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A potential mantle origin for precursor rocks of
high-Mg impact glass beads in Chang’e-5 soil

Chen-Long Ding‘, Alexander Nemchin?t, Tim Johnson?t, Marc D. Norman3t, Yue Guan'$,
Lan-Lan Tian'+, Wen-Li Xie', Lin-Sen Li', Sheng-Di Zhou', Ke-Xin Xu', Xiao-Lei Wang’*

The chemical compositions of most lunar impact glass beads reflect mixing of crustal components including mare
basalts, highlands rocks, and KREEP [from high concentrations of K, REE (rare earth element), and P]. However, a
few glass beads in the soil from the Chang’e-5 mission have unusually high MgO contents that require distinct
target compositions. The young age of these high-MgO glass beads suggests an origin through impact melting of
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ultramafic target rocks with abundant pyroxene and olivine. While such targets might represent cumulates of
mare basalts, impact melts, or Mg-suite rocks, they appear unlike any sampled lunar lithologies. Alternatively,
these high-Mg beads might be sampling the upper mantle brought to the surface by the Imbrium basin-

forming event.

INTRODUCTION

All lunar soils contain glass beads of volcanic and impact origin
(1-6). Lava fire fountain eruptions produce volcanic beads, where-
as impact glasses form when asteroids hitting the Moon vaporize
or melt surface materials. Collectively, they provide a record of
magmatic processes and compositional variations of the lunar
mantle (7-11), potential water reservoirs on the Moon (12-14),
and the impact history of the Moon and inner Solar System (15-
17). Soils collected at Apollo landing sites proximal to extensive
basaltic terranes have high proportions of volcanic glasses, where-
as impact glasses dominate soils collected within highland regions
(5, 18, 19). The Change-5 mission retrieved soil that is notably dif-
ferent. Although this landing site is within a large field of basalt,
some 150 to 200 km from the nearest highland region, impacts
into this basalt and the overlying regolith produced most glass
beads in the soil rather than volcanic eruptions (11, 13, 14, 16).
However, several compositionally distinct groups of beads repre-
senting a few percent of the population probably originated from
impacts into terranes outside of the Change-5 basalt unit (11, 16).
Of particular interest here is a group of glasses with MgO contents
exceeding 18 wt %. Previous study reported seven of these high-
MgO glass beads, which correspond to about 4% of the total glass
bead population in the Change-5 sample (16). The high MgO con-
centrations clearly differentiate them from the local basalt and
regolith at the Change-5 landing site, which have MgO contents
~6.5 wt % (20).

Here, we present a detailed chronological and geochemical study
of alarge (>300 pm) impact bead with a high MgO content compa-
rable to those described previously (16). These data provide insights
into the origin of other high-MgO impact glass beads recovered from
the Change-5 soil.
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RESULTS

We extracted the studied bead from soil split CE5C0600YJFM00501,
allocated by the China National Space Administration (CNSA). The
bead is green in color and has a curved termination on one side,
identifying it as part of a larger broken spherule (Fig. 1). Backscat-
tered electron imaging revealed finely crystalline areas with radiat-
ing, elongate, skeletal crystals, which we interpret as the more slowly
cooled interior of the original melt droplet. These areas grade into a
rim of glass, up to 100 um thick, disrupted by fragmentation of the
original bead (Fig. 1).

Replicate major element compositions of glass and finely crystal-
line regions, measured using an electron microprobe analyzer, are
identical within uncertainties (fig. S1 and data S1). The high MgO
content (25.3 to 26.2 wt %) clearly distinguishes this bead from the
Change-5 basalt unit and the main population of Change-5 regolith
beads (Fig. 2) (11, 16). The studied bead also has lower TiO,, AL,O3,
FeOy, and CaO (Fig. 2, A to D).

CE5C0600YJFM00501
G1-GB-1

EHT = 15.00 kV

Mag= 216X Signal A = AsB

WD=79mm Supra 55

Fig. 1. Microtexture of Chang’e-5 high-MgO glass G1-GB-1 from CE-
5C0600YJFM00501. A discontinuous rim of glass up to 100 pm thick surrounds
the finely crystalline area, which shows elongated, skeletal crystals in the internal
parts of the spherule grading to a microcrystalline texture and homogeneous glass
toward the spherule’s external surface.
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Fig. 2. Chemistry of Chang’e-5 high-MgO glass G1-GB-1. (A to D) Concentrations of major oxides versus MgO. Compositions of high-MgO glass compared to mid-Ti
basaltic beads from the Chang’e-5 sample, the volcanic beads from the Chang'e-5 sample (25), Apollo low-titanium basalts, KREEP basalts, Apollo green volcanic glass, and
Mg-suite rocks (30). The legend in (A) shows symbols representing different rocks and glasses. (E) Chondrite-normalized REE patterns from three analyses of the high-MgO
glass bead (green solid line). The red pattern (red dashed line) represents an average of mid-Ti basaltic glasses, blue patterns represent three Chang'e-5 analyses of volca-

nic glasses (25), the black pattern represents analysis of the Chang'e-5 soil (20), and

light cyan and gray fields are Mg-suite rocks (30). (F to H) Some compatible trace ele-

ments in high-MgO glass and other lunar materials. Symbols are similar to those used in (A); two additional symbols in (G) show Apollo 16 and 17 mare impact glasses
(6, 58) and “komatiitic” glasses (22). (1) CaO/Al,03 ratio and MgO/Al,O; ratio binary diagram distinguishing the volcanic versus impact origin of glass bead in lunar soil
samples (6). The gray region represents Apollo volcanic glasses (25). The published data in all plots are from (6, 16, 22, 25, 30, 58). The mare basalt database is located at

wwwa3.nd.edu/~cneal/Lunar-L/.

Trace element compositions of the glass and finely crystalline
portions of the studied bead, measured using secondary ion
mass spectrometry (SIMS) (fig. S1), are also within uncertain-
ties, with rare earth element (REE) concentrations ~30 to 50
times higher than chondrite (21). Chondrite-normalized pat-
terns show a negative slope (Lay/Lu, = 1.8 to 2.4) and a pro-
nounced negative Eu anomaly (Eu/Eu* = 0.33 to 0.35) (Fig. 2E).
Other incompatible elements, such as Zr [168 to 233 parts per
million (ppm); fig. S2A] and Th (1.3 to 1.9 ppm; fig. S2B), show
similar levels of enrichment relative to chondrite (21) but about
two times lower than concentrations of these elements in the
main group of locally derived glass beads in the Changle-5 sam-
ple. Although concentrations of Sc (38 to 47 ppm) and V (93 to
119 ppm) resemble those found in the main group of Change-5
glass beads (Fig. 2F and fig. S2C), concentrations of both Ni
and Co (1 to 5 and 2 to 4 ppm, respectively) are an order of magnitude
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lower than those in the main group of Change-5 beads and al-
most all other lunar glass beads and rocks (Fig. 2, G and H, and
fig. S2D). A notable exception is a small subset of Apollo 16
glass beads described as “komatiitic,” which have Co concen-
trations of 2 to 9 ppm (Fig. 2G) (22). The Ni/Co ratios in the
analyzed bead (0.6 to 1.3) are much lower than chondritic val-
ues (21).

Six U-Pb spot analyses of the glass bead by SIMS (fig. S1)
define a statistically significant linear fit with a concordia inter-
cept age of 68 + 10 million years [Ma; MSWD (mean squared
weighted deviation), 1.5; probability, 0.13] (Fig. 3) in the three-
dimensional ***Pb/**°Pb-""Pb/***Pb-***U/**Pb space. The mea-
sured 27 Pb/**Pb->*U/**Pb compositions fall close to the concordia,
indicating no significant addition of meteoritic, lunar, or terrestrial
Pb. We interpret the age of 68 + 10 Ma as the best estimate of the
time of formation of the studied bead.

20f8

920z ‘8T Afenuer uo AiseAluN BullueN e H108dus 105 Mma/:sdny Wou ) papeojumoq


https://www3.nd.edu/~cneal/Lunar-L/

SCIENCE ADVANCES | RESEARCH ARTICLE

0.5 v
\ Intercept at 68+ 10 Ma
\.\ MSWD=1.5,n=6
\
\
\-
\.

03 Y
= \
& \
g \
2 0.2 \

\
\
\
0.1 \
\-
| non \
000000009000 < S\ = 2
N S 3 8
0 . . . " n A " "
30 50 70 90 110 130 150
238U/206Pb

Fig. 3. U-Pb age of Chang’e-5 high-MgO glass G1-GB-1. Tera-Wasserburg U-Pb
concordia diagram showing the young age (~68 + 10 Ma, 20) of the glass. Purple
error ellipses are uncorrected data, and green error ellipses represent projection of
data along the best fit line in the three-dimensional 3D 2**Pb/2°°Pb—2°"Pb/**Pb-
238/2%pp space.

DISCUSSION

Distinctive characteristics of high-Mg glass beads
Distinguishing a volcanic from impact origin for the high-MgO
Change-5 glass beads is critical for their interpretation. Quench tex-
tures similar to those preserved in the investigated high-MgO glass
bead (Fig. 1) could suggest a volcanic origin (5, 8). However, ultra-
mafic melts are notoriously difficult to quench to a homogeneous
glass (23) and the MgO/AL, O3 ratio of this bead (~3.7) is higher than
those of typical lunar volcanic glasses [less than ~3, e.g., ref. (6)]
(Fig. 2I). Notionally, the young age of this bead would imply an im-
pact origin based on the current understanding of lunar volcanism,
which is older than 2 billion years, as indicated by the crater
size frequency distribution data obtained for the near side of the
Moon (24). However, the recent report of three glass beads from
the Change-5 regolith with a very young U/Pb age (123 + 15 Ma),
interpreted as volcanic based on their S isotope compositions (25),
challenges this perspective. Those glasses are also more magnesian
(12 to 14 wt % MgO) than the local basalt and regolith (6.5 wt %)
(20) but less magnesian than the high-MgO beads reported earlier
(18 to 28 wt % MgO) (16) and here (25 to 26 wt % MgO) (Fig. 2).
Sulfur isotopes are not an established petrogenetic indicator for
a specific origin of lunar regolith glasses (10) (see also Supplemen-
tary Text).

Seven high-MgO Change-5 glass beads, identified previously
(16), provide additional evidence supporting an impact origin for
the studied high-MgO bead. Three of these beads are homogeneous
glasses, while four contain finely crystalline portions surrounded
by glass, similar to the bead analyzed here (Fig. 1). These previously
described high-MgO beads have ages ranging from 346 + 47 to
8 + 3 Ma (16). For all to be of volcanic origin, these beads must
represent multiple episodes of volcanism close to the Change-5
landing site during the past 350 million years. However, there is no
evidence in the remote sensing data for recent volcanism near the
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Change-5 landing site (26). Unlike impact glasses that can be trans-
ported over distances of several hundred kilometers, volcanic glasses
usually accumulate close to their eruptive centers (26-28). There-
fore, while the possibility of very young volcanism on the Moon is
provocative, there is no geological evidence for this (26) and we
interpret the high-MgO beads in the Change-5 regolith to have an
impact origin.

The high-MgO beads are clearly distinct from the main popula-
tion of Change-5 glass beads and various picritic and impact glasses
identified in the Apollo samples, none of which have MgO content
exceeding 20 wt % (Figs. 1 and 2I). A few “komatiitic” beads from
the Apollo 16 regolith breccias have high MgO contents (22), but
only one (65715, 54) has a MgO content (~28 wt %) comparable to
the Change-5 high-MgO beads (Fig. 2G). It also has much higher
ALOs; (12.5 wt %) and lower FeO (3.1 wt %) (22). Nevertheless, all
of the Apollo 16 komatiitic beads are enriched in incompatible trace
elements and have low Co concentrations (Ni is not reported) simi-
lar to those in the Change-5 high-MgO glasses (Fig. 2G). The low
Co contents of these komatiitic beads likely reflect reduction of FeO
to metal and separation of metallic and silicate melts during the bead-
forming impact (22).

Possible target for the high-Mg glass

The MgO content of the high-MgO Change-5 beads eliminates all
known mare and KREEP (from high concentrations of K, REE, and
P) basalts, including a clast of high-Mg (~15% MgO), low-Ti basalt
recently discovered in a breccia fragment from the Change-5 sam-
ple (29), as potential target rocks for the beads (Fig. 2). Similarly,
all olivine-poor feldspathic plutonic rocks, such as anorthosites,
norites, and gabbronorites, are too enriched in Al and depleted in
Mg to be viable sources (Fig. 2). Most rocks of the lunar crustal Mg-
suite show distinctly lower TiO, content compared to the high-MgO
glass beads (30). Rare olivine-rich Mg-suite rocks, such as spinel
troctolites and dunites, are chemically closest to the high-MgO glass
beads, although the dunites have higher MgO content and lower
AL,O3 and CaO (30). Lunar troctolites have similar MgO contents
but higher Al,03 and CaO and lower FeO (30).

One of the most magnesian mare basalt samples, 12005 (~20 wt %
MgO), has a cumulate texture with ~56 vol % pyroxene, ~30 vol %
olivine, and ~11 vol % plagioclase (31, 32). Such cumulates may rep-
resent the target of the impact that formed high-MgO beads. However,
this particular sample has significantly higher FeO (22 versus 12 wt %)
and lower SiO, (42 versus 47 wt %) compared to the high-MgO beads
(32). Another unusual sample from the Apollo 16 site, 67667, classi-
fied as a feldspathic lherzolite (33), has higher FeO (17 wt %) and lower
SiO; (42 wt %) compared to the Change-5 high-MgO beads.

The incompatible trace element concentrations of the studied
high-MgO glass bead fall near the middle of the range observed in
Mg-suite plutonic rocks (Fig. 2E). This might suggest that Mg-suite
rocks could have been a target of the impact event that produced the
high-MgO glasses. However, Mg-suite dunites and spinel troctolites
with >25 wt % MgO have incompatible element (Zr, Y, REE, and
Hf) concentrations significantly lower than those of the bead (Fig. 2
and fig. S2). Both mare basalt sample 12005 and lherzolite sample
67667 also show lower concentrations of incompatible elements. For
example, REE concentrations in both samples are three to four times
lower than in the high-MgO bead studied here (32, 33). A similar
three- to fourfold depletion relative to the high-MgO bead occurs in
a recently described Change-5 low-Ti basalt clast (29).
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In summary, the major and trace element compositions of
known lunar rocks indicate that none are plausible target rocks for
the high-MgO beads from the Change-5 soil (30). This implies
previously unsampled ultramafic (olivine and pyroxene rich and
plagioclase poor) rocks near the surface of the Moon. Such ultra-
mafic rocks may represent cumulates from Mg-suite or mare ba-
salt magmas (32). Alternatively, the ultramafic source regions
required for these Mg-rich glasses may represent exposures of the
lunar mantle. Whereas ultramafic crustal cumulates can form at
shallow levels in the lunar crust, mantle materials likely require
large (potentially basin-forming) events to bring them to the sur-
face (34, 35).

Phase equilibrium modeling can constrain the melting behavior,
abundance, and composition of minerals of plausible target rocks
corresponding to the bulk chemical compositions of the studied
high-MgO Change-5 beads under a range of pressure-temperature
(P-T) conditions (36). We calculated a P-T diagram for 800° to
1700°C and 0.01 to 4 kbar based on the measured bulk composition
of the studied high-MgO glass bead (fig. S3) with the maximum P
(4 kbar) corresponding to a depth of around 75 km, encompassing
the lunar crust and uppermost mantle (37). A homogeneous melt
with the bulk composition of the studied bead requires a minimum
temperature of 1600°C based on the calculated liquidus temperature
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(fig. S3, solid red line). During cooling, an equilibrated melt of
this composition would have become entirely solid at around 1150°C
(solid red line in fig. S3). Calculated mineral proportions do not
change internally beyond a few percent across the range of modeled
P-T conditions and are consistent with previously analyzed high-
MgO beads (data S3) (16). The average compositions of model pre-
cursor rocks determined for all the high-MgO beads fall near the
boundary between plagioclase-bearing ultramafic rocks and olivine-
gabbro norites (Fig. 4A and data S3). Most are enriched in orthopy-
roxene relative to clinopyroxene and olivine (Fig. 4, B and C, and
data S3). The bead analyzed here gives the most olivine-rich compo-
sition (~30% olivine), but all spherules define mineral proportions
that imply an olivine websterite source (Fig. 4C).

The predicted compositions of minerals also exhibit a limited
variation over the modeled P-T range (Fig. 4, D and E, and data S3).
Both low-Ca and high-Ca pyroxenes in the modeled precursor of
the bead analyzed here are more enstatite rich than pyroxenes in
basalt 12005 and, to a lesser degree, lherzolite sample 67767 (Fig.
4D) (31-33, 38). The predicted composition of olivine in the target
is also more Mg rich (Fog) than in the mare basalt (Fos;_¢;) and
lherzolite (Fogy_73) (Fig. 4E), whereas plagioclase is more anorthite
rich (31-33, 38), emphasizing the differences between these rocks
and the precursor of the high-MgO glass beads.
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Fig. 4. Model mineral components and composition of the equilibrium phases corresponding to the composition of Chang’e-5 high-MgO glasses. (A to C) Aver-
age modal compositions of possible precursor rocks fall near the boundary between plagioclase-bearing ultramafic rocks and olivine-gabbro norites (clinopyroxene
norite) and in the field of olivine websterites on the orthopyroxene-clinopyroxene-olivine diagram. (D and E) Comparison of pyroxene and olivine compositions in equi-
librium phases in high-MgO beads and samples 12005 and 67767. The compositional ranges of pyroxene in 67767 and 12005 are shown in purple and gray, respectively.

The published data in all plots are from (37-33, 38).
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Crystallization of Mg-suite melts, mare basalts, or impact melts
forms cumulates that might explain the mineralogy and chemistry
of the high-MgO glass beads, in particular, their moderate en-
richment in incompatible elements and the predicted presence of
10 to 15% plagioclase in their target rocks. Conversely, this mineral-
ogy and chemistry contrast with the model compositions of mantle
sources of mare basalts, which predict the presence of smaller (2 to
5 vol %) quantities of plagioclase and small amounts of trapped re-
sidual melt enriched in incompatible elements (39). However, there
may be regions of the mantle with a higher proportion of entrained
plagioclase than those sampled by mare basalts. It is also likely
that large impacts variably excavated crustal and mantle litholo-
gies (40), which may explain the presence of 10 to 15% plagioclase
and the apparent enrichment in incompatible elements. Alterna-
tively, the estimated proportion of plagioclase in the target may
indicate incomplete separation of plagioclase during lunar mag-
ma ocean crystallization, assimilation of lower crust into the
upper mantle during overturn (37, 39, 41), or redistribution of
crustal plagioclase by impacts. The observed enrichment in in-
compatible elements in the high-MgO beads could also indicate a
contribution from the urKREEP reservoir to the beads” precursor
(Fig. 2) (35, 42, 43).

Low Ni and Co concentrations observed in the beads indicate an
absence of any significant contribution of mature regolith to their
compositions (44). The Ni/Co ratios of ~1 are similar to those of
primitive mare basalt magmas (45) and are also consistent with low
meteoritic contamination during the bead-forming impacts. How-
ever, the low Ni and Co concentrations also contrast with the compo-
sition of the mantle inferred from primitive mare basalts and volcanic
glass beads, which have Ni and Co contents an order of magnitude
higher than those of the Change-5 high-MgO beads (45), with the
mantle source regions of these magmas having even higher concen-
trations. An assessment of the relationships between MgO and Ni
and Co concentrations in lunar mare basalts, volcanic glasses, high-
MgO beads from Change-5, and “komatiitic” beads from Apollo 16
regolith breccia (22) suggests that fractional crystallization or melting
processes could not explain the observed differences (Fig. 2G). Con-
sequently, the high-Mg beads from Change-5 and the “komatiitic”
beads either represent parts of a heterogeneous mantle that under-
went a greater degree of metal loss or they experienced additional
metal loss during the bead-forming impact. Low Ni and Co contents
could also reflect local metal-silicate immiscibility within the bead,
although only a small number of sumicrometer-sized Fe-rich inclu-
sions are visible in the high-MgO bead investigated here (Fig. 1).

Possible location of high-Mg spherule precursor rocks and
implications for lunar interior

The predicted mineralogy of the high-MgO Change-5 glass precur-
sors implies target lithologies rich in low-Ca pyroxene and olivine. A
previous study (42) identified 531 locations on the Moon where SE-
LENE (Kaguya) hyperspectral data indicate spectra dominated by
low-Ca pyroxene, more than half of which are located around the
rim of Imbrium basin (42). Fifteen low-Ca pyroxene locations are
concentrated at the rim of Sinus Iridum on Imbrium’s northwestern
margin. Several olivine-rich exposures also occur in this area (46, 47).
In addition, remote sensing observations identified significant con-
centrations of low-Ca pyroxene around the South Pole Aitken basin,
with some linked to the South Pole Aitken basin impact melt
(48, 49), whereas multiple sites dominated by olivine-rich rocks are
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situated around the Moscoviense, Crisium, and Humboldtianum
basins (35, 46), as well as smaller craters such as Copernicus (50).

Several proposed scenarios explain the occurrence of olivine-
and low-Ca pyroxene-bearing ultramafic rocks near the rims of
these basins including the following: (i) different depths of exca-
vation, resulting in the juxtaposition of olivine and pyroxene li-
thologies from different layers of a stratified mantle; (ii) lateral
compositional heterogeneity of the lunar mantle; (iii) differentiation
of thick impact melt sheets (42); and (iv) cumulates of Mg-suite
magmas (42).

If impacts into parts of the upper lunar mantle brought to the
(near) surface by the Imbrium event form the high-MgO beads,
compositions of the beads suggest that at least parts of the upper
mantle are dominated by pyroxene, particularly low-Ca pyroxene
(orthopyroxene and/or pigeonite), with olivine less abundant. This
conclusion is consistent with geophysical data and numerical sim-
ulations of mantle overturn (51, 52). Previous studies have sug-
gested a chemically stratified mantle with orthopyroxene as a
major component (35) and perhaps even the predominant mineral
in the upper lunar mantle (51). This is consistent with forward
simulation models investigating the petrogenesis of lunar trocto-
lite (52) and computational phase equilibrium models (36). In
contrast, modeling of lunar magma ocean crystallization pro-
duced olivine and low-Ca pyroxene in the lower mantle and a
clinopyroxene-rich upper mantle (36, 39), although subsequent
mantle overturn could have brought deeper material closer to the
surface. Regardless of the specific explanation, the high-MgO
beads from the Change-5 soil represent unusual target lithologies
such as those exposed at or near the rim of Sinus Iridum (Fig. 5),
where spectra from multiple locations indicate both low-Ca pyrox-
ene and olivine (42, 46, 47).

MATERIALS AND METHODS

Sample preparation and scanning electron microscopy
CNSA provided Change-5 regolith sample CE5C0600YJFM00501
under the procedures for requesting lunar samples (53). We hand-
picked the glass beads from the sample, embedded them in epoxy
mounts, polished these mounts, and used a Carl Zeiss-Supra55 field
emission scanning electron microscope at Nanjing University to ob-
tain high-resolution backscattered electron images for investigation
of textural features of the glass beads. The analytical setup included
a 15-kV acceleration voltage and a working distance of ~8.5 mm.

Electron probe microanalysis

A JEOL JXA-8230 electron probe used to obtain major element
compositions of the glass beads is located at State Key Laboratory of
Critical Earth Material Cycling and Mineral Deposits, Nanjing Uni-
versity. The analytical conditions (data S1-1) included a 10-pm spot
with the beam current set to 10 nA and a 15-kV accelerating voltage.
Quantitative analyses had the detection limits for most elements in
the range of 0.01 to 0.03 wt % and involved use of synthetic glasses
and natural minerals as standards, the matrix corrections using ZAF
procedures, and further assessment of the quality of the analyses
using glass standards VG-2 and A-99 (data S1-2).

SIMS trace element analyses
On the basis of the electron probe microanalysis results, we selected 27
glass beads for trace elements analysis (data S1-3) using CAMECA
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Fig. 5. Chang’e-1 CCD map showing possible regions of the origin of high-MgO glass beads. Different colors distinguish different geologic units on the digital eleva-
tion model (DEM) map of Chang'e-1. The locations of the low-calcium pyroxene and olivine outcrops concentrate around the rim of Imbrium basin (42, 46). The Chang'e-1
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CE1.DOM-120m.vA and https://dx.doi.org/10.12350/CLPDS.GRAS.CE1.DEM-500m.vA.

IMS-1300HR’ SIMS at Nanjing University. Analysis of each spot in-
cluded presputtering for 100 s using a 20 by 20—pm raster to remove
the gold coating and minimize possible surface contamination.
Analyses used a Gaussian illumination mode to focus a primary beam
of '®0,~ with the intensity of around 10 nA. The final spot size was
about 15 pm by 15 pm (with a 5-pm raster). To separate the light
REE oxide interferences, the mass spectrometer setup included a
mass resolution power of 15,000 (at 50% of peak height) with a 42-
pm entrance slit and 82-pm exit slit. The analytical procedure in-
volved detection of secondary ions in the monocollector mode and
measuring the following mass sequence: **Sc, *Si'%0, *'V;, *Co, “Ni,
89y 907 FNp, La, OCe, “Ipr, “2Nd, ¥Sm, *Eu, 1°Gd, **Tb,
163y 165H0, 167Er, 9T, 74yb, 5Ly, 'Hf, '¥1Ta, 22Th, and
238U, Each spot analysis includes four cycles. We normalized intensi-
ties obtained for each isotope to *°Si'®0 and used the BHVO-2G
glass standard (54) to obtain element concentrations of glass beads
corrected for the matrix effects. The repeated measurements of
BHVO-2G determined uncertainties of about +1 to 4% for Sc, V, Co,
Ni, Y, Zr, Nb, and light REE; +2 to 7% for heavy REE, Th, and U; and
+10% for Ta. We used synthetic glass standards NIST-610 and NIST-
612 to find peak positions for different elements and monitor the
instrument stability and BCR-2G as a secondary standard to check
the accuracy of the obtained trace element concentrations (54).

SIMS U-Pb analysis

The U and Pb isotope analyses in the glass beads conducted using
CAMECA IMS-1300HR? SIMS at Nanjing University involved pre-
sputtering of each analytical spot for 80 s using a 20 by 20—pm raster
before analysis to remove the gold coating and to minimize possible

Dingetal., Sci. Adv. 11, eadv9019 (2025) 9 May 2025

surface contamination. The instrument setup included the follow-
ing: (i) analysis in a Koéhler illumination mode to focus a primary
beam of °0,~ with the intensity kept around 20 nA; (ii) the mass
spectrometer operating at a mass resolution power of 8000 (50%
peak height), with a 75-pm entrance slit and 175-pm exit slit to re-
solve Pb from molecular interferences; and (iii) secondary ions de-
tection using multicollector with mass ***Pb* (L2), 2*Pb* (L1), and
27pb* (C) isotopes detected simultaneouslg, followed by ste pinég of
the magnet field to analyze background, **U* (L1), and **U'°O*
(L1) sequentially. Each analysis consisted of peak centering using
28U0™, followed by measurements of U and Pb isotopes over 16
cycles with a total analytical time of 10 min. The optional instru-
ment parameter, set up in the analysis recipe, helped to monitor
backgrounds of electron multipliers.

The range of UO/O of lunar glass beads during SIMS analyses
can be an order of magnitude larger than that of terrestrial glass
standards (8), which can result in deviation of corrected Pb/U in the
glass beads from the true values for up to 10 to 15% when using the
conventional approach of plotting In(Pb/U) versus In(UO/U) for
both standards and unknowns. To combat this problem, the calibra-
tion procedure used two terrestrial standard glasses BCR-2G (54)
and T1-G (55) simultaneously. That allows to increase the range of
UO/U in the standards and account for nonlinearity of In(Pb/U)
versus In(UO/U) relationships that exists when UO/U shows an or-
der of magnitude variation.

Phase equilibrium model
Phase equilibrium modeling involved use of the MAGEMin version
1.5.8 program that uses an internal thermodynamic dataset (56).
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The modeling is based on the nine-component K,0-Na,O-CaO-
FeO-MgO-Al,03-5i0,-TiO,-Cr,0; system. The thermodynamic sol-
id solution and end-member database is based on the hydrous mafic
melting model provided in (57). To accommodate for conditions
relevant to the Moon, we set the temperature for model runs be-
tween 800° and 1700°C and the pressure between 0 and 4 kbar while
keeping the oxygen content at 0.01 vol %, given the reducing condi-
tions existing on the Moon. Data S3 provides the equilibrated com-
positions of different subphases.
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Figs.S1toS3
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