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Impacts play a critical role in modifying the chemical and structural characteristics of materials and in
facilitating the migration of moderately volatile elements on airless bodies. In this study, a
comprehensive SEM-FIB-TEM analysis of a Cu-rich grain from the recently returned Chang’e-6 lunar
soil demonstrates that an assemblage of metallic copper, metallic iron, and Fe**-Cu sulfides (i.e.,
bornite, CusFeS,) was formed under impact-induced high-temperature conditions. This finding
provides evidence for the presence of bornite in lunar soils. The relatively homogeneous distribution of
bornite, confined to the topmost surface of the Cu-rich grain coating, indicates a vapor-deposition
origin. According to the thermodynamic modeling, the observed assemblages of metallic copper,
metallic iron, and FeS within the grain interior can be explained by equilibrium thermodynamic behavior
of the Cu-Fe-S system at elevated temperatures. The complex mineralogy involving Fe*"-bearing
bornite, metallic iron, and metallic copper in the lunar soil further indicates that impact-induced melting
and vaporization processes substantially perturb the valence states of metallic elements in the
Cu-Fe-S system, thereby enabling the generation and stabilization of metallic phases and oxidized
copper sulfides in lunar materials. Such natural high-temperature metallurgical processes provide
critical insights into understanding extraterrestrial metal migration and enrichment under impact

conditions on airless bodies.

Investigating metallogenic processes in extraterrestrial environments is
essential for advancing extraterrestrial resource utilization on airless
bodies'. Impact processes play a critical role in reprocessing and modifying
the chemical and microstructural properties of extraterrestrial materials and
are regarded as a unique extraterrestrial ore-forming process on airless
bodies. The airless Moon and asteroids share similar surface environments
characterized by high vacuum, low gravity, and high impact flux’, with lunar
exploration missions (Apollo, Luna, and Chang’E) having returned a sub-
stantially larger number of samples than asteroid missions*’. Accordingly,
investigating the migration and redox behavior of metallic elements in lunar
regolith provides fundamental insights into metal concentration mechan-
isms on airless bodies. Copper is a key industrial metal and provides long-
term economic value. The Cu-Fe-S system is among the most important
natural ternary sulfide systems and represents a major class of terrestrial ore-
forming assemblages®. A detailed understanding of the chemical behavior of

the Cu-Fe-S system under impact-induced high-temperature conditions
on the surfaces of airless bodies can provide insights into natural bene-
ficiation mechanisms that concentrate elemental copper on these bodies.
Copper species have been extensively documented in asteroid samples,
with metallic copper reported in approximately 66% of ordinary chondrites,
and Cu concentrations in these meteorites ranging between 68 and
85 ppm’ . Cu-bearing materials have also been identified in samples
returned from the asteroid Itokawa''. Whereas Cu-bearing materials have
been rarely reported in lunar samples, reported copper species in lunar
materials include native copper'”™, vapor-deposited digenite'*"”, and
igneous Cu-Fe-S phases (e.g, chalcopyrite, cubanite)'>'*"”. During the
Apollo era, analyses of copper materials in lunar samples were primarily
semiquantitative, with limited structural data”. More recently, detailed
microscopic studies of Chang’e-5 samples have documented the presence of
native copper and digenite on the Moon, concentrated on grain surfaces and
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Fig. 1 | Overview of the Cu-rich grain in Chang'e-6 lunar soil. a Back-scattered
electron (BSE) image of the Cu-rich grain embedded in a glassy agglutinate of
Chang’e-6 lunar soil. b Secondary electron (SE) micrograph observations of the Cu-
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rich grain. The solid rectangle represents the location of the FIB slice extraction. ¢ A
close-up SE image of the morphology of the Cu-rich material surface. d SEM-EDS
spectra of the Cu-rich material.

interpreted to be associated with impact-induced vapor-deposition
processes'*".

China’s Chang’e-6 mission successfully landed in the Apollo impact
crater within the South Pole-Aitken basin, the largest lunar impact basin,
and returned a total of 1935.3 g of lunar samples™ . The geological context
of the Chang’e-6 landing site and analyses of the returned samples indicate
extensive impact-driven modification of lunar soils™*”. In this study, a
detailed SEM-FIB-TEM investigation was conducted on a Cu-rich grain
from Chang’e-6 lunar soils that had undergone impact modification. The
assemblage of metallic copper, metallic iron, and bornite (CusFeS,) was
identified within the Cu-rich grain, which was formed through impact-
induced melting and evaporation processes. The occurrence of this copper-
species assemblage is consistent with stability fields defined by the Cu-Fe-S
phase diagram under high-temperature conditions, thereby reflecting
complex redox transitions and elemental migration within the Cu-Fe-S
system during impact-induced high-temperature processes on airless
bodies.

Results

The Chang’e-6 returned lunar samples contain a high proportion of glassy
materials (27.9 vol.%), most of which originated from impact processes and
occur within agglutinates and breccia clasts™*. One Cu-rich grain (~15 yum in
diameter) was identified among tens of thousands of fine-grained Chang’e-6
lunar soils examined by SEM-based automated mineralogy (TESCAN
Integrated Mineral Analyzer, TIMA) method, highlighting the rarity of Cu-
bearing grains in Chang’e-6 lunar samples (Supplementary Fig. 1). Back-
scattered electron (BSE) imagery shows that the Cu-rich grain, with the
brightest contrast, islocated on a ~ 50 pm glassy agglutinate particle, and the
grain exhibits Cu-, Fe-, and S-rich compositional features in the SEM-EDX
elemental maps (Fig. 1). A large number of microscopic rounded iron-
sulfide grains are observed embedded within the agglutinate glass (Fig. 1a),

and such morphological features of iron-sulfide (FeS) have been described
as “hemispherical mounds” in previous studies and are interpreted as
impact-related products®*”’. Close-up secondary electron (SE) images show
that the surface of the Cu-rich grain is coated with uniform, nanoscale
mounds, which are consistent with the characteristics of previously reported
copper-rich materials deposited on the surfaces of Change-5 lunar soil
(Fig. 1b)'*". The EDX spectra of the Cu-rich material indicate it is domi-
nated by elemental Fe, S, and Cu and lacks detectable Nior Co (Fig. 1d). This
composition is distinct from that of metallic copper occurring in
Fe(Ni)-troilite assemblages in ordinary chondrites, which typically contain
elevated nickel contents™.

Microscopic characteristics of the Cu-rich grain

An FIB cross-section was prepared to characterize the mineral chemistry
and crystallography of the Cu-rich material in detail. TEM analysis shows
that the mineral assemblage within the FIB cross-section consists of
Cu-Fe-S grain coexisting with a large pure metallic iron particle (Fe’,
approximately 5 pm in diameter) and apatite (Fig. 2a, Supplementary Fig. 2,
and Fig. 3). The large Fe’ particle (located in the lower-left corner of Fig. 2a)
exhibits a curved grain boundary, suggesting that it experienced localized
grain-boundary melting, consistent with features of partial melting reported
in meteorites®®. Moreover, veins of iron sulfide were observed intruding into
the interior of apatite, which is attributed to shock-induced melting of iron
sulfide due to its lower melting point (<1000 °C) relative to apatite (Fig. 2b).
The crystal structures of the iron sulfide, large Fe’, and apatite grains were
further determined based on Selected area electron diffraction (SAED)
patterns (Fig. 2c—e).

TEM images indicate that the Cu-Fe-S grain is composed of three
distinct zones: a surface coating Fe-Cu sulfide layer (~200 nm in thickness),
a Cu’-free zone, and a Cu’-rich zone containing numerous submicron-sized
inclusions (Fig. 2b and Supplementary Fig. 3). TEM-EDX spectra and
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Fig. 2 | Microstructure and chemical characteristics of the interior of the Chang'e-
6 Cu-rich grain. a, b High-angle annular dark-field (HAADF) image of the FIB slice
and corresponding quantitative TEM-EDX element maps of Cu, S, and Fe. The

yellow dashed rectangle represents the region of the EELS maps in Fig. 3. c-e Selected
area electron diffraction pattern of the apatite, troilite, and Fe’ particles in the FIB

compositional maps indicate that the surface coating is dominated by
Cu-Fe-S components, with no detectable silicate elements (e.g., Si, Mg, Al,
or Ca) (Fig. 2b and Supplementary Fig. 3). Fast Fourier transform patterns
derived from high-resolution TEM (HRTEM) images of the coating phases
exhibit a diffraction ring, indicating that the coating is characterized by
nanosized polycrystalline structures (Fig. 2f). Although the Cu-K peak in
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section. f-h TEM bright-field image and high-resolution TEM (HRTEM) images of
the deposited Fe-Cu-sulfide layer, metallic copper, and metallic iron. The fast
Fourier transform (FFT) patterns and lattice fringe of these phases are inserted in the
lower-left of the images.

EDS spectra is significantly influenced by Cu from the FIB grid, the Cu-L
peak predominantly reflects Cu present within the analyzed sample, and
spectra obtained from Fe° and troilite phases show no detectable Cu-L
signal (Supplementary Fig. 4). EDS spectra obtained from the Cu-Fe sulfide
coating indicate that the Cu-L peak intensity is significantly higher than that
of Fe, and EDS semiquantitative analyses reveal a high Cu abundance
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Fig. 3 | EELS spectra and crystal structure of metallic copper and bornite.

a—c EELS elemental maps of S, Fe, and Cu for the Cu-rich material in the FIB section.
d EELS spectrum images (SI) of the main phases within the Cu-rich material,
including Fe” and Cu’ inclusions, FeS, and the Fe-Cu sulfide coating. e HRTEM

image of the Fe-Cu sulfide coating, with the corresponding FFT pattern inserted in
the upper-right corner and indexed to bornite. f Cu-Fe-S phase diagram adapted
from Waldner (2025). Pyrr refers to pyrrhotite.

Table 1 | Quantitative TEM-EDS analyses of the phases in the
FIB section

Phases Fe (at%) Cu (at%) S (at%) (Fe + Cu)/S
Coating 16.8 55.3 27.9 2.58
Cu’~free zone 47.2 9.85 43.0 1.33

matrix

Cu®-rich zone 42.24 14.80 43.0 1.33

matrix

Pristine troilite 49.52 10.67 39.81 1.51
Metallic copper 1.84 96.6 1.57

Metallic iron 86.0 11.5 2.46

The TEM-EDS data have been normalized to 100%. The detectable Cu present in the metallic iron
and pristine troilite is interpreted to result from contamination by the Cu support grid during the EDS
analyses.

(Supplementary Fig. 4, Table 1). EELS mapping results further confirm that
the coating phase consists of Fe, S, and Cu, with a significantly stronger
signal observed for Cu than for Fe (Fig. 3). In addition, a distinct EELS Fe-Ls
peak shift toward higher energy losses of approximately 1.5 eV relative to
those of Fe**/Fe” was detected in the Cu-Fe sulfide polycrystalline coating
(Fig. 3d), indicating that the valence state of iron in the Cu-Fe sulfide coating
is dominated by Fe’*. The quantitative EDS and EELS data for the coating
are consistent with the stoichiometric composition of bornite (CusFeS,).
SAED patterns obtained from the coating exhibit the most intense
diffraction reflections at ~1.9 and ~3.2 A, and HRTEM images of the
polycrystalline coating can be partially indexed to mineral bornite (CusFeS,)
with a high density of crystallographic defects (Figs. 2f, 3e), rather than to
chalcopyrite or digenite previously reported in lunar samples. Notably, the
Cu-Fe sulfide coating contains additional nanocrystalline phases, as evi-
denced by extra diffraction spots in Fig. 3e, which cannot be conclusively

indexed based on the current chemical and crystallographic data. Based on
these detailed chemical and structural observations, the surface coating on
the Cu-Fe-S$ grain is dominated by Fe’"-Cu sulfide occurring in a poly-
crystalline form, with bornite identified as the primary phase.

The Cu’-free zone occurs as an intermediate layer between the coating
and the Cu’-rich zone, characterized by the exclusive presence of elongate
metallic iron inclusions (~100 nm in length) and vesicles, with Cu content
lower than that of both the coating and the Cu’-rich zone (Fig. 2b; Table 1).
In contrast, the Cu’-rich zone contains abundant submicroscopic inclusions
with grain sizes of approximately 80-300 nm, exhibiting pronounced
enrichment in elemental iron or copper (Fig. 2; Table 1). TEM bright-field
images show that the crystallographic orientation of the inclusion-rich
region is distinct from that of the pristine troilite grain (Supplementary Fig.
3d), and both the Cu’-free and Cu’-rich zones exhibit sulfur-deficient
compositions, with bulk atomic (Cu + Fe)/S > 1 (Fig. 2b, Table 1). The EELS
spectra of the pure elemental iron particles within the Cu’-rich zone exhibit
strong Fe L-edge peaks, with no detectable Cu or S signals (Fig. 3d). The pure
copper particles exhibited only a signal from the Cu EELS L-edge (Fig. 3d).
Additionally, HRTEM images further confirm the identification of the pure
iron phase as metallic a-Fe and the pure copper phase as metallic Cu (Fig. 2g
and h). Collectively, the inclusions embedded within the Cu’-rich zone were
confirmed to be metallic iron and metallic copper. EELS and TEM-EDS
mapping also show that oxygen is spatially associated with voids rather than
being consistently co-located with copper-rich regions in the grain interior
(Supplementary Figs. 3fand 5b), suggesting that the oxygen surrounding the
voids in the FIB foil most likely originates from terrestrial oxidation during
sample preparation.

Discussion

Copper, a resource of significant industrial and economic value, is com-
monly found in extraterrestrial samples as metallic copper (native Cu or Cu
alloys) and sulfide minerals (e.g., chalcopyrite, cubanite, and bornite)”>'*"".
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Previous studies have shown that troilite commonly intergrows with native
iron in Apollo igneous rocks, and cupriferous sulfides may form as an
exsolution product from troilite during the crystallization of immiscible Cu-
bearing sulfide liquids". Additionally, endogenous metallic iron grains in
lunar mare basalts are typically submicron- to micron-sized and exhibit low
nickel contents (<1 wt%)">'***. In the studied Cu-rich grain from the
Chang’e-6 sample, a large native Fe” particle (~5 um) is observed to coexist
with sulfide phases (Fig. S2a), and no detectable Ni or Co signals are
identified in any phase (Supplementary Fig. 4). Notably, apatite—widely
recognized as an accessory mineral that crystallizes during the late stages of
igneous differentiation—is entirely enclosed within the sulfide phase
(Supplementary Fig. 2). This spatial association strongly supports an
endogenous lunar igneous origin for the apatite-Fe’~cupriferous sulfide
assemblage of the Cu-rich grain, rather than derivation from primitive
meteoritic contamination™ """, The features of partially melting of large Fe’
particle, the presence of sulfide veins intruding into the apatite, and the
recrystallization of troilite, indicate that the studied Cu-rich grain experi-
enced impact-induced partial melting of an Fe’-sulfide assemblage at a
temperature of approximately 988 °C**.

Within the Cu’-rich zone, the coexistence of metallic Cu and metallic
Fe was observed, characterized by a pronounced sulfur-deficient composi-
tion, and these metallic inclusions are distinct from previously reported
nanophase iron particles (npFe”), wire-like metallic Cu, or Cu-rich deposits
on the uppermost surfaces of lunar grains in Apollo and Change-
5 samples'>". The observations suggest that the metallic iron and metallic
copper embedded within the Cu’-rich zone of the Chang’e-6 Cu-rich grain
have a melt-derived origin, rather than forming through vapor deposition
processes. Experimental studies of the Cu-Fe-S system under high-
temperature melting conditions have demonstrated extensive liquid
immiscibility, leading to the segregation of Cu-rich sulfide melts at elevated
temperatures’. Thermodynamic modeling based on Gibbs energy mini-
mization further indicates that both metallic Cu and metallic Fe remain
stable over a wide compositional range in the Cu-Fe-S system at high
temperatures’*”. Textural evidence, including sulfide veins intruding into
apatite and recrystallization within inclusion-rich regions (Supplementary
Fig. 3d), suggests that the Fe-S phase in the Cu’-rich zone experienced
partial melting. The coexistence of metallic Cu, metallic Fe, and Fe-S phases
in equilibrium had been predicted as high-temperature stability fields in Cu-
Fe-S system (Fig. 3f). According to the Cu-Fe-S phase diagram and
experimental results, metallic iron and metallic copper are expected to be
stable when the precursor composition has an atomic (Cu + Fe)/S ratio
greater than 1 and undergoes high-temperature processing at approxi-
mately 1100 °C**". Therefore, the assemblage of metallic Cu, metallic Fe,and
Fe-S phases observed in the Cu’-rich zone is best interpreted as the equi-
librium product of high-temperature melting of the Cu-Fe-S system under
sulfur-deficient conditions.

In the studied Cu-rich grain, the surficial Cu’-free zone is miner-
alogically and chemically distinct from the underlying Cu’-rich zone. The
Cu’-free zone occurs as an intermediate layer between the surface coating
and the Cu’-rich zone and is characterized by the exclusive presence of
metallic Fe and abundant vesicles within a Fe-S phase, with a Cu content
markedly lower than that of both the adjacent coating and the Cu’-rich zone.
Thermodynamic calculations and in situ heating simulation experiments
indicate that troilite readily undergoes desulfurization under high-
temperature and vacuum conditions. Degassing processes are significantly
enhanced at lunar troilite grain surfaces, and the reaction FeS = 2Fe + S2(g)
can be activated at temperatures exceeding ~840 K under high-vacuum
conditions (~10 Pa)'**. The coexistence of pure metallic Fe and vesicular
textures within the Cu’-free zone therefore suggests thermal desulfurization
of troilite. Accordingly, the Cu’-free zone is interpreted to have formed
through vacuum-induced thermal desulfurization during high-temperature
exposure at the lunar surface, resulting in the development of vesicles and
metallic Fe. The occurrence of the sulfide coating is inferred to have
occurred after degassing of the Cu’-free zone, which likely inhibited the
formation of large volumes of metallic iron (e.g, iron whiskers) and

extensive vesicular textures commonly observed on space-weathered troilite
surfaces™”".

In addition to metallic copper, a Fe’*~Cu sulfide coating layer (i.e.,
bornite), approximately 200 nm thick, was observed on the outermost
surface of the Cu-rich grain. Similar “tiny dot” and mound-shaped
morphologies have previously been used to describe vapor-deposited cop-
per species on lunar soil surfaces'*". The coating exhibits a mound-shaped
morphology, a relatively uniform thickness, and a chemical composition
distinct from that of the underlying troilite substrate, consistent with
characteristics of vapor-deposited rims reported from Apollo and Chang’e-
5 lunar soils'**”. Igneous Cu-Fe sulfide minerals (e.g., chalcopyrite and
bornite) have been reported in lunar samples. These sulfides typically
crystallize from immiscible sulfide liquids and commonly occur as eutectic
intergrowths with metallic iron or Fe sulfides in lunar basalts'’. The char-
acteristics of the coating observed in this study are markedly different from
those of igneous cupriferous sulfides with eutectic intergrowths, suggesting a
distinct origin from endogenous bornite.

Vaporization is a ubiquitous process induced by impact events on
airless bodies. Metallic nodules in ordinary chondrites, as well as npFe’ and
Fe-Si alloys in lunar samples, have been proposed to form through impact-
induced vaporization and subsequent fractional condensation'>*"***. Vapor
deposits commonly form on the outermost surfaces of lunar soils, and
impact-induced vapor-deposited Cu phases, including native copper and
digenite, have been previously identified in Apollo and Chang’e-5 lunar
soils'>'®"”. The surface coating on the studied Cu-rich grains exhibits a
uniform lateral distribution, indicating that it most likely originates from
vapor deposition. Both Cu and S behave as volatile elements under high-
temperature and high-vacuum conditions, and Cu-S components exhibit
relatively low vaporization temperatures (~840 K) under vacuum'’. Pre-
vious investigations of lunar samples have demonstrated that Cu-S phases
are readily vaporized and subsequently redeposited onto regolith grain
surfaces'®"”. The identification of bornite with a stoichiometric composition
of CusFeS, further indicates that Cu and S were the dominant constituents
of the vapor phase, consistent with the preferential vaporization of Cu-S
components.

According to the Cu-Fe-S phase diagram (Fig. 3f), bornite represents
one of the most stable phases during the cooling of the Cu-Fe-S system at
temperatures below ~1050 °C**"**, Therefore, the precursor of the deposited
coating is interpreted to have been bornite, originally in equilibrium with
metallic Fe and metallic Cu within the Cu’rich zone under high-
temperature conditions. The same or a subsequent impact event likely
triggered the vaporization of the bornite component from the Cu’-rich zone,
followed by the redeposition of the vaporized Cu-Fe sulfide onto the grain
surface and the recrystallization of nano-sized bornite polycrystals.

In summary, the observed nanoscale metallic iron, metallic copper, and
bornite are interpreted as products formed by high-temperature processing
of the lunar immiscible Cu-Fe-S system, revealing the unique redox and
compositional evolution pathways of the Cu-Fe-S system during impacts
on the lunar surface. In addition to the impact-induced vapor deposition of
Cu-bearing phases (e.g., native copper and digenite) previously reported in
Chang’e-5 lunar soils'®"’, the behavior of elemental copper under molten
conditions observed in the Chang’e-6 samples indicates that a more com-
plex Cu-Fe-S mineral assemblage formed through high-temperature
equilibration, in accordance with phase diagram predictions. Therefore, the
high-temperature conditions induced by impact significantly regulate the
migration and valence changes of metallic elements through melting and
vapor condensation processes. Similar phenomena have also been con-
firmed in meteorite observations”****.

From both lunar samples and previous meteorite observations, ele-
mental copper commonly coexists with metals and sulfides. Studies of melt
veins in ordinary chondrites have shown that elemental Cu is preferentially
incorporated into fine-grained Fe-Ni metal™'*">"". This supports the close
association of elemental copper with sulfides and Fe metals, indicating that
Fe metals and troilite serve as key carriers of copper in extraterrestrial
materials. Our investigation further demonstrates that, under high-
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temperature conditions, cupriferous sulfides can undergo complex miner-
alogical transformations and changes in elemental valence states, allowing
copper to concentrate and form bornite and metallic copper on airless
bodies. Such metal enrichment mechanisms, driven by external dynamic
processes on airless bodies, are essential for advancing the in-situ utilization
of extraterrestrial resources.

Methods

Samples

The studied Chang’e-6 lunar soil was a fine fraction sample of the surficial
shoveled lunar regolith (CE6C0300YJFM and CE6C0500YJFM). The
samples were dispersed onto a gold-plated one-inch silicon wafer using
299.8% high-purity ethanol. The ethanol was then evaporated using an
infrared lamp to facilitate the adhesion of the fine lunar soil to the silicon
wafer. The sample was subsequently coated with an additional gold film for
scanning electron microscope (SEM) observations.

SEM and TESCAN Integrated Mineral Analyzer (TIMA) analysis
SEM-based automated mineralogy was employed in this study for the
chemical characterization of a large number of fine lunar soils. This analysis
was conducted using the TESCAN MIRA-3 SEM, which is equipped with
four high-throughput EDAX silicon-drift EDS detectors, at the State Key
Laboratory of Continental Dynamics, Northwest University. The analysis
was conducted using the dot mapping acquisition mode with an EDS
spacing of 3 um. A total of 20,000 X-ray counts per EDS point was acquired
to ensure high-quality elemental data. Measurements were conducted at an
acceleration voltage of 25kV, a beam current of 9 nA, and a working dis-
tance of 15mm. In the prepared sample, more than 100,000 lunar soil
particles were identified, and EDS elemental and phase mapping of these
particles was also performed for analysis. The TIMA results show that one
lunar soil grain exhibits copper enrichment, which is the main focus of this
study (Supplementary Fig. 1). High-resolution secondary electron (SE)
imaging, energy-dispersive X-ray spectroscopy (EDS) analysis, and focused
ion beam (FIB) section preparation of the target lunar soil were performed
using the Thermo Scientific Helios G4 UX DualBeam FIB-SEM at the
Department of Geology, Northwest University. Due to the spectral overlap
between Mo and S in EDS—which complicates the quantification of copper
sulfide phases (S-Ka at 2.31 keV; Mo-La at 2.29 keV)—and considering that
the porous nature of Mo grids increases the risk of sample loss
during transfer, a copper grid was ultimately selected for FIB sample
preparation.

Transmission electron microscopy (TEM) analysis

Chemical analyses of the FIB section, including TEM X-ray elemental
mapping and EDS spectral acquisition, were carried out using the EDS
detector on a Talos F200X scanning transmission electron microscope
(STEM). Precise quantification of the TEM-EDS data was achieved through
an interactive TEM quantitative method implemented in Bruker Esprit
software. To minimize the potential influence of the copper grid on com-
positional analysis, the EDS Cu-L signal and electron energy loss spectro-
scopy (EELS) data were jointly utilized to differentiate grid-derived copper
from copper present in the sample. High-resolution transmission electron
microscopy (HRTEM) images and selected area electron diffraction (SAED)
patterns were obtained to identify the mineral structures within the FIB
section.

Electron energy-loss spectroscopy (EELS) analysis

The STEM-EELS experiments were conducted at 300 kV using a Thermo
Fisher Scientific Themis Z microscope, equipped with a probe corrector, a
four-segment DF4 detector, and a Gatan GIF Continuum dual-EELS sys-
tem, combined with a new-generation K3 camera. STEM-EELS experi-
ments were performed with a probe current of 30 pA and a collection angle
of 100 mrad. Spectrum image (SI) data were acquired in Gatan GIF Con-
tinuum dual-EELS mode, with a spectrometer energy dispersion of 0.35 eV
per channel. EELS maps were acquired with an exposure time of 0.03 s per

pixel, and the acquisition conditions were consistent with those of the SI
data acquisition.

Data availability

All data are available in the main text or supplementary information, and the
original TEM and EELS data for this study can be accessed online at https://
figshare.com/s/37d9b313416b8b2aaabc.
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