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Abstract Meteoroid impacts, a key process of space weathering, significantly alter the structures,
compositions and properties of lunar regolith. However, the phase separation phenomena, common in lunar
regolith and induced by impact, remain poorly understood. This uncertainty arises from the structural
complexity and the scarcity of identified impact‐induced phase separation features. Here we report the impact‐
induced formation of chemically distinct amorphous silicate nanodroplets, including iron‐rich droplets within a
silicon‐rich glass matrix and vice versa, on the surface of a Chang'e‐5 lunar regolith grain. These nanodroplets
are partially ripened aggregates, and their formation is attributed to metastable liquid immiscibility driven by
local chemical heterogeneities and rapid quenching. Additionally, troilite‐kamacite remnants and skeletal
crystallites of ilmenite and apatite provide direct evidence of impact and fast post‐impact quenching,
respectively. These findings suggest that quenched impact melts in airless bodies can undergo unmixing,
forming immiscible conjugated nanodroplets, and exhibiting diverse behaviors under specific post‐impact
conditions.

Plain Language Summary The Moon's surface layer is continually modified by the impacts of
meteoroids and micrometeoroids, altering its chemical composition and leading to the formation of
characteristic structures. The behaviors of impact melts are not clearly resolved. Here we report on the
chemically conjugated silicate nanodroplets discovered in the surface region of a Chang'e‐5 lunar regolith grain.
Remains of meteoroids and tiny mineral crystals are also found near these nanodroplets. These nanodroplets are
clusters with unordered atomic arrangements, indicating the quick decrease in temperature. Based on their
chemical compositions, we attribute their formation to the local variations in chemical makeup and rapid
quenching after the impact event.

1. Introduction
Space weathering incessantly modifies airless bodies such as the Moon (Bennett et al., 2013; Pieters & No-
ble, 2016), altering the structure, chemical composition and physical properties of the surface regolith. The harsh
space environment including solar wind ions, high‐energy cosmic rays and hypervelocity impactors leads to
distinctive surface regolith features such as amorphous rims (Christoffersen et al., 1996; L. P. Keller &
McKay, 1993, 1997) or Fe0 nanoparticles (Cymes et al., 2022; C. Li et al., 2022; Xian et al., 2023), and makes
spectral changes (Blewett et al., 2021; Cassidy & Hapke, 1975) in extraterrestrial materials. Meteoroids and
comets can transport interplanetary substances such as organic carbon and ferrous materials such as troilite or Fe–
Ni alloys across the solar system. It has been estimated that the surface soil of the Moon and Mercury contains
∼1%–4% and ∼5%–20% meteoritic components, respectively (Noble et al., 2007). Meteoroids also play an
important role in the gardening of surface materials on airless bodies and in the formation of breccia rocks. The
average impact velocity on the Moon is calculated to be ∼13 km·s− 1, with the maximum velocity potentially
exceeding 50 km·s− 1 (Cintala, 1992). The impact mass flux of ∼1.9 × 10− 16 g·cm− 2 s− 1 on the Moon allows
sufficient input of materials and energy to modify the lunar surface (Bruno et al., 2007). As a result, the Moon is
covered by a surface regolith layer of several meters thick, with an overturning rate estimated at 1 m·Gyr− 1

(Heiken et al., 1991). Moreover, the absence of air and water on the Moon surface permits for the preservation of
structures induced by space weathering, such as impact glass, agglutinates and novel minerals formed by impact‐
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induced shocking, melting and vaporization. These features are well‐preserved in the upmost layer of lunar soil
grains (J. Yang & Du, 2024; Zellner, 2019), offering insights into the principles of mass‐energy interactions in
space weathering.

Energy released by impactors can melt both lunar rock/soil and the impactors, generating melt with mixed
composition. The subsequent cooling of melt would cause crystallization of minerals, glass formation due to
quenching, or some unique structures caused by silicate liquid immiscibility (SLI). SLI has been observed in some
terrestrial (Charlier et al., 2013; Sensarma & Palme, 2013) and Apollo lunar (Roedder & Weiblen, 1970, 1971)
rocks, serving as an explanation for the chemical unmixing phenomena of anhydrous silicate melts during magma
evolution. Briefly, when post‐cooling below the upper consolute temperature, it is widely accepted that the mono‐
phase silicate melt with the composition falling into the miscibility gap will separate into two distinct phases with
sharp interface: basaltic Fe‐rich melt and felsic K‐Si‐rich melt (Thompson et al., 2007). Besides magma evo-
lution, meteoroid impacts can also provide conditions such as sufficient heat for melting, intimate mixing of
original lithologies and sufficiently rapid quenching rate to generate characteristic glassy silicate emulsions in
impact melt rocks or impact glasses (Hamann et al., 2018). As for lunar regolith samples, detailed analysis of SLI
structures on the grain surface at the submicron and nano scales will shed light on deeper understandings of space
weathering mechanisms on airless bodies and the immiscibility process under impact conditions.

On 17 December 2020, the Chang'e‐5 (CE‐5) mission successfully returned 1,731 g of lunar soil samples from the
Northern Oceanus Procellarum (43.06°N, 51.92°W) (Chen et al., 2023; C. L. Li et al., 2022; Wu et al., 2024).
Previous studies on CE‐5 regolith samples suggest that meteoroid impacts account for a significant proportion in
the space weathering modification process affecting CE‐5 samples, generating Fe0 nanoparticles and impact glass
particles with unique morphologies (C. Li et al., 2022; Zhao et al., 2023). Thus, the CE‐5 regolith samples offer a
unique opportunity to study the space weathering behaviors under impact conditions, especially the physio‐
chemical evolution mechanisms of shocked materials at nanometer and atomic scales, including material mix-
ing, phase separation, and element redistribution.

In this study, we identified a modified region on a CE‐5 regolith grain, which we attribute to an impact event. The
region of interest is surrounded by smooth depressions of degassing pits and contains partially decomposed
troilite fragments with small spherical remnants. We discovered five conjugated phase pairs related to SLI
accompanied by crystallites of apatite and ilmenite. Among these conjugated phase pairs, we observed amorphous
Fe‐rich nanodroplets, ranging from ∼5 to ∼80 nm, embedded in K‐Si‐rich glassy matrix, and two types of silicate
emulsion comprising Si‐rich nanodroplets (∼50 nm in diameter) within an Fe‐rich matrix. Detailed structural and
chemical analyses of these textures suggest that the evolutionary process of lunar soil under impact conditions
may involve local compositional heterogeneity and rapid quenching of impact melts.

2. Materials and Methods
2.1. Sample Preparation of Chang'e‐5 Lunar Regolith Sample

The Chang'e‐5 lunar regolith samples were shoveled from the lunar surface by the Chang'e‐5 lander. We acquired
500 mg of Chang'e‐5 samples (CE5C0600) allocated by the China National Space Administration. The sample
was sieved by a 100‐mesh sieve to keep grains larger than 100 μm, and the grains were dispersed on a conductive
carbon tape sticking to a scanning electron microscope (SEM) sample stub made of aluminum. The samples were
coated with Pt (∼30 nm thick) to enhance the conductivity. SEM images were acquired at 15 kV by a Ther-
moFisher Quattro environmental scanning electron microscope (ESEM) at the Electron Microscopy Laboratory
of Peking University.

The preparation of three ultra‐thin focused ion beam (FIB) slices was performed by a Zeiss Crossbeam 550 dual‐
beam focused ion beam scanning electron microscope (FIB‐SEM) at Nanjing Institute of Geology and Palae-
ontology, Chinese Academy of Sciences. A protection layer of carbon and Pt was deposited on the regions of
interest to prevent damage from Ga+ ions. Milling of FIB slices was operated at a high voltage of 30 kV and the
beam currents of 1–3 nA. The slices were then polished at 5 and 15 kV with the beam currents of 50–500 pA. All
the samples and FIB slices were preserved in an argon‐filled glove box to prevent any oxidation and
contamination.
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2.2. TEM, STEM and EDS Experiments

For transmission electron microscopy (TEM), scanning transmission electron microscopy (STEM) and energy‐
dispersive X‐ray spectroscopy (EDS) experiments, a ThermoFisher Titan Themis Z microscope equipped with
a high‐angle annular dark field (HAADF) detector and four windowless silicon drift EDS detectors (Thermo-
Fisher Super‐X, with a solid angle of 0.7 srad and 120 mm2 combined detector area) at the Analytical Instrument
Center of Peking University was used. All the TEM, STEM and EDS data were collected at 300 kV with an
electron beam current of ∼200 pA for EDS mappings and ∼30 pA for HAADF‐STEM imaging. The convergence
semi‐angle was 25 mrad when collecting HAADF‐STEM images.

The EDS data were collected as the measurement of emitted X‐rays from regions probed by the electron beam,
and the typical total electron dose of an EDS map was 5,000–15,000 e− ·Å− 2. No sample damage was visible at
such electron doses. During the EDS data collection, the images were drift‐corrected over the whole procedure.
For the analysis of EDS data, the background was subtracted in all the spectra to get the net intensities of X‐rays,
and the K lines of every element were fitted by Gaussian models using the ThermoFisher Velox software. Then,
Cliff‐Lorimer factors (“K‐factors”) calculated at 300 kV were used in Velox to convert the intensities of X‐rays
into the quantitative elemental compositions.

3. Results
3.1. Impact‐Related Textures on the Surface of the Researched Grain

The target of this study was a lunar soil grain from CE‐5 samples with distinct impact‐induced surface features
(“Materials and Methods”, Figure 1a). Based on EDS measurements, this grain has a Fe‐rich composition
(FeO = ∼20 wt%, MgO = ∼5 wt%, CaO = ∼12 wt%, Al2O3 = ∼16 wt% and TiO2 = ∼5 wt%) and consists of
several types of minerals and glasses with different elemental compositions (Table S1 in Supporting Informa-
tion S1). Several smooth depressions with diameters of ∼5–25 μm were detected on the surface of the grain
(Figure 1a), and various impact‐related features were also discovered, including melting glass with smooth
surface and voids, adhered particles and glassy beads. We focused on a space‐weathered area with unique surface
morphologies (Figure 1b and Figure S2 in Supporting Information S1) near the depressions. EDS mapping
confirms that this area mainly consists of ilmenite (il) surrounded by anorthite substrate, as well as some regions
rich in sulfur and phosphorus (Figure S1 in Supporting Information S1). The ilmenite crystallites embedded in the
silicate glass exhibit distinct skeletal structure. The ilmenite grains, ranging from 100 to 300 nm, are composed of
aggregations with sizes of 10–50 nm (Figure 1c and Figure S2 in Supporting Information S1).

To explore the internal structures, three slices (Slice‐1, Slice‐2 and Slice‐3) were cut out from this grain using FIB
technique in a dual beam system (“Materials and Methods”). Slice‐1 was cut from a region rich in sulfur and
phosphorus, exhibiting multiple phases (Figure 1d and Figure S3a in Supporting Information S1), including
mineral crystals of apatite (Apt) and anorthite, silicate glass, Si‐rich nanodroplets within silicate emulsion regions
and meteoroid remnants such as kamacite (Ka) and troilite (Tro). Plenty of crystal defects were found in the
apatite crystals (Figures S4b and S4c in Supporting Information S1). The anorthite crystal at the top of the slice
features a 150‐nm‐thick solar wind‐damaged rim and solar energetic particle tracks inside the crystal with a
density of ∼1.1 × 1011 Tracks·cm− 2 (Figures S4d–S4f in Supporting Information S1). This finding implies an
exposure history of ∼2.5 million years after this grain was overturned to the lunar surface (Lindsay P. Keller
et al., 2021).

The remaining two slices were prepared from the central (Slice‐2) and peripheral regions (Slice‐3) of the ilmenite,
respectively (Figure 1b). Slice‐2 contains smooth and connected ilmenite crystallites (which is the cross‐sectional
view of the skeletal ilmenites) with silicate glasses filling the interstitial space (Figure 1e and Figure S3b in
Supporting Information S1). Slice‐3, similar in composition to Slice‐2, displays dendritic crystallites of ilmenite
embedded within the layers of heterogeneous glasses (Figure 1f and Figure S3c in Supporting Information S1).
Si‐rich nanodroplets are also observed in the silicate emulsion regions of this slice, akin to those found in Slice‐1.
Unique Fe‐rich silicate nanodroplets are found at the interfaces between heterogeneous glass phases in all the
three slices, especially in Slice‐3 where a layer of nanodroplets intersects across the matrix (Figure 1f).
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3.2. Troilite and Kamacite Fragments From Impactor Residues

Two distinct types of impactor residues were identified in Slice‐1. The first type consists of irregular fragments
surrounded by voids (Figure 2a). The fragments are mostly kamacite consisting of almost pure iron with
extremely low amounts of Ni (lower than the detection limit of EDS). A piece of troilite was observed in the
bottom of the fragments (Figure 2b). HAADF image at atomic resolution further confirms that the iron atoms in
kamacite are arranged in a body‐centered cubic (bcc) lattice (Figure 2c). The other type of impactor residue
comprises spherical fragments with diameters ranging from 50 to 350 nm (Figure 2d). These spherical fragments
are distributed in the whole FIB slice. Most of them are imperfect spheres with small vesicles, which may be
attributed to the vaporizing of sulfur due to the impact (orange arrows in Figure 2d). Selected area electron
diffraction (SAED) (Figure S5 in Supporting Information S1) and EDS mapping (Figure 2e) show that these
fragments are mainly troilites, within which very low Ni content was found (<0.1 wt%, Figure S6 in Supporting
Information S1). There are kamacite granules with round edges distributed in a large spherical troilite (Figure 2d
and Figure S5a in Supporting Information S1). HAADF images and EDS line profile results (Figure 2f) show the
enrichment of Fe and decrease of S content at the Ka sites.

Figure 1. Grain surface features and structures. (a) Secondary electron (SE) image of the whole view of the target CE‐5 grain.
(b) SE image of the area of interest containing space‐weathered ilmenite (il) and anorthite (An) substrate with the position of
focused ion beam (FIB) slices marked by red rectangles. (c) Enlarged SE image of the skeletal ilmenite crystallites embedded
in the silicate matrix. Note that the contrast of siliceous matrix is relatively low compared with the ilmenite crystallites, and
the top surface of this region is flat (Figures S2e and S2f in Supporting Information S1). (d) High‐angle annular dark field
(HAADF) image of FIB Slice‐1 shows the multi‐phase textures, including silicate emulsions, silicate glass, impactor
residues and crystals of apatite (Apt) and anorthite. (e) HAADF images of FIB Slice‐2 prepared at the center of space‐
weathered ilmenite region, containing ilmenite crystallites with skeletal texture surrounded by silicate glass. (f) HAADF
image of FIB Slice‐3 prepared at the edge of skeletal ilmenite region, consisting of ilmenite crystallites, silicate glass, Si‐rich
nanodroplets in silicate emulsion regions, a layer of secondary Fe‐rich nanodroplets and anorthite substrate.
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3.3. Heterogeneous Glassy Textures

The heterogeneous glassy textures consist of two major types of glassy mixtures with different morphologies and
compositions. These glasses were found either near the impactor residues or next to the ilmenite crystallites.

One common type of glass mixture consists of continuous Fe‐rich and Si‐rich phases with the size of ∼hundreds
of nanometers. Two major Fe components were identified (Table S1 in Supporting Information S1), that is, Fe‐
Glass‐1 (Figures 3a–3f) and Fe‐Glass‐2 (Figure 3g). Fe‐Glass‐1 is mainly composed of FeO (∼44 wt%) and SiO2

(∼42 wt%) but much less TiO2 (∼1 wt%) and CaO (∼5 wt%), while Fe‐Glass‐2 has less FeO (∼28 wt%) and SiO2

(∼33 wt%) but higher TiO2 (∼11 wt%) and CaO (∼12 wt%). Notable amount of P2O5 was found in Fe‐Glass‐2
(∼7 wt%) while absent in Fe‐Glass‐1. The Si‐rich phase, that is, K‐Si‐Glass, has extremely high SiO2 (∼86 wt%)
and K2O (∼4 wt%) contents. HAADF imaging and EDS mapping reveal the sharp interfaces between ilmenite,
Fe‐Glass‐1 and K‐Si‐Glass (Figures 3a and 3b). The interface between ilmenite and glass species is revealed by
the HAADF image at the atomic level (Figure 3c and Figure S7f in Supporting Information S1), where Fe‐Glass‐1
exhibits fully disordered atomic features while the crystalline atomic columns of Fe and Ti in ilmenite are well
distinguished, respectively. The Fe‐rich silicate phases are amorphous glasses confirmed by the disordered atomic
structures (Figure 3d) revealed by high resolution transmission electron microscopy and typical diffusive
amorphous halo from SAED results (the inset of Figure 3d).

Figure 2. The composition and structure of meteoroid residue. (a–b) High‐angle annular dark field (HAADF) image (a) and
energy‐dispersive X‐ray spectroscopy (EDS) mapping (b) of irregular meteoroid fragments consisting of kamacite (Ka) and
troilite (Tro). The Ka grains are covered by a layer of redeposited materials from FIB cutting. (c) HAADF image of Ka at
atomic resolution. Ka exhibits a body‐centered‐cubic (bcc) structure. The insert image is the fast Fourier transform result
showing the corresponding planes. (d–f) HAADF image (d), EDS mapping (e) and EDS line profiles (f) of circular Tro
fragments embedded deeply in the glassy matrix materials. The positions of concaved vesicles next to the small troilite
spherical fragments are marked by orange arrows. The Ka particle is marked by a black rectangle (f) where the HAADF
intensity and atomic fraction of Fe increase while the atomic fraction of S decreases.
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The other type of glass mixture is silicate emulsions containing silicate nanodroplets, and can be divided into two
subtypes.

3.3.1. Silicate Emulsions With Si‐Rich Nanodroplets

The first subtype is silicate emulsions where Si‐rich nanodroplets are embedded in Fe‐rich silicate matrix
(Figures 3f and 3g, Figures 4a–4c and Figures S7g–S7i in Supporting Information S1), and can be further divided
into Emulsion‐1 and Emulsion‐2 based on the composition. These Si‐rich nanodroplets interconnect and overlap,
forming tube‐like structures. Sharp meniscus interfaces were observed between two glass phases, and some Si‐
rich nanodroplets are deformed when sticking to the apatite crystals. Atomic resolution HAADF images confirm
that these Si‐rich nanodroplets and their Fe‐rich matrix are both amorphous (Figure 4d). Statistically, the Si‐rich
nanodroplets have average diameters of 36 and 47 nm for Emulsion‐1 and Emulsion‐2 with broad size distribution
(Figure 4e). The bulk compositions of these emulsions are slightly more siliceous than those of Fe‐Glass‐1 and
Fe‐Glass‐2 (Table S1 in Supporting Information S1), while the compositions of Fe‐rich silicate matrix of both
emulsions are very similar to those of Fe‐Glass‐1 and Fe‐Glass‐2 respectively. From the result of EDS mapping,
the enrichment of K is observable in Si‐rich nanodroplets (Figure S8a in Supporting Information S1). Although
the individual compositions of Si‐rich nanodroplets are difficult to quantify directly from the EDS maps due to
their overlapping with the Fe‐rich substrate, we estimated their compositions by mathematical fitting based on
several assumptions (see Table S1 in Supporting Information S1, for more calculation details).

Figure 3. Structure of heterogeneous glass. (a–b) High‐angle annular dark field (HAADF) image (a) and energy‐dispersive X‐ray spectroscopy mapping (b) of K‐Si‐rich
silicate glass: K‐Si‐Glass and Fe‐rich silicate glass: Fe‐Glass‐1 covering the ilmenite crystallites. Fe‐rich nanodroplets are observed embedded in the K‐Si‐Glass matrix
near the interface between Fe‐rich and K‐Si‐rich phases. (c) HAADF image at atomic resolution shows the sharp interface between the ilmenite and Fe‐Glass‐1. The
ilmenite crystallite image was acquired along the (12 1) axis, and the interface is parallel to the (012) plane. (d) HRTEM and Selected area electron diffraction (insert)
images of Fe‐Glass‐1 indicate its amorphous nature. (e) HAADF image of the coexisting ilmenite, Fe‐Glass‐1, K‐Si‐Glass and Fe‐rich nanodroplets. (f) HAADF image of
ilmenite crystallites in Slice‐3 covered by silicate Emulsion‐1, which is close to K‐Si‐Glass. The chemical compositions of Emulsion‐1 in Slice‐3 are FeO = ∼35 wt%,
CaO = ∼4 wt%, TiO2 = ∼3 wt%, Al2O3 = ∼11 wt% and SiO2 = ∼45 wt%. (g) HAADF image of silicate phase‐separation structures in Slice‐1, including Fe‐rich silicate
glass Fe‐Glass‐2, K‐Si‐Glass and silicate Emulsion‐2. The chemical compositions of Emulsion‐2 are FeO=∼23 wt%, CaO=∼11 wt%, TiO2=∼9 wt%, Al2O3=∼8 wt%,
P2O5 = ∼6 wt% and SiO2 = ∼41 wt%. Some siliceous droplets are deformed when sticking to the apatite crystals.
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3.3.2. Silicate Emulsions With Fe‐Rich Nanodroplets

Fe‐rich silicate nanodroplets embedded in the Si‐rich substrate are widely observed (Figures 3a, 3e, 3g, and 4f and
Figure S7a–S7e in Supporting Information S1) as the second subtype of silicate emulsions throughout this lunar
grain. These Fe‐rich nanodroplets have circular shapes and mainly can be found near the interface of Fe‐Glass and
K‐Si‐Glass. In Slice‐3, abundant nanodroplets accumulated in a belt region with a total width of ∼300 nm
(Figure 4f). The sizes of nanodroplets in the belt show an increase of ∼5 nm in periphery to ∼80 nm in the center.
Compared with the Si‐rich nanodroplets, the Fe‐rich nanodroplets are much smaller and have narrower size
distributions (Figure 4j). Framboidal Fe‐rich nanodroplets were also discovered (the dash white circle in
Figure 4h), and each sphere was less than 5 nm in size (Figure 4i). The atomic structures of these spheres (solid
white circles in Figure 4i) are amorphous, indicating that they do not form any discernible crystal structures and
remain as glasses within the siliceous matrix. The chemical compositions of the regions containing Fe‐rich
nanodroplets also show a typical zoning of Fe and K elements (Figure S8b in Supporting Information S1).
Similar mathematical fitting methods were applied to determine the chemical composition of the nanodroplets

Figure 4. Chemical composition and structure of Fe‐rich and Si‐rich nanodroplets. (a–b) High‐angle annular dark field (HAADF) image (a) and energy‐dispersive X‐ray
spectroscopy (EDS) mapping (b) of Si‐rich nanodroplets with enriched K element embedded in the silicate emulsion in Slice‐3. (c–d) HAADF image of the emulsion
(c) and enlarged HAADF image at the interface of one Si‐rich nanodroplet and the Fe‐rich matrix (d). Atomic resolution images show amorphous structures. (e) Size
distributions of Si‐rich nanodroplets. The average diameter of Si‐rich nanodroplets is 36 nm in Emulsion‐1 and 47 nm in Emulsion‐2. (f–g) HAADF image (f) and EDS
mapping (g) of Fe‐rich nanodroplets gathering into a belt‐like structure in Slice‐3. Fe and Ti are enriched in these nanodroplets, while K is enriched in the matrix. (h–i)
HAADF images of Fe‐rich nanodroplets. These droplets are amorphous and composed of smaller clusters. The framboidal Fe‐rich nanodroplet is marked by a dash
circle, while the small spheres inside it are marked by solid circles. (j) Size distributions of Fe‐rich nanodroplets. Most Fe‐rich nanodroplets are 10‐nm‐sized, with a few
larger ones having 15–80 nm in diameter.
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and the matrix separately (see Supporting Information S1 for more details). The results indicate that the
composition of Fe‐rich nanodroplets (FeO = ∼37 wt%, CaO = ∼2 wt%, TiO2 = ∼13 wt%, Al2O3 = ∼6 wt% and
SiO2 = ∼38 wt%) are similar to those of Fe‐Glass. In contrast, the glass matrix is highly Si‐rich and similar to K‐
Si‐Glass (SiO2 = ∼73 wt%, Al2O3 = ∼11 wt% and K2O = ∼5 wt%) (Table S1 in Supporting Information S1).

4. Discussion
4.1. Impact‐Induced Structures and Troilite Decomposition in the Lunar Regolith Grain

Microstructural and mineralogical analyses suggest that the studied grain (Figure 1b) likely originated from an
impact event, as evidenced by meteoroid remnants and phase‐separated structures featuring Fe‐rich and Si‐rich
nanodroplets. The smooth depressions on the surface of this grain, characterized by sharp edges and absent
uplifted rims (Figure 1a), resemble degassing pits, features typically associated with volatile release during
impact heating (Rode et al., 1980; Yan et al., 2022) when implanted solar wind hydrogen and other volatiles are
expelled, forming vesicles within the melt. Upon rapid quenching, these vesicles are trapped in the glassy matrix;
subsequent impacts crack the glass, exposing the vesicles and creating degassing pits. Given the presence of an
amorphous rim and solar energetic particle tracks in anorthite crystal (Figure S4 in Supporting Information S1),
the impact event likely occurred no later than ∼2 million years ago. This grain is hypothesized to be quenched
ejecta from the impact, with its interior exposed to subsequent space weathering processes.

Troilite fragments in Slice‐1 likely sourced from the impactor, given the immiscibility of sulfide and silicate
melts, which results in spherical troilite fragments with sharp interfaces, a feature driven by high interfacial
tension. This has been found in lunar basaltic samples (Heiken, 1975; L. Li et al., 2023; Yan et al., 2024) and
chondrites (Rubin et al., 1999). The decomposition of troilite (Figures 2b and 2e) could be caused by the reducing
effect of solar wind ions (Matsumoto et al., 2020) or thermal metamorphism with high temperature and low sulfur
fugacity ( fS2) (Harries & Langenhorst, 2013). Given that the troilite remnants in this grain are far from the solar
wind damage rim (Figure S4a in Supporting Information S1), the decomposition of troilite into kamacite should
be attributed to the extremely low fS2 in the lunar atmosphere and high post‐shock temperature. fS2 is estimated
to be about − 19 in log units based on dayside data (Stern, 1999), and a temperature above 650 K can trigger the
decomposition of troilite into iron and sulfur (Toulmin & Barton, 1964). This accounts for the complete
decomposition of troilite fragments exposed to the vacuum environment (Figures 2a and 2b) and partial
decomposition of fragments deeply embedded in the glass matrix with some cavities close to the slightly
deformed spherical troilite fragments (Figures 2d and 2e). The extremely low nickel contents of these kamacite
and troilite fragments also agree with the assumption that these kamacite grains originated from troilite
decomposition rather than from melt together with the troilite crystals.

4.2. Phase Separation in Melts and Nanosized Droplet Formation

Based on their morphology and composition, the previously observed heterogeneous glassy textures are inter-
preted as products of SLI. These textures include continuous unmixing glasses with Fe‐rich and Si‐rich phases
(Fe‐Glass‐1, Fe‐Glass‐2 and K‐Si‐rich glass) adjacent to ilmenite crystallites, silica‐rich nanodroplets embedded
in Fe‐rich silicate glassy matrix, and Fe‐rich nanodroplets in Si‐rich glassy matrix. To figure out the relationship
among these different immiscible glasses, we illustrate their chemical compositions on a quasi‐ternary phase
diagram encompassing the components of CaO +MgO + FeO + TiO2 + P2O5, Na2O + K2O + Al2O3 and SiO2.
The elements are divided as such because of the similar immiscibility fields in different ternary systems like CaO‐
Al2O3‐SiO2, MgO‐Na2O‐SiO2 etc., constituting a more general diagram than the leucite‐fayalite‐SiO2 system
(Roedder, 1978). The stable high‐temperature miscibility gap, stable low‐temperature miscibility gap and
metastable immiscibility extent are marked in the phase diagram (Roedder, 1978; Visser & Koster Van
Groos, 1979) (Figure 5a). The K‐Si‐Glass and Fe‐Glass‐1 are plotted on the metastable immiscibility extent, and
their tie‐lines are basically parallel to the extent of the stable two‐liquid field (red dash lines in Figure 5a). Similar
alignment is observed for the Fe‐rich nanodroplets and their siliceous matrix (green dash line in Figure 5a).
Notably, Fe‐Glass‐2 deviates from the metastable immiscibility extent, which could be attributed to the enlarging
modification of the immiscibility gap by high amounts of TiO2 and P2O5 (Freestone, 1978). As reported before,
the existence of phosphorus could significantly modify the degree of polymerization of silicate melts at high
temperature, adjusting the unmixing behaviors of melts (Mysen & Cody, 2001). We hypothesize that the pre-
cipitation of apatite and ilmenite crystals happened first, and then it could cause the compositional change of
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initial melts, leaving a resultant melt whose composition fell in the metastable
immiscibility gap, which triggered further phase separation. Otherwise, the
compositions of Fe‐rich and Si‐rich glass would deviate from the immisci-
bility extent due to the precipitation of mineral crystals.

Although Fe‐Glass‐2 mostly connects to Emulsion‐2 regions and locates next
to K‐Si‐rich glass (Figure 3g), Si‐rich nanodroplets are observed exclusively
within Emulsion‐2, and are absent in Fe‐Glass‐2. A similar phenomenon
between Fe‐Glass‐1 and Emulsion‐1 was also found. Our findings suggest
that the Fe‐Glasses and the initial melts of silicate emulsions may originate
from the same unmixing process but with some subtle compositional varia-
tions. Thus, these initial melts of current silicate emulsions underwent further
unmixing to form Si‐rich nanodroplets. A comparable process may also
happen in K‐Si‐Glass where the slightly heterogeneous distributions of Fe, Ti
and Ca lead to the formation of Fe‐rich nanodroplets. As a result, various
conjugated melt pairs finally formed during the metastable unmixing process,
including two pairs of K‐Si‐rich Glass and Fe‐Glasses, two kinds of silicate
emulsions containing Si‐rich nanodroplets and Fe‐rich matrix, and Fe‐rich
nanodroplets with their Si‐rich matrix (Figure 5b).

Given that all the unmixing textures are amorphous glasses, and both Fe‐rich
and Si‐rich nanodroplets embedded in the glass matrix range in sizes from 5 to
∼80 nm, our observations suggest that after the impact, the high temperature
melts experienced a quenching process with high cooling rates. This forced
the liquids to solidify as various types of glasses (Hamann et al., 2018). The
melts were in a nonequilibrium state and exhibited local heterogeneities in
chemical composition (Y. Wu et al., 2023). The unmixing of different
immiscible compositions occurred quickly, preventing the local inhomoge-
neous liquids from achieving equilibrium and thus facilitating the further
unmixing and formation of nanodroplets (Figure 5b). Moreover, during the
quenching process, the viscosity of the Si‐rich liquid increased rapidly,
becoming much higher than that of the Fe‐rich phase (Thivet et al., 2023;
Veksler et al., 2008). The increase of viscosity hindered the Ostwald ripening
process of amorphous Fe‐rich clusters in the Si‐rich matrix, freezing these
framboidal structures with relatively small sizes and preventing them from

further aggregating. Conversely, larger Si‐rich nanodroplets could form within the Fe‐rich matrix, which has a
lower viscosity accounting for better diffusion.

4.3. Implications for the Complex Phase‐Separation Behaviors After Impact

We illustrate the space weathering process on this lunar soil grain based on our comprehensive analyses
(Figure 6). Upon the initial impact, melts were ejected accompanied by the formation of degassing vesicles inside
the melts. Troilite, likely as parts of the impactor, was mixed with the melted silicate substrate, subsequently
crystalizing and decomposing to yield kamacite crystals alongside residual troilite. Following the impact, the
ejected melt underwent rapid cooling followed by the formation of apatite and ilmenite crystallites. The remaining
silicate melts then fell into the extent of metastable immiscibility gap. During quenching, the unmixing process
happened in the melts, with the local inhomogeneous compositions leading to the formation of multiple pairs of
conjugated silicate liquids, including continuous Fe‐rich and Si‐K‐rich amorphous phases covering the previously
precipitated crystallites, silicate emulsion of Fe‐rich matrix with Si‐rich nanodroplets, and glassy Fe‐rich
nanodroplets distributed in the Si‐rich matrix. These textures were “frozen” in various glass species when the
temperature dramatically dropped during quenching, thereby preserving a record of the complex phase separation
process induced by impact.

Melt differentiation typically occurs via fractional crystallization, as evidenced in chondrites (Miyahara
et al., 2008) and lunar rocks (Phinney et al., 1974). Our observations indicate that under specific temperature and
composition conditions, the primary melt may undergo unmixing, forming immiscible conjugated liquid pairs

Figure 5. Phase analysis of phase‐separated structures. (a) The quasi‐ternary
phase plot (CaO+MgO+ FeO+ TiO2+ P2O5) − (Na2O+K2O+Al2O3) −
SiO2. The two stable miscibility gaps and metastable immiscible extent
are shown by the gray areas and the bold dashed line, and the tie lines are
presented as thin dashed lines. Minerals are also marked by dots at
corresponding compositions. Abbreviations: Fa = Fayalite; Fo = Forsterite;
Fs= Ferrosilite; En= Enstatite; Ab=Albite; Or=K‐feldspar; Lc=Leucite;
An = Anorthite. The Nernst partition coefficients of elements are listed in
Table S2 in Supporting Information S1, with a similar trend from previous
reports (Veksler et al., 2006). The compositions of Fe‐Glasses (red and blue
stars) and thematrix of silicate emulsions (trident star markers) are almost the
same. The total compositions of silicate emulsions (square markers) are
slightly deviated from Fe‐Glasses. The fitted compositions of Si‐rich
nanodroplets in the silicate emulsions are shown in Figure S9 in Supporting
Information S1, and the tie lines between the matrix and the Si‐rich
nanodroplets display similar trend with other phase‐separated structures.
(b) Illustration of the formation of conjugated liquid pairs includingK‐Si‐rich
Glass and Fe‐Glasses, silicate emulsions containing Si‐rich nanodroplets, and
Fe‐rich nanodroplets with their Si‐rich matrix. The observed nanodroplets
were formed due to the local compositional inhomogeneities in the primary
unmixing Fe‐rich and Si‐rich phases.
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rather than precipitating mineral crystals. This occurs because the heat and pressure required for fractional
crystallization are not sustained by impact energy. The high cooling rate of impact ejecta hinders nucleation and
ripening due to the rapid increase in melt viscosity, preventing crystal formation and driving the system to reduce
Gibbs energy by segregating into immiscible glassy phases (Hamann et al., 2018).

In contrast, in some terrestrial volcanic samples, extremely fast cooling (>1000 K·s− 1) prevents phase separation,
promoting homogenous glass formation. A cooling rate within 1–1000 K·s− 1, however, facilitates the formation
of intercrossed immiscible textures and skeletal mineral crystallites (Thivet et al., 2023). This principle applies to
the immiscible conjugated liquid pairs and ilmenite crystallites reported here in CE‐5 lunar sample. Given the
exposed degassing pits on the grain's surface, these phase‐separated structures likely formed in the grain's interior,
where the cooling rate was not too high, due to limited direct contacts with other lunar grains and heat radiation
into the vacuum. Consequently, such textures are rarely found on the surface of impact‐derived particles like
impact glass or agglutinates.

Phase separation in impact glass influences element redistribution. Our findings (Tables S1 and S2 in Supporting
Information S1) indicate that not all volatile elements are enriched in the Si‐rich phase. For example, Na and K are
concentrated in Si‐rich phase, while P is more abundant in Fe‐rich phase. Additionally, partition coefficients for
K, Ca and Fe vary obviously between the conjugation liquid pairs of Fe‐Glass‐1/2 and K‐Si‐Glass and nano-
droplets and K‐Si‐Glass (Table S2 in Supporting Information S1). This indicates that local physical and chemical
conditions, such as temperature and compositional heterogeneity, affect element redistribution during the
metastable unmixing.

Previous studies have shown that the CE‐5 landing site experiences mild impact conditions dominated by low‐
velocity impacts (Zhao et al., 2023). Impact glass species, especially glass particles or fibers generated from
impact ejection and surface amorphous rims, have been widely discussed (Y. Wu et al., 2023; Zellner, 2019; Zhao
et al., 2023). The relatively lower energy input from micrometeoroids at mid–high latitudes promotes local
melting, fragmentation, and reheating of phase‐separated glass, leading to ripening of clusters and nanodroplets,
element redistribution and formation of unusual silicate mineral crystals. Due to the difference in viscosity
changes upon heating, Fe‐rich glass melts at lower temperatures than Si‐rich glass. Consequently, small crys-
tallites of uncommon silicates, such as those in Fe‐Glass or Fe‐rich nanodroplets reported here, would form more
readily in these Fe‐rich phases.

Figure 6. Formation mechanism of phase‐separated structures containing nanosized droplets. Schematic illustration of the space‐weathering process dominated by
meteoroid impact causing the formation of phase‐separated textures and nanometer‐sized Fe‐rich and Si‐rich glassy droplets.
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5. Conclusion
In this study, we present for the first time, an integrated analysis of phase‐separated glassy structure in a lunar soil
grain classified as a new type of “impact glass.” We describe the delicate morphologies of interfaces and ripening
textures of chemically conjugated silicate nanodroplets at the nanoscale. We attribute their formation to the
metastable immiscibility driven by chemical heterogeneities and rapid quenching. These findings significantly
advance our understanding of impact‐related evolution and behavior of lunar surface materials, providing
valuable structural constraints for further research into lunar impact history and volatile distribution.

Data Availability Statement
The SEM images of the researched CE‐5 lunar regolith grain and the TEM and STEM images of the structures
containing silicate nanodroplets used in this manuscript are available at Science Data Bank (Dai et al., 2025,
https://doi.org/10.57760/sciencedb.21150). The quasi‐ternary phase plots were made with python‐ternary version
1.0.6 (Harper et al., 2019). The crystal structures and SAED images were analyzed by ReciPro (Seto &
Ohtsuka, 2022).
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