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S P A C E  S C I E N C E S

Indigenous noble gases in the Moon’s interior
Patrizia Will*, Henner Busemann, My E. I. Riebe, Colin Maden

The origin of volatiles in the Moon’s interior is debated. Scenarios range from inheritance through a Moon-forming 
disk or “synestia” to late accretion by meteorites or comets. Noble gases are excellent tracers of volatile origins. 
We report analyses of all noble gases in paired, unbrecciated lunar mare basalts and show that magmatic glasses 
therein contain indigenous noble gases including solar-type He and Ne. Assimilation of solar wind (SW)–bearing 
regolith by the basaltic melt or SW implantation into the basalts is excluded on the basis of the petrological context 
of the samples, as well as the lack of SW and “excess 40Ar” in the magmatic minerals. The absence of chondritic 
primordial He and Ne signatures excludes exogenous contamination. We thus conclude that the Moon inherited 
indigenous noble gases from Earth’s mantle by the Moon-forming impact and propose storage in the incompatible 
element-enriched (“KREEP”) reservoir.

INTRODUCTION
The widely accepted scenario for the origin of the Moon is the giant 
impact. Earlier models involved a moderately slow collision between 
proto-Earth and a Mars-sized impactor that expelled substantial 
amounts of material and produced a cloud of molten debris from 
which the Moon formed (1). More recent models invoke either a 
high-energy, hit-and-run scenario generating a much hotter debris 
disk (2), a giant impact onto a fast-spinning proto-Earth (3), the 
collision of a large impactor that gave rise to a circumterrestrial debris 
disk of molten and partially vaporized material from which the Moon 
rapidly accreted (4), or a cloud of mostly vaporized Earth and im-
pactor material (a so-called “synestia”) from which the Moon rapidly 
condensed (5). Very similar O isotopic signatures of Earth and Moon 
in contrast to distinct O isotopic compositions in other solar system 
bodies (6) imply either nearly complete mixing of Earth and an 
impactor (7), an impactor originating from a reservoir isotopically 
similar to Earth (8), or accretion of the Moon dominantly from 
terrestrial mantle material (9).

One consequence of the Moon’s high-temperature formation is 
a depletion in volatile lithophile and volatile siderophile elements; 
the Moon was long considered substantially volatile-depleted rela-
tive to Earth (10). However, later discoveries of volatiles in lunar 
volcanic glasses (11), olivine-hosted melt inclusions (12), and apatite 
(13) suggest that highly volatile species were retained in the debris 
disk or synestia and accreted during the formation of the Moon 
(12, 14). Similar deuterium over hydrogen (D/H) ratios of indigenous 
water in the Moon and in the terrestrial mantle indicate indeed only 
limited water loss, and D/H ratios are consistent with a chondritic 
origin of at least some water in the Earth-Moon system (11, 15). 
Carbonaceous chondrites were proposed as the primary source 
of water, with possibly <20% contribution of cometary water (16). 
Consistently, the Xe heavy isotope composition in lunar anortho-
sites suggests possible admixture of cometary Xe (17). Chondritic 
water would have been inherited from a debris disk or synestia or 
delivered during the lunar magma ocean (LMO) phase, which may 
have lasted thousands to millions of years (18).

Noble gases are powerful tracers of the sources and processing of 
volatiles and can uniquely trace the volatiles during the formation 

of the Earth-Moon system. Similar to Earth, interior lunar volatiles 
would best be studied in mantle-derived samples such as the mare 
basalts that originate from partial melting of the deep mantle at depths 
of 200 to 400 km (19). However, lunar indigenous noble gases have 
not been detected so far [e.g., (17, 20)].

RESULTS
We analyzed interior fragments of the six Antarctic, paired (Supple-
mentary Text), coarse-grained, and unbrecciated (21) lunar mare 
basalts LaPaz Icefield (LAP) 02205 (L05), 02224 (L24), 02226 (L26), 
02436 (L36), 03632 (L32), and 04841 (L41) by noble gas mass spec-
trometry (Supplementary Text). These basalts have magmatic ages 
of ~3.0 billion years (Ga) [e.g., (22)]. They crystallized from an 
evolved, fractionated, low-Ti basaltic melt (Supplementary Text) 
(23) that was derived from an endogenously enriched source region 
with “KREEP” admixture (Supplementary Text) (21). The KREEP 
component accumulated incompatible elements such as K, rare earth 
elements (REE), and P, enriched during the latest stages of lunar 
mantle differentiation (24). Analyses of crystal size distributions 
suggest that the LAP mare basalts formed near the middle of a slowly 
cooled ~10-m-thick lava flow (21, 25, 26). The LAP meteorites (re-
covered mass of ~1.9 kg) were all ejected from the Moon together as 
one piece and spent ~35 thousand years in Moon-Earth transit (27).

Solar-type noble gases in the mare basalts
Two of six bulk interior fragments of the unbrecciated mare basalts, 
L24 and L36, have notably higher concentrations of 20Ne (~100 to 
1000 times higher), 36Ar (~30 to 540 times higher), 84Kr (~5 to 90 
times higher), and 132Xe (~2 to 20 times higher) than the other sam-
ples (tables S2 to S5). The isotopic compositions of these two samples 
are distinct from the other samples and indicate that they contain 
high amounts of trapped gases, in addition to the cosmogenic and 
radiogenic noble gases present in very similar amounts in all sam-
ples (Fig. 1 and figs. S1 to S3). Trapped noble gases can be, e.g., of 
chondritic or solar origin, or, in the case of Ar, Kr, and Xe, also due 
to atmospheric contamination. The Ne signature reveals trapped so-
lar-type noble gases with a 20Ne/22Ne ratio of ~12.6, as determined by 
extrapolation through all bulk Ne data points (see Fig. 1A for a fit 
through these data points and the most solar-type noble gas–bearing 
glasses). Distinguishing between different trapped components is less 
straightforward in the other elements. The two solar Ne–bearing L24 
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samples have the highest Xe concentrations and isotopic compositions 
most consistent with solar-type Xe (Fig. 1D), while the two L36 samples 
have Xe compositions that would also be consistent with chondritic 
gas, air, or a mixture of them with solar gases. The low concentra-
tions of Kr and Xe in the bulk samples and, thus, large uncertainties 
on isotopic ratios prevent us from specifying details, including 
potential chondritic source components, e.g., so-called “Q” or “AVCC 
(average carbonaceous chondrite)” components (Fig. 1D and fig. S3) 
(28–30). Air is also possible based on the Kr isotopic composition 
alone, but this appears unlikely in light of the isotopic compositions 
of Ar and Xe. Having analyzed the bulk samples, it was hence clear 
that the LAP mare basalts contain a heterogeneously distributed, 
trapped noble gas component with a solar Ne signature, possibly a 

solar Xe signature, and trapped Ar and Kr, which could be solar 
or chondritic.

To identify the carrier of the trapped noble gases, we analyzed 
He and Ne in glass and mineral separates of feldspar, pyroxene, 
olivine, opaque minerals, transparent glass [likely dominantly 
maskelynite (Supplementary Text)], and black glass handpicked from 
the <100-m-sized fractions of L05, L24, L26, and L36 (Supplementary 
Text). In the black glasses from L24 and L36, very high He and Ne 
concentrations of up to 1.5 × 10−2 cm3 standard temperature and 
pressure (STP)/g of 4He and 6.9 × 10−4 cm3 STP/g of 20Ne (table S7) 
were measured. He and Ne concentrations in the black glasses from 
L05 and L26 were considerably lower (e.g., 1.2 × 10−4 to 4.2 × 10−4 cm3 
STP/g of 4He and 1.3 × 10−8 to 2.1 × 10−8 cm3 STP/g of 20Ne; table S7). 

Fig. 1. Isotopic compositions of bulk samples, glasses, and mineral separates. (A) Neon three-isotope plot. L24 and L36 (two aliquots each) contain solar-type gases, 
dominantly Nesolar with admixture of Necos. L05 and L26 (two aliquots each) and L32 and L41 (one aliquot each) contain purely Necos. Black glasses (L24 and L36) carry the 
solar-type gases. Some maskelynite and opaque grains were contaminated by solar gas–bearing black glass (fig. S5, A and B). Gray dashed arrow, calculated mass-dependent 
solar wind (SW) fractionation; red line, linear fit through bulk data points, 20Ne/22Nesolar ~ 12.5. Inset: Black dashed arrow, mass-dependent SW fractionation; black solid 
arrow, 20Ne/22Nesolar ~ 13.1 in black glass. (B) 3He/4He versus 4He. Olivine, feldspar, and pyroxene have higher 3Hecos production rates than the opaque minerals. The 
opaque minerals are dominated by 4Herad. Solar-type He is dominant in black glass (L24 and L36), whereas black glass without dominant solar-type He shows similar 
3He/4He as the opaque minerals due to additional 4Herad; 3He/4He is similar to SW-He (fig. S1 for details). (C) 38Ar/36Ar versus 40Ar/36Ar. All bulk samples contain similar 
concentrations of Arcos and 40Arrad (tables S3 and S9). L24 and L36 are dominated by additional Arsolar. Air-Ar is absent, consistent with He and Ne isotopes. (D) 126Xe/132Xe 
versus 136Xe/132Xe in bulk LAP basalts. Xenon in L24 is consistent with solar-type gases and fission Xe. A mixture of solar-type gases and Q, AVCC, air, or fission Xe is indi-
cated for L36_2. L36_1 contains a higher Xecos concentration, while solar-type gases are not clearly indicated. Xenon in L05 and L26 is most likely air but could also be 
mixed SW and fission Xe. Admixture of fission Xe is visible in L32 and L41. References: SW (33, 69), cosmogenic (35), air (70–73), Q (28), and AVCC (29, 30). Error bars are 
mostly within symbols.
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The 20Ne/22Ne ratios measured in black glasses from L24 and L36 
ranged between 11.2 ± 0.2 and 13.0 ± 0.1 and are consistent with 
solar-type noble gases, which is also confirmed by 3He/4He ratios of 
3.6 × 10−4 to 4.2 × 10−4 (table S7). A solar signature, albeit with 
highly variable and up to four orders of magnitude lower 20Ne 
concentrations, was further detected in opaque minerals in L24 
(0.0004 × 10−5 to 2.5 × 10−5 cm3 STP/g of 20Ne; table S7) and some 
transparent glasses (0.0001 × 10−4 to 0.9 × 10−4 cm3 STP/g of 20Ne; 
table S7) from L24, L26, and L36. The solar-type gases in the trans-
parent glasses and opaque minerals likely originate from contami-
nation by black glasses because (i) opaque minerals from the solar 
gas–bearing L36 lack solar noble gases and (ii) some transparent 
glasses from L24 and L36 contained black glass inclusions (Supple-
mentary Text).

DISCUSSION
The solar 4He concentrations in the black glasses (up to 1.5 × 
10−2 cm3 STP/g) are ~10 times lower than in Apollo/Luna soils 
(Fig. 2) (31), but ~3 times higher than in the most gas-rich terrestrial 
mantle samples [~10−5 cm3 STP/g; “Popping Rock” (32)]. Similarly, 
the 20Ne concentrations in the black glasses (up to 6.9 × 10−4 cm3 
STP/g) are approximately two orders of magnitude lower than in 
Apollo/Luna soils (up to ~10−2 cm3 STP/g 20Ne) (31) and approxi-
mately four orders of magnitude higher than in the most gas-rich 
terrestrial mantle samples [~10−8 cm3 STP/g; Popping Rock (32)]. 
The 4He/20Ne ratios of the black glasses range from 17.4 ± 1.0 to 
32.3 ± 1.2 [table S7; uncorrected because cosmogenic (cos) and 
radiogenic (rad) contributions only marginally affect the data; 
Fig. 2] and are strongly fractionated compared to 4He/20Ne ratios of 

Apollo/Luna soils (typically ~50 to 60) (31) and solar wind (SW) 
(656 ± 5) (33). Hence, the solar-type noble gases in the black glasses 
are distinct from SW and the fractionated SW in lunar surface soil 
and regolith based on the elemental ratio and abundances.

Cosmic ray exposure and source-crater pairing
Similar concentrations of cosmogenic noble gases are present in all 
six LAP basalts (table S9), and in all separates of feldspar, pyroxene, 
and olivine, the uncontaminated opaque mineral and transparent 
glass separates (samples with 20Ne/22Ne < 0.87; table S7). The black 
glasses from L05 and L26 contain purely cosmogenic Ne, while He 
additionally includes 4Herad (table S7). On the basis of the similar 
cosmogenic concentrations and (22Ne/21Ne)cos ratios, the LAP basalts 
were exposed to cosmic rays for the same time in similar shielding 
conditions. The shallowest average shielding depth that the LAP 
basalts experienced is constrained, e.g., by the shielding depth indi-
cator ratios (131Xe/126Xe)cos = 9.2 ± 0.6 (Supplementary Text) and 
(78Kr/83Kr)cos = 0.142 ± 0.011 (table S10), which imply a minimum 
average shielding depth of 140 g/cm2 equaling ~0.5 m using the 
LAP mare basalt density of 3.0 g/cm3 (34). The shielding depth 
might well have been higher, but surface residence for any extended 
time is excluded. The minimum average shielding depth and re-
spective production rates (Supplementary Text) yield a minimum 
cosmic ray exposure (CRE) age of 63 ± 9 million years (Ma) based 
on 126Xecos and 64 ± 5 Ma based on 78Krcos and, accordingly, higher 
ages at larger depths (table S11). In any case, the similar CRE ages 
of all LAP basalts reveal that they experienced the same exposure 
history. Given their magmatic age of ~3 Ga [e.g., (22)], the LAP 
basalts were mostly shielded from cosmic rays [depth > 5 m (35)] in 
agreement with their origin from a depth of ~10 m within a lava 
flow proposed in (25). The basalts originated from the same shielding 
depth within a lava flow and were ejected as one rock by the same 
launching impact (source-crater pairing).

Absence of regolith-derived SW noble gases
The lunar regolith accumulates large amounts of SW that is im-
planted into the uppermost hundreds of nanometers of grain sur-
faces exposed to solar irradiation (36). Continued impacts shatter 
and stir the regolith, and, over time, most rock and mineral surfaces 
are randomly exposed to the SW. Thereby, the regolith acquires 
characteristic noble gas signatures: (i) very high SW concentrations 
of typically ~10−1 to 10−2 cm3 STP/g of 4He and ~10−3 to 10−4 cm3 
STP/g of 20Ne (31, 37), (ii) a SW isotopic signature (36), (iii) trapped 
40Ar/36Ar ratios of ~1 to 10 due to incorporation of 36ArSW and 
reimplantation of 40Arrad degassing from the lunar surface [“excess 
40Ar” (38)], (iv) higher concentrations of cosmogenic noble gases 
than in underlying rock layers (e.g., mare basalts and anorthosites) 
due to generally decreasing production rates of cosmogenic noble 
gases with depth (35), and (v) distinct SW concentrations in different 
minerals due to mineral-specific trapping efficiencies, with espe-
cially the opaque minerals retaining high SW-He and SW-Ne 
concentrations (36).

The solar-type noble gas–bearing black glasses analyzed here lack 
all these characteristic regolith signatures:

1) All six LAP mare basalts have the same 40Ar concentrations 
averaging to 2.5 × 10−5 ± 0.4 × 10−5 cm3 STP/g, while 36Ar concen-
trations vary largely, depending on the presence of solar-type noble 
gases (0.15 × 10−7 to 99 × 10−7 cm3 STP/g; table S3). Surface-derived 
solar gases would exhibit an excess 40Ar signature as detailed above, 

Fig. 2. 4He versus 20Ne plot. The solar-type noble gas–bearing black glasses (L24 
and L36) show higher 4He/20Ne ratios (~17 to 32) than meteoritic regolith breccias 
(~4 to 20). SW (4He/20Ne = 656 ± 5), Apollo/Luna soils, and breccias are given for 
comparison. The Apollo and Luna samples show higher 4He concentrations (~15 × 
10−3 to 35 × 10−3 cm3 STP/g) than the meteoritic samples because they did not 
experience impact shock–induced 4He loss (Supplementary Text), which all meteorites 
undergo inevitably to different degrees during the launching impacts. Error bars 
are mostly within symbols. Only the LAP black glasses from L24 and L36 are 
corrected for radiogenic 4He and cosmogenic 4He and 20Ne (light red data illustrate 
the extent of correction, which only marginally shifts the data points because of the 
extremely high concentrations of solar noble gases). References: Meteoritic regolith 
samples (37), Apollo/Luna samples (31, 74, 75), and SW (35).
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and the 40Ar and 36ArSW concentrations would be positively correlated 
(38). For instance, assuming a conservatively low 40Arexcess/36ArSW = 1 
(38), the minimum expected 40Arexcess would be 9.9 × 10−6 cm3 STP/g 
based on the 36Arsolar concentration in L24_1 (table S3). Adding the 
estimated 40Arrad determined for this sample (Supplementary Text) 
gives a total 40Ar concentration of ~3.5 × 10−5 cm3 STP/g. This con-
centration is already ~28% higher than the measured 40Ar concen-
tration (table S3), which precludes excess 40Ar. The very similar 40Ar 
concentrations in the basalts do not allow for addition of regolith-
derived 40Arexcess. Shock-induced gas loss in the LAP basalts is neg-
ligible (22). Hence, regolith-derived 40Arexcess is absent. Notably, the 
above considerations are based on comparisons of the sample noble 
gas signatures and do not require an estimated mantle 40Ar/36Ar, 
which is unknown and would depend on the magma source.

2) All six LAP meteorites have identical concentrations of cos-
mogenic noble gases regardless of the presence of solar-type noble 
gases (table S9). If regolith were admixed, then high and varying 
concentrations of cosmogenic noble gases accumulated during 
extended surface exposure would inevitably be associated (36), and 
the two solar gas–bearing LAPs would contain detectably higher 
cosmogenic noble gas concentrations (table S9).

Because the black glasses are the sole carrier of the solar-type noble 
gases, they would be the exclusive carrier of regolith-derived excess 
cosmogenic noble gases. The concentration of 20Nesolar is ~10 times 
higher in the black glasses than in the bulk samples, and we estimate 
that the black glasses make up ~10 weight % of the bulk rock. On 
the basis of these assumptions, we find that an additional ~5 × 
10−12 cm3 STP/g of 126Xecos would be required in the black glasses to 
raise the 126Xecos concentration of the bulk rock by clearly detectable 
10%. This amount of 126Xecos would be produced in a fresh basaltic 
regolith within ~12 Ma of surface exposure only. Hence, the lack of 
cosmogenic nuclide excesses in the LAP mare basalts supports that 
regolith contamination is absent.

3) Ilmenite, which is a major component in the opaque mineral 
separates, is most retentive for SW noble gases (36). However, 
solar-type gases are absent in opaque mineral separates from L36 and 
present only in a few opaque mineral separates of L24 (table S7). 
Therefore, we infer that the solar gas–bearing opaque mineral separates 
from L24 were contaminated by its solar gas–bearing black glass.

4) The noble gas concentrations of the solar gas–bearing black 
glasses are lower (~10−2 to 10−3 cm3 STP/g of 4He and ~10−4 cm3 
STP/g of 20Ne; table S7) than in Apollo/Luna soils [~10−1 to 10−2 cm3 
STP/g of 4He and ~10−3 to 10−4 cm3 STP/g of 20Ne (31)], and the 
elemental fractionation in 4He/20Ne is lower than commonly observed 
in regolith breccia meteorites, despite the comparatively high launch-
induced shock level of the LAP meteorites [~60 GPa (23)]. High-
energy launching impacts sufficient to eject lunar meteoroids to space 
cause severe flash heating and result in preferential diffusive loss of 
4He (Supplementary Text). Therefore, the 4He/20Ne ratios of regolith 
breccia meteorites are strongly fractionated (2.7 to 5.6) (37), while 
Apollo/Luna soils show 4He/20Ne ratios of ~38 to 110 (31). Black 
glasses in Apollo soil have a 4He/20Ne ratio of ~80 (36). The solar-
type noble gases in the LAP black glasses thus have a unique com-
position, being more fractionated (4He/20Ne ≈ 20 to 30) than SW in 
Apollo/Luna soils and black glasses but less fractionated than SW in 
regolith breccia meteorites.

5) The extrapolated (20Ne/22Ne)solar ratios in black glass reaching 
13.1 ± 0.6 (Fig. 1A) and the 3He/4He ratios reaching 4.2 × 10−4 (table S7) 
in the LAP black glasses are closer to the isotopic composition of 

unfractionated SW [20Ne/22Ne = 13.78 ± 0.03 and 3He/4He = 4.64 × 
10−4 ± 0.09 × 10−4 (33)] than typical Apollo/Luna soils (31). This 
excludes inheritance or admixture of regolith-derived SW to the 
black glasses.

6) The high concentrations of solar-type noble gases cannot be a 
result of trapping of regolith gases from the rock pore space, as the 
thin lunar exosphere with a very low pressure of ~10−15 bar would 
require too large pore space volumes. In addition, gases mobilized 
into the gas phase by diffusive loss induced by diurnal surface heating 
would lead to a favorable incorporation of the heavier noble gases 
Kr and Xe over He and Ne into the shock glass. This is not observed 
in the elemental noble gas ratios of the data.

The solar-type gases differ from regolith-derived SW. This is 
expected because the LAP mare basalts do not originate from a 
regolith breccia, but from a depth of 10 m within a lava flow (25), in 
which SW irradiation could not have occurred.

Indigenous solar-type noble gases from the Moon’s interior
The lack of all characteristic regolith signatures, especially (i) the 
origin of the unbrecciated samples from within a thick lava flow, (ii) 
solar noble gas residence solely in the magmatic glasses without 
an accompanied regolith noble gas signature, and (iii) the magma 
source being a KREEP-rich reservoir strongly suggests that the 
solar-type noble gases in the LAP mare basalts were not acquired by 
assimilation of regolith material to the LAP melt nor accumulated 
during SW exposure in a lunar regolith. Thus, the solar-type noble 
gases must have been acquired by the LAP magma upon partial 
melting of a noble gas–bearing mantle reservoir, transported toward 
the surface by magma ascent, accumulated in residual melt batches 
of the lava flow because of their incompatibility in crystallizing 
phases (39), and trapped upon quenching of the magmatic melt. 
This is detailed in the following.

The LAP mare basalts contain two types of glasses: (i) shock 
glass veins and (ii) magmatic glasses. The shock glass veins are 
crosscutting the magmatic rocks and are formed from localized, 
shock-induced melting of the magmatic minerals (21, 23). Because 
these minerals, mainly olivine, pyroxene, feldspar, and opaque 
minerals, are devoid of solar-type gases (Fig. 1A), they could not 
have delivered solar-type gases to the shock melt. We further observed 
no shock melt flow through the vein network. Instead, localized vein 
coloring represents the fully or partially molten adjacent minerals. 
Our observations coincide with those by Joy et al. (23), who showed 
that vein glass and the bulk rock material of the LAP samples have 
similar compositions and interpreted this to be the result of local 
melting. Therefore, no exterior melt was introduced into the LAP 
mare basalts, and shock vein glasses do not carry the solar-type 
noble gases.

The magmatic glass is present in mesostasis, i.e., the residual, 
incompatible element-enriched magmatic melt that partly crystal-
lized and vitrified at the last stage of magma solidification. During 
melt crystallization, the incompatible volatiles are enriched in the 
residual liquid and trapped in the magmatic glasses upon quenching 
(39). The absence of the solar-type noble gases in four of the six LAP 
basalts reveals that the volatiles were inhomogeneously distributed 
over the residual melt batches. Inhomogeneous distribution of 
volatiles over mesostasis pockets is a common feature of lunar mare 
basalts (40). It results from exsolution of the late-stage residual melt 
into compositionally distinct conjugate liquids due to silicate-liquid 
immiscibility (40). The LAP basalts contain differentiated mesostasis 
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batches that formed from silicate-liquid unmixing (23). Noble gas 
solubility in melts strongly depends on the compositions and physical 
properties of the exsolved liquids. Less dense and more silica-rich 
liquids have the highest solubility for noble gases (41). The inhomo-
geneous distribution of the solar-type noble gases to the mesostasis 
pockets in the LAP basalts was likely caused by such compositional 
differences of the conjugate liquids (40) and hence noble gas solu-
bility (41). The exact conditions under which the enormous enrich-
ments of noble gases in the black glasses, particularly Ne with its 
solar isotopic signature, can be achieved, and whether the black 
glasses also contain large concentrations of other volatiles such as 
H, N, S, or halogens with potentially diagnostic isotope signatures 
(11–13), remain to be investigated in future experiments. We sug-
gest that the solar-type noble gases trapped in the black glasses of 
L24 and L36 were liberated during partial melting of the deep lunar 
mantle from a hitherto undefined reservoir, then mixed into the 
LAP parental magma, delivered by magma ascent, and accumulated 
in the residual mesostasis melt during continued crystallization of 
the lava flow.

Reservoir of the solar-type noble gases in the lunar mantle
The absence of solar-type noble gases in previously analyzed mare 
basalts and gabbros (42, 43) indicates either heterogeneous noble 
gas distribution in the lunar mantle or noble gas storage in a distinct 
reservoir not sampled before. The LAP basalts studied here are the 
first unbrecciated KREEP-bearing mare basalts (44) analyzed for 
noble gases. All other unbrecciated mare basalts and gabbros ana-
lyzed for noble gases so far (Asuka 881757, Yamato 793169, and 
NWA 032) do not contain a KREEP component (45–47) and lack 
solar-type noble gases (42, 43).

D/H ratios consistent with a solar origin of the volatiles in KREEP 
were detected in KREEP-rich basaltic rocks (48). The D values 
range from −380 to +790‰. The lowest values are closer to the 
protosolar D value of −865 ± 32‰ [e.g., (49)] than to the D range 
of +390 to +1100‰ observed in mare basalts [references in (48)]. 
The upper-limit D value of the proto-Earth mantle has been esti-
mated to be −218‰ (50), which is below the range of D values in 
the mare basalts but coincides with the D range in KREEP.

We suggest that the noble gases studied here support a common 
origin of the volatiles in Earth and Moon (11) and indicate storage 
of the lunar indigenous volatiles in a KREEP reservoir, which is con-
sistent with the less clear-cut observations of H. The KREEP is 
considered to represent the residual melt fraction of the LMO that 
accumulated the incompatible elements (51). This includes the noble 
gases that are highly incompatible during fractional crystallization 
(39). We therefore conclude that the indigenous solar-type noble 
gases preserved in the LAP mare basalts are stored in a distinct 
KREEP or KREEP-rich reservoir in the lunar mantle. This reservoir 
underwent partial melting and was mixed with the LAP magma be-
fore or during ascent.

Incorporation of the solar-type noble gases into the Moon
We envision two scenarios that could account for the presence of 
solar-type noble gases in the Moon’s interior. In the first scenario, 
the LMO that solidified up to a few millions of years after the 
Moon-forming event (18) could provide a time window for mixing 
impactor material into the lunar mantle. Carbonaceous chondrites 
and comets have N isotopic signatures and D/H ratios similar to 
the lunar mantle (11, 16, 20, 52) and could have delivered volatiles 

including the noble gases to the LMO. In addition, enstatite and or-
dinary chondrites might have contributed water based on D/H ratios 
(16, 53). Chondrites and comets contain abundant primordial noble 
gases with isotopic compositions that are decisively different from 
solar composition (54, 55). The noble gas isotopic signatures of the 
lunar mantle reported in this study indicate that He and Ne are 
solar and not chondritic, while Ar, Kr, and Xe could be solar or 
chondritic. Contamination by chondritic impactors is unlikely due 
to the smooth chondrite-normalized platinum group element pattern 
(21), Re/Os and 187Os/188Osrad ratios different from chondritic 
signatures (56), and variable, high Ni contents in troilite and FeNi 
metals with Ni-Co compositions different from those observed in 
chondritic, achondritic, and iron meteorites (21) in the LAP basalts 
that are consistently interpreted as magmatic signatures. On the basis 
of all the above, we thus exclude an exogenic origin of the observed 
solar He and Ne.

In the second scenario, the Moon accreted from a circumterrestrial 
debris disk or synestia, which contained terrestrial mantle and pos-
sibly impactor material ejected by the giant impact (1–5). Earth and 
Moon have indistinguishable isotopic compositions, for instance, 
in O (6), Si (57), Ti (58), and H [e.g., (48) and references therein]. 
The initial He isotopic composition of the terrestrial mantle is yet to 
be determined, Ne is solar (59), and Kr and Xe are likely chondritic 
[e.g., (60, 61)]. The primordial light noble gases in the Moon detected 
in this study are similar to those in Earth’s mantle. The solar-type 
20Ne/22Ne ratios in the LAP mare basalts (Fig. 1A) coincide with 
solar-like 20Ne/22Ne ratios of ~13.0 ± 0.2 in terrestrial mantle plumes 
that likely sample deep mantle reservoirs possibly undisturbed since 
the formation of Earth (62, 63). The heavy noble gases in the LAP 
basalts are less well constrained. While the L24 samples might rather 
point toward solar-type Xe than chondritic Xe, we do not have 
enough and sufficiently precise data to clearly distinguish between 
the two reservoirs, and the heavy noble gases could be similar to 
those in Earth’s mantle. These observations show that the Moon could 
have inherited abundant solar-type noble gases and hence also other 
less volatile elements during the Moon-forming impact from Earth 
and not dominantly from an isotopically distinct impactor.

The isotopic composition of terrestrial mantle Ne has been used 
to argue for a mechanism to incorporate volatiles into Earth. If the 
20Ne/22Ne ratio in Earth’s interior is well below 13.0, then it was 
argued that dust exposed to SW early in the solar system accreted to 
form Earth, while if that ratio was well above 13.0, then trapping of 
nebula gas into a magma ocean could explain the origin of the volatiles 
[see, e.g., (59)]. The Ne data from the lunar interior in our study are 
consistent with both models. While Ne in the bulk samples suggests 
a 20Ne/22Ne ratio of 12.6 ± 0.1, supporting the former model, the 
black glass data (fit through the data points of L24_1, L36_1, and 
L36_3, as well as cosmogenic Ne in black glass, extrapolated to the 
solar Ne mass fractionation line) are also consistent with a high 
20Ne/22Ne ratio of 13.1 ± 0.6, albeit with a large uncertainty. The 
20Ne/22Ne ratios agree within uncertainties (see inset of Fig. 1A).

Experimental results show that our model of volatile storage in a 
KREEP-rich reservoir of the lunar mantle can account for the high 
amounts of volatiles observed in the black glass. Experimentally 
quenched glasses retained up to ~10−3 cm3 STP/g of He and 
~10−4 cm3 STP/g of Ne at a pressure of 1 bar, while crystals grown 
from a melt of the same composition contained about four orders of 
magnitude lower noble gas concentrations (39). Hence, primordial 
volatiles from a KREEP-rich reservoir are a likely source for 



Will et al., Sci. Adv. 8, eabl4920 (2022)     10 August 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 8

enrichment of abundant indigenous noble gases in lunar magmatic 
glasses of mare basalts.

Indigenous noble gas concentrations in the Moon
The Moon appears more volatile rich than previously anticipated. 
The huge differences in noble gas concentrations between lunar and 
terrestrial samples discussed above and the isotopic compositions 
need to be explained by future geophysical models that seek to 
understand the formation of the Moon. Earth formed from accre-
tion of solar nebula material. In a debris disk scenario of the Moon 
formation, volatile escape from the disk was limited to diffusion be-
cause of enrichment of heavy elements in the outer parts of the disk 
(64). Even the most volatile elements, including the noble gases, could 
be retained and accreted by the growing Moon. The fate of the highly 
volatile elements in a synestia scenario has not been studied so far, 
but the accretion of H was deemed possible (5). If so, then also 
heavier volatiles such as the noble gases could be retained in a 
synestia, available for accretion by the growing Moon.

Convection in the terrestrial mantle resulted in partial homoge-
nization of the magma reservoirs, while in the Moon’s mantle, 
reservoirs such as KREEP remained more isolated (65). Thus, an in-
compatible element-rich reservoir such as the KREEP, which likely 
strongly enriched the indigenous noble gases within the lunar mantle, 
could not develop and be preserved on Earth. Fractional crystalliza-
tion of the LAP magma likely further enriched the indigenous noble 
gases in the residual melt batches. When the melts were quenched, 
the noble gas–rich magmatic glasses formed. The high concentra-
tion of indigenous noble gases in the KREEP-rich basalts is there-
fore not representative for the bulk lunar mantle but a consequence 
of these enrichment processes.

MATERIALS AND METHODS
Samples
We were allocated the sample splits LAP 02205,37 (hereafter L05), 
LAP 02224,10 (L24), LAP 02226,9 (L26), LAP 02436,8 (L36), LAP 
03632,26 (L32), and LAP 04841,23 (L41) by the NASA Antarctic 
Meteorite Working Group (MWG) (table S1). All sample splits 
were taken from the interior parts of the meteorite, do not contain 
fusion crust, and hence very likely did not experience gas loss during 
entry into Earth’s atmosphere. The MWG furthermore allocated 
the thin sections LAP 02205,36, LAP 02224,27, LAP02226,18, and 
LAP 02436,27.

Noble gas mass spectrometry
Bulk fusion He-Xe analyses
Sample splits of ~20 to 30 mg (table S1) wrapped in Al were extracted 
in one heating step to ~1700°C for 30 min and separated into three 
phases containing He-Ne, Ar, and Kr-Xe according to standard 
procedures (66). All stable He-Xe isotopes were analyzed in static 
vacuum using a custom-built, single-collector, magnetic-sector 
noble gas mass spectrometer equipped with Baur-Signer ion source 
(ETH Zürich). Ionization was induced at 100 eV of electron energy 
for analyses of L05, L24, L26, and L36 and at 45 eV for L32 and L41. 
The Kr-Xe phase typically contained ~6% of Ar, and the Ar phase 
typically contained ~1% of Kr and negligible Xe. Incomplete phase 
separation was corrected. Interferences contributed <1%, and no 
corrections were necessary. All details of the laboratory procedure 
are given in (66).

For blank correction, aluminum foils were measured the same way 
as the samples. Typical blank levels were 3.7 × 10−10 to 7.6 × 10−10 cm3 
STP in 4He, 7.3 × 10−12 to 17 × 10−12 cm3 STP in 20Ne, 1.0 × 10−11 to 
4.1 × 10−11 cm3 STP in 36Ar, 1.1 × 10−8 to 2.4 × 10−8 cm3 STP in 40Ar, 
2.6 × 10−13 to 8.7 × 10−13 cm3 STP in 84Kr, and 0.6 × 10−13 to 
2.4 × 10−13 cm3 STP in 132Xe and resulted in ≤2% blank correction 
for He-Ne, ≤1% correction for Ar for solar gas–rich samples and ≤10% 
for solar gas–free samples, and ≤4% correction for Kr-Xe for solar 
gas–rich samples and ≤45% for solar gas–free samples. Uncertainties 
given in this manuscript correspond to statistical errors at 1 confi-
dence level. For reference isotopes, the errors include uncertainties 
in determination of sample weights, blank correction, and sensitivities. 
Uncertainties in the isotopic ratios include statistical errors, uncer-
tainties in mass discrimination, and blank correction.
Ultrahigh-sensitivity He-Ne analyses of the glass and 
mineral separates
To identify the carrier of the solar-type gases and to trace the origin 
of the solar signature in the Moon, six mineral and glass fractions 
with masses of 5 to 160 g (table S6) containing olivine, pyroxene, 
feldspar, opaque minerals, and black and transparent (likely mostly 
maskelynite) glass were prepared for ultrahigh-sensitivity He-Ne 
analyses. The minerals and glasses were handpicked from <100-m-sized 
fractions of L05, L24, L26, and L36 using a stereomicroscope [e.g., 
fig. S5 (A and B)], and mineralogical identification of each grain 
was done on the basis of optical properties. The transparent glasses 
were identified as maskelynite on the basis of (i) light microscopic 
observations on thin sections of these four LAP mare basalts that 
revealed full and partial maskelynization of feldspar as the only type 
of transparent glass present and (ii) nearly identical cosmogenic Ne 
isotopic compositions of the transparent glass and the feldspar, sug-
gesting very similar chemical compositions (Fig. 1A). We observed 
contamination of maskelynite and opaque minerals by black glass 
that was most likely due to the mostly inseparable intergrowth of 
these phases. In all other cases, only microscopically pure grains 
were selected (see Supplementary Text).

The glass and mineral separates were degassed using a continuous-
wave Nd:YAG Spectron SL902TQ laser emitting at 1064 nm with a 
maximal power of 65 W (=100%), and the beam width was limited 
to ~100 m. The laser beam was directed onto the samples at 70% of 
the maximum emission power for 1 min. The gas purification pro-
cedure and further details of the laboratory routine are described 
in (67). He and Ne were analyzed using a unique, custom-built, 
ultrahigh-sensitivity, compressor-source noble gas mass spectrometer, 
which concentrates the sample gas into a miniaturized Baur-Signer–
type ion source using an inverse Holweck-type molecular drag pump 
(68). Ionization was induced at an electron energy of 40 eV. Inter-
ferences contributed <1%, and no corrections were necessary. Total 
degassing of the samples was verified by occasional re-extractions at 
80% of the maximum laser emission power, and the gases in these 
analyses were always below the detection limit.

At this mass spectrometer, we apply a unique measurement 
procedure. Background and memory of the laser chamber, gas ex-
traction line, and mass spectrometer are monitored for typically five 
analytical cycles (~1700 s) in static vacuum before firing the laser for 
sample gas extraction. The sample gas released upon laser-induced 
heating then causes a step-like increase in the ion beam currents, 
and another six to seven analytical cycles are measured. The noble 
gas amounts are quantified by evaluating the “step size” of the beam 
currents at the time of gas extraction (67). Sensitivities and mass 
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discrimination are determined by frequent measurements of cali-
bration gas with known gas amounts. Analytical blanks were deter-
mined by firing the laser at clean surfaces of the sample holder. The 
detection limits as determined from the blank levels plus two times 
the SDs of the blank measurements amounted to 1.0 × 10−15 to 
1.5 × 10−15 cm3 STP for 3He and 8.6 × 10−16 to 8.8 × 10−16 cm3 STP 
for 21Ne and were higher for 4He, 20Ne, and 22Ne.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl4920
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