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The distribution of water in the Moon’s interior carries implications for the origin of
the Moon', the crystallization of the lunar magma ocean?and the duration of lunar
volcanism? The Chang’e-5 mission returned some of the youngest mare basalt

samples reported so far, dated at 2.0 billion years ago (Ga)?, from the northwestern
Procellarum KREEP Terrane, providing a probe into the spatiotemporal evolution of
lunar water. Here we report the water abundances and hydrogen isotope
compositions of apatite and ilmenite-hosted meltinclusions from the Chang’e-5
basalts. We derive amaximum water abundance of 283 + 22 pug g and a deuterium/
hydrogen ratio of (1.06 + 0.25) x 10~* for the parent magma. Accounting for low-degree
partial melting of the depleted mantle followed by extensive magma fractional
crystallization*, we estimate a maximum mantle water abundance of 1-5 pg g7,
suggesting that the Moon’s youngest volcanism was not driven by abundant water in
its mantle source. Such amodest water content for the Chang’e-5 basalt mantle source
regionis at the low end of the range estimated from mare basalts that erupted from
around 4.0 Gato 2.8 Ga (refs. %), suggesting that the mantle source of the Chang’e-5
basalts had become dehydrated by 2.0 Ga through previous melt extraction fromthe
Procellarum KREEP Terrane mantle during prolonged volcanic activity.

Water abundance in the lunar mantle places strict constraints on
high-temperature processes, including the Moon-forming giant
impact’, the ensuing crystallization of the lunar magma ocean’ and
thelongevity of volcanism on the Moon?. On the basis of analyses car-
ried out since the Apollo missions, the Moon was long thought to be
anhydrous. Advancesininsituanalytical techniques over the past dec-
ade have allowed the analysis of water abundances at the microscalein
various lunar samples, including in olivine-hosted and pyroxene-hosted
melt inclusions in mare basalts®™'?, apatite in mare basalts and high-
lands samples™?°, pyroclastic glass beads*** and anorthosites®?.
The estimates of water abundances for the mantle source regions of
these samples span a wide range, from about 0.3 pg g to 200 pg g™
(ref. %), which suggests that the lunar interior is not as anhydrous as
once thought. Although the large variations in the water abundance
estimates for lunar mantle sources could partially be due to the assump-
tions involved in these calculations, many questions remain regard-
ing the origin(s) and distribution of water in the Moon’s interior?2,
Variations in estimated mantle water abundances may be indicative of
geographicand/ortemporal diversity as these samples were collected
from different regions and crystallized between around 4.0 billion
years ago (Ga) to 2.8 Ga (refs. >®). Hence, studying additional sample
collections of younger basalts from different regions can provide criti-
cal additional constraints on the spatiotemporal evolution of water

in the Moon. The large range of mantle water abundance estimates
could also be affected by the mixing of endogenous water with various
exogenic water sources, thatis, asteroids, comets and solar wind>*%,
and/or by the interplay between many processes, including volatile
degassing, partial melting, fractional crystallization, impacting, mix-
ing with potassium (K), rare-earth elements (REE) and phosphorus (P)
(KREEP)-rich components, and spallation™">*%? [t is thus crucial to
combine in situ analysis of water abundances and hydrogen isotope
compositions with detailed contextual petrographic information.
The Chang’e-5 (CE5) mission successfully returned 1.731 kg of lunar
soil samples from young mare basalt units dated at 2.0-1.2 Ga using
crater-counting chronology®**'. These CE5S samples have now been pre-
cisely datedat2,030 + 4 millionyears ago (Ma) using the lead (Pb)-Pb
isotope isochron technique®. The CES5 basalts are thus much younger
than the youngest lunar basalt samples dated so far (2.8 Ga (ref.%)). The
young basalt unitis located in northwestern Oceanus Procellarum, at
the northwesternedge of the Procellarum KREEP Terrane (PKT), which
is far from all landing sites of the Apollo and Luna missions (Extended
DataFig.1). The PKT regionis also thought to have enhanced concentra-
tions of two major radioactive heat-producing elements, uranium (U)
and thorium (Th), and other incompatible elements®. Water behaves as
atypicalincompatible element during magmatic processes® and thus
is expected to be enriched in the PKT as well. Hence, the CE5 basalts
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Fig.1|Backscattered electronimages of ilmenite-hosted meltinclusions
and apatite from a CE5 basalt clast. a, The basalt clast (406-010,023)
embedded inthe metal mountis mainly composed of olivine (Ol), pyroxene
(Px), plagioclase (P1) and ilmenite (Ilm), with minor fayalite (Fa), troilite (Tro),
spinel (Sp), apatite (Ap) and silica (Q). Thelocations of b, cand d are outlined by
therectanglesina.b, High-resolution BSEimage of ameltinclusion hosted in
ilmenite. This meltinclusion shows a post-entrapment crystallization texture

provide a unique opportunity to constrain the water inventory of a
newly sampled region of the Moon’s interior, and thus yields crucial
informationto account for the prolonged activity of lunar magmatism.

Water in CES apatite and meltinclusions

Wesstudied a total of 23 basalt clasts (0.2-1.5 mmin size) from two CES
soilsamples (CE5C0100YJFM00103, about 1g; CE5C0400YJFM00406,
about 2 g; Extended Data Table 1). The basalt clasts show variable tex-
tures, including subophitic, poikiliticand equigranular, similar to those
observed for other basalt clasts in CE5 soil samples**, and are mainly
composed of pyroxene and plagioclase with less abundant olivine
and ilmenite (Fig. 1, Supplementary Figs. 1, 2). These basalt clasts are
probably representative of various portions of the same lava flow,
based on their identical mineral chemistry and geochemistry* and
their well defined Pb-Pbisochron®. The textures of ilmenite in the clasts
indicate that this phase began to crystallize early from the melt and
continued until the last stages of melt evolution (Supplementary Fig.1).
Iimenite-hosted meltinclusions are 4-50 pum in diameter and show
post-entrapment crystallization textures (0-52%) (Fig. 1, Extended
Data Table 3, Supplementary Fig.1). Apatite occurs as euhedral grains
(mostlylessthan10 pum) mainly in the fine-grained interstitial materials,
with afew euhedral crystals enclosed in the margins of pyroxene (Fig.1)
andiron(ll) oxide (FeO)-rich olivine (Supplementary Fig. 2). Apatite is
the main hydroxyl (OH)-bearing phase, fluorine (F) rich and chlorine
(Cl) poor, similar to those from Apollo mare basalts (Supplementary
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withoccurrences of submicrometre-sized pyroxene and merrillite (yellow
arrows). ¢, High-resolution BSE image of apatite in the interstitial areas. Many
euhedral apatite grains, up to10 uminlength, coexist with fine-grained
plagioclase, fayalite and mesostasis (Mesos). d, Small apatite grains also occur
attherims of pyroxene, coexisting with mesostasis. The bright pitsin cracks
are the remains of the gold coating.

Fig. 6), and is an accessory phase in these basalt clasts comprising
approximately 0.4 vol% modal abundance (Supplementary Table 1).
Eight ilmenite-hosted meltinclusions and several apatite grains were
located and selected for in situ analysis (Fig. 1, Extended Data Table1,
Supplementary Figs. 1, 2). The water abundances and hydrogen iso-
tope compositions of theilmenite-hosted meltinclusions, apatite and
nominally anhydrous clinopyroxene were measured using ananoscale
secondary ion mass spectrometer (NanoSIMS) instrument (Methods).

The majority of apatite grains contain water abundances ranging
from 555+ 31ug g™ to 4,856 +217 ng g (average 1,921+ 910 ug g™,
1o) with 6D values ranging from 275 + 85%. to 1,022 + 87%. (average
578 +208%o, 10) (6D =1,000 % ([D/Hgampicl/[D/Hgtandara] = 1, where D is
deuteriumand His hydrogen), using Vienna standard mean ocean water
as the standard) (Fig. 2, Extended Data Table 2), which overlap with
apatite water abundances and 8D values measured in high-titanium (Ti)
and low-Ti Apollo basalts'"151%282%34-37 Three apatite analyses yielded
lower water abundances (110 £ 13 pg g t0 235 +19 pg g *; Extended
Data Table 2), with corresponding 8D values indistinguishable from
the majority of other analyses. As apatite is the major water-bearing
phase in the CES basalts, awater abundance of 7 + 3 pg g™ for the bulk
composition of the CE5 basalts was calculated from the average water
content of apatite and its modal abundance of approximately 0.4 vol%
(Methods). Itis noted that this water abundance is not the original
water abundance in the CE5 basaltic magma before eruption, but rep-
resents the residual water abundance after magma degassing at the
time of apatite crystallization*. Furthermore, the apatite 8D values
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Fig.2|Water abundance and 6D of apatite and ilmenite-hosted melt
inclusions from CES5 basalts. The majority of meltinclusions show anegative
correlation between the water abundances and 8D values, except for three melt
inclusions with higher 8D values plotting close to the range of apatite. The
dottedlinesindicate a three-stage evolutionary path, starting with 2-3% partial
melting of the mantle source of CES basalts, followed by 43-88% fractional

reflect the signature of the last residual melt after precipitation of most
constituent minerals, and the observed large deuterium-enrichment
is probably the result of degassing of hydrogen-bearing species from
the melt, mostly in the form of H, under the reducing conditions that
are typical for lunar volcanic products®.

The ilmenite-hosted melt inclusions contain water abundances
of 6 +2 ug g™to 370 + 21 pg g after correction of post-entrapment
crystallization, and show a wide range of 6D values from -330 + 190%o
to 869 +230%. after correcting for the effects of cosmic ray spalla-
tion (Fig. 2, Extended Data Table 3). Cosmic-ray spallation mainly
produces deuterium, and can have a large effect on 8D values,
especially for water-poor (less than 30 pg g™) melt inclusions®.
Cosmic-ray exposure (CRE) ages determined for various Apollo sam-
ples are mostly younger than around 200 Ma (ref. *°), but have not
yetbeen measured for CE5 samples. We have modelled the spallation
effects on 8D values of the meltinclusions, using CRE ages of 10 Ma,
50 Ma, 100 Ma and 200 Ma (Extended Data Fig. 4, Supplementary
Table 4). Using CRE ages of 100 Ma and 200 Ma yields noticeable
over-correction of 8D values as the resulting values are even more
deuterium depleted than the currently accepted hydrogen isotope
composition of the lunar mantle (Extended Data Fig. 4). As deter-
mined from Apollo samples, lunar regolith from a depth of about
9 mm is thought to overturn at least once in about 10 Myr (ref. *°),

crystallization (stage 1), H, degassing from the basaltic melts accompanied by
deuteriumenrichment (stage 2) and crystallization of apatite from the residual
melts, possibly accompanied by further H, degassing (stage 3). Apatite and
meltinclusion (olivine hosted or pyroxene hosted) data from Apollo samples
(Supplementary Table 5) are shown for comparison. The CE5 data have been
corrected foranominal CRE of 50 Ma (Methods). The error bars are 20.

which suggests thatitis reasonable to assume a CRE age of around
50 Ma for CE5 samples. With a 50-Ma CRE age correction, the melt
inclusions with the lowest water abundances yield corrected 86D val-
ues of 200 + 390%. that overlap with the lowest 6D value measured
for apatite. Importantly, this correction does not greatly affect the
6D values of water-rich melt inclusions nor those of apatite grains
(Extended Data Fig. 4, Supplementary Table 4). Moreover, spalla-
tion by cosmic rays has little effect on water abundances (Extended
DataFig. 4, Supplementary Table 4). After correction for spallation,
the melt inclusions with 6D <200%., show a negative correlation
between water abundances (6 +2 pg g to0 283 +22 ug g™) and 8D
values (=330 +190%, t0 200 + 390%o). In addition, three meltinclu-
sion analyses with higher 6D values (271 + 124%. to 869 + 230%0)
overlap with the data for the water-poor apatite grains (Fig. 2,
Extended Data Table 3). These observations provide convincing
evidence that ilmenite-hosted melt inclusions with 8D < 200%.
have recorded the progressive evolution of melts undergoing H,
degassing, resulting in considerable deuterium enrichment during
crystallization of the CES basalts'*. Hydrogen diffusion out of melt
inclusionsis another process by which D/H ratios can be fractionated
asreported for meltinclusionsin olivine and pyroxene from Apollo
basalts™. At present, there is no constraint on the diffusion rate of
water in ilmenite-hosted melt inclusions. The lowest 8D value of
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Fig.3|Variation of lunar mantle water abundance estimates with time. The
maximum mantle water abundance at2.03 Ga, which was estimated in this
study using CE5 basalts, plots at the lower end of mantle water abundance
estimates for Apollo samples and lunar meteorites formed between around
4.0 Gaand 2.8 Ga.Alldataare plotted as average values with the error bars
representing the ranges of estimates. Estimates for the water abundances
inthelast dregs of the lunar magma ocean (urKREEP)* and Earth’s primitive
mantle*®are shown for comparison. The red and dark blue solid lines represent
average values estimated from CESbasalts and previous lunar samples,
respectively.Itis noted thatthe vertical axisis alogscale. Literature dataare
providedin Extended Data TableS.

approximately —330%., measured inilmenite-hosted meltinclusions
suggests that the D/H ratios have been well preserved in the melt
inclusions without significant exchange of hydrogenisotopes with
the deuterium-enriched residual melt through diffusion.

Magmatic history and source

The lowest 8D values (-330 +190%.) of the melt inclusions are within
the ranges of 6D values for most types of chondrite and the lunar
mantle 8D (0 + 200%.) estimated from analyses of various lunar sam-
ples!1618-202224 This similarity suggests that the melt with the lowest 8D
was trapped inthe early stages of magma crystallization before substan-
tial degassing of water in the form of H, (refs.™>*), In contrast, the melt
inclusions with higher D (more than270%.) contain substantial water
and overlap with the water-poor apatite values (Fig. 3). This observation
canbe explained by late crystallization of these ilmenite grains, when
deuterium-enriched water was concentrated in the residual melt and
apatite started crystallization.

The most deuterium-depleted melt inclusions, as discussed, prob-
ably captured signatures of the parent magma before notable loss of
water by degassing in the form of H,. Hence, the high water abundance
(283 + 22 pg g'; Extended Data Table 3) of these melt inclusions can
be regarded as the maximum water content of the parent magma.
Alternatively, the water abundance of the parent magma can also be
estimated from a water content of 7 + 3 pg g™ for the bulk CE5 basalts
through calibration for degassing loss of 98-99% water in the form of H,
based onthe accompanying 8D increasing from —-330%. to the average
apatite 6D of 578 + 208%o (10) (Extended Data Table 2, Methods). This
calculation yields an estimate for the water abundance of the parent
magma of 600 + 400 pg g™, whichis consistent within errors with that
based onthe deuterium-depleted meltinclusions. We thus use the bet-
ter constrained water abundance from the deuterium-depleted melt
inclusions (283 + 22 pg g™; Extended Data Table 3) as the maximum
water abundance of the parent basaltic magma.
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The CES5 parental magmawas derived froma depleted lunar mantle
source not associated witha KREEP component, based onits lowinitial
pvalue (38U/%°*Pb ratio; 680 = 20)%, low initial ¥Sr/”*Sr ratio (0.69934
t0 0.69986) and high positive gy4(t) value (7.9 t0 9.3)*. £y4(t) = (**Nd/
MIN)ample/ (PNd/**Nd) cyyyr — 1) X 10,000, where (**Nd/**Nd) mpieco
and (**Nd/™*Nd)r are the Nd isotopic compositions of the sample
atits formation time (¢) and the chondritic uniform reservoir, respec-
tively. The highly elevated abundances of REE and Th, and high FeO and
moderate titanium dioxide (TiO,) concentrations of the CES parent
magma match a model of low-degree (2-3%) partial melting followed
by moderate-to-extensive (43-88%) fractional crystallization*. Accord-
ingly, the maximum water concentration in the lunar mantle source
beneath the CE5 landing site canbe estimated at1-5 ug g, correspond-
ing toamaximum water abundance of approximately 280 pg g inthe
derived parent magma.

Our analyses of apatite and melt inclusions allow the evolution
of CES5 basalts to be divided into three stages. In stage 1, the man-
tle source region underneath the CE5 landing site with1-5 pg g™
water experienced low-degree (2-3%) partial melting followed by
moderate-to-extensive-degree (43-88%) fractional crystallization®,
thereby generating a parent magma with approximately 280 ug g™
water and preservingits mantle-derived 6D of -330%.. This maximum
water abundance recorded in the melt inclusions captured by the
earliest-formed ilmenite analysed here yields our best estimate for
the water abundance of the parent magma. In stage 2, H, degassing
fromthe parent magma occurred duringits ascent to shallower depths
and during eruption, and was accompanied by the crystallization of
ilmenite that entrapped melts at various stages of magmatic evolu-
tion. Extensive H, degassing™*° could have occurred in the reduced
lunar environment***}, resulting in appreciable D/H fractionation
from —=330%. up to ~300%o. In stage 3, apatite crystallized from the
residual melts that became enriched in water, halogens and other
incompatible species, after most nominally anhydrous silicates and
ilmenite had formed.

Evolution of lunar mantle water

The maximum water abundance of 1-5 pg g estimated for the mantle
source of CE5 basalts is notably at the lower end of the mantle water
abundances derived from Apollo basalts and lunar meteorites® 5%
(Fig. 3). These new indications of a water-poor lunar mantle at 2 Ga
carry importantimplications for understandinglate volcanism on the
Moon. Such a water-poor mantle source for CE5 basalts excludes the
possibility that a high water abundance in the lunar mantle reservoir,
by lowering its melting point, could be one of the main causes of the
prolonged volcanic activity in this part of the PKT.

Our observations indicate that the water abundance in the Moon’s
interior may have to some extent decreased from 4.0-2.8 Gato 2.0 Ga
(Fig.3). Suchasystematic loss of water over time could be the result of
prolonged magmaticactivity in the PKT, where multiple water-bearing
melt-extraction episodes from the PKT mantle reservoir occurred but
did not fractionate D/H significantly**. In the northwestern PKT region,
inclose proximity to the CES landing site, up to ten basaltic units rang-
ingin crater-counting age from 3.7 Gato 1.2 Gahave beenidentified®,
although it is difficult to be certain that all these units were derived
from the same mantle source region. Nevertheless, such adehydration
partial melting process has also been observed in Earth’s mantle***.

Alternatively, the wide range of the water abundance estimates for
the mantle sourceregions of all studied lunar basalts may reflect a het-
erogeneous distribution of water inthe Moon’s interior. Furthermore,
the water abundance estimates could be affected by possible contami-
nation of some volcanic products by KREEP components during either
magma transportor in their mantle source regions during convective
overturn of the lunar magma ocean*®*’, However, it has been demon-
strated that CE5 basalts were not contaminated by KREEP components®.



Thus, our estimate of the mantle water abundance based on CE5
basaltsinthe PKT region provides a critical spatiotemporal constraint
onthedistribution of waterin the lunar interior. Nonetheless, it remains
anenigmato explain the basaltic volcanism sustained as late as 2.0 Ga
at the CES landing site, the mantle source of which is depleted in the
heat-producing elements, U, Thand K, relative to the bulk silicate Moon*
and is water poor.
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Methods

Sample preparation

Two CE5 lunar soils (CE5CO100YJFMO0O0103, about 1g;
CE5C0400YJFM00406, about 2 g) allocated by the China National
Space Administration were used in this study. Both samples were
scooped by the robotic arm of the CE5 lander and separated into dif*-
ferent packages in the ultraclean room at the extraterrestrial sample
curation centre of the National Astronomical Observatories, Chinese
Academy of Sciences. Approximately 240 soil fragments with grain sizes
varying from about100 pm to about1 mm were sieved and hand-picked
under a binocular microscope in the ultraclean room at the Institute
of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS).
Then, about two-thirds of the picked grains were prepared as eight tin—
bismuth metal-alloy mounts following the method of Zhang et al.> and
the other third was mounted in epoxy and prepared into three polished
thinsections (about100 pmin thickness). The polished metal mounts
and thin sections were cleaned using ultrapure water and anhydrous
ethanolandthendried at 70 °Cin abaking oven overnight. The details
of apatite and ilmenite-hosted meltinclusions from 23 CES basalt clasts
and fragments are summarized in Extended Data Table 1.

Scanning electron microscope observation

Petrographic observations and elemental mapping were carried out
using field emission scanning electron microscopes (FE-SEMs) using
FEINova NanoSEM 450 and Thermofisher Apreo instruments at the
IGGCAS, using electronbeam currents of 2 nAto 3.2 nAand anaccelera-
tion voltage of 15 kV. Energy dispersive spectroscopy X-ray maps were
collected for each basaltic clast to locate P-bearing phases. The phos-
phates were then observed at higher magnification in back-scattered
electron (BSE) images. The modal abundance of apatite from various
CE5 basalt clasts were counted by the exposed surface areas (Supple-
mentary Table1). The prepared sections were initially coated with gold
to identify apatite and melt inclusions for in situ NanoSIMS measure-
ment of the water content and hydrogen isotopes. After NanoSIMS
measurement, the samples were re-coated with carbon and observed
by SEM to confirm the positions of the NanoSIMS spots.

Electron probe microanalysis

After the NanoSIMS analyses, we used aJEOL JXA-8100 electron probe
micro-analyser (EPMA) at the IGGCAS to quantify the major and minor
elemental abundancesin phosphates, meltinclusionsinilmenite and
associated mafic minerals (that s, clinopyroxene, olivine, plagioclase
and ilmenite). The samples were coated with carbon. The operating
acceleration voltage was 15 kV and the beam current was 20 nA. The
EPMA analyses were carried out after the NanoSIMS measurements
to avoid possible Hloss due to bombardment by the electron beam®.
The EPMA standards were natural albite (sodium (Na) and aluminium
(Al)), bustamite (manganese (Mn)), diopside (calcium (Ca), silicon
(Si) and magnesium (Mg)), apatite (P), K-feldspar (K), tugtupite (Cl),
synthetic fluorite (F), rutile (Ti), iron(lll) oxide (Fe,O,; Fe), vanadium
pentoxide (V,0;; V), nickel oxide (NiO; Ni) and chromium(lll) oxide
(Cr,0;; Cr). Na, K, F and Cl were first measured to minimize possible
loss of volatiles by electronbeam irradiation. The detection limits were
(10) 0.01 wt% for Cland sulfur (S), 0.02 wt% for Na, Mg, Al, Cr, K, Si, Mn,
CaandFe, 0.03 wt% for F, barium (Ba), Niand Ti, and 0.04 wt% for P. A
programbased onthe ZAF (Z, atomic number; A, absorption of X-rays
in the specimen; F, fluorescence caused by other X-rays generated in
the specimen) procedure was used for datacorrection. The EPMA data
obtained for apatite, melt inclusions in ilmenite and the coexisting
silicates are listed in Supplementary Table 2.

Insitu water abundance and hydrogen isotope analysis
Apatite and melt inclusions. The hydrogen isotopes and water con-
tents of apatite and melt inclusions enclosed inilmenite from the CE5

basaltic clasts were measured witha CAMECA NanoSIMS 50L at IGGCAS.
The samples were coated with gold, loaded in sample holders together
withthe standards and baked overnight at about 60 °C in the NanoSIMS
airlock. The holders were then stored inthe NanoSIMS sample chamber
to improve the vacuum quality and minimize the H background®*™*.
The vacuum pressure in the analysis chamber was 2.8 x 107 torr to
3.0 x107° torr during analysis. Each 15 pm x 15 um analysis area was
pre-sputtered for 2 minwith aCs*ionbeam current of 2 nA to remove
the surface coating and potential contamination. During analysis, the
secondaryanions'H™, 2D~ and >C”were simultaneously counted by elec-
tronmultipliers and®O” by a Faraday cup from the central 3 pm x 3 pm
areas using the NanoSIMS blanking technique. A 44-ns dead time was
corrected for all electron multipliers, while the electron multiplier noise
(<1072 counts per second) was ignored. We used a primary ion beam
current of about 0.5 nA for analysis, corresponding to a beam size of
about 500 nmin diameter. The charging effect on the sample surface
was compensated for by an electron gun during analysis.

Achip of the anhydrous San Carlos olivine reference with areported
water content of 1.4 pg g™ (ref. ) was used for H background (bg)
corrections, following the relationship: H/Op, = (Hcounes = Hog)/Ocounts
and D/H yeasured = (1 = f) X D/Hye + f X D/Hyg, where O is oxygen and fis
the proportion of H emitted from the instrumental background®®.
Here D/H,, was 3.36 (+0.55) x 10 and H,, = 689 £139 counts
per second (2s.d., N=11, corresponding to a water background
abundance of 25+ 8 ug g™ (2s.d.)). After background subtraction,
the water abundances of apatite grains and meltinclusions were cal-
culated from the background-subtracted H/O ratios multiplied by
the slope of the calibration line (Extended Data Fig. 2), which were
determined by measuring two apatite standards, Durango apatite
(water (H,0) = 0.0478 wt% and 8D = 120 + 5%0)**” and Kovdor apa-
tite (H,0 = 0.98 + 0.07 wt% and 8D = -66 + 21%o)*%, the southwest
Indian French transect mid-ocean ridge basalt (SWIFT MORB) glass
(H,0=0.258 wt% and 6D = -73 £ 2%.), and two basaltic glasses, 519-
4-1(H,0 =0.17 wt%)** and 1833-11 (H,0 = 1.2 wt%)>? (Supplementary
Table 3). Corrections for instrumental mass fractionation (IMF) on
hydrogenisotopic compositions of both apatite and meltinclusions
were conducted using the Kovdor apatite standard, and monitored by
analysing both the Durango apatite and SWIFT MORB glass standards
during the whole analytical session (Extended Data Fig. 3). The matrix
effects on water abundance and IMF on hydrogen isotopic composi-
tion are the same between apatite and silicate glass within analytical
uncertainties®. Hydrogen isotopic compositions are given using the
deltanotation, 8D = ((D/H)mpie/ (D/H)smow) — 1) X 1,000, where SMOW
is the standard mean ocean water with a D/H ratio 0f 1.5576 x 10~*. More
technical details can be found in Hu et al.***, All data are reported
with their 20 uncertainties that include the reproducibility of the
D/H measurements on the reference materials, the uncertainty of
the H,0 background subtraction and the internal precision on each
analysis (Extended Data Tables 2, 3, Supplementary Table 4). The raw
measured D/H ratios were corrected for the background, followed
by correction for IMF.

Clinopyroxene. The water abundance of clinopyroxene from the CE5S
basaltic clasts was measured with the CAMECA NanoSIMS 50L using an
identical instrument setup to that described above. We used a higher Cs*
primary beam current of 7 nA toimprove the'H™ counts on clinopyrox-
eneand reduce the background. Each 25 pm x 25 pumanalysis areawas
pre-sputtered for about 2 minwith the same analytical beam current to
remove the surface coating and potential contaminations. The second-
ary ion signals from the central 7 pm x 7 um areas were counted with
50% blanking of outermost regions. San Carlosolivine (H,0=1.4 pg g™
(ref.>)) was used to determine the instrumental background of H,0,
whichwas 5 +2 pg g™, about five times lower than the H,0 background
during apatite and meltinclusions analyses (25 + 8 pg g™). The analytical
results are listed in Extended Data Table 4.



Correction of water abundances and D/H ratios for spallation
effects. The measured D/H ratios have been corrected for the po-
tential effects of cosmic-ray spallation, using a deuterium produc-
tion rate of 2.17 x 102 mol D g Ma™ (ref. *) for melt inclusions and
9.20 x 102 mol D g* Ma™ (ref. ®°) for apatite. The correction errors
induced by deuterium spallation are around 50% on 8D and negligible
onwater content?, The CRE ages determined for most Apollo samples
are younger than about 200 Ma (ref.*), although some ages are up to
400 Ma (ref.>®). As no CRE age is yet available for the CES basaltic clasts,
we modelled the effects of corrections for CRE ages of 10 Ma, 50 Ma,
100 Maand 200 Ma (Extended Data Table 3, Extended Data Fig. 4, Sup-
plementary Table 4). The corrected 6D values for the melt inclusions
with low water abundances appear to be overcorrected for CRE ages of
100 Maand 200 Ma, asindicated by unusually low 8D values. The cor-
rected 8D values for the low-water (less than 50 pg g™) meltinclusions,
using a CRE age of 50 Ma, overlap with the lowest 86D values of apatite
(approximately 300%o; Fig. 2). This observationis consistent with the
late capture of the low-water melt inclusions by ilmenite followed by
the crystallization of the high-deuterium apatite. The uncertainty in
the CRE age mainly affects the negative correlation between 8D values
and water abundances of the low-deuterium meltinclusions, with only
minor effects on estimating the maximum water abundances for the
CE5 parent magma and the mantle source.

Degassing modelling. The hydrogen isotope fractionation during
volatile loss into a vacuum is given by a* = M1/M2, where M1 and M2
are the masses of the volatile phase isotopologues. The change of the
isotopic composition of Hduring volatile loss by Rayleigh fractionation
isgivenbyR =R, x f*?,where R,and R are the initial and final D/H ratios
for afraction fof remaining hydrogen*. Degassing of H, (M1 =2 for H,
and M2 =3 for HD) yields an a value of about 0.8165, and degassing of
H,0 (M1=18 for H,0 and M2 =19 for HDO) yields an a value of about
0.9733 (ref.*; Extended Data Fig. 4).

Petrography and mineral chemistry of CE5 basalts

Petrography. Approximately 40% of the lithic clasts on a total of 13
sample mounts used in this study are basalt clasts, consisting mainly
of pyroxene, plagioclase, olivine and ilmenite, with minor silica, troil-
ite, Si-K-rich mesostasis, apatite and trace merrillite (Supplementary
Figs. 1, 2). The basalt clasts display subophitic, poikilitic, porphyritic
and equigranular textures (Supplementary Figs. 1, 2), similar to those
reported by ref.*. Most pyroxene gains are compositionally zoned with
dark and low FeO cores and bright and high FeO rims in BSE images
(Supplementary Fig. 1) and energy dispersive spectroscopy. llmenite
grains occur as laths partially enclosed by pyroxene, suggestive of early
crystallization (Supplementary Fig.1). Eight meltinclusionsinilmen-
ite were identified with a diameter of about 4 pm to about 50 pm and
circular shapes (Extended Data Table 1, Supplementary Fig.1). Some of
the melt inclusions experienced partial post-entrapment crystalliza-
tion (0-52%) with pyroxene and merrillite embedded ina glassy matrix
(Supplementary Fig.1). Most grains of apatite occur in the fine-grained
interstitial materials, coexisting with fayalite and K-Si-rich mesostasis
(Supplementary Fig. 2). A few euhedral grains of apatite are enclosed in
the margins of pyroxene and FeO-rich olivine (Supplementary Fig. 2).
Most grains of apatite are smaller than 10 pm, and the detailed informa-
tion is summarized in Extended Data Table 1.

Mineral chemistry. Both pyroxene and olivine from various CE5 basalt
clasts are chemically zoned, with higher FeO contents at the rims (Fs
about 85.9 mol% and Fa about 98.6 mol%) than in the cores (En about
39.6 mol% and Faabout43.0 mol%), where Fs=100 x Fe/(Fe + Ca+ Mg)
mol%, En=100 x Mg/(Fe + Ca + Mg) mol%, and Fa=100 x Fe/(Fe + Mg)
mol% (Supplementary Figs. 3,4, Supplementary Table1). Plagioclase is
relatively homogeneous withacomposition of An, g o, 3Ab, 4 51 Oro3.47

where An =100 x Ca/(Ca + Na +K) mol%, Ab=100 x Na/(Ca + Na +K)
mol%, and Or =100 x K/(Ca + Na + K) mol% (Supplementary Fig. 4,
Supplementary Table 1). IImenite has ahomogeneous composition
of 52.9 wt% TiO, and 44.9 wt% FeO, with minor silicon dioxide (SiO,;
<0.45 wt%), Cr,0;(<0.32 wt%), manganese oxide (MnO; 0.34-0.47 wt%)
and magnesium oxide (MgO; <1.47 wt%) (Supplementary Table 2).
Most of the melt inclusions in ilmenite are SiO, rich (61.2-77.1 wt%),
and have wide ranges of aluminium oxide (Al,05; 5.59-16.2 wt%), FeO
(2.79-24.4 wt%) and calcium oxide (Ca0; 0.72-15.6 wt%) abundances
(Supplementary Table 2). Inthe diagram of MgO versus SiO,, Al,O;, FeO,
CaOandsodiumoxide (Na,O; Supplementary Fig. 5), the meltinclusions
plotclose to the low-MgO endmember, consistent with the datasets of
meltinclusionsinolivine and pyroxene from Apollo basalts reported by
ref.'. The apatite grains contain 2.35-3.28 wt% F and 0.11-0.87 wt%Cl
(Supplementary Table 2), plotting close to the fluorapatite end-member
in the F-CI-OH ternary diagram (Supplementary Fig. 6). The apatite
OH contents calculated by difference, assuming that the volatile site
only contains F, Cland OH, range from about 0 to 0.24 wt%.

Estimate of water abundance for the parent magma of CES
basalts

The meltinclusionsinilmenite. The water abundances and 6D values
of meltinclusions were first corrected for the cosmic-ray spallation
effects (Extended Data Table 3). After the spallation correction, the
measured water abundances of the melt inclusions were corrected
for post-entrapment crystallisation (PEC) based on the percentage
of crystallized periphery of the melt inclusions (Extended Data Ta-
ble 3). The water abundances of the melt inclusions were reduced by
0-52%byPEC correction. The water abundances and 8D values of melt
inclusions corrected for both spallation and PEC effects are summa-
rized in Extended Data Table 3. Three melt inclusions were analysed
twice, with two of them (clast numbers 103-020,013 and 103-020,018)
showinglarger variation in water content between repeated measure-
ments. This observation could be attributed to partial covering on the
re-crystallized materials in the meltinclusions.

The meltinclusions analysed in this work show two distinct popula-
tions in terms of water abundance and 6D values (Fig. 2). Eight analy-
seson five individual basalt clasts define a negative correlation (main
trend) between the water abundances (6 +2 ug g t0283+22 ugg™)
and 8D values (=330 = 190%. to 200 + 390%o) (Extended Data Table 3),
obviously distinct from the analyses of the apatite grains in CE5 basalts
(Fig. 2) and Apollo mare basalts™>"?***3537 The other three analyses of
theilmenite-hosted meltinclusionslocated in three other basalt clasts
aremoredeuteriumenriched (271 + 124%. to 869 + 230%.) and contain
93 +15ng g to 370 + 21 pug g™ water, plotting in the region between
the analyses of apatite and the negative trend of the melt inclusions
(Fig. 2). The negative correlation between water abundances and 6D
values of the meltinclusions (6D <200%.) can be explained by degas-
sing of H, in the basaltic magma and deuterium enrichment during
this process™"®. The water-rich and deuterium-poor end-member of
these meltinclusions have 8D values of —330 +190%o, within the range
of the hydrogen isotopic compositions of the lunar mantle (about
0 +200%o0) constrained by numerous measurements of Apollo melt
inclusions", anorthosite?, and apatite from KREEP basalts'®®, high-Al
basalts**** and highlands samples'®*>*>, The most deuterium-depleted
melt inclusions probably captured the parent magma of CE5 basalts
before significant degassing of H,. Therefore, the water abundance
0f 283 + 22 pg g™ of the deuterium-depleted melt inclusions can be
regarded as the maximum water abundance estimate for the parent
magma of CE5 basalts (Extended Data Table 3).

Apatite. Apatite is the major OH-, F-and Cl-bearing phasein lunar and
other extraterrestrial samples. It was once widely used to estimate the
water contents of the mantle reservoirs of Mars®* and the Moon™*,
Recent numerical models have revealed that itis possible to crystallize
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water-rich apatite from a highly water-depleted magma, because of
the fractional crystallization and exchange behaviour of OH, Fand Cl
in apatite®. To calculate the water content of a silicate melt using the
composition of coexisting apatite, many parameters are required,
including the apatite-based melt hygrometry, the water content of
the apatite, the apatite-melt exchange coefficient, the abundance
of F or Clin the apatite, and that of F or Cl in the melt®. However, it
is difficult to determine all of these parameters precisely in the case
of CES apatite.

Instead, we estimated the water abundance of the bulk CE5 basalts
from the modal abundance of apatite and its average water content,
because apatite is the dominant water-bearing phase in mare basalts.
The modal abundance of apatite in the CES basaltsis determined to be
approximately 0.4 vol%, using the surface areas of apatite in all basal-
tic clasts analysed (Supplementary Table 1). The average water con-
tent and 8D value of the CE5 apatite measured by NanoSIMS 50L are
1,921 + 910 pg g and 578 + 208%. (N = 40), respectively, except for the
three low water abundance analyses (Extended Data Table 2). Hence,
the water abundance of the bulk CESbasaltis 7 + 3 pg g As discussed
above, the parent magma of CES basalts has the original 6D value of
approximately -330%. indicated by the most deuterium-depleted melt
inclusions, whereas the deuterium enrichment of apatite was probably
attributed to degassing of water in the form of H,. Hence, the water
abundance of the parent magma was calibrated tobe 600 + 400 ug g7,
with 98-99% water degassing loss required to enhance 8D values
from about -330%. to about 600%. based on the H, degassing mod-
elling* (Extended Data Table 3). This estimate is consistent with the
water abundance of the most deuterium-depleted melt inclusions
inilmenite.

Clinopyroxene. A higher Cs* primary beam current (7 nA) was used
to analyse nominally anhydrous clinopyroxene, and the H,0 back-
ground was reduced to 5 + 2 ug g . Eighteen analyses on clinopy-
roxene from13 individual CES basalt clasts yielded an average 'H/*O
ratio of 8.85 x 1077, significantly lower than that of San Carlos olivine
(2.30 x107°%) measured under the same conditions (Extended Data
Table 4). Therefore, all hydrogen emitted during CES clinopyroxene
analyses canbe ascribed to background hydrogen, indicating that the
CES clinopyroxene contains less than 5 pg g H,0. The water abun-
dance of the parent magma equilibrated with the CES clinopyroxene
could be less than about 170 pg g™ using the water partition coef-
ficient of 0.03 that was determined experimentally under reduced
lunar conditions™®,

Estimate of water abundance for the mantle source of CE5
basalts

The ilmenite-hosted melt inclusions were used to estimate the water
abundance for the mantle source of CES basalts because they are the
quenched parent melt and have preserved the original 6D value of
the mantle source. On the basis of the petrogenesis and geochem-
istry of CE5 basalts, the parent magma was derived from a depleted
mantlesource®. Furthermore, the REE patterns of the bulk CE5 basalts
indicate that these basalts formed through low-degree (2-3%) partial
melting followed by moderate-to-high-degree (43-88%) fractional
crystallization®. Accordingly, amaximumwater abundance of 1-5 ug g™
can be estimated for the depleted mantle source, which produced
283 + 22 ng g water in the derived parent magma of the CE5 basalts,
assuming that all water partitioned into melt during partial melting
of lunar mantle®,

Data availability

Allgeochemical data generated in this study are included in Extended
DataTables1-5and in Supplementary Tables1-5, and are available on
Zenodo at https://doi.org/10.5281/zenodo.5341793.
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Extended DataFig.2| The water content calibrationline established on glass; SCOL, San Carlos olivine. The datasets are listed in Supplementary
apatite and silicate glass standards. KOV, Kovdor apatite; DAP, Durango Table 3. The analytical uncertainty is 0.6% (20).

apatite; SWIFT, SWIFT MORB glass; 519-4-1, basaltic glass; 1833-11, basaltic
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Extended DataFig. 3 |Reproducibility of hydrogenisotope analysis of the apatiteare-113+109%o. and -92 + 210%., respectively, consistent with their
standards and the CE5 apatite and ilmenite-hosted meltinclusionsoverthe  recommended values® within analytical errors. The average 8D values
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Extended Data Table 1| The CE5 basalt clasts

Clast No. Mount form”  Dimension (mm)  Texture Apatite (um)  Melt inclusion (um)
CE5C0100YJFM00406

406-010,001  Sn-Bi alloy 0.88x0.39 Poikilitic ~3

406-010,019  Sn-Bi alloy 0.56x0.36 Poikilitic ~3

406-010,023  Sn-Bi alloy 0.78x0.58 Poikilitic 10 17x11
406-011,003  Sn-Bi alloy 0.88x0.61 Equigranular  5to 10

406-011,007  Sn-Bi alloy 0.55%0.32 Poikilitic 3to5

406-012,004  Sn-Bi alloy 0.86x0.64 Subophitic 3to5

406-012,009  Sn-Bi alloy 0.70x0.53 Fragment ~3 <50x17
406-014,001  PTS 0.40%0.19 Fragment <10

406-014,003 PTS 0.73%0.66 Subophitic ~5

406-015,001  PTS 0.26x0.19 Fragment 10

406-015,014 PTS 0.51x0.41 Equigranular 10

406-015,045 PTS 0.72x0.30 Subophitic 3to5 19x7
406-015,046 PTS 0.60%0.33 Subophitic 3to5 6%x4
406-015,048 PTS 0.65%0.30 Subophitic 5to 10

406-015,059 PTS 0.41x0.29 Poikilitic 3to5
CE5C0100YJFM00103

103-017,001  Sn-Bi alloy 1.03x0.41 Poikilitic ~3 55%40
103-017,010  Sn-Bi alloy 0.44%0.32 Equigranular  ~5

103-017,011  Sn-Bi alloy 0.63%0.45 Equigranular  ~5

103-017,013  Sn-Bi alloy 0.54x0.44 Poikilitic ~5 10x7
103-020,004 PTS 0.28x0.26 Fragment 10

103-020,013 PTS 0.37x0.26 Fragment 25x13
103-020,018 PTS 0.42x0.30 Fragment <3 17x4
103-020,021 PTS 0.39x0.23 Poikilitic 5to 10

*Sn-Bi alloy mount; PTS, polished thin section.



Extended Data Table 2 | Water abundance and hydrogen isotopes of CE5 apatite

CRE age = 0 Ma CRE age = 50 Ma’
File Name Clast No.
HOngg' 2cpgg’ D% 26 %o HOpgg" 2opg.g™ D% 20 %o

010-001Ap-1  406-010,001 2205 91 382 64 2205 91 381 81
010-001Ap-2  406-010,001 1850 79 461 67 1850 79 460 84
010-019Ap-1  406-010,019 2418 109 422 65 2418 109 421 82
010-019Ap2  406-010,019 2153 96 363 64 2153 9 362 81
010-023Ap-1  406-010,023 176 17 722 169 176 17 708 176
010-023Ap2  406-010,023 236 19 426 159 235 19 416 167
010-023Ap-3  406-010,023 110 13 440 210 110 13 418 216
011-003Ap-1  406-011,003 2936 119 464 62 2936 119 463 80
011-007Ap-1  406-011,007 1626 73 276 69 1626 73 275 85
012-004Ap-1  406-012,004 2595 108 382 70 2595 108 381 86
012-004Ap-2  406-012,004 2755 110 456 60 2755 110 455 78
012-009Ap-1  406-012,009 1936 87 551 67 1936 87 550 84
014-001Ap-1  406-014,001 4363 187 329 57 4363 187 329 76
014-001Ap-2  406-014,001 1841 82 368 67 1841 82 367 84
014-003Ap-1  406-014,003 4856 217 376 66 4856 217 376 83
015-001Ap-1  406-015,001 1137 53 368 80 1137 53 366 94
015-001Ap-2  406-015,001 1167 56 512 80 1166 56 510 94
015-001Ap-3  406-015,001 939 46 566 84 939 46 563 98
015-014Ap-1  406-015,014 1717 74 931 63 1717 74 929 80
015-014Ap-2  406-015,014 1652 71 814 64 1651 71 812 81
015-014Ap-3  406-015,014 791 40 723 83 791 40 720 97
015-014Ap-4  406-015,014 1461 64 834 69 1461 64 832 85
015-014Ap-5  406-015,014 1983 88 857 61 1983 88 856 79
015-014Ap-6  406-015,014 1214 54 878 70 1213 54 877 86
015-014Ap-7  406-015,014 1139 52 861 70 1138 52 859 86
015-014Ap-8  406-015,014 1312 59 1024 71 1312 59 1022 87
015-014Ap-9  406-015,014 1217 54 826 70 1217 54 824 86
015-014Ap-10  406-015,014 1516 67 886 65 1516 67 884 82
015-014Ap-11  406-015,014 2361 98 930 59 2361 98 929 77
015-014Ap-12  406-015,014 952 45 703 78 952 45 700 93
015-046Ap-1  406-015,046 1574 69 368 75 1574 69 367 90
015-048Ap-1  406-015,048 1127 65 609 77 1127 65 607 92
015-059Ap-1  406-015,059 1166 57 754 77 1166 57 752 92
017-010Ap-1  103-017,010 1606 75 321 73 1606 75 320 88
017-011Ap-1  103-017,011 1714 80 412 68 1714 80 411 84
017-011Ap-2  103-017,011 2322 96 479 65 2322 96 478 82
017-013Ap-1  103-017,013 1920 87 562 66 1920 87 561 83
020-004Ap-1  103-020,004 1807 82 451 70 1807 82 450 86
020-004Ap-2  103-020,004 2164 91 519 64 2164 91 518 81
020-004Ap-3  103-020,004 2049 93 509 64 2049 93 508 81
020-018Ap-1  103-020,018 555 31 564 98 555 31 560 110
020-021Ap-1  103-020,021 3681 169 511 55 3681 169 511 74
020-021Ap2  103-020,021 3077 134 563 58 3077 134 562 77

*Deuterium production rate of 9.20 x 107 mol D g™ Ma™ (ref. ©°) was used for correction of cosmogenic spallation effects. CRE age, cosmic ray exposure age.
*Spallation correction of water content is 0.18 ppm, the increased uncertainty on water abundance is ignored.
'Uncertainties include another 50%. caused by spallation correction?.
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Extended Data Table 3 | Water abundance and hydrogen isotopes of CE5 ilmenite-hosted melt inclusions

CRE age =0 Ma CRE age =50 Ma’ PEC corrected

File Name Clast No. HOpng.g' 2opg.g’ D% 26 %o HOng.g' 20opg.g™ D% 26 %o HO ng.g’ 2opgg' PEC %*
010-023MI-1  406-010,023 26 6 411 349 26 6 177 352 18 5 29
012-009MI-1  406-012,009 89 16 147 322 89 16 216 326 62 11 30
015-045MI-1  406-015,045 661 37 281 113 661 37 271 124 370 21 44
015-046MI-1  406-015,046 174 18 581 161 174 18 547 170 125 13 28
017-013MI-1  406-017,013 93 15 933 224 93 15 869 230 93 15 0
017-001MI-1  406-017,001 27 6 243 339 27 6 18 340 13 3 52
017-001MI-2  406-017,001 13 4 669 390 13 4 200 390 6 2 52
020-013MI-1  103-020,013 367 29 313 164 367 29 -330 170 283 22 23
020-013MI-2  103-020,013 281 23 310 182 281 23 -330 190 216 18 23
020-018MI-1  103-020,018 114 11 -180 213 114 11 234 220 94 9 17
020-018MI-2  103-020,018 154 13 94 180 154 13 133 190 128 10 17

*Deuterium production rate of 2.17 x 10" mol D g™ Ma™ (ref. *°) was used for correction of cosmogenic spallation effects. CRE age, cosmic ray exposure age.
*Spallation correction of water content is 0.18 ppm, the increased uncertainty on water abundance is ignored.
'Uncertainties includes another 50%o caused by spallation correction?'.

*Post-entrapment crystallization (PEC) is calculated from the areas of the BSE images.



Extended Data Table 4 | H/O ratios of CE5 clinopyroxene and reference San Carlos olivine measured by NanoSIMS 50L

File Name Clast No. "H counts "®Ocoums  'HI®O ErrMean %  Poisson %
SanCarlosOl-1  Standard 1.39E+05 5.40E+10 2.58E-06 8.50E-01 2.68E-01
SanCarlosOI-2  Standard 1.19E+05 4.65E+10 2.56E-06 1.15E+00 2.90E-01
SanCarlosOI-3  Standard 1.12E+05 4.13E+10 2.71E-06 8.36E-01 2.99E-01
SanCarlosOl-4  Standard 6.21E+04 4.62E+10 1.34E-06 7.49E-01 4.01E-01
Avg. 2.30E-06

10-019CPX-1  406-010,019 4.60E+04 7.55E+10 6.09E-07 6.74E-01 4.66E-01
10-019CPX-2  406-010,019 3.72E+04 6.61E+10 5.62E-07 6.84E-01 5.19E-01
10-019CPX-3  406-010,019 3.72E+04 6.91E+10 5.39E-07 7.20E-01 5.18E-01
10-023CPX-1  406-010,023 4.61E+04 6.49E+10 7.11E-07 7.98E-01 4.66E-01
10-023CPX-2  406-010,023 4.01E+04 6.87E+10 5.84E-07 6.32E-01 4.99E-01
12-009CPX-1  406-012,009 3.69E+04 6.13E+10 6.02E-07 7.83E-01 5.20E-01
16-005CPX-1  406-016,005 4.79E+04 7.39E+10 6.49E-07 5.15E-01 4.57E-01
16-011CPX-1  406-016,011  7.20E+04 5.63E+10 1.28E-06 5.99E-01 3.73E-01
16-013CPX-1  406-016,013 5.85E+04 5.46E+10 1.07E-06 8.24E-01 4.13E-01
16-017CPX-1  406-016,017 5.11E+04 4.95E+10 1.03E-06 8.82E-01 4.42E-01
16-017CPX-2  406-016,017 5.78E+04 5.46E+10 1.06E-06 8.26E-01 4.16E-01
17-010CPX-1 103-017,010  5.07E+04 5.30E+10  9.56E-07 1.17E+00 4.44E-01
18-001CPX-1 103-018,001 4.44E+04 5.92E+10 7.50E-07 6.45E-01 4.75E-01
18-005CPX-1 103-018,005 4.74E+04 6.11E+10 7.76E-07 5.61E-01 4.60E-01
20-001CPX-1 103-020,001 7.99E+04 6.41E+10 1.25E-06 4.66E-01 3.54E-01
20-013CPX-1 103-020,013 6.37E+04 5.12E+10  1.24E-06 7.20E-01 3.96E-01
20-018CPX-1 103-020,018 6.81E+04 6.03E+10 1.13E-06 5.15E-01 3.83E-01

20-018CPX-2  103-020,018 6.58E+04 5.82E+10 1.13E-06 8.08E-01 3.90E-01
Avg. 8.85E-07
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Extended Data Table 5 | Summary of the water abundances estimated for the lunar mantle source regions of basaltic
products formed between around 4 Gaand 2 Ga

Sample name  Age (Ga)  References Phase®  H,Omn (19.9") H2Omex (1g.g”")  References

10020 37 69 MI 3 60 "
10044 3.71 7 Ap 2.12 3.12 2.3
10058 3.63 7 Ap 9 28 1
10058 3.63 7 MI 3 60 "
12002 3.36 7 MI 3 3 "
12004 3.36 7 MI 3 3 "
12008 3.36 7 MI 3 3 "
12018 ND MI 25 160 "
12020 3.36 7 MI 3 3 "
12039 3.19 & Ap 2.4 15.12 15,26,29, 34
12040 3.36 o M 3 3 "
12064 3.18 & Ap 2 7 .35
14053 3.96 2 Ap 1.42 26 29,3673
14072 3.99 6 M 3 60 "
15016 3.34 " M 3 60 "
15058 3.36 75 Ap 1 4 14.18
15427 3.41 76 GB 52 14.9 73
15555 3.31 ” Ap 10 30 s
74002 3.66 78 GB 4 92 79
74220 3.48 & M 9 130 8.25
74220 3.48 & M 133 292 2
74220 3.48 & M 88 124 o
74235 3.48 8 M 84 84 10
75055 3.77 8 Ap 4 13 2.29.34
NWA 2977 2.86 5 Ap 7.2 17 1

MIL 05035 3.85 82 Ap 8 26 18

LAP 04841 3.0 8 Ap 53 166 18
CE5 2.03 8 M 1 5 This study

Data are from refs' 3,5,6,8—11,14,15,22,25,28,29,34—37,69—83.
*ND, no data.
*Phase used for estimating water abundance in the lunar mantle: MI, melt inclusions; Ap, apatite; GB, glass bead.
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