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Elevated ilmenite in lunar nearside

cumulates revealed by extremely high-Ti

glass beads augmented large-scale

volcanism
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The cause of mare asymmetry between the lunar nearside and farside remains a long-lasting
conundrum. Due to scarcity of directly sourced deep samples, the formation mechanism of this
phenomenon has not been well constrained. Here we characterized a class of rare impact glass beads
with extremely high TiO, (1625 wt%) and FeO (25-35 wt%) in the Chang’e-5 regolith. Petrological
modeling indicates that the precursor rock of these glass beads cannot be formed through normal
magmatic evolution, but rather has a deeper mantle origin. Phase diagram calculations show that the
precursor rock has a typical mineral assemblage similar to ilmenite-bearing cumulates. Based on
different residual anorthite proportions, the restored Lunar Magma Ocean (LMO) original crystalline
mineral assemblage is predicted to contain ~15-20 vol% ilmenite, significantly higher than the average

predicted levels. Therefore, the nearside ilmenite-bearing cumulates may have higher ilmenite
abundance than farside, causing increased partial melting and more abundant volcanism.

The origin of the asymmetry between the nearside and the farside of the
Moon remains a long-term unresolved issue, represented by dichotomies in
crustal thickness', topography’, basalt distribution™, and thorium (Th)
concentration distribution’. The vast majority of mare basalts are dis-
tributed on the nearside (~93%), especially in the Procellarum KREEP
Terrane (PKT), and a very small amount is located near large impact basins
on the farside, mainly in the South Pole-Aitken (SPA) basin’. A series of
studies have attributed the larger basalt area and volumes on the nearside to
a thinner anorthositic crust than the farside®, which favors nearside magma
ascent and eruptionsm. However, the lack of abundant mare basalts in the
South Pole-Aitken basin on the farside with thin crust (<30 km) indicates
that crustal thickness might not be the only factor controlling basalt
eruptions’™" in the SPA basin (e.g., the removal of megaregolith by the SPA
impact could have facilitate the mantle cooling and limited the magma
generation in the area)'. Based on the analysis of Apollo and meteorite
samples'** as well as numerical simulations", an alternative hypothesis
suggests that the dichotomy of mare basalt abundance may be controlled by
the heterogeneity of the highly fractionated product (ur)KREEP and/or
ilmenite-bearing cumulate (IBC). The (ur)KREEP was the late residue of

lunar magma ocean (LMO) solidification enriched in potassium (K), rare
earth elements (REE), and phosphorus (P)"*'*"". Therefore, this reservoir
can undergo enhanced radioactive decay heating, prolonging the duration
and expanding the extent of volcanic activity on the nearside'”. However,
this speculation has been challenged by the recently returned Chang’e-
5 samples, as isotopic evidence indicates that these young mare basalts (2.0
Ga)'®"” were minimally affected by elevated KREEP abundances in their
mantle source regions’”". Alternatively, these basalts could have been
formed by merely indirect heating from the subcrustal KREEP layer”.
Similarly, the young Chang’e-6 basalts of ~2.8 Ga** returned from lunar
farside were also considered to originate from a depleted mantle source
based on Sr-Nd isotopic evidence™, suggesting a volcanism lacking KREEP
components in the SPA basin. In contrast, the extensive overturning of the
IBC layer, concentrated on the nearside, is considered an effective way to
reduce the melting point and increase the melting degree of the lunar
mantle, especially in the young Chang’e-5 basalts”**, thereby facilitating
possibly long-lasting and large-scale nearside volcanism. This melting
mechanism is also supported by geodynamic simulations™ and aligns with
remote sensing observations™”*". Nonetheless, the knowledge of the different
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evolutionary processes of mare basalts on these two opposite hemispheres
caused by this compositional heterogeneity is still limited due to the scarcity
of direct deep mantle samples.

Recently, China’s Chang’e-5 mission successfully returned regolith
samples® from the northwestern part of Procellarum KREEP Terrane®,
which provides a unique opportunity to explore volcanic process in this
distinctive geochemical province. The regolith is mainly composed of local
basaltic components, but also involves the addition of <10% exotic
materials™”. These exotic components include materials originating from
the lunar mantle, such as primitive Mg-suite melts*® and ultramafic
cumulate glass”’. These samples, originating in the deep mantle, provide
direct information for the formation and evolution of the Moon.

In this study, we characterize a class of extremely high-Ti glass beads
(16-25wt%) in the Change-5 regolith sample. Based on geochemical
analysis and petrological modeling, the precursor rock of these high-Ti glass
beads may have originated from ilmenite-bearing cumulates beneath the
PKT. These nearside samples have significantly higher ilmenite abundance
(15-20 vol%) than the average level (less than 10 vol%), which increases the
degree of lunar mantle melting and the scale of volcanic activity in the PKT.

Results

We extracted four glass beads from the powder sample CE5C0600, allocated
by the China National Space Administration (CNSA). These glass beads are
characterized by approximate spherical or ellipsoidal shapes with grain size
ranging from 50 to 150 um (Fig. 1). The interior of these glass beads is
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generally heterogeneous. Specifically, samples G107 and G114 mainly
contain circular nanoscale metallic iron particles (Fig. 1A, C), which are
considered as typical impact-derived products from thermal
decomposition™” or liquid immiscibility processes**". While samples
G108 and G230 contain more mineral fragments and a large number of
vesicles inside the amorphous matrix (Fig. 1B, D), which may originate from
incomplete melting caused by instantaneous impact**.

The major element compositions of these glass beads were measured
by an electron microprobe analyzer (Supplementary Data 1). To ensure the
statistical significance of the data and understand the heterogeneity of the
samples, 17-20 point analyses (Supplementary Data 1) and Ti element
mapping were performed on each sample (Supplementary Fig. 1). The
mapping results show that these glass beads are not homogeneous, with
significant changes in the Ti element (Supplementary Fig. 1A-C). In con-
trast, the quantitative analysis of clean areas indicates the composition
variation of the matrix is limited, and the variation range of TiO, content is
only within ~2.5wt% (Supplementary Fig. 1). In order to improve the
database of the study, we incorporated three similar glass beads from ref. 44
to the current study. These seven glass beads were collected from the same
sampling site and have similar compositions especially their high-Ti features
(Supplementary Data 1), which may represent a class of glass beads with the
same origin (Fig. 2). These seven glass beads present low SiO,
(24.63-32.16 wt%), ALO; (4.34-8.67 wt%), CaO (5.57-8.48 wt%), MgO
(3.35-5.96 wt%), high FeO (25.91-34.90 wt%) and extremely high TiO,
(16.61-24.91 wt%) (Fig. 2A-E and Supplementary Data 1). The impact
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Fig. 1 | Microstructures of high-Ti glass beads from Chang’e-5 regolith CE5C0600. A Glass bead G107. B Glass bead G108. C Glass bead G114. D Glass bead G230.
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Fig. 2 | Geochemical characteristics of high-Ti glass beads. A MgO versus SiO,.
B MgO versus TiO,. C MgO versus Al,O3. D MgO versus FeO. E MgO versus CaO.
Three high-Ti glass beads are from ref. 44. Apollo volcanic glasses are from

refs. 44,47,89,90. Apollo impact glasses are from refs. 91-100. Chang’e-5 basalt data
are from refs. 18,20,27,101,102. The fractional crystallization trend was defined by
ref. 27. The light blue triangle represents the melt composition formed by partial
melting of IBC obtained from experimental petrology studies™. The blue line
represents the changes in IBC composition caused by various proportions of Cpx
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and IIm™. F CaO/Al,O; ratio and MgO/Al,Oj; ratio binary diagram distinguishing
the volcanic versus impact origin of glass bead in the regolith samples'. G Chondrite-
normalized trace element patterns from three analyses of the high-Ti glass beads (red
solid line). H Chondrite-normalized REE patterns from three analyses of the high-Ti
glass beads (red solid line). The gray area shows the range of the Chang’e-5 basalts™.
Chondrite values are from ref. 103. High-K KREEP are from ref. 88. Ol olivine, Opx
orthopyroxene, Cpx clinopyroxene, Pl plagioclase, Ilm ilmenite, FC fractional
crystallization.

texture features such as nanophase iron and/or mineral fragments (Fig. 1)
indicate that these samples were not typical volcanic origin**** and the
expected high MgO content typically found in volcanic glasses (the “picritic
glasses™ ") (Supplementary Data 2) was also not observed in these samples.
Overall, these glass beads are more consistent with the characteristics of
impact-generated glasses than with typical volcanic glasses based on their
textures and chemical composition. Also, the compositional classification
shows that these samples are located in the impact glass bead area and mare
glass bead areas of the CaO/ALO;-MgO/ALO; diagram™ (Fig. 2F).
Considering that one of the glass beads was too small to place the test
point of LA-ICP-MS, only three glass beads were measured for trace ele-
ments. The trace element results reveal significant enrichment of high field
strength elements, including Nb (40.8-103.8 ppm), Ta (2.1-5.7 ppm), Zr
(432.7-693.9 ppm), and Hf (14.2-20.6 ppm) (Fig. 2G). The overall rare
earth element (REE) content is ~80-100 times higher than that of chondrite

meteorite (Fig. 2H). The REE patterns show minor variability with light
LREE enrichment and are characterized by pronounced negative Eu
anomalies (8Eu = 0.42-0.50) (Fig. 2H). The Ni and Co content in the glass
beads are 44.5-80.8 ppm and 28.9-37.5 ppm, respectively, similar to the
range of other impact glasses™.

Discussion

Volcanic or impact glass beads?

Distinguishing the volcanic or impact origin of the high-Ti glass beads is
critical for their interpretation. These high-Ti glass beads can be identified as
typical impact glass beads rather than volcanic melt due to their impact
textures and similar chemical compositions as reported impact glasses (Figs.
1 and 2). Based on these observations, these high-Ti glass beads in the
Chang’e-5 regolith are interpreted to be of impact origin, formed by high-
velocity impact events on the mare basalt protolith*’ and the regolith™.
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Possible precursor source of high-Ti glass beads

Lunar samples could exhibit high TiO, content, but these seven high-Ti
glass beads exceed previously reported values, with TiO, content of
16.61-24.91 wt%. In this case, such extreme TiO, enrichment makes it
crucial to determine whether these elevated contents were caused by impact
processes, including elemental loss' and/or mineral heterogeneous
distribution™. Compiled Chang’e-5 basalt and Chang’e-5 impact glass data
show that most elements with low to moderate volatility, such as Ti and Al
maintain similar contents to the source rock*>* (Supplementary Fig. 2 and
Data 3). Even if there is a certain linear loss relationship, the maximum loss
does not exceed 2 wt%" (Supplementary Fig. 2 and Data 3). These results
indicate that the volatile loss process caused by impact cannot lead to sig-
nificant enrichment of the Ti element. Therefore, the high TiO, contents of
these glass beads cannot reasonably be explained by impact-related ele-
mental modification. Alternatively, the increase of certain specific elements
in small glass beads (<100 pm) may be attributed to the increase of mineral
abundance (e.g., ilmenite) in the local basalt, caused by local small-scale
impacts, as suggested by Wang et al. (2025)’. Specifically, small-scale
impacts on areas with heterogeneous mineral distribution often result in a
change in the content of certain characteristic elements (e.g., plagioclase-Al
and ilmenite-Ti) in the product, and the formation of small-sized glass beads
(<100 pm). In fact, three glass beads in this study could match with this size
range but one exception is that glass bead G114 falls outside this range, so it
cannot be explained by this mechanism. In addition, we conducted principal
component analysis (PCA, a multivariate projection that summarizes
covariation among major elements) on the high-Ti glass beads in this study
and Chang’e-5 impact glass beads based on the methods from a previous
study’ (Supplementary Fig. 3). As suggested by ref. 52, the PCA analysis
could be applied on evaluating the elements variation with different mineral
abundances (e.g., plagioclase-Al and ilmenite-Ti) and distinguishing the
element clustering with host-basalt compositions™. The results show that
the high-Ti glass beads in this study deviated significantly from the trend of
increasing Ti element in the Chang’e-5 local impact glass beads caused by
rising ilmenite abundance (Supplementary Fig. 3). This indicates that the
formation of these samples could not be attributed to the variation in the
ilmenite abundance of Chang’e-5 local basalt, but rather to their distinct
exotic origin. Therefore, the composition of these high-Ti glass beads largely
represents the inherent characteristics (especially the unique high TiO,
features) of their precursor rock rather than modification from impact
processes, and the possible precursor rock source can be identified through
these major elements.

After excluding the impact effect, the high-Ti precursor rocks of
these glass beads were most likely formed through magmatic processes,
especially fractional crystallization and associated cumulate formation. In
fact, it is possible for fractional crystallization and cumulate
production'®” to have occurred in the thick lava layer (~50 m) at the
Chang’e-5 sampling site. Therefore, we calculated the mineral abundance
and composition of the cumulate produced by the fractional crystal-
lization of Chang’e-5 lava flows (Supplementary Fig. 4 and Data 4). The
results show that the cumulate is mainly composed of over 50% clin-
opyroxene with less than 10% ilmenite (Supplementary Fig. 4 and Data
4), therefore, it cannot be a candidate origin for the precursor rocks.
Furthermore, we selected compositions of high-Ti (black glasses) end-
members as a high-Ti basalt source region for fractional crystallization
modeling (Fig. 2A-E and Supplementary Data 5) and combined the
results with previous modeling of low-Ti basalts” to comprehensively
extend this assessment to the currently available lunar samples. In fact,
the evolutionary region of these two endmembers covers the majority of
mare basalt compositions, but still cannot match the sample composition
in this study, especially for their low SiO,, high TiO, and FeO char-
acteristics (Fig. 2A, B, D). In summary, the precursor rock of these high-
Ti glass beads may not have originated from normal magma evolution
processes. In this case, a potential high-Ti source consistent with the
features of these samples may be IBC in the lunar mantle and its derived
melts, as indicated by numerous petrological experiments™ ™.

To constrain the melting behavior, mineral abundance, and compo-
sition of possible precursor rock corresponding to the bulk chemical com-
position of the high-Ti glass beads, we undertook phase equilibrium
modeling and pseudosection calculations (Fig. 3). We calculated a P-T
diagram for 1000 °C to 1400 °C and 1 to 4 kbar based on the measured
average bulk composition of seven high-Ti glass beads (Supplementary Data
1) with the maximum P (4 kbar) corresponding to a depth of around 75 km,
encompassing the lunar crust and uppermost mantle”. Based on the P-T
phase diagram, the solidus line of these high-Ti glasses is approximately
1070 °C and does not change significantly with pressure, while the liquidus
line exceeds 1400 °C (Fig. 3A). During the process of equilibrium cooling to
below 1070 °C, the melt can be completely restored to the composition of the
solid precursor rock. The mineral assemblage in the precursor rock of all
high-Ti glass beads mainly includes clinopyroxene, ilmenite, anorthite,
olivine and spinel (Fig. 3A). Considering the potential influence of slight
differences in the bulk composition, we calculated the mineral modal
abundance and mineral composition of the precursor rock for each of the
seven samples, respectively (Fig. 3B and Supplementary Data 6). The cal-
culated results show that the modal proportion range of clinopyroxene,
ilmenite, anorthite and olivine are, respectively, 29.0-47.0vol%,
24.1-37.7 vol%, 12.7-29.3 vol%, and 1.2-21.7 vol%. The modal abundance
of spinel has not been shown as it is generally less than 1 vol% (Supple-
mentary Data 6). The clinopyroxene has a composition of En,; ; 362Fs306.
609W012.9.29 and olivine is fayalite with a composition Fo;5 ¢ 337 (Fig. 3C,
D). These calculations indicate that the precursor rock of the high-Ti glass
beads has extremely high ilmenite abundance, which is also supported by
the observed enrichment of high field strength elements (Fig. 2G) as they
tend to enter into ilmenite crystals™.

Based on remote sensing observations, we explored potential candidate
terrains on the lunar surface for this unique precursor rock. This type of
rock, with such high ilmenite abundance (high-Ti, 15-25 wt%), seems to be
rare on the lunar surface. The LROC WAC TiO, content map showed that
the northwestern portion of Mare Tranquillitatis indeed has the highest
TiO, content on the entire Moon with a refined value of ~12.6 wt%’. In this
case, existing lunar surface rock units appear not matching with the high-Ti
glass beads in this study due to their low TiO, content. Therefore, we
conclude that the precursor rock of the Chang’e-5 high-Ti glass beads that
we analyzed were excavated and originated from deep layer beneath the
regolith.

As suggested by numerous petrological experiments and theoretical
calculations™ *, the initial lunar magma ocean (LMO) crystallization will
form early ultramafic cumulates (mainly olivine + orthopyroxene) and late
ilmenite-bearing cumulates (IBC, mainly clinopyroxene + ilmenite). Many
petrological experiments indicate that IBC and its related derived melts
could produce materials with sufficiently high TiO, content, which could be
considered as a potential source for high-Ti precursor rock in this study. The
hybridization experiments between early cumulate and IBC have shown
that the source region of Apollo volcanic high-Ti glass beads can be formed
by introducing late IBC into the deep mantle through the mantle
overturn®**’. However, this mixing process with early high-Mg cumulate
will lead to the formation of picritic melt™, which is inconsistent with the
high-Ti glass beads with low MgO content (MgO <5 wt%) in this study. In
contrast, independent partial melting of late-stage low-Mg IBC tends to
produce the Mg-poor magma but the maximum TiO, and FeO content in
the IBC melt can only reach ~16 wt% and ~25 wt% based on petrological
experiments™ (Fig. 2), which cannot match with samples in this study.
Alternatively, these high-Ti glass beads are originated directly from IBC
itself rather than derived melt. The consistency between the mineral com-
position and the LMO crystallization trend defined by petrological
experiments’' also supports that hypothesis that this precursor rock may be
alate-stage product of LMO crystallization (Fig. 3C, D). The clinopyroxene/
ilmenite ratio of precursor rock in this study is ~0.87-1.49, which is con-
sistent with IBC bulk mineralogy (clinopyroxene/ilmenite ratio =~1.0)
required to forms high-Ti basalt suggested by previous experiment™. Our
REE modeling also indicates that 10-50% KREEP contamination can
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produce REE patterns consistent with those observed (Supplementary Fig. 5
and Data 7), supporting its interpretation as a late-stage cumulate. There-
fore, the precursor rock of these high-Ti glass beads may represent primary
ilmenite-bearing cumulate from late-stage LMO crystallization.

Elevated ilmenite abundance in the nearside IBC
Remote sensing observations and ejecta distribution modeling indicate that
exotic materials in the surface regolith at the Chang’e-5 landing site are
mainly from the lateral transport of surrounding impact crater ejects, such
as Aristarchus or Copernicus craters”™*. Similarly, the analysis of exotic
components in Chang’e-5 regolith samples indicates that other units in the
PKT could be regarded as significant contributors of exotic materials™. In
addition, considering that the lunar mantle materials likely require large
(potentially basin-forming) events to bring them to the surface®>®, the
materials beneath the high-Ti units in the PKT can be considered as a
potential source region of precursor rock in this study. For example, the
precursor rock may have been excavated during the impact that formed the
Imbrium basin and subsequently transported to the Chang’e-5 landing site.
If the precursor rock represents the shallow late-stage IBC cumulate
composition below the PKT in the nearside, the local LMO crystallization
process could be restored based on its composition. Considering that quartz
and a portion of anorthite float to form the lunar crust”, we restored the
mineral modal abundance of LMO crystallization (that is, the mineral
abundance before anorthite flotation) under different proportions of resi-
dual anorthite in the IBC (Fig. 4A, B and Supplementary Data 8). These
calculations show that the total anorthite modal abundance crystallized
from the LMO will exceed 50% when the residual anorthite is less than 15%
(Fig. 4B, Supplementary Fig. 6, and Data 8), which tends to form a thicker

lunar crust (beyond 50 km) exceeding the observed result (34-43 km)®.
Within a reasonable floating efficiency of 70-80%", the estimated abun-
dance of anorthite and olivine is highly consistent with the corresponding
mineral ranges calculated in various LMO models and the clinopyroxene
approximately matches the abundance within the error range albeit slightly
lower (Fig. 4B). In contrast, the ilmenite modal abundance is 15-20%,
significantly exceeding that in LMO modeling calculations under a global
average magmatic ocean condition’”**(Fig. 4B). From this perspective, the
IBC composition obtained in this study appears to indicate a cumulate on
the nearside that is richer in ilmenite than the average IBC.

To evaluate the influence of nearside IBC with higher ilmenite abun-
dance on magma production, we conducted phase equilibrium calculations
based on compositions of average IBC**® and the IBC in this study (Fig. 4C
and Supplementary Data 9). The calculated phase diagram at 3 kbar shows
that the IBC with higher ilmenite abundance in this study depresses the
solidus by ~80 °C compared to the average IBC (Fig. 4C). In addition, the
20-80 vol% melt isopleths form a diagonal band that shifts to lower tem-
perature with increasing ilmenite content (Fig. 4C). Especially, the melt
fraction increases from ~20-30vol% at the average IBC end-member to
~60-70 vol% near the IBC in this study (Fig. 4C). This behavior indicates
that IBC in this study not only begins to melt at lower temperatures, but also
produces substantially higher melt volumes than the average IBC under the
same thermal conditions. The pseudosection further reveals systematic
changes in the residual mineral assemblage from Cpx + Ilm + Qtz at the
average IBC end to Cpx + Ilm + An + Ol for the IBC in this study, implying
progressively more mafic residues. Such compositional and phase-
equilibrium effects mean that nearside regions containing ilmenite-rich
IBC are more prone to cross the solidus, reach higher degrees of partial
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diagram between average IBC and IBC composition in this study. The phase dia-
grams of the nearside IBC and the average IBC used the compositions from this
study and the ref. 68, respectively. The average IBC represents the cumulate in the
typical LMO model by ref. 61. The IBC (this study) composition is the average value
of the seven precursor rocks. The pressure setting of 3 kbar corresponds to the depth
of IBC (~60-80 km) in the previous study®'. The white dashed lines represent the
contour lines of melt volume proportion in the system.

melting and sustain larger or longer-lived magma reservoirs. In this case,
heterogeneity in the nearside IBC have a significant influence on the onset,
extent and spatial distribution of partial melting, and consequently on the
formation and localization of magma source regions.

The origin of the observed lunar nearside and farside mare asymmetry
is a major unresolved problem in lunar science®. A series of remote sensing
data suggests comparable age distributions**” of nearside and farside mare
volcanism, but a 20 times volume difference’’ between these two hemi-
spheres. This dichotomy might be explained by the thinner crust of the
nearside than the farside®. However, even in some farside regions with
similar or thinner crustal thickness than that on the nearside'*””" (e.g., the
SPA basin), the volume of basalt did not significantly increase, indicating
that crustal thickness is not the only factor controlling the distribution of
mare basalt. The mechanism driven by radioactive heating'*'® or melting
point decrease’ caused by deep heterogeneous KREEP is also difficult to
play a role in the difference of young magmatism between nearside and
farside, as it has not been confirmed in young basalts such as Chang’e-5
basalts® and Chang’e-6 basalts™. Especially, both Chang’e-5 (~2.0 Ga'*"")
and Chang’e-6 basalts (~2.8 Ga™**) are young mare basalts that exhibit
similarly depleted isotopic characteristics**, indicating a lack of KREEP
contribution to their mantle sources. However, despite these compositional
similarities, the magma volumes and eruption scales of the two differ
markedly between the nearside and farside. This contrast suggests that the
heterogeneous distribution of KREEP components did not exert a dominant
influence on the asymmetry of late-stage lunar magmatism.

Alternatively, the asymmetry dominated by heterogeneity of other
reservoirs, such as IBC, is possible, but the specific mechanism still needs
further clarification”*, Our study suggests that the IBC beneath the PKT in
the nearside may contain ilmenite abundances significantly higher than
average, leading to an increase in the degree of partial melting (Fig. 5). In
other words, the ilmenite abundance in the farside IBC may correspond-
ingly decrease, further leading to a decrease in the magma production (Fig.
5). Based on lunar global TiO, distribution™, most of the high-Ti basalts that
require IBC to participate in the source region formation are distributed
near the PKT, while lacking in the farside. Furthermore, Gravity data from
the GRAIL mission indicate the lateral density variations within the lunar
crust and upper mantle at a global scale, especially the higher density,
Bouguer gravity anomaly and gravity gradient beneath the PKT"*%. Simi-
larly, the high electrical conductivity beneath the PKT has also been
reported, distinguishing it from other lunar terrains and suggesting a pos-
sible enrichment in Fe-bearing materials”. These observations are con-
sistent with the existence of a predicted ilmenite-rich layer beneath the
nearside PKT. In addition, the elevated ilmenite abundance on the nearside
leads to an increase in the IBC density, thereby inducing stronger mantle
overturning’*”, which is conducive to the generation of large-scale vol-
canism. This difference suggests that the composition of the initial system on
the nearside is richer in TiO, than on the farside, which possibly originated
from either inherited asymmetry in the LMO crystallization processes’ or
dynamic redistribution of compositionally stratified layers through ther-
momechanical forcing during the South Pole-Aitken (SPA) basin-forming
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IBC layer indicate higher and lower ilmenite abundances on the nearside and farside,
respectively. The detailed layer structure was modified based on the ref. 104. Ol
olivine, Opx orthopyroxene, Cpx clinopyroxene. The remote sensing image is from
lunarquickmap at https://quickmap.Iroc.im-ldi.com/. The elements of the Earth and
volcano are from Aigei.com (a public third-party material library).

impact event™”. In either case, the differences in the ilmenite-rich cumulate
on the two hemispheres have various effects and could cause distinctive
volcanic evolutionary processes in each hemisphere, helping to account for
the observed mare basalt asymmetry (Fig. 5). Further studies with detailed
analysis of glass beads within existing Apollo, Luna and Chang’e-5 collec-
tions, particularly from targeted locations, is essential for advancing our
understanding of lunar evolution.

Materials and methods

Scanning electron microscope observations for the Chang’e-5
regolith sample

The four high-Ti glass beads in this study were obtained from a powder
sample (CE5C0600) allocated by China National Space Administration.
These glass beads were hand-picked, mounted, polished and carbon-coated.
Then, polished mounts and carbon-coated mounts were examined for back-
scattered electron (BSE) imaging with the scanning electron microscope

(SEM, QUANTA FEG 650) at the Key Laboratory of Orogenic Belts and
Crustal Evolution, School of Earth and Space Sciences, Peking University,
Beijing. All analyses were conducted under an accelerating voltage of 10 kV
and a working distance of 9.4-9.9 mm.

Major element analysis

Major elements of homogeneous and clean areas of four glass beads were
obtained using the JEOL JXA-8230 electron microprobe at the Key
Laboratory of Tibetan Plateau Earth System, Environment and Resources,
Institute of Tibetan Plateau Research, Chinese Academy of Sciences. All
samples were polished to a smooth surface again before conducting the
mapping and point analysis of the Ti element, and the measurement points
were placed in a homogeneous and clean area inside the glass bead. We
analyzed at least 17 points on each glass bead (Supplementary Data 1) and
conducted mapping analysis of the Ti element to evaluate its heterogeneity.
The operating conditions were as follows: a 25.0 kV accelerating voltage, a
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20 nA beam current and a 1-5 um beam size. Natural minerals and syn-
thetic minerals were used as standards, and all data has undergone ZAF
correction processing. The typical detection limits for most of the analytical
elements were 0.01 to 0.03 wt%. The mapping was conducted at an accel-
erating voltage of 15 kV and a beam current of 100 nA in stage-scan mode.
The mapping was collected with a step width of 0.20 um in both X and Y
directions, and a dwell time of 60 ms per pixel. A typical mapping consists of
425 x 400 points, corresponding to an area of ~85 x 80 pum.

Trace-element analysis

The trace-element abundances in glass beads were completed by Xi'an
Zhaonian Mineral Testing Technology with instruments including Thermo
Fisher iCAP RQ ICP-MS and the accompanying New Wave NWR 213 laser
ablation system. The laser diameter is about 30 pm with a repetition rate of
10 Hz. The laser energy density is approximately 6.0 J.cm . Helium was
employed as the ablation gas to improve the transport efficiency of ablated
aerosols. Before testing, NIST 610 is used to adjust the instrument to achieve
optimal performance. LA-ICP-MS laser ablation sampling adopts a single-
point ablation method. During the testing process, the laser beam is first
blocked for 20's to collect a blank background, and then the sample is
continuously eroded and collected for 45 s. After stopping the ablation, the
injection system is further purged for 20 s to clean. The single-point testing
analysis time is 85 seconds. NIST 610, NIST 612, BCR-2G, and BIR-1G
glasses were used for quality control monitoring, and the relative standard
deviation (10) is less than 5-10% for measured trace elements. The offline
processing of analytical data (including the selection of samples and blank
signals, instrument sensitivity drift correction and element content calcu-
lation) is completed by software ICPMSData Cal. The calibration of trace
elements was carried out using the average Si content obtained by EPMA as
the internal standard.

Fractional crystallization modeling

The PETROLOG program® was employed to simulate forward fractional
crystallization processes to reconstruct the evolutionary pathway of high-Ti
basalts and cumulate production of Chang’e-5 lava. The source region
composition of high-Ti basalt was based on the average composition of
Apollo black glass beads (Supplementary Data 2). The simulation was based
on pure fractional crystallization (100%) at a constant pressure. All Fe was
treated as Fe’" (FeO) and Fe,Oj; content in the system was determined by
the Fe’" =0. Mineral solution models include olivine®, clinopyroxene®,
orthopyroxene”, plagioclase™, and ilmenite®'. The pressure for near-surface
fractionation was set at 1 kbar (~15 km depth), as pressures below 1 kbar
yielded negligible differences in modeling results”. Specific simulation
details of fractional crystallization follow ref. 27.

Phase-equilibrium modeling

Phase-equilibrium modeling was conducted by GeoPS program®’. GeoPS
provides a wide range of phase equilibria calculations and illustration
facilities based on the Gibbs free energy minimization method. The appli-
cations include calculation of various types of phase diagrams, isopleths, and
thermodynamic modeling for path-dependent open system processes. The
modeling is based on the nine-component K,0-Na,O-CaO-FeO-MgO-
ALO3-Si0,-TiO,-Cr,03 system and tc-ds634™. The calculation of the
phase diagram in Fig. 3A uses the average composition of the high-Ti glass
beads. The mineral modal abundance and compositions in Fig. 3B-D were
calculated based on the composition of each sample by reducing the tem-
perature below the solidus line under a pressure of 1 bar. This step restores
the process that precursor rock was impacted to form glass beads on the
lunar surface.

Mineral assemblage calculation in the LMO

Considering that quartz and a portion of anorthite float to form lunar
crust”’, we restored the mineral modal abundance of LMO crystallization
(that is, the mineral abundance before anorthite and quartz flotation). We
assumed that the mineral abundance in the precursor rock of high-Ti glass

beads represents the cumulate component after flotation. We calculated the
mineral abundance of seven samples under different proportions of residual
anorthite. Assuming that the residual anorthite represents 0.01-0.4 of the
total anorthite, we added a varying amount of anorthite back into the
precursor rock based on the ratio between residual and residual + flotation
anorthite, then calculated the modal proportion of each phase relative to the
new total. The minerals before flotation include clinopyroxene, ilmenite,
anorthite, olivine and quartz, while residual minerals after flotation include
clinopyroxene, ilmenite, anorthite, olivine (Fig. 3A). Although the quartz
proportion is unknown, it is roughly similar in different LMO models, so
11.5 vol% quartz® is used for calculation.

REE modeling

Based on the observed REE results, we conducted a mixed REE modeling for
high-Ti glass beads to explore their formation process. In fact, the observed
REE abundances of high-Ti glass beads in this study are significantly higher
than those of normal IBC obtained from thermodynamic calculations™.
However, the numerical simulation results indicate that the efficiency of IBC
sinking into the deep part is low during the mantle overturn, and a certain
proportion of IBC was retained in the shallow part and mixed with the
KREEP layer”. Therefore, we conducted a mixed REE modeling using IBC
(90-95 PCS) and high-K KREEP components. The compositions of 90-95
PCS and high-K KREEP were collected from refs. 59,88, respectively. The
modeling results show that the addition of 10-50% KREEP components
into 95 PCS can match the observed REE patterns (Supplementary Fig. 5).

Data availability

All data in this study could be found at https://doi.org/10.6084/m9.figshare.
31144267.v1. The analytical data and detailed results of fractional crystal-
lization and phase equilibrium modeling are available in the Supplementary
Materials. The PETROLOG program and GeoPS program are available at
https://petrologsoftware.com/ and http://www.geology.ren/zh-cn/index.
html. We acknowledge the use of imagery from Lunar QuickMap
(https://quickmap Iroc.im-ldi.com/), a collaboration in the public domain
between NASA, Arizona State University & Applied Coherent Technology
Corp. Some materials in the schematic diagram are sourced from https://
www.aigei.com, and the material is licensed for use under the CCEO protocol
(https://www.aigei.com/about/copyright).
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