predicted value, the water abundance of the
bulk soil in the polar regions is estimated to be ~560 ppm,
assuming the same grain size distribution as Apollo soils. This
water content is consistent with the orbit remote sensing analysis
in the polar region (-400 to 700 ppm) (15). Therefore, the
discoveries of the CE-5 lunar soil grains shed light on the dynamic
equilibrium between the implantation and outgassing of
SW-derived hydrogen on the topmost surface of the Moon and
subsequently diffusion loss of the hydrogen after burial, and pro-
vide significant constraints on the temperature (hence latitude)
effects on these processes.
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Fig. 4. Distribution of hydrogen in CE-5 lunar soil grains compared with
Apollo samples. The Apollo data obtained from both the NRA and SIMS
techniques (50-53) are shown.

https://doi.org/10.1073/pnas.2214395119

50f8


http://www.pnas.org/lookup/doi/10.1073/pnas.2214395119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214395119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214395119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214395119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214395119#supplementary-materials

Materials and Methods

Sample Preparations.Two CE-5 lunar soil sample fractions (CESC0400YJFM00409,
~500 mg; CE5C0400YJFM00407, ~1,000 mg) studied in this work were allocated
by the China National Space Administration. Both of them were scooped from the
lunar surface. The samples were stored in the gloveboxes filled with high-purity
nitrogen installed at the Institute of Geology and Geophysics, Chinese Academy of
Sciences (IGGCAS). Various mineral phases including olivine, pyroxene, plagioclase,
and glass were hand-picked in an ultraclean lab.The adhesive tape was used to clean
most adhered materials on the surface, and then the grains were directly pressed
into two high-purity indium mounts labeled as "S07" and "S08". During sample
preparations, the soil grains have been exposed to the air for a short time. San Carlos
olivine grains with low water content (H,0 = 1.4 ppm) (54) were also pressed into
the indium mounts without polishing. The sample mounts were kept in a vacuum
box until they were analyzed. The possible H surface contamination is negligible,
as shown by monitoring the San Carlos olivine (S/ Appendix, Fig. 511 E and F).

Scanning Electron Microscope (SEM) Analysis. The sample mounts were
coated with ~10-nm-thick Au for the SEM analysis. The surface features of indi-
vidual grains were observed with a Thermo scientific Apreo S instrument installed
atthe IGGCAS, using an acceleration voltage of 15 kVand electron beam current of
6.4 nA.In addition, a Zeiss Auriga Compact dual beam instrument equipped with
an EDS was used to identify the mineral phases and determine the compositions
(51 Appendix, Table S1).

In Situ NanoSIMS Analysis. After SEM analysis, the sample mounts were
recoated with Au (~50 nm thick) in order to acquire as much as possible intact
H-content depth profiles and to insure good surface conductivity. The analyses
were carried out with a CAMECA NanoSIMS 50L at the IGGCAS. The sample mounts
with the CE-5 grains and the standards were first loaded in the airlock, baked over-
nightat ~60". Then, the sample mounts were stored in the sample chamber for
7 dtoimprove the vacuum quality and minimize the background H.The vacuum
in the analysis chamber was ~3 x 10™""Torr during analysis. The area of 7 x 7
pum? was rastered using a Cs* beam of ~500 pA current with a beam diameter
of 0.8 to 1 pm.The outer 71.8% of the rastered areas was blanked off in order
to further reduce background values using the electronic gate technique. The
multicollection isotope mode was used to count the secondary ions 'H™, °D™ by
electron multipliers and 0™ by a Faraday cup. An electron-gun was applied for
sample surface charge compensation. The counting time is 0.54 s per cycle, and
each depth profile contains a total of 1,000 to 2,500 cycles. The depths of the ion
probe-sputtered craters were determined by an AFM, and the sputtering rate was
calculated to be ~1 nm per cycle (S/ Appendix, Table S3).

San Carlos olivine grains were pressed in the same indium mounts with
the lunar grains, and used as the reference for monitoring H background and
possible surface contamination (S/ Appendix, Fig. S10). The transient sputtering
effects produced during the depth-profiling measurement have been considered
(55). The oxygen intensity increases from the beginning of the sputtering and
then reaches a steady state. Based on the depth profiles, the 90% of the average
stable oxygen counts were chosen as the start position of the depth profile to
eliminate the transient sputtering period at the beginning of the measurements
(81 Appendix, Fig. S11). The determined start position is referred to as the zero
depth shown in Fig. 2 and S/ Appendix, Fig. S2. Itis evident that the presence or
lack of a peak in the H-content depth profiles in the grains is not an analytical
artifact due to the choice of the zero-depth position (S/ Appendix, Fig. S11). In
addition, only the first 300 nm of the depth profiles are presented in these figures,
due to the nearly stable hydrogen contents after that. Then, the H-count depth
profiles of the grains were calculated by subtracting the H counts of San Carlos
olivine to account for residual background hydrogen on the sample.The H counts
onthe surface of San Carlos olivine is less than 2% of that of the soil grains. The H
contents of the CE-5 soil grains were one-ninth of their water contents, which were
calculated from the background-subtracted H/O ratios multiplied by the slope of
the calibration line (S/ Appendix, Fig. S12). The calibration line was determined
from measuring the standards Kovdor apatite (H,0 = 0.98 = 0.07 wt%, 8D =
—66 = 21%0)(56), Durango apatite (H,0 = 0.0478 wt%, 8D = —120 = 5%0)(5),
SWIFT MORB glass (H,0 = 0.258 wt%, 8D = —73 = 2%o), and the San Carlos oli-
vine (H,0 = 1.4 ppm) (54). Corrections for instrumental mass fractionation (IMF)
on H isotopic compositions of samples were conducted on the Kovdor apatite
standard using oy = (D/H)easured / (07 Hrecommended: THE e Of the standards
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is 1.09, and the variation in ay is ~50%o (25). Since D counts of lunar soils in
every single cycle are too low to determine the D/H ratio, only the bulk D/H ratio
of the topmost 100 cycles (~100 nm) was calculated and expressed in %o as 5D
value: 8D (%o) = [(D/H)ample / (D/H)eow — 111,000 where SMOW is the
standard mean ocean water with a D/H ratio of 1.5576 x 107*.The 8D values are
reported with 1o, which is derived from counting statistics.

Raman Analysis. The Raman spectrum was collected using a confocal Raman
microscope alpha 300R made by WiTec GmbH (Ulm, Germany) at the IGGCAS.
This system is equipped with a solid-state continuous-wave laser emitting at
532 nm, which is fiber coupled to the instrument. A laser power of about ~7
mW was focused on the sample surface (57). A piece of single-crystal silicon was
used to calibrate the wavenumbers of the shifts. The Raman spectra from 200 to
1,600 cm ™" were taken, and the integrating time was ~4 min. Different miner-
alogy phases were identified by their diagnostic spectra (S/ Appendix, Fig. S1).

Depth Measurements Using AFM. An AFM (Bruker Corp., Dimension Icon)
installed in an Ar-filled glovebox (H,0 concentration < 1 ppm, O, concentration
<1 ppm)was utilized to measure the NanoSIMS crater depths. The topography
of the nine representative grains was acquired using a silicon AFM probe (k = 26
N/m, f;= 300 kHz) with a scan rate of 0.854 Hz (about 5 min for each analysis)
under the peakforce quantitative nanomechanical mode (58).

As the grain surfaces are usually not perfectly flat, we first used a detrending
technique to obtain a horizontal background surface. This was done by fitting
the original surface with a plane and then subtracting the elevation of this fitting
plane from the original surface to have a background elevation of about zero
(S/Appendix, Fig. S3). A crater depth was analyzed using 10 lines (5 North-South
and 5 West-East) across the crater to getan average. Three grains of each mineral
phase were averaged to get the sputtering rate (S/ Appendix, Table S3). Then, the
peak position of the glass grains was calculated by rejecting the sputtering cycles
based on the 90% of the stable oxygen counts, and multiplying the sputtering
depth per rastered cycle and cycle number.

Transmission Electron Microscopy Analysis. The microstructure characteris-
tics were observed on six representative grains. The areas analyzed in NanoSIMS
measurements were cut and picked up using the FIB. The FIB operation was
conducted with a Zeiss Auriga Compact dual beam instrument equipped with
an Omniprobe AutoProbe 200 micromanipulator at the IGGCAS. lon beam con-
ditions for the final thinning and polishing were 5 to 30-kV high voltage with
beam currents of 50 pA to 2 nA. Each FIB section was prepared to ~100 nm in
thickness. Then, the ultrathin specimens were analyzed by a TEM (JEOL JEM-
2100), operating at the voltage of 200 kV. Phase structures were analyzed by
high-resolution TEM imaging, and the chemical compositions of the samples
were obtained by EDS elemental spot analysis.

The exposure age of the lunar grains was determined by counting solar flare
tracks in the TEM images, which were imported into CorelDRAW software for
drawing and counting. The track density was calculated by dividing the number
of tracks with the counted image area. The solar flare tracks were counted within
the topmost zone of 0.5 pm, and the track production rate of 4.4 + 0.4 x 10°*
tracks cm~%yr™" at 1 AU (36) was used to determine the exposure age of each
grain (S/ Appendix, Figs. S4-S7 and Table S4).

Heating-Diffusion Experiments. After the ion probe analyses of hydrogen
contents and D/H isotopic ratios of the CE-5 lunar soil grains, one of the olivine
grains (S07-26) and two of the glass grains (507-10 and S07-31) were selected
for heating-diffusion experiments (S/ Appendix, Table S5). They were picked out
from the original sample mount, and heated at ~450 K for 28 h in a drying
oven.The heated grains were then pressed into a new high-purity indium mount.
The H-content depth profiles were conducted on these heated grains with the
NanoSIMS following the method depicted above.

simulations of the SW-H Implantation and Diffusion. On the basis of the
heating experiments on glass (S07-31) and olivine (S07-26) grains, the heated
H-content depth profiles were fitted to establish the diffusion outgassing of hydro-
gen after burial of the CE-5 soil grains. The distribution of hydrogen was modeled
following Fick's law in one dimension, and the numerical solution to the partial
differential equations was solved with finite-difference equivalent. The H-content
depth profile measured before heating experiment was the initial concentration
gradient. The diffusion coefficient was determined following D = Dye'= 7', where
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T =450 K, in which a pre-exponential factor of Dy = 10 m?/s (20, 59) and a
high activation energy of diffusion U = 1.3 eV (60) were found by fitting the
heated value. In addition, some constraints for the possible surface process were
required to reproduce the heating results, e.g., chemisorbed H-atoms breaking
0-H bonds to form hydrogen molecules (60). This recombination-limited outgas-
sing rate of hydrogen was expressed as a flux following g = Kny,. n,,, where n,is
the concentration of implanted H at the surface boundary and K is the effective
chemical constant, which follows the similar Arrhenius equations relating with
diffusion coefficient. Though the details of recombination-limited outgassing
were poorly understood, different pre-exponential factors for mineral (0.0001)
and glass (0.01) were found to fit the data well. The retention of hydrogen in the
lunar soils after burial are predicted in S/ Appendix, Table Sé.

The retention of the SW-derived hydrogen in surface soils was mainly
established by dynamic equilibrium between SW-H implantation and dif-
fusion. The implanted-SW flux was estimated with ng,v,,cos(Z), where
n,, =5x10° atoms/m3v,, = 4 x 10° m/s,and Zare the SW density, veloc-
ity, and incidence angle, respectively (61). The implanted protons were assumed
to follow a Gaussian distribution, where the typical depth of 22 nm and spatial
widths of 13 nm are set as suggested by Transport in lon Material (TRIM) results for
1-keV protons (20). As mentioned above, the diffusion also followed the Fick's law.
The highest surface temperature is estimated with T = 280 cos®? (Z) + 100
K (62), where T ~360 K at CE-5 landing site and ~20 K higher at Apollo land-
ing sites. The parameters in the simulation modeling of dynamic equilibrium
between SW-H implantation and diffusion performed by Farrell et al. (61) were
taken to simulate the experimental data (Fig. 3 Cand D). Moreover, the simula-
tions of dynamic equilibrium were made by following the same calculation to
predict the hydrogen contents in the soil grains at the latitude of 0" and 75° with
the Tof 380 Kand 300 K, respectively (S Appendix, Fig. S9).

Water Contents Estimated for Bulk Lunar Soils. Based on the H-content
depth profiles of the soil grains, the SW-derived hydrogen is predominantly
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concentrated in the outmost zone of the grain rims (<100 nm in thickness).
Assuming all implanted SW-H bonded with O in the lunar soils, the average
concentration of SW-derived water in the outmost 100-nm zone of the CE-5 grains
is ~7,000 ppm based on all 20 depth profiles; and that of the polar soil grains
is ~85,500 ppm based on the predicted H-content depth profile of glass at the
high latitude. Taking the same grain size distribution of the Apollo lunar soils
(the second solid line plotted in figure 11 in ref. 63), the bulk SW-derived water
contents were estimated ~46 ppm for the CE-5 lunar soils and ~560 ppm for
the soils at high latitude.
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